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Abstract

This work presents the theory and application of a multistate energy decomposi-
tion analysis (MS-EDA), making use of multistate density functional theory (MSDFT).
Through this research, a method has been developed that can be conveniently used to
elucidate the energy terms contributing to intermolecular interactions of molecular com-
plexes in electronically excited states. Multistate density functional theory is a novel
quantum theory that employs matrix density as the fundamental variable both for the
ground state and for excited states. The method goes beyond the Hohenberg-Kohn
theorems for one electronic state and treats all electronic states on an equal footing.
Chapter [I] reviews the fundamental principles and theorems of MSDFT and introduces
the concepts of minimal active space (MAS) and matrix correlation functional. In ad-
dition, the computational procedure and approximations of non-orthogonal state inter-
action (NOSI) are presented, upon which the remainder of the research and calculation
is built.

Chapter [2| summarizes the development of a block-localized excitation (BLE) ap-
proach for self-consistent-field (SCF) optimization of excited state (non-autbau) config-
urations. The BLE method is a form of delta SCF (ASCF) procedure using a projection
scheme in molecular orbital basis that matches the order and occupation of the initial,
predefined electronic configuration. The main novelty of the BLE method is to allow
block localization of molecular orbitals on individual molecules in a molecular complex
or a subset of atomic orbitals belonging to a given symmetry. Consequently, it is possi-
ble to optimize a set of non-orthogonal block-localized molecular orbitals for a system
in which one molecule is excited to an excited configuration in the presence of other

molecules in the ground state. The individually optimized excited configurations are
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used to form a minimal active space for subsequent MSDFT-NOSI calculations to de-
termine the energies of the adiabatic ground and excited state as well as their densities.
The BLE method is illustrated in the study of excimer formation for a naphthalene
dimer and a preliminary analysis of energy terms of binding interactions was presented.
The BLE method was further applied in Chapter [3| to a group of bi-molecular com-
plexes that have low-lying charge transfer states. It was shown that both local covalent
and intermolecular charge-transfer excited states can be adequately treated by using
MSDFT-NOSI along with MAS in which individual configurations are optimized by the
BLE method.The computed excitation energies, including charge-transfer states, from
NOSI calculations employing the M06-2X functional to approximate the diagonal terms
of the matrix correlation functional along with the cc-pVDZ basis functions are in good
accord with results from EOM-CCSDT benchmarks.

Chapters (4| and |5| rigorously formulate the theory, define energy terms for inter-
molecular interactions in excited states, and present findings from applications of en-
ergy decomposition analyses on a range of molecular complexes in excited states. In
the present MS-EDA approach, energy terms associated with interactions in the ground
state are grouped into a single term called local interaction energy and the focus of the
energy decomposition analysis is placed on energy terms unique to excited states. These
include the exciton resonance energy due to the electronic coupling interactions among
locally excited states of individual monomers, the super-exchange stabilization energy
due to forward and backward charge transfer states between two monomers, and orbital
and configuration delocalization energy as a result of expanding the molecular orbitals
from block-localized states to full molecular orbitals over the entire molecular complex
and determinant configurations that specifically included in the MAS. A key feature in
the MS-EDA method is that all intermediate states are variationally optimized using

the BLE technique. It was found that molecular complexes in excited states can be
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categorized into three types: (1) encounter excited-state complex, (2) charge-transfer
exciplex, and (3) intimate excimer or exciplex. For all examples, MS-EDA’s decompo-
sition of the binding energy allows for an unambiguous identification of the excitation
character.

Finally, in Chapter [A] the bond dissociation process of methyl radical in excited
states is summarized, providing insights into the interplay of diabatic states correspond-
ing to different electronic states of the dissociated species. The active space in this chap-
ter has one noteworthy difference from the examples in all other chapters. In all of those
examples, the off-diagonal elements of the Hamilton matrix functional have generally
small contributions from their WFT-style terms. In this methyl dissociation example
however, the NOSI-MSDFT procedures and TDFs that we developed are applied to
valence-bond style determinants. This demonstrates that these procedures and TDFs
are also applicable to such an active space, which is characterized by strong WFT-style
contributions to the interactions between determinants (and by a large overlap between
determinants).

In summary, this work illustrates the computational method, accuracy and the wide
range of applications of nonorthogonal state interaction in multistate density functional
theory. It is hoped that the MS-EDA method will be a useful tool for understanding

the nature of intermolecular interactions of excimers and exciplexes.
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Chapter 1

Introduction

Kohn-Sham density functional theory (DFT)[1] has proven remarkably successful across
many systems, but it is fundamentally a ground-state theory based on the Hohen-
berg—Kohn theorems. It inherits the additional restriction that only nondegenerate
ground states without strong static correlation can be described accurately. Although
several extensions of DFT to excited states have been proposed, the only fully rig-
orous framework until recently has been linear-response time-dependent DFT (TD-
DFT),[2] which - despite its widespread adoption - suffers from well-documented fail-
ures for charge-transfer excitations, Rydberg states, and double excitations. To this
end, an alternative subspace theory of excited states was formulated by Theophilou[3]
who showed that the average density, py(r), of the lowest N eigenstates uniquely de-
termines the subspace spanned by their wavefunctions and hence fixes the sum of their
energies. However, because py () captures only the sum of state densities, this subspace
theory cannot yield individual state energies or densities themselves unless those states
are already known.

Lu and Gao recently showed[4] that the full matrix density D(r) - whose diagonal

elements are the individual state densities and whose off-diagonal elements are the
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transition densities - contains the necessary and sufficient information to resolve each
state individually. In this formulation, the trace of D(r), i.e., trD(r) = py(r), defines
the exact subspace, while the off-diagonal elements makes it possible to describe state
interactions and allows determination of the individual excited states.

This thesis summarizes studies of excited-state processes and intermolecular inter-
actions using this newly formulated density functional theory for all electronic states,

namely multistate density functional theory (MSDFT).

1.1 Pre-Existing Methods

The existing methods for quantum mechanically calculating the energy of a system of
electrons in an external potential follow two paradigms. The older paradigm is wave
function theory (WFT), where the wave function fully and uniquely determines the
state of the system and all of its properties. The second paradigm is density functional
theory (DFT),[5]. Multistate density functional theory (MSDFT) is fundamentally an
extension of the DFT paradigm. But the existing practical implementation also utilizes
concepts from wave function theory, most notably from the non-orthogonal configuration
interaction (NOCI) method.

The theoretical foundation for ground-state DFT are the 3 Hohenberg-Kohn theo-

rems, which can be simply summarized as follows.

1. The fact that the electron density, Hamiltonian and wave function of the ground

state uniquely determine each other;
2. The existence of a universal Hamilton density functional F[n(r)];

3. A variational principle for determining the energy and density of the ground state.

The practical implementation of a DFT method is due to Kohn and Sham|[I] has gained

status as the standard method within the DFT paradigm. The Kohn-Sham density
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functional theory (KS-DFT) method splits the energy as a functional of the density

E[n(r)] into 3 known (or approximated/ assumed) terms and 1 unknown term:
En(r)] = B [n(r)] + Fln(r)|Eln(r)] = En(r)] + T n(r)] + En(r)]  (1.1)

The splitting into the influence due to the external potential E[n(r)] = [ V™in(r)dr
and the universal functional F[n(r)] follows directly from the Hohenberg-Kohn the-
orems. The terms that Kohn and Sham split the universal functional into are the
classically known electron-electron repulsion energy E®[n(r)] o« [[ %drdr’ and
the (minimal) kinetic energy of a single-determinant state TXS[n(r)] = (¢|TWFT|y)
whose wave function matches the required density n(r) = (¢|n(r)[¢)). The remaining
term is called exchange-correlation functional and, like F[n(r)], its exact functional
form is unknown. Its purpose is to add the non-classical part of the electron-electron
interaction (“exchange”, which technically also includes the usually much smaller self-
interaction corrections) and to correct for the deviation of the true ground state from
a single determinant (“correlation”). To include these effects, a plethora of xc func-
tionals with continually advancing complexity and accuracy have been developed. They
are typically categorized by their input parameters/ dependencies: The local density
approximation (LDA) and generalized gradient approximation (GGA) functionals only
depend on the electron density (and its gradients), respectively. Hybrid functionals also
depend on the total value of the exact Hartree-Fock exchange of the system (typically
mixing one quarter to one half of exact exchange with an accordingly reduced amount of
functional-based exchange). Double hybrid functionals utilize not only exchange from
WEFT to augment the functional-based exchange but also correlation corrections based
on Mgller-Plesset (MP2) perturbation theory to augment the single-determinant based

kinetic energy. Meta functionals depend in addition to the electron density also on the



kinetic energy density.

In WFT, the parametrization that is used to express the wave function is the
only approximation, and the main difference between WFT methods is the employed
parametrization. The earliest and simplest WFT method that can truly be called quan-
tum mechanical is the Hartree-Fock method. This method is built on the premise
of approximating the wave function as a single Slater determinant. In contrast, CI
methods define the wave function to be a linear combination of a certain set of Slater
determinants, where the coefficients of this linear combinations are optimized. The
“main branch” of the CI family (CIS, CISD, CISDT, ...) uses the Hartree-Fock orbitals
from the “ground state” (or reference) Slater determinant for all Slater determinants.
And in this branch, the set of included Slater determinants is truncated to those deter-
minants which differ from the “ground state” (or reference) Slater determinant by at
most the excitation of one, two, or three, ... electrons. Non-orthogonal configuration
interaction (NOCI) drops the requirement that all Slater determinants share a common
set of orbitals. Instead all occupied orbitals of all determinants are optimized simulta-
neously with the weights of the determinants. This causes the Slater determinants to be

non-orthogonal to each other, but reduces the number of required Slater determinants.

1.2  Multistate Density Functional Theory

Recently, Lu and Gao proved three fundamental theorems in density functional theory,[4]

which can be simply summarized as follows.
1. The existence of a Hamilton matrix density functional for the lowest N eigenstates;

2. The variational principle for determining the multistate energy yielding the ener-

gies and densities of the lowest N eigenstates;
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3. The representation of the N-dimensional matrix density by at most N? Slater

determinants.

We consider a system with the Hamiltonian H=HO+ oy () where HO contains the
internal electronic interaction and kinetic energy operators, and vey(7) represents any
external potential. Restricting our attention to the N-dimensional subspace V spanned
by the lowest N eigenstates, we introduce the matrix density D(7). Its diagonal entries,
D;;(7) = n;(7) are the individual state densities, while the off-diagonal entries D;;,7 # j
are the transition densities between states ¢ and j.

Then, the three theorems introduced above are stated below:

Theorem 1 (Existence of Hamiltonian matrix functional). In the subspace V spanned by
the lowest N eigenstates including all degerate states of the highest energy, the Hamilton
operator can be expressed as a matriz density functional H[D] = F[D]+ [ D(F)vex(F)dr

where F[D] is a universal functional independent of vey (7).

Theorem 1 establishes a one-to-one correspondence between D and #H[D].

Theorem 2 (Variation principle). For any trial density D'(F), the trace of H[D), called
multistate enerqgy, is greater than or equal to the multistate energy of the matriz density
D belonging to the subspace V (of the lowest N eigenstates): tr{H[D’|} > tr{H[D]},

where the equal sign is true when the trial density is a matriz density of the subspace V.

A highly relevant implication of this theorem is that diagonalization of H[D] yields

the N eigen-energies of V (the ground state and the N — 1 lowest excited states).

Theorem 3 (Density representation). Up to N? independent Slater wave functions are

sufficient to represent all N? elements of the N dimensional matriz density D(r).
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In the special case N = 1, the first two theorems reduce exactly to the Hohenberg-
Kohn theorems for ground-state DFT. The third theorem states that a single (12 = 1)
Slater determinant suffices to represent the exact ground-state density as that used in
Kohn-Sham DFT. Just as multi-configurational self-consistent-field (MCSCF) meth-
ods in wave function theory (such as the complete-active-space self-consistent-field
(CASSCF) method) prescribes an iterative optimization of both the determinant expan-
sion and orbitals in each determinant, multistate density functional theory computations
aimed at minimizing the multistate energy by optimizing the matrix density should in
principle utilize a similar simultaneous optimization. However, these theorems do not
prescribe how to choose these determinants. Indeed, because the same matrix density
D(7) can be generated by different sets of determinants, no unique choice emerges a
priori. This non-uniqueness, however, offers flexibility: a variety of practical algorithms
and active-space selection strategies can be developed within the MSDFT framework.
Finally, just as the exact exchange-correlation functional in Kohn-Sham DFT remains
unknown, the precise form of the multistate universal functional F[D(7)] is unknown -
underscoring the central challenge of constructing approximations in excited-state cal-

culations.

1.3 Minimal Active Space

Theorem 3 above defines an upper bound in the number of Slater determinants to
represent the matrix density for N states. Collectively, they form an ”active space”,
just as that used in wave function theory, to be used to construct a set of N auxiliary
multi-configurational wave functions to determine the matrix density D(r). This active
space that has an upper bound is called minimal active space (MAS), which contains

M < N? determinants.
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First, we write the N2 Slater determinants 1), called ”primary states”, as follows:

Yilr1, s mn) = A{X (1) - x5, ()} (1.2)

(where A is the normalized anti-symmetrization operator and x* are the molecular or-
bitals of state 7). From a given basis of M primary states, we can construct “secondary”,

or auxiliary, multi-state wave functions as linear combinations of the “primary states”:

M
Dy=> ciathi (1.3)

The N x N matrix density is built from these N “secondary” states. One would select
those N states that minimize the total subspace energy, that is, the sum of the lowest
N eigenvalues of the exact Hamiltonian functional. Once identified, these states define
the subspace in which the N x N Hamiltonian matrix functional is constructed. Diago-
nalizing the Hamiltonian matrix functional then yields the energies of all N eigenstates,
each expressed as a linear combination of the original determinants.

In practical implementations, however, two simplifying choices are usually made.[6]
First, the full set of M “primary” determinants is optimized and then fixed in advance
rather than re-optimized to build the auxiliary wave functions in every step of the en-
ergy minimization. In other words, a non-orthogonal configuration interaction (NOCI)
scheme is used, in which only the configuration coefficients in equation are further
optimized. Since dynamic correlation is included in the single determinant optimiza-
tion, we call this method nonorthogonal state interaction (NOSI). Second, rather than
recomputing the Hamiltonian from scratch in the reduced subspace, one obtains the
N x N Hamiltonian simply by projecting the full M x M Hamiltonian matrix in the
primary basis onto the selected secondary basis.

With these two approximations, the workflow becomes straightforward: assemble
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the Hamiltonian in the primary determinant space, diagonalize it to extract the lowest
N eigenstates, and adopt those eigenvalues as the subspace energy. Although this
streamlined approach deviates from the full multiconfigurational optimization of both
orbital and configuration coefficients, it avoids difficulties to achieve self-consistent-field
convergence in a nonorthogonal MCSCF-type of approach and has proven effective in

practice.

1.4 The Hamilton Matrix Functional (Correlation Matrix

Functional)

The exact matrix-energy functional [D] in multistate DFT remains formally unknown.
However, one can construct useful approximations by using wave-function-theory

(WET)-style contributions analogously as the approximation in Kohn-Sham DFT to
use a single determinant basis for the ground state. Below, we express all intermediate
quantities in the primary determinant basis (indices i,j). The analogous definitions
in the secondary basis (indices A, B) follow via the linear transformation of Eq.
With the minimal active space for a set of multiconfigurational wave functions and the

universal matrix functional, we then define a correlation functional
£°[D(7)] = F[D] — (T™[D] + E"™[D]) , (1.4)

where T™[D] is the multi-configurational kinetic energy term for the N auxiliary states
and EM'™[D] the Hartree-Fock—exchange contribution constructed from the same deter-
minant set. By subtracting these leading WFT terms, £°[D] captures the remaining

many-body correlation effects not already accounted for in T™[D] and EM'*[D]. In



short, the matrix elements for the wave function part can be written as
(il HOlupg) = (T™)i + (E")y5 . (1.5)

Note that, unlike Kohn—Sham DFT, which approximates (parts oll all of) the ex-
change energy via a local or generalized gradient approximation functional for the ex-
change, here we include the full exact (wave function theory) Hartree-Fock—exchange
contribution explicitly. The remaining correlation functional, £°[D], then represents
the residual many-body interactions not accounted for by assembling the N? single-
determinant primary states into /N multi-determinant secondary states or by their mu-
tual interactions.

As a result, the full Hamilton matrix density functional is given as:
Hij = (Tms)ij + (EHFx)ij + /DU(’F‘)VeXt(’F)d’F—I— (5C[D])Z] . (16)

The use of the notation (£°[D]);; in this equation instead of the notation (£°[Djjl)s;
emphasizes that the correlation functional generally depends on the whole density ma-
trix D(7).[6] There may exist a basis in which there is an element-by-element mapping
from D;; to the matrix element (Ec);;, but only under extraordinary conditions could
there be any hope that such an element-by-element relation happens to hold exactly in
either the primary or secondary basis.

Nevertheless, a straightforward way to build a practical approximation is to assume,
as noted earlier, that each element of the Hamiltonian matrix in the primary basis
depends only on the corresponding element of state density. At first glance, this suggests
that the off-diagonal Hamiltonian element H;;[D] should be treated as a functional of

the transition density D;; between determinants ¢ and j, i.e., H;j; = H;;[D;j]. The
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transition density is defined as

Dij(r) = (il(r) ;) (1.7)

where 7(r) is the density operator.

Introducing such a scheme would effectively define a transition density functional
(TDF) - a notion that does not exist in Kohn—-Sham DFT. To date, practical approxi-
mations [7, [§] for off-diagonal Hamiltonian elements have depended on each state’s own
density D;; and D;; and their wavefunctions ¢; and ;, rather than on the transition
density D;; itself. Nonetheless, the phrase “transition density functional” is sometimes
used to describe either the entire off-diagonal contribution or just its correlation correc-

tion, despite the absence of any explicit functional depending solely on D;;.

1.5 Procedure and Approximations (Nonorthogonal State

Interaction)

The procedure that is used throughout this thesis proceeds in two consecutive steps.
The first step is to obtain the basis determinants (in the primary basis). The diagonal
elements F;;[D;;] of the matrix functional F[D] lend themselves to be approximated by
the universal energy functional of Kohn-Sham DFT FXS (using any of the tested and

proven exchange correlation functionals F*€):
Fii [D”] ~ FKS[DZZ] = T(wz) + Ecoul [Du] + FXC[DZZ] . (18)

L.e. the evaluation of the diagonal elements #;;[D;;(7)] of H[D] becomes equivalent to

evaluating the energy of a given Kohn-Sham determinant );(#) with an approximate
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exchange-correlation functional developed for Kohn-Sham DFT:

’H”[D“(F)] = EKS_DFT[T,ZJi(F)] . (1.9)

In multistate DFT, one would ideally select the N linear combinations of deter-
minants (“secondary states”) that minimize the sum of the lowest N eigenvalues of
the exact Hamiltonian functional and then construct and diagonalize the corresponding
N x N Hamiltonian matrix in that subspace to obtain refined excited state wavefunc-
tions. In practice, each determinant configuration in the MAS is variationally optimized
independently. A major challenge in this step is to constrain the orbital optimization on
determinants with non-aufbau occupations without falling back to the ground state or
a lower energy configuration. Thus, in order to force each diagonal element to converge
to a different Slater determinant and obtain a set of linearly independent Slater deter-
minants (v;(7) # ;(7),7 # j), these optimizations have to be carried out subject to
a different constraint for each Slater determinant, enforcing linearly independent (and
thus non-ground state) configurations.

Three methods for enforcing these non-aufbau occupied configurations have been
implemented in the software used to perform MSDFT calculations in this work. The
oldest strategy|[7] relies on partitioning the basis functions (AOs) into so called “blocks”.
And it is within these individual blocks instead of the whole system that the occupation
is defined and aufbau configurations are constructed. The determinants then differ in
the occupation of these blocks (and potentially in which basis AOs are placed into which
block).

In the second approach, called block-localized excitation (BLE),[9] a projection
operator is used to express the excited state MOs (orbital coefficients T) in the basis

of the ground state MOs (orbital coefficients Tg) (To'FTo)T = (To'DTo)TePLE, This
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makes the orbital ordering largely unchanged during the SCF iteration and, thus, keep

the initial orbital occupation stable.

Finally, the third method that has been developed is the target state optimization
(TSO) technique,[10] which places the MOs that are vacated with respect to the ground
state configuration into a separate block and only diagonalizes the Fock matrix of the
remaining orbitals. The TSO approach is thus constraining the occupied orbitals by re-
moving the degrees of freedom of the ground state MOs that have been blocked off. This
inevitably leads to slightly higher energies. But on the other hand the TSO approach is
essentially a ground state optimization process, which can not collapse to lower energy
states. In practice, both BLE and T'SO methods have shown to be highly robust against
collapsing to lower energy states.

For the off-diagonal matrix elements, we use an approximation that splits them into
a sum of two terms. The first term is given by the WFT-style kinetic and exchange
interaction of the Kohn-Sham determinants. The second term uses one of two approx-
imations: Either as the overlap-weighted average of the correlation energies of the two

states (7 and j)
1

B ~ Sy (B + E5) (1.10)

or using a scheme that enforces degeneracy among spin triplets or quartets:
!
Bl = E@L,) = B (111a)
or, for systems with an odd number of electrons:

E(ng:i?;/Q) = E(wg}:gp) ; E(wgﬁgp) = E(¢§ﬁ3/2) (1.11b)

In the second step, we perform a single diagonalization of the Hamilton matrix, which
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yields the eigenstates of this matrix. As mentioned above, the sum of the lowest N eigen
energies constitutes the lowest possible multi-state energy among any N-dimensional
subspace of the space spanned by the basis. And as such, the diagonalization is providing
the minimization (within this space).

This workflow - used consistently throughout this thesis - actually predates the for-
mal proof of the three theorems of multistate density functional theory. (A nonorthog-
onal self-consistent-field (NOSCF) scheme for generating D(7) was proposed in Ref. [4],
but it has not yet been implemented.) Because each determinant is built from its own set
of molecular orbitals, these determinants need not be orthogonal - a feature shared with
non-orthogonal configuration interaction (NOCI) in wave-function theory. In MSDFT,
however, we go further: we incorporate dynamic correlation into each determinant via an
exchange—correlation functional, developed for single-determinant Kohn-Sham theory,
before mixing them (in the state interaction step). This ordering - dynamic correla-
tion first, then static correlation - means MSDFT is best described as non-orthogonal
state-interaction (NOSI). By Liu and Hoffmann’s taxonomy, this “dynamic-then-static”
sequence clearly places our method in the corresponding family of multistate correlation

techniques.[11]



Chapter 2

Block-Localized Excitation for
Excimer Complex and Diabatic

Coupling

This chapter is based on the publication [9]. I contributed by running calculations,

analyzing results and revising the manuscript.
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2.1 Introduction

It is often more convenient to use a diabatic representation of localized initial and final
states than the delocalized adiabatic ground and excited states to determine reaction
rates and to model solvent reorganization in electron transfer (ET) and excited-state
energy transfer (EET) processes.[12] [13] Furthermore, intermolecular interactions of
aromatic compounds can have drastic changes in the excited state, sometimes form-
ing stronger excimer complexes than that in the ground state.[I4] The subsequent
nonadiabatic dynamics of the excimer complexes can undergo radiative emission or
conical intersection to return to the ground state.[I3] In this case, calculations of nona-
diabatic couplings require derivatives of the wave function, and the derivative cou-
pling terms may become singular at the crossing points.[I5] In contrast, the potential
energy surfaces of diabatic states are smooth.[I6] However, diabatic states are not
unique,[I7] and many computational techniques have been described to approximate
diabatic states.[15] 18] 19l 20, 2], 22), 23, 24], 25] To this end, we have proposed a gen-
eralized diabatic at construction (GDAC) approach on the basis of an effective valence
bond (VB) classification,[26, 27] which maximally constrains these diabatic states in
bonding characters to the asymptotic dissociation limit for the processes of interest.
GDAC diabatic states are physically interpretable configurations that form an active
space to describe the adiabatic potential energy surfaces. Therefore, the validity and
adequacy of GDAC diabatic states can be verified by comparison of experimental observ-
ables with properties determined from their resulting adiabatic states. In this chapter,
we present a block-localized excitation (BLE) method to define locally excited configura-
tions for treating excited energy transfer and for describing intermolecular interactions
of excimer complexes.

VB theory naturally has orbital constraints, which can be generalized to represent

diabatic states. The large number of configurations in ab initio VB theory prevents
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its practical use on large and condensed phase systems,[28] though modern approaches
are improving its applicability.[29, B30, BI] On the other hand, block-localized wave
function (BLW) theory allows for the construction of an effective VB-like configura-
tion using a single determinant.[32] In BLW, a diabatic state is represented in terms
of block-localized orbitals (BLO), an effective representation of the ab initio VB con-
figurations within a molecular fragment.[33], 34, 35, [36] The BLOs can be optimized in
wave function theory (WFT)[32, 33] 35] and using Kohn-Sham density functional theory
(KS-DFT).[37,[7] In this regard, the block-localized Kohn-Sham orbitals are strictly lo-
calized on a given fragment by construction that is constrained in orbital space.[33] [36]
Related localization methods include that developed by Stoll and coworkers,[38] the
self-consistent field for molecular interactions (SCF-MI),[39) 40, 41] locally projected
molecular orbitals,[42, 43] absolutely localized molecular orbitals,[44] [45] and gradient
methods with respect to orbital coefficients.[38, [46], [47, 48, [49] The BLW configurations
can be used in nonorthogonal configuration interaction (NOCI) either in WET,[50]
called mixed molecular orbital and VB theory,[34, 5I] or in multistate density func-
tional theory (MSDFT),[7, 52 8, 53] to yield the adiabatic ground and excited states.
MSDFT has been used in a number of applications,[26, 27, [7, 8, 54 55, 56] including
proton-coupled electron transfer (PCET)[57] and singlet fission[58] with approximate
local-excitations.

A closely related approach is constrained density functional theory-configuration in-
teraction (CDFT-CI) based on density confinement in a certain spatial domain.[59) [60),
61] CDFT-CI has been used to estimate electronic couplings for ET and EET reactions,
but the results heavily depend on basis functions used (refs [62] and [63] and references
there in). Recently, non-Aufbau occupation of the orbitals was employed to construct
localized singlet excited state in singlet fission.[64] One question here is physically con-

straining electrons within a spatial region on a property that is in fact distributed in the
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full space. Consequently, the computation also depends on the particular population
method used because it is not a physical observable,[63] and the constrained integration
number of electrons actually is a composite from the wave functions from different tar-
get states.[65] Another related approach is the Frenkel-Davydov exciton approach using
states derived from time-dependent density functional theory calculations for isolated
monomers,[66] [67, [68] with which both dipole-coupling and Dexter exchange interac-
tions are directly determined as in the study of singlet fission using MSDFT[58] and
PCET.[57] In the latter case, local states are variationally optimized in the presence of
the environment through a QM /MM interaction Hamiltonian.[5§]

In this chapter, we extended the block-localization method to treat excited states
constrained within individual fragments. Similar to previous works for the ground
state, the main focus is to obtain BLOs in the excited states. In principle, such calcu-
lations can be performed using CASSCF or time-dependent density functional theory
(TDDFT) within a fixed molecular fragment.[2] However, a single-determinant repre-
sentation rather than a multiconfigurational approach is desired to keep spirit of com-
putational efficiency of KS-DFT for the ground state in MSDFT for the excited state.
Here, we find a ASCF type of models suitable for our aim to construct localized excited
states.[69] Of course, the performance of ASCF methods is rather system-dependent,
encountering optimization collapse to the ground state or to undesired configurations.
To resolve these problems, a number of techniques have been developed such as the
maximum overlap (MOM),[70] improved MOM,[71] the MOM square methods,[72] and
square gradient minimization (SGM).[73] These approaches can be directly adopted to
construct diabatic states in the active space for MSDF'T. In particular, the present BLE
approach is a variation of ASCF methods, which is illustrated by the intermolecular
interactions of a naphthalene dimer complex both in its first triplet and in two singlet

excited states.[74] [75] 76, [77] The latter features an interesting curve crossing of two
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low-lying singlet states as the two aromatic compounds are in close proximity. This was
clearly resolved recently using a DMRG-CASPT2 approach including the full active
space of 20 electrons in 20 orbitals, but such a curve crossing is only revealed by adding
post-SCF perturbation corrections for dynamic correlation. [76]

The remainder of this chapter is organized as follows. In Section we present the
theory and computational details of a BLE method to obtain single-determinant rep-
resentation of excited configurations in the MSDFT active space. An SCF projection
method and an MOM of wave function procedure through singular value decomposition
are described to ensure ASCF convergence. Numerical results on the naphthalene ex-
cimer complex are then presented in Section where we apply the present method
to determine the transfer integrals associated with excited energy transfer both in the
lowest singlet and in the triplet states, and binding interactions of excimer formation in

these two states. Finally, the chapter is concluded with summary remarks in Section [2.4

2.2 Theory

2.2.1 BLW Method for the Ground State

For completeness, we begin with a brief review of the BLW method for the ground state,
which will be used later to construct diabatic states of locally excited configurations.

In BLW, the determinant wave function is written as follows[32, 36]
U, = NA {092, 0K} (2.1)

Where N, is the normalization constant, A is the antisymmetrization operator, K is

the number of blocks, and ®* denotes a product of spin-orbitals of block A, ®4 =
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‘f‘aqﬁf B.. .gf)ﬁ A aagf);‘l‘ AB B, which are localized by construction

¢ = xT4 (2.2)

where ¢ is a matrix of BLOs in block A and x a row vector of basis orbitals, and T4 is a
matrix of orbital coefficients. In general, BLOs from different blocks are nonorthogonal.

The total coefficient matrix T is block-diagonal in the original BLW method when
different blocks have different basis orbitals. In this chapter, that restriction has been
lifted such that different blocks can share a group of common basis functions. The total

density matrix D is given by/[7]
TTTD = T(TisT) ' Tt (2.3)

where S = Ty is the overlap matrix of the atomic orbitals. Then, the energy of such a

block-constrained system is given by
1
E = Tr(Dh) + 5 Tr(DJD) + Exc(p) (2.4)

where h and J are the usual one-electron and Coulomb integral matrices, and Exc(p)
is the exchange-correlation energy in standard KS-DFT. The constrained optimization
of the BLOs can be achieved using the Broyden-Fletcher-Goldfarb-Shanno updating

scheme[78] with the energy gradient given as follows[38), 46, 47 (48], [49]

6F =2Tr(éD - J)
=2Tr [(1 — SDo)FaTo(T/STa) 10T},

+(1—SDg)FaTa(TLST,) 14T

where F is the Fock matrix.



20

The gradient optimization method can be applied to closed shell, restricted open
shell, and unrestricted open shell cases. Both analytic orbital gradient and numeri-
cal orbital Hessian have been implemented in our program, though the latter is time-
consuming. The gradient optimization method is used when common basis functions
are used in different blocks.[47, 48] Three different forms of SCF equations have been
described in the literature.[7, [39] (40 4], 42 (43| [44] [45] [79] In Appendix we pro-
vide another direct derivation and highlight the properties of the non-orthogonal block
SCF equations. These methods are derived on the basis of zero energy gradient, and
their computational costs are essentially the same when the number of the blocks is not
large. In this chapter, the approach described in ref [7] is used for the ground state
calculations, and is extended to the localized orbitals for excited states (below).

To accelerate the convergence of the SCF, we employ the DIIS (direct inversion
in the iterative subspace) method[80] by using energy gradients (Appendix as the
error vectors and updating the projected Fock matrix and the effective overlap matrix
for each block. We have also implemented a DIIS by updating the Fock matrix and
coeflicients of the whole system. Efficiencies of the two methods are found to be similar

for the naphthalene dimer system.

2.2.2 Block-Localized Excitation

In the present study, we are interested in obtaining a computationally efficient repre-
sentation of locally excited configurations within a given block. Traditional methods
for excited states are usually of multiconfigurational nature, even for the simplest ex-
cited state approaches such as configuration interaction with single excitations (CIS)
and TDDFT. Clearly, a multiconfigurational wave function technique within a fixed
block would have not been desirable for a DFT-based method for the intended appli-

cations. To this end, we employ a ASCF-like approach to represent locally excited
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configurations.[69] ASCF is a single determinant technique, with which the exchange-
correlation functional developed for KS-DFT can be directly used, keeping in mind that
the present Kohn-Sham determinant using BLO is constrained in the framework pre-
sented in Section [2.2.1] In a ASCF scheme, the localized orbitals can be optimized in a
way that is very similar to the ground state Hartree-Fock-Roothaan equation. However,
it is known that the original ASCF method often suffers from SCF convergence,[69] and
when it converges, an unwanted excited state or the ground state could be obtained.

A number of local excitation ASCF methods have been reported,[81], [82], 83], [84] [85],
86, 187, 88, 189, 90}, 911, [92], 93, [94] including the MOM method[70] and MOM [72] squared,
the SGM,[73] the local SCF method for core-excited states,[82] and a constricted vari-
ational DFT (SCF-CV-DFT) by one electron excitation to the virtual orbital space.[83]
The single determinant approach can also be achieved by orthogonality constraints on
the excited state. The “big shift” method was formulated by setting a large value (more
than 1010 au) to the diagonal element of the Fock matrix corresponding to ground state
orbitals.[84] Similarly, an asymptotic projection method was suggested by adding an
infinite projector to the frozen orbital in the Hamiltonian operator.[85] Yet, another
alternative is the guided SCF approach by transformation of the Fock matrix from the
atom orbitals (AO) basis to the excited state orbitals basis.[86] Similar to the BLW
method, but enforcing orbital orthogonality between the core and the valence is the
projection configuration interaction method.|[87]

In this chapter, we adopt a ASCF approach to represent locally excited non-Aufbau
configurations and employ two techniques to ensure SCF convergence. In the first
method, we project the ASCF equations to the BLO space of the ground state in each
iteration to retain the desired order of orbitals for the subsequent SCF iteration. Either
the HF or KS-DFT method can be used. The approach in this study can be summarized

below, making use of a general case of a single electron excitation from an occupied BLO
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j to a virtual BLO b. For clarity, only the « spin is shown.

1. We obtain BLOs of the ground state by solving the generalized secular equation

FOT? = STOE®0, where the superscript emphasizes ground state orbitals.

2. The initial guess determinant corresponding to the excitation (b?(a) — ¢)(a) is

constructed by switching the occupied and virtual BLOs:

R = (969 - 8010000, 1 -+ 0 (D0 41+ By 100001+ B0))a

Here, the two pairs of parentheses denote occupied and virtual spaces, and there

is no change in the occupation of 3 electrons.

3. To solve the eigen equation f|p) = |¢), we set |¢) = xT°T, and left multiply
(#°] = (XTO)T. This has the effect of diagonalizing the Fock-like matrix in the
BLO basis of the ground state, (TOTFTO)T = (TOTSTO)TOTEBLE, to yield a new set
of orbitals T for the block-localized excited determinant. After diagonalization, it
is not needed to resort the eigenvectors according to the energy of each orbital as

the order of ground state molecular orbitals is kept.

4. The effective Fock matrix for the BLE configuration can be obtained in the AO
basis using the transformation matrix Tpew = TOTBLE for the next SCF iteration
in step 3 until convergence, where TEME is T with the orbitals i) = Pp(a)
swapped. Usually, good convergence can be obtained by projecting the ground
state orbitals. We can also use the orbitals produced in a previous iteration to
do the projection. Alternatively, we can use a permuted T° to realize the ASCF

excitation, then follow the process above without eigenvector permutation.

The above procedure is general in that any combinations of @ and 8 excitations,

including multiple excitations can be included. We note that the guided SCF method
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also employs a similar projection method.[86] The determinant that is optimized us-
ing the method presented above is not orthogonal to the ground state, but the overlap
with the ground-state determinant is usually small. To obtain a localized excited state
that is orthogonal to the localized ground state, the particle orbital can be obtained
from the projection of unoccupied orbital space after obtaining the hole orbital from
a full space projection. The derivation within localized constraint is presented in Ap-
pendix [Bl Furthermore, the adiabatic ground and excited states can be obtained using
MSDEFT through configuration interaction among these determinant configurations (see
Section such that conical intersection between the ground and first excited states
can be obtained.[§]

The second method that we have implemented to improve the ASCF convergence is
based on the maximum overlap of wave function (MOW) with the initial determinant
for the excited configuration, denoted as TbBOLE = ( (1), ey gzﬁg, ey @) All steps in the
MOW procedure are identical to those outlined above, except step 4 to choose the
correct n occupied orbitals of the BLE configuration. Here, at the Ith iteration, the
goal is to construct a determinant for a specific BLE configuration that maximizes
the overlap with the initial guess WBME: ¢ {(WOBI}ENJH)) = |T(])3bLET|ST1b} It would
be unfeasible to try out all C}), possibiliti(:@saﬁoy brute force. Instead, we choose the
n orbitals that maximize its Frobenius norm, |TOBbLET|ST1b F=a)2 g O?OIJ,, which
can be easily accomplished by singular value decomposition. This is equivalent to an
approach called MOM squared.[70} [72] With the above ASCF projection and the MOW
method, BL.Os for an excited configuration within a given block A can be obtained using
the approach described in Subsection Because the excited determinants are fully
localized, there is no charge transfer contribution between different blocks. We have
adopted an unrestricted open-shell treatment both in the ASCF projection and in the

MOW method, which yield identical results at convergence. All results in the examples
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illustrated below are obtained by using the block-localized ASCF projection scheme.

2.2.3 MSDFT and Electronic Coupling of BLE Diabatic States.

The adiabatic ground and excited states of the delocalized system can be obtained using
MSDFT through NOCI by solving the generalized secular equation, |34, [7, 51, 52, 53] [95]
for which the BLE configurations form a minimal active space (MAS) for the adiabatic

excited states of interest

HC = SCE (2.6)

where E is a diagonal matrix of adiabatic energies, C is a matrix of the Cl-coefficient,
H is the Cl-Hamiltonian, and S is the overlap matrix, which is determined using the
separately optimized Kohn-Sham BLE-determinants (Sap = (WBLE|WBLEY) [34] The

adiabatic energies of the ground and excited states are given using[7, [52]

EYSp] =Y ArHEE [pal

A (2.7)

+2>  carcprHAR [pas, WRVF, UEHF)

A>B

In MSDFT, the diagonal matrix elements of the CI Hamiltonian H5"E[p,] are
the energies determined using the methods described in Section for the ground
state determinant and in Section for block-localized excited configurations. Each
off-diagonal element consists of two terms: a standard interaction term between two

nonorthogonal determinants, WBE and WBME and a transition density functional (TDF)

energy[26], 27, [7, 52], 53]
Hyp" = (VR H[WEF) + B4R [pap, VAVF, W] (2.8)

where E};gF is the dynamic correlation contribution to the TDF, or simply, the TDF
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that depends on the transition density pap as well as the determinant functions \IJELE
and \I'%LE. TDF is a novel class of correlation functional, which does not exist in KS-
DFT, accounting for dynamic correlation in electronic coupling and playing a role in
removing any double counting of electron correlation in a multiconfigurational represen-
tation of DFT.[8] As in KS-DFT, the exact functional form of E}BF is not known, but
under special conditions, such as the spin coupling of two unpaired electrons forming
a pair of spin-adapted singlet and triplet states, the value of E}gp can be obtained
consistently with a particular KS-DFT functional approximation to the two spin-mixed
determinant configurations.[8, [96] This is achieved by enforcing the energy degeneracy
of the high (Mg = 1) and low (Mg = 0) spin projections of the triplet states proposed by
Ziegler et al.[69] A related approach is the spin-restricted density functional theory for
biradical calcualtions.[97, 08, [99] Here, the correlation energy of the high-spin projec-
tion state EXS[p(|1,1))], which can be adequately represented by a single determinant

in KS-DFT, along with that of the mixed low-spin determinant EXS[p(]1,0))], is used

to define the magnitude of the correlation contribution[§]

ELB" [pan, W3 WEF] = EX5[p(|1,1))] — E[p(]1,0))] (2.9)

TDF
Ec

In general applications, one possible approximation for is a determinant-weighted

average of correlation energies of the two interacting states[§]

ETDF <‘I’fB1LE|H\‘I’%LE>
A BT + BTV

[E%(pa) + EB(pB)] (2.10)

where EYF[UBLE] and ERF[WBLE] are HF energies determined by using the KS-deter-
minants for the BLE configurations, and E%(pa) and E%(pp) are the corresponding

correlation energies. Alternatively, the TDF energy can be approximated by an overlap
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scaled average of the correlation energies of the two diabatic states.[7, [52]
1
EXBF ~ S MES [F5(pa) + E5(op) (2.11)

where MEE is the overlap between two Kohn-Sham determinants. The numerical results
from these approximate approaches are similar.

These block-localized configurations may be considered as charge- and energy-loca-
lized diabatic states, and their electronic coupling elements are related to the trans-
fer integrals for electron and excited energy transfer applications. Within the MS-
DFT framework and CDFT-CI, the ET integral between any two diabatic states can
be calculated.[7, [63, [65] Because the BLE configurational states are generally non-
orthogonal, the effective coupling term VALB between states A and B can be calculated

through Lowdin orthogonalization

_ HAB—MAB(HA+HB)/2
1- M3,

%4 (2.12)

where M}&% is the overlap integral of states A and B.

2.3 Computational Details

The naphthalene monomer structure was optimized with the Dy symmetry using
Gaussian-16 at the B3LYP/6-31+G(d) level of theory, following the work of Shirai et
al.[7T6] Then, the monomer structure is kept fixed and is used to construct a face-to-face
dimer configuration at various separation distances, ranging from 2.9 to 20 A. A struc-
ture at 50 A was also built to verify asymptotic energies. It is known that the face-to-face

structure of the excimer complex has the lowest energy in both the singlet and triplet
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states.[74] 75, [76], (77, 100}, 101, 102] Further, upon relaxation from the monomer ge-

ometry, the Franck-Condon approximation suggests that the diabatic couplings should
not change significantly.[75, [(7] In BLE calculations, the dimer is separated into two
blocks, each containing one naphthalene molecule. Single-point energy calculations are
performed using MSDF'T, for which a total of 16 block-localized configurations plus the
adiabatic ground state have been obtained using block-localized KS-DFT. The PBEO
functional and the cc-pVDZ basis set are used in all calculations.[103] For the excita-
tions on both monomers and with all three combinations of source and target orbitals,
the separately optimized open-shell singlet determinants with o and SBa spin combi-
nations are converged to the same set of BLO, based on which the spin-coupled singlet
and triplet states are obtained. This is equivalent to switching o and (8 electron spins
of an open-shell configuration to yield a spin pair. The all-spin up triplet configuration
(Mg = 1) at each geometry was obtained by separate open-shell calculations. The en-
ergy for the Mg = 1 state is used to determine the correlation energy term E}BF for the
TDF of spin-pair coupling (Eq. . This makes the orbitals not entirely compatible,
but the energy difference is less than 0.1 eV, smaller than uncertainties from the method
itself, compared with the results obtained using a common set of orbitals. Although
this is not a conventional procedure for spin-adapted configurations,[104] it is not with-
out precedents and we have used it in a number of applications.[26], 27, 52, 8] This is
also consistent with the use of a single determinant to treat open-shell systems using
KS-DFT,[105, 106] yielding lower energy than that adopting a restricted open-shell
approach. All other computational details are the same as in other studies.

The potential energies curves for the naphthalene dimer have also been computed
using MSDFT with the M06-2X density functional and the cc-pVDZ basis, yielding the
same trends with the benefit that additional and empirical dispersion corrections are

not needed. The results can be found in the Supporting Information of [9].
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The method described in Section has been implemented in a locally modified

version of the GAMESS-US program,[107] with which all calculations have been per-

formed.

2.4 Results And Discussion

An important application of the present BLE method is to understand dimer inter-
actions of aromatic species in the excited states and to determine the electronic cou-
pling in excitation energy transfer (EET) processes from one part of the molecular
system to another.[108] We first apply the BLE method to determine the diabatic and
adiabatic potential energy curves for the naphthalene dimer in the face-to-face con-
figuration. This is followed by calculations of the EET couplings both in the singlet
and triplet states. This system is chosen because it has been extensively studied and
there is a challenging curve-crossing that is only obtained with a method balancing
static and dynamic correlation.[74] [75] [76] [77, 100, 10T, 102, T09] Here, we chose the
face-to-face stacked parallel configuration in our study, corresponding to the minimum-
energy configuration in the first singlet and triplet excited states of the dimer complex

(excimer).[75] [76], (77, 100, 110}, 111} 112]

2.4.1 Excimer Interactions in the Singlet State

Shirai et al.[76] reported a most comprehensive investigation of the naphthalene ex-
cimer complex in the singlet state using DMRG-CASPT2 with cc-pVDZ and cc-pVTZ
basis functions, which revealed an inversion of the 'L, and lLb_ states along the dimer
separation path. In that study, the full 7 electrons in an active space of [20 e, 20 o] were
used. Dynamic correlation is critical for the excimer calculations, without which the
qualitative trends of the two low-lying are wrong at the DMRG-CASSCF level.

MSDEFT follows a dynamic-then-static (DTS) ansatz, in which dynamic correlation
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is incorporated in the optimization of BLOs through Kohn-Sham density functionals
for each individual determinant configuration.[7, [52] Moreover, each configuration in
the active space for MSDFT is separately optimized, further introducing orbital relax-
ation. Consequently, it is expected that a minimal number of essential configurations
would be sufficient to describe the properties of the relevant low-energy states. Fol-
lowing the insights provided by Shirai et al. on the naphthalene excimer complex, we
tested the idea of a MAS for the two low-lying excited states of naphthalene excimer
by MSDFT (Fig. This includes three local singly excited configurations for each
monomer (Egs. , plus a pair of charge transfer states between two monomers

(Egs. and , which are depicted in Fig. [2.1

1 _

Q%0 = —={Wap(82%S0) — Warp(S2°S0) } (2.13)
V2
1 _

Q30 = —={Wap(S2"S0) — Warp(S3*S0) } (2.14)
V2
1 _

Q5% = = {W45(S1°S0) — ¥ a-p(S13S)) } (2.15)
NG
1 _

Dt = E{‘I’AB*(SOSE?’) — W ap-(5055%) } (2.16)
1 _

Qe = E{‘I’AB*(SOSf) — Wap-(S055%)} (2.17)
1 _

Q05178 = —={Wap+(S051°) — Wap+(S0Si®)} (2.18)
V2
1

Qu-pr = E{WA_J% (D*Dg) — W -5+ (D’ Da)} (2.19)
1

Qi g = ﬁ{qu+B_(D5Da) — U4+ 5-(DaDP)} (2.20)

In Egs. the notation S;* or S;* denotes a single excitation within a given sin-

glet block in which the S-spin of an electron in the corresponding orbital is represented
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Figure 2.1: Schematic depiction of (a) block-locally excited configurations of monomer
A* in the presence of monomer B in its ground state, (b) block-locally excited con-
figurations of monomer B* in the presence of monomer A in its ground state, and (c)
two charge transfer states between monomers A and B. Each yellow block shows one
block-localized determinant configuration of the whole dimer, and the left and right
halves within it show the four relevant fragment orbitals of the two monomers, respec-
tively. The four BLOs used in the figure include the two highest occupied fragment
orbitals, ¢1 and ¢9, and the two lowest unoccupied fragment orbitals, ¢3 and ¢4, of the
excited monomer. The locally excited monomer is indicated by a star. Only singlet
spin-adapted states are shown, whereas the symmetric (in-phase) combination of two
determinants corresponds to a triplet state.
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by an over-hat, and D specifies a doublet block with « and 3 spin of the unpaired elec-

trons in the occupied (subscript) and virtual (superscript) orbitals (with the reference
ground-state configuration, Sp). In short, Egs. represent single excitations in
a blocked 4-electron and 4-orbital space minus the largest energy transition, in which
each individual determinant is separately optimized using BLE to yield spin-adapted
configurational state functions for singlet (as written) and triplet states (symmetric com-
binations). Note that MAS is not necessarily a black-box selection in that a great deal
of insights of the configuration space ought to be known in the first place, such as the
naphthalene dimer in the present study. Furthermore, the configurational state func-
tions in MAS are not equivalent to the orthogonal configurations in CASSCF. However,
MAS, when verified by comparison of its resulting adiabatic energies with experiment,
can be quite useful for interpretation from energy decomposition analysis[36] and for
carrying out dynamic simulations of nonadiabatic processes.

We begin with the low-lying excited states of a naphthalene monomer, whose active
space in MSDFT can be represented using Eqgs. (omitting the orbitals on
fragment B). There are two singlet excited states of similar energies, corresponding to
B3, (1L,) and Boy,(1L,) symmetry.[I13] The latter is of HOMO — LUMO character
given by Eq. (Fig. ), and the complementary symmetric combination of the two
determinants, {\I/A*B(SQSSO) +W 4+ 3(S55°90) }/\/5, corresponds to the Mg = 0 multiplet
of the first triplet excited state |1,0). The Mg = 1 state of the triplet (]1,1)) can be
adequately treated by KS-DFT, and a vertical excitation energy of 3.13eV above the
ground state is obtained with PBEO/cc-pVDZ. The value is in accord with experiment
(3.0eV), and is used to define[69] the TDF for spin-coupling interaction (Eq. [2.9).[8]
We obtained a vertical excitation energy of 4.52eV 'L, singlet state (Eq. from
MSDFT@PBEQ, falling in the range of experimental observations (4.45[114) [I1T5] and
4.7¢V).[116]
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For the diabatic coupling between the symmetry-allowed spin-adapted states E°5 5

(Egs. and , we used the average of the two spin-coupling values determined
with Eq. [1147 115] because the transition energies are nearly degenerate for the
HOMO-1 — LUMO (4.48 V) and HOMO — LUMO+1 (4.51 V) single excitations.[76]
This yields an energy for 1Lb of 4.14€V in comparison with the experimental value of
3.97eV.[114], [115] The E{P%. value for naphthalene is used for the local (monomer)
lLb excitation in the dimer complex at all geometries because it is intrinsically a local
(monomer) property. For comparison, CASPT2/cc-pVTZ calculations yielded vertical
excitation energies of 3.83 and 4.34eV for the 'L, and 'L, states,[76] whereas 4.03
and 4.56eV were obtained by Roos and coworkers using natural atomic orbital basis
functions.[117] Overall, we found that with an MAS of three spin-adapted diabatic
states in MSDFT, the computed energies of the three low-lying excited states (two
singlet and one triplet) are within 0.2€V of experimental values.[114] [TT5]

Second, Figure shows the potential energy curves for the ground state and three
low-lying excited states determined from MSDFTQPBEOQ calculations (solid curves),
along with the corresponding curves for the singlet states by DMRG-CASPT2 (dashed
curves) and DMRG-CASSCF (dotted curves) from ref [76]. Because the energies for
the excited states are overestimated by 0.3 to 0.5eV from DMRG-CASPT?2 calculations
of the naphthalene monomer, this trend is transferred to the potential energy curves
of the dimer complex. At large interfragment separations (1> 3.5 A), the two low-lying
singlet states of naphthalene in the excimer complex follow the same order in energy
as that of the monomer: 'L, ('Bs,) > L ('Ba,). However, the charge-transfer (CT)
state (Fig. and Eqgs. and is strongly mixed in 'L} at short distances
(Fig. , stabilizing intermolecular interactions between two naphthalene molecules in
the excimer complex. This leads to an inversion of the 'L, and 1Lb_ energy levels to

bring 'L, as the first singlet excited state of the excimer complex. MSDFT calculations
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Figure 2.2: Computed potential energy curves of the adiabatic ground and the first
triplet (T1) and first two singlet (S1) excited states from MSDFT along with those
determined by using DMRG-CASPT2 (DMRG) and DMRG-CASSCF (CAS) with 20

electrons in 20 orbitals for the singlet states (ref [76]).
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Figure 2.3: Computed adiabatic singlet excited states, along with BLE diabatic states,
excitonic resonance (ER) diabatic states, and CT resonance diabatic states. Energies
are given relative to the separated naphthalene molecules in the ground state. All
computations have been performed using MSDFT with the PBEO density functional
(MSDFTQ@PBEO) and the cc-pVDZ basis set.
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show that the singlet energies are inverted at a distance of about 3.9 A (Fig. ,

somewhat longer than the DMRG-CASPT?2 prediction (distances of inversion at 3.26
to 3.62 A using, respectively, cc-pVDZ and cc-pVTZ basis sets).[76] The qualitative
trend of these two low-lying states are critically dependent on the active space used in
CASPT?2 calculations; the correct order is only obtained when the active space is greater
than [12e,120]. The order of energy levels is not correctly obtained using the single-
reference EOM-CCSD/cc-pVTZ method.[76] Furthermore, the work of Shirai et al.
demonstrated that dynamic correlation is absolutely necessary for the excimer complex,
without which 1Lb_ remains the lowest state incorrectly at all separations, below 'L,
by as much as 1.6 eV using DMRG-CASSCF [20e, 20 o].

An anonymous referee noted that the energy of the 1L; state is more repulsive at
short distances than that determined by DMRG-PT2, which may reflect CT effects not
included in the small active space used in this study. While CT effects are captured in the
L[ state, high-lying CT states at longer separations may indeed become competitive
to make contributions at a short interfragment distance, and this has been observed in
the study of the photochemical dissociation of LiH.[26]

Third, using the active states defined by Eqgs. we obtained vertical emis-
sion (fluorescent) energies of 3.0 and 4.0eV from !L; and 1Lb_, respectively, which are
similar to DMRG-CASPT2 values of 3.25 and 3.65¢eV (Supporting Information, see ref.
[76]), and in reasonable accordance with an experimental value of 3.13€V for the first
state.[118] These values are dependent on the structures of the excimer complex, which
were not optimized in the present study. We obtained a binding energy of 1.44 ¢V for
the 'L state of the excimer (including Grimme’s D3 dispersion correction applied to
all states), stronger than that predicted using DMRG-CASPT2 (1.23 and 1.33 €V using
cc-pVDZ and cc-pVTZ basis sets) and a value of 0.99eV using SOS-CIS(Dy)/aug-cc-

pVDZ.[77] Basis set superposition errors (BSSE), which decrease the binding energy by
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0.33 and 0.17€eV for the two basis sets, have been noted.[76] In principle, the present

BLE configurations in MSDFT do not have BSSE by construction, which was pioneered
by Gianinetti et al.[39, 40, 41] The binding energy is much weaker for the 'L, state at
about 0.36 ¢V from MSDFT, comparable to the DMRG-CASPT?2 value (ca. 0.5¢V).[70]

Finally, it is of interest to note that only eight spin-adapted configurational state
functions (16 determinants) plus the ground state are used in the present MSDFT
calculations, whereas the DMRG study included all m-electron in a [20e,200] active
space, consisting of more than 3 - 10'° configurations.[76] Both qualitative trends as
well as quantitative results from MSDFT with an MAS are at least of the quality
of DMRG-CASPT2. It is sobering to note that without perturbation correction for
dynamic correlation, 'L, from DMRG-CASSCF [20e, 20 0] is more than 2eV too high
than the experimental value at large dimer separation, while the result for 1Lb_ is nearly
perfect because there is little dynamic correlation (Fig. . The agreement highlights
the usefulness of a DTS approach for balancing dynamic and static correlation in excited
state calculations at a cost comparable to KS-DFT for the ground state.

The nature of resonance stabilization of ! L} relative to that of lLb_ is revealed by
comparing diabatic states in the two symmetry groups in Fig. For 1L;(1B2g),
the BLEs of each naphthalene molecule in the presence of the second monomer are

constructed as follows

|A*B(Ly)) = a3, Q00 5% — aft .05 5% (2.21)
So0S2_ SoS1-
|AB*(Lb)> = CL2B—>4QAOB*2 t - a?_>3QAOB*1 s (2.22)

where the coefficients ai/ B are determined by using MSDFT (Egs. and for
|A*B) and Egs. and for |[AB*)). These two diabatic states are completely

degenerate shown as a single curve in Fig. ﬂ (red). Interestingly, the presence of the
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second monomer lowers the BLE state |A*B(L;)) by 0.30eV relative to an isolated

naphthalene, largely because of the empirical D3 dispersion term. The resonance de-
localization of these two BLEs is weak, resulting in a pair of adiabatic states 1Lb_ and
ILJ (blue dashed curves), whose energy splitting is only 0.17eV at the minimum of
the complex (3.4 A), gaining only 0.06eV in binding energy for the lower state 1L;.
This is consistent with the results from DMRG calculations with and without the PT2
correction (Fig. . In contrast, it is no longer physically meaningful to define a BLE
(HOMO — LUMO) diabatic state for 'L, (1'Bs,) because CT configurations domi-
nate coupling interactions and it is not a local (monomer) property. Of course, one
can nevertheless construct a BLE for the “covalent” diabatic configuration (not shown)
similar to Eqgs. and and its energy monotonically decreases as the dimer dis-
tance shortens. In this case, we construct two pairs of resonance states from the local
HOMO — LUMO excited configurations, ER, and from the CT configurations across

monomer boundaries, charge-transfer resonance (CR)

(T)en = {2y £ 0 (2.23)
+ 1
(CT)cr = E{erm + QA+B*} (2.24)

Figure shows that the resonance splitting (0.88¢eV) in (LI)gg is significantly
greater than that in the 1Lb_ state, gaining a resonance stabilization energy of 0.65¢eV,
and the resonance propagates to long dimer separations without vanishing at 10 A (black
and gray curves). The interaction between the CT configurations is less pronounced
(green and orange curves). Importantly, electronic coupling of the BLE resonance dia-
batic state (LE)gr and that of the CT state (CT)gg lowers the complexation energy of

the BLE resonance state by 0.79eV and shifts the minimum of the ER state from 3.3
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Figure 2.4: Computed adiabatic triplet excited state (T1) along with BLE diabatic
states, ER diabatic states, and CT resonance diabatic states. Energies are given relative
to the separated monomers in the ground state. All computations have been performed
using MSDFT with the PBEO density functional (MSDFT@QPBEO) and the cc-pVDZ
basis set.
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to 3.1 A (Fig. . Therefore, both the resonance delocalization of BLE and CT stabi-
lization contributes significantly, with the latter playing a slightly greater role (55 % vs.

45 %) in the total excimer binding energy.

2.4.2 Excimer in the Triplet State

The computed first triplet excited state is shown in Fig. and its diabatic state com-
position is separated in Fig. Although a number of higher energy states, both
singlet and triplet, can be obtained, other diabatic configurations may or may not be

needed to fully characterize these adiabatic states. Because the main goal is to illustrate
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the BLE optimization method to define configurational states for MSDFT calculations,

these states are not further analyzed and shown. Although there has been controversy
on the existence of a triplet excimer of naphthalene,[75] [77, 119, 120, 121, 122] the
work of Pabst et al. convincingly demonstrated that the triplet state excimer is as
important and as stable as that for the singlet configurations.[75] The reason is simple
from the present diabatic perspective because the excimer complex in the triplet state

3L, has an equivalent manifold of interactions as that of the excimer complex in the

a?

singlet state 'L;, except that electronic couplings in the triplet states are somewhat
weaker. Consequently, a binding energy of 0.85¢V is obtained for the excimer complex
at a separation of 3.2 A from MSDFT calculations. Thus, the triplet excimer also forms
a strong complex. This may be compared with a value of 0.56 eV predicted by Pabst et
al. using CC2/cc-pVTZ after the BSSE correction,[75] and values of 0.79 and 0.60 eV
with frozen and relaxed monomer structures by Kim.[77] The interfragment distance
for the triplet excimer was found to be 3.08 A in the work of Pablst et al. Another
key spectroscopic quantity of interest is the adiabatic phosphorescence energy, which is
estimated to be 2.27eV from MSDF'T, in reasonable agreement with the result of Pabst
et al. (2.54¢eV).[75] Phosphorescence in the present face-to-face configuration is sym-
metry forbidden, but deviations from the minimum structure could produce emissions
and experimental observations of naphthalene triplet excimers show an energy of 2.3 to
2.4 ¢V in solution.[121], 122]

The present study also yield a singlet — triplet (S — T) energy gap, which is 1.0eV
between 3L, and 'L, for naphthalene, and 0.79 eV between >L; and 'L in the excimer
complex. Thus, there is a small red-shift in the energy gap of 0.21eV between the
monomer and excimer complexes. S — T energy gaps of 1.16 and 1.38 eV were obtained
by Kim for naphthalene in the ground monomer geometry and relaxed structure, re-

spectively, which are correspondingly red-shifted by 0.2 in the monomer and 0.3eV in
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the excimer complex.[77]

2.4.3 Excitonic Coupling Between Singlet Excited States of Naphtha-

lene Molecules

EET plays an important role in many artificial and natural molecular devices such as
organic light-emitting diodes, photovoltaics, and the photo-synthetic system.[123] [124]
In the weak coupling limit, the EET rate constant can be calculated using the Fermi’s
golden rule[I5]

kegT = Q%WF(S(E: - Ly) (2.25)

where V' is the electronic coupling between the initial state E; and final state Ejf.
Therefore, the electronic coupling parameter is a key quantity to determine the EET
rate constants.

The excitonic coupling between two locally excited states (covalent configuration) in
the 'L, state has been determined in the range of 2.5 to 20 A between dimer separation
(Fig. , which may be considered to associate with singlet excitation energy transfer
(SEET) from the initial (Eq. to the final (eq. [2.16]) states.[L09] At distances
greater than 6 A, the excitonic coupling is reciprocally proportional to the cube of
the separation distance, indicating that the energy resonance in the excited state is
dominated by long-range electrostatic interactions, consistent with a Forster dipole —
dipole interaction model.[I5] At close proximity, Dexter exchange coupling becomes
important and deviation from the linearity of long-range behavior occurs. Figure
shows that the effect of the basis set size on the computed BLE coupling is small at all
distances, suggesting that the present BLE approach is a robust procedure for modeling
exciton coupling in the singlet state.

The SEET coupling parameters have also been computed on the basis of locally

excited diabatic states constructed using BLOs optimized in the triplet state (Mg = 1)
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Figure 2.5: Computed transfer integral (V) for the excited energy transfer in the first
singlet excited state between two naphthalene molecules as a function of the inter-
molecular separation. The PBEO density functional is used in all calculations with
different basis sets. Spin-flip using orbitals optimized in the triplet-state (T-SF) with
the 6-31G(d) basis set was used; ionic configurations determined by perturbation theory
(IC-PT); and IC by solving an eigenvalue equation (IC-EIG). ICs were calculated using

the aug-cc-pVDZ basis set. The slopes were fitted using data in the range from 8 to
20 A.
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followed by an av — 3 spin flip (T-SF). In these calculations, the 6-31G(d) basis set was

used. The computed electronic coupling values are not sensitive with respect to orbital
optimization in the singlet or triplet states (Fig. . We further examined the effect
of ionic configurations (ICs) given in Egs. and which could be important for
excited energy transfer through a super-exchange mechanism.[58] Two approaches were
used to determine IC contributions. Using a perturbation theory (IC-PT) with the aug-
cc-pVDZ basis set,[I125] we noticed significant deviations from results obtained using
other models at short interchromophore distances. Not surprisingly, perturbation theory
is expected to be valid when contributions from ICs are small at long distances. The
IC contribution can be determined in the initial (A excitation) and final (B excitation)
states using MSDFT (IC-EIG). Figure shows that IC contributions cause a modest
enhancement to the computed transfer integrals obtained directly using locally excited

configurations at short distances, whereas at long ranges this effect diminishes beyond

5A.

2.4.4  Excitonic Coupling in the Triplet Excited States

In contrast to the singlet state, excitonic coupling in the triplet excitation energy trans-
fer (TEET) process is dominated by short-range coupling. Using MSDFT, both spin
multiplets of the locally excited triplet state can be defined. In particular, the Mg =0

state is defined by two BLE determinants through symmetric combination complemen-

tary of the singlet state in Egs. and

1 _

Qg = ﬁ{‘I’A*B(stso) + W4+ 3(55°50) } (2.26)
1 _

Dpe® = \ﬁ{‘I’AB*(Soszg’) + W4+ (S055%) } (2.27)

Of course, the Mg = 1 state can be treated by a single determinant. We note that
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the condition for energy degeneracy of these spin multiplets defines the spin-coupling
correlation energy of the TDF along with the PBEQ correlation energy.[§]

The calculated TEET excitonic couplings are shown in Fig. for both the Mg =0
and Mg = 1 triplet states. We first compare the “1+4 1”7, “BLW”, and “relaxed” methods
for Mg = 1 states and the BLE method for Mg = 0 states with the 6-31G(d) basis
set. “1+1” means that the localized wave function is composed directly of the wave
functions of two blocks. “Relaxed” means that the wave functions are relaxed without
any restriction starting from BLW. The couplings of the “relaxed” method are the
same starting either from BLW or “1+41”. The couplings of “1+ 17, “BLW”, and BLE
methods have small differences because the polarization interaction between two blocks
is small for the eclipsed naphthalene molecules at certain distances. The “relaxed”
method did not give a smooth curve because the obtained wave function may deviate
from the optimized state when the distance is less than 4.5 A. Therefore, the “relaxed”
method may not be stable when the interaction between two blocks is strong.

In contrast to SEET, where the computed transfer integrals do not show dependence
on basis functions, Fig. [2.6] reveals that inclusion of diffuse functions in computing the
EET coupling is critical. Charge transfer contributions are also important, enhancing
the coupling term by a factor of 2 over that without including ICs. Both the perturbation
approach and eigenvalue solution yielded similar results except at distances shorter
than 3A. The coupling values obtained with diffuse functions decay exponentially,
Vrerr e 77, with 8 values of 2.48 A~ without ICs, and 2.60 A~ with the inclusion of
ICs. These observations are consistent with the results reported in refs [109] 125, 126,
127, 128].

The exponential decay of the TEET coupling is similar to ET coupling because the
TEET can be viewed as two electron exchanges with different spins.[15] We further

calculated the couplings of ET and hole transfer (HT) at the aug-cc-pVDZ level from
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Figure 2.6: Computed electronic coupling vs. monomer separation distance between two
stacked locally excited naphthalene molecules in the first triplet state, both in the Mg =
0 and Mg = 1 spin-projection states. In all calculations, the hybrid PBEO functional
is used with basis functions indicated in the figure or in the text. T-SF with the 6-
31G(d) basis set was used; IC-PT; IC-EIG; “1+1”: localized state directly composed
of fragment orbitals for the monomers in the triplet state; and “relax”: variationally
optimized locally excited states using the 6-31G(d) basis set. ICs were calculated using
the aug-cc-pVDZ basis set. The exponential parameters in the figures are 2.60 A
obtained using IC-EIG at distances of 3.5 to 7 A and 2.48 A~ without ICs at distances
of 2.5 to T A.
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3.5 to 7 A using MSDDFT for two naphthalene molecules. The 3 values of ET and HT

are 1.00 and 1.45 A_l, respectively. Thus, the 8 value of TEET is almost the sum of
the 3 values of ET and HT.

Equation 2.8 shows that the computed electronic coupling is proportional to the
overlap of the two diabatic states when the overlap is small and orbital variations can

be ignored.
Myp

:72(FAB_HAA/2_HBB/2)%MABCAB (2.28)

Vag

The approximation Vap = CMap, where Map is the overlap integral between
determinants A and B, has been applied to ET.[I129] This trend is indeed reproduced
using MSDFT along with BLE states in Fig. 2.7 in which all methods exhibit nearly
perfect linear regression (R? > 0.99 from exponential root-mean-square logarithmic

error analysis).[129, [130]

2.5 Conclusions

In this chapter, we describe a BLE method on the basis of fragment-block localiza-
tion and ASCF optimization such that a single-determinant representation for excited
diabatic states can be approximated using density functional theory. We examined
two optimization approaches to ensure the convergence of the block-localized molecu-
lar orbitals for a BLE, including a ASCF projection and an MOW technique. Within
the framework of MSDFT, the use of the present BLE method in the construction of
an effective, MAS is illustrated by the excimer complex formation of two naphthalene
molecules both in the singlet and triplet states. Furthermore, excited energy transfer
integrals in the singlet (SEET) and triplet (TEET) excited states of the naphthalene
dimer are determined using block-localized excited diabatic states.

Numerical results show that the BLE method can provide a reasonable description



46

Figure 2.7: Correlations between the coupling constants and the wavefunction overlaps
for TEET. The labels for all the curves are the same as those in Fig.
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of the transfer integrals associated with excited energy transfer in the singlet and triplet
states. Using an MAS of eight spin-adapted configurations, the present MSDFT method
correctly produced qualitatively and quantitatively the trends of an energy-level inver-
sion involving the two lowest singlet excited states 'L, and 1Lb_, in good accordance
with the DMRG-CASPT?2 results. The latter approach used a large, complete active
space of all 20 7 electrons in 20 orbitals, consisting of more than 3-10'° configurations.
Yet, without perturbation correction, it was still not possible to produce the correct
order, with the 'L, state below that of 'L, by as much as 1.6eV for the excimer com-
plex. Dynamic correlation proved to be absolutely critical to bring 'L, below 1Lb_ in
DMRG-CASPT2. The good performance of MAS-MSDFT in comparison with DMRG-
CASPT?2 illustrates the effectiveness of a DTS ansatz to reduce the size of the active
space in excited state calculations. It should be reminded that the choice of an MAS is
not necessarily a black-box approach and an understanding of the nature of the relevant
excited states is required. The benefits of this representation include physical insights
gained from a diabatic perspective and its connection to classical theories such as the
Marcus theory for ET. Although the calculations were illustrated on a model system
of two identical monomers, the method can certainly be applied to heterodimers and

complex molecular blocks in photo-receptor proteins.|[55] [56]
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48



49
3.1 Abstract

Multistate density functional theory (MSDFT) employing a minimum active space
(MAS) is presented to determine charge transfer (CT) and local excited states of bi-
molecular complexes. MSDFT is a hybrid wave function theory (WFT) and density
functional theory, in which dynamic correlation is first incorporated in individual de-
terminant configurations using a Kohn—Sham exchange-correlation functional. Then,
nonorthogonal configuration-state interaction is performed to treat static correlation.
Because molecular orbitals are optimized separately for each determinant by includ-
ing Kohn—Sham dynamic correlation, a minimal number of configurations in the active
space, essential to representing low-lying excited and CT states of interest, is sufficient
to yield the adiabatic states. We found that the present MAS-MSDFT method provides
a good description of covalent and CT excited states in comparison with experiments
and high-level computational results. Because of the simplicity and interpretive capa-
bility through diabatic configuration weights, the method may be useful in dynamic

simulations of CT and nonadiabatic processes.

3.2 Introduction

Charge transfer (CT) states are electronically excited states which are of fundamen-
tal importance in materials and chemical processes, including those in photosynthesis,
photoreceptor proteins, catalysis, and photovoltaic devices. Two questions are inter-
twined and need to be considered together:[132] (1) an accurate description of the
electronic excitation of CT states and (2) an efficient and chemically intuitive repre-
sentation of the potential energy surfaces for the subsequent nuclear dynamic simu-
lations. In principle, high-level quantum-chemical methods can be used; however, in

practice, it is often difficult to find an approach that can satisfy both requirements
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simultaneously. Furthermore, most computational models for excited states are based
on multi-configuration self-consistent-field (MCSCF') approaches such as the complete-
active-space self-consistent-field (CASSCF) method. Even at the simplest level of single-
excitation configuration interaction (CIS) and linear-response time-dependent density
functional theory (TDDFT), which is known to perform poorly on CT states, the large
number of configurations included in these calculations makes the interpretation of CT
states difficult.[133] 134, [135] 136] CT states are long-ranged and highly sensitive to
donor-acceptor distance, typically having intersections with all local states in the form
of both conical intersections and avoided curve crossings. Thus, the assignment of CT
states can be difficult as shown in a recent study of bimolecular complexes that include
inter-fragment CT interactions.[I33] 137, [138] In this chapter, we present an approach
that employs a minimal active space (MAS) in multistate density functional theory (MS-
DFT) to treat CT states as well as local valence excitations on a range of bimolecular
complexes. Importantly, the present method provides a straightforward interpretation
of results.

For large chromophores of materials interest, TDDFT is a desired approach to
model excited states and charge separation processes,[134) [139] 140, 141] and a number
of developments have made these methods more reliable for treating CT states,[142],
143] including double hybrid functionals[144) [145] and range-separated techniques[140,
147] along with the optimization of the separation parameter specifically for a given
system.[148, [149] Recent studies showed that restricted open-shell Kohn-Sham DFT
and exciton models may present other ways of modeling CT states.[73], [66] [67), [68]
Nevertheless, the performance of TDDFT on CT states is often system and functional-
dependent, [134] [139] [141], 143| 147, 150] and it is not clear if a double hybrid func-

tional is viable for treating large chromophores in photosystems.[I45] It was pointed
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out that the uncertainties in TDDFT calculations demand benchmark tests to cali-
brate economic approaches for CT states.[133] To this end, a set of two-component
molecular complexes that include local valence excitations and CT states has been in-
vestigated at the EOM-CCSDT (equation of motion coupled cluster with singles, dou-
bles, and triples) and EOM-CCSDT-3 (iterative EOM-CCSDT) levels of theory.[133]
Subsequently, the performance of a family of lower-cost CC models was evaluated, in-
cluding EOM-CCSD (equation of motion coupled cluster with singles and doubles),
CC2 (second-order approximations to CCSD), and ADC(2) (second-order algebraic
diagrammatic construction) along with the third-order CC3 and non-iterative EOM-
CCSD(T)(a)* alternatives.[I33] [137] The test was further extended to the spin-com-
ponent-scaled (SCS) CC2 and ADC(2), showing significant reduction in error over the
original CC2 and ADC(2) calculations.[I3§]

MSDFT was developed for treating CT reactions such as proton-coupled electron
transfer[57] and singlet fission of pentacene monolayer materials,[58] in which a balanced
treatment of dynamic and static correlation is important. [7, 52}, 8, [56] Our aim is to use a
small set of localized configurations with well-defined physical properties, called diabatic
states such as those in Marcus theory for electron transfer, to represent CT and excited
states of molecular complexes.[9, [I51] Consequently, charge-localized and locally excited
diabatic states can be defined to form an active space of basis configurations.|[26, 27]
In addition, the method can be used as an interpretive tool in energy decomposition
analysis to quantify CT energy and exciton coupling.[36], 152] MSDFT is a hybrid wave
function theory (WFT) and DFT, in which dynamic correlation is modeled through a
Kohn-Sham density functional at the level of each individual determinant.[7, 52] As a
result, dynamic correlation is incorporated in each determinant configuration, and the
energies of the adiabatic states are obtained by a “dynamic-then-static” [153], 154 155]

type of nonorthogonal state interaction (NOSI).[156, 157, 51, B4, 05] Coupled with
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separate optimizations of the orbitals in all determinant configurations, we anticipate
that only a minimal number of basic configurations, essential to the problem of interest,
is needed in MSDFT to treat low-lying valence and CT excited states. This expectation
is confirmed in the present investigation.

For comparison, there has been much recent progress in the development of ensem-
ble DFT (EDFT) based on a variational principle of statistical ensembles of ground
and excited states,[I58, [159, 160}, 161, 162] where the excitation energies can be ex-
tracted. Although the use of an exact exchange approximation brings hope to model
CT excitations,[163] practical applications have so far been scarce.[I64] EDFT treats
a collection of adiabatic states within the realm of KS-DFT without consideration of
state interactions. On the other hand, adiabatic ground and excited states are ob-
tained in MSDFT by NOSI in which dynamic contributions are introduced into elec-
tronic coupling.[52] To this end, a spin-restricted EDFT has been described, effectively
introducing coupling by optimizing fractional occupations,[97, [165] and a DFT/MRCI
method has been reported, which employs empirically scaled two-electron integrals.[166]
There have also been a number of multiconfigurational DFT (MC-DFT) models in the
literature.[167, 168, 169, 170, 171, [172] Among the early works of this category are those
by Savin and coworkers, who used the on-top pair density to treat multi-determinant
states[I73] and introduced a local measure of density aimed at removing the fraction
of correlation energy from the DFT functional that has already been expressed in the
MCSCF wave function.[174] The latter approach has been extended to open-shell sys-
tems and multi-reference perturbation theory.[I167, 168, 169] In this regard, MC-DFT
also follows the KS approximation and, in practice, makes use of KS functionals with
transformed densities. Common to all these methods is the use of a common set of
orbitals for all states. In contrast, in MSDFT, the orbitals of each determinant state

are separately optimized.
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3.3 Results and Discussion

3.3.1 Theoretical Method

The energy density functional of MSDF'T for the adiabatic ground and excited states is

given by|[7, [52]

EY®[pr) =Y cArHalpal +2 ) carcsrHAR" [pan, Ua,Vp] (3.1)
A A>B

where EM5[p;] is the energy of adiabatic state I, H4[pa] is the Kohn-Sham DFT energy
for block-localized determinant A in the active space, corresponding to a diagonal matrix
element of the NOSI Hamiltonian, H35" [pas, ¥4, Vp] is a transition density functional
(TDF) of the off-diagonal matrix element, defining electronic coupling between states A
and B, and the coefficients {c} are obtained by solving the generalized secular equation
HC = SCE. Formally, the determinant state W, is strictly defined by a constrained
KS-DFTJI75] whose constraining potential forces the KS-state to reproduce the energy
of a contracted state of the full configuration interaction (FCI) wave function through
singular value decomposition (SVD).[52] In the present study, H4[pa] is approximated
using block-local excited KS-DFT,[7] with the slight complication that nonorthogonal

orbitals are employed.
The TDF of the off-diagonal matrix elements of the NOSI Hamiltonian H is new
(absent in KS-DFT). Specifically, TDF can be separated into two terms: a wave function
contribution between nonorthogonal KS-determinants ¥4 and Up,[51), 34] and a TDF

correlation energy ETBY [T, 52, 26, 27, 53]

IR = (V5% ] 07 + B35 (pam, 0P, 0 32

where H is the electronic Hamiltonian, and p4p is the transition density of determinants



54

U4 and VUp. E};BF has the formal definition as the difference between the electronic

coupling of two SVD-contracted FCI states, denoted by , and that of two con-

HiglfsVD
strained KS-determinants ((¥EF |H| UBEEY) [52] Therefore, the MSDFT eigenstates in
Eq. [33] would be exact in the sense that they would reproduce the FCI energies, had
the exact constraining potential been known for each determinant.

In practical applications, the exact functional form of E};BF, just as the exchange-
correlation functional in Kohn-Sham DFT, is unknown and an explicit approximate
functional has not yet been developed. However, under special situations such as the
present CT and local excitations involving spin coupling interactions, its value can be
consistently determined with the Kohn-Sham exchange-correlation functional used to
optimize the block-localized (a form of constrained) Kohn-Sham determinants ¥4 and
U, avoiding or minimizing any double counting of electron correlation.[8], 96, 176] In
particular, for spin-pairing interactions between two unpaired electrons, the TDF energy

can be obtained by enforcing the degeneracy condition of spin components of the triplet

states as proposed by Ziegler et al.,[176] 69]

EXR" [pas, Uyy, U] = EXS [p(T4y)] — EXS [p(¥14)] (3.3)

where Wy and V4 are the determinants (A and B) of different spin combinations of
two unpaired electrons, EXS[p(W+4)] and EXS[p(¥,4)] are, respectively, the correlation
energies of KS-DFT using the determinant for the high-spin (both spins up) determi-
nant W44 and a mixed-spin determinant W4 (equally W4)).[8] This approach has been
generalized to any spin coupling cases.[I76] An example using a triplet reference for
singlet-triplet splitting may be found in the spin-restricted density functional theory

for biradicals.[97, [99] For other situations in this chapter, we used the overlap-scaled
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correlation energy to approximate the TDF energy for electronic coupling:
1
EIBF = L5K5 [ESS (pa) + B (o) (3.4)

where SE3 = (W4|¥g), the overlap between two Kohn-Sham determinants.[7] [52]
Throughout this study, we employed the Minnesota M06-2X functional,[177] denoted
as MSDFT@MO06-2X, and cc-pVDZ basis sets, which was used to match that in the

work of Kozma et al. for comparison.[133] [13§]

3.3.2 Charge Transfer Resonance States

Recently, we investigated the significance of CT stabilization of valence excited states
on the naphthalene excimer complex using MSDFT[9] and introduced a block-localized
excitation (BLE) technique to form the MAS. Here, we extend that study to the ex-
cimer complex of anthracene molecules and examine the effect of orbital overlap on
CT resonance coupling by sliding a monomer along the direction of the long molecular
axis (xz-axis). First, there are two characteristic 7 — 7* singlet excited states of linear
polyacenes, corresponding to the L, state (Platt notation or 'Bo,),[I78, 179, 180] pre-
dominantly of HOMO — LUMO character with a transition density from the ground
state that is polarized along the short y-axis, and the L, (1B3,) states, which is a mix-
ture of HOMO — LUMO + 1 and HOMO — 1 — LUMO transitions. For benzene and
naphthalene, the L, state is lower than L, but the order is reversed for anthracene and
larger polyacenes.[179, [I81] Similar to the naphthalene excimer,[9] we include three (3)
locally excited configurational state functions (CSF) for each monomer, corresponding
to HOMO — LUMO, HOMO — LUMO + 1, and HOMO — 1 — LUMO excitations,
and a pair of inter-fragment CT states to describe the low-energy states.[182] Thus,

the present MAS in MSDFT calculations consists of eight spin-adapted CSFs plus the
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Figure 3.1: Computed potential energy curves for the anthracene excimer.  Shown
are the adiabatic ground state (Ey), the in-phase and out-phase combinations of locally
excited singlet (L} and L) and triplet (Tt and T) states, stabilized by mixing with
the resonance states of forward and backward charge transfer states. Vertical gray lines
indicate the position of the shown structures on the abscissa. Energies are given in
electron volts relative to the separated monomers in the ground state.
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Kohn-Sham ground state. The monomer geometry in the ground state, optimized using
B3LYP/aug-cc-pVTZ, is used and the monomers are placed at the face-to-face configu-
ration at a separation of 3.2 A, close to the minimum distance of the first singlet excimer
complex.[77] Since L, is little affected by the CT states,[9] we focus on the singlet L,
and triplet states in the discussion of anthracene excimer.

Depicted in Fig. [3.1] are the potential energy curves along the z-axis for the singlet
(L, and L}) and triplet (T~ and T™) states of anthracene dimer, corresponding to
the out-phase and in-phase combinations of the monomer singlet L, and triplet states.

First, the computed vertical excitation energies of anthracene are 3.66 eV for the singlet
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L, state and 2.47eV for the triplet state. A recent quantum Monte Carlo calculation
yielded vertical excitation energy of 3.64eV for the L, state.[I83] The computed adi-
abatic transitions are 3.40 and 2.06 eV, respectively, which may be compared with the
corresponding experimental values of 3.43 and 1.85¢eV.[184 [I85] Clearly, the adiabatic
triplet state is sensitive to geometry relaxation, suggesting that the energy curves of the
triplet states may be overestimated by about 0.4¢V in Fig. m[184, 185]

The minimum-energy arrangement of both the singlet and triplet state of the an-
thracene excimer is in the face-to-face configuration (Fig.[3.1)). The two local (monomer)
Bau(L,) states and two triplet states respectively interact to yield a pair of in-phase
(L} and T7) and of out-phase (L, and T~) exciton combinations. Importantly, the
forward and backward CT resonance states are strongly mixed with the valence exciton
states, leading to a binding energy of —1.25eV for the L, state and of —0.58 €V for
the T~ state. Without including CT stabilization, the exciton coupling of two local
1By, states only produces resonance energy of just —0.38eV (30 %) in the singlet state
and the coupling between two local triplet states results in a net repulsive interaction
by 0.08 eV, consistent with the findings in the naphthalene excimer.[9] For comparison,
binding energies of 1.72 and 1.09 eV, respectively, for the singlet and triplet excimers
have been reported from a scaled-opposite-spin (SOS) CIS(Dy) calculation.[77] The
importance of CT states has been attributed to account for the ultrafast conversion of
singlet fission in pentacene monolayer materials. [5§]

Figure [3.1] reveals that the anthracene excimer has a singlet-triplet energy gap of
0.65 eV between the L, and T~ states, which is in good accord with a computational
value of 0.63 eV using the SOS-CIS(Dy) method.[77] The singlet-triplet energy gap is
significantly reduced in the excimer complex relative to that of the monomer (1.19¢€V)
because the CT resonance states strongly enhance exciton coupling of local excitations,

stabilizing the L_ state and giving rise to a large energy separation between L_ and
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L} On the other hand, CT stabilization of the triplet state is smaller than that of the

L, state, leading to a differential singlet-triplet energy gap. The effect of orbital phase-
matching on the singlet-triplet gap is illustrated in Fig. as the two monomers are slid
along the z-axis. At a sliding distance of 1.4 A relative to the face-to-face configuration
(Fig. , the overlap between the two locally excited states reaches a minimum, at
which point the exciton coupling has weak interactions, reducing L, L7} splitting to
only 0.32eV. This represents a net reduction by 1.48 €V relative to the exciton coupling
(1.80€V) in the face-to-face configuration. The origin of the large variation of exciton
coupling along the molecular long axis can be attributed to reduced CT mixing with
the local valence states from the analysis of structure weight. It is interesting to note
that the singlet-triplet gap increases at this distance as a result of the opposite trend
between L; and T" (Fig. .Three periods of oscillations are clearly seen in the L
and L] coupling, corresponding to maximum overlaps of three, two, and one aromatic
rings. Exciton coupling diminishes beyond about 6 A, about half-ring left in dimer
overlap, which is in good accord with a study of substituted anthracene excimers using
TDDFT.[186] Note that although the T~ state oscillates synchronously with the L
state, the variation of the 7T state follows reciprocally, leading to a curve crossing with
L; at about 0.9 A.

An understanding of electronic coupling in terms of phase-matching of conjugated
molecular fragments can be useful in developing materials that exhibit singlet fission
and thermally activated delayed fluorescence (TADF) for applications in highly effi-
cient organic light-emitting diodes (OLEDs).[187, I88] Overall, this example illustrates
the effectiveness of a dynamic-then-static ansatz[27] coupled with NOSI for a balanced
treatment of dynamic and static correlation involving CT states.[7,52] Furthermore, the
MO06-2X density functional is adequate to describe both local valence and inter-fragment

CT states as well as their interactions.
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3.3.3 Charge Transfer States of Aryl-Tetracyanoethene Complexes

To further validate the performance of MAS-MSDFT@MO06-2X, we examine the com-
puted excitation energies of five bimolecular complexes that have a CT state as the low-
est singlet excited state. These bimolecular complexes consist of one tetracyanoethene
(TCNE) molecule and one aryl donor: benzene, toluene, o-xylene, naphthalene, and
anthracene. This set of compounds has been used by Baer and coworkers to illustrate
the optimization of system-specific range-separation parameters to improve the perfor-
mance of TDDFT for CT states,[I48] and by others to validate the performance of new
density functionals.[I89] In MSDFT, each bimolecular complex is partitioned into two
monomer fragments, and the MAS includes a total of five local (monomer) valence ex-
citations (four single excitations of the aromatic compounds involving HOMO, HOMO
- 1, LUMO, and LUMO + 1, plus one local 7 — 7* excitation of TCNE) and three CT
states (HOMO and HOMO - 1 of the aryl molecules to the LUMO of TCNE and one
backward CT from TCNE to an aryl compound), along with the ground state. Although
local valence excitations are included in the present calculation, there is little mixing
with CT states, except in the narrow regions of (avoided) curve crossings along the di-
rection of inter-fragment separation, if the inter-fragment distance is varied (not shown).
Since we are not aware of prior computational results nor experimental data available for
these valence excitations of the excimer complexes, both TDDFT and MSDF'T results
are given in Supplementary Table 1 of Ref. [I31]. Further, for these complexes, we have
also used the hybrid PBEO and B3LYP functionals with the cc-pVDZ and cc-pVTZ
basis sets, and the results are given in Supplementary Table 3 of Ref. [I31], which show
similar performance as the M06-2X model. The molecular geometries used in the work
of Stein et al. are adopted here,[148] and the BLE approach was used to optimize the
fragmental block-localized Kohn-Sham orbitals of each configuration.[9]

The computed excitation energies are listed in Table along with TDDFT results
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Table 3.1: Computed first and second excitation energies (in eV) of
aryl - - - tetracyanoethene complexes in the gas phase along with experimental data.

(5]
Aryl- s B
) o | CAM- MSDFT c
TCNE- MO06-2X % \E QTP-02° | @M06-2X Expt.
complex =
M
Benzene 2.99,3.04 | 44| 3.8 | 3.85 3.66, 3.74 3.59 (3.67)
Toluene 2.74,2.94 | 4.0 | 3.4 | 3.50 3.28, 3.63 3.36 (3.35)
o-Xylene 2.48,2.78 | 3.7 | 3.0 | 3.25 3.07, 3.32 3.15 (3.15)
Naphthalene | 1.94, 2.73 | 3.3 | 2.7 | 2.80, 3.57 | 2.69, 3.43 2.60, 3.23
Anthracene | 1.89,2.94 | 2.6 | 2.1 1.62, 2.90, 3.734 | 1.73, 2.79¢
aref. [148].
Pref. [189].

°ref. [I90] and data in parentheses from ref. [I91].

4Values reduced by 0.3 eV for solvent effects estimated in ref. [148§].

®in CH,Cl, solution, ref. [192].
from the M06-2X and the CAM-QTP-02 functionals,[189] and the default and opti-
mized range-separated (yopt) BNL functional[I48] for comparison with experimental
data.[190, 191, 192] Each of the aromatic compounds consists of two orbitals, HOMO
and HOMO - 1, close in energy (degenerate in benzene), resulting in two close-lying CT
states from MSDFT and TDDF'T calculations. In most complexes, only one broad peak
was observed experimentally, but in some cases, two distinctively resolved peaks can be
detected.[190}, 191, [192] Thus, the average values of the two CT states are compared with
experiments with a single resolvable peak, whereas two excited states in the naphthalene
and anthracene complexes are used since they were resolved experimentally. Standard
Kohn-Sham functionals severely underestimate the excitation energies of inter-fragment
CT states, although the M06-2X functional exhibits smaller errors than B3LYP.[I148)]
The default parameter for range-separation in the BNL functional overestimates the
first CT excitation energies. However, after this parameter was specifically optimized

for each complex to treat CT states, a good agreement with experiments (£0.2eV) was
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obtained.[148] In the present study, by virtue of block-localization in MSDFT, |9} 26] 27]

the limits of ionization potentials (IP) and electron affinities (EA) of each monomer at
long inter-fragment separation are rigorously maintained - an important criterion for
properly describing CT states. The performance of MSDFT on CT states for the molec-
ular complexes is deemed sufficient because of a root-mean-square deviation (RMSD) of
0.12eV and a mean signed error (MSE) of 0.08 eV between MSDFT@MO06-2X /cc-pVDZ
calculations and experiments for the seven resolvable CT states (Table . The use
of a cc-pVTZ basis shows similar trends, but the energies are underestimated by about
0.1 to 0.2eV (Supplementary Table 11). For comparison, TDDFT calculations using the
latest version of ionization potential-fitted CAM-QTP-02 functional with the cc-pVTZ
basis set gave MSE and RMSD errors of 0.21 and 0.34 eV for these compounds (without
anthracene).[189)

In the anthracene-TCNE complex, a second absorption peak was found in the UV
range with transition energy of 2.79 eV in dichloromethane solution; however, its origin
was uncertain and it was assumed to be due to CT from the HOMO - 1 of anthracene to
TCNE.[192] We found that the HOMO — 1 — TCNE CT transition occurs at a higher
energy of 4.03 eV in the gas phase, which is separated from the first CT excitation by two
local valence excitations (3.20 and 3.61 eV) of the anthracene molecule in the bimolecular
complex. Even with the inclusion of solvent effects, estimated to be about 0.3 eV,[14§]
the reduction of the excitation energy is not sufficient to bring the second CT excitation
down below 3eV. Further, TDDFT using the M06-2X functional works very well for this
complex, yielding CT energies of 1.89 and 3.55 eV, along with two valence excitations at
2.94 and 3.52 eV, consistent with MSDFT results (Supplementary Table 11). Therefore,
the near UV band of the anthracene-TCNE complex observed experimentally[192] can
be assigned to a local valence excitation of the complex. Overall, the good agreement

between MSDFT@MO06-2X and experimental results suggests that the present MAS
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configurations are adequate for modeling CT states, which is further evaluated both on

valence and CT states of the bimolecular complexes benchmark.[133]

3.3.4 Local and Charge Transfer States of Bimolecular Complexes

Table 3.2: Excitation energies (eV) of local (1 — 1 or 2 — 2) and charge transfer
(1 - 2 or 2 — 1) states computed using EOM-CCSDT (EOM-CCSDT-3 for acetone-
nitromethane and pyrrole-pyrazine complexes) and MAS-MSDFT using the M06-2X
functional, along with charge character (wct) determined at the EOM-CCSD level
and Chirgwin-Coulson structure weight (Wer) of charge transfer configuration from
MSDFT.

Complex
(1---2) and  excitation®  State® | POM* " MSDFT | wore Wer
CT state® CCSDT
H3N---Fy 22 1'E 3.97 4.31
CT1 1—2(1) 2174 6.64 6.37 0.76  0.96
2 — 2 2'E NA 7.22
1—1 31A, 7.98 7.82
21 BCT 15.7 1.00
MeyCO---Fy 11 2A" 4.39 4.30
2 — 2 2A/ 4.18 4.42
2 — 2 1A” 4.19 4.43
CT2 1—2 3A" 5.85 5.83 0.96  1.00
21 BCT 14.1 1.00




Table 3.2: (continued)
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Complex
(1---2) and  excitation®  State® | POM* MSDFT | wore Wer
CT state® CeSDT
Pyrazine---Fog 2 — 2 2A4 4.16 4.41
2—2 2B, 4.19 4.42
1—=1 3A, 4.28 4.28
1—1 2B, 4.99 4.48
1—1 1A, 5.04 5.26
1—=1 1Bs 5.81 5.69
CT3 1—2 2B, 6.28 6.27 0.98 1.00
CT4 2 —1(2) 24, | 6.45 6.32 | 0.64 0.97
H3N---OF, 2—2 2A’ 4.20 3.42
2—2 1A” 4.93 4.85
2—2 2A" 6.64 5.01
2—2 3A’ 6.83 5.36
CT5 1—2(1) 4A’ 7.04 7.07 0.86 0.92
2—2 3A” 7.11 7.97
1 1(2) 5A’ 7.96 762|004 0.08
2—1 BCT 13.6 1.00
2—2 2A 4.04 4.18
MeyCO - - -
MeNO, 1—-1 3A 4.42 4.48
2—2 4A 4.43 5.05
CT6 1(2) — 2 5A 6.42 651 | 0.80 0.94
2(1) — 2 6A 6.58 6.33 | 020 0.06
2—1 BCT 9.48
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Complex EOM
1---2) and excitation®  State® R MSDFT | wer®  Wer
d
CT state® CeSDT
1—1 2A/ 4.35 4.26
Pyrazine "
.. NH; 1—-1 1A 4.99 4.56
1—1 2A" 5.08 5.30
1—1 3A’ 5.88 5.68
1—1 3A” 6.83 6.49
1—1 4A’ 7.04 7.03
CT7 2-—1(2) 5A’ 7.49 7.72 0.63 0.71
2 —2(1) 6A’ 7.80 7.32 0.27  0.29
2—-1(L+1) CT 8.37 1.00
1—2 BCT 9.89 1.00
H-bonded 2—2 1B, 4.38 4.38
Pyrrole- 22 1By 5.01 4.59
pyrazine
2—2 1A, 5.22 5.42
CT8 1—2 2B, 5.27 5.53 1.00 1.00
CT9 1—2 2A4 6.00 6.39 0.97 1.00
2—2 2B2 6.01 5.74
CTi0 1—2 3A4 6.17 6.42 0.99 1.00
1—>1 4A, 6.50 6.70
2—1 BCT 11.3 1.00
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Table 3.2: (continued)

Complex EOM
(1---2) and excitation® State® g MSDFT | wer® Wer
CCSDT
CT state®
!/
Stacked 22 2A 4.33 4.25
Pyrrole- 22 3A’ 4.98 4.49
pyrazine
22 1A” 5.09 5.22
CT11 1(2) — 2 2A" 5.48 5.33 0.84 0.76
2(1) — 2 3A” 5.90 5.83 0.23
CT12 1(2) —»2(1) 4A/ 6.07 6.19 0.66  0.86, 0.09
CT13 2(1) = 1(2) BHA/ 6.34 6.55 0.61 0.87,0.09
(54) 21y 2(1) 1B, | 861 8.14
CT14 1—-2 5B, 10.57 10.40 0.99 1.00
21 BCT 10.68 1.00

*The set of 14 CT states in reference [I33| are specifically indicated in the first column.

PThe parentheses in the “excitation” column denote minor contributions from the other monomer to
the initial and/or final orbitals for states of mixed local and CT character.

°BCT is the backward charge transfer relative to the direction of CT states labeled in the first column.
dExcitation energies were determined for all complexes using EOM-CCSDT, except acetone-
nitromethane and pyrrole-pyrazine complexes for which EOM-CCSDT-3 was used.[133]

°Determined at the EOM-CCSD level of theory.

We next turn to a set of two-component molecular complexes that have been estab-
lished using EOM-CCSDT or EOM-CCSDT-3 in ref. [I33] (Table[3.2). In this dataset,
each bimolecular complex is comprised of two different compounds from a list of nine
molecules: Fo, NH3, OFy, CHy = CHy, CFy = CHg, (CH3)2C = O, CH3NOg, pyrrole,
and pyrazine. In MSDFT calculations, each bimolecular complex is divided into two
monomer blocks as in the aryl-TCNE complexes. A MAS of locally excited and inter-

fragment CT configurations is defined as follows: only single excitations involving key
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frontier orbitals (Supplementary Computational Proceduret) of each monomer (1 — 1
and 2 — 2), called local excitations, are included along with one forward (1 — 2) and
one backward (2 — 1) CT state. In particular, for NHs, CHy = CHy, CFy = CHy,
and pyrrole, we include only HOMO — LUMO excitations, whereas both n — 7*, and
T — 7* excitations are selected in acetone and nitromethane, noting that there are two
m — 7* configurations in nitromethane from the in-phase and out-phase combinations
of the oxygen lone pairs. For Fa, all four 7 (7, my, 73, and 7)) — o* excitations are
used, and we adopted eight CSF for both pyrazine and OFs, due to excitations from
two m and two lone pair orbitals, respectively, to two 7* orbitals, and to two ¢* orbitals.
For the HgN - - - F9 complex, we also examined the effect of two double excitations of Fs,
but they only have a minimal effect (about 0.1eV) on the computed excitation energies
(Supplementary Tablet 2). These locally excited configurations are chosen to correspond
to the valence states in the dataset of Kozma et al.[133], 137, [I38] Therefore, the largest
number of excited configurations in the present MAS-MSDFT calculations is 14 for the
pyrazine-Fo complex. All states in an MAS are spin adapted in this study. A full list of
orbitals used to define these local single-excitations of all compounds are given in the
Supplementary Computational Procedure.

Overall, for the fourteen CT states (Table of the Kozma dataset, the mean error
of MAS-MSDFT using the M06-2X functional is 0.06 eV and the RMSD is 0.19¢V rela-
tive to values determined by CCSDT(CCSDT-3). The excitation energies of CT states
are slightly overestimated using MAS-MSDFT, but the overall agreement with results
at the CCSDT level is good. Table [3.2] also includes 39 of the 41 local valence excited
states in that dataset,[I33] omitting two high-energy local excitations of TFE - - - ethene
that are not represented in an MAS with just four configurations in the present study.
In comparison with EOM-CCSDT and EOM-CCSDT-3 results, the mean error for the

local excitations of the bimolecular complexes is —0.12eV and the RMSD is 0.48¢V.
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The somewhat large statistical error is clearly due to a systematic underestimate of
the valence excitation energies of one compound, OFy (Table [3.2).[133] This devia-
tion is due to the functional used which may be related to the particular optimization
of the density functional. Without this complex, the mean and RMSD errors from
the CCSDT (CCSDT-3) dataset are reduced to —0.04 and 0.29 eV, respectively. This
agreement with EOM-CCSDT results is reasonable considering the simplicity of a small
active space used in MSDFT calculations, and considering that this, in turn, enables
a straightforward interpretation of adiabatic energies directly from its diabatic origin

using Chirgwin-Coulson configuration weight.

3.3.5 Significance of Coupling Between Charge Transfer and Valence
Excited States

A major difficulty in the study of CT states[133, 137, 138] was its assignment from multi-
configurational calculations. Often, visual inspection of natural orbitals of the difference
density is made, but a set of numerical descriptors have recently been introduced on the
basis of one-electron transition density.[I35 [136] In the latter analysis, the descriptor
wer specifies CT character in terms of the weight of contributions with charge separation
in some predefined fragments. A wct value of 0 corresponds to a local excitation,
whereas a CT state is indicated by a value close to 1. wcr is very effective in cases
where CT states can be clearly identified; however, about one third of the complexes in
the benchmark set have strong mixing between a CT state and local excitations, making
classification of CT state difficult.[133, 137] Two bimolecular complexes, NHg - - - Fo
and CFy = CFs .- CHs = CHy, were especially highlighted in the work of Kozma et
al.[133, [137] In the former complex, we included a second local excitation that was
not listed in the original dataset (Table . In the latter complex, an inter-fragment

separation of 5 A (rather than its optimal geometry at 3.5 A) was used to clearly separate



68

Figure 3.2: Potential energy curves of the adiabatic ground state, the first three singlet
valence excited states, and the NH3 to Fy charge transfer state as a function of N — F
distance (A) of the NHs - - - Fy complex. All calculations are performed using MSDFT
with the M06-2X functional and cc-pVDZ basis set and energies are given relative to
the fully separated monomers. The first two excited states consist of two degenerate
states and adiabatic states are labeled corresponding to those at long inter-fragment
distances, which are different at short distances.
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ionic and covalent states. In these cases, the geometries at which avoided crossings occur
and their energy gaps are sensitive to the level of theory used.[137]

In MSDFT, the basic configurations in the MAS are strictly localized diabatic and
effective valence-bond (VB) states by construction, [52] 26, 27] whose contributions to an
adiabatic state can be determined by Chirgwin-Coulson structural weights, [51], 34 193]
and the position of the diabatic state crossing point can be used to define the geome-
try of an avoided crossing between two interacting adiabatic states.[57), 194] Figure

shows the potential energy curves of the ground and the first four singlets excited states
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Figure 3.3: Potential energy curves of adiabatic (solid curves) and diabatic states (dotted
curves) of NHz — Fy. The curve crossing region in Fig. is displayed. Diabatic states
are determined by using the generalized diabatic at construction (GDAC) method for
the NH3 — F5 charge transfer and local transitions of n — ¢* in NH3 and the 1Hg state
(mg,my — 0*) in Fo. Three adiabatic potential energy curves are shown as a function
of N — F distance in the NHj - - - Fo complex.
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of NHjs - - - F5 as a function of N — F distance. A clear feature of a CT state correspond-
ing to NH3 to F9 transition can be observed by its strong dependence on inter-fragment
separation, consistent with that reported previously.[I37] In the region between 3 and
4 A, the CT state crosses the 2'E state, a doubly degenerate local Fy excitation, and the
21A, state, a local excitation of ammonia, resulting in an allowed crossing at 3.3 A and
one avoided crossing of an energy gap of 0.14eV. The corresponding orthogonalized dia-
batic states determined by the generalized diabatic at construction (GDAC) method,[27]
along with the adiabatic curves, in the avoid crossing regions are depicted in Fig. 3.3

revealing the rapidly switching character of ionic and valence excited states. Interest-
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ingly, the N —F distance at the crossing point between the diabatic states corresponding
to the CT state and the NH3 local excited state is located at 3.9 A, slightly shorter than
that (4.0 A) of the smallest energy gap between the adiabatic curves. This may be com-
pared with a value of about 3.75 A determined using EOM-CCSDT.[137] Kozma et al.
found that the second-order CC2 method yielded an unusually long crossing distance at
about 5.3 A with a tiny energy gap, while the non-iterative CCSD(T)(a)* method gives
the same geometry as that of CCSDT, but the energy gap was underestimated for lack
of a proper diagonalization.[137]

For the CT state of the NH3---Fo complex (CT1) at the optimal structure, the
excitation energy of 6.64 eV (6.28 eV with cc-pVTZ basis) was assigned based on charge
character analysis using CCSD results.[133] For comparison, the present MSDFT cal-
culations yielded a value of 6.36 ¢V with a dominant CT structural weight of 0.96. The
energy of the 1Hg state of Fy (a m — o* excitation) determined by using MSDFT@MO06-
2X is about 1€V higher than that using CCSDT (ca. 5.7¢€V), placing the CT state below
that of the 2'E valence state. However, due to the mixing between CT and locally ex-
cited states in this case, the classification of a CT state is ambiguous, and the 2'E state
was not listed in the dataset of Kozma et al.[I33] The lower energy value from CCSDT
calculations was attributed to contributions from double excitation. However, the in-
clusion of HOMO to LUMO double excitations has little effects in the present MSDFT
calculation (Supplementary Tablel 2). Nevertheless, a previous MRSDCI calculation
predicted a value of 7.24eV for this state, similar to the present calculation, and was
assigned to a broadband of 6.5 to 7.5¢V from experiment.[195] This difference further
highlights the sensitivity of state assignments; there is little uncertainty in assigning
CT states in the present MSDFT approach since CT diabatic states are defined by con-
struction in the MAS and they have well-defined configuration weights in each adiabatic

state.[193]
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Figure 3.4: Chirgwin—Coulson structure weights of locally excited and charge transfer
(CT) configurations. Shown in the top panel are the two lowest singlet valence ex-
cited states and the bottom figures exhibit two charge transfer states as a function of
inter-fragment distance (A) between tetrafluoroethene (1) and ethene (2). The M06-2X
density functional and cc-pVTZ basis set are used in MSDFT calculations, including
four configuration state functions.
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For the tetrafluoroethene (TFE) - - - ethene complex, which was used as a test case
for CT states in a number of previous studies,[142} 143 147, 150, 189] It was not
possible to clearly isolate the CT state in the optimal geometry since local excited
states and CT states are strongly coupled.[133] Consequently, a structure at an inter-
fragment separation of 5 A was used, which shows a wcr value of 0.99. Figure
displays the Chirgwin-Coulson structure weights for the two lowest singlet states and

the forward (ethene to TFE) and backward (TFE to ethene) CT states. The decrease
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of the dominant weight towards short distances in each of the four states shows a strong
coupling between the locally excited m — 7* resonance state and the ethene to TFE
CT state at short distances. Strong mixing between local and CT states close to the
optimal dimer geometry illustrates the difficulty to clearly assign a CT state using these
structures.[I33] Coupling interactions to CT states vary quickly with the change of
inter-fragment distance; however, resonance delocalization interactions between the two
m — 7* states can persist at much longer separations (see the top row of graphs in
Fig. |3.4). For the monomer species, we obtained vertical excitation energy of 8.2 and
7.5€V for ethene and TFE (complex structure), which may be compared, respectively,
with previous computational results of 8.4 eV from EOM-CCSDT-3[196] and 7.0 eV from
SAC-CI,[197] indicating that the present MAS is sufficient to model these low-lying
states. [73, [9]

It is of interest to comment on the three CT states of the pyrrole--- pyrazine
complexes. For the side-by-side hydrogen-bonded structure, the computed Chirgwin-
Coulson structure weights provide a clear identification of the three CT states, CTS,
CT9, and CT10 in Table corresponding to nearly 100 % contributions due to specif-
ically HOMO(pyrrole) — LUMO(Pyrazine), HOMO(pyrrole) — LUMO + 1(Pyrazine),
and HOMO — 1(pyrrole) — LUMO(Pyrazine) CT. Similarly, the wcr values were
found in the range of 0.97 to 1.00 for these states.[133, 138] However, in the 7-m
stacked configuration, strong resonance couplings among the CT states as well as co-
valent excited configurations are involved. The lowest ionic state CT11 (Table
is mixed with 24% of local n — 7* valence excitations of pyrazine, and the CT
component itself is a mixture between HOMO(pyrrole) — LUMO + 1(Pyrazine) and
HOMO — 1(pyrrole) — LUMO(Pyrazine) transitions. The next (local valence) excita-
tion contains 23 % ionic character. For comparison, the CT11 state has a wcr value

of 0.84 from analysis of the EOM-CCSD results. The difference between the structure
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weight and wcr value could be due to a slight shift in geometry that has the largest

coupling with CT state by different methods (MSDFT vs. CCSD) or could be the dif-
ference is the analysis method itself. MSDFT calculations show that CT12 and CT13
states are CT resonance states between HOMO(pyrrole) — LUMO + 1(Pyrazine) and
HOMO — 1(pyrrole) — LUMO(Pyrazine) configurations, plus a small amount of about
5% of local excitations. These two states are more than 95% CT character according
to their Chirgwin-Coulson structure weights. However, transition density indices are
ambiguous, showing just 61 to 66 % of ionic character.|[133], [13§]

In summary, the performance of MSDFT employing a MAS on local excited and
inter-fragment CT states has been examined on a series of bimolecular complexes. MS-
DFT is a hybrid WET and DFT, which follows a dynamic-then-static ansatz.[153 154,
155] In MSDFT, dynamic correlation is first included via block-localized KS-DFT, and
the orbitals are separately optimized for each determinant configuration. This is fol-
lowed by a NOSI calculation to incorporate static correlation and to yield the adiabatic
states.[52] Because of these two factors, it is expected that a small number of configu-
rations would be sufficient to model low-lying local excited states and CT states.[9, 151]
In this chapter, we used a MAS consisting of singly excited configurations of key frontier
orbitals plus forward and backward CT configurations. Using the Minnesota M06-2X
density functional for each determinant configuration, we found that the present MAS-
MSDFT method can provide a good description of CT states as well as the exciton
resonance of local excited states. The computational cost of MSDFT is comparable
to M separate KS-DFT optimizations (M is the number of determinants in an MAS),
which can be performed independently in parallel, plus evaluation of the nonorthogonal
off-diagonal matrix elements. Although the examples illustrated in this study featured
separate monomers, a procedure similar to the projected hybrid orbital method for com-

bined QM/MM calculations can be extended to treat fragments separated by covalent
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bonds. Due to the simplicity and interpretive power through energy decomposition anal-
ysis and determination of configuration weights,[36] the present method may be useful
for direct dynamic simulations of nonadiabatic processes, and analyses of CT contribu-
tions to exciton coupling can be useful in the study of materials exhibiting TADF in

future applications.

3.4 Methods

3.4.1 Computational Details

The anthracene monomer structure was optimized with the Doy, symmetry using Gaus-
sian 16 at the B3LYP /aug-cc-pVTZ level of theory. Then, the monomer structure was
kept fixed and used to construct face-to-face dimer configurations at a separation of
3.2 A. Then, one monomer was slid along the long molecular axis up to 8 A. Single-point
energy calculations were performed using MSDF'T, for which a total of 16 block-localized
configurations (to form eight CSFs) plus the adiabatic ground state have been obtained
using block-localized Kohn-Sham DFT. Geometries for the aryl-TCNE complexes were
adopted from ref. [148],[149] and the structures for the remaining bimolecular complexes
are taken directly from the work of Kozma et al.[133]

The computational procedure of MSDFT consists of two steps. First, a set of indi-
vidually optimized determinant states are obtained to form a spin-adapted active space.
Then, in the second step, NOSI is performed to yield the adiabatic ground and excited
state energies. Here, we emphasize “state interaction” because on top of each deter-
minant configuration, dynamic correlation is included via block-localized (constrained)
KS-DFT. An analogy in WFT is a class of perturb-then-diagonalize methods. In partic-
ular, for local excitations of each monomer in a complex, the separately optimized open-

shell singlet determinants with o8 and a3 spin combinations were checked to converge
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to the same set of block-localized orbitals, and the orbitals were optimized using the
method described in ref. [9]. The spin-coupled singlet and triplet states (Mg = 0) were
obtained by switching the oz and 3 electron spins of an open-shell configuration to yield
a pair of spin-coupled determinants. The all-spin up triplet configuration (Mg = 1) at
each geometry was then obtained by a separate open-shell calculation. The energies for
the Mg =1 and Mg = 0 states were matched to yield the transition correlation energy

contribution EEBF (the TDF correlation) in spin-pair coupling interactions according

to Eq. [3.3][8, [L76]

The energies for the diabatic states were determined using the GDAC method.[27]
The Minnesota M06-2X density functional along with the cc-pVDZ basis functions are
used in all calculations except that for the aryl-TCNE complexes where the PBEO and
B3LYP functionals and the cc-pVTZ basis set were also used. Additional details are
summarized in the Supplementary Information.

The MSDFT method described in this chapter has been implemented in a locally
modified version of the GAMESS-US program,[107] with which all calculations have

been performed.



Chapter 4

Excimer Energies

This chapter is based on the publication [19§]. I contributed by running calculations,

analyzing results and revising the manuscript.
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4.1 introduction

Energy decomposition analysis (EDA) is a useful tool for understanding intermolecular
interactions.[199] 36, 200] Although methods for molecular complexes in the ground
state have been thoroughly developed, [201], 202, 203, 204, 205, 206, 207, 208, 209, 210
911, 212, P13, 214, 215, 216, 217, 218, P10, 220, P21, 44, 222, 223, 33, 224, 225, 270,
997, 228, 229, 230, 175, 231, 232, 233, 234, 235, 2306, 237, 238, 239, 240, 24T, 242, 243,
244, 245, 246, 247, 248, [249] few approaches are currently available for analyzing energy
terms of excimers and exciplexes — molecular aggregates formed in the electronic excited
states. One exception is a study by Ge et al.,[250, 251] who used the same energy terms
in ground-state EDA,[36, 243] including frozen (froz), polarization (pol), and charge
transfer (CT) terms, to describe intermolecular interactions (int) in the excited states

AE?

int

= AE?

froz

+ AE; o FAEE. The method was introduced on the basis of configura-
tion interaction with singly excitations (CIS), in principle, extendable to time-dependent
density functional theory (TDDFT) for excited-state calculations. In particular, the
frozen excitation energy was obtained with the use of fixed orbitals of each isolated frag-
ment along with its excitation amplitudes, and frozen interactions were modeled through
the merged Fock matrix. Similarly, polarization contribution was determined with the
relaxed, fragment block-localized molecular orbitals (BLMO) also called absolutely lo-
calized MOs.[221], 44, 223], 33, B8] The CT term was simply the difference between the
excitation energy of the full complex and the other two terms. The study was extended
to excimers with the addition of an exciton splitting term between the frozen excited
states.[252] That work provided an analysis of excited-state interactions from a ground-
state analogy. On the other hand, it is of interest to define variationally optimizable
diabatic states,[35],26] 27] such as the local excitations of individual chromophores in the
presence of other molecules in the ground state. Electronic coupling interaction among

local states can be used to determine the rates of excited-state energy transfer such
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as light-harvesting in photosynthesis and perception, [55] 56] 253), [254] photoexcitation-

induced oxidation-reduction reactions, and processes in photovoltaic devices and fuel
cells.[58] In this chapter, we introduce an alternative, multistate energy-decomposition
analysis (MS-EDA) for an excimer complex-excited-state complex formed between the
same chemical species. We focus on energy terms unique to excited states, including
local excitation, exciton excitation A Fgy, resonance stabilization due to superexchange
AFEgsg, and orbital and configuration-state delocalization AEocp. The method is il-
lustrated on the acetone and pentacene excimers, relevant to chemiluminescence and

singlet fission in materials for solar cells.[58, 255]

4.2 Theory

Considering the following photochemical process of excimer formation,

AEK

VK
X+Y ™ X +v* 28 (Xy)* (4.1)
we define the total formation energy, or binding energy, of the excimer (XY)* in its Kth
excited-state relative to that of two separate molecules in the ground state (Eq. as

follows:

AB = Elyyy [Y{xyy] = EX[9X] - By[¥5] — ™ (4.2)

where the superscript “0” denotes the energy and wave function of a molecule in the
ground state, E(Ig(y)* is the energy of the Kth excited state of the excimer (XY)*,
characterized by the wave function \I!(()Xy)*, and hv¥ is the external photoenergy of
chromophore excitation. Although the main goal of this study is concerned with ex-

cimers, we nevertheless use different symbols X and Y to denote the two interacting
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molecules for convenience of discussion. Thus, the theory is generally applicable to ex-
ciplexes in which X # Y. Also, the method can easily be generalized to any number
of molecules, suitable for the treatment of delocalized, exciton-resonance excitation of

extended materials and biological light-harvesting systems.

4.3 Multistate Energy Decomposition Analysis
(MS-EDA)

We partition the total binding interaction energy of an excimer complex (Eq. in its
Kth excited state into the following terms:
AEE =ABpn[(X oY) — vk + AEE [(X o V)] s
+ AAEE[(XE e YT)] + AAESp[(XY)*] -
where Ep;in[(X @ Y)] denotes the local interaction energy between monomers X and Y
in the ground state, AEL [(X e Y)*] is the excitation energy of the Kth exciton state
(Ex) due to resonance delocalization of local, monomer excitations, AAEE [(XE oY F)*]
specifies the effect of interfragment charge-transfer configurations called superexchange
stabilization (SE), and AAEE [(XY)*] represents the energy change due to orbital
and configuration-state delocalization (OCD) by expansion from monomer BLMOs to
the full molecular space. The sequence of intermediate states (Eq. depicted in
Scheme [4.2| have well-defined wave functions (or Kohn-Sham states) which can be vari-

ationally optimized, and the decomposed energy terms sum up exactly to the definition

of Eq. 4.2
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Figure 4.1: Scheme detailing the Multistate Energy Decomposition Analysis (MS-EDA)
of the Excimer Binding Energy AFE}, The top row corresponds to the physical process
of excimer formation (Eq. . The remaining illustration highlights each energy term
defined by Eq. and their progressive change in MS-EDA. The shapes of objects
represent molecular geometries, while different colors depict the corresponding wave
functions with boundaries shown for block-localization. All wave functions can be vari-
ationally optimized. The local excited in pink (Lex) and charge transfer diabatic states
in light yellow background denote the minimum active space (MAS) for the exciton
and super-exchange states. The energy changes are defined by Eq. [£.4] for the local
interaction energy AFrpn, Eq. [f.6for the exciton excitation energy AFEgy, Eq. for
the super-exchange stabilization energy AFEsg, and Eq. [£.10] for the orbital and config-
uration delocalization effects AFEocp. The definition of the respective wave functions
can also be found in these equations.

MS-EDA

hv AEb
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AELint l 1 AE‘OCD
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4.3.1 Local Interaction Energy in the Ground State

For analysis of excited-state energies in MS-EDA, we focus on the energy terms that are
directly related to the excimer complex. Therefore, all energy contributions that can be
associated with intermolecular interactions between monomers X and Y in the ground

state are grouped into a single term called local interaction (Lint) energy in MS-EDA.
AELint[(X oY)] = E(xev)[¥(xey)] — EX[EX] — EV[EY] (4.4)

where Eg( and Eg)/ are Kohn-Sham determinants for molecules X and Y in isolation in
their equilibrium geometries, the notation (X e Y’) separating monomers X and Y by
the symbol “e” represents a block-localized bimolecular complex, and the parentheses
indicate that the product wave function of the monomers (ground or excited states)
is antisymmetrized, e.g., ¥(xq4y) = AU x Uy . This convention is used throughout this
chapter. We note that the molecular geometry used to determine E(yav)[¥(xey)] is
that of the excimer complex, not the structure optimized for the ground state.

The term “block-local” refers to the strict localization of molecular orbitals (block-
localized molecular orbital “BLMO”)[33] in WFT or Kohn-Sham orbitals in DET (block-
localized Kohn-Sham “BLKS”) in the complex (X o Y).[7] They are strictly localized
within the two individual molecular fragments because BLMOs are expanded over basis
orbitals on the atoms in each monomer.[33] AFEpn[(X ¢Y')] includes classical Coulomb
interaction, quantum-mechanical exchange-repulsion, and polarization energies, plus
the energy change from the equilibrium geometries of isolated monomers to that in
the excimer. This classification follows exactly the convention used in the BLW-ED
analysis, similar to other ground-state EDA models.[306], B33, 243] It is identical to the
total binding energy of the complex (XY'), at the given geometry, without the charge-

transfer term.[36] Since these are ground-state properties which have been thoroughly
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explored in the past,[36], 200}, 215 221] we do not further separate and discuss them in

this chapter. Specific details may be found in references [36], 33| 243].

4.3.2 Exciton Excitation Energy

According to Frenkel exciton model,[256] the resonance excitation (exciton) of an ex-
tended system (excimer in this chapter) results from the interaction of locally (monomer)
excited states. The wave function for this intermediate state, or simply an exciton state,
denoted as (X ¢Y)*, is determined by nonorthogonal state interaction (NOSI)[L76, 131]
in multistate density functional theory (MSDFT):[257, 258]

K K K
\I](X'Y)* - alK\I}()é(*oY) + G’QK\II(;OY*) (45)

Kx

where the superscript specifies the Kth excited state of the exciton, ‘I/(X*.Y

) and
v g{.y*) represent, respectively, the wave functions of the two locally excited monomers

in the presence of the other species in the ground state \I/&)i.y) = |®Px+«Oy) and

\I/g{.y*) = |®xOy+), and a;x and agx are the state coefficients. The states Kx and

Ky of UEx and WY correspond to those that contribute to the exciton state K.

(X*eY) (XeY*)
Note that \I/&’i.y) and \P&:Y*) themselves, in fact, are generally multiconfigurational

wave functions, and more than one state from each monomer may contribute.
The energy difference between the exciton state and the block-localized molecular
complex, i.e., the exciton-excitation energy AEé(X, corresponds to the transition from

the ground state of the monomer complex (X oY) to the exciton resonance state (X oY )*:
AEE, = El\uyy — E(xey) (4.6)

where E&.Y)* and FE(x,y) are the energies of the Kth exciton state \Ifgx = \Ilfg(.y)*

and the ground state W(x,y), respectively.
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The wave function for the exciton state (Eq. [4.5) can be variationally optimized

by using a multiconfiguration self-consistent-field (MCSCF') approach or configuration
interaction such as CIS and nonorthogonal configuration interaction (NOCI), also called
mixed molecular orbital and valence bond (MOVB) in WFT.[51, [34] Alternatively,
the energies can be obtained from multistate SCF (MS-SCF)[6] and NOSI methods
in MSDFT. NOSI is used in the present study, in which we first determine the locally
excited states for monomer X* in the presence of Y in its ground state and monomer Y™*
in X, respectively, using the block-localized excitation (BLE) method to variationally
optimize \Ilgg‘*.y) and \I}g{.y*) along with the M06-2X functional.[9] [I51] [I77] Then,
we construct the Hamiltonian matrix functional, and the state coefficients a1 and asg
in Eq. are obtained by diagonalizing the NOSI Hamiltonian matrix.[7]

Importantly, the structure weight for each of the locally excited states in the reso-

nance exciton state can be evaluated according to the Chirgwin-Coulson scheme:[193]

W, =ik + a1xazrSi (4.7a)

WY, =a3 + a1k agi Si2 (4.7b)
where S19 is the overlap integral between the two locally excited states:
K K
S12 = 51 = /dr‘l’()?*.y)‘l'(;.y*)

4.3.3 Charge Transfer States and Superexchange Energy

The exciton states above from state interactions among locally excited monomers do not
explicitly account for charge-transfer (CT) delocalization in the full system. Often, the

energies of CT states between monomers X and Y are high relative to valent excitations,
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but they, nevertheless, play an important role in stabilizing the excited complex. If
the two monomers are symmetrically equivalent, there is no net charge transfer, but
the stabilization energy due to the resonance between CT configurations can still be
significant. Such a resonance effect is also called a superexchange (SE) interaction in
electron transfer theory,[259] which is adopted here. The charge-resonance SE states
are given by Ugp = b5| X+ eY ™) £b5| X~ e YT, or simply denoted by Wsg = by, Upcr +
b5¥pcT between the X — Y forward (FCT) and Y — X backward (BCT) CT states.

Here, we define the SE-stabilized intermediate state by the wave function
Ul = 010 {Kay)s + boVWror + b3¥peT (4.8)

where different coefficients for the two CT states have been used in case X # Y, in
which a single, directional CT state may dominate in an exciplex complex. In this
regard, it is of interest to distinguish the term charge transfer, representing a specific,
directional CT diabatic state, from superexchange which describes a physical property,
a resonance-stabilization interaction of the intermediate state. In Eq. we have
assumed that the order of excited states has not changed due to mixing with the CT
states. This assumption is purposely for the convenience of expression; in practice, the
correct state must be matched at different decomposition steps.

The net stabilization energy due to the admixture between the exciton and SE states

is called the superexchange energy AE?E:
AAEL; = E&VER] — ERY ey (4.9)

Analogous to the exciton intermediate state, \I/]{fx = \Ilfg(.y)* and its energy can be
obtained from NOCI in WFT and NOSI in MSDFT.[257, [6] In principle, TDDFT and

an MCSCF method could be used in both exciton and superexchange steps, but it can
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be rather complicated with nonorthogonal orbitals between different fragment blocks.

This is easily accomplished in MSDFT employing NOSL.[9] [151]

4.3.4 Orbital Delocalization

So far, the wave functions (or Kohn-Sham determinants) for the intermediate states
have been constructed on the basis of fragmental BLMOs. Although incorporation
of the SE effects introduces charge delocalization, the charge density is generally not
sufficiently relaxed. Furthermore, the intermediate states decomposed at this point
may have not included all configurational state functions used to determine the energies
of the adiabatic excimer complex (X e Y)*. Therefore, in the final step of the MS-
EDA method, we release the monomeric block-localization constraints and use the fully
delocalized molecular orbitals to obtain the energies of the excited states for the excimer
complex. These states are denoted as \Ilfgﬂ,) , without the dot “e” separating monomers
X and Y. The energy change in this step is called orbital and configuration-state
delocalization (OCD) energy, analogous to, but different from, the CT energy term in
ground-state EDA models since additional configurational state functions may also be

included in the final step.

The present MS-EDA method includes three computational steps: (1) the calculation of
excitation energies of monomers, (2) the determination of the reference states for energy
analysis for block-localized intermediate states, and (3) the evaluation of excitation
energies of the fully delocalized dimer complex. The results from both steps (1) and
(3) can be validated by comparison with results from TDDFT or MCSCF calculations

as well as experimental data. TDDFT is adopted in this chapter to determine the
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excitation energies of the excimers. Thus, MS-EDA may be regarded as an analytical
tool to interpret the numerical results from TDDFT calculations.

The adiabatic ground and excited states as well as all intermediate states for energy
analysis are obtained from NOSI in multistate density functional theory. NOSI differs
from nonorthogonal CI (NOCI) in that dynamic correlation is included in the basis states
in the first place. Lu and Gao proved that the Hamiltonian in the subspace spanned
by the lowest N eigenstates is a matrix functional H[D(r)] of the multistate density
D(r),[257] extending Hohenberg-Kohn theorems for the ground state to any number of
N states in MSDFT. Significantly, it was proven that D(r) can be represented by no
more than N? determinants, defining an upper bound for the number of determinants
in an active space,[257] i.e., a minimal active space (MAS),[176l [131] 6] in excited-
state DFT calculations. D(r) can be variationally optimized by minimizing the trace of
H[D(r)]. Then, diagonalization of H yields the exact energies for all N adiabatic ground
and excited states, provided that the exact correlation matrix functional is known (the
Lu-Gao theorems established its existence).[257] As in Kohn-Sham DFT, approximate
correlation matrix functionals must be used in MSDFT calculations. The accuracy of
the present MSDFT-NOSI method can be validated by comparison with results from
TDDFT on systems that it is adequate as in the present case, employing the same
correlation density functional.[176] [131]

We focus on the lowest excited states of a monomer species and their interactions
in the excimer complex. For the monomers and block-localized excitations in dimers in
this chapter, we found that it is sufficient to just include 5 spin-adapted configurations
in the MAS, consisting of the reference (ground) state from KS-DFT and four singly
excited configurations from the two highest occupied KS orbitals (HOMO) to the two
lowest unoccupied KS orbitals (LUMO). Each of the singly excited KS-determinants is

optimized using the BLE technique, a form of ASCF method capable of block-localized
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constraints on the orbitals in the dimer case.[9], [151]

Before presenting the MS-EDA results, we outline the procedure for determining the
elements of the Hamiltonian matrix functional H[D(r)]. In particular, the diagonal ele-
ments H 44[D(r)] are given by the KS-DFT energies of the corresponding determinants
for the block-localized, excited configurations as well as that of the Kohn-Sham ground
state.

Haa = EXS(20) (4.11)

where = 4 is a determinant constrained to a given orbital occupation, including both the
ground-state and excited configuration. Specifically, the constrained BLKS-determinant

wave function for the block-localized dimeric configuration (X eY') is written as follows:

ESey) = A{(EE - &X) o (& -+ 63y)} (4.12)

where A is the antisymmetrizer and ij is the jth block-localized spin-orbital of fragment
U(U € {X,Y}, and Ny is the number of electrons. For the four singly excited states in
the MAS, one of the two highest occupied orbitals is replaced by one of the two lowest
unoccupied orbitals, and =4 is optimized individually using the BLE method for the
nonaufbau configurations.[d] Note that “state” in this chapter refers to a spin-adapted
wave function representing the exact density by incorporating dynamic correlation with
BLKS-DFT; it is different from a determinant configuration.

The transition density functional (TDF),[52] i.e., the correlation energies for the
off-diagonal matrix elements of H[D(r)], can be determined rigorously among spin-
complement configurations to yield the spin-adapted states. For example, the TDF
correlation energy for the spin-adapted singlet state is obtained in an NOSI calculation
with the constraint that the energy of the triplet state |1,0) is identical to that of

the |1,1) state.[I76], [, [96] Notice that the latter can be adequately represented by a
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single determinant, exact in KS-DFT if the KS exchange-correlation functional is exact.

Thus, given an approximate density functional approximation used for H44[= T‘L] and
HpB[E B] where the arrows indicate the spin of the coupled electrons, the electronic

coupling Haa[pap] to yield the singlet spin-adapted state is uniquely determined by

Haalpan) =(EH|ZH)

1 (4.13)
P ES ) - ESpaE)])

where EXS [pT(E;T)] and EX¥S[p A(EN)] are the correlation energies from KS-DFT using

the spin-up triplet determinant HTTT, and the spin-mixed determinant _N (

equivalent
with Eg here).

For the remaining off-diagonal matrix elements, an approximate TDEF is needed to
account for the dynamic correlation in the electronic coupling between two interacting
states. Unlike KS-DFT, an approximate TDF is currently not yet available. In this

study, we use an overlap-weighted average correlation energy from KS-DFT for the two

individual states Z4 and Zp to approximate the TDF correlation term:[7]

Haa[D(n)] =(=5°|H|=5)

) (4.14)
+5 55 { B oaEED)] + EP lon (%))}

where (EXS|H |=KS) is obtained using the two BLKS determinant wave functions, [51, 34}
260] =K5 and =K, for configurations A and B, SK3 is their overlap integral, and E[p4]
and EZ[pp] are the corresponding correlation energies from the KS approximate density

functional. The approximation of Eq. is the main source of error in MS-EDA.
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4.4 Computational Details

The MS-EDA method has been implemented in the Qbics program in our labora-
tories[261] and a separate BLW-ED program|[30] interfaced with the GAMESS-US pack-
age.[I07] The method and energy terms are illustrated by two excimer complexes: the
asymmetric excimer complex of two acetone molecules (Fig. 4.2]A), and the pentacene
dimer in three different geometry arrangements, including the optimized S; excimer,
the stacked configuration of two pentacene monomers separated by 3.3 A, each in the
ground-state geometry, and the fishbone configuration in the crystal used in an appli-
cation to singlet fission (Fig. )m MSDFT-NOSI and TDDFT calculations were

carried out using the Minnesota M06-2X density functional[I77] along with the cc-pVDZ

Figure 4.2: Structures and orbital of excimer complexes. (A). Shown are the optimized
structure and the highest singly occupied orbital for the acetone S1 excimer. (B). Three
configurations of pentacene dimer are used in the study, corresponding to the optimized
S1 excimer structure, the on-top stacked configuration of two ground-state pentacene
molecules, and a fishbone relative orientation from a pentacene crystal structure.
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basis set for the pentacene excimer and cc-pVTZ for the acetone dimer.[262] Geometries
were optimized using Gaussianl6.[263] Throughout this chapter, we use electron volts

(eV) as the energy unit to relate with electronic spectroscopy.
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4.5 Results

Table 4.1: Computed energies (eV) for the ground state and the n — 7* excited state
of an acetone molecule.?

» | MSDFT/NOSI TDDFT
geomelLY™ | ARB(Sy)  AE(S) | AE(S))
So —0.02 4.43 4.28
Sy 0.84 3.78 3.79
(So)pm —0.02 4.39 4.25
(S1)pM 0.75 3.80 3.79
Excimer® 0.0 2.93, 4.16 | 2.91, 3.98

2Geometries used include the monomer structure in the ground state
(So) and the first excited state (S1), along with the monomers in the op-
timized dimeric excimer (DM), resembling the ground and excited state.
Energies are determined using nonorthogonal state interaction (NOSI)
and time-dependent density functional theory (TDDFT). The Minnesota
MO06-2X density functional along with the cc-pVTZ basis set is used.

> Acetone monomer geometries in different states used in energy calcu-
lations. Monomer energies are relative to that determined using MO06-
2X/ce-pVTZ.

“Excimer excitation energies relative to the ground-state energy using
the excimer structure.

Table lists the energies of the ground state and the n — 7 excited state from
MSDFT-NOSI and TDDFT calculations relative to that from KS-DFT for acetone.
The results for the L,(S1) and L,(S2) states of pentacene are given in Table The
performance of NOSI and possible double counting of electron correlation in a multi-
state DFT can be validated by comparison of the ground-state energies with that from
KS-DFT calculations.[52] We find that the difference in ground-state energy between
MSDFT and KS-DFT is generally small, with the largest deviation being just —0.02 eV
for acetone. Note that the KS-DFT state is included in the active space in all NOSI cal-
culations. This observation indicates that there is little double-counting of correlation
in NOSI for the present systems using the M06-2X functional. Importantly, the in-
clusion of the Kohn-Sham ground state ensures orthogonality of the computed excited

states to the ground state. Listed in Tables and are relative energies for the
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Table 4.2: Computed ground-state and excitation energies (eV) for pentacene using
NOSI and TDDFT.2

cometrvb MSDFT/NOSI TDDFT

& YUl So La(S1) Ly(S2) | L(S1)  Ly(Sa)
So 0.0 2.39 3.35 2.35 3.63
S 0.21 2.06 3.11 2.10 3.54

(Gp)monomer | 09 210 3.4 | 206  3.44
0.0 0.88, 2.33,| 087, 2.4,
0.0 187 249 | 204 242

*Optimized geometries for the ground state (Sp) and the first excited
state (S1 also labeled as L,), and the monomer geometry in the opti-
mized excimer (S1)py " are used. The Minnesota M06-2X density
functional along with the cc-pVDZ basis set is used.

> Acetone monomer geometries in different states used in energy calcu-
lations. Monomer energies are relative to that determined using MO06-
2X/cec-pVDZ.

“Excimer excitation energies relative to the ground-state energy using
the excimer structure.

Excimer®

ground and excited states from NOSI and TDDFT calculations employing monomer
geometries optimized for Sy and S states and monomers in the optimized monomer
structure. In addition, we included the computed excitation energies of the excimer
complexes. The agreement between NOSI and the linear-response theory is good with
a root-mean-square deviation (RMSD) of 0.22 eV, which is largely due to the somewhat
greater differences between NOSI and TDDFT for the L, state of pentacene using M06-
2X. If only L, states of pentacene are included, the RMSD error is less than 0.01eV.
Experimental absorption and fluorescence energies for acetone are 4.5 and 2.8¢eV in
the gas phase,[264] and an acetone excimer fluorescence energy of 3.06eV has been
reported;[265] these results are in good accord with NOSI and TDDFT results in Ta-
ble 41l The results in Table B demonstrate that the MAS used in NOSI for these
chromophores is sufficient to represent these states, demonstrating that MS-EDA can

be applied to analyze interaction energies of excited-state complexes.
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4.5.1 Asymmetric Acetone Excimer

For MS-EDA, we first consider the asymmetric acetone excimer, which was optimized for
the S; state of the complex using TDDFT with the M06-2X functional. We obtained
a structure that is best characterized as the local excitation of one monomer that is
distorted at the carbonyl carbon from sp? hybridization (Fig. ), forming a tail-to-
tail dimer with an in-phase combination of the distorted n* orbital of the two acetone
molecules as the highest singly occupied orbital. The vastly different monomer struc-
tures here turn out to be equivalent to a general exciplex complex if the two compounds
were different. Interestingly, the distorted acetone monomer in the excimer complex,
(AA)g,, is somewhat less deformed by about 0.1eV (2.4 kcal/mol) than the optimized
geometry, (A)g,, in isolation, but the adiabatic excitation energies (3.8eV) are essen-
tially the same (Table . The agreement between NOSI and TDDFT calculations is
good for the four geometries considered (Table .

Figure shows the progressive change of energies for the ground state and excited
states for the terms defined by Eq. First, there is a weak binding interaction in
the ground state with a AFp;, value of —0.24eV (—5.5kcal/mol), giving rise to local
excitation energies of 3.00 and 4.39¢eV in the bimolecular complex, essentially the same
as the isolated monomers in the equilibrium 57 and Sy geometries at 2.95 and 4.45¢eV,
respectively (Table . Excitation energies for the monomer-in-excimer geometries
are also similar (3.05 and 4.41eV). Thus, there is a small polarization effect of less
than 0.05eV that stabilizes the excited states due to local excitation. Interestingly,
state interaction among the locally excited states has little effect on the exciton states,
with identical first and second excitation energies as the two locally excited states. For
this excimer structure, the net exciton resonance energy is zero. Superexchange due to
mutual charge transfer does contribute to state stabilization, lowering the first and the

second excited-state energy by 0.06 and 0.12eV, respectively. The magnitudes of SE
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Figure 4.3: Computed ground and excited-state energies (eV) for the acetone monomer
(A) and the excimer complex (AA) and the intermediate energy terms from multi-
state energy-decomposition analysis (MS-EDA). The energies for the fully delocalized
excimer are determined using TDDFT/MO06-2X. States shown in the light-yellow back-
ground are determined using nonorthogonal state interaction (NOSI) with the excimer
geometry, and the excited species are indicated in red. The notations (A)y and (A);
denote the optimized structures for the ground and first excited state of acetone. En-
ergies are given relative to that of acetone in the ground state.
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stabilization in these two states are mirrored by the corresponding structural weights
for the nonequivalent CT directions, amounting to 2.56 % and 0.06 % for the BCT
(monomer 2 — monomer 1) and FCT states in the first excited state and 0.02 % and
7.54 % in the second excited state. Notice the different directions of CT contributions
for the two states. Finally, we found that orbital delocalization and configuration-space
expansion in TDDFT calculations have little effect on the ground state (not surprisingly)
and the first excited state; however, a noticeable stabilization to the second excited
state of the excimer, by 0.19€V, is obtained (Fig. . Overall, a net binding energy
of —0.23eV (-5.3 kcal/mol) for the acetone excimer is obtained from both NOSI and
TDDEFT calculations.

4.5.2 Pentacene Excimer

We now turn to the case of the pentacene excimer, which exhibits different behaviors
in comparison with that in the asymmetric acetone excimer. Listed in Table are
the computed energy terms, including local excitation AFEyey, exciton excitation states
A FEgy, superexchange stabilization A Egg, and the orbital and configuration delocaliza-
tion energies AFgcp for the excimer complex, associated with the excimer states of
pentacene in three different geometrical arrangements. The first geometry corresponds
to a fully optimized structure of the S; excimer (Dsy symmetry) with the shortest
interfragment separation at 3.15 A, the second configuration is an on-top stacked con-
struction with the ground-state monomer geometry at 3.3 A, and the third is derived
from the pentacene crystal in a fishbone relationship used previously (Fig. [4.2B).[58]
These structures are of interest by their own rights, but the fishbone relationship is
directly relevant to pentacene monolayer materials used in solar cell research.[58] How-
ever, we shall not address the mechanism of singlet fission in the present MS-EDA study;

interested readers may find conclusions in an early study using MSDFT.[5§]
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Table 4.3: Computed excitation energies (eV) and energy components from multistate
energy decomposition analysis (MS-EDA) for pentacene dimers in the excimer, stacked,
and fishbone geometries.?

Enerev term Excimer Stacked Fishbone®

&Y La Lb La Lb La Lb
ABLim[¥(X e Y)]P | 0.03 0.05 —-0.33

K

AELeX[\I/%gi,Y)] 1.89 3.04| 210 328| 200 292
AELeX[\I/[g){.Y*)] 1.89 3.04| 210 328| 198 292
ABpx[¥ 0y 1.33 270 | 174 280 | 197 292
AEEX[\Ilg.Y)*] 2.46 3.38 | 258 347 | 2.02 293
AESE[¥ ey ] 062 270 | 1.02 280 | 1.88 292
AESE[\I/{%.Y); ] 230  3.38| 254  347| 197 293
AES 087 242 | 1.24 258| 203 298
AEEp! 2.04 280 | 235 3.02| 224 NAd

“Excitation energies are relative to that of the adiabatic ground state
of isolated pentacene(s). The M06-2X density functional is used. See
caption of Table

PThe ground-state binding energy for the delocalized dimers are —0.05,
+0.03, and —0.47 €V for the excimer, stacked, and fishbone geometries,
respectively. Binding energies for the first excited-state complexes are
—1.52, —1.15, and —0.36 eV in the three corresponding geometries. Much
of the excited-state binding energy for the fishbone configuration origi-
nates from ground-state binding.

“The HOMO — 1 — LUMO + 1 configuration was not included in NOSI
calculations.

dSeveral mixed states have close energies, not assigned to the L, state.
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Figure 4.4: Computed ground and excited-state energies for pentacene excimer from
multistate energy-decomposition analysis (MS-EDA). States shown in light-yellow back-
ground are determined using nonorthogonal state interaction (NOSI) in MS-EDA anal-
ysis with the excimer geometry, in which excited species are indicated in red. The
MO06-2X density functional is used in all calculations.
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First, mutual polarization induced by local excitation of one monomer introduces
modest effects relative to the adiabatic energies of an isolated monomer, stabilizing
the L, and L, states of the excimer by 0.17 (2.06 vs. 1.89) and 0.07 (3.11 vs 3.04) eV
(Tablesand, respectively. This is significant in view of the nonpolar nature of the
hydrogen carbon system, although there is also a slight change from structural variations
from the monomer to the excimer. The most striking finding from Table and also
in Fig. is the large exciton coupling energies and the resulting energy splitting for

both the L, and L, states in the excimer and stacked structures, giving rise to exciton
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splitting energies |2AVgy| of 1.13 and 0.84 €V for the L, states and 0.68 and 0.67 eV for
Table 4.4: Computed exciton coupling (energy-splitting) |AVgy| and resonance ener-

gies associated with super-exchange stabilization AFESE and orbital and configuration
delocalization AE3L (energies in electronvolts (eV))?

Relative energy Excimer Stacked Fishbone
L, L, L, L, L, L,
|2A Vi | 113 052 | 084 067 | 005 001
AAESS™ —0.71  0.00 | —0.72  0.00 | —0.09  0.00
AAEGT ~0.16  0.00 | —0.04  0.00 | —0.05  0.00
AAEXS +0.15  —0.28 | +0.22 —0.22 | +0.15  0.06
AAESE +0.26  —0.58 | —0.19 —0.45 | +0.27 NA

the L, states (Table. Interestingly, the computed exciton coupling (energy splitting)
between locally excited states is fortuitously nearly identical to that determined as the
energy difference between the two adiabatic states (Table Fig. .In comparison
with the “solar-cell relevant” fishbone structure, the computed exciton coupling is only
0.05eV for the L, state and 0.01eV for the L, state. Phase matching of the two
chromophore wave functions in the dimer (excimer) complex is critical for the strength
of their interaction and can have a major impact on the energy levels.[131] This effect
is clearly reflected in the tilted monomers in the fishbone complex. Thus, a small
adjustment to better align the overlap of monomer wave functions may significantly
enhance electronic coupling for energy and charge transfer. A major stabilizing factor
of the excimer energies comes from superexchange. Formally, superexchange originates
from the mutual charge transfer, [V} @ Uy) and |V} @ Uf), between two monomers.
However, there is no net charge transfer in the excimer complex of pentacene nor in the
stacked configuration of pentacene dimer because of symmetry. Superexchange refers
to the resonance stabilization of these two CT states by mixing with the exciton states.
This necessarily lowers the excimer energy relative to the corresponding exciton state

because of the variational principle, which is clearly confirmed by the numerical results
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in Table[d.3] In the pentacene dimers, superexchange stabilizes the L, state significantly

by —0.7 €V in the excimer and stacked dimer configurations, but to a much smaller extent
(—0.09€V) in the fishbone arrangement (Table [4.4). Thus, phase matching of the wave
functions favoring strong overlap is important to resonance mixing of interfragment
charge transfer. In all cases, superexchange produced no effect on the stability of the
L, state, but it does stabilize the ground state to a much smaller extent than the L,
excited states.

Finally, we comment on the effects of orbital delocalization and expansion of the con-
figuration space in excited-state calculations to yield the adiabatic ground and excited
states. Unlike ground-state EDA, where orbital delocalization necessarily stabilizes the
ground-state energy, the energies of the excited energies also depend on the “active
space” used, which could increase or decrease the energies of a particular excited state.
In principle, Hohenberg-Kohn-Sham DFT gives the exact energy of the ground state,
but linear response theory introduces additional approximations. The Lu-Gao theorems
of MSDFT establishes a foundation for exact excited-state calculations as does that of
Hohenberg-Kohn theorems for the ground state.[257, 5] As in Kohn-Sham theory,[I]
an approximate matrix correlation functional is needed. In a range of studies, we have
found that the approximations used in the present MS-EDA analysis yield good results
for excited-state calculations. The computed excitation energies for the present system
are within 0.2 eV of the TDDFT values (see Tables (4.1 and , and it is not clear which
is more accurate without a thorough analysis. In view of the widespread use of the linear
response theory, we have adopted the TDDFT values for the final adiabatic energies to
determine the AEocp term in MS-EDA. For the pentacene excimer, the OCD contri-
bution raises the energy of the first excited state but lowers those for the higher states.
Currently, we have not separated the effects from orbital and configuration expansions,

which would be of interest in future studies.
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An anonymous referee noted the abnormal energy increase in the AFEgcp term for
the S1(L, ) state. We attribute this observation to overstabilization by superexchange
in the present analysis, leading to an energy too low for the SE state. This issue
originates from the approximate TDF energy using Eq.[£.14 MSDFT-NOSI calculations
of the delocalized excimer complex show an energy splitting of 1.0eV, in fact, slightly
smaller than the value from TDDFT (1.2eV) in Table (Fig. [4.4). In view of the
AESE[\IJ&.Y);] energy term (0.62eV) in Table it is likely that the SE effect is
overestimated at least by 0.2eV. This highlights the need to systematically develop a

matrix correlation functional for both the ground and excited states.

4.6 Conclusion

In summary, a multistate energy decomposition analysis (MS-EDA) method is intro-
duced to dissect the energy components in excimer complexes. Ground-state EDA,
which has been extensively explored in the past, remains an active area of research.
However, the development of methods for analysis of intermolecular interactions in the
excited states has lagged partially because it is difficult to introduce well-defined inter-
mediate states at higher energy levels, not to mention that the computation of excited-
state energies itself is challenging. Akin to an energy decomposition analysis for the
ground state, the present MS-EDA provides a clear separation of energy terms that can
be variationally optimized for excited-state complexes. MSDFT based on the Lu-Gao
theorems provides a straightforward classification of exciton coupling, super-exchange
resonance and orbital-configuration expansion. Critical to this analysis is to account
for state interaction. As demonstrated in the present study, state interaction provides
key insights into an understanding of excitonic coupling and superexchange stabiliza-

tion. These quantities, directly computed from the basis states of the MAS for MSDFT,
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rather than a post priori transformation, are of fundamental importance to determin-
ing the rates of electron transfer and excited-state energy transfer and in applications
to design light-emitting materials. The examples highlight the roles of state energy-
matching and wave function phase-matching to the magnitude of exciton coupling and
superexchange stabilization from a perspective of well-defined diabatic states. Further,
MS-EDA provides a useful tool for interpreting excited-state energies from delocalized

calculations.



Chapter 5

Multistate Energy Decomposition
Analysis of Molecular Excited

States

This chapter is based on the publication [266]. I contributed by running calculations,

analysing results and revising the manuscript.
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5.1 Introduction

Energy decomposition analysis (EDA) is widely used and plays an important role in
the understanding of intermolecular interactions in molecular systems.[200, 267, [36,
[222], 198] 243] These studies provide insights into the interplay of Pauli exclusion,
polarization and charge transfer effects that contribute to intermolecular forces. In
turn, the information gained from these investigations can be useful to designing and
optimizing empirical potential energy functions for condensed-phase and biomolecular
simulations.[268, 269] A large number of EDA models have been proposed, but they

are almost exclusively limited to molecular complexes in the ground state.[222] [243|

33}, 227, 228, 229, 230, [175], 231], 232} 233], 234, 235, 236] 237, 238, 239, 240, 242 244,
245| 2406, 247, 248 249] On the other hand, a major current frontier of theoretical

chemistry is to study chemical processes taking place in electronically excited states in
areas such as photochemistry, photovoltaic devices,[58] photosynthesis and photorecep-
tion in biology,[55, 56, 253, 254] catalysis, and even reactions in fuel cells and at the
electrodes.[270] Electronic coupling among local states in these systems can be used
to determine the rate of excited-state energy transfer. Unfortunately, little attention
has been paid to energy decomposition analysis of intermolecular interactions in excited
states, [198, [252] 250, [74] although several studies of energy components of excited states
have been reported.[136} [135] Moreover, it is not always clear if the intuitive terms for
the ground state can be adapted to molecular systems in the excited states. In this chap-
ter, we present a multistate energy decomposition analysis (MS-EDA) introduced in a
recent preliminary report[I98] to define the energy terms relevant to intermolecular in-
teractions in excited states. This is now possible following the development of multistate
density functional theory (MSDFT) to treat the ground state, excited states and dia-

batic states on an equal footing with the inclusion of electron correlation.[257, 258, 6, 7]
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Energy decomposition analysis was first introduced by Morokuma and Kitaura on
the basis of Hartree-Fock theory in the 1970s,[201, 202] who defined intuitive terms such
as electrostatic, exchange repulsion, polarization and charge transfer energies, which are
intimately related to concepts used in chemical research. The method was an instant suc-
cess and has become extremely popular in computational chemistry.[203] Subsequently,
a wide range of models have been proposed, attacking the energy components from
different perspectives for different situations. Roughly speaking, these methods may be
grouped into three categories: (1) physical approaches, either based on a formal per-
turbation theory or by intuitive construction and modification of the interaction terms;
(2) variational methods, developed by constructing well-defined intermediate molecular
wave functions that can be variationally optimized; and (3) perturbation theories using
quantum chemical methods or classical electrostatics theory.

The original Kitaura-Morokuma EDA belongs to the first category through a grad-
ual annihilation of the Fock and overlap matrix elements relevant to intermolecular
interactions.[202] Other models that partition the energy terms through an electron
density formulation such as the interacting quantum atom (IQA) method according to
zero-flux density surfaces,[271] and the natural energy decomposition analysis (NEDA)
by making use of natural bond orbitals.[209 272] EDA models that do not include vari-
ational energy minimization of the intermediate states can lead to an overestimation of
the resonance energy and charge transfer effects.[273, 274, 275]

EDA models belonging to the second category were developed with certain elements
of variational optimization of key reference intermediate states for energy partition. In
Mo’s block-localized wave function (BLW)[32] approach and the absolutely localized
molecular orbital analysis,[243] 221] the strictly block-localized orbitals for every inter-
mediate in the EDA are fully variationally optimized, providing a set of well-defined

diabatic intermediate states for interpretation of the resonance energies of aromaticity,
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anomeric effects and forward-and-backward bonding interactions.[36], 246, 226] Other
illustrative examples include the early constrained space orbital variations (CSOV)
method by successively mixing occupied and virtual orbitals of different molecules,[205,
2006}, 207] and the reduced variational space self-consistent-field (RVS-SCF) model in
which the orbitals of one fragment is optimized in the presence of the frozen orbitals
of other fragments.[208] Another class of EDA theory features the extended transition
state (ETS) scheme,[229] 276], 277] along with natural orbitals for chemical valence
(NOCV) theory, in which not only noncovalent intermolecular interactions are decom-
posed, but also the energy of a chemical bond can be separated into unpaired electron
contributions.[220}, 228] The ETS-NOCV method allows the analysis of bonding char-
acteristics such as o, m,d bond types.[277]

In category three,[233] perhaps the best known example is the popular symmetry-
adapted perturbation theory (SAPT), which can be applied both to wave function theory
and density functional theory.[234,278] The SAPT method relies on a series of monomer
Fock, perturbation and interaction operators. The first order polarization and exchange
corrections are assigned to electrostatic and exchange energies, and higher order terms
result in induction and dispersion terms. However, separation of charge-transfer energy
can be challenging in perturbation approaches.[279, 280, 225]

Energy decomposition analysis for molecular complexes in the excited states is rare.
Methods exist to extract local information and charge transfer contribution in excited
states by analyzing density difference and transition density matrices.[74), 136} [135], 281,
282, 283, 284], 285] In principle, EDA methods for the ground state can be adapted to
describe interactions in the excited states. One application was recently reported by
Ge et al., who transferred the corresponding energy terms in the ground-state EDA to
excited complexes.[250} 251] In particular, the interaction energy for an exciplex (int) is

separated into frozen (froz), polarization (pol) and charge transfer (CT) terms, similar
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to that in the ground state: AEL = AEg  + AES | + AEEy.[252] To obtain “frozen”

in
excitations, the orbitals for each isolated monomer and its excitation amplitudes are
combined to construct a supramolecular operator. Later, an excitation splitting term
was incorporated to describe interactions between degenerate monomer states in a sym-
metric excimer.[252] While this excited-state decomposition scheme revealed interesting
information in the lens of a ground-state microscope, the intermediate states cannot
be variationally optimized because interfragment interactions were reconstructed from
separate monomer terms. Yet, there is an interest in defining intermediate diabatic
states which can be used to represent excitations localized on individual monomers to
understand the reaction rates of excited-state energy transfer and excitation induced
oxidation-reduction reactions.[286] Recently, we introduced a multistate approach,[198§]
making use of multistate density functional theory (MSDFT),[257] to define variation-
ally optimizable intermediate states to interpret properties associated with excited-
state processes,[26], 27] including local excitation, exciton resonance, superexchange,
and orbital-and-configuration delocalization. This chapter further expands that work
in several fronts. In addition to understanding intermolecular interactions in excited-
state complexes, the energy terms and the associated diabatic states in this analysis can
be used to investigate ultrafast photo-chemical reactions.[58, [55] 254]

In the following, we first present the theory of multistate energy decomposition
analysis (MS-EDA), and the fundamental principles and computational algorithms of
MSDFT. Then, we illustrate the MS-EDA method with a set of applications to excited-
state complexes which can be loosely classified as encounter exciplex, excitation-induced
charge-transfer complex, and intimate excimer and exciplex. We validate the compu-
tational procedure by comparison with results from time-dependent density functional
theory (TDDFT) that works well for most of these exciplexes and their monomers as well

as with available experimental data. In some cases, the computational MS-EDA results
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shed light on experimental findings with new interpretations. It is hoped that the new
MS-EDA method shall stimulate further analysis and interpretation of computational

results on excited states from delocalized wave function theories and TDDFT.

5.2 Theory

We aim at developing a method for energy analysis of molecular complexes in an ex-
cited state. For the photo-chemical reaction producing the exciplex (XY)* between
compounds X and Y

X+ " x v 25 (xyy (5.1)

we define the binding energy of (XY)* in its Kth excited state as
AE) = By [Y{xyy] = BX V%] — EV[9Y] — hirg' (5.2)

where the superscript “0” denotes the energy and wave function of a molecule in the
ground state, and Eg(y)* is the energy of the Kth excited state of the exciplex (XY)*
associated with the wave function \Ilfg(y)*, and hD§< is the energy for chromophore
excitation whose definition will be addressed next (not necessarily Y alone as indicated).

Before we discuss the energy components, we first take a closer look at the meaning
of “binding energy” AEIf( of an exciplex. It turns out that it is not as straightforward
as that of a bimolecular complex in the ground state. From a viewpoint of the physical
process, the external energy supplied (i.e., photoexcitation) to initiate the formation
of an excited-state complex from two isolated molecules in their ground state is the
vertical transition of one relevant monomer (or more) to the Franck-Condon region.

Then, the excited species can quickly relax to its equilibrium geometry of a specific

excited state (e.g., K), which in turn binds to another monomer and together relaxes
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Figure 5.1: Explanation of the treatment of the excimer formation process. The top
row corresponds to the physical process of exciplex formation (Eq. . The remain-
ing illustration highlights the energy terms defined by Eq. The shapes of objects
represent molecular geometries, while different colors depict the polarized wave func-
tions under different conditions. Blocks with boundaries denote fragment-localized wave
functions, all of which can be variationally optimized. The lower panels in light-yellow
shade specify the minimal active space (MAS) in nonorthogonal state interacion (NOSI)
calculations, respectively, for the exciton state, derived from local excited states (Lex)
shown in pink, and for the super-exchange (SE) contribution due to charge transfer
diabatic states. Adapted with modifications from ref [198]. Copyright 2023 American
Chemical Society.
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to the equilibrium exciplex (Scheme . Alternatively, two molecules form a ground-
state complex, the dimer absorbs a photon and gets excited into an exciplex, which
then directly relaxes to its final geometry. The precise mechanism is not always known
exactly, but the final state is well-defined (Eq. , and its energy can be related to
the emission spectrum of the exciplex. However, the energy difference between the
final exciplex and the vertical excitation energy is not AE,f( since some of the vertical
excitation energy may have dissipated (without discussing its possible mechanisms) into
the environment in the relaxation process. Furthermore, it is not always clear if one,
two or a fraction of each monomer are excited in the first place, e.g., in the case of a
symmetric or nearly symmetric excimer where the excited state is delocalized over both

monomers. Therefore, we need to define an effective external energy h170K to produce
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the unbound monomers to form the corresponding exciplex in the Kth excited state.
Here, we define h175< in Eq. as the minimum excitation energy associated with
the formation of the exciplex in the Kth excited state, which is the weighted sum of the
adiabatic excitation energies (v,q) of the monomers at their geometries in the exciplex
complex. It is related to the “vertical” emission energies (Vem) of the monomers in the
exciplex geometries and the geometrical distortion energy in going from the equilib-
rium structures of the ground-state monomers to the distorted geometries (X [SEC] and

Y[SEC]) in the excited complex.

hig’ = {w OV (XSED + wi i (vISED }
=AEaist(X[SE]) + ABait (Y [SEY)) (5:3)

em em

+ b Ll (XISED + WD (v [5F) )

where wg(K) and wg/K) are the structure weights of monomer excited states in the exciton

complex defined in Section Thus, h17§< is the effective external energy used to
deform the monomer geometries and to excite them to the corresponding states at the
fractions found in the exciton complex. Clearly, hﬂ(f{ is state-specific. Then, the energy
change in going from the isolated, “fractionally” excited monomers to the final complex

is the exciplex binding energy AElf( .

5.2.1 Multistate Energy Decomposition Analysis (MS-EDA)

In MS-EDA, on the basis of the thermodynamic cycle in Scheme [5.3] we separate the
binding energy of an exciplex in Eq. into the following terms:
AEE =AELin[(X oY) + AEL [(X ¢ Y)*] — hilf

(5.4)
+AAEL (Xt o YF) ] + AAESp[(XY)*)
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Figure 5.2: Visual explanation of the energies and energy differences that the excimer
formation energy is decomposed into. [Sg] and [S{C] indicate geometries of X and YV
in the respective equilibrium ground state and that in optimized exciplex complex (EC)
in the first excited state. Blue lines are monomer compounds, and maroon lines denote
dimer structures. Energies that can be observed spectroscopically are indicated by hv,
except for local excitations given in relative energies. Resonance and delocalization
energies are given in brown. Energy changes in light yellow shade are associated with
the exciplex binding energy.
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where Efpin[(X e Y)] denotes the local interaction energy between monomers X and
Y in the ground state, AEK [(X e Y)*] is the excitation energy of the Kth exciton
(Ex) state and hi7l is defined in Eq. AAEL [(X* ¢ YT)*] specifies superexchange
stabilization (SE), and AAEE . [(XY)*] represents the energy change due to orbital and
configuration-state delocalization (OCD). The progressive energy terms in the MS-EDA
procedure are schematically illustrated in Scheme with a sequence of intermediate
states leading to the final exciplex formation. Each state depicted in Scheme has a
well-defined wave function (or MSDFT configuration states) that can be variationally
optimized.

Although the binding energy of an excited-state complex is state-dependent, we will

sometimes omit the superscript K for simplicity, but one needs to keep in mind that
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the intermediate states and energy terms in MS-EDA correspond to the same Kth state
of the exciplex (not necessarily in the same order) and they must be matched in the
analysis. Often, the lowest excited state of a given spin is of particular interest, although
symmetry allowed and avoided curve crossings can take place and the order of states
may differ at different stages of the MS-EDA scheme, in which case, analysis of more
than one state is necessary.

The individual energy components in Eq. [5.4] can be further decomposed into more
specific terms to gain insights into the intricacy of intermolecular interactions in an
excited state. Some of these energy terms can be directly measured experimentally
or extracted from experimental data. In this section, we define the interaction energy
terms. In the next section, we analyze the additional components that constitute some
of these terms in the exciplex.

Throughout this chapter, we use ¥ and ® to denote a physical adiabatic state or
an intermediate diabatic state with further specification indicated by a subscript and
the particular excited state specified by a superscript. ¥ and @ are typically multistate
wave functions, which are also used to represent the matrix density. The Greek letter =
is used to specify a single Slater determinant wave function for a given electronic con-
figuration, typically monomer-block localized, to represent the corresponding electron
density in block-localized excitation (BLE) and target state optimized density functional
theory (TSO-DFT) calculations.[10, O] Occupied Kohn-Sham molecular spin orbitals,
typically block localized, are denoted by &;,¢;, ..., and unoccupied (virtual) orbitals
are given as &,,&,.... In the present MS-EDA method, we use the monomer block-
localized Kohn-Sham (BLKS) determinant, Z(X e Y)XS, as a reference state, which
is used to generate the initial guess for singly excited configurations =¢, all of which
are variationally optimized individually using BLE and TSO-DFT for block-localized

excitation.[10, @] Together, these variationally optimized determinants states form a
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minimum active space denoted by a single subscript =4; 4 =1, ....

5.2.1.1 Ground-State Interaction Energy

The formation of a molecular aggregate in an excited state has energy contributions
both from binding interactions in the ground state and from energy terms induced by
photoexcitation (Scheme , keeping in mind that in many situations an exciplex is
only stable in the excited state (thus, the ground-state effect could be repulsive). Since
EDA has been thoroughly investigated for molecular interactions in the ground state,
we separate ground-state and excited-state energies in the present multistate analysis.
Consequently, the energy components leading to the monomer block-localized complex
in the ground state are grouped into a single term called local interaction (Lint) energy

in MS-EDA.
AELin[(X oY) = E(xe)[¥ (xev)] — EX[EX] — EV[EY] (5.5)

where Eg( and ng are Kohn-Sham determinants for molecules X and Y in isolation
in their equilibrium geometries (Fig. [5.3), the notation (X e Y") denotes a bimolec-
ular complex whose wave function is block-localized, indicated by the symbol e, the
parentheses specify an antisymmetrized product wave function from the monomers
Vixey) = A{QXQy} with Qx and Qy denoting products of BLKS orbitals. This
convention is used throughout this chapter. Here, the mutual polarization between the
two monomers are naturally included in W(x,y) as a result of variational optimization
of the wave function; ¥ x,y) can be a multistate wave function in which case it is re-
placed by a linear combination of configuration state functions in the active space. Note
that an energy deformation term has been included in AFEr;,; because the molecular

geometry of the exciplex is used to determine E(x4y)[¥(xey)] in eq 5.
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Figure 5.3: Reference state (dashed lines in red) for local excitations (lines black)
and exciton-resonance stabilization energy (blue arrows). Local and exciton excitation
energies relative to the block-localized complex are indicated by red arrows.
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AFELing[(X @ Y)] is called local-interaction energy because molecular orbitals are
not globally delocalized over the full complex. In addition to the structural deforma-
tion energy, it includes an electrostatic term called Heitler-London energy, \I/(()X.Y) =
A{Q%ng}, and a polarization energy in the variationally optimized state ¥ x.y) =
A{QxQy}.[36, B3] Note that AFpi[(X e Y)] is not the binding energy of the bi-
molecular complex (XY') in the ground state because charge-transfer delocalization is
not included. Additional details for ground-state analysis can be found in references

[200, 267, 136, 243).
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5.2.1.2 Exciton Excitation Energy

In MS-EDA, we first define an exciton state, denoted by (X e Y)* (Scheme [5.3)). Then,
the energy difference between the exciton state and the ground state of the block-

localized complex is called the exciton-excitation energy AE]{:{X-
AEE = Elay) — E(xev) (5.6)

where E&.Y)* and E(y.y) are the energies of the Kth exciton state and the ground
state, respectively, corresponding to the wave functions \If{g(.y)* and W (xqy) (Eq. .
According to the Frenkel exciton model,[256] the wave function of the exciton state is

expressed as follows.

K K K

where \Ilggi.y) and \Ilgg.y*) are the spin-adapted, configuration state functions of the
two locally excited monomers (MAS-Lezx in Scheme|5.3)), and a5 and asx are the state
coefficients. The superscripts Kx and Ky specify, respectively, the states of the locally
excited states of monomers X and Y that contribute to the exciton state K (again, the
subscripts or even K are typically omitted without causing confusion). In general, both
\Ifggi.y) and \I/gg’.y*) are multiconfigurational wave functions, and more than one state
from each monomer may be included.

Obviously, Eq. can be extended to any number of monomers in an aggregate of

n monomers or to condensed phases:

n
K _ Ky
quX = Z aAlIJ(ququ-Xn)
A=1

where ‘I’g?l...x* —X) denotes the local excitation to the K 4th state of monomer X7 in
A n
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the presence of the rest of the n —1 monomers in the ground state. In solution, the local
excitation energy of the chromophore includes a solvatochromic shift in comparison with
the excitation energy of the isolated monomer. To limit the scope of this chapter, we
shall not further discuss condensed-phase properties including exciton delocalization in

general situations.

5.2.1.3 Charge Transfer States and Superexchange Energy

The exciton state above from the interactions among strictly localized monomer states
includes the mutual polarization induced by chromophore excitation, but charge transfer
(CT) contributions are excluded by construction (i.e., monomer localization). In the
second step of MS-EDA, we introduce CT resonance states by combining the forward

and backward CT states:
Uep = b’2]X+ oY )+ bg]X_ ° Y+> (5.8)

We note that for a symmetrical excimer the amount of forward and backward CT is the
same, leaving a net zero “CT”. Nevertheless, charge-transfer resonance in Eq. can
still stabilize the excimer complex significantly. On the other hand, in asymmetrical
exciplexes, the significance of CT resonance strongly depends on the relative energies
of the two directions of CT. Then, the CT state in the direction with the lower energy
typically plays a dominant role, whereas the effect in the opposite direction of CT can
be ignored. To encompass both scenarios, we borrow a term from electron transfer
theory,[58, 259] giving the name superexchange (SE) stabilization to the decrease in
energy when superexchange states (Eq. are admixed to the exciton states (Eq. .

AAES; = E§p[Vs] — B[ ¥ (xayy] (5.9)
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where the wave function for the superexchange intermediate state in MS-EDA is given
by
Ul = 010 (K pyye + 02| X T @Y 7) £ b3 X~ 0 V) (5.10)

It should be emphasized that the notation | X eY ™) and | X~ e Y™) defines a spin-
adapted state obtained from MSDFT-NOSI for the spin-pairing interactions between
the two spin-mixed determinants with single-electron transfer in « or 8 spin (MAS-SE
in Scheme . The two resulting eigenstates correspond to a singlet state and a triplet

component with Mg = 0 (see below).

5.2.1.4 Orbital and Configuration-State Delocalization

In the final step of MS-EDA, we relax the strictly localized BLKS orbitals to the fully
delocalized molecular (or Kohn-Sham) orbitals over the entire exciplex system. In ad-
dition, the number of basis configurations used to define the intermediate states in the
exciton and superexchange step is relatively small, which is useful for interpretation of
excited-state energies. Thus, the difference between excited-state energies from TDDFT
calculations for the delocalized exciplex and MSDFT-NOSI in analysis is also included.
We denote the Kth adiabatic excited state of the exciplex as \Iifg(y)* where the removal
of the dot “e” emphasizes spatial delocalization of the orbitals and configuration space.
The energy change in this step is called orbital and configuration-state delocalization
(OCD) energy.

AAESep = Elxyy[¥(xyy) — Edpl V] (5.11)

In principle, SE and OCD energies can be combined as the overall CT effects, similar to
that in ground-state EDA, but it is useful to make the distinction and separation here
in view of the difference in the number of basis configuration state functions to treat

the intermediate states and the adiabatic states of the exciplex.
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The AAEgCD term is defined in terms of excited-state energies (Eq. [5.11)), but, in

fact, it also includes ground-state effects, corresponding to the charge-transfer energy
term in ground-state EDA, denoted by AEpct (Scheme . It can be extracted as
the difference between the energy of the (XY) complex in the ground state and the
local binding state (X e Y). Thus, the contribution to exciplex binding from the total
ground-state effect is AFEy, = AFEpint + AELcr. Then, the OCD effect on the excited

state is AAEgé)D = AAEgCD —AFq,. In this chapter, we do not further separate these

two OCD terms, except in E(Olé)D In some specific cases, we comment on the numerical
results of these terms.

On computation of the excited-state energy of an exciplex, multiconfiguration self-
consistent-field (MCSCF) or configuration interaction-based approaches such as mul-
tireference configuration interaction (MRCI) in wave function theory can be used to
determine the energies and excited-state wave functions \Ilfg(y)*. Alternatively, MS-
DFT and linear-response TDDFT method can be used to obtain E(Ig(y)* and péy)* in
density functional theory. Given that MSDFT is a new variational DFT method and
the development of approximate matrix correlation functionals hat not yet advanced to
a level as that in KS-DFT, we employ TDDFT for estimating the excited state energies
of the final exciplexes. Nevertheless, the accuracy of MSDFT in the MS-EDA analysis
can be validated by comparison of the computed excitation energies for the monomer
states with those obtained using TDDFT, employing a common approximate KS den-
sity functional and the same basis set. In this regard, the present MS-EDA method can

also be viewed and used as an interpretative tool to dissect and understand the energies

from TDDFT calculations.
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5.2.2 Block-Localized Excited States

In the above MS-EDA, the exciton state is viewed as the resonance delocalization among
monomer-localized excitations of individual chromophores.[256] Of interest is the rela-
tive contributions of locally excited states and the overall resonance energy in exciton
formation (Eq. . In this regard, the term local excitation refers to the excited state
of an individual monomer chromophore in the presence of other compounds in their
ground state. This is achieved in TSO-DFT calculations by using the BLMO (in WFT)
or BLKS orbitals (in MSDFT) that are strictly localized within each monomer by con-
struction. These BLKS orbitals are clearly different from localized orbitals obtained
through a particular symmetry orthogonal transformation.[287) [288] Local excitation
has a physical interpretation that can be directly related to experimental solvatochromic
shifts induced by solvation (though this important physical property will not be ad-
dressed here in view of space). In this section, we further decompose AEgX into specific
components related to local excitation and resonance delocalization. This analysis also

provides meaning to the structure weights used in the definition of ¢ in Egs. and

6.3l

5.2.2.1 Local Excitation and Polarization Effects

The excitation energy of a locally excited state of monomer X is given by AEI{Z’; (X*eY):

AE[X(X* oY) =l X (X* oY) = E[X V(0] — Exen)[Pixey)]  (5:12)

where V{i ~(X* oY) is the excitation frequency of X if one considers Y as an envi-
ronmental bath such as a solvent or simply another molecule in the present analysis

(Scheme [5.4). The introduction of a frequency notation emphasizes the possibility that
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this quantity may be compared with the experimental absorption spectrum of a chro-
mophore in solution or in a matrix of cluster molecules. Then, the solvatochromic shift
of chromophore X in the presence of monomer Y (or in solution) relative to that in

isolation (or in another reference solvent denoted by the subscript o), vXx

(X™), is given
by
AVEX (X* oY) = X (X* oY) — vlx (X7) (5.13)

vEx (X*) can have the same energy as that of the hyl’ term in Egs. and for a
single chromophore in special cases such as a symmetrical excimer.

Local excitation of monomer X changes its electrostatic field which polarizes the
charge distribution of the other monomer Y in the ground state (or solvent). In turn,
the reaction field of the ground state of Y further affects the energy of the excited
monomer. The equilibrium state \Ifggi.y) is a result of their mutual polarization, and
an understanding of its magnitude is of interest in MS-EDA. In fact, the local excitation
energy of X* in the block-localized complex (X oY) (eq 12) may be considered as
photoexcitation of X in the hypothetic state ([X}] @ Y') without interacting with Y in
the complex i.e., the gas-phase adiabatic excitation energy hvx (X*), followed by the
mutual polarization of X* with its environment Y to the local excited state,

AB[X(X* oY) = hufX(X*) + AE[ S (X" e Y) (5.14)

corresponding to the following two steps (see also Scheme :

X (xx AEEX (X*eY
(X o V) ™) ((x) 0y) S (e gy

Consequently, the polarization energy arising from local excitation AE{; X(X*eY) is
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identical to the observable spectral shift:
AE[X (X" oY) = hAVKX (X* 0 ) (5.15)

For a symmetric dimeric excimer, the polarization energies for the two local excita-
tions are identical. In this case, the block-localized excited states (X* oY) and (X e Y™*)
are strongly correlated between two degenerate states, each corresponding to a diabatic
state, which is also of interest in the study of excited-state energy transfer and exciton
delocalization. The emission spectrum of the resonance state of the excimer may be
used to determine the magnitude of the resonance energy relative to the variationally
optimized diabatic states.[35] Note that the energies expressed in Eq. can indeed
be determined variationally by using the block-localized excitation (BLE) method,[9]

or the targeted state optimization (TSO) approach.[151]

5.2.2.2 Exciton Resonance Energy

To determine the resonance energy of an exciton state, a variationally optimizable ref-
erence state in the absence of resonance (delocalized) excitation must be defined for
comparison. For a perfectly symmetric excimer, it is straightforward simply to use the
energy of one of the local excitation energies since both local excitations contribute
equally. However, in the case of an asymmetric excimer or an exciplex of different
monomers in which the two monomers contribute differently, a clear definition of the
reference state is needed. Here, we introduce a structure-weighted reference state for
estimating the resonance energy in an exciton state.

K K K K
AEL = wKAEX [T ey + wif AESY U oy )] (5.16)
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where the energies of the locally excited states ‘I’&X*,y) and \II&Y.Y*) are variationally

minimized, and w% and wf are the Chirgwin-Coulson configuration weights[193] of the
Kth exciton state in Eq.

The structure weights for locally excited states, \Ilf;{.y) and \II&Y.Y*), in the res-
onance exciton state (Eq.[5.7) can be determined according to the Chirgwin-Coulson

partition:

wg(( :a%K + a1 a2k S12 (5.17a)
w{/{ :CL%K + a1 asKS12 (5.17b)

where S19 is the overlap integral between the two locally excited states:

K K
Si2 = S = /qu;()goy)q;(XY.Y*)

Here, an exciton-state specific reference is defined because each locally excited state
has different contributions in different exciton states. This is illustrated in Fig. [5.3] in
which two locally excited states in an exciplex interact to produce two exciton states,
corresponding to the in-phase and out-phase combinations of \Ifg(’i.y) and \llg{.y*).
It would have been unfair if the energy of any individual state or the average energy
of both states were used as the reference to determine exciton-resonance (ER) energy
because the former does not consider the contribution from the other state, and the
latter does not truly reflect the relative significance of individual states in the exciton
state (Eq. . The reference defined in Eq. provides an adequate consideration
of these factors. In the limit of an identical excimer, the weighted reference state is the
same as the energy of one locally excited monomer.

With the same analogy, the structural weights determined at the exciton state are

used to define a weighted adiabatic excitation energy for exciplex formation (Egs.
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and .

Having defined a reference energy, the exciton resonance energy (Fig. |5.3) due to
locally excited state-interaction is easily determined:

AAEE . = AEE — AEE (5.18)

ref

The use of Eq. implies that the sum of the resonance energies for the resonance-
stabilized and destabilized exciton states is not exactly the resonance splitting of the
delocalized states (Fig. . We further remark on the use of a weighted local-excitation
energy as the reference state. First, the local excitations of all monomers contribute to
the resonance-delocalized exciton state. Figure highlights schematically the relative
energies of the individual energy terms, including the weighted local-excitation energy
(reference state), and the resonance stabilization energy for a given exciton state in the
complex. In the case where monomers X and Y are asymmetric, the reference states
for the in-phase and out-phase combinations of the locally excited states are different.
In the former combination, the lower energy state (state K in Fig. is stabilized,
whereas the higher energy exciton state (state L(K ™) in Fig. is destabilized. Since
the stabilization and destabilization effects are relative contributions from all locally
excited states, the state-specific, weighted local-excitation energy takes into account
the relative significance to resonance energy and antiresonance energy. For an excimer
complex, since both local-excitation energies are the same, a single reference state is

naturally used for both resonance and antiresonance effects.
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5.2.3 Multistate Density Functional Theory

Multistate density functional theory (MSDFT) is used to determine the intermediate
states in multistate energy-decomposition analysis. Here, we summarize the funda-
mental theorems of MSDFT,[257,, 258] the definition of a Hamiltonian matrix density
functional and the nonorthogonal state interaction (NOSI) method.[7, 52, 131] NOSI
distinguishes from nonorthogonal configuration interaction (NOCI) in that the former
includes dynamic correlation in each excited basis state in an active space, whereas the
latter configuration space generally requires expensive corrections for dynamic correla-

tion to yield quantitative results.[6]

5.2.3.1 Fundamental Theorems

Although MSDFT has been used in a range of applications in the past,[7, 52] it was
in 2021 that Lu and Gao proved three fundamental theorems, establishing MSDFT
as a rigorous density functional theory of quantum mechanics for any number of N
states.[257] For a system described by the Hamiltonian H = HO + veg(r), where H
consists of kinetic energies and electronic interaction energies, and vext(r) is the local
external potential, the first theorem establishes the correspondence of the Hamiltonian
and the N-dimensional multistate matrix density D(r). Theorem 2 is a variational
principle, resulting in the energies and densities of all N eigenstates. Theorem 3 defines
the representation of an N-dimensional multistate matrix density, enabling the design

of different practical algorithms and procedures for computation.

1. Given the subspace V spanned by the lowest NV eigenstates of a molecular system
described by H, the Hamiltonian H° is a universal matriz functional of the N-
dimensional multistate density D(r), H’ = F[D], independent of the external

potential vext(r). Then, the total Hamiltonian matriz density functional (HMDF)
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‘H[D] = F[D] + / D(r)vext (r)dr

Here, the multistate density D(r) is a matrix of electron densities p;(r) = p;i(r);
i=1,...,N and transition densities between any two basis states p;;(r);i # j;
1,5 = 1,...,N. In other words, Theorem [l| establishes a one-to-one correspon-

dence between D and H.

pi(r) -+ pni(r) Hu[D] -+ Hni[D]

pin(r) -+ pn(r) Hin[D] -+ Hyn[D]

2. For any N-dimensional trial matrix density D’(r), the trace of H[D'(r)], defined

as the multistate energy Fyg[D'(r)] = >, H

;» 1s greater than or equal to the

multistate energy Fys[D] of the subspace V:
Eus[D'(1)] = Euis[D(r) (5.19)

The equal sign holds true if the trial density is a matrix density of the subspace V,
i.e., D'(r) = D(r). Then, diagonalization of the Hamiltonian matrix H[D] yields
exactly all N eigenstate energies (and densities), including the ground state and

N — 1 excited states.

3. The N-dimensional multistate matrix density D(r) can be sufficiently represented

by N? independent Slater determinant wave functions.

It is straightforward to see that the Hohenberg-Kohn theorem is a special case of
Theorem (1] for the ground state, where N = 1. In this case, the HMDF H = H[D(r)]

reduces to a 1 x 1 matrix for one state, the ground state, becoming a scalar energy
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density functional of the ground state density po(r): Eo = E[po(r)]. Then, according to

Theorem (3| the density D(r) = po(r) can be represented by a single Slater determinant,
as in the Kohn-Sham formulation of HK-DFT.

A major departure, however, from the HKS-DFT is that state interaction is essential
to representing the multistate density and determining the energies of excited states,
rather than using a noninteracting KS reference system to represent the electron den-
sity of the ground state. Importantly, the implication of Theorem [3]is that for a given
number of N states of interest, a finite number of N? determinant wave functions is
sufficient to represent exactly the multistate density D(r). Consequently, it defines an
upper bound of basis configurational states, i.e., a minimal active space (MAS), in MS-
DFT. Obviously, the number of determinants (N?) to exactly represent the multistate
density D(r) is significantly smaller than that needed to represent the corresponding
wave functions as in a full CI treatment or even in an approximate method employing

a complete active space (CAS).

5.2.3.2 Correlation Matrix Functional

We next introduce the correlation matrix functional, leading to a method for optimizing
the multistate matrix density via one-electron orbitals. Given the basis determinants
=4 of a MAS, representing exactly the multistate matrix density D(r) for the N states

of interest ¥X; K = 1,..., N, the Hamiltonian matrix density functional is written as
H[D(F)] = Tone + Enirs + / D () et ()dr + £.[D(r) (5.20)

where the four terms on the right-hand side of the equation are, respectively, the matriz
density functionals for the kinetic, Hartree-Fock-exchange, external potential, and corre-

lation energies. The matrix elements for the first three terms in Eq. are determined
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from the corresponding Slater determinants,
(EalHIER) = (Tis)an + (Bur)as + [ Dan(ves(r)dr

The correlation matrix functional £.[D(r)] is formally defined as follows according to
Theorem |1} [257]
E[D(r)] = F[D(r)] — (Tms + Enrx) (5.21)

Note that for the ground state, i.e., N = 1, Eq. is equivalent to the exchange-
correlation functional in KS-DFT,

B0 (0)] = Flpa(0) - 7. . [ dear 20000

However, a difference from KS-DFT is that & [D] defines the part of correlation energy

not explicitly included in the minimal active space used to represent D(r).[6]

5.2.3.3 Nonorthogonal State Interaction

The adiabatic ground and intermediate states in the present MS-EDA analysis are
written as linear combinations of determinant basis states =4 that form a minimal active

space (MAS), consisting of the Kohn-Sham reference and singly excited configurations,

Ulyeyy = COZ(sayy + D C1E] (5.22)

7,0
where EE()?.Y) is the reference BLKS determinant for the block-localized complex
(Eq. , E¢ is a singly excited configuration, and c are configuration coefficients deter-
mined by NOSI by diagonalizing the Hamiltonian matrix functional #[D] . Although

orbitals and ¢ can be optimized simultaneously, in NOSL[6] the determinant states
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E%()?.Y) and in Eq. are variationally optimized first using the block-localized ex-

citation (BLE) method.[10} @, 151] In particular, each constrained BLKS-determinant

wave function is written

= AL NN N ) e (&) ) (5.23)

where ng is the jth block-localized spin-orbital that is expanded over the basis functions
located on atoms of monomer U(U € {X,Y}, Ny is the number of electrons, and &
indicates that the ith occupied spinorbital of monomer X in the BLKS reference E{iﬁ.y)
is replaced by the ath virtual orbital. In MSDFT, we include all spin-complement
configurations in the MAS, all of which are together labeled by a single index Z 4.
Subsequently, the matrix elements of the Hamiltonian matrix functional H[D] in the

basis of =4 are determined by
Hap = (EalH|Zp) + E[Dap (5.24)

where the first term can be evaluated by a standard method for nonorthogonal ma-
trix elements. [260, [51), 34] For the diagonal elements &.[D]44 of the correlation matrix

functional, the approximate density functional energy developed for KS-DFT is used,
Ec[D]ap = By [pa(r)] (5.25)

keeping in mind that p4(r) is obtained from a block-localized determinant =4 with
non-aufbau occupations for locally excited state.
The off-diagonal element &:[D]ap called transition density functional (TDF)[52] is

new, and does not exist in KS-DFT; currently, an explicit approximate TDF has not
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yet been developed. Thus, further approximations are needed. For spin coupling inter-
actions between determinants that yield a pair of singlet and triplet (Mg = 0) states,
the value of the TDF energy can be obtained consistently by enforcing the energy de-
generacy among the components of a triplet state,[69, 8, 176, 96] corresponding to a

KS density functional used for the diagonal terms:

(€% = 5 {EES o] — B Lot} (5.26)
where EXS[pl AB( )] is the “Kohn-Sham” correlation energy with the electron density
P AB( r) of the spin-up triplet state HLTB, and EXS [p}(r)] is the KS correlation energy
using p}( ) (equivalently with pB T(r)) corresponding to the spin-mixed determinant
state. The superscript sp in Eq. indicates spin—pairing interactions. The subscript
AB in pLTB(r) is used to indicate that the determinant = H p refers to the triplet state

with respect to the two spin complement determinants = ”N

and EB . Applying the TDF
term in Eq. in NOSI yields a pair of singlet and triplet states (Mg = 0), thereby,
the singlet-triplet energy gap without spin contamination. For all other situations, we

use the overlap-weighted average correlation energy of the two interacting states to

approximate their TDF:[7]

(E)as = 5545 {Ealpa(n)] + ELpp(r)]} (5.27)

We note that the use of a standard exchange-correlation functional or a hybrid
density functional for the diagonal terms typically yields more accurate results than
employing a correlation-only functional. In this case, the corresponding exchange term
is reciprocally removed in the first term of Eq. In other words, standard KS-DFT
energies are used for the diagonal terms except that the determinant is block-localized

nonaufbau occupation constrained.
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5.3 Computational Details

Monomer and exciplex structures have been optimized using KS-DFT or TDDFT with
the Minnesota M06-2X density functional[I77] and the cc-pVTZ and cc-pVDZ basis
sets.[262] The Gaussianl6 program is used in these calculations.[263] For the present
multistate energy decomposition analysis, the MSDFT-NOSI method has been imple-
mented into the Qbics program developed in our laboratories[261] and a separate pro-
gram for BLW-ED analysis interfaced with the GAMESS-US program for electronic
integrals.[107] In NOSI calculations, we used a fine grid consisting of 96 radial shells
and 302 angular points. In addition, EOM-CCSD, FIC-NEVPT2, and MRCI were
performed with two basis sets for comparison in the Supporting Information of [266].
Throughout this chapter, energies are given in electron volts (eV), widely used in spec-

troscopy of excited states.

5.4 Results and Discussion

Based on the nature of stabilizing forces in exciplex formation, we roughly group the
excited-state complexes into three categories: (1) encounter excited-state complex, (2)
charge-transfer exciplex, and (3) intimate excimer or exciplex. Excited-state complexes
in Category 1 originate dominantly from the same type of intermolecular forces as that
in the ground state, in which one molecule is in an excited state and the geometry of the
other molecule in the complex remains in the ground state with only a minor geometrical
deformation induced by (nonphotochemical) intermolecular interactions. The excimer
complex between two acetone molecules and the exciplex between acetone and methyl
vinyl ether belong to this category, in which one acetone molecule is excited to its n — 7*
state that is loosely bound to the second molecule. In Category 2, interfragment charge-

transfer excitation has a lower energy than or similar to that of valence excitations of
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Figure 5.4: Comparison of vertical excitation energies obtained using multistate density
functional theory (MSDFT) and time-dependent density functional theory (TDDFT).

The Minnesota M06-2X functional is used.
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either species in a bimolecular complex. The driving force for exciplex formation is

electrostatic Coulomb interaction. Examples include complexes involving the strong

electron acceptor tetracyanoethylene (TCNE). Category 3 complexes are produced as a

result of the resonant excitation of all individual species in the complex. The pentacene

excimer complex in the S; state is a vivid illustration.

We first discuss the performance of nonorthogonal state interaction (NOSI) method

of MSDFT by comparison with results from TDDFT calculations employing the same

approximate density functional (M06-2X). Then, we present findings from MS-EDA

analysis of the three categories of excited-state complexes.
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5.4.1 Excitation Energies and Validation of Method

The performance of the MSDFT-NOSI method along with a small MAS is validated
on the computed excitation energies (Fig. . Since intermediate reference states
in the EDA procedure are electronic diabatic states, which are not direct observable
experimentally, we focus on comparison of the

excitation energies of the monomer compounds. Table lists the total energies
of the ground state and the vertical excitation energies of the first two singlet excited
states from MSDFT-NOSI calculations for the monomer compounds considered in this
chapter and related molecules. In addition, included in Table[5.I] are the emission ener-
gies using the optimized structures of acetone and pentacene in the first excited states.
The NOSI results are compared with TDDFT values along with experimental data. For
these simple organic chromophores, TDDFT is known to perform well in benchmark
studies,[289] providing a good reference for comparison with the NOSI method em-
ploying the same approximate density functional and basis set. Table shows that
the agreement between results from the two computational methods is excellent with
a root-mean-square deviation (RMSD) of 0.11eV for the S; states, 0.25€eV for the Sy
states, and 0.19 eV for all vertical excitation energies. A further indicator is the mean-
signed-average (MSA) and mean-unsigned-error (MUE), which are —0.06 and 0.14 €V,
exhibiting no systematic errors for the singlet excited states. We anticipate that this
trend will be carried over to the energies of intermediate states in MS-EDA.

Another important finding is revealed in Table by comparing the total ground-
state energies from NOSI with those by KS-DFT calculations (Fig. |5.4). The former
method is a multistate, multiconfigurational DFT in which state interaction is key in
determining both the ground state and excited state energies, whereas the latter employs
a non-interacting system consisting of a single determinant wave function purely for

representing the ground-state density. One lingering question in multiconfigurational



Table 5.1: Computed total energies (au) for the ground state and excitation energies (eV).?

b S() (au) Sl Sl
molecule MSDFT AFBxs MSDFT TDDFT  exp® | MSDFT TDDFT exp®
naphthalene —385.76533 0.00000 |  4.75 478 47 4.81 489 3.7
pentacene —846.54223 0.00000 | 2.25 2.32 2.3 3.29 3.47
PCA ~845.54485  —0.00007 |  5.25 5.29 5.08 5.83 583  6.41
TCNE —447.41678 0.00000 | 4.75 485 475,484 | 5.21 506  5.67
t-DME ~307.51100  —0.00015 |  6.71 6.71 6.2 7.08 6.91
«-DME ~307.50997  —0.00028 |  6.39 6.42 6.16 6.82 6.73
MVE ~193.03249  —0.00043 |  7.06 7.19 6.48 7.44 742 9.6
MeyC = O ~193.07551  —0.00055 |  4.47 4.20 4.38 7.90 827  6.35
MesC =0 (S;) | —193.043904  —0.00197 |  2.94 2.90 3.06 6.27 6.75
pentacene (S1) | —846.53459 0.00000 |  1.85 1.89 2.91 3.33

*The Minnesota M06-2X density functional is used both in NOSI and
TDDFT calculations. Relative energy given in electron volts (eV) be-
tween results from MSDFT-NOSI and KS-DFT, AEks = FEnosi —
Fxsprr. This is a reasonable indicator of possible double counting of
electron correlation for single-reference molecules.

PPCA: para-chloromethyl anisole, TCNE: tetracyanoethylene, MVE:
methyl vinyl ether, DME: 1,2- dimethoxyethene.

“References [113] 292] 293] [294] 295] 296]

1€T1



Table 5.2: Computed total triplet-state energies (au) and excitation energies (eV) for the first two triplet states relative
to the singlet ground state.?

moleculeP Ti(X) h &

MSDFT AFEks MSDFT TDDFT exp® | MSDFT TDDFT exp
naphthalene —385.63259 —0.00050 3.61 3.63 3.0 4.18 4.28 3.9
pentacene —846.50452 —0.01088 1.03 1.32 0.86 2.17 2.50 > 2.0
PCA® —845.40970 —0.03489 3.68 4.32 4.42 4.53
TCNE —447.31172 0.00000 2.86 2.86 5.66 5.16
t-DME —307.35069 —0.00004 4.36 4.36 6.77 6.65
c-DME —307.35079 —0.00026 4.33 4.33 6.29 6.14
MVE —192.86691 0.00000 4.51 4.50 4.2 7.31 7.19 8.8
Me,C =0 —192.92376 0.00000 4.13 4.11 4.18 6.36 5.78 5.88
MeyC = O (S1) | —192.94603 —0.00001 2.66 2.63 4.30 3.70
pentacene (S7) —846.51462 —0.00923 0.54 0.80 1.88 2.22

#The Minnesota M06-2X density functional is used.

PPCA: para-chloromethyl anisole, TCNE: tetracyanoethylene, MVE:
methyl vinyl ether, DME: 1,2- dimethoxyethene.

“References [296] 297 298] [299] [300].

cEl
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DFT (MC-DFT) has been double counting of electron correlation since KS-DFT, in

principle, includes all electron correlation, which is added to an MCSCF energy.[52], [131],
290, 2911, 169] MSDFT differs from other MC-DFT models in that the total electron
density from a MCSCF wave function is not directly used in KS-DFT correlation energy
evaluations. Rather, the MSDFT correlation functional is an implicit functional of
the multistate density and the correlation functional developed for KS-DFT is used
solely to approximate the correlation energy of a determinant state (diagonal terms)
of the Hamiltonian matrix density functional H[D]. Consequently, we find that the
difference in the ground-state energy between MSDFT and KS-DFT is negligibly small,
even though the KS-DFT state is included as one member of the MAS in all NOSI
calculations. Acetone exhibits a small amount of multistate stabilization of 0.55 meV
(0.01 kcal/mol) in the ground-state geometry and ca. 2meV (0.05 kcal/mol) using the Sy
state geometry, while multistate effects as compared to KS-DFT are generally less than
0.5meV for other compounds. The data in Table demonstrate that there is little
double-counting of correlation in these systems when an approximate density functional
developed for KS-DFT is directly used for the determinant states in MSDFT.

The computed triplet state energies are given in Table For the lowest triplet T3
state, KS-DFT is typically sufficient, whereas the 75 states are obtained using TDDFT
based on this reference. Table [5.2] shows that the accord between NOSI and TDDFT
(KS-DFT) results is also reasonably good. In particular, the RMSD errors are 0.25eV
for 17 states, 0.35€eV for Ty states, and 0.31eV overall. Further, the MSE and MUE
are, respectively, 0.00 and 0.20eV for all triplet states. However, the NOSI T} energies
of pentacene (both in the Sp and S; structures) and para-chloromethyl anisole (PCA)
have somewhat greater deviations from KS-DFT values than other cases. We attribute
the increased deviation to multiconfiguration characteristics in the T} triplet states for

these two aromatic compounds, which is confirmed by the Chirgwin-Coulson structure
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Figure 5.5: Optimized structures in the first singlet excited states of the acetone excimer
and acetone - - - methyl vinyl ether exciplex.

J\J\

(Me,C=0)---(Me,C=0) (Me,C=0)---(MeOCH=CH,)

weights, having values of 0.92 and 0.94 for the dominant configuration in the two (S
and S1) pentacene structures, and a value of only 0.65 for the dominant configuration
in PCA. Thus, the use of a single determinant in KS-DFT for the 7} state may be
questionable for these compounds and could indeed have large errors. In this regard,
the results from MSDFT-NOSI may be more reliable. This is reflected in the computed

T} energies, where NOSI yields a lower value than KS-DFT.

5.4.2 Encounter Excited State Complexes

The optimized structures (Fig. of the excimer complex of two acetone molecules
and the exciplex between acetone and methyl vinyl ether in their first excited state
using TDDFT/ M06-2X/cc-pVTZ reveal that they are characterized as a single acetone
excitation to its n — 7* state with a bent geometry interacting with its binding partner
in the ground state. This is clearly reflected by the geometrical distortion energies of 0.75
and 0.82eV for the photochemically excited acetone in the two complexes (Table ,
respectively, corresponding to the change from the ground state in equilibrium to that

found in the excited-state complexes. For the other partners in the complexes the energy
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Table 5.3: Excitation energies of adiabatic, diabatic, and intermediate states in the
lowest singlet and triplet excited states associated with the acetone dimeric and
acetone - - - methyl vinyl ether (MVE) exciplex complexes. #

XY (MesC = 0) - (MesC = 0) | (MeoC = O) -+ - (MVE)
energy terms singlet triplet singlet triplet
- X*[EC] 3.80 3.53 3.79 3.53
a Y*[EC)] 4.39 4.08 6.80 4.39
AE, X[EC) 0.75 0.75 0.82 0.82
St Y[EC) —0.02 —0.02 —0.01 —0.01

5 (X*eY) 3.58 3.31 3.64 3.38
Lex (X oY) 4.97 4.67 7.46 5.04
5 (X oY) 3.58 3.31 3.64 3.38
Ex (X eY)r | 497 4.67 7.34 5.04
Fan (XeY)$E | 352 3.26 3.64 3.38
(XeY)SE | 485 4.55 6.31 (CT), 7.38  5.04

E (XY)} 3.53 3.22 3.63 3.39
XY (XY)s 4.66 4.46 5.76 (CT),P 7.27  4.51

* All energies are given in electron volts (eV), relative to the ground state
energies of a monomer, X[So] and Y [Sp], or two separate molecules at
their optimized structures, i.e., adiabatic ground-state energies are set
equal to zero. Square brackets indicate optimized geometry used in
energy calculations with Sy for the ground state and EC as exciplex
complex. All calculations for bimolecular complexes adopt the [EC]
structure. The M06-2X density functional and the cc-pVTZ basis set
are used in NOSI calculations. The energies terms may be compared
with the illustration of Scheme [5.31

PCharge transfer (CT) state.
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changes are negligible (the small negative values are probably due to multistate effects).
Table [5.3lists the adiabatic and intermediate excited-state energies of the monomer and
dimer species, all of which are given relative to that at the equilibrium ground state for
direct comparison (Scheme . Therefore, the adiabatic excitation energies of acetone
are about 3.8eV in both complexes, significantly smaller than the vertical excitation
energy of 4.47¢eV (Table ,but the vertical emission (hv,q — AFEqist) energies of 3.05
and 2.97eV of the excited acetone in the exciplex geometries in the two complexes
are similar to that (2.94¢eV) of the optimized S; structure of acetone (Table from
MSDFT-NOSI calculations. On the other hand, the “adiabatic” excitation energies of
the second monomers in the two exciplexes are, respectively, 4.39 and 6.80¢eV, close to
the vertical excitation energies of the isolated monomers (4.47 and 7.06 €V). Thus, these
two exciplexes are best described as dipolar van der Waals complexes.

The triplet state energies are also shown in Table [5.3} exhibiting similar trends, but
they are obtained using the same monomer and excimer geometries optimized for the
singlet states. Thus, they are not further discussed nor listed for these complexes or
any of the other systems below.

The local excitation energies of the excited acetone and its binding partner in both
complexes exhibit different trends (Tables and , with a large Stokes shift of
0.84eV (3.80eV excitation and 2.96eV emission) in the acetone excimer and 0.79eV
(3.79¢€V excitation and 3.00eV emission) in the acetone-MVE exciplex for the excited
acetone molecule, but with essentially no spectral change for the second monomer in
the complex as it largely remains in the ground-state geometry. A relevant quantity is

the exciton polarization energy, AEX

Lpol’ corresponding to the vertical excitation energy

difference of the chromophore (acetone) in the same geometry with and without the pres-

ence of the second binding partner molecule, which is —0.09eV (2.96 eV-3.05¢V) for the
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Figure 5.6: Ground and excited-state energies (eV) for the first singlet exciplex of ace-
tone and methyl vinyl ether in multistate energy decomposition analysis. The energies
of adiabatic ground state of isolated monomers in equilibrium geometries have been set
equal to zero. The effective adiabatic excitation energies of the separate monomers in
the exciplex geometries are given in red. Singlet (maroon) and triplet (green) states
are labeled on the far right for exciplex complex. Energy levels are not drawn in scale.
Energies corresponds to excitation and resonance terms defined in Scheme

(Me,C=0)---(MVE) Exciplex
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acetone excimer, and +0.03 eVl (3.00eV-2.97¢eV) in the acetone-MVE exciplex. The po-
larization effects are small for the ground-state monomers, with energy changes of +0.06
and 40.01 eV in the two complexes, respectively. Note that the seemingly positive energy
changes are compensated for by the binding energy of the isolated, distorted monomers
to form the local complexes (—0.11 and —0.17 eV, respectively). The excited-state ener-
gies and relative energies in Table are displayed in Fig. for the acetone-MVE ex-
ciplex, corresponding to the energy terms defined in Scheme whereas results for the

acetone excimer can be found in ref [198]. Fluorescence quenching by alkyl vinyl ethers



Table 5.4: Relative energies (eV) in multistate energy decomposition analysis of the lowest singlet and triplet excited
states in the acetone excimer and acetone - - - methyl vinyl ether (MVE) exciplex.?

XY (MegC = O) cee (MGQC = O) (MGQC = O) s (MVE)

energy terms S S5 T T S So T T

7 3.80 439 353 408 | 3.79 6.20 3.53  4.39
AEL, 296 435 269  4.05 | 3.00 6.70 2.74 440
AELin 062 062 062 062 | 0.64 0.64 0.64  0.64
AEE 296 435 269  4.05 | 3.00 6.70 2.74  4.40
AAEE 0.00  0.00 0.00 000 | 0.00 0.00 0.00  0.00
AAEL, -0.06 —0.12 —0.05 -0.12 | 0.00 -1.0320.04 0.00 0.0
AAESp 0.0l —-0.19 -0.04 —0.09 |-0.01 -0.55"-0.11 0.01 —0.53
AAED, —-0.07  —0.07 —0.07 —0.07 | —0.09 —0.09 —-0.09  —0.09
AE, -027 027 -—041 038 | —0.16 -0.44°1.07 -0.14  0.12

3See Scheme [5.3]and the footnote of Table [5.3]
PCharge transfer state, energy given relative to the Ss exciton state.

8¢T
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has been reported by Schore and Turro who attributed the observed quenching rates
to the formation of acetone - - - ether exciplexes with charge transfer playing a role.[301]
A correlation to the observed spectral shift of tetracyanoethylene- - - alkyl vinyl ethers
discussed next was found.

The remainder of the energy terms for the two loosely associated excimer complexes
are largely unremarkable except the second excited state of the acetone-MVE exciplex
(recall that geometry is optimized for the S state), where a charge transfer state emerges
to be lower than the covalent excitation of MVE (state in brown in the superexchange
intermediate in Fig. |5.6). Thus, relative to the Sy exciton state, corresponding to the
first local excited state of MVE in the dimer complex, the superexchange stabilization
is —1.03eV, which is further lowered by —0.55eV by orbital and configuration-state
delocalization (OCD term). Therefore, the net binding energy of the Sy exciplex state
(S; state geometry) is —0.44 eV, relative to MVE reference valence excitation (hiz3?).
For the S; exciplexes of acetone dimer and acetone-MVEL, the net binding energies
(Eq. are —0.27 and —0.33eV, with a net ground-state contribution of 0.55€eV in

both systems to overcome the large structural distortion energies.

5.4.3 Charge-Transfer Complexes

Tetracyanoethylene (TCNE) can form rather stable complexes (Fig. [5.7]) with methyl
vinyl ether (MVE) and naphthalene (Naph) in the ground state with binding energies of
—0.51eV and —0.28 eV (—11.8 and —6.5 kcal/mol), respectively (Table[5.5). However, at
the Sy exciplex geometries, the binding energies in the ground state (AEyy,) are repulsive
(+0.41€eV) in the MVE structure and barely associative (—0.03eV) for the naphthalene
complex, indicating significant monomer structure distortion in the exciplex. In both
exciplexes, the lowest excited state is of charge transfer character from the electron rich

monomers to TCNE. In fact, the three lowest excited states in the TCNE-Naph exciplex



140

Table 5.5: Relative energies (eV) of adiabatic, diabatic, and intermediate states in the
lowest singlet excited states of tetracyanoethylene (TCNE) - --methyl vinyl ether and
TCNE - - - naphthalene exciplex.?

XY (TCNE)--- (MeOCH = CHy) | (TCNE)-- - (naphtalene)b©
energy terms [So] geom [S1] geom [So] geom [S1] geom
it X*[EC] 4.68 4.41 4.58 4.44
Y*[EC] 6.81 6.49 4.61° 4.65P
4.69¢ 4.50¢
AEgs  X[EC] 0.00 0.17 0.02 0.22
Y[EC] —0.02 —0.03 —0.02 0.12
Fre« (X* oY) 4.55 4.67 4.35 4.27
(X oY) 6.60 7.04 4.40P 4.56"
4.48° 4.42¢
Fgy (X oY)% 4.46 4.58 4.10 3.87
(X e Y)* 6.69 7.10 4.40P 4.56P
4.69° 4.76°
FEsg (X oY)SE 3.04 (CT)  1.90 (CT) 242 (CT)Y 177 (CT)d
4.42 4.69 3.16 (CT)d 281 (CT)d
4.12¢ 3.98¢
453 (CT)Y 413 (CT)4
(X o Y)SE 6.65 7.10 4.41P 4.61P
4.69¢ 4.81¢
Exyy (XY)} 2.62 (CT)  1.19 (CT) 1.67 (CT)Y  1.15 (CT)4
4.29 4.63 246 (CT)Y 229 (CT)d
3.77 (CT)d  3.45 (CT)d
4.32 4.12
(XY)5 NA® NA® 4.40° 4.38P
4.51¢ 4.53¢

#All energies are given relative to the adiabatic ground state energies of

monomers. The M06-2X density functional and the cc-pVDZ basis set
are used. The energy terms may be compared with the illustration of
Scheme [(5.31

b¢Two close-lying states are given for naphthalene.

b L, state.

¢ L, state.

dCharge transfer (CT) states, respectively from HOMO, HOMO—1, and
HOMO — 2 of naphthalene to the LUMO of TCNE.

°Not assigned.
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Figure 5.7:  Optimized bimolecular complex structures (side view on top, and top
or tilt views in the bottom) for tetracyanoethylene (TCNE)---methyl vinyl ether,
TCNE - - - naphthalene, and pentacene dimer in the optimized ground state (XY')Sy
(crystal structure for pentacene) and first singlet excited state (XY)S;. M06-2X den-
sity functional and the cc-pVDZ basis set are used.
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(TCNE)---(MeOCH=CH,) (TCNE)---(Naphthalene) (Pentacene)---(Pentacene)

are CT states, corresponding to the transfer of one electron from the HOMO, HOMO -1,
and HOMO — 2 orbitals of naphthalene to the LUMO of TCNE (Table and Fig. ,
in both the optimized complex structures of the ground state (Sp) and the first excited
state (S7). In the exciplex complex, the electron acceptor TCNE is noticeably distorted
with a bent butterfly like geometry, having a geometrical distortion energy AFEg;s; of
0.17eV in the MVE complex and 0.22 eV in the naphthalene state. Interestingly, covalent
vertical excitation energies for both monomers in the two exciplex complexes are not
significantly different in the Sy and S; complex structures. Exciton delocalization only
lowers the excited-state energies modestly by about 0.1eV in the TCNE-MVE exciton
state, and somewhat greater at 0.25 to 0.40eV for the TCNE-Naph complex.

Not surprisingly, the greatest energy contribution in the MS-EDA analysis come
from charge transfer (CT) effects in the direction from MVE or Naph to TCNE. For
the TCNE-MVE complex, the charge-transfer superexchange stabilization is estimated

to be 1.42 eV using the ground-state structure of the bimolecular complex, and 2.68 eV
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Ground (blue) and excited-state (maroon) energies (eV) for the singlet

exciplex of tetracyanoethylene (TCNE) and naphthalene in multistate energy decom-
position analysis. The Sy complex geometry is used. The energies are given relative
to that of adiabatic ground state of isolated monomers in equilibrium geometry. Three
charge transfer states (in brown) appear at the superexchange stage of MS-EDA. The
effective adiabatic excitation energies of the separate monomers in the exciplex geome-
tries are 4.62, 4.61, and 4.65 eV for the first, second, and third exciton states, originating
dominantly from the m — 7* state of TCNE, and the L; and L, states of naphthalene.
Energies corresponding to excitation and resonance terms defined in Scheme
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in the 57 exciplex geometry. Similarly, for the TCNE-Naph exciplex, we found a CT

stabilization of 1.68 eV in the Sy complex geometry (Fig. , and 2.10eV in the S;
exciplex structure. Orbital delocalization also significantly lowers the excitation energies
of the exciplexes, contributing —0.42 and —0.71eV in the two structures of TCNE-
MVE exciplex, and —0.75 and —0.62eV for the TCNE-Naph complexes. However, the
charge delocalization effects from TDDFT calculations are likely overestimated due to
delocalization errors on charge-transfer excitations.[190]

For a CT exciplex, its binding energy is not directly related to covalent excitation of
either monomer. Nevertheless, we can still consider the CT complex formation through
an initial formation of the exciton complex, followed by an interfragment charge transfer
as in the MS-EDA steps. Then, the definition of binding energy of Eq. can still be
used. Thus, for TCNE - -- MVE, the binding energies at geometries of the ground-state
complex and the optimized S; exciplex are —2.15 and —3.28 eV, and for TCNE - - - Naph,
they are —2.94 and —3.30 €V, respectively.

On the other hand, if one considers the starting reference state as the equilibrium
geometry of the bimolecular complex in the ground state, the exciplex binding energy

may be defined by the following photochemical process:

(XY)[So]0 Moy (XYYSol® 25 (xv) Sy (5.28)

Equation shows that for a CT exciplex, the binding energy of the exciplex may be
assigned to the energy change from the vertical charge-transfer absorption complex in
the equilibrium ground-state geometry to the equilibrium exciplex geometry. From the
data in Table we immediately obtain a AEET of —1.13¢eV in the TCNE---MVE
exciplex and —0.36eV in TCNE - - Naph, as a result of structural relaxation induced

by CT excitation. Then, the energy components will be the term-by-term difference in



Table 5.6: Relative energies (eV) in multistate energy decomposition analysis of the lowest singlet states in
tetracyanoethylene (TCNE) - - - methyl vinyl ether and TCNE - - - naphthalene exciplex.?

XY (TCNE) - - - (MeOCH = CHy) (TCNE) - - - (naphtalene) b
geometry [So] geom [S1] geom [So] geom [S1] geom
energy terms | [S1] [S] [51] [S2] [51] Ly/L, [51] L,/ L,
hnul 4.77 6.72 4.47 6.37 4.62  4.61/4.65 4.45  4.47/4.65
AFErint —0.23 —0.23 0.54 0.54 —0.22 -0.22 0.08 0.08
AErIgf 4.86 6.75 4.18 6.46 4.62 4.62/4.65 4.24 4.27/4.48
AEé(X 4.69 6.92 4.04 6.66 4.33 4.62/4.91 3.79 4.48/4.68
AAE{feS —-0.17 0.17 —0.18 0.20 —0.29 0.00/0.26 | —0.45 0.21/0.20
AAEéfE (—1.42) —0.04 | (—2.68) 0.11 | (—1.68) 0.01 (—2.10) 0.05
(—0.94) 0.00 (—1.06) 0.05
(0.43) (0.26)
0.02 0.11
AAEgCD (-0.42) —0.13 | (=0.71) —0.06 | (—0.75) -0.02 (—0.62) -0.28
(—0.70) -0.18 (—0.52) -0.23
(—0.76) (—0.68)
0.20 0.14
AEEOCT —0.28 —0.28 —-0.13 —0.13 —0.05 -0.05 —0.11 -0.11
AEEE) —0.51 0.41 —0.27 -0.27 —0.03 -0.03
AEE (—2.15) —-3.28 (—2.94) -0.22 (—3.30) -0.14
covalent —0.29 -0.14 —0.33 -0.07
#Charge transfer (CT) states are shown in parentheses. See

Scheme [5.3Jor energy definition and the footnote of Table
®Only binding energy for the lowest charge transfer state is shown.

4!
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Table [5.5| obtained between the optimized geometries in the ground state (XY')[Sy] and

the excited state of the exciplex (XY)[Si]. The details of these energy differences are
not further discussed here.

Experimentally, a charge-transfer absorption spectrum for the TCNE - -- MVE com-
plex has been reported with a maximum absorption wavelength of 401 nm (3.09¢€V) in
90 % cyclohexane and 10 % CH2Cly solution.[302] With the ground-state bimolecular
complex structure, the computed values are 3.27eV (3.04 - (—0.23)) at the superex-
change stage using NOSI and 3.13 (2.62 - (—0.51)) eV, without considering solvent
effects. The value for the exciplex geometry appears too low. In comparison with
previous calculations using an optimized range-separated functional[148| [189] and ex-
perimental data,[I90] the excitation energies of the TCNE - - - Naph complex for the first
two exciplex states (2.64 and 3.38 V) using the Sy structure from the present MS-EDA
using NOSI at the superexchange stage are in good accord with experimental results
(2.60 and 3.23eV for S; and S3)[190] and with specifically optimized range-separated
TDDFT calculations (2.7¢V for S7)[148] and the CAM-QTP-02 functional (2.80 and
3.57€V).[189)
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5.4.4 Intimate Excimers

For the third category of excited-state complexes, in which the electronic excitation is
fully delocalized over the monomers in the exciplex, we illustrate the energy components

of the anthracene dimer system in two geometry arrangements: the optimized S

Table 5.7: Computed excitation energies (eV) and energy components from multistate
energy decomposition analysis (MS-EDA) for pentacene excimer and a pentacene dimer
fishbone configuration.?

excimer fishboneP

energy term L, L, L, L,
hik 2.10 3.14 2.21 3.24
AFgist 0.18 0.18 0.03 0.03
ELex[(X* 0 Y)K] 1.89 3.04 1.99/1.98 2.92/2.92
Ep[(X o Y)E-] 1.46 2.92 1.97 2.92
B [(X o Y)K+] 2.40 3.03 2.02 2.93
Esgl(X o Y)hr] 0.62 2.70 1.88 2.92
E%[(X eY)SH] | 230 (CT), 247 3.38 | 1.97, 2.23 (CT) 2.93
Eg(fy) 0.94 2.49 1.71 3.07
E Xy 2.11 2.87 1.92 3.10

#All excitation energies are given relative to that of the adiabatic ground

state of isolated pentacene. The M06-2X density functional is used along

with the cc-pVDZ basis set. Adapted from ref [198]. Copyright 2023

American Chemical Society.

The HOMO — 1 — LUMO + 1 configuration was not included.
excimer, and a fishbone configuration corresponding to that found in a crystal structure
of anthracene (Table . This system has been described in a preliminary report on
the MS-EDA methodology, although a different reference state was used in binding
energy calculations. Here, we list the binding energy relative to the reference energy
for the unbound species defined in Eq. and the locally excited reference state for
exciton resonance energies in Table [5.8] We highlight the key contrasting features of

the intimate excimer in comparison with conformation dependence of the anthracene

dimer itself, and the other two categories of exciplexes. An energy correlation diagram



Table 5.8: Relative energies (eV) in multistate energy decomposition analysis of singlet states of pentacene excimer and
pentacene dimer in a fishbone configuration.?

geometry excimer fishbone®

energy term | L Ly L, Lf L, L Ly Ly

hik 2.10 2.10 3.14 3.14 2.21 2.21 3.24 3.24
AEL, 1.89 1.89 3.04 3.04 2.32 2.31 3.25 3.25
APFE¢int 0.07 0.07 0.07 0.07 | —0.33 —0.33 -0.33 —0.33
AEE 1.33 2.46 2.70 3.38 2.30 2.35 3.25 3.26
AAEE —0.56 0.57 —-0.34  +0.34 | —0.02 0.04 0.00 0.01
AAEL, —0.84 (-0.10) 0.07 —0.22 0.35 | —0.09 -0.05 (0.21) 0.00 0.00
AAEK 0.32 —0.19 -0.21 -0.51 | —=0.17 —0.05 0.05 0.07
AEfOCT —0.13 —0.13 -0.13 -0.13 | -0.14 —0.14 -0.14 -0.14
AE‘E{; —0.05 —0.05 —-0.05 —0.05 | —0.47 —0.47 —0.47 —0.47
AE[E —1.22 (0.14) —0.80 0.15 | —0.50 —0.29 —-0.27 -0.24

#Charge transfer (CT) states are shown in parentheses. Definition of en-
ergy terms can be found in Scheme [5.3] The M06-2X density functional
is used along with the cc-pVDZ basis set.

Lyl
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for the excimer complex of pentacene dimer can be found in reference [198].

As other polyaromatic acenes, anthracene has two close-lying excited singlet states
termed as the L,(S1) and L,(S2) states. The dimeric excimer of anthracene molecules
was optimized to a symmetric geometry using TDDFT with M06-2X /cc-pVDZ, whereas
the two monomers in the fishbone configuration in the crystal structure are not fully
equivalent. In the latter case the HOMO — 1 to LUMO + 1 excited configuration was
not fully converged and thus not included in the calculation, which would affect the L,
energy slightly. In the excimer geometry it has a rather small contribution to the

L, state using the excimer structure with a structure weight of 0.06 (0.94 for the

a
HOMO — LUMO configuration). The anthracene dimer as a category 3 excimer is
distinguished from the other two classes of exciplexes by strong exciton resonance in-
teraction in all excimer states between the two locally excited monomers, resulting in
large energy splitting |[AV4p| in the L, and in the L, state. Table shows that the
LE and Ll:)IE energy differences are 1.13 and 0.68 eV for the excimer, and that |[AV4p| is
highly sensitive to the distance and relative orientation (overlap) between the monomers,
reducing to values of 0.05 and 0.01eV for the two pairs of states in the fishbone con-
figuration. In the excimer complex, the charge-delocalization state lies between the L,
and L] states, stabilizing the former by —0.84¢eV, but increasing the energy of LI by
0.07€V in a three-state interaction scheme. On the other hand, at the fishbone config-
uration, the charge-delocalization state is higher in energy than the L, states, thereby,
lowering the energies of both L, and L} states by —0.09 and —0.05eV. Surprisingly,
superexchange stabilization is also highly dependent on the overlap between the two
monomer states. Not surprisingly, the excimer complex has a strong binding energy of
—1.16 eV, whereas for the fishbone configuration found in pentacene crystal it is only

—0.50 €V, significant, but —0.47eV comes from ground-state effect using the M06-2X
density functional (Table [5.8).
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5.4.5 Structure Weights

We finally comment on the computed structure weights of local states in the exciton and
superexchange intermediates. In Table [5.9] we list the structure weights of three repre-
sentative complexes, namely, the acetone--- MVE and TCNE - - - naphthalene exciplex,
and the anthracene excimer. In MS-EDA | the structure weights for the exciton states
have been used to determine the corresponding weighted adiabatic excitation energy
of the isolated molecules (h7X), and the reference energy for the locally excited states

(AEK

o) to determine exciton resonance energy. Further examination of the data in Ta-

ble 5.9 reveals an interesting trend. For the intimate excimer complexes, strong state
interactions are found among the symmetry allowed local states. Even though the exci-
ton resonance stabilization is severely reduced in the tilted pentacene orientation of the
fishbone structure, exciton delocalization is observed. However, the tilting effect clearly
results in a preference for a directional charge transfer in the superexchange complex,
with structural weights of 0.28, 0.02, and 0.70 for the L exciton state and the [P~ e PT)
and | PT e P~) charge transfer states, respectively. For comparison, this state (S2) in the
symmetric excimer complex has an equal forward and backward charge transfer contri-
butions, resulting in a net zero charge transfer in the complex. The implication of this
finding could be significant toward an understanding of the mechanism of directional
multiexciton formation in singlet fission in pentacene monolayer materials. [58]

For class 2 and 3 exciplexes, although exciton state interactions can be strong in a
particular state, they are generally not present for the remaining states. For example, in
the acetone - - - MVE exciplex, the lowest singlet state is 100 % of n — 7* local excitation
of acetone, whereas in the second Sy state, dominantly charge transfer from methyl
vinyl ether to acetone is mixed with the local n — 7* state at 9% in structure weight.
Furthermore, the local acetone n — 7* state is strongly mixed with the MVE ©m — 7*

state, having structure weights of 20 % and 80 %, respectively. Yet, the contribution
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Table 5.9: Structure weights of local excited states and individual charge transfer (CT)
states in the exciton and superexchange intermediates in multistate energy decomposi-
tion analysis (MS-EDA). #

exciton (X e Y)* superexchange (X o Y)SF
(X*eY) (XeY*) | (XeY)* (X oYt (XTeY™)

(MexC = O) - - - MVE exciplex

exciplex state

(n — m)x 1.00 0.00 1.00 0.00 0.00
CT 0.09 0.91 0.00
(r — ™)y 0.20 0.80 0.98 0.02 0.00
TCNE - - - Naphthalene exciplex

(CT)gP 0.02 0.98 0.00
(CT)g_1° 0.11 0.89 0.00
(r — 7)x 0.61 0.39 0.92 0.08 0.00
(CT)g_o° 0.0 1.00 0.00
(Ly)y 0.0 1.00 0.98 0.02 0.00
(L,)y 0.36 0.64 0.92 0.08 0.00
(pentacene)y excimer

'L, 0.43 0.57 0.64 0.18 0.18
(CT) 0.10 0.45 0.45
Lt 0.58 0.42 0.90 0.05 0.05
'L, 0.17 0.83 1.00 0.00 0.00
'L 0.92 0.08 1.00 0.00 0.00
(pentacene)s fishbone configuration

L, 0.60 0.40 0.68 0.02 0.30
Lt 0.40 0.60 1.00 0.00 0.00
(CT) 0.28 0.02 0.70
'Ly 0.57 0.43 1.00 0.00 0.00
'L 0.43 0.57 0.98 0.02 0.00

#States are listed in order of increasing energy of the exciplex, labeled by
characteristic transitions of X (the first molecule in a (X ¢Y") complex)
and Y (the second compound).

PHOMO, HOMO — 1 and HOMO — 2
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of the m — 7* state of MVE to acetone n — 7* excitation is negligible. This is also
seen in the TCNE - - - naphthalene exciplex, in which the 7 — 7* local state of TCNE is
strongly coupled to the L, state of the aromatic compound, but the L, state is a pure
local excitation. In all asymmetrical exciplexes, only one direction of charge transfer is
dominant, rather than a charge-transfer resonance found in the symmetric pentacene

excimer.

5.5 Conclusion

In this chapter, we present a multistate energy decomposition analysis (MS-EDA) to
dissect the energy components in molecular complexes in excited states. In particular,
the total binding energy of an excimer or an exciplex is partitioned into a ground-state
effect called local interaction energy A Fp ¢, an exciton excitation energy AE{fx resulting
from the resonance state interaction of individual monomer excited states |¥% o \Ilf,°>
and |\II§(O e U3 ), a superexchange stabilization energy AAEgE due to intermolecular
charge transfer [0} @ U3) and |¥ @ UF), and an orbital and configuration-state delo-
calization energy AAEgCD as a result of a stepwise progression from monomer block-
localized Kohn-Sham orbitals to the fully delocalized molecular orbitals. To determine

: K
the exciton resonance energy AAFER, .,

we have defined a local excitation energy via
the structure-weighted reference state without excited-state interaction. Similarly, a
structure-weighted adiabatic excitation energy, corresponding to the minimum (pho-
toexcitation) energy needed to produce an exciplex (or excimer) complex, has been
introduced to give a well-defined energy term for binding of the exciplex or excimer
complex in the excited state.

An important feature of the present MS-EDA method is that key intermediate states

associated with different energy terms can be variationally optimized, providing quan-

titative insights into widely used physical concepts such as exciton delocalization and
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charge transfer effects in excited states. Although local molecular excitation to a partic-
ular state K in the presence of other molecules in the ground state, AE{{GX [|\IJ§( ° \I/f,oﬁ ,
is used as a reference state for the exciton resonance energy term, it also has a well-
defined physical interpretation and the mutual polarization energy induced by such
a local excitation can be related to experimental solvatochromic shifts of the excited
chromophore in condensed phases or in molecular clusters. Furthermore, the electronic
coupling matrix elements among locally excited states can also be used to determine
the rates of excited-state energy transfer and photoexcitation-induced electron transfer.
The availability of these diabatic states is made possible in the framework of multi-
state density functional theory (MSDFT), a rigorous variational DFT of excited states
recently proved by Lu and Gao.[257]

Through MS-EDA analysis, it was shown that molecular complexes in the excited
states can be broadly classified into three main categories: (1) encounter excited-state
complex, (2) charge-transfer exciplex, and (3) intimate excimer or exciplex. Excited-
state complexes in Category 1 are species produced dominantly using the same type of
intermolecular forces as that in the ground state, with one molecule happening to be
in an excited state. Category 2 exciplexes are formed through intermolecular charge-
transfer excitation, which typically has a lower energy than the valence excitations of
individual monomers. Clearly, the driving force of exciplex formation here is electro-
static interaction. Intimate excited-state complexes in Category 3 are often, but not
limited to, excimers consisting of identical monomers. In this category, exciton delocal-
ization is the main force to produce a fully delocalized excited state. In light of lack
of a correlation matrix functional, charge transfer states in some cases such as that
in the pentacene excimer are sometimes overestimated in the present analysis. Nev-

ertheless, the illustrative examples presented in this chapter highlight the interplay of
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local excitation polarization, exciton resonance and superexchange charge-transfer ef-
fects in molecular excited states. It is hoped that MS-EDA will become a useful tool

for understanding photochemical and photobiological processes.
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A.l Introduction

MSDEFT is a cost-effective multi-state method, which is intended to handle strongly
correlated systems and to be (natively) applied to excited states. The latter feature is in
contrast to KS-DFT or the coupled cluster (CC) method, where the additional td-dft or
EOM-CC formulations are needed to extend the ground state theories into methods for
excited states. The MSDFT method expands all adiabatic states in a basis comprised of
dynamically correlated diabatic states. And this diabatic-at-construction design premise
makes the results directly interpretable, without the additional diabatization step that
is required after most other methods. The KS determinants that form the diabatic basis
are generated by splitting the system into fragments (which are typically the individual
molecules of a dimer/ molecule cluster), and constraining the occupation, spin and
possibly excitation of each fragment. Benchmarking of MSDFT has mostly focused on
systems with loosely bound (i.e. Van-Der-Waals bound) excimers and exciplexes. Less
investigations have attempted to elucidate how applicable this method is in situations
where the fragments are arbitrary parts of a single covalently bound molecule.

A suitable system to investigate the suitability of MSDFT for VB-like descriptions
of excited states is CH3 (photo-)dissociation. This denotes the non-BO process in which
CHj dissociates into CHs and H by breaking one of the 3 C — H bonds, starting from an
excited electronic state that was reached via vertical excitation from the absorption of
a photon. Dissociation of a bond changes the relation between the molecular fragments
from “strongly bonded” via “lightly interacting” to “spatially separated” and allows
results for states across this whole spectrum to be visualized in a single plot. And
the fact that the process is initialized by photo-excitation targets the investigation’s
focus on excited states. CHgs provides a richer set of challenges than NHs, which has
previously been used[52] as a benchmark for a VB-like treatment within MSDFT. Firstly,

the open shell nature of the methyl radical and methylene forces the solution to be a
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fundamentally multi-determinant wave function, which prevents methods like td-dft or
CIS from being applicable. Secondly, the potential energy curves along the dissociation
pathway have 3 avoided crossings between it’s lowest 5 excited states (along with a
multitude of symmetry- and spin-enforced conical intersections). And finally, the high
symmetry of the molecule provides further challenges and benefits. To describe all 3
bonds at the same level of detail, they should all be treated equivalently in the active
space; this would require the active space to include determinants which are fragmented
with respect to each bond (see Section , at triple the computational expense
of affording that treatment only to the bond which actually gets broken. The process
that will be used to benchmark MSDFT in this chapter is the motion of the departing
hydrogen along one of the (Cs rotation) axes of symmetry of the molecule. This motion

direction was in this investigation chosen to define the +z axis, see Fig. [A.1l (The

Figure A.1: Axis orientation, important symmetry operations and atom labels in the
CHj system.

z, Cs axis in Dan

A

Xy, 01 plane

>< X, Cz axis in Cay

Xz, 02 plane in Cay

z axis was chosen to be perpendicular to the molecular plane, and therefore coincides
with the C5 axis in the full D3, symmetry group. And thus the y axis is parallel to
the line that connects the remaining two hydrogen atoms (with the +y direction going

from the third (H?) to the second (H!) hydrogen).) Along this reaction pathway the
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system keeps the largest possible subset of the molecule’s symmetries (the Co, symmetry
group, whose symmetry operations include the C rotation around the x axis, mirroring
about the molecular plane (zy), and mirroring about the zz plane), while the remaining
symmetries of the molecule’s D3}, group are broken (most notably the 3-fold C5 rotation
symmetry around the z axis).

The potential of CH3 and CHs to serve as a system for benchmarking newly de-
veloped methods has been recognized relatively early in the history of computational
chemistry. It was for example used to benchmark contractions of gaussians into a Slater-
like atomic orbital basis[303] and the Generalized Valence Bond (GVB) method.[304]

CHj3 and CHj have importance as (extremely short-lived) intermediates in organic re-
actions and they are detectable in the troposphere[305] and the interstellar medium[306].

The history of research on CHs and CHs is ripe with examples of researchers arriving
at the wrong answers to the questions they set out to answer. The first observation which
was (in 1942 [307]) wrongly assigned[308] to be signs of the existence of these molecules
(CH; to be specific) was the lambda4050 emission band in the spectrum of the tail of
comets. It took until 1949 for this to be disproved.[309] And it took until 1954 and 1954
(respectively) for the first direct proof (i.e., not via their reaction products) that CHs
and CHj exist as a molecule that can be isolated in the laboratory. [310][311][312] The
main complicating factor was the high reactivity of both molecules, compounded by the
fact that many researchers relied on the wrongly assigned lambda4050 emission band
for the detection of their desired product. Additionally, the planarity of CHj3 causes
many of the transitions to be forbidden.

And in a turn of events that paralleled the experimentalists’ struggles, when the
emerging field of theoretical chemistry tried to use simulations instead of experiments
to answer questions about these molecules, several of those questions again took decades

to be concluded with a final answer. The first cause of these difficulties in simulations



199

is that there are several examples where points of interest on the potential energy
surfaces have unusually similar energies; Which causes the accuracy which is necessary
in order to even make qualitative predictions to be escalated to a level that the usual
computational methods of the time could not provide. The first example is the ordering
(and order of magnitude of the separation) between the lowest 2 electronic states in CHs
(the lowest singlet (A1) and the lowest triplet (°B;) state). The profound difference
between these states is that the 'A; state consists of a main determinant and significant
contributions from a second determinant (while the 3B; state is a weakly correlated
singe-determinant state). Therefore, a post-HF treatment is required to ensure that the
calculations for both states are founded on a qualitatively correct wave function.[313]
The second example where small energy differences slowed progress is the geometry
of states like the 'B; ground state of CHy and A} ground state of CHz. In both of
these states, the potential energy around the equilibrium geometry barely varies in the
direction of their (out-of plane) bending vibrational mode and stays almost constant
for a large range of angles. A common theme in both of these examples is the existence
of singly occupied ( sp? / sp? ) orbital lobes in the bent geometry of both molecules.
When the molecule gets flattened or straightened out, these singly occupied orbital lobes
are transformed into singly occupied p. orbitals and the electron in that orbital gets
partially shifted to the other side of the C atom. In molecules like NH3 where the sp?
orbital lobe (or the 2p, orbital for flat NH3) is doubly occupied, the electron-electron
repulsion from that lobe exceeds the electron-electron repulsion between C — H bond
orbitals (which have their center of charge further out from the nucleus than the sp?
orbital lobe). (Additionally, the average distance from the nucleus is minimally smaller
for a sp® orbital lobe than for a 2p, orbital, and the unbound electron pair is able
to make better use of the gain in electron-nucleus potential than electrons in a bond

orbital can.) But for CHy and CHs, the single occupation in the sp? orbital lobe leads
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to a comparable decrease in the electron-electron repulsion as the further distance of
the bond orbitals does.

Due to their small size (and relation to CHy), attempts at simulating CHs and CHy
started in the mid-1930’s, during the infancy of theoretical chemistry.[314, 315] The
methods used in those calculations are equivalent to a minimal-basis Hartree-Fock (HF)
calculation in terms of the effects they take into account explicitly, but are relying on
empirical parametrization of multiple parameters to reach a useful level of accuracy. HF
is often regarded as adequate for getting close enough to the true molecular geometries.
Not because it is especially sophisticated (in fact, its atomization energies are quite
significantly off from reality), but because the influences on molecular energies that it
neglects (especially dynamic correlation) vary only slowly with changes in geometry, and
the sum of the energy terms it includes (or in other words, the total HF energy) almost
always varies comparatively quickly with geometry changes. The problem arising for the
bending of CHs and CHy is that the latter is not the case when the molecular geometry
is inside the above mentioned large range of bending angles with near-constant total
energy. And this “plateau” greatly amplifies the influence of small errors or inaccuracies
in the energy gradients (due to neglected correlation) on the equilibrium geometry
(compared to systems with typical bending force constants). The inability to reach the
resulting accuracy requirements to resolve such small energy differences is why almost
all early simulation attempts in which HF or equivalent methods were used gave the
wrong answer for the ground state geometry of both molecules. And the bent geometry
optimum only resulted from calculations that included more approximations than the
state-of-the-art calculations of the time.[316] It took until the 1960s(/early 70s) for
accurate post-HF methods to start being applied to this problem,[317] which shifted
the narrative from the previous most accurate methods favoring the linear geometry

to the most accurate methods from that time onward agreeing[318] [319] on the bent
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geometry of CHy. This indicates that including correlation effects in the calculation
was vital for arriving at the correct (bent) geometry. The second aggravating factor
leading to the many difficulties in simulations is the reactivity and general instability
of these molecules. This reactivity is exemplified by the processes that CHs or CHs
can undergo even with only a singular molecule involved, which include: The fact that
3 of the 6 lowest electronic excitations of CHy are instable (and would instantaneously
decompose into a C atom and a Hy molecule)[313] on one hand, and on the other hand
the photo-decomposition process investigated in this very chapter.

To date, experimental studies of CHjs dissociation are plentiful. Computational
studies are slightly rarer, and highly accurate computational results are much rarer still.
The groups of Banares and Garcia-Vela have published a significant share of them. [320]
[321] [322] Further references can be found in their publications. Two of their papers
[323] [324] will be used to validate our high-level WFT reference calculations against.

Section will motivate the need to handle static correlation in a computationally
cheap DFT-based method. This will be followed in Section by a quick overview
of how MSDFT (separately) handles static correlation on one hand and dynamic cor-
relation on the other; leading over into detailed explanation of the MSDFT method.
The calculations that we performed and their setup and parameters are covered in Sec-
tion [AL4l The results start with an accurate MRCT calculation in Section [A.5.1.2] This
WET reference is then used to benchmark MSDFT calculations with two different active
space sizes in Section and Section And finally, excitation energies at the

CH3 and CHj equilibrium geometries are compared quantitatively in Section
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A.2  Multistate Density Functional Theory

A.2.1 DMotivation and Comparison to Wave Function Theory Methods
A.2.1.1 Motivation for MSDFT

MSDEFT is a dynamic-then-static [I1] method. In this type of method, dynamic cor-
relation is treated in the first phase of any calculation in an independent-electron ap-
proximation for each diabatic state separately. And static correlation in the second,
multi-determinant, phase by a configuration interaction method. MSDFT uses 2 exist-
ing concepts. Firstly, dynamic correlation is treated on a DFT level (or in other words,
by an exchange correlation functional). The definition of that functional (for use within
a single determinant) is deferred to established XC functionals. The second concept,
used in order to be able to solve for specific determinants, is a block localization proce-
dure that restricts electrons to certain sets of orbitals. The single-electron phase of the
MSDFT method that uses these concepts is described in more detail in the first part of
Section The main novel feature to the MSDFT method is a formalized approxi-
mation for how to use the DFT determinants/states as basis functions in a multi-state
Hamiltonian. (See the second part of Section [A.3]) This allows the second phase to
accurately approximate static correlation and to solve for excited states. The main goal
of the MSDFT method is to provide accuracy comparable to Kohn-Sham DFT, but at a
much lower computational cost than most other methods that are suitable for treating

strong correlation.

A.2.1.2 WFT/DFT Methods

Kohn-Sham DFT is very popular, mainly because (for the systems it is applicable to)
it provides generally satisfactory accuracy for a well-scaling and generally low compu-

tational cost. In Kohn-Sham DFT, dynamic correlation is handled to within moderate
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to good accuracy by a large selection of exchange-correlation functionals. Although in
td-DFT there exists a popular extension capable of handling excited states, the main
problem is that neither standard DFT nor td-DFT (the latter on account of only han-
dling single-electron excitations) can be used to solve for qualitatively correct statically
correlated states. The most famous case where this is a problem is the dissociation
of a H — H bond, for which Kohn-Sham DFT can not describe the dissociated state
qualitatively correctly. Most methods in the WFT method category are designed to
handle static correlation, including the following ones. Most WFT methods and all of
the below fall into what Liu[II] calls the static-then-dynamic category, in which the
method first obtains a reasonable approximation to the true solution that treats static
correlation between the most important determinants in an accurate but computation-
ally expensive way. And then in a second step many more determinants are added,
usually with a computationally cheaper treatment (most often perturbatively), in order
to handle dynamic correlation. MCSCF is the most simple WFT method that handles
static correlation. It can be used with a minimal set of determinants. In this method,
all determinants use the same set of MOs, which are optimized for the resulting multi-
determinant state. This leads to the problem that the orbitals can not be optimal for
each determinant at the same time. CASSCF and NOCI fix this by extending the MC-
SCF method in two different ways. In CASSCF all determinants (still) use the same
set of MOs, which are optimized for the resulting multi-determinant state. In order to
be able to handle excited states, all occupation combinations in the active space are in-
cluded in the set of determinants. The added degrees of freedom in describing the states
(in terms of determinants) does also function as a workaround to MCSCF’s constraints
to the orbitals (them being common to all of the determinants). The downside of this
solution is that including more determinants has one of the worst scaling computational

costs in molecular simulations. NOCI on the other hand keeps the MCSCF strategy of
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using a minimal set of determinants. But the orbitals are optimized independently for
each determinant. A slight disadvantage is that orbitals of different determinants are
non-orthogonal. As an ab-initio method, the quality to within which WFT can treat
dynamic correlation is only limited by how many excited determinants are taken into
account explicitly. Although the achievable quality can thus theoretically be improved
without limit; this is in practice only possible with configuration interaction, whose com-
putational cost scales quite unfavorably, or with exceedingly high orders of perturbation
theory, since this method converges very slowly. In conclusion, in WFT the treatment
of dynamic correlation is very expensive, but static correlation is often being handled
with just a few determinants. In contrast, Kohn-Sham DFT is cheap, comparable in
cost to the HF or MP2 levels of WFT. With the outlined capabilities and downsides of
DFT and WFT methods there is definitely a capability gap that could be filled by a
cheap DFT-based method which is able to handle static correlation and reaches levels
of accuracy close to that of WFT methods. There are a few multi-determinant DFT
methods[166] 165, 172, I71] that have been proposed which try to fill this gap by han-
dling dynamic correlation through approximate functionals and static correlation with a
minimal set of determinants. Since these can get away with using minimal active spaces,
the runtime will scale polynomially with that number, instead of with the number of all

determinants involved in the dynamic correlation.

A.2.1.3 Treatment of Correlation in MSDFT

In practice, one of the most accurate WFT methods that accounts for both static and
dynamic correlation is the CASSCF/MRCI combination. Here, the static correlation is
treated first in CASSCF and at the same time, the orbitals are optimized for the only
statically correlated states. After that, MRCI takes care of the majority of dynamic

correlation by adding, on top of the determinants from CASSCF, certain excitations to
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and from orbitals outside its active space (usually singles and doubles from all reference
determinants). This is therefore classified[11] as a static-then-dynamic type method.
In contrast, MSDFT first obtains single-determinant Kohn-Sham DFT states which by
their very nature are dynamically correlated. After that, MSDFT treats those Kohn-
Sham DF'T states as diabatic states and combines them into multi-determinant adiabatic
states. This step takes care of static correlation. MSDFT is therefore classified[11] as a

dynamic-then-static type of method.

A.3 Theory: The MSDFT Method in Detail

A.3.1 Overview

Solving for a wavefunction always involves finding the eigenfunctions of a Hamiltonian
energy operator. In practice that problem is almost always formulated as an optimiza-
tion in terms of a limited set of basis functions, which reduces it to the diagonalization of
a Hamilton matrix. As its result this diagonalization yields energies and coefficient vec-
tors for the description of the wave function. This can apply generally to wave functions
on the single-electron or multi-electron level, or both, with basis functions being either
orbitals, determinants or multi-determinant states. (Classical) DFT is somewhat of an
exception because it theoretically solves for a density instead of a wave function. The
determinant that in practice is optimized in Kohn-Sham DFT (which is often called its
solution) is the optimal determinant under the assumption that this density is produced
by a single-determinant wave function. This assumption is at best approximately true
for the real wave function (the one that is the solution to the true ab-initio Hamilton
operator). Therefore the Kohn-Sham determinants can in the postulation of the tran-
sition density functional (TDF) in MSDFT only be treated as a stand-in for explicitly

dynamically correlated diabatic states which are dominated by a single determinant.
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MSDET follows this scheme (in spirit) twice in its two-phase optimization, in a
manner similar to NOCI. In the first phase, a set of user-defined states (with implicitly
included dynamic correlation) is obtained by diagonalizing a Kohn-Sham Hamiltonian
(on the single-electron level). To be specific, a version of Kohn-Sham DFT is used which
applies user-defined block-localization constraints to arrive at those different states, as
explained in Section In the second phase, the resulting DFT states are used as
basis functions for an optimization on the multi-electron level to take care of static cor-
relation, as explained in Section Since only approximations to the wave functions
that are the basis functions of this optimization are known, the Hamilton (and overlap)
matrix elements in this phase have to be defined as approximations as well. This can
be remedied by correction terms - inspired by Kohn-Sham DFT’s exchange correlation
functional - for which 3 approximations have been proposed so far.[52, [8 96] These

approximations are explained in more detail in Section

A.3.2 Basis Functions: BLW-DFT

In the first phase of a MSDFT calculation, single-determinant diabatic states are ob-
tained in independent-electron approximation. This is similar to the Hartree-Fock phase
that is prerequisite to MCSCF, or the independent-electron phase of a NOCI calculation,
except that MSDFT uses Kohn-Sham DFT instead of Hartree-Fock. To overcome the
restriction that standard DFT only yields the ground state, block-localization is used
to constrain the wave function in order to force it to convergence to a non-ground-state
solution. The full set of basis functions is partitioned into subsets called blocks. The de-
terminant is still an (anti-symmetrized) product of orbitals that are linear combinations
of atomic orbitals. But instead of being molecular orbitals that use all basis functions
in the system, these orbitals now belong to a single block each and are formed from

only the AO basis functions belonging to that block. These “block localized molecular
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orbitals” (BMOs) are as usual subject to optimization of the coefficients in the linear
combination. But instead of the work boiling down to diagonalizing the full Kohn-Sham
Hamilton matrix, the diagonalization is instead performed for each block individually -
which is equivalent to ignoring any off-diagonal elements in the Hamilton matrix (and
overlap matrix) linking the blocks, as if the matrices were block-diagonal. (Neglecting
these off-diagonal overlap matrix elements leads directly to non-orthogonality between
BMOs and ultimately to the need to explicitly normalize the determinants.) The only
influence that the blocks exert on each other thus stems from the SCF procedure, which
still applies to the system as a whole.

In the block-localization scheme used in this chapter, building up the Kohn-Sham
determinant and density from those single-electron MOs proceeds mostly as in conven-
tional Kohn-sham DFT (or Hartree-Fock), with the only exception that the electron
occupation is not defined for the system as a whole but for each block individually.
And a different choice for the occupation of the blocks (and sometimes also a different
definition for the blocks themselves) is used for each of the various determinants. In
the MSDFT implementation used in this chapter, only the occupation (of up and down
electrons) on each of these blocks can be specified, and the block is filled up in the
energetic order of its block molecular orbitals. A newer MSDFT program version[9]
allows for ASCF-style excitations to higher block-localized molecular orbitals within
any block, but that version is not used in the calculations in this chapter. The aim in
this investigation was to determine whether a valence-bond like treatment of a molecule
would allow the MSDFT method to yield correct excited states. A ASCF treatment
of either of the two fragments runs counter to the spirit of a valence bond treatment.
Furthermore, wherever it is suitable to access excited states through a ASCF treatment,
it would make much more sense to apply that treatment to the molecule as a whole (or

a reasonably self-contained subset of a large enough molecule) rather than individual
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fragments containing as few as a single atom.

In the simplest case, the definitions for the blocks in a determinant simply follow
the typical definition of (spatially distinct) molecular fragments (such a block would
be comprised of all AO basis functions centered on atoms belonging to that fragment).
When used on a system where a bond is broken, this naturally leads to a VB description
of the wave function. A block may also encompass all basis functions on a molecule (for
a MO-based description) - especially if the system contains more than one molecule, but
even if the system contains only one molecule. And the determinants are not limited to
all using the same blocks. For example, determinants that are intended to make major
contributions to a certain excited adiabatic state might very well contain a block of one
of the following kinds (and exist alongside determinants of the above two types that
do not include it): A block can contain only a specific single AO, a specific sub-shell
on an atom, a block can contain all AOs with the same rotational symmetry around
one nucleus which thus use the same spherical harmonic, which will in the following
be called a “slice” of AOs, or any other sub-Hilbert-space of the system that can be
expressed in terms of basis functions. The actual selection of determinants used in my
calculations are explained in Section

The blocks can not only be used to localize electrons to specific regions, but some-
times also to constrain them to orbitals with specific symmetry representations, provided
there exists a symmetry group for which every basis function transforms as one of the
symmetry representations. If only basis functions with the same symmetry represen-
tation are combined in any block, then every MO formed in that block will transform
as that representation. Therefore the determinant as a whole will transform as the
product representation of all of the single electron wave functions (which is then also
transforming as one of the symmetry group’s representations). In the current implemen-

tation, where blocks can only be defined in terms of conventional gaussian contractions
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(centered on a single atom), this only works for a symmetry operator which all basis
functions are eigenfunctions of. In CHg, the only symmetry operation this applies to is

mirroring about the molecular plane.

A.3.3 Hamiltonian: Hamilton Matrix Approximations

The second phase in the MSDFT method consists of solving for the multi-state wave
function(s). Ideally, it would be possible to formulate the multi-electron wave function
in the basis of the DFT states and optimize it by diagonalizing the resulting Hamilton
matrix. But recall that the Kohn-Sham determinants that are commonly called the
solutions of the calculations in this step are only approximations to the unknown true
wave functions (without any guarantee that it has any resemblance of the true ground-
state wave function with that density). Therefore the Hamilton and overlap matrix
elements for the actual DFT states have to be guessed. However, since Kohn-Sham
DFT is only intended for states which are dominated by a single determinant, matrix
elements based on the Kohn-Sham determinant can be expected to be a reasonable first
order approximation to the actual matrix elements (wherever the Kohn-Sham DFT
method itself can be expected to be reasonably accurate).

The most straightforward approximation for the overlap matrix elements of the
diabatic states is to use the overlap of the Kohn-Sham determinants. For the Hamilton
matrix, the diagonal elements Hy; should be the exact energy of the DFT states, and

the best known approximation for that is their energies, as provided by BLW-DFT:

Hir = EPYT [y . (A1)

According to the Lu-Gao theorems [4], the non-diagonal elements of the Hamilton

matrix Hj,; are theoretically expressable as a functional of only the transition density
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nry, which is therefore called a “transition density functional” (TDF):
Hrzy = E™ [ng], (A.2)

where the transition density is (canonically, i.e. for a WFT state) defined as nr; =
(VT p|@WET). Akin to the energy functional E[n] in Kohn-Sham DFT, the functional
for the off-diagonal Hamilton matrix elements is unknown and has to be approximated.
In WFT, the off-diagonal matrix elements would be the matrix element of the electronic

Hamiltonian H with the full wave function of the diabatic states ®; and @ I
Hizyp = (9r|H|®)) . (A.3)

This suggests the largest contribution to the approximation for ETPF[n;;] to be given

by the same (WFT-level) interaction, but applied to the Kohn-Sham determinants

(wKohn-Sham)

H[;AJ — ETDF [nIJ] ~ <w}(ohn—8ham’ﬁWFT’wgohn—Sham> — H]WJFT : (A4)

Or in other words, the matrix element of the electronic Hamiltonian HWFT with the
two Kohn-Sham determinants. The required corrections to this term are combined into

a correlation correction FC:
Hrey=HNT + FO. (A.5)

Just like the XC functional in Kohn-Sham DFT, Eq. is effectively the definition for
the correcting transition density functional F©. This remaining (correlation-related)
contribution to the TDF needs to be approximated using some educated guess. Note

that despite Hy.j = ETDF [nry] being a function of the transition density, it is valid
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for for F© and its approximations to depend on other parameters (like the individual
densities ny,n; or Kohn-Sham determinants @Z}FOhn‘ShamI @Z)?Ohn‘Sham), similar to how
hybrid an meta XC functionals depend on other properties of the Kohn-Sham deter-
minant than just its density. The approximation used in this chapter is the arithmetic

average of the correlation energy of each state, scaled by their overlap:
1
FClnpy,ng,ny, M Stem oS, | = §p,(EC] + ES[ng]) . (A6)

where E€[n] is given either by the correlation contribution to the xc functional (when
those are separable); or by the difference between the exchange-correlation energy from
DFT EXC and the Hartree-Fock exchange energy determined using the Kohn-Sham
orbitals EHF*KS:[57]

E€[n;] = EXC[n;] — EUFXKS (A7)

To date, one approximation scheme with a different philosophy has been used. That
scheme uses the fact that a high-spin (triplet or quartet) quartet state is a single-
determinant state whose energy can be calculated in standard Kohn-Sham DFT, and
that the low-spin (triplet or quartet) counterpart has to be energetically degenerate with
it. This condition allows the unknown correlation interaction between the two Mg =0
(low-spin) determinants that combine to form a S = 0 singlet and a S =1 triplet state
(or two Mg = 1/2 determinants that combine to form a S = 1/2 doublet and a S = 3/2

quartet state) to be determined exactly.[§]

A.4 Calculation Details

This section explains the setup and all relevant parameters for the MRCI and MSDFT

calculations that were performed for the purpose of benchmarking the use of MSDFT
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for excited states.

A.4.1 Details for MRCI and MSDFT
A4.1.1 Basis Size

All calculations shown have been carried out using the aug-cc-pVTZ basis set. MRCI
calculations with basis sets ranging in size from cc-pVDZ to aug-cc-pVQZ (which pre-
ceded those shown) suggest that the aug-cc-pVTZ basis set offers the best balance of
quality and computational cost (in MRCI). It is worth noting that these basis set com-
parisons also showed the outstanding importance of diffuse functions in the augmented
basis sets. This same basis set that proved optimal in MRCI is also used for the MSDFT

calculations, which ensures that they are directly comparable.

A.4.1.2 Basis Contractions

As explained in Section the DFT determinants in MSDFT are defined by the user
in terms of occupations of blocks (user-defined sets of basis functions). One of the two
main goals in the definitions of the diabatic determinants is to minimize the number
of determinants needed to describe the adiabatic states. The diabatic determinants
should therefore ideally be as similar to energy eigen-functions as possible. The second
main goal is to define determinants that allow the user/ researcher to interpret the
composition of the adiabatic states in terms of the diabatic determinants. Therefore
the diabatic states should ideally carry a distinct meaning for a human. One factor
that impedes the interpretation in terms of the diabatic states is if those diabatic states
are too non-orthogonal, or even almost linearly dependent. This can technically be
solved by orthogonalizing the set of determinants before diagonalizing it, as has been
done in [26]. However, this significantly changes the meaning/interpretation of the

diabatic states. Non-orthogonality between determinants can be caused or exacerbated
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if there are non-orthogonal AO basis functions in different blocks - assuming that the
determinants differ in electronic occupation on those AOs/blocks. Neither type of non-
orthogonality (between determinants or AOs) is an issue for obtaining the correct results,
but especially the non-orthogonality between diabatic states makes interpreting the
results very difficult. Both of these requirements on the diabatic determinants are
easiest to fulfill if the orbitals that they are constructed from are also at least similar
to energy eigen-functions (either MOs, fragment molecular orbitals “FMOs”, or at least
AQs, as opposed to primitive gaussians).

There are theoretically different ways to set up the contractions that define the basis
functions in the aug-cc-pVT7Z basis set. For most use cases they are all equally valid as
long as they span the same degrees of freedom in the Hilbert space. Importantly, many
programs allow non-orthogonality between basis functions on the same atom (in addi-
tion to the unavoidable non-orthogonality between basis functions on different atoms.)
Basis set contractions are therefore often defined using the smallest possible number of
gaussians for each contraction. Specifically, the aug-cc-pVTZ contractions that gamess
uses by default (in the following called the “gamess basis”) is constructed to span the
same degrees of freedom as the general contraction scheme of Raffenetti[325] (used in
Dunning’s’ aug-cc-pVTZ basis set[320]), but the gamess basis includes one computa-
tional optimization (with no effect on the result in most use cases). The difference is
in how the “gamess basis” handles the gaussian primitives with the most diffuse expo-
nents. The contraction scheme as envisioned by Raffenetti (see table 5 in [325]) has
them contribute to both the occupied AOs and the virtual “contractions”, while in the
“gamess basis” these gaussians that are the sole components of the virtual basis func-
tions are removed (coefficients of zero) from the contractions that form the occupied
AOs. As a result, the occupied contractions in the “gamess basis” have their long-range

tail suppressed and therefore do not directly correspond to atomic orbitals. In MSDFT
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however, for excitations into a virtual AO (say for example a C 3s orbital), it would cause
difficulties if those virtual orbitals would exhibit significant similarities to occupied or-
bitals (C1ls or C2s in this example). The virtual basis functions (all remaining basis
functions) should be orthogonal to the core and valence basis functions (be composed of
higher energy eigen-functions and diffuse functions). The basis used in this investigation
therefore differs from both the gamess basis and Dunning’s aug-cc-pV'TZ basis using the
contraction scheme of Raffenetti. The contractions used for the core and wvalence ba-
sis functions are taken unchanged from the basis set exchange (aug-cc-pVTZ.us.1.dat,
version 0.8.9 [326], 327, 328]). All virtual basis functions were taken from the basis set
exchange definition (which is identical to the gamess default) and (where necessary)
were Gram-Schmidt orthogonalized to any occupied (core & valence) basis functions on
the same atom. The virtual basis functions with higher angular momentum (p and d
type AOs on H and the d and f type AOs on C) do not need to be orthogonalized,
since they are already naturally orthogonal to the angular wave function component of
all occupied basis functions. The virtual basis functions with low angular momentum
(H2++s and C3+ +s and C3 + +p contractions) do need to be orthogonalized to all
core and valence basis functions with the same angular momentum. However, they do
not need to be orthogonalized to each other, because any set of virtual AOs with the
same angular wave function component (and thus possibly nonzero overlap) was always

grouped into the same blocks in all calculations in this chapter.

A.4.2 MSDFT Details

The TDF in all MSDF'T calculations of this investigation uses the “overlap-weighted av-
erage of the correlation energy” approximation. The PBEO hybrid functional [329] [330]
is used both in the evaluation of the diagonal elements of the multi-electron Hamil-

ton matrix, and as a basis for the correlation energy in the TDF approximation. As
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described in Section [A.3.2] above, the second phase of a MSDFT calculation uses user-

specified determinants as the basis functions to construct ground and excited states. As
described in Section these determinants are defined in terms of blocks, which
in turn are defined as non-intersecting collections of basis functions. [A74.2.2] introduces
some considerations that have to be made when defining these blocks. There is a lot of
freedom in which determinants to choose, and in how to define the determinants and
their blocks. The active space in this chapter contains both diabatic states of a localized

(VB) and delocalized (MO) type, as explained below.

A.4.2.1 Delocalized vs. Localized States

Possibly the best known example where DFT (and HF) fails is H— H dissociation. This
process can be described naturally in the valence bond picture. At an infinite separation
of the nuclei, the ground state is a superposition of the 2 covalent states (with 1 electron
on each atom). Around the equilibrium distance, however, the forming covalent bond
is described qualitatively correctly as a roughly equal mixture of the above 2 states
plus 2 ionic states. At intermediate distances the ground state is a linear combination
of those 4 determinants that falls somewhere between the 2 extremes. Therefore the
most straightforward way to model this dissociation (and bond breaking in general) in
MSDEFT is to use a VB-picture based minimal active space.

In the case of CHg dissociation, the equivalent set of determinants to the 4 determi-
nants (2 covalent and 2 ionic) from the H — H dissociation example consists of 5 states
(3 covalent and 2 ionic). In the CH3 VB state that does not have an equivalent in the
H — H dissociation example, both electrons from the broken bond have the same (e.g.,
up) spin, while the C2p, electron has the opposite spin (e.g., down). This state is not
negligible in this system because the two unpaired spins in the covalent determinants

not only interact with each other, but also with the extra unpaired spin of the C2p,
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electron. Most importantly, this state contributes one half of the qualitatively correct
description for the singlet (and triplet) states that the CHy segment converges to when
the interaction with the departing H atom vanishes. However, including only the 5 va-
lence bond states with respect to the H* — CHg bond (while using CHy fragment orbitals
to treat the other two bonds) treats the 3 bonds which are equivalent at the equilibrium
geometry in different levels of detail. Mitigating this requires one of the fixes described
in Section below.

MSDEFT, in the edge case of a single basis state with no constraints on the electrons,
turns into Kohn-Sham DFT and perfectly reproduces the DFT results. In fact, as
experience with DFT shows this is a good approximation (at least a qualitatively correct
one) for the ground state of many molecular systems, and only fails to be a good
approximation for strongly correlated systems. Since xc functionals (and xc potentials)
are optimized for unmodified Kohn-Sham DFT, it stands to reason that they are best at
yielding the most optimal orbital shape for the MOs of such unconstrained determinants.
Since MSDFT (with any other active space) is using standard xc potentials to obtain
fragment molecular orbitals (FMOs), it is using them slightly outside their intended
application and determinants other than the ground state one will have slightly non-
optimal orbital shapes.  Even though describing a molecule entirely in the valence
bond picture would be qualitatively correct, my experience has shown that for CHy —
H dissociation, adding the single unconstrained DFT determinant to an active space
that already allows for a qualitatively correct description will indeed slightly lower the
energy of the ground state, even at the CHjs equilibrium geometry. And in the case of
calculations which preceded the ones shown here, with active spaces which I wrongly
assumed to be sufficient to model all relevant states, adding the delocalized determinant

has revealed those deficiencies (through an unexpected lowering of adiabatic energies).
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A.4.2.2 Blocks

Although the dissociation process breaks only one bond, all 3 bonds are identical at
the equilibrium geometry. Splitting up only the 1 bond to treat it in the VB picture
leaves the other 2 bonds with a description in the MO picture. This failure to treat the
3 equivalent bonds equivalently would lead to an asymmetrical equilibrium geometry.
Treating the 3 bonds equivalently can be done in the following 2 ways.

For a systematic coverage of the whole Hilbert space that states in the VB picture
can cover, there would need to be splits between blocks along all 3 C — H bonds of the
CH3s molecule in every determinant, limiting each block to contain only basis functions
centered on a single atom. And the complete active space would include all ways to
distribute both electrons from each of the 3 bonds to the two blocks that cover it.
Defining many of these determinants would also require placing the electrons on the C
atom into 3 separate sp? hybridized orbitals, but the program only allows blocks to
be defined in terms of conventional AOs (2s, 2p;, 2p,), not sp® hybridized orbitals.
It is possible to let MSDFT construct states defined in terms of hybrid orbitals from
conventional AQOs, but this would further increase the number of required determinants.
All in all this would exponentially inflate the number of required determinants.

The second possibility to symmetrize the treatment of the 3 bonds involves only
splitting one bond in each determinant, but triplicating the above described 5 determi-
nants (2 ionic + 3 covalent). For each of the 3 split bonds (even for the 2 hydrogen
atoms that physically stay with the CHy fragment), the active space includes all 5 dif-
ferent determinants for 3 x 5 states total (the first 15 individual determinants in the list
of By states below). There is theoretically some overlap between the space that each of
the 3 sets of differently split determinants spans, but this does not lead to any numerical
problems in this system. Apparently the sigma orbitals that the determinants for each

split bond combine to form have different enough shapes from the sigma orbitals within
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the CHs block.

A.4.2.3 Symmetry (and Representations)

In addition to localizing electrons to specific molecular fragments, atoms, and/or (sub-
)shells, the block localization also makes it possible to take advantage of symmetries of
molecules, as explained in more detail in Section[A.3.2] In CHs, the arrangement of the
nuclei conforms to the D3, symmetry at the equilibrium geometry and the Cy, symmetry
group along the specific dissociation pathway. All MOs, determinants and states should
transform as the representations in these symmetry groups. Gamess, which our group
modified to implement the MSDFT method, uses AOs (contractions of gaussians) as the
basis functions. And the fact that they are centered on a single nucleus breaks the mirror
symmetry with respect to mirroring about the xz plane perpendicular to the molecular
plane. Since mirroring about the molecular plane (xy) is the only symmetry operation
that applies to each individual basis function, the highest symmetry that all of the basis
functions can be categorized by is thus the Cy symmetry (sub-)group, for which each
basis function transforms as one of these two representations: even symmetry functions
on one hand (which include functions of A; and Bj representations in the Co, symmetry
group; as well as E/; A} and A, representations in the Ds}, symmetry group); and mirror
anti-symmetric (which includes By and Ag representations in Cay; as well as E”, A] and
al in the D3}, symmetry group). Luckily, none of the lower energy states or determinants
transform as the As representation of the Co, group, so that only the A’ representation
of the Cy group has to yield solutions of two (A; and Bg) representations of the Coa,
group. The used block definition scheme in combination with an AO basis does not allow
to define blocks and determinants that obey the remaining symmetries of the system
in the same way. Programs which are intended to utilize molecular symmetries would

solve this by using basis functions which are linear combinations of AOs on atoms at
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equivalent sites and use those as basis functions for separate a; and by representation
calculations. In this system this would apply to the AOs of H' and H? with flipped +y
and -y coordinates, for example (H! 1s) + (H? 1s) and (H! 1s) — (H? 1s).

In the MSDFT variant that allows local excitations within each block, the local-
ization to the H! and H? atoms could be defined as excitations in the MO picture.
But since that description of the localization would differ from the localization to the
departing hydrogen atom, the 3 C — H bonds would still not be treated equivalently.

For all of these reasons it is not possible to take advantage of the full symmetry
of the system (neither the Cy, symmetry along the dissociation pathway nor the Dsy
symmetry of the equilibrium geometry). For the mirror symmetry plane perpendicular
to the molecular plane and rotation about the Cy axis (which was oriented along the x
axis) the correct symmetry can not be enforced and relies on the consistent and stable
convergence of the DFT determinants. Specifically, each pair of A’ determinants that
define the same state with respect to the H' and H? atom have to converge to the same
results in order for them to cleanly combine to form A; and Bg states.

While the breaking bond gives the blocks in the a’ representation a major influence
on the results (and necessitates the complexity in their definitions), the a” blocks are
comparatively trivial. The only occupied MO of the a” (b; and ay in Ca,) MOs is
the lowest “C2p,” MO (see Fig. below). And even though the occupation of this
MO changes between the A’ and A” states, the VB picture does not describe it as a
bond that gets broken by the dissociation. In the limit of infinite C — H separation, the
“C2p,” MO naturally becomes fully localized to the CHy fragment, which means that
the block definition for the a” MOs does not have to achieve this fragment localization
(which would have been possible by separating the leaving hydrogen’s AOs from the
other a” AOs). The C2p, MO therefore remains very similar in shape to the C2p, AO

along the whole dissociation pathway. Furthermore, the only initially empty a” MO
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that electrons are excited into is the C 3p, AO, while none of the anti-bonding a” MOs

play any role in the relevant PEC’s/ PES’s. As a result, all a” AOs can be kept in a
single group strictly separate from the a’ AOs. This separation of the orbitals of the C
representations was the foremost priority in the block definitions used in this chapter.

Another fact that can be exploited to enforce symmetries is that the ag MOs will be
unoccupied in all of the resulting states. This would theoretically mean that no basis
function that transforms as this as symmetry representation would need to be included
in any occupied block. However, some states are combinations of basis determinants
where the blocks and their occupations are not themselves symmetric with respect to the
o9 plane (and rotation about the Cy axis) and follow/obey only Cgs symmetry. In these
basis determinants, including the ao basis functions should allow a more optimized shape
for the C2p, MO and thus probably a lower energy for each determinant. However, this
is energetic lowering might very well be canceled out or over-compensated by the act of
combining two symmetry-equivalent determinants into a symmetric and anti-symmetric
combination. Any combination of the two symmetry-equivalent determinants in the VB
picture will lead (in the MO picture) to a two-determinant state as well, with the main
determinant which has the expected symmetries of the MOs, and a minor determinant
whose contribution to the state is given by the amount of contribution that the ao basis
functions have to the a” MO. In the case where the a” MO is singly occupied and the
symmetric (/ antisymmetric) combination of the determinants, the major determinant
contains a a”’ MO that is symmetric with respect to the oo plane (transforming as by,
usually the C2p, MO), while the combination of all electrons in the a’ MOs transforms
as A1 (/ B2). And the minor determinant contains a a” MO that is anti-symmetric
with respect to the oy plane (transforms as ag), with an overall by symmetry from the
electrons in the a’ MOs.

To construct the simplest possible example it is instructive to assume that the a’
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symmetry basis functions include only the H*1s (the 1s AO on H?) and HP1s AOs,

and call them x* and xP - which means ignoring any C 2s or C2p, basis functions on
the central carbon atom. Their combinations will be called \/g [x* + x"] = xs and
\/g [x* — x®] = xy- The b; basis function will be called y., and the as one y,,. A
determinant localized along the C — H* bond (assuming an occupation of 1 electron on

the H* block and an otherwise unoccupied a’ block for simplicity) will be

¥ = A (COIVI=rx(2) + 2] (A8)

with fl() being the anti-symmetrization operator and r < 1. Similarly, the symmetry-

equivalent determinant localized along the C — HP bond is:

= A (O =20 (2) — rs(2)]) - (A.9)

The coefficient of /1 — 2 will be ignored in the following, as it does not contribute any
insight and is close to unity. The symmetric (1)5) and antisymmetric (D,) combinations

of the two are

o = | 50 = EA (VD02 + @)+ 3 D(2) ~ 7))
(A.10a)

Yont = @ [y* + "] = \EA (CMR@) + =] = () D:2) — @) -
(A.10D)
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and re-arranging terms yields

Ysym = \[;/1 (D) + X (W 12) + (1) = X" (]xy:(2))

(A.11a)
= A (xs(D)x=(2) + 7xy (1) xy2(2))
Yant = %fl ([Xa(l) —X"(D]x=(2) + rIx*(1) + Xb(l)]xyZ(Q)) (A.11b)

= A (xy(1)x=(2) + 7xs(1)xy=(2)) -

Equation shows that this specific type of orbital relaxation in the VB picture
changes its appearance to dynamic correlation in the MO picture (with the associated
concern that avoiding double counting of dynamic correlation in MSDFT is currently
an open question). Cases where the A” MOs are doubly occupied instead of singly oc-
cupied will result in a similarly mixed determinant; Here the addition of the (3-electron)
determinants (where X’ and 7’ may or may not be the same orbital and coefficient as x

and ) yields in a similar manner:

Ysym = \/}i (xa(l)[xz(Q) + 7xy2(2)][X5(3) + 7'x3,. (3)]

+x(1D2) = 7= )G B) — 7x.(3)])

, (A.12)

which simplifies to:

= A(X (DY) + 7% ()X (3)]

: (A.13)
0 (D)= (X (3) + 1 (2),:(3)))

Note that (assuming that x and x’ are the same orbital, which implies that all of their
constituing components are identical: r = ', x, = X, xy= = Xy,), the action of the
anti-symmetrization operator will cancel the content of the square brackets with the

Xy(1) prefactor, and zero out that whole last line of the expression. Simply forcing any



223

ag basis functions to be unoccupied would not fully eliminate the problem of dynamic
correlation, since some of the basis functions (H2p, AOs on the H* and H? hydrogen
atoms) transform as neither the ay representation (thus they are required for relaxation
in b; states and can not be forced to be unoccupied) nor as the by representation (thus
they can still lead to a slight relaxation away from pure by MOs when included). Since
it is unknown how much dynamical correlation would be double counted and how much
of it is not already included in the xc functional, we made the choice to allow “proper”
relaxation of these determinants in the VB picture, instead of using an ad-hoc half-
measure restriction. And furthermore, not applying this restriction to determinants
with non-symmetric block definitions has been the chosen strategy since the beginnings
of the method, before we considered the potential benefits of applying it. And finally,
even though this should not make any difference, it might be worth mentioning that
some determinants which could utilize this as block solely for convergence acceleration
were originally defined without it in mind. And because the only benefits of splitting off
this block could be faster calculations or negligibly better accuracy, these determinants

have not been re-defined but are used as-is.

A.4.2.4 Excited States

Excited states are straightforward extensions of the above described states (either the
delocalized states or the states with electron localized with respect to one of the C — H
bonds). Excitations are defined by moving an electron (a single one in all included
determinants) from one specific AO (or block) to a “slice”, a sub-shell or a similar
group of AOs on a specific atom.  Although the explicit excitations in the diabatic
states are limited to only single excitations, the adiabatic states can form multiply

excited states due to the splitting of bond orbitals into two separate blocks.
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A.5 Calculation Results

MSDFT calculations were performed for the doublet and quartet states with a magnetic
spin quantum number of Mg = +1/2. For comparison, we also carried out multi-

reference configuration-interaction (MRCI) studies on these states.

A.5.1 MRCI
A.5.1.1 Calculations

[323] and [324] only reported potential energy curves (and excitation energies) that
are relevant to the CHj3 photo-dissociation process (exclusively of 2By and 2A; rep-
resentations). However, the MSDFT results have doublet and quartet states (S €
{1/2,3/2}, Mg = +1/2) - and both of all symmetry representations - intermixed. In or-
der to obtain references for all MSDFT states, it was necessary to perform high-accuracy
WE'T calculations for all low-lying states. The results from [324] can be used to verify
the ?B; and 2A; results of my MRCI calculations. As mentioned above, the aug-cc-
pVTZ basis was used because MRCI calculations with smaller and larger basis sets (but
otherwise similar to the one reported here) indicated that it provides adequate accuracy.
As described in more detail further below, the geometry was optimized in CASPT2, and
then the energies were obtained using MRCI. In both CASPT2 and MRCI the CASSCF

active space consists of all excitations in the following orbital selections (inclusive):
e 3rd to 7th a; MO (s, pg, de, f22, type orbitals) |I|
e 1st to 2nd by MO (p,,dy., 22, type orbitals)

e Ist to 2nd by MO (py, dyy, f22, type orbitals)

1The notation “??” stands for two repetitions of the same cardinal direction, i.e., “xx”, “yy” and

Wy

77
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Figure A.2: Active space MOs in MRCI at a C — H distance of 1.70 A, plotted at the
specified iso-value.
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(for a total of 5 electrons and 13 holes in 9 orbitals). The active space MOs are plotted
in Fig. for an (intermediate) C — H separation of 1.70 A. This is a smaller active
space than the (5,15) CASSCF active space used in Ref. [323] and slightly smaller than
the (5,10) CASSCF active space used in Ref. [324](or the (5,11) CASSCF active space
used in Ref. [320]). But as will be shown in Section the MRCI results from the
smaller active space are sufficiently similar, suggesting that this choice of active space
is adequate.

The MRCI energies were obtained at ground state geometries along the C — H
dissociation pathway, which were obtained as follows. For each C — H distance, the
remaining 2 geometrical parameters in Cy, symmetry were optimized (C — H; distance
and H, — C — H; angle where ¢ € {1,2}). This was done using CASPT2 only on the
ground state (no state averaging). None of the orbitals are frozen during the CASSCF
step, but the 1st a; MO was excluded from being correlated in the perturbation theory
step of the first phase.

In the second phase, MRCI was used to solve for the wave functions for 17 of the
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lowest states. During the CASSCF step of this phase, the lowest a; MO is kept frozen

(not optimized). Furthermore, the wave functions of all representations are obtained
from the same CASSCF calculation, in order to ensure that the same MOs are included
in the MRCI step. CASSCF yields 6 wave functions for each combination of represen-
tation and spin (although 1 to 5 of the 6 with the highest energy have a state-averaging

weight of zero).  The relative weights of the states in CASSCF for optimizing the

common MOs are summarized below:
Cyy rep’  Dgy rep’ weights MRCI states
B, AJ&E” |60 55 35 15 (1) 4
By WILAE" |40 15 (1) 2
2, B(&2A)) | 1 1
47, E(&2AY) | 40 1 2
A4 A& |60 55 45 35 (15) 4
A WEIE |1 1
B, B (&2AL) | 40 25 (10) 2
By E(&2AL) |1 1

Empty cells denote a weight of zero in CASSCF. Empty cells and values in parenthe-
ses are not included in the states that the subsequent MRCI step solves for. State for
values in parentheses are nonetheless given a nonzero weight in the MO optimization
CASSCEF, because they are anti-crossing or could be anti-crossing with states of interest
(which would cause the importance of MOs to change rapidly across those regions). For
the same reason, the weight of states was chosen to gradually decrease depending on
what they are being used for. States that can be both directly compared to MSDFT
results (and to the Poullain et al./ balerdi et al. references) have weights around 60,
while states that are only indirectly compared to MSDFT states have weights around
20. (Almost all) states with a weight of 1 are omitted from all plots, as their energy

stays at least 11 eV above the equilibrium ground state.
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Once the CASSCF MOs are obtained, the MRCI sub-steps themselves can be run

separately for each representation and spin multiplicity (because the MOs are fixed at
this point). Using all 6 of the CASSCF states as references for the CI excitations, each
MRCI sub-step solves for 1-4 adiabatic states in the energy region of interest. The

number of MRCI states being solved for is given in the last column of the above table.

A.5.1.2 MRCI Results

Figure shows the 14 most relevant states that were obtained in the MRCI calcula-
tion. The A” states (anti-symmetric with respect to mirroring about the zy plane) are
shown with red squares and the A’ states with blue diamonds. The ?B; and 2A; states
are shown solid grey symbol fill and red or blue symbol outline and line. All quartet
states are shown with black symbol outline and colored, hatched symbol fill. All states
of By and Ay symmetry (anti-symmetric with respect to mirroring about the 2z plane)
are shown with thick symbol outlines and hatched symbol fill. Except for the fact that
Fig. [A.3] shows adiabatic states, the present MRCI results agree to within 0.5V with
all potential energy curves obtained by Balerdi et.al. using the MRCI method[324] (See
Fig.|A.4). Two noteworthy observations on the states above the energy range accessible

during the dissociation:

e The 4th ?A; state (excitation to 3d,2_,2) is “wavy” in the vicinity of 1.07 A. This
is an artifact of the CASSCF method and it only happens for certain combinations
of included states and their weights. This specific combination of states and their
weights was chosen nonetheless, as the state being supposed to be degenerate with
the 3d,, state for symmetric geometries makes it clear what the correct shape of
the PEC would be; and the “wrong” shape shows a curious parallel to one of the

states in MSDFT.

e The 3rd and 4th 2B, states have an avoided crossing at 1.7 A (and 11.5¢V). The
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Figure A.3: Potential energy curves in MRCI, classified by their Cy, representations
(and spin).
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Figure A.4: MRCI potential energy curves, classified by their Cy, representations (at
the CHy geometry) and (transverse) Cs representation (at the CHg geometry). From
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C — H distance at which this feature appears (and to a lesser extent its shape) is
also highly dependent on the weights. Its shape is either an artifact of the MRCI
method caused by rapidly changing weights in this region, or alludes to the 4th
2B, state having an avoided crossing with the 5th 2B in that region. Which one it
is is irrelevant for the purposes of comparison, since none of the other calculations
produces a state that the 4th or even 5th By MRCI PEC could be compared to.
(Something that 3 different A’ states in this very crowded part of the PEC plot

do as well.)

Key energies of CHs and CHy in MRCI are listed in Section [A.5.5] where they are

compared to MSDF'T energies.

A.5.2 General Remarks on MSDFT Calculations

Although the terms “constrained” and “localized” can in general have interchange-
able meanings, their use is deliberately differentiated between two different uses in this
chapter. The term “localized” is used whenever electrons are being forced into orbitals
centered on one fragment of the molecule (a single atom or a group of atoms) - and
thereby excluded from the inverse set of atoms; especially in situations where they
would otherwise occupy those other atoms to a significant degree. The main applica-
tion where this is relevant is in generating valence bond configurations. In contrast, the
term “constrained” is used for cases where electrons are placed into orbitals, sub-shells

or “slices” with specific rotational symmetries.

A.5.2.1 Representation Split-up

As described in Section above, by utilizing the block partition for orbital occu-

pation it is possible to define determinants which have a specific character with respect
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to mirroring about the molecular plane. Since the determinants of the A’ and A” repre-
sentations (in the Cs group) do not interact, they can be separated into two independent
MSDFT calculations. The A’ calculation solves for only A’ adiabatic states using only
A’ determinants, which include the A; representation determinants in the Cy, symme-
try group (A} and E' in Dgy,) and By in the Cay group (A} and E' in Dgy). The A”
representation includes the Bj representations in the Co, group (Aj and E” in Dgy,)

and Az in Cay (AY and E” in Dagy).

A.5.2.2 Spin Split-up

Similarly, MSDFT’s current block definition scheme naturally produces single-determi-
nant states with a well-defined difference between the number of up and down electrons,
making them eigen-functions of the z-component of the spin operator S.. Determinants
with one such magnetic spin quantum number Mg do not interact with states that have
any other Mg value.

In contrast to the magnetic spin operator S”Z, only some determinants are eigen-
functions of the absolute spin operator S2. With 3 unpaired electrons as in this system,
the high-spin quartet states (S = 3/2, Mg = £3/2) consist of a single determinant
and can be separated into an independent calculation. On the other hand, doublet
states (S = 1/2, Mg = +1/2) and low-spin quartet multiplet states (S = 3/2, Mg =
+1/2) are of multi-determinant character. CSFs, which should be described by these
configurations, can not be used as basis functions for the multi-determinant phase in
MSDFT. Conversely, the single-determinant states with Mg = +1/2 that can be used
are not eigen-functions of the absolute spin operator. Thus, both doublet and low-spin
quartet multiplet states will be the result of joint calculations, even though it should in

theory be possible to utilize the fact that there is no interaction between them.



231
A.5.2.3 (Broken) Spin Multiplet Equivalence

States with negative Mg values would yield the same results as their positive counter-
parts due to the absence of (external) magnetic fields. Low-spin and high-spin projec-
tions of the same quartet state should theoretically yield the same energy, but the block
definition scheme that was used in this chapter does not allow to define the Mg = +1/2
and Mg = +3/2 states in this system in an identical way. Furthermore, most Kohn-
Sham exchange-correlation functionals are not specifically created to yield identical en-
ergies for high-spin and low-spin determinants. The subject of the MSDFT calculations
in this chapter are states with magnetic spin quantum number Mg = +1/2 (doublet
and quartet states with absolute spin quantum number S = +1/2 or S = +3/2).

Our group has devised a scheme for defining the TDF (interaction energy) in a
singlet-triplet system between the two Mg = 0 determinants by enforcing the degeneracy
between the low-spin (S = 1, Mg = 0) CSF and the high-spin (S = 1, Mg = +1)
determinant of a triplet - which then also determines the energy of the remaining S =
1/2, Mg = +1/2 singlet energy.[8] The same scheme could also be adapted to utilize
the degeneracy of high-spin (Mg = £3/2) and low-spin (S = 3/2, Mg = +1/2) triplet
states to define the interaction between that low-spin quartet state and the respective
(two) doublet states (S = 1/2, Mg = £1/2). But that scheme is not used in this chapter
for two reasons. Firstly, creating the respective low-spin counterpart determinants to a
high-spin determinant is not always possible without use of block-excitations (including
in this system). This made it seem valuable to determine if accurate results could be
obtained with a more generally applicable TDF. And secondly, the energetic quality
of the high-spin states is significantly worse than that of the low-spin doublet and
quartet determinants. Since we suspect that this is due to some mistakes on our part
or numerical problems (which we could not identify), we will refrain from showing the

high-spin results at this time.Thus using those energies as references for the low-spin
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quartet states would definitely lead to worse results for the low-spin quartet energy, and

probably also for the doublet energies.

A.5.2.4 Block Considerations

There are 3 effects that the block definition may be required to provide when defining
a determinant. Since it is possible in this system, the highest priority task is to keep
each block limited to basis functions of one symmetry representation (either a’ or a”).
If AOs from the a’ and a’” representations are never grouped into common blocks, then
any formed MOs and thus the determinant as a whole will also respect the symmetry
of the system and transform as one of the representations of the Cs group. Since the
DFT determinants of different representations do not interact, they can be treated in
separate diagonalizations of the independent parts of the multi-electron Hamiltonian.

The other two things the block definition is responsible for are to localize and con-
strain electrons. All determinants that were used can be understood in terms of starting
from the the DFT determinant and applying none, one or both of these modifications.
Which of these 2 measures have to be employed depends on the type of determinant.
Obtaining the determinant with neither localization nor excitation applied the is equiv-
alent to using classical Kohn-Sham DFT.

To facilitate the breaking of the C — H* bond (the bond to the leaving hydrogen,
reminder: aligned along the +x direction) in the ground state, at least that one sigma
(VB) orbital has to be modeled by VB configurations that include covalent and ionic
states. Or, according to the terms defined in Section above, the electrons in that
orbital have to be localized. Most determinants in the active space include such a lo-
calization, where the AOs forming this orbital have to be separated into two different
blocks on the respective H atom and the remaining CHs fragment. The electrons that

should occupy that orbital are localized to either of the two blocks, with a different
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determinant covering each of the possible ways to assign those electrons to two blocks
and all possible ways to assign spin orientations to these electrons and any other un-
paired electrons (usually the 2p, electron). Obviously the orbital treated in this way
will always be an orbital in the a’ representation as all sigma orbitals transform as this
symmetry representation.

The VB basis states already include some excited basis configurations. The re-
maining types of excitation are covered by localizing individual electrons into specific
AOQOs, and are generated as follows. Starting from one of the localized (VB picture)
determinants or a fully delocalized determinant, an electron is removed from one of the
occupied blocks and placed into a specific unoccupied AO (or a “slice” of AOs with the
same spherical harmonic) on a specific atom. In the determinants used in the shown
MSDEFT calculations the atom is always the central carbon. Either that electron is
placed into the only pre-existing singly occupied block (the one that produces the 2p,
MO), or the respective AOs that should contain it are grouped into an additional block.

In some cases, some of these different determinants corresponding to certain ways
to assign the electrons and spins to the blocks will be omitted, specifically for minimal
active space calculations. For example, if a state is modeled for which the active space
includes a delocalized determinant, then not all localized determinants might be needed
for that state. Especially if the resulting state is very similar to the delocalized deter-
minant and only needs to have the contribution from the covalent or ionic determinants
increased or decreased slightly with respect to a delocalized composition. This is used

throughout the minimal active space calculation of the A; symmetry representation.

A.5.2.5 Spins, Determinants and CSF's

In several of the Mg = 1/2 determinants, the total spin is contributed by 3 unpaired

electron spins (2 up spins and 1 down spin). All such A” determinants that were
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employed feature are a single 2p, (or 3p,) electron plus 2 electrons in the 2 VB fragment
orbitals for the HoC group and a hydrogen atom (one hydrogen 1s orbital and one orbital
on the remaining CH fragment). Determinants with different combinations of spins in
the same set of orbitals in reality interact via Hamiltonian exchange terms. Including
only part of such a set of determinants with mutual interactions will lead to errors in
the states’ energy on the order of that interaction strength. Since magnetic fields and
spin-orbit coupling are not included in the calculation, the Hamiltonian, the absolute
spin operator and the projection of the spin operator in one direction commute, which
means they have a common spectrum of eigen-functions. Or in other words, every
eigenfunction of the Hamiltonian (unless degenerate) has to also be an eigenfunction of
the absolute spin operator (52) and the magnetic spin operator (§Z) The consequence
for MSDFT is that the determinants have to be chosen in such a way as to make sure
that they can form CSF's (configuration state functions) that are eigen-functions of both
the absolute spin operator and one selected component of the spin operator. In the case
of 2 up and 1 down electron spin distributed among 3 orbitals there are 3 possible spin
combinations, similar to the case in [I76]. When all 3 determinants corresponding to
these combinations interfere constructively, they form a single low-spin quartet state.
Two different doublet states can be formed by linearly combining 3 (or in special cases
2) of these determinants such that the combination is orthogonal to the quartet state.
In practice, there are two states of interest in this chapter which could be constructed
from only 2 of these 3 determinants. In the example of the ground state, at sufficiently
large CHy — H separations one of the 3 states will have a vanishing contribution from the
determinant with the down spin on the leaving H atom; And close to the equilibrium
geometry one of the doublet states has a negligible contribution from the determinant
with the down spin on the “C2p,” MO (as evident from the fact that DFT can treat

that state with a single determinant). Since these can not be guaranteed to be energy
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eigen-states in that 3-dimensional Hilbert space (especially since the energy eigen-states
change along the reaction pathway), all 3 determinants of any such set will have to be
included in the active space. The determinant in which the 2p, electron’s spin is aligned

in the down direction can not be excluded.

A.5.2.6 Active Spaces Used in the Featured MSDFT Calculations

Of the many MSDFT calculations that were required to arrive at a suitable set of
determinants for a minimal active space, the majority of the early attempts are not
particularly interesting. Only calculations with two final types of active spaces are
shown here: A minimal active space (“MAS” for “minimal active space”) and a slightly
larger active space (“MED” for “medium-sized”). The latter was generated by including
complete “groups” of determinants, which firstly includes all 3 determinants whenever
there is a triple of equivalent determinants split along the 3 bond directions. But it
also includes determinants with all spin orientations that may be required to create
configuration state functions that are eigen-functions of the absolute spin operator 5’2;
as well as treating the C3p, and C3p, AOs equivalently. These groups of determinants
can contain up to 9 determinants each and there is in total a handful of them (see
“MED calculation” below). As a result, affording identical treatment to 3 C—H
bonds and all spin orientations (and the in-plane C3p orbitals) in this very systematic
active space construction comes at the cost of a rather large size (62 determinants total)
of the “MED” active spaces for both a’ and a” representations.

The minimal active space (“MAS”) was generated from the more systematic “MED”
active space by removing any determinant that did not contribute to the accuracy of the
lowest-energy potential energy curves. This active space construction strategy minimizes
its size (to 30 determinants total) at the cost of making the active space construction

less systematic and intuitive - and also at the cost of loosing some accuracy, especially
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in higher energy excited states, as will be shown in Sections[A.5.3.2] and [A5.4.2]

A.5.3 MSDFT, Medium Sized Active Space (MED)
A.5.3.1 MED Calculation

This systematically constructed, medium-sized (“MED”) active space was one of the first
successful replications of the MRCI reference. The largest of the numerous problems
in these attempts was (as mentioned in Section above) that the default basis
function definition was not suited for defining excitations into specific AOs, atomic
sub-shells, or “slices”.

Table lists the diabatic states (DFT determinants and DFT configuration state
functions) that are part of the “MED” active space. The two separate calculations
handling states of the two non-interacting Cs symmetry representations are arranged
vertically, while the two symmetry representations for blocks (and thus orbitals) are
arranged left to right. An empty cell always denotes the case where the type of AO
corresponding to that column is not separated out into its own block in the determinant
that is described by that row.

The last column for each block symmetry denotes the block for constraining elec-
trons to “slices” of AOs with specific angular wave function components. Since the a’
representation offers several possible sub-shells or “slices” that electrons could possibly
be constrained to, this last column on the “a’ blocks” side denotes which of these is used
(if at all). In the a” representation it would make sense to excite or constrain electrons
to a single “slice”, namely the C3 4 p, one (which includes the C3p, AO itself, plus
C4p, and higher AOs). For this representation, its occupation completely describes the
block (and the absence of a separate block for this AO is denoted by an empty cell in this
column). The first column is related to a possible numerical optimization involving basis

functions of the as symmetry representation (Cd,., Cf;,.. The first factor that enables
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this is that there are no occupied ay or ag-like MOs (in any of the determinants that
are needed to describe the lowest lying states). The second factor is that determinants
usually have to be eigenfunctions of the mirroring operator about the xz plane, unless
they treat the symmetry-related Hydrogen atoms (#1 and #2) differently, in which case
those determinants can break this symmetry slightly. In the symmetry broken case, the
as basis functions can make minor contributions to bo-like MOs. But in determinants
where this symmetry is unbroken, no basis functions of as nature can contribute to
any occupied MOs, neither to the relaxation of by MOs nor do any occupied as MOs
exist. These AOs that are known to not contribute to any occupied orbitals can be sep-
arated out from (or included in) the a” block without affecting the results (except for
guaranteeing a lower numerical error in the a” MO shapes, as the block then contains
almost exclusively b; basis functions). The first column states whether this block was
actually used for the determinant in question. Localization along one of the bonds is
given by the “localized H” column, denoting along which of the bonds the blocks are
split and the occupation of the respective hydrogen atom that is singled out by the block
split. The blocks described by the remaining two columns (“2p.MO” and “CHz/CH3”)
contain all remaining basis functions of the respective symmetry representation in Cs.
Each cell contains the total electronic occupation and number of excess up electrons for
the respective block in the respective DFT determinant. Empty cells denote that all
respective basis functions are included in the block they usually belong to (as opposed
to cells with the content “0 0”7, which denotes that the AOs are split out into their own
block, in order to enforce an occupation of zero electrons on those AOs.)

The first section of the table contains determinants that are localized along the
bond to one of the 3 hydrogen atoms. All 15 possible combinations of bond direction,
occupations and spins are used in this calculation. (The 5 of these that localize along

the x axis could have used the ay block.) The second section is the (for all intents and
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purposes) fully unconstrained B; determinant (using only the system’s symmetry to
inform its block definition). The third section (last By section) contains determinants
that constrain an electron to the C3 + p, AO along with localization along any of the
3 bonds. Determinants with all 15 combinations are again used in this calculation.
The first four Ay sections list determinants where an a’ electron is excited to the
C2p, MO or vice versa. The sections with the variants that are also localized along
one of the bond contain all 6 possible combinations of occupation and spin for that
occupation of the C2p, MO, and the sections without localization naturally contain
only a single determinant each. (Again, the 4 of these that localize along the x axis
could have used the ay block.) The last two sections cover the cases where an electron
is excited to the 3rd shell a; AOs of carbon. For the excitation to C3+s the calculation
uses determinants with localization of the remaining electrons along one of the 3 bonds.
All 15 such bond direction, occupation and spin combinations that are possible are
used. For the C3 + p,; and C3 + p, excitations only the respective single delocalized

determinant is used.
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Table A.1: All determinants in the MSDFT calculation with medium sized active space

(“MED”)
Mg = +1/2 A" determinants, MED
a’” blocks a’ blocks
ag block | 2p,MO | 3p.AO ?| localized H?% CHy/CHjy C3*AO>® NDets
used? P occ occ id® occ 1 occ 4 type occ

A" determinants with only localization
141 x 00 80
141 1 00 80
141 2 00 80
141 x 20 60
141 1 20 60
1+1 2 20 60
1+1 x 1-1 7+1
141 1 1-1 7+1 15
141 2 1-1 741
1+1 x 141 7-1
141 1 141 7-1
141 2 1+1 7-1
1-1 x 141 7+1
1-1 1 141 7+1
1-1 2 1+1 7+1

delocalized, unconstrained Kohn-Sham A” determinant

yes 141 80 1




Table A.1: Mg = +1/2 A” determinants, MED (continued)
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as® | 2p, MO | 3p. AO ¥ localized H% CHy/CHs | C3* AO? |  npes
A" determinants with localization and C2p, — C 3p, excitation
yes 00 1+1 x 00 80
00 1+1 1 00 80
00 1+1 2 00 80
yes 00 1+1 x 20 60
00 1+1 1 20 60
00 1+1 2 20 60
yes 00 1+1 x 1-1 7+1
00 1+1 1 1-1 7 +1 15
00 1+1 2 1-1 7+1
yes 00 1+1 x 141 7-1
00 1+1 1 141 7-1
00 1+1 2 1+1 7-1
yes 00 1-1 x 141 7+1
00 1-1 1 141 7+1
00 1-1 2 1+1 7+1
delocalized A” determinant with only C2p, — C 3p, excitation 0 of 1
Mg = +41/2 A’ determinants, MED
ag P 2p, MO | 3p, AO 9 localized H 4 CHz/CHjs C3*AO2 NDets
A’ determinants with localization and C 2p, constrained to 0 electrons occupation
00 x 20 7+1
00 1 20 7+1
00 2 20 7+1
00 x 141 80 6
00 1 141 80
00 2 1+1 80
delocalized A’ determinant with only C2p, constrained to 0 electrons occupation
yes 00 9 +1 1




Table A.1: Mg = +1/2 A’ determinants, MED (continued)
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as® | 2p, MO | 3p. AO ¥ localized H% CHy/CHs | C3* AO? |  npes
A’ determinants with localization and C 2p, constrained to 2 electrons occupation
20 x 00 7+1
20 1 00 7+1
20 2 00 7+1
20 x 141 60 6
20 141 60
20 2 1+1 60
delocalized A’ determinant with only C2p, constrained to 2 electrons occupation
yes 20 7+1 1
A’ determinants with localization and C2p, — C 3s excitation
yes 00 x 00 80 3s 141
00 1 00 80 3s 1+1
00 2 00 80 3s 1+1
yes 00 x 20 60 3s 141
00 1 20 60 3s 1+1
00 2 20 60 3s 1+1
yes 00 x 1-1 7+1 3s 141
00 1 1-1 7 +1 3s 1+1 15
00 2 1-1 7+1 3s 1+1
yes 00 x 141 7-1 3s 141
00 1 141 7-1 3s 1+1
00 2 1+1 7-1 3s 1 +1
yes 00 x 141 7+1 3s 1-1
00 1 141 7 +1 3s 1-1
00 2 1+1 7+1 3s 1-1
delocalized A’ determinant with C2p, — C 3s excitation 0of 1
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Table A.1: Mg = +1/2 A’ determinants, MED (continued)

as® | 2p, MO | 3p. AO ¥ localized H% CHy/CHs | C3* AO? |  npes

delocalized A" determinants with C2p, — C3p,,, excitation

yes 00 80 3pz 1+1 1
yes 00 80 3py 1+1 1

The “occ” columns describe the occupation (and spin excess) of the respective
blocks; The “type” column specifies the type of sub-shell(s) that the respective
electron is being excited into; The “id” column defines the singled out hydrogen;
The “npets” column lists the number of determinants used in a specific group of
rows. The cells in the “occ” columns contain 2 values: The first is No = Nt 4+ Ny,
the nr. of electrons that occupy the block; and the second value (and it’s sign) is

N,

.t — N, = 2% Mg, the (signed) difference between up and down spins occupying

the block, or equivalently the projection of the spin (counted in multiples of half
atomic units, i.e., multiples of fermionic spin units).

@ This block, when present, includes all AOs of that type regardless of shell. (For
example, the 3p; block additionally contains 4p.., 5p, and ’aug’ p,; and localized
blocks for singular hydrogen atoms contain in addition to the H 1s basis function
all other a’ functions on that H.) An empty cell means that the respective basis
functions are included in the main block of the same symmetry representation.

b See Section An empty cell again means that the respective basis functions
are included in the main block of the a” symmetry representation.

¢ An id of “x” denotes that the leaving hydrogen makes up the localized block, “1”
and “2”7 are the two symmetry-equivalent hyrogen atoms.

4 This occupation includes 2 electrons in the core C1s MO, and 2 electrons each in

the VB MOs along the 2 bonds that are not split.
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Figure A.5: Potential energy curves in MSDFT with medium-sized active space, clas-
sified by Cy representations, compared to MRCI.
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A.5.3.2 MED Results

Figure shows the MSDFT potential energy curves (thin colored lines) compared to
the MRCI reference (thick grey lines). The (arbitrary) zero point of the energy scale
is set to the MRCI ground state at the CHs equilibrium geometry, in order to keep
the scale consistent with the previous figures. But the energies in either method are
actually measured relative to the CHs doublet ground state in the respective method.
This is the most accessible and energy-stable point on the potential energy curves to
align the MRCI and MSDFT energy scales; and it keeps MSDFT from yielding energies
that are noticeably below MRCI energies. The A” states are shown in red and the
A’ states in blue. For the results from MRCI (which distinguishes between doublet
and quartet states and all 4 symmetry representations of Cyy), all states of As and
Bs representation are shown with a hatched line, thicker symbol outline and hatched
symbol fill while all quartet states are shown with a hatched line, black symbol outline
and colored (hatched) symbol fill. All MSDFT potential energy curves that fall within
the energy range of the plot are shown. Of the 17 states that the MRCI calculation has
yielded, only the 8 relevant ones are shown, in order to avoid clutter in the high-energy
part of the graph. For the omitted MRCI potential energy curves, see Fig.
Generally, the lowest part of the ground state potential energy curve agrees to within
0.2eV and the discrepancy generally increases with increasing energy. Most parts of
potential energy curves with energies more than 0.75eV above the ground state (and
below the cutoff of the graph area at 13eV) agree with MRCI to within 0.5¢eV, with a

few exceptions:

1. MSDFT’s lowest ‘B state starts out very similar in energy to the MRCI refer-
ence at large separations, but as the energy rises towards closer separations their
energetic discrepancy also gets larger, reaching about 0.9 eV in the left half of the

graph.
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2. Similarly, the anti-bonding 2B state agrees with the MRCI reference to within

0.15eV at large separations, but as the energy increases towards smaller separa-

tions, the error increases sharply (exceeding 1.0eV at around 1.6 A).

3. The 3p. 2B; state is supposed to have an avoided crossing at 2.0 A with a 4th
state that is omitted from the plotted MRCI PEC’s, but in MSDFT the next
closest states at that separation are found at 14.0eV and 14.2¢eV, over 4eV above
the 3p. 2B; state’s energy. This leads to the energy of this state at separations
above 2 A to rise to 0.75eV above the MRCI reference.

4. The 3p, 2A; state is 0.2 to 0.5eV too high in energy throughout.

5. The 3p, B, state stays untypically close to the MRCI reference (0.2¢V), except

at separations below 1.2 A.

At 1A and 8 to 12¢eV, the 5th and 6th A’ states (the 4th 2A; state and 2nd 2B state)
are not reproduced correctly in MSDFT. The MED active space produces a A’ state
with an unreasonably steep parabolic shape that dips all the way down to within 0.1eV
of the 3p, B2 (and 3p, 2A;) states at 7.6eV. This is not a feature that shows up
in the MRCI results; the most similar state there being the second 2Bs state (the 5th
lowest A’ state), which MRCT shows to only dip to around 8.0eV. At 11.5eV this state
crosses a second incorrectly reproduced state, which stays above 10.5eV. If these were
compared to the 3d,2_,2 and 3dg, states with the correct shape in MRCI, it would not
be immediately obvious that and how these two “MED” active space MSDFT states
are related. But comparison to the “MAS” active space MSDFT results and the MRCI
states obtained with the state averaging weights that lead to the artifacts shown in the
figures, makes it quite obvious. The higher state from the “MED” active space has
a similar shape to the single state in that region that the MAS active space produces,

which in turn is almost identical in shape to the 3d,2_,2 state in MRCI, although about
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2¢€V higher in energy. Via this comparison, the MSDFT states with this shape can be

identified as 3d,2_,2 states, and the parabolic state would be the 3d,, state (and it’s
symmetry would also explain how it can be almost degenerate with the 3p,» state).

The steep parabolic state could theoretically be a (low-spin) sextett state, which
the MRCI calculation does not cover. This seems highly unlikely since any hextet that
is symmetric with respect to the molecular plane would involve a triple excitation (or
excitation into the 3p, MO), which would easily exceed the energy scale of the graph.
These facts and the suspiciously steep potential energy well of the PEC makes it seem
exceedingly more likely that the shape of this PEC is an artifact caused by a shortcoming
of the MSDFT method or the PBEO functional.

A.5.4 MSDFT, Minimal Active Space (MAS)
A.5.4.1 MAS Calculation

The goal of this calculation was to reduce the size of the active spaces compared to the
“MED” calculation as much as possible. In the case of the A” (B1) symmetry represen-
tation, removing from the “MED” active space any group of determinants that did not
appear strictly necessary immediately led to a smaller active space with similar quality
potential energy curves for the lowest energy states. Finding a minimal A’ (A; & Bs)
active space was less straightforward. The reduction of the active space size (starting
from the one of the above calculation) required successively identifying the least impor-
tant determinant(s) and removing them, until doing so was no longer possible without
a significant impact on the potential energy curves. This was achieved by successively
alternating the following three steps. First, any individual single determinant (or pair
of symmetry related determinants) was removed and the change on the potential energy
curves of the relevant states were evaluated. Secondly, a set of potential energy curves

was calculated after removing the 3 of the determinants (or pairs thereof) with the
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smallest impact. Thirdly, each of the 3 combinations with only 2 of those candidates
removed was calculated and compared to the above in order to ensure that the removal
of the respective third determinant (or determinant pair) had not become more impact-
full after the removal of the other two. In case one of the determinants failed this final
check, these steps were restarted with only the 2 other determinants (or pairs) removed,
otherwise the next iteration started with all 3 determinants removed. A fact that de-
serves emphasizing here is that arriving at these minimal active spaces was only possible
after finding the larger (“MED”) active space (especially for the A’ representation).

Table lists the diabatic states (DFT determinants and DFT configuration state
functions) that are part of the “MAS” active space. For a description of the table
(column) format, see Section

The first section of the table contains determinants that are localized along the
bond to one of the 3 Hydrogens. Of the 15 possible combinations of bond direction,
occupations and spins, only 13 are used in this calculation. The combinations with the
down spin on the C2p, MO and localization along the bonds to the remaining hydrogen
atoms are clearly not needed; they are listed in the second section. (The 5 of these that
localize along the z axis could (again) have used the ay block.) The (for all intents
and purposes) fully unconstrained B; determinant (using only the system’s symmetry
to inform its block definition) is still used. The last B section contains determinants
that constrain an electron to the C3 4 p, AO along with localization along any of the 3
bonds. Only the 3 determinants that localize along the x axis, with exactly one electron
on the H* hydrogen, are used in this calculation. (9 such determinants would be needed

to make the treatment symmetrical with respect to the 3 hydrogen atoms.)



Table A.2: All determinants in the MSDFT calculation with minimum active

space (“MAS”).

Mg = +1/2 A” determinants, MAS
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a’” blocks a’ blocks
ag block | 2p,MO | 3p.AO ?| localized H?% CHy/CHjy C3* AO? NDets
used? P occ occ id® occ 1 occ 4 type occ
A" determinants with only localization
1+1 X 00 80
1+1 1 00 80
1+1 2 00 80
1+1 X 20 60
1+1 1 20 60
1+1 2 20 60
1+1 x 1-1 7+1 13
of 15
1+1 1 1-1 7 +1
1+1 2 1-1 7+1
1+1 x 141 7-1
1+1 1 141 7-1
1+1 2 141 7-1
1-1 x 141 7 +1
1-1 1 1 +1 7 +1 20of 15
1-1 2 1+1 7 +1 missing
delocalized, unconstrained Kohn-Sham A” determinant 0of 1

A” determinants with localization (H* bond only) and C2p, — C 3p. excitation

yes 00 1+1 x 1-1 7+1
yes 00 141 | x 141 7-1 ?Of )
yes 00 1-1 x 141 7+1
delocalized A” determinant with only C2p, — C3p, excitation
yes 00 141 80 1°




Mg = +1/2 A’ determinants, MAS
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as® | 2p, MO | 3p. AO ¥ localized H% CHy/CHs | C3* AO? |  npes
A’ determinants with localization and C 2p, constrained to 0 electrons occupation
00 X 20 7+1
00 1 20 7 +1 ;())of 6)
00 2 20 7+1
delocalized A’ determinant with only C2p, constrained to 0 electrons occupation
yes 00 9 +1 1
A’ determinants with localization and C2p, constrained to doubly occupied
0 of 6

delocalized A’ determinant with only C2p, constrained to 2 electrons occupation

20 7 +1 1
A’ determinants with localization and C2p, — C 3s excitation
yes 00 X 00 80 3 1-+1
yes 00 X 1-1 7 +1 3s 1 +1
00 1 1-1 7+1 3s 1 +1 c5>f 15
00 2 1-1 7 +1 3s 1+1
yes 00 x 141 7-1 3s 1 +1
delocalized A’ determinant with C2p, — C 3s excitation
yes 00 80 3s 1+1 1¢
delocalized A’ determinants with C2p, — C3p,, /y €xcitation
yes 00 80 3p, 141 1
yes 00 80 3py 1+1 1
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The “occ” columns describe the occupation (and spin excess) of the respective
blocks; The “type” column specifies the type of sub-shell(s) that the respective
electron is being excited into; The “id” column defines the singled out hydrogen;
The “npets” column lists the number of determinants used in a specific group
of rows. The cells in the “occ” columns contain 2 values: The first is N, the
nr. of electrons that occupy the block; and the second value (and it’s sign) is

N,

.+ — N, = 2% Mg, the (signed) difference between up and down spins occupying

the block, or equivalently the projection of the spin (counted in multiples of half
atomic units, i.e., multiples of fermionic spin units).

@ This block, when present, includes all AOs of that type regardless of shell. (For
example, the 3p, block additionally contains 4p,, 5p, and ’aug’ p,; and blocks
for singular hydrogen atoms contain in addition to the H 1s basis function all other
a/ functions on that H.) An empty cell means that the respective basis functions
are included in the main block of the same symmetry representation.

b See Section [A.4.2.3

¢ “x” is the leaving hydrogen, “1” and “2” are the two symmetry-equivalent ones.

4 This occupation includes 2 electrons in the core C1s MO, and 2 electrons each in
the VB MOs along the 2 bonds that are not split.

¢ This determinant is not part of the “MED” active space.

The first three A; sections list determinants where an a’ electron is excited to the
C2p, MO or vice versa. Both delocalized determinants are used, but out of the 6+6
possible variants with localization along one of the bonds, only the variation with exci-
tation from the C2p, MO onto the hydrogen are used (for all 3 bond directions). (The
one of these that localizes along the z axis could (again) have used the ap block.) The

last three sections cover the cases where an electron is excited to the 3rd shell a/ AOs
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Figure A.6: Bj potential energy curves in MSDFT with minimum active space (“MAS”),
compared to “MED” MSDFT and MRCI.
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of carbon. For the excitation to C3 4+ s the calculation now includes the delocalized
determinant, but in return only 5 of the localized bond direction, occupation and spin
combinations that are possible are needed. For the C3 + p, and C3 + p, excitations

only the respective single delocalized determinant is used.

A.5.4.2 MAS Results

Figures Fig. [A7 and Fig. categorize the states into their spatial symmetries
(with Fig. combining Ay and B symmetry states). The (arbitrary) zero point of
the energy scale is again set to the MRCI ground state at the CHs equilibrium geometry.
And the energies scale of MSDFT is still aligned to that of MRCI via the lowest CHs
doublet ground state in the respective method (which for both MSDFT calculations is
the MED energy at 3.5 A, although the energetic difference to aligning them separately

is negligible). Both sub-figures compare the systematic active space (MED) (pluses and
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Figure A.7: A potential energy curves in MSDFT with minimum active space (“MAS”),
compared to “MED” MSDFT and MRCI. Note that the energy axis starts at 5.5¢eV.
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Figure A.8: As and By potential energy curves in MSDFT with minimum active space
(“MAS”), compared to “MED” MSDFT and MRCI. Note that the energy axis starts

at 6.5eV.
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dashed/dotted lines in red/blue) to both the minimal active space (MAS) (crosses and

solid lines in teal/orange), and to the MRCI reference (which uses the same styles as in
Figures and . For the results from MRCI (which distinguishes between doublet
and quartet states and all 4 symmetry representations of Cy,), the 2By and 2Ajstates
are shown with solid gray line and symbol fill and colored symbol outlines; all quartet
states are shown with a hatched line, black symbol outline and colored (hatched) symbol
fill, while all states of Ay and By representation are shown with a hatched line, thicker
symbol outline and hatched symbol fill. Again, all MSDFT potential energy curves that
fall within the energy range of the plot are shown. Of the 9 A” and 8 A’ states that
the MRCI calculation has yielded, only the 6 and 7 relevant ones are shown in order
to minimize the clutter in the high-energy part of the graphs. For the omitted MRCI
potential energy curves, see Fig.

Splitting the symmetry representations further than in the figures of Section
reveals that the potential energy curves for the 3p, and 3p, state abruptly stop being
resolvable by either MSDFT active space; which shows in these plots as vertical line
artifacts at the equilibrium geometry (the distance where the order of these two states
flips). The reason is that the active spaces are lacking the basis determinants needed
to describe both states for all distances, and the single basis determinant that describes
them converges to wave functions with By and 2A; symmetry on the shortened and
lengthened side of the symmetric geometry, respectively.

In comparison of the two active spaces, and considering that the active spaces differ
by an approximate halving of their sizes, the effect on the low lying states is remarkably
small. The ground state is up to 0.2 eV higher than for the larger active space, especially
at separations shorter than the equilibrium distance. The quantitative agreement of the
other low lying states to the “MED” active space is to within 0.14 eV at worst, usually

much better. One quantitative result both MSDF'T active spaces agree on very precisely
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is the relatively small energy gap of the avoided crossing between the 2nd and 3rd lowest
2B, states; 0.40+0.02 eV in MRCI, 0.33+0.03 eV with the larger active space in MSDFT
and 0.33 £ 0.03 eV with the MAS in MSDFT. The avoided crossing in MRCI is located
at 1.50 + 0.02 A while in MSDFT they are located consistently at 1.45 + 0.03 A but
at energies that differ slightly (by 0.095 4+ 0.005€eV). Any severe changes are limited
to the higher energy states (which were not monitored in the optimization of the A’
active space). The (bound) 2pj 4A5 state crossing the (anti-bonding) 2p% B state at
1.08+0.03 A and 11.49 +0.056V is missing with the MAS active space (though present
with the MED active space). The MAS active space reproduces only the 3d,2_,2 state
out of the two 3dy, and 3d,2_,2 states (of which the MED active space qualitatively
reproduces both, although with wrong energies). The only way a state in the smaller
active space can realistically have a lower energy is if there is a DFT determinant among
it that is more suited to describing this state than the ones in the MED active space.
The delocalized 3s determinant in the “MAS” active space is the only change that
would offer this advantage over the “MED” calculation, which instead has to combine
15 localized 3s determinants to describe the 3s excitation. These states also have the

same (A1) symmetry as the 3d,2_,2 state.

A.5.5 State Energy Comparison

Key excitation energies of CHs and CHjy are listed in Table The values from
the MSDFT, MRCI and Ref. [323] calculations are vertical excitation energies from
the equilibrium geometry. The experimental values given in Table are excitations
between the v = 0 vibrational states of the excited and electronic ground state. The
excitation in the photo-dissociation experiment is also a vertical excitation process, but
in the photo-dissociation experiment the excitation of of CHs originates from a mixture

of vibrational states.[322] Since the MSDFT active spaces are only applicable to a
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CH3 system, the excitation energies of CHs had to be taken at the largest separation
(3.5A) for both the MSDFT and MRCI calculations. A MSDFT calculation of an
isolated CHs system would need a completely different active space, which would lack
comparability to the calculations of the potential energy curves. The “shape” column
describes if the states are bonding (with normal, strong or weak curvature around
1.07 A) or repulsive/anti-bonding. For CHs, the symmetry column is in the following
format: P9t ([28qy, + 1)[G],2%+1 H)((ag)) Where 25 + 1 is the multiplicity of the
whole system, [2Scm, + 1] is the multiplicity of the CHy fragment, [G] is the symmetry
representation of the wave function, [2Sg + 1] is the multiplicity of the H atom, and

[Mg] is the magnetic spin quantum number of the whole system.

Table A.3: Excitation energies of the electronic excitations in CHs and CHa.

orbital (symmetry rep’s) CHj excitation energies (eV)
MO D3y, Cay MAS MED MRCI Balerdi[323] Exp[331]
X 2Al B, 0 0 0 0 0
3s A4 20, 587 5.70 | 5.82 5.84 5.73
3py & B, 6.718 6.718 7.07 6.87 7.44
3pa R0 2A4 7.148 7.138 7.05 ” 7
3d,2 Y 274 717 722 | 7.8 8.47 8.28
3p- 2AY B, 7.55  7.65 | 7.62 7.65 7.44
3dgy & B, 7.44% 7931 7.14 8.25
3dgzy2 A, 10.2512.78 % 8.68M 7 ¥
' By |[Mg| =5 |11.56 11.45 | 10.76
o By Mgl =% |11.40%10.701
2p} g A, 11.35 | 10.67
3dy: B A, 11.25
3dy, B B, 11.31 11.08
2AY 2R B, 11.95 11.60
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Table A.3: Excitation energies of the electronic excitations in CH3 and CHs.

orbital (symmetry rep’s) CHj, excitation energies (eV)

nr Cyy state(s) ™ MAS MED MRCI Balerdi[323] Exp[332]
X 2(3By,%H) 0 0 0 0 0
X 4(3B1, 2H) | arg =12 0.14 0.14 | 0.03 ” ”
X 4(3B1, 2H) a4 =32 0.02% 0.02' 7 ? ”

1 2(1A1,2%H) 1.10  1.11 0.90 0.98 0.39
1 2(1By,%H) 1.59  1.59 1.48 1.48 1.43
2 2(1A4,2H) 3.58 3.57 | 3.19 3.16

1 4(3A5,%H) 8.18 8.12 7.26 7.34

1 2(3A4,2H) 8.24 8.24 7.28 ”

1 2(3By, 2H) 7.28 7.27 6.73 7.45

2 4(®By, 2H) 8.45 8.44 7.58 ”

2 2(1By,2H) 9.71° 9.73° 7.72

2 4(3A5,2H) 16.49°12.98 °| 11.01

1 2(3A4,2H) 6.22  6.19 5.85 6.35

1 4(3A1,%H) 711 7.01 6.46 7

3 2(1A4,2H) 731 727 | 6.57 6.60

2 2(3Bg, 2H) 7.84 7.84 7.85 7.57

2 4(3By, 2H) 7.66 7.87 ?

3 2(3By, 2H) 943 932 | 898 7.93

3 4(3B2, 2H) ”
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Table A.3: Excitation energies of the electronic excitations in CH3 and CHs.

Listed for this chapter’s calculations in MSDFT (with minimal active space “MAS”
and medium size active space “MED”), our MRCI values, the MRCI values from
reference [323], as well as experimental excitation energies. [332], 331]

& The character of the 3p;, %’ states is highly mixed in MSDFT, therefore any
ordering is arbitrary.

h Potential energy curve shape is unrealistic. Energy should be treated as unreliable.

! Despite lower weight, energy is below 3d,2_,2 state; active space may be unbal-
anced.

7 Jumps in PEC, energy depends on state weights; active space may be too small.

K From localized single-determinant high-spin DFT calculation.

' From delocalized single-determinant high-spin DFT calculation.

™ Too high in energy to resolve at CHs geometry, but state found at intermediate
distances.

" In the format <2Stotalt1>(<25cH +1> Oy representation >, <2Sn>H).

© Assignment unclear.

For CHg in MSDFT, the 2p, — 2p% 2By state is too high in energy (at least 22eV) to
be distinguishable from other states at that energy. In CHs, the 2nd 2By state is part of
a pair of degenerate 2E’ states. MRCI returns a too large energy for this potential energy
curve and fails to capture its degeneracy with the corresponding 3rd 2A; state. This
issue may be due to the 3rd by orbital not being included in this chapter’s MRCI active
space. At that energy (7.32 and 7.44€V), the larger MSDFT active space produces two
A’ states (B2 and Aj in Cy,) which are close to degenerate. Interestingly, the MAS fails

to produce the 2A; state of that degenerate pair.
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The failure to correctly represent the degeneracy of E'/E” states at the CHs geome-

try is a sign that the results for these states in MSDFT (and to a lesser extent in MRCI)
are not converged with respect to the active space size. In MRCI, any discrepancy be-
tween the included a; vs. bo orbitals will affect the results. However, these states are
above the energy range accessible during the dissociation, and any states of interest for
the dissociation are reproduced reasonably well.

A prominent quantitative finding is that MSDFT overestimates the CHy excitation
energies below +5eV (among the lowest 4 states that are reachable though the photo-
dissociation process), typically by 0.1 to 0.4eV (with respect to this chapter’s MRCI
results). The higher CHy excitation energies which the active space has not been opti-
mized for are off by up to 0.9 eV for both active spaces (ignoring 2 outliers: the 3d,2_,»
state of CHs and the 2nd 4(3A5, ?H) state of CHs). Some part of this discrepancy may
be caused by using the PBEQ functional on block-localized determinant. But it is also
worth emphasizing that in both active spaces the number of determinants specifically
dedicated to modelling the ground state (and the excitations into anti-bonding orbitals)
is (due to the rigorous treatment in the VB picture) larger than the number of determi-
nants for excitations into several of the 3rd shell AOs of the carbon atom. This would
be expected to lead to more double-counting of dynamic correlation in the ground state

than in the higher adiabatic states.

A.6 Summary

The goal of this investigation was to determine if it was possible to accurately resolve
at least the 4 lowest states using valence bond-style determinants, and to do so using
the smallest required number of them. Section presented advanced considerations
and strategies that were used in these calculations to define both the set(s) of deter-

minants in MSDFT multi-state calculations as well as the blocks in single-determinant
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optimizations.

The first problem that this investigation has shown arises when the basis states
are not orthogonal enough to each other, or even nearly identical. As mentioned in
this translates to a need for the AO basis functions (at least on the same atom)
to be orthogonal to each other. (Or, as has been done in [26], the need to explicitly
orthogonalize the set of determinants before diagonalizing it.)

Another (technically solved) complication is related to the fact that it can often aid
interpretability (in systems with more than one unpaired electron spin) if the diabatic
states are not just (spin-contaminated) single determinants but instead CSFs which are
eigenfunctions of the spin magnitude operator. This can be and has been done.[26] But
although being a solvable problem, it requires a diagonalization of a small sub-set of
the basis determinants (of size 3x3 in this case, and of size 2x2 in the more common
case with singlet and triplet states) for each determinant type with 2 or more unpaired
spins. And setting up all of these required sub-diagonalizations is a manual procedure.
Furthermore, some of the determinants that form the CSFs may require the use of the
ASCF formulation.

Another known but unaddressed problem with the currently available MSDFT pro-
gram versions is that the currently used block definition scheme in terms of the basis
functions themselves does not allow for any theoretically possible block to be specified.
The ability to define determinants/blocks in terms of any linear combinations of basis
functions would (at least in some systems) improve interpret-ability of the resulting
diabatic states. For example, if it was not for the symmetry of the CHgs system, it
would possibly have made sense to define the blocks on the C atom in terms of sp?
hybridized AOs, instead of s and p AOs. This capability might (in systems where it is
applicable) also lower the energies of diabatic states (and consequently of the adiabatic

states), or reduce the required active space size. And it could even be used to define
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blocks in excited state determinants in terms of (fully optimized ground state) MOs -
which would offer an alternative to the ASCF scheme and might potentially lead to a
fully orthonormal or at least more orthogonal set of diabatic states.

The requirement for the lowest adiabatic state energy (or most similar energy to
high quality WFT) can potentially conflict with the requirement of having the determi-
nants interpretable as diabatic states. Especially when the active space (to improve the
adiabatic state’s energy) has a delocalized determinant added to describe an adiabatic
state in the MO picture which is also described by localized states, then that delocal-
ized determinant will obviously always be near collinear to the Hilbert space spanned by
the full set of bond-localized determinants. If interpretability of the results is required,
then this can be overcome by Gram-Schmidt orthogonalizing the delocalized diabatic
state to all localized diabatic states. (Alternatively, all localized diabatic states can be
orthogonalized to the delocalized one, which will contaminate their localization.)

The last and largest hurdle for applying MSDFT to bond breaking investigations like
this one that this investigation has shown is that the freedoms in choosing determinants
and defining them (that are listed in Section also make it labor intensive to find a
truly minimal (and qualitatively sufficient) active space. The third Lu-Gao theorem[4]
suggests that a minimal active space for the 3 lowest A” and 4 lowest A’ states that are
of interest to the photo-dissociation should require no more than (3 + 4)? = 49 basis
determinants. The “MED” active space used 31 + 31 = 62 determinants. And on one
hand, in accordance with the fact that the Lu-Gao theorems give an upper bound for
the lowest achievable active space size, the “MAS” active space was able to cut that
down to 17 4+ 13 = 30 determinants without noteworthy deterioration of the energies of
those 7 adiabatic states. And on the other hand the 4th lowest A” and 5th lowest A’
states are absolutely not well reproduced, even in the MED active space.

Systematically choosing all determinants that might be essential for low-energy
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states produced the MSDFT active space “MED” (Section [A.5.3)), which is in pretty

good agreement to MRCI overall, at the cost of 31431 = 62 determinants. The MSDFT
calculation with the “MAS” active space (Section demonstrated that carefully
selecting the determinants makes it possible to halve the size of the active space to
17 4+ 13 = 30 determinants without significantly deteriorating the energies of the states
of interest. This came at the cost of the quality of some of the states immediately above
the energetic region of interest, though. With both active spaces, the (low-spin) MSDFT
potential energy curves are reasonably well reproduced (to within 1eV of the reference
for the higher energy state of interest and better for states with lower energies). This
is also reflected in Table where the same trend is observable for the CH3 and CHj
states that were identifiable.

However, the high-spin quartet states energies are reproduced incorrectly in all multi-

determinant MSDFT calculations. The reasons for this are unknown.



Appendix B

Calculation of the

Block-Localized Ground and

Excited State Energy Gradients

The operator form of the ground state energy gradient for RHF is given using [53]

oF
el

— 4(1 - p)flpa) (B.1)

where the reciprocal orbitals [@4) are

B4) = |papga){papgaloapga)™
1

(palpa)  (palpga) (B.2)
= [papga)
(pgalpa) (pgalpga)
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here in Eq.[B.2| (pa]@a) is the overlap matrix of the molecular orbitals, not an integral

value. By using the method of block-wise matrix inversion[333]

-1

A B (A—-BD710)~! —(A-BD™'C)"'BD™!
C D -D-'Cc(A-BD'C)"! D 'Cc(A-BD'C)"'BD '+ D!
(B.3)
we set
({palpa) = (palpga)(pgalpa)) ™
= (pgal(1 = pga)lpga)™" (B.4)
=«
After transformations, the following expressions are obtained
[Ba) = (1= pga)lea)e, (1 — (1= pga)loa)aipal)pgaloga) ™) (B.5)
p=@a)(eapgal = (L= pga)lpa)alpal(l — pga) + pga (B.6)
oF -
Bon 4(1 = p) fl@a)
YA (B.7)

= (1= (1= pga)lpa)a(pal) (L = pga) f(1 — pga)lpa)

We can further set o as a unit matrix to make (1 — pg4)|¢4) ortho-normalized

a = (gal(1 = pga)(l = pga)lpga) ™ = (®a|®a) ' =1 (B.8)

and obtain the energy gradient for block A

oF
ol (%

= 4(1 — (1 — pga)lpa)(pal)(1 — pga) f(1 = pga)lpa) (B.9)

At the point of the lowest energy, the energy gradient is zero. We obtain the SCF
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equation with

(ML= pga) f(1 = pga)leit) =€ (B.10)

The SCF equation (in refs [40] and [44]) can then be obtained by putting Eq.

into the above SCF equation. Because « is a unit matrix, Eq. now becomes

p=(1=pga)pa(l = pga) + pga = Pa + pga (B.11)

We have the property

(1= pga)lpga) = lpga) — pgalpga) =0 (B.12)

If we set |®4) = (1 — p¢A)\<pg4), then ((p¢A\<I>§4) = 0. By multiplying (¢#| on the left of

Eq. using the idempotency relation (1 — pga)(1 — pga) = (1 — pga), and keeping

® 4 orthogonal, we obtain

(@f|flef) = (@@ = ¢! (B.13)

f1of) = | @ga) (B.14)

The above derivation from eqs is a reversed process of the generalized
Phillips-Kleiman pseudopotential derivation in ref [83]. This means that the projected
wavefunction of block A orthogonalized to all other blocks is the eigenfunction of the
whole system.

To constrain the excited state particle orbitals ¢4 orthogonal to the ground state

occupied orbitals Y, we need (p4|(1 — pgé D1#%) = 0. The following equation is solved
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with a Lagrange multiplier A
O _1-q 1 1 A1 = p% )]l
3on =1 = (1 = pga)lea)(pal)(L — pg, ) f (L= pg,)lea) = AL —pg ,)lpa)
(B.15)
=0

By multiplying ]goOA> on the left, the Lagrange multiplier A can be obtained

A= {pal(1 = (1= pga)loa) (a1 = pg, ) F(1 = pg,,)lpa) (B.16)

The equation then becomes

(1= (1= pg )2 (AN (1 = (1= pga)lpa)(pa) (1 — pg, ) f(1 = pg,)lpa) =0 (B.17)

We can further rewrite the above equation into a symmetric form
P = pga)f(L—pga)d o) = p'(1 = pga)loi)el (B.18)

where p/ = 1—(1 —pgéA) 1% (Y] = (1—pgéA)\g0?4y> (¢, | by using normalization property
of complete nonorthogonal basis, ]go%V) is ground state unoccupied orbitals. To solve this
eigen-equation, we multiply (¢4 | = (xT9,)" on the left and set |p4) = xTu = xT9,Ta
to project the equation to ground state unoccupied orbital space. The following equation
is then obtained

(T4LFATS,)Th = (T4, SUTS,) ThEa (B.19)

After the diagonalization, the particle orbitals will be selected according to the order of

ground state unoccupied orbitals.



Appendix C

Glossary and Acronyms

Care has been taken in this thesis to minimize the use of jargon and acronyms, but
this cannot always be achieved. This appendix defines jargon terms in a glossary, and

contains a table of acronyms and their meaning.

C.1 Glossary

e adiabatic states — A set of states with zero stationary (velocity-independent)
interaction, which keep their energetic ordering but may vary their character

abruptly. (See also "state”.)

e branch — A set of AO basis functions with the same angular momentum magni-
tude quantum number [ (or the same angular momentum magnitude and magnetic

angular momentum quantum numbers [ and my;)

e Born-Oppenheimer approximation — A ubiquitous approximation that takes
the full (electronic and nuclear) Schréodinger equation of the system and solves it
only for the electronic wave function (and energies of the electronic states), while

keeping this result a function of the nuclear coordinates (to be solved either as its

266
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own Schrodinger equation or in a classical mechanics approximation).

charge transfer state, Charge transfer process (CT) — A state of a system
where significant charge (at least a large fraction of an electron) is moved between
two separate (or separable) parts of a system. Or the process of moving charges

in this manner.

configuration — Many-body wave function that describes a certain arrangement

of the electrons. Typically a single or only a few determinants.

contraction (Gaussian basis function contraction) — A pre-optimization
specifically for Gaussian type functions, using a linear combination to ”contract”

several (”primitive”) Gaussians into a single (AO) basis function.

correlation — Any deviation from the assumption that one electron’s behavior
only depends on what the other electrons are doing in a time-averaged manner.
L.e. any effects that take into account that the probability of finding two electrons
in specific places is not simply equal to the combination of the probabilities of
finding each at one of the positions, including especially energetic effects. Causes
states (when obtained with a method of sufficiently high quality to resolve this

effect) to consist of a multitude of determinants.
density — Usually means ”electron probability density”, unless noted otherwise.
Determinant — Abbreviation for ”Slater determinant”. See ”Slater determinant”

diabatic states — A set of states with small or minimal velocity-dependent
interaction, that keep (or only slowly and smoothly vary) their character, but

may swap their energetic ordering. (See also ”state”.)

doubles — 2-electron excitations (usually with respect to the base determinant)
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dynamic (or weak) correlation — Interaction with the one (or few) main de-
terminant(s) where none of the contributions from each of the many additional
determinants is noteworthy on its own. Typically attributed to electrons avoiding

each other’s presence on very short length scales. (See also ”correlation”.)

Gaussian/ Gaussian orbital — Gaussian-type basis function (of the form

exp(—r?/r{))
Hamiltonian — Abbreviation for ”Hamilton operator”.

potential energy curve (PEC) — Potential energy of an electronic state as a

function of one nuclear coordinate (implies Born-Oppenheimer approximation)

potential energy surface (PES) — Potential energy of an electronic state as a
function of all or several nuclear coordinates (implies Born-Oppenheimer approx-

imation)
singles — l-electron excitations (usually with respect to the base determinant)

Slater determinant — Anti-symmetrized product of all occupied orbitals;

Y({z;}) = A(H@ xi(z;)) = det({xi(z;)}) with A being the anti-symmetrization
operator. (This either implies being a solution of an approximation like Hartree-
Fock or Kohn-Sham DFT, or being a basis function for a correlated method, often

both.)

Slater function/ Slater orbital — Slater-type basis function (of the form

exp(—r/r0))

state — Many-body and multi-configurational wave function which usually in-
cludes dynamic correlation. Therefore typically comprised of a large number of

determinants.
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e static (or strong) correlation — Interaction between determinants that results
in an energy eigenfunction with similar magnitudes for the two (or more) largest
coefficients (or largest few coefficients) of its determinants. Usually through an
interaction between determinants with unusually close energies. Wave functions
without static correlation have one main determinant whose coefficient exceeds all

other coefficients by a large margin. (See also ”correlation”.)

e super-exchange — A superposition state made from charge transfer states in both

directions. ... the same spherical harmonics ...
e triples — 3-electron excitations (usually with respect to the base determinant)

e (valence) double zeta — Basis set with two contractions of Gaussians for covering

the (valence) AOs

e (valence) quadruple zeta — Basis set with four contractions of Gaussians for

covering the (valence) AOs

e (valence) triple zeta — Basis set with three contractions of Gaussians for cov-

ering the (valence) AOs

e wave function — Usually refers to the multi-electron wave function of only the

electrons (in Born-Oppenheimer approximation), unless noted otherwise.

C.2 Acronyms
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Table C.1: Acronyms

Acronym Meaning
Qbics Quantum Biology, Informatics and Chemical Science (pro-
gram)
Acronyms containing ...cc... and ...aug...
aug (prefix for) augmentation (basis functions)/ augmented (basis
set)
cc (prefix for) (Dunning’s) correlation consistent (type basis set)
cc-pVDZ correlation consistent polarization valence double zeta
aug-cc-pVDZ augmented cc-pVDZ
ccpvtz abbreviation for ”cc-pVTZ”
cc-pVTZ correlation consistent polarization valence triple zeta
aug-cc-pVTZ augmented cc-pVTZ
cc-pVQZ correlation consistent polarization valence quadruple zeta
aug-cc-pVQZ augmented cc-pVQZ
Acronyms containing ...CC... and ...EOM...
CC coupled cluster (method)
CcC2 second-order approximate coupled cluster singles and doubles
CcC3 third-order approximate coupled cluster singles doubles and
triples
EOM equation-of-motion (formulation for excitations in the coupled
cluster method)
EOM-CC equation-of-motion coupled cluster (method for excited

states)

Continued on next page
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Table C.1 — Continued from previous page

Acronym Meaning

CCSD coupled cluster (method) with single and double excitations

EOM-CCSD equation-of-motion coupled cluster (method) with single and
double excitations

CCSDT coupled cluster (method) with single, double and triple exci-
tations

EOM-CCSDT equation-of-motion coupled cluster (method) with single, dou-
ble and triple excitations

CCSD(T) coupled cluster (method) with single and double excitations
and approximate triples

EOM- equation of motion coupled cluster theory at the singles and

CCSD(T)(a)* doubles level with perturbative triples computed via the (a)*
formalism

CCSDT-3 coupled cluster method with singles, doubles and Bartlett
et.al.’s 3rd level of approximate triples

EOM-CCSDT-3 equation-of-motion coupled cluster method with singles, dou-
bles and Bartlett et.al.’s 3rd level of approximate triples

Acronyms containing ...CI...

CI configuration interaction (method) (with unspecified exita-
tion order)

CDFT-CI constrained density functional theory - configuration interac-
tion

CIS configuration interaction (method) with single excitations

Continued on next page
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Table C.1 — Continued from previous page

Acronym Meaning

SOS-CIS(Dy) scaled opposite spin single excitation configuration interaction

with quasidegenerate second order perturbation corrections

FCI full configuration interaction
MR-CI multi-reference configuration interaction
MRSDCI multi-reference configuration interaction with single and dou-

ble excitations
SAC-CI symmetry-adapted cluster - configuration interaction
(method)

Acronyms containing ...DFT... and ...KS...

DFT density functional theory

BLW-DFT density functional theory with block localized wavefunction

CDFT-CI constrained density functional theory - configuration interac-
tion

EDFT ensemble density functional theory

HKS-DFT Hohenberg-Kohn-Sham density functional theory

KS Kohn-Sham

BLKS (-DFT) block localized Kohn-Sham (DFT)

KS-DFT Kohn-Sham density functional theory

KS-DFT Kohn-Sham (formulation for the most commonly used

method within) density functional theory
MC-DFT multi-configuration density functional theory
MSDFT multi-state density functional theory (method)

Continued on next page
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Table C.1 — Continued from previous page

Acronym Meaning

TSO-DFT target state optimized density functional theory
td-dft/ td-DFT/ time-dependent (formulation for) DFT
TDDFT

Molecular formulas and acronyms for molecule names

CHy methyl (radical)/ carbene

CHs methylene (radical)

Fy fluorine molecule

CF, difluorocarbene (radical)

CH; = CH; ethene/ ethylene

CF; = CH, vinylidene fluoride

CF9 = CFy tetrafluoroethylene

OF, oxygen difluoride

CH3NOq nitromethane

LiH lithium hydride

NHj; ammonia

MesC =0 (CH3)2C = O, acetone

MeOCH = CHa methyl vinyl ether/ methoxyethene

MVE methyl vinyl ether/ methoxyethene

DME 1,2-dimethoxyethene (1,2-dimethoxy ethylene)

c-DME cis- 1,2-dimethoxyethene (cis- 1,2-dimethoxy ethylene)
t-DME trans- 1,2-dimethoxyethene (trans- 1,2-dimethoxy ethylene)
Naph abbreviation for "naphtalene”

Continued on next page
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Table C.1 — Continued from previous page

Acronym Meaning

PCA para-chloromethyl anisole

TCNE tetracyanoethylene

TFE tetrafluoroethene/ tetrafluoroethylene

Other acronyms

AAFERes exciton resonance energy

AFEqist geometrical distortion energy

AES, interaction energy in an exiplex

AFETint called local interaction energy

AEﬁ)’él(X *.Y) polarization energy arising from local excitation

Tus multi-state (kinetic energy)

NDets abbreviation for "number of determinants”

Vad adiabatic excitation energies

Vem vertical emission energy

Vext potential from sources ”external” to the arrangement of the
electrons (interaction of the electrons with the nuculeus, elec-
trons with electromagnetic fields from outside the molecular
system, ...)

ADC(2) algebraic diagrammatic construction (second order)

Ang abbreviation for ”angstrom” (a non-standard SI distance unit,
10~ % meters)

AO/ AOs atomic orbital(s)

AS active space

Continued on next page
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Table C.1 — Continued from previous page

Acronym Meaning

a.u. arbitrary units

au atomic unit(s) (a non-SI unit system)

B3LYP Becke’s 3-parameter (hybrid xc) functional based on Lee-
Yang-Parr

BCT backwards charge transfer (state/ process)

BLE block localized excitation

BLMO, BLMOs
BLO/ BLOs
BLW

BLW-ED

BNL(~opt)

BNL
BSSE
CAM-QTP
CAS
CASPT2

CASSCF
CR
CSF/ CSFs

block localized molecular orbital(s)

block-localized orbital(s)

block localized wave function

block localized wavefunction (based) energy decomposition
(analysis)

optimized version of the range-separated Baer-Neuhauser-
Livshits functional

range-separated Baer-Neuhauser-Livshits functional

basis set superposition error

cambridge quantum theory project (XC functional)
complete active space

complete active space self consistent field with 2nd order per-
turbation theory

complete active space self consistent field

charge transfer resonance

configuration state function(s)
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CSOvV constrained space orbital variations

CT charge transfer (state/ process)

D3 Grimme’s empirical dispersion correction (up to 3-dipole-
interaction order)

DIIS (iterative matrix diagonalization method via) direct inversion
of the iterative subspace

DM geometry of the monomers in the optimized dimeric excimer

DMRG-CASPT2

DTS

EA

EC

EDA

EET

ER

ET

ETS
ETS-NOCV

Ex
FCT
FMO/ FMOs

density matrix renormalization group - complete active space

with second order purturbation theory

dynamic-then-static (class of method)

electron affinity

exciplex complex

energy decomposition analysis

excitation energy transfer (state/ process)

exciton-resonance

electron transfer (state/ process)

extended transition state (method)

extended transition-state method with natural orbitals for

chemical valencee

exciton/ excited

forward charge transfer (state/ process)

fragment molecular orbital(s)
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froz abbreviation for ”frozen”

GDAC generalized diabatic at construction (class of methods)

GS ground state

GSIE ground-state interaction energy/ local interaction energy in
the ground state

GVB generalized valence bond (method)

HF Hartree-Fock (method/ Hamilton operator)

HMDF Hamiltonian matrix density functional

HOMO highest occupied molecular orbital

HT hole transfer (state/ process)

Hx Hartree-exchange

IC-EIG ionic configuration(s) determined by solving an eigenvalue
equation

IC/ ICs ionic configuration(s)

IC-PT ionic configuration(s) determined by perturbation theory

int interaction

1P ionization potential

IQA interacting quantum atom (method)

kcal kilo-calorie(s) (a non-SI energy unit)

Lex local excitation (state/ process)

LUMO lowest unoccupied molecular orbital
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MO06-2X Minnesota 06 (hybrid xc) functional with 2x the Hartree-type
exchange

MAS minimumactive space/ minimal active space

MAS-SE minimal active space for super-exchange

MCSCF (MC- multiconfiguration self-consistent-field

SCF)

MED abbreviation for "medium sized active space”

MOM maximum overlap method

MO/ MOs molecular orbital(s)

MOVB mixed molecular orbital and valence bond

MOW maximum overlap of wave function

MP2 2nd order Moller-Plesset (perturbation theory method)

MSA mean-signed-average (deviation)

MS-EDA multi-state energy decomposition analysis

MSE mean signed error

MS multi-state

MS-SCF multi-state self consistent field (method)

MUE mean unsigned error

NEDA natural energy decomposition analysis

nm nanometer (a SI distance unit, 1077 meters)

NOCI non-orthogonal configuration interaction

NOCV natural orbitals for chemical valence (theory)
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NOSI non-orthogonal state interaction

occ abbreviation for ”occupation”

OCD orbital and configuration-state delocalization

OLED/ OLEDs
PBEO

PCET

PEC

PES

pol

post-HF
post-SCF
QM/MM

RMSD
RVS-SCF
SAPT
SCF-CV-DFT

SCF-MI
SCF
SCS

organic light-emitting diode(s)

parameter free Perdew-Burke-Enzerhof hybrid xc functional
proton- coupled electron transfer (process)

potential energy curve

potential energy surface

abbreviation for ”polarization”

post hartree-fock (family of methods)

post self-consistent field (family of methods)

(mixed) quantum mechanical and molecular mechanical
(method) (a method with different treatment for different
atoms)

root-mean-square deviation

reduced variational space self-consistent-field
symmetry-adapted perturbation theory

self consistent field constricted variational density functional
theory

self-consistent field for molecular interactions

self-consistent field

spin-component-scaled (CC2 and ADC(2) method)
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SEET singlet excitation energy transfer

SE super-exchange

SGM square gradient minimization

SOS scaled-opposite-spin (approximation/ method)

SVD singular value (matrix) decomposition

TADF thermally activated delayed fluorescence

TDF transition density functional

TEET triplet excitation energy transfer

ASCF delta self consistent field (method)

T-SF state generated from orbitals optimized in the triplet state
(Mg = 1) followed by an o — 3 spin flip

TSO targeted state optimization (approach)

eV (a non-SI energy unit)

Uuv ultraviolet (light/ electromagnetic radiation)

VB valence-bond (theory/ method)

WET wave function theory (family of methods)

XC exchange correlation (functional in Kohn-Sham DFT)
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