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ABSTRACT: In this study, the use of self-consistent field quasi-
diabats is investigated for calculation of triplet energy transfer
diabatic coupling elements. It is proposed that self-consistent field
quasi-diabats are particularly useful for studying energy transfer
(EnT) processes because orbital relaxation in response to changes
in electron configuration is implicitly built into the model. The
conceptual model that is developed allows for the simultaneous
evaluation of direct and charge-transfer mechanisms to establish the
importance of the different possible EnT mechanisms. The
method’s performance is evaluated using two model systems: the
ethylene dimer and ethylene with the methaniminium cation. While
states that mediate the charge-transfer mechanism were found to be
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higher in energy than the states involved in the direct mechanism, the coupling elements that control the kinetics were found to be
significantly larger in the charge-transfer mechanism. Subsequently, we discuss the advantage of the approach in the context of

practical difficulties with the use of established approaches.

1. INTRODUCTION

Energy transfer (EnT) involves the exchange of energy
between molecules and molecular fragments. A number of
EnT mechanisms are possible but are generally divided
between Forster EnT,' which occurs over long distances and
is due to the dipole—dipole interaction, and Dexter EnT,”
which occurs at a shorter range and involves a formal two-
electron transfer between fragments. In the case of triplet
energy transfer (TEnT) as well as the two-electron transfer
process, there is also a change in the electron spin multiplicity
of each fragment in the initial and final states between the
singlet and triplet. EnT is of fundamental importance to
photophysical processes in chemistry”~ and biology®™' as
well as in materials science.'”~"” However, despite the
significance of EnT processes, there is still a lack of
fundamental understanding in terms of the mechanism, rate,
and theoretical framework. Therefore, in this study, we develop
and analyze a new theoretical model of TEnT processes
utilizing a nonorthogonal description of diabatic wave
functions.

Several approaches have been reported in the literature as to
how TEnT rates can be computed. One of the main challenges
of computing TEnT rates is the diabatic coupling element,
which requires the wave function to be expressed in the
diabatic basis, with orbitals localized to different molecules or
fragments. The local nature of diabatic orbitals results from the
requirement for the invariant character of diabatic states along
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the reaction coordinate. One approach for expressing such
invariance is configurational uniformity, in which the molecular
orbitals (MOs) are chosen such that changes in the
configuration interaction (CI) coefficients are minimized
along the reaction coordinate. The resulting MOs have the
property of MO uniformity, where they exhibit minimal
change along the reaction coordinate.'*™*° Use of the diabatic
basis is a challenge because computational models for
computing the wave function are generally constructed in the
adiabatic framework, and so it is not straightforward to change
the representation. To address this issue, several computational
models have been developed. The two-state model uses
localized self-consistent field (SCF) solutions to describe the
initial and final states from which the frontier orbitals can be
taken to compute the exchange integral, which approximates
the diabatic coupling element.”’ In a similar fashion,
configuration interaction singles (CIS) can also be used to
compute the energy of the lowest triplet states, which can be
approximately equated to the same exchange integral that
describes the diabatic coupling element.”' The CIS approach
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Figure 1. Schematic representation of coupling between diabatic potential energy surfaces used for determination of the rate constant according to
the Marcus theory. (a) Pictorial definition of the Gibbs activation energy AG¥, solvent reorganization energy A, Gibbs reaction energy AG°®, and
diabatic electron coupling (Wp|HIW,). (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.

was subsequently extended using natural localized molecular
orbitals,”” while another approximation is to use the overlap of
the triplet frontier orbitals to approximate the relevant
exchange integral.”> Another approach is the fragment spin
difference method,** in which the difference of spin densities
between two states integrated over donor and acceptor
fragments is used to evaluate the diabatic coupling element.
Rather than approximating the diabatic couplings from
adiabatic calculations, alternatively, the diabatic basis can be
accessed directly, although it is often not clear how to do so in
practice. The constrained density functional theory CI model
restricts the properties (number of electrons or spin multi-
plicity) of a user-defined fragment to directly optimize diabatic
wave functions that can then be coupled together through
matrix element evaluation,” although significant errors in the
coupling can result from unreliable spatial constraints,”® which
can be resolved through an orbital-space constrained block-
localization approach.”” Finally, the diabatic coupling element
can be evaluated using complete active space (CAS)
multireference models,”® but the CAS approach has a number
of challenges as we will discuss later.

In this contribution, we outline the use of SCF quasi-diabats
for the computation of TEnT diabatic coupling elements.
While the diabatic nature of SCF solutions has been
commented on previously, in practice, it was challenging to
optimize the relevant wave functions due to variational
collapse. Recently, there has been a significant number of
developments in local SCF optimization, which have enabled
straightforward procedures for determining a quasi-diabatic
basis.”®*™** In concert with these developments, advancements

in evaluation of nonorthogonal CI matrix elements have
provided an opportunity for new approaches for evaluating
TEnT diabatic coupling elements. To build a model for TEnT
in a nonorthogonal framework, it is necessary to establish the
correct protocol and develop an understanding of how the
computational approach connects with the underlying physics
of the problem. First, we describe the conceptual model of how
TEnT rate constants are computed and the relevant
parameters that must be included in a model for their
evaluation. In particular, we emphasize the role of charge
transfer (CT) states that have not previously been properly
included in a holistic picture where sequential and direct EnT
mechanisms have been treated on the same level. Sub-
sequently, we introduce the detailed equations for the
evaluation of nonorthogonal Hamiltonian matrix elements in
the context of the diabatic picture. Having introduced the
important features of the model, we provide numerical
examples to illustrate the relevant points through two model
systems: an ethylene dimer and an ethylene/methaniminium
cation. We then emphasize how the model overcomes the
challenges associated with using CAS adiabatic approaches for
the evaluation of coupling elements before concluding.

2. METHODS

2.1. Conceptual Model. Conventionally, the description
of the rate of EnT processes is based on the Fermi Golden
rule,’® in which the TEnT rate constant is written as
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where D represents the donor, A represent the acceptor, (¥pl
HIY,) is the diabatic electronic coupling between donor and
acceptor, and p(E) is the density of states per unit energy. The
density of states can be considered as depending on the nuclear
coordinate, and so Marcus theory is an alternative formulation
for the rate constant, usually applied in the context of electron
transfer’”

2
1 (. + AG)
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where A is the reorganization energy and AG® is the free
energy change between donor and acceptor states. The
formulation for the Marcus rate equation follows from the
assumption that the diabatic states can be described as two
parabolas shifted along an overall effective reaction coordinate
such that the intersection of the two parabolas required to give
the free energy of activation AG¥ can be written as a function
of A and AG® (Figure 1a). Additionally, it is assumed that the
reaction occurs in the high-temperature regime.

The Marcus model assumes that there are two diabatic states
that interact and that the rate of TEnT is defined by the
intersection point. In the case of TEnT, the states are those in
which the triplet is on the donor (D*A) or on the acceptor
(DA*). However, an additional two intermediate states with a
CT character can be obtained through excited state electron
transfer to form a doublet donor and acceptor (Figure 2). The
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Figure 2. Schematic representation of the TEnT demonstrating the
interaction pathways linking the exited D*A to the product DA¥,
where the Dexter energy transfer is described by two one-particle
couplings and a direct two-particle coupling pathway.

CT states can be formed through either electron transfer from
D*A (D*A™) or hole transfer from D*A (D”A"). As a result,
the overall adiabatic wave function I¥) can be written as a
linear combination of the four diabatic states

) = CD*Alq)D*A> + CD*A*"I)D*A*> + CD’A*lq)D*A*>
+ CDA*lq)DA*> (3)

where {C} are coefficients that mix the diabatic states and
{I®)} are the diabatic states. In the four-state model, TEnT
can occur either through a direct mechanism, which is formally
a double excitation, or sequentially through either the electron
or hole CT states, i.e, as two single electron excitations.
Extending the Marcus theory to the four-state model, the
mechanism that is prevalent depends on the relative energies of
the different processes. Although we perform numerical

analysis for isolated systems, the nature of the environment
can play an important role in modifying the favorability of
different processes, particularly for CT processes that exhibit
significant charge separation. Figure 1b shows the case where
the direct mechanism outcompetes the CT mechanism, and
Figure 1c shows the case in which the CT mechanism is
favored over the direct mechanism. Additionally, a third
possible case that can occur is the mixed mechanism, where
both the direct and the CT mechanisms are competitive
(Figure 1d). The exact nature of the mechanism depends not
only on the density of states or Gibbs energy of activation,
AGY, but also on the diabatic electronic coupling. In fact, the
density of states is often a small contribution, and electronic
coupling is the dominant factor as it defines the energy of the
adiabatic surface. As a result, as a first approximation, this study
examines the rate constants for each process in terms of the
electronic coupling only.

2.2. Theoretical Development. While the concepts
described in the section above are intuitive, a significant
challenge is to determine the diabatic basis in which the rate
equation is formulated. As described in the Introduction, use of
orthogonal determinant expansions is challenging because the
methods are constructed on the adiabatic basis. However, it
has been commented on by several authors that through
studious use of spin symmetry preservation, it is possible to
obtain SCF solutions that are quasi-diabatic in nature.”®*”
However, a challenge with the use of single-reference SCF
solutions as quasi-diabats is the inability to describe the
multireference character in each diabatic state. As a result, a
more complete theory can be formulated through a
determinantal expansion of each quasi-diabatic SCF solution.
While there are a number of ways to achieve such an
expansion, including UNOCAS,* half-projection’ ™ (or a
spin coupled expansion in the case of more than two single-
electron sites*"), or projection through collective rotation of
the electron spin axis,**® in the case of TEnT, the diabatic
states are all single determinant in nature owing to their high-
spin character. Therefore, the use of quasi-diabatic SCF
solutions is particularly suitable for determining diabatic
electronic coupling in TEnT, especially as they automatically
recover electron relaxation in response to the change in
electron configuration. Owing to the recent intense interest
and development of algorithms for identifying different SCF
solutions, it is now possible to more easily identify the relevant
quasi-diabatic SCF solutions,?? %74

Having identified the relevant diabatic SCF solutions, a
calculation of the diabatic electron coupling can be performed.
However, the calculation is complicated by the fact that the
different SCF solutions are generally nonorthogonal. As a
result, to determine the diabatic electron coupling, it is
necessary to employ nonorthogonal configuration interaction
(NOCI) utilizing the generalized Slater—Condon rules.***
The NOCI eigenvalue is the energy of the adiabatic state
shown in eq 3, while the eigenvectors describe the contribution
of each diabatic state. For the sake of completeness, the NOCI
adiabatic energy is

1
E, = Z hwy;z + > Z (/41/||0/1)F2WA
v uvol 4)

in which y;?,, and Ff}ml are the one-electron and two-electron
density matrices for adiabatic state A, respectively. The density
matrices are obtained as
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where Ny is the overlap of determinants I and J computed
from the determinant of the occupied—occupied (00) overlap
matrix, Ny = det(M). The oo overlap matrix is computed as

M ='cl sc,. @)

where C, is the occupied MO coeflicient matrix and § is the
atomic orbital overlap matrix. The transition density matrices
depend on the number of orbitals that are orthogonal in 'M,
which must be separated from the set of nonorthogonal
orbitals using singular value decomposition

Im = Ulzvf (8)

where the singular vectors U and V are used to transform the
MOs as 'C = 'CU and /C =CV and the singular values X give
the overlap between the sets of transformed orbitals. The
transition density matrices can then be computed using

—1
Ic'™M  corlciT Ve for dim(ker("M)) = 0
Y el for dim(ker("M)) = 1
y _ j J 71l

pl -
chICj for dim(ker("M)) = 2
0 for dim(ker("M)) > 2

©)

plU for dim(ker("M)) = 0

PZU = ICiJCj for dim(ker("M)) < 2
0 for dim(ker("M)) > 2 (10)
plIJ for dim(ker("M)) = 0

l’3U = ch]cj for dim(ker("M)) = 1
0 for dim(ker("M)) > 1 (11)

The diabatic electronic coupling element itself is formed
from the contraction of the transition density matrices with the
Hamiltonian operator

Hy = N‘U<nﬁu> = N'u(<hﬂs> " §<”1G(”2)>) (12)

where G(p,) is the contraction of two-electron resonance
integrals where p,, () is the trace and NIJ is the
pseudodeterminant obtained from the product of the nonzero
singular values. To obtain the diabatic coupling elements Vy,
the nonorthogonality of quasi-diabatic SCF solutions must be
accounted for through symmetric orthogonalization of the
constructed Hamiltonian matrix, in which the transformation
matrix X is obtained from

X = Un VU (13)

where n are the eigenvalues and U are the eigenvectors of N.
The resulting orthogonalized diabatic states are indicated by a

tilde |®D). Alternatively, to avoid explicit calculation of the
entire Hamiltonian (which is generally a small matrix anyway),
it is possible to extract the diabatic coupling term using

Hy — Ny(Hy + Hy)/2

2
1 — Ny (14)

VI]=

which is based on a two-state model approximation. Regardless
of which approach is used, the NOCI framework enables the
description of the full four-state model, allowing all pathways
to be studied simultaneously.

2.3. Computational Details. To illustrate the concepts
explored in the previous sections, we examined two model
systems. The first model is the ethylene dimer with D,
symmetry, while the second model system comprises ethylene
and the methaniminium cation with a C, symmetry, both of
which are in a face-to-face arrangement where the diabatic
electron coupling was calculated as a function of the
intermolecular distance d (Figure 3). The systems were

a);; ;S b); S

P=K 2=

Figure 3. Face-to-face arrangement of the ethylene dimer (a) and
ethylene/methaniminium cation (b), where d indicates the inter-
molecular distance.

examined by using monomer separation distances between
3.5 and 5.0 A with increments of 0.5 A. The purpose of using
these two model systems was to examine the difference
between the symmetric and asymmetric donor and acceptor.
Similar systems have been considered in the evaluation of
other approaches for evaluation of TEnT.”' The geometries
were obtained using Gaussian 16 by optimizing the singlet
ground-state geometry with the ®B97xD/6-311+G(d) level of
theory and constraints on the distance between monomers and
point group symmetry. The four quasi-diabatic SCF solutions
were then locally optimized using a modified version of
Gaussian 16 and then nonorthogonal matrix elements
computed with a stand-alone in-house code that utilizes the
MQCPack library”" as well as interfacing with a modified
version of Gaussian 16.

3. RESULTS AND DISCUSSION

To demonstrate the theoretical protocol described in the
Methods section, we applied the method to the calculation of
diabatic coupling elements for direct and CT in two model
systems. The first model system is the ethylene dimer, which is
a symmetric dimer, so hole and electron CT pathways are
energetically equivalent. The second model system is ethylene
with the methaniminium cation so that the symmetry between
hole and electron transfer pathways is removed. Subsequently,
we discuss the results in the context of complete active space
self-consistent field calculations, followed by diabatization.
3.1. Ethylene Dimers. First, the results of the ethylene
dimer are discussed. Due to the symmetry of donor and
acceptor molecules, the initial and final states (D*A and DA*)
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are equivalent, and the CT states, D'A™ and D™A", are also
equivalent. Computing the diabatic coupling elements allows
construction of the Hamiltonian in the basis of the four
nonorthogonal diabatic states. Subsequently, symmetric
orthogonalization of the nonorthogonal diabatic Hamiltonian
yields the basis of orthogonal diabats in which the coupling is
correctly expressed. An illustration of the orthogonal diabatic
Hamiltonian is shown for the d = 3.5 A geometry (other
distances are shown in the Supporting Information)
D*A DA* DYA- D-A*

D*A 0.5 —43.5  654.1 539.3

DA* | —43.5 0.0 —536.9 —653.5 (15)

DTA- | 6541 —536.9 4365.3 —45.9

D~A* \539.3 —653.5 —45.9 4365.6
where units are in meV and diagonal elements are shifted by
the value of the lowest diagonal matrix element so that the
lowest energy diabatic state is at 0.0 meV. Note that small
energy differences between states that are equivalent are due to
the rounding error in input to the orthogonalization routine.
The magnitude of coupling between D*A and DA* is
significantly smaller than that of coupling involving CT states.
The difference in coupling magnitude is consistent with
findings from the analysis of singlet fission kinetics, where one-
electron interactions show greater coupling than two-electron
interactions.”” Couplings between diabats of the same type
(ie, D*A < DA* or D'A™ <> D™A") involve two-electron
transitions, while coupling between diabats of different types
involve one-electron transitions. As a result, a qualitative
assessment indicates that EnT can occur sequentially through
CT states rather than directly as previously considered. An
additional point of importance is that the kinetics of the
sequential mechanism is controlled by the slowest step
(smallest coupling), which in eq 1S is 536.9 meV, compared
to the direct mechanism where the coupling is 43.5 meV.

Although based on diabatic coupling elements, the CT
pathway is favored over the direct pathway, and the CT states
are significantly higher in energy than the two triplets (4365.3
meV). The energy difference is related to the density of states
in eq 1 or to Gibbs reaction energy in the exponential term of
eq 2. Generally, the pre-exponential term, of which the diabatic
coupling element is the main component, is more important
than the exponential term, although both terms play a role in
the rate. Due to the large energy difference between triplet and
CT states, the stepwise CT mechanism may have a small rate
constant due to the exponential term, while the direct
mechanism has a small rate constant due to the pre-
exponential term.

Further analysis of the EnT mechanism can be made
through analysis of how the adiabatic states are formed from
the diabatic states. The adiabatic states are obtained either
through solving the generalized eigenvalue problem for the
Hamiltonian in the nonorthogonal diabatic basis or through
diagonalization of the Hamiltonian in the orthogonal diabatic
basis. The contribution of each orthogonal diabatic basis to
each adiabatic state is

W) = +0.681B e, ) — 0.681Pp ) — 0.181D 1)

— 0.18/®)  Ep = 0.000eV (16)

¥y ) = +0.71Byey) + 0.711Bp ) — 0.021P )

+0.021® ) Ep = 0312V 17)

W) = —0.021® ) — 0.021Bp ) — 071Dy i)

+0711B ) Ep = 4.148eV (18)

I¥) = +0.181®@pysy ) — 0.181®p ) — 0.681D )

— 0.681D-4+) Er, = 4.895eV (19)
where it can be seen that the lowest two adiabatic states are of
a triplet character, while the two highest energy adiabatic states
are of a CT character. For each type of adiabatic state, one of
the states has leading coeflicients with the same sign, while the
other state has leading coefficients with the opposite sign.
Although this feature is reminiscent of spin adaption, the
determinants considered here are high spin; therefore, there is
no spin-symmetry adaption required. However, the diabats
break spatial symmetry, and so the signs correspond to
restoration of the spatial symmetry in the adiabatic picture, in
which one adiabat corresponds to the in-phase interaction and
the other adiabat corresponds to the out-of-phase interaction,
where the signs are dependent on the overlap of the diabats,
which are given in the Supporting Information. Although the
previous discussion of kinetics was based on the Fermi golden
rule in a time-independent formalism, the lowest adiabatic
state includes a significant component of a CT character,
which illustrates that in reality that there may not be two
distinct TEnT mechanisms, but rather the CT acts as
resonance states to stabilize the TEnT pathway.”***

To understand the role of geometry on TEnT rates, the
same analysis as described above was performed at different
monomer distances up to 5.0 A (Table 1 and Figure 4). As is

Table 1. Diabatic Coupling Elements (Absolute Values) in
the Ethylene Dimer Calculated as a Function of Monomer
Separation Distance Computed by Using Symmetric
Orthogonalization

diabatic coupling elements

R (A) (D*AIHIDA*) (D*AIHID*A™) (D*AIHD™A")
3.5 435 654.1 539.3
40 263 4432 3118
45 11.6 2922 173.0
5.0 47 2773 75.6

750.0
S

£ 500.0
>
£

S 250.0
o
)

A —
0.0
3.5 4.0 45 5.0

d (Angstrom)

Figure 4. Distance dependence of the ethylene dimer diabatic
coupling elements in meV showing the direct coupling (circles),
electron CT (squares), and hole CT (triangles).
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expected, due to the symmetry of the ethylene dimer system,
diabatic coupling elements between D*A and hole and
electron transfer diabats are very similar. The reason that the
two values differ by around 100 meV across all geometries is
because (D*AIHID'A™) reflects the rate of electron transfer
between 7* orbitals, while (D*AIHID™A*) reflects the rate of
electron transfer between 7 orbitals, where the z* orbital is
unoccupied, while the 7 orbital is already singly occupied. The
direct coupling element is much smaller than the CT coupling
elements and trends toward zero with distance.

Rather than build and orthogonalize the diabatic Hamil-
tonian to get the diabatic coupling elements, the coupling
between any two diabatic states can be approximated using eq
14, which is the same as forming and orthogonalizing a two-by-
two diabatic Hamiltonian. Thus, the two-state model is an
approximation because the diabats are not fully orthogonalized
with respect to all of the other diabats. Table 2 shows the

Table 2. Diabatic Coupling Elements (Absolute Values) in
the Ethylene Dimer Calculated as a Function of Monomer
Separation Distance, Computed Using the Two-State Model
(eq 14), Compared to the Direct Coupling (DC) and CIS
Results from ref 21

diabatic coupling elements ref 21

R(A) (D*AIHIDA*) (D*AIHID'A") (D*AIHID A*)Y DC  CIS

3.5 98.4 655.5 540.8 99.1 94.2
4.0 26.2 443.3 311.6 28.5 27.2
4.5 5.7 292.1 172.2 8.2 8.0
5.0 13 275.7 71.7 2.3 2.2

results of the two-state model, which are in close agreement for
the CT couplings with the full orthogonal results in Table 1,
implying that the two-state model works well to avoid finding
and building the full diabatic Hamiltonian. However, the direct
coupling elements decay more slowly in the fully orthogonal
approach than in the two-state model. As a result, the two state
model underestimates the role of direct EnT at long distances
and overestimates its role at short distances. The two-state
model is closely related to previously reported approaches (ref
21), which are found to be in very close agreement with the
method presented here. Interestingly, the CIS results, which
include both direct coupling and CT coupling, are slightly
smaller than the matrix elements only including direct coupling
from ref 21, and yet in the current work, the CT matrix
elements are an order of magnitude larger than the direct
coupling matrix elements, indicating the importance of orbital
relaxation in correctly modeling the CT contributions.

3.2. Ethylene/Methaniminium Cation. To further
illustrate the concepts numerically, we now perform the
same analysis as the previous section on the ethylene—
methaniminium cation, in which the asymmetry of the dimer
causes hole and electron transfer diabats to differ in energy. In
fact, the hole transfer pathway, which leads to much higher
charge separation than the electron transfer pathway, is shifted
so much higher in energy that it can no longer contribute to
the kinetics, and so the four-state model can be reduced to a
three-state model.

The diabatic coupling elements for the asymmetric system
are shown for different intermolecular distances in Table 3 and
Figure S. The general trend is the same as that for the
symmetric case, where CT coupling is much larger than direct
coupling. However, both mechanisms have smaller diabatic

Table 3. Diabatic Coupling Elements (Absolute Values) in
Ethylene and Methaniminium Cations Calculated as a
Function of Monomer Separation Distance, Computed
Using Symmetric Orthogonalization

diabatic coupling elements

R (A) (D*AIHIDA*) (D*AIHID*A™)
35 5.6 497.1
4.0 43 278.9
4.5 0.4 158.9
5.0 1.6 87.8
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Figure 5. Distance dependence of the ethylene/methaniminium
diabatic coupling elements in meV showing the direct coupling
(circles) and electron CT (squares).

coupling at short distances in the asymmetric system, although
the decay is slower so that at 5.0 A, both the ethylene dimer
and ethylene/methaniminium cation have similar magnitude
coupling. From 4.5 to 5.0 A, the direct coupling matrix element
increases in value, but this result is an artifact of the small value
(1 meV) of the coupling and the accuracy to which diabatic
states have been determined. The numerical noise effect is also
observed in the diagonal elements of the ethylene dimer
Hamiltonian in eq 15, where symmetric diabats differ on the
order of 1 meV.

Comparing the orthogonalized diabatic basis three-state
model to coupling elements computed from the two-state
model (Table 4), the CT couplings are the same for both

Table 4. Diabatic Coupling Elements (Absolute Values) in
Ethylene and Methaniminium Cations Calculated as a
Function of Monomer Separation Distance, Computed
Using the Two-State Model (eq 14), Compared to the
Direct Coupling (DC) and CIS Results from ref 21

diabatic coupling elements ref 21
R(A)  (D*AIHIDA*)  (D*AIHID + A-) DC CIS
3.5 209.3 476.9 212.3 171.4
4.0 60.2 275.0 78.9 56.8
4.5 19.2 158.3 21.2 16.1
S.0 7.6 87.8 5.7 4.5

approaches, as was the case for the ethylene dimer. However,
the direct coupling elements are much smaller in the three-
state model than in the two-state model. The two-state model
only orthogonalizes two diabats at a time. Therefore, the
orthogonalized ID*A) is different when computing (D*AIHI
DA*) compared to when computing (D*AIHIDA™), so that
there is no consistent orthogonal diabat basis, which leads to
overestimation of the direct coupling elements. As in the
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ethylene dimer, the two-state direct coupling matrix elements
are in agreement with the work of ref 21.

Considering the contribution of diabats to the adiabatic
surfaces (see the Supporting Information), it is apparent that
the adiabats are of a more mixed character than in the
symmetric case. As an example, the lowest adiabatic state at 4.0
As

"PT1> =+ 0.5610ps,) — 031IPpy) — 0.771Ppx)  (3)

The largest contribution is of a CT character, but there is a
substantial component from triplet diabats. The reason for the
mixed character in the asymmetric case is that the CT diabat is
much lower in energy and so plays a greater role in the TEnT
reaction pathway. As a result, in the three-state orthogonal
diabatic basis, the inclusion of the CT state substantially
reduces the direct coupling matrix element because the
coupling between triplet diabats is mediated through the CT
diabat. In contrast, the high energy of the CT state in the
symmetric case results in closer diabatic coupling values
between the four- and two-state models.

3.3. Challenges of Exploring Triplet Energy Transfer
Using a CAS Approach. If the nonorthogonal framework is
not utilized, the alternative approach is to build diabatic wave
functions from a CAS-based wave function expansion, as has
been demonstrated in the case of singlet fission.>” Although, in
principle, CAS approaches could provide a good quality
assessment of diabatic coupling elements, their practical
application has several challenges that can limit their
applicability to chemically relevant systems.

The first challenge is the selection of a suitable active space.
While active space selection is always a challenge whenever
CAS expansions are used, the problem is particularly acute in
the case of TEnT. Intuitively, the active space should be four
electrons in four orbitals. However, it is not clear how to
construct the initial set of orbitals in which expansion is
performed. Typically, the initial orbitals for CAS come from a
Hartree—Fock (HF) calculation, which is limited to a single-
electron configuration. If the HF electron configuration
corresponds to [D*A), then the orbitals are optimized to
describe the triplet on the donor and the singlet on the
acceptor. As a result, a simple four-electron four-orbital
expansion will not be sufliciently flexible because it cannot
account for orbital relaxation that occurs upon excitation to the
CT or IDA*) states. To remedy the problem, a larger active
space must be selected to describe orbital relaxation, but as the
active space is being selected from a set of canonical orbitals, it
is difficult to determine if the orbitals being included are
correct for describing orbital relaxation in the diabats.
Therefore, the solution that is often adopted is to use the
largest possible active space so that the chance of including the
correct orbitals is maximized, although it is not clear, especially
for large systems, if a sufficiently large active space can be
chosen within the constraints of computational resources.

The second challenge is how to access CT states, which are
considered as an excited state out of the triplet reference. Even
if a larger active space can be used, the CT is high in energy
compared to the triplet states on the donor or acceptor. As a
result, there will be a number of excitations within each
monomer that are lower in energy than those of the CT states.
Therefore, to try and avoid biasing orbitals to the triplet states,
a state average protocol must be used. However, the CAS
picture is in terms of adiabatic states, and therefore, it is not

possible to know in advance how to correctly assign weights for
state averaging. Alternatively, targeting a single CT state in
CAS may cause convergence problems.

The third challenge is to construct the coupling elements on
a correctly defined diabatic basis. Assuming that the correct set
of canonical orbitals have been identified and the active space
is sufficiently large to accommodate orbital relaxation effects,
diabatization must be performed and coupling elements must
be determined on the diabatic basis. Performing diabatization
of the canonical orbitals has been studied over several decades
and presents its own challenges, such as how to uniquely define
the diabatic basis.”® Additionally, since the correct set of
canonical orbitals in the active space cannot be known until
diabatization is performed, an iterative approach is required in
which the diabatic basis is examined and used to provide
information about the correct set of orbitals in the initial CAS
calculation.

The fourth issue is the use of a single set of diabatic orbitals
on either the acceptor or donor. While the same issues hold for
diabatization in the study of TEnT as in other processes, even
if the correct diabatic basis can be obtained, there are still
additional issues to resolve. In particular, the best set of
diabatic orbitals will be different, depending on the spin state
and orbital occupation on each monomer. In TEnT, the donor
or acceptor can be singlet, doublet, or triplet, depending on the
states in the coupling element being determined. As a result,
when evaluating the coupling element in the diabatic basis, it is
not possible to use a single spin-adapted electron configuration
to describe the bra or the ket because there will be significant
contributions from a number of electron configurations, which
are describing diabat orbital relaxation in response to change in
spin state as well as orbital occupation. For example, in
determining the diabatic coupling between ID*A) and ID*A™),
even if ID*A) can be considered as a single determinant, the |
D*A”™) state will have many contributions from the different
possible orbitals into which the electron can be transferred
because the diabatic basis was built assuming the spin states
and orbital occupancy of ID*A). As a result, the coupling
element is computed as the sum of the contributions from the |
D*A) determinant coupling with the many different electron
configurations in the diabatic basis describing the ID*A™) state,
and the intuitive description of a single diabat is lost.

To avoid these issues, some promising work has been done
using nonorthogonal concepts to allow the best diabatic basis
to be selected. The NOCI with multiconfigurational fragment
wave functions representing the diabatic state (NOCI-F)
approach spatially partitions the wave function and performs a
separate CAS calculation on the donor and acceptor. The
resulting expansions have different orbitals and so are
nonorthogonal.’**” The total wave function is then con-
structed by combining orbitals on each fragment as an
antisymmetrized product. As a result, the approach avoids
the problem of identifying the correct canonical orbital active
space because orbitals are constructed directly in the diabatic
basis and so also avoids problems arising from diabatization.
However, a remaining challenge is that different orbital
occupations and spin states on any fragment are still described
by a single set of diabatic orbitals, and so, orbital relaxation
effects due to changes in these properties are only accounted
for through a large orbital expansion. The large orbital
expansion combined with nonorthogonality presents a
substantial computational challenge and is most suited to
deployment on highly parallel leadership class computing
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facilities. Similarly, block-localized molecular orbitals permit
strict localization of orbitals to fragments, so defining diabatic
states, which can be used to extract direct and CT coupling
terms using a multistate energy decomposition analysis.54’58

4. CONCLUSIONS

In this study, we outline the theoretical concepts behind the
use of SCF quasi-diabats for the description of TEnT diabatic
coupling elements. First, a conceptual model was introduced,
explaining the role of the diabatic coupling elements in the
calculation of TEnT rate constants. The importance of the
consideration of CT states was emphasized, and an approach
for constructing the adiabatic state as the linear combination of
four diabatic states was developed (four-state model). It was
argued that the four-state model approach was particularly
effective because of the different orbitals for different
configurations (DODC) approach, in which each diabatic
state was constructed using the most suitable set of orbitals,
avoiding the requirement for orbital relaxation effects to be
recovered through long determinant expansions. Owing to the
nonorthogonal framework of DODC approaches, specialized
computational approaches are required to construct the
effective Hamiltonian and subsequent diabatic coupling
element. In particular, the use of symmetric orthogonalization
to recover coupling elements from the nonorthogonal effective
Hamiltonian was emphasized. The performance of the
approach was illustrated using two model systems: an ethylene
dimer, in which the donor and acceptor are the same, and
ethylene with a methaniminium cation, which breaks the
symmetry between the donor and acceptor. The coupling was
evaluated as a function of the distance, and while CT states
were higher in energy, it was found that the diabatic coupling
was stronger for the CT pathway than for the direct pathway.
Results from the four-state model were compared to the two-
state model that has generally been employed for the study of
TEnT. It was found that the CT state couplings were similar in
the two models but that the two-state model generally
overestimated the direct coupling. In particular, for the
asymmetric system, it was found that a two-state model fails
because different diabats are obtained for a given diabatic state
depending on the particular coupling element being evaluated,
and these diabats were different from the diabat in the
orthogonal diabatic basis computed in the presence of CT
states. As a result, we emphasize the importance of correctly
constructing the orthogonal diabatic state in which the
coupling elements are determined. Finally, we explore the
challenges in the use of orthogonal determinant expansions for
the calculation of diabatic coupling elements and highlight
recent developments utilizing nonorthogonal determinants.
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