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configuration interaction with single excitations
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University of California at Berkeley, Berkeley, CA 94720, USA
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Abstract

We present an improved energy decomposition analysis (EDA) scheme for under-
standing intermolecular interactions in delocalized excited states, especially in ex-
cimers. In the EDA procedure, excited states are treated with linear response theory
such as configuration interaction singles (CIS) or time-dependent density functional
theory (TDDFT), and absolutely localized molecular orbitals (ALMOs) are used to
define the intermediate (frozen, excitonic coupling, and polarized) states. The in-
termolecular interaction energy is thereby separated into frozen, excitonic splitting,

polarization and charge transfer contributions. The excitonic splitting term describes
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the delocalization effect as two or more degenerate local excitations couple with each
other, which is often an important binding force in excimers. A maximum overlap
state-tracking procedure is introduced to connect the initial fragment excitations to
the constrained intermediate states, and finally to the unconstrained delocalized states
of the complex. The EDA scheme is applied to several excimer systems, including the
He3 and Nej noble gas excimers, the doubly hydrogen-bonded 2-pyridone dimer, and
the aromatic benzene and perylene excimers. We are able to gain some useful insights
into the role each term is playing in the formation of these excimers, and the resulting
method may also be useful for understanding a range of other complexes in excited

states.



1 Introduction

Excimers are excited dimers that, while weakly bound in the ground state, are much more
strongly interacting in the electronic excited state. In fluorescence spectra, excimer emission
typically appears as a broad, structureless band at lower energy than the structured molecular
band. One well-known example of excimers occurs in the noble gas dimers.! He} was the
first singlet excimer to be identified though fluorescence spectra.? It can be thought of as
a Hej core (with bond order 1/2), and an outer Rydberg electron. An intense continuum
between 60 nm and 100 nm was attributed to the transition from Hej to the dissociated
ground state (He + He). Other noble gases excimers (Nej, Arj, Kr}) were subsequently
discovered.?® Aromatic molecules can also form excimers in solution, as well as in neat liquid,
molecular crystals and polymers.! The most stable excimer structure is usually perfectly
stacked, consisting of a symmetric pair of parallel molecules. The pyrene dimer was the first
experimentally studied aromatic system,® and its fluorescence quenching has been used as
an effective analytical tool. " 1!

There are two main types of configuration interaction (CI) which can contribute to ex-
cimer formation: (1) exciton resonance (ER) caused by interaction between localized excited
states (A*B<«»AB*), where the electron and hole are placed on the same molecule. (2) charge
resonance (CR) due to interaction between charge transfer states (ATB~ <»A~B™). The ex-
cimer states originate from a mixture of ER and CR states, and simplified models of excimer
formation based only on ER or CR may not properly explain some experimental results.?
The Frenkel-Davydov exciton model,?1? for example, only gives rise to pure ER states as

its wavefunction is constructed in the basis of neutral excitations:

@) = ca|VaVp) + cp|VaVT) (1)

and the coefficient ¢4 and cp are solved from the corresponding secular equation. The off-



diagonal term (W% W B|]:I |W,4U%), coming from the coupling between localized excitations,
are sometimes estimated as Coulomb integrals over transition densities!# or simply within
a dipole approximation. This will tend to be inaccurate at short separations. Ab initio
implementation of the Frenkel exciton model, which takes account of exact exchange and
the overlap between localized states was recently proposed by Herbert and coworkers.'® In
order to study systems where charge-transfer (CT) plays an important role, efforts have been
made to go beyond the Frenkel exciton model, often by expanding the basis space for CI to
include charge-transfer basis states. %17

The formation of excimers can also be viewed from the perspective of intermolecular
interactions. Energy decomposition analysis (EDA) is a powerful tool to study intermolec-
ular interactions.®1® An EDA decomposes the total interaction energy into several inter-
pretable components, such as electrostatics, Pauli repulsion, dispersion, polarization and
charge transfer, thereby allowing an assessment of their relative importance. Many EDA
schemes have been proposed and used for studying intermolecular interactions between

20744 and we believe that a suitably designed EDA can also help

ground state molecules,
in understanding the relative roles of the different driving forces that given rise to excimers.
For example, it would be very useful to distinguish the comparative magnitude of the ER
and CR effects mentioned above. It should be mentioned that many wavefunction analysis
schemes have been proposed to quantify the ER and/or CR characters of excited states us-

45-51 Nonetheless, these

ing quantities related to the transition or difference density matrix.
“top-down” analysis schemes focus more on the composition and general character of an
excited state wavefunction rather than the energy components that lead to the formation of
an excimer. In broader terms, there is far greater chemical understanding of intermolecular
interactions in the ground state of complexes than those in excited states, and therefore a

well-posed EDA for excited states can be even more valuable than one for ground states.

One reason for this is that monomer properties such as polarizabilities and Lewis acidity or



basicity can be drastically different in excited states, and another reason is that the exciton
resonance effect is unfamiliar from ground states.

There are very few reported EDA approaches for unraveling the electronic structure of
complexes in excited states. Recently, we proposed an EDA scheme for understanding in-
termolecular interactions involving excited molecules.?® This EDA was formulated in the
framework of linear response theory for single excitations (e.g. configuration interaction sin-
gles (CIS)®%* and time-dependent density functional theory (TDDFT)5%57 within the
Tamm-Dancoff approximation (TDA)®®) and utilized absolutely localized molecular orbitals
(ALMOs)?*%9 to define the intermediate (frozen and polarized) states. The formulation of
that method assumes that one of the fragments has an excitation energy considerably lower
than the other fragments, so the excitation can be assigned to a single molecule within a
complex (i.e. exciplexes). This assumption is appropriate for cases such as solvated chro-
mophores, but not for excimer systems.

In this work, we take up the challenge of generalizing the previously proposed EDA
scheme for exciplexes to treat excimers. Briefly speaking, in the exciplex EDA, the shift in
excitation energy when an excited molecule interacts with the environment was separated
into three terms: frozen (FRZ), polarization(POL) and charge transfer(CT), and each term
was then added to its counterparts obtained from the original ground state ALMO-EDA.36:40
Here, we will introduce a new term which we call excitonic-splitting (EXSP) to account for
the coupling between local excitations (i.e. the ER effect). Details of the excimer EDA
formulation are presented in Sec. 2. In Sec. 3, we apply the new EDA scheme to several

representative examples, including the noble gas and aromatic excimers.



2 Theory

The new EDA scheme employed in this paper is closely related to the ALMO-EDA for exci-
plexes that we proposed recently.®® The two schemes share the same definition for the frozen
and polarized states. Therefore, we will first review our previous scheme but carefully write
down the derivation for multiple states, as at least two states are considered in excimer
systems. Then we introduce the excitonic splitting term and the excitonic coupling interme-
diate state, which are important for excimers. Finally we propose a state tracking approach
that is essential for connecting the initial fragment-localized states to the final delocalized
excited states of the complex.

In this section and the rest of this paper, molecular orbitals are denoted by lowercase
letters i, j (occupied) and a, b (virtual). Capital letters I, J are used as subscript indicate
fragments indexes. The state indexes are denoted in the superscript: s, t for fragment states,
k, k' for supersystem states, “x” for a generic excited state and superscripts are often dropped
in the case of a ground state. In Sec. 3, we also use symbols for irreducible representations

to specify excited states based on the symmetry of molecular wavefunctions.

2.1 Review of ALMO-EDA for exciplexes

By definition, the interaction energy is the counterpoise (CP)-corrected® difference between

the excited supersystem energy E* and the sum of isolated fragment energies, Ef. .
AEr = £ — Efy,y + AEBsse (2)

where the last term represents the basis set superposition error (BSSE). When the excitation
of interest is mainly localized on one fragment (assuming it is fragment 1 without loss of

generality), Ef . is defined as the sum of excited state energy of fragment 1 and ground state



energies of other fragments. Equivalently, this is equal to the sum of ground state energies

for all fragments and w;, the excitation energy of fragment 1 in isolation.

N N
E?rag:ET—i_ZEJ:ZEJ_'—Wl (3)

J>1 J=1

Let us turn to systems composed of identical fragments. Assume there are M excitations
of the isolated fragments that are close in energy. This will typically be one excitation per
fragment if the fragments are identical, but can in principle involve more than one excited
state per fragment. We can now define M different Fp,,’s, each one corresponding to a
particular excitation from the M degenerate excitations. For example, the s reference

energy, which corresponds to excited state s of fragment [ is:

N N
EgagZE}q—FZEJ:ZEJ—Fw;
J#I J

The M fragment excitations are likely to mix when the fragments interact, and form M
supersystem excited states that are delocalized across fragments. Let us label these state en-
ergies as £*. While the local excitations are degenerate or near-degenerate, the supersystem
states will usually split due to interaction, resulting in a range of different E* values.

To understand the effect of interaction, one needs to look at a set of M interaction
energies, one for each resulting state: AFEjr = E"—Ef, . +AFjqqp. For each such interaction
energy, AEjr, the contribution from the ground state interaction energy, AFint and the

shift in excitation energy, AwinT, can be separated:

AFRNT = AENT + Awin (4)

where AFnt = E—YN | Er, Awliyr = w®—wj. Our exciplex EDA scheme®? decomposes the

excited cluster interaction energy into three terms, frozen (FRZ), polarization (POL) and



charge transfer (CT). This is achieved by first defining the frozen and polarized wavefunction
of excited states. Now, with the degeneracy between fragments present, we need to consider
M frozen and polarization intermediate states, each defined in a similar way as before.
Polarized excited systems are described by the ALMO-CIS % wavefunction (or its TDDFT
or TDDFT/TDA analog as appropriate), and Efqp is given by the ALMO-CIS energy of
state k. The difference between Epy;, and E* results from the constraint in ALMO-CIS that
the excitation can only take place between an occupied and a virtual orbital on the same
fragment, and the ALMOs only contain contributions from the atomic orbital (AO) basis
functions that reside on the given fragment. With these constraints, the ALMO-CIS states
are intuitively CT-free (see the Appendix of ref. 63 for a proof). Thus the CT terms can be
defined as:
AE¢y = B — Epor, + AEgss (5)

Recalling that in the ground state ALMO-EDA, SCF(MI) is used to compute the polarized

system energy FEpor, the CT term can also be rewritten as:

AEST = (E — FEpor, + AEBSSE)
+ (W™ — wpor, + AERssy — AEBssE)

= AEcr + Awly (6)

In the frozen wavefunction, both amplitudes and orbitals are frozen. We compute the



k' frozen excitation energy using the singles amplitudes of the isolated fragment, t* = ¢3:

K - $,5a48,7b $,ia,,8,7b
WFRZ = Z (FapSijty ™t — FigSaptt7"")
ivavjvbel

+ > wiwwaawj)t?iat?jb

i,a,5,bel

+2)° Fi 25" (7)

i,ael

where F and S are the Fock and overlap matrices in the MO basis, respectively, and 1’s
represent the MOs. The necessity of including the occupied-virtual block of the relaxed
density of the isolated fragment (z7) is discussed by Thirman et al. in the development of
MP2-ALMO-EDA,*' as well as in our previous EDA scheme for exciplexes.®? The frozen

contribution to the excitation energies and the excited system energies are:

K _ K S
Awgry, = WEpg — W]

Further decomposition of the frozen energy is also possible in ground state EDA.%* A simple

scheme (e.g. see ref. 65) is to use the “quasi-classical” definition for permanent electrostatics,



and to classify the remainder of the frozen energy as Pauli repulsion:

AEfipc= ), / / drydropi(ry)riy pit (ra)

K<L

with

pi() +ppe(r)  K=1I
P = 9)

pr(r) + pge(r) K #I
and

AEI;AULI - AEIP?RZ - AEELEC (10)

where p represents the ground state fragment electronic density, p3 is the st excited state

nuc tot

electronic density of fragment 7, and p™¢ and p*** are the nuclear and total fragment charge
densities, respectively. Defined in this way, the Pauli term will inevitably be contaminated
by dispersion if the employed model chemistry incorporates long-range correlation effects

(e.g. van der Waals density functionals).

2.2 Introducing the excitonic splitting term

Up to this point, the derivation largely follows the previous EDA scheme, except that the
terms are now defined explicitly for each state. We will now introduce the main generaliza-
tion needed in order to study the role of excitonic couplings, as are expected to be prevalent
in systems with degenerate monomer excited states. Previously, any interaction energy dif-
ference between the frozen and polarized intermediate states was attributed to polarization
effects. Now, as more than one fragment may make a significant contribution to the super-
system excitation, any coupling between these local excitations may break the degeneracy
of the isolated monomer excitations. For identical fragments (and identical environment for

each fragment), the frozen states are also degenerate, and the splitting due to configuration
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interaction between degenerate states will occur as soon as it is allowed (i.e. at the polarized
level).

To separate the splitting effect due to “pure excitonic coupling” (i.e. the mixing of degen-
erate configurations) from polarization (i.e. changes in the on-fragment charge distributions
due to the electrostatic environment), we propose a new EDA term, Awgxsp, whose as-
sociated intermediate state has the form of a linear combination of the (degenerate) local

excitations:

M
‘(pEXSP) = ZCN‘\D1WQ\D§WN> (11)

The coefficients ¢® = ¢} and the corresponding excitonic-splitting excitation energies wgxsp

are determined by solving the Schrodinger equation in the basis of the local excitations:
AC = (JJEXSPQC (12)

The Hamiltonian A and metric G have dimension M x M, with M being the total number
of degenerate local excitations considered. This excitonic term is to be evaluated before the
polarized intermediate state is considered.

The matrix elements are computed as:

Ay = (\IJH|fI — Epgrz|V,) + response

_ Z ( asz]tsm r,jb E]Sabtim ,]b)

i,a€l,j,beJ

+ > (][t

i,a€l,j,be]

s,ia
+ Z ia?]  Okx/

i,ael
gHH/ = <\IJI€|\IIHI>

— Z S’L] Sabt? za T ]b

i,a€l,jbed
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Here, in general, index x corresponds to state s on fragment I, and k' corresponds to state
r on fragment J. In the simple case of one degenerate state per fragment, x reduces to
simply be a fragment index. Note that the occupied orbitals are projected out of the virtual
space, and the virtual orbitals are reorthogonalized within each fragment (as in Eq. 7). The
response terms are added to the diagonal to ensure that the diagonal elements are the same
as in Eq. 7. For simplicity, the off-diagonal elements are unmodified. Apart from simplicity,
a further argument for this choice is zy; = 0, as the RHS of the z vector equation is in fact
the response of energy to orbital rotations, and interfragment orbital rotation is forbidden
at the frozen level. In this way, the new model is consistent with the previous one, since if
the energy gap between different local excitations is large (compared to the magnitude of
coupling), the eigenvalues of Eq. 12 are just the diagonal elements, i.e., the frozen energies.
The other extreme is that all local excitations are degenerate.

In the simplest case of two identical fragments each contributing one state, we have a

2 x 2 generalized eigenvalue problem:

WFRZ Vv C1 1 S C1
= WEXSP
Vv WFR7Z Co S 1 Co

where V' and S are the off-diagonal elements of the Hamiltonian A and the metric G, respec-

tively. The solution to this 2 x 2 problem is

|[Pexse) = (107102) — |01 ¥5))/2(1 = 5)

_ . (1+S)((JJFRz—V)
WEXSP = 1-9

|Prxsp) = ([¥7P2) + [¥103))/v2(1 + 5)

1—-9)(w +V
WEXSP = ( )1(+ng ) (13)
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One can see that the two resulting states are fully delocalized, with the one state having lower
excitation energy compared to the localized frozen states, the other state has an increased
excitation energy. This shares the same spirit as the Frenkel exciton model.

wgxsp's are the excitation energies taking the excitonic coupling effect into account, but
are free of polarization and charge transfer. Therefore, we can define the excitonic splitting

terms as the shift from excitation energies at the frozen level:

K K K
Awgxsp = WExsp — WERZ (14)

Subsequently the polarization term can then be evaluated via ALMO-CIS/ALMO-TDDET

as

K _ K K
Awpor, = Wpor, — WExsP

AE§0L - EgOL - EEXSP
= (Epor + wpor,) — (Errz + Wixsp)

To summarize, the new EDA scheme requires computing five different energies that cor-
respond to progressively weaker constraints: (1) isolated fragment energies (Ef,,); (2) the
frozen energy (Efg,), which is the energy of the supersystem subject to the constraint that
the fragments keep their orbitals and amplitudes unchanged; (3) the excitonic-splitting en-
ergy (Efixsp), which takes the coupling between frozen fragment excited states into account;
(4) the energy of polarized states (Epy;,) evaluated with ALMO-CIS/ALMO-TDDEFT; (5)
the full system energy (E") evaluated without any constraint. Every time we move to the
next level (i.e. to a weaker constraint) the resulting energy change is designated as an

EDA term. Among the four EDA terms, the excitonic-splitting term is unique to excited
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states (in other words, for the ground state Egxsp = 0). The other three terms (FRZ, POL
and CT) all involve a contribution from the ground state (AE, obtained from the ground
state ALMO-EDA) as well as a correction arising from the excitation energies (Aw") that is

state-specific.

2.3 State-tracking in EDA

Extra caution should be taken when multiple states are involved in EDA. Previously, for sys-
tems whose excitations are significantly different, we only focused on the lowest states, which
are mainly localized on one fragment and minimally mixed with states on other fragments.
Now as the EDA is performed for M excited states, the situation becomes more compli-
cated. There is a straightforward one-to-one mapping only between the isolated fragment
states and the frozen states. Defining this mapping is potentially problematic at EDA levels
where states are delocalized (EXSP, POL, CT). One cannot simply track state indexes, or
even look at just the lowest M states if, say, there is a low-lying charge-resonance state, or
the M states switch order since the interactions may affect different states unequally. To
make the EDA usable in these interesting and complex settings, we require that the final
states maintain the character of the reference isolated fragment states. In other words, it
is desirable to be able to view the interfragment interaction as akin to a perturbation, even
though we are now allowing a degenerate perturbation theory description.

The problem is addressed by finding the states that most resemble the reference, where
the resemblance is measured by the overlaps between states. For example, if ®, is the &

state at one intermediate level, and @, is the &’ state at another level, the overlap between
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them is computed as:

G = (O[O

=33 9SSt (16)

wa 'a’

Here ¢ and ¢ are amplitudes of ®, and <i>,i/, respectively, S; and S, are the MO overlaps,
which appear because the frozen, polarized and final wavefunctions use different MOs.

The magnitude of G, is between 0 and 1. If G = |G| is close to 1, it means that
the two states are very similar. We can keep track of the M states based on the G values:
at each intermediate level (including the final), we look for the states that have maximum
overlap with states at the previous level, and the EDA terms should take the differences
between the pairs of states that overlap the most.

Considering a hypothetical 2 x 2 case as an example, based on the analysis mentioned
above, G11(FRZ|EXSP) ~ G (FRZ|EXSP) &~ 0.5, as the two local excitations have equal
contributions to the EXSP states. After polarization, one may find that Gy (EXSP|POL) ~
Gao(EXSP|POL) &~ 0.99 while the other overlaps are close to 0. This indicates that the
two lowest polarized states are closely related to the EXSP states, and thus the polarization
terms would be AELq; = Fhop — Fhsxps AFRor = Féop, — Fagxp- Next, with CT included,
assume that G1(POL|FINAL) = 0.95, Go3(POL|FINAL) ~ 0.80, and that overlaps between
other final states and the two lowest POL states are insignificant. Omne can then define
AFELy = E' — Blop + AF}gsp, AR = E? — F3op, + AE%qqp. The G values also hint at
the relative importance of each EDA term. For example, in the above case, CT is likely
to have more influence than POL. Note that in these analyses, at most M final states can
eventually be mapped into the original fragment states, and these are the exciton resonance
states. For states with strong CT character (e.g. the final state 2 above), one may consider

utilizing F1TF27/F1~F2% instead of F1*F2/F1F2* as reference states. However, we will
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not examine these charge resonance states any further in this work.

Before moving on, we refer the reader to the Table of Contents (TOC) figure for a
schematic illustration of the overall scheme associated with this EDA, where we illustrated
how excited states at five distinct stages of constraint (initial, frozen, excitonic-splitting,

polarized, and final) are related to each other as well as the possible effects of state crossing.

3 Application Examples

The generalized excited state ALMO-EDA has been implemented in a development version
of the Q-Chem electronic structure program.% As tests of the new EDA scheme, we apply
it to five systems: He}, Nej, 2-pyridone dimer, benzene excimer and perylene excimer. For
all TDDFT calculations, the Tamm-Dancoff approximation (TDA) is employed. All EDA
results are CP-corrected, which slightly affects the CT term and the total interaction. For
example, for the perylene excimer at the equilibrium structure of the lowest excited (Bs,)
state, the BSSE estimated by subtracting the CP-corrected and uncorrected interaction
energy is 0.125 eV, amounting to roughly 9% of the CP-corrected interaction energy for that
state. The basis sets employed for other excimers are larger and therefore the magnitude of

the BSSE is smaller in the other cases (see Table S1 of the Supporting Information).

3.1 Noble gas excimer: Hej and Nej

To explore how the new EDA scheme works, we first apply it to Hej and Ne}, at an inter-
atomic distance of 3.0 A (close to the ground state equilibrium geometry). The calculation
is performed with CIS (since it is self-interaction-free and these are Rydberg excitations)
and a customized 6-311(24)G basis, which includes two additional sets of diffuse functions
to enable a better description of the Rydberg states. Fig. 1 shows the energy levels of these

two systems.
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Figure 1: Excitation energies at different EDA levels for (a) Hey and (b) Nek, The
interatomic distance is chosen to be 3.0 A for both cases. The two states for Hej
correspond to 1s — 2s monomer excitations. The six states for Nej are derived from the
2py — 3s, 2p, — 3s and 2p, — 3s monomer excitations.

For Hej, we consider the two lowest singlet excited states (21Alg, 1A1U) that originate
from the 1s — 2s monomer state. The frozen states remain degenerate, but their excitation
energies are 0.212 eV higher than the isolated monomer states. This can be explained by
the fact that Pauli repulsion is more unfavorable for the excited states as the electronic
density becomes more diffuse upon excitation (AEpaurr = 0.001 eV, AEE;ﬁULI = 0.269 eV,
Awprurr = 0.268 €V). The splitting of the two states starts at the excitonic coupling stage,
with the excitation energy of one state lowered by 0.035 eV, and the other raised by 0.035 eV.
When polarization and charge transfer are incorporated subsequently, the excitation energies
of both states red-shift, while the splitting is still present.

In the Nej case, as each monomer has three degenerate excitations, 2p, — 3s, 2p, — 3s
and 2p, — 3s, six fragment states are taken into account. In the supersystem, the two
2p, — 3s excitations are inequivalent to 2p, — 3s and 2p, — 3s (the z axis is along
the vector between Ne atoms), thus their frozen states are slightly higher in energy than the
other four. The six states further split when they are allowed to mix. The lowest and highest

excitonic states (of A, and Ay, symmetries, respectively) are the in-phase and out-of-phase
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Figure 2: EDA results for the lowest singlet excited state (2'A;,) of He} and Nej computed
at different interatomic distances. (a) Decomposition of the excitation energy of He}
relative to the 1s — 2s excitation energy of an isolated He atom. (b) Decomposition of the
excited state interaction energy of Hej relative to separated He* and He. (c¢) Same format
as (a) but for Ne} (d) Same format as (b) but for Nej.
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combination of two fragment 2p, — 3s excitations, while the middle four states (two Ej,
and two Ey,) come from 2p, — 3s and 2p, — 3s excitations. This can be confirmed by
the linear combination coefficients solved from Eq. 12. Like the He} case, all six states are
stabilized by polarization and charge transfer.

Although the EDA terms are generally small at 3.0 A for both He} and Nej, the picture
can be quite different at the equilibrium distances for the excited states. For Hej, the
equilibrium is at 1.1 A, with a well depth of 1.96 eV. For Ne3, the equilibrium is at 1.8 A, with
a well depth of 0.40 eV. The energy levels (as in Fig. 1) evaluated at the excimer equilibrium
distances can be found in the Supporting Information (Fig. S1), where the excitation energy
splittings due to excitonic coupling are much larger. The effects of POL and CT also vary
significantly: by contrast with Fig. 1, they do not always lower the excitation energies, and
crossing of the higher-energy 2p, — 3s and 2p,(,) — 3s states occurs in Nej; when CT is
included.

Before moving on, we want to briefly discuss how to choose the fragment states. In
particular, how many local excitations should be taken as the basis in Eq. 127 Let us consider
what happens if the six 1s — 2p excitations are also included for Hej. Solving the 8 x 8
generalized eigenvalue problem instead, we find that the results are different from those of the
2% 2 case. wirsp values are now quite close to wpgy, that is, Awpg, & 0 (Whyxsp = 21.221 eV,
Wixep = 21.263 eV, whop, = 21.220 eV, wiy, = 21.264 eV). A careful examination of the
eigenvectors can explain the origin of this change. The first two excitonic states contain
contributions from both 1s — 2s and 1s — 2p, excitations, as |U}*72%) £ |W1s72) are of the
same symmetry as [W]°7%%) 4+ |3 7?=) (both are Aj,) and they can mix further with each
other, which is effectively a relaxation of fragment amplitudes. In other words, a considerable
amount of polarization is contained in Awgsgp, rendering Awpd, tiny. Therefore the best
choice of the degenerate subspace from the viewpoint of isolating the excitonic splitting is

the minimal space of two strictly degenerate states, rather than the expanded 8-dimensional
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space, which is at most quasi-degenerate. It may be interesting to using the present EDA to
re-analyze the nature of states in larger helium clusters, where a band of 2s-derived states
and another band of 2p-derived states are found. %6367

For Nej, although the EDA is performed on the six states all together, excitations of
different symmetries (e.g. 2p, — 3s and 2p, — 3s) are not allowed to mix. In fact, the 6 x 6
matrices in Eq. 12 are block-diagonal and each eigenvector has only two nonzero elements,
corresponding to the excitation from the same 2p orbital of each Ne atom. This means that
the EDA results are the same if we treat 2p, — 3s, 2p, — 3s and 2p, — 3s separately.
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Figure 3: Log-log plot of excitonic splitting, A, in the lowest singlet excited states of He,
and Ney at large interatomic distances (R > 5 A). A is calculated as

A = |Awgxsp| + |[Awixgp|, where Awgxep and Awdygp are the excitonic coupling terms for
the out-of-phase and in-phase states, respectively. Excitonic splitting in He} (labeled as A;
shown as black dots) exhibits rapid decay with R, while it exhibits R~ polynomial decay
in Nej, consistent with Eq. 17. For Nej, A* (red dots) refers to the 2p, — 3s splitting,
while A" (blue dots) refers to the 2p, — 3s splitting.

We then investigate the distance dependence of EDA terms for the 2'A;, state of Hej},
and the 2' A, state of Nej. The results are shown in Fig. 2. These two states are the lowest
dimer states of their respective systems at all distances we studied. It is clear that in the
binding regime, the most favorable term is the excitonic splitting. The large value of Awgxsp
leads to the formation of excimers while the ground states are repulsive. For both He} and

Nej, polarization and charge transfer have minimal effects on energies, especially at larger
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distances. This is consistent with the value of the overlaps, (Prxsp|Ppor) and (Ppor|PriNaL),
which are very close to one. The long-range behavior of Awgxsp, on the other hand, are
different for Hej and Nej. Asymptotically, the energy splitting from excitonic coupling
is proportional to the interaction between the two transition dipole moments of fragment

excitations:

2
A= /;%152 |(cos(h — b) — 3 cos by cosby)] (17)

where p; and o are the magnitude of transition dipoles for non-interacting fragment 1 and
2, respectively. 6, and 0y are the angles between transition dipoles and the line connecting
two fragments. For He}, p(1s—2s) = 0, and hence Awgxsp quickly decays to zero, although
at short range it is the vital piece. As for Nej, monomer CIS calculations gives p; = ps =
0.349 a.u. Eq. 17 gives A* = 1.959 (eV - AS)R_3 for the splitting between the two states with
2p. — 3s parentage (0; = 0, = 0). The splitting between the two states with 2p,,, — 3s
parentage (0; = 0 = 90°) should be A™Y = 0.979 (eV - Ag)R*B‘. We plot the calculated A*
and A” against R for R > 5 A in Fig. 3, which shows excellent agreement with the predicted
relations. Meanwhile, the energy splitting of He} is also shown in Fig. 3, and decays fast

with distance.

3.2 2-pyridone dimer

The 2-pyridone (2-PY) dimer, a complex formed through cyclic, double N-H- - - O=C hydro-
gen bonds, is analogous to nucleotide base pairs. The S1/S2 exciton splitting in the 2-PY
dimer has been investigated both experimentally and theoretically. % 7

The ground state geometry of the 2-PY dimer (optimized at the wB97X-D/6-311++G(d,p)
level of theory ™) is near-planar and has a Cy, symmetry (Fig. 4). The intermolecular center-

of-mass distance R is found to be 5.25 A.

With wB97X-D/6-3114++G(d,p), the first excitation energy of the monomer (using its
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geometry in the dimer) is found to be 4.738 eV. The lowest two excited states of the dimer
system, whose excitation energies are 4.805 eV and 4.957 eV, respectively, correspond to the

out-of-phase and in-phase coupling of the first monomer excitation:

Sy @ = U U — Ui,

Sy 0 @B = W U3 + UI U,

Note that S; and S states have A, and B, symmetry, respectively. The calculated energy
splitting (0.152 eV) is in fairly good agreement with the CC2 result (0.136 eV) by Sagvolden
and coworkers, > who found that density functionals with large fractions of exact exchange
are necessary to reproduce the CC2 splittings. The influence of the percentage of exact
exchange was further investigated by Neugebauer et al. using subsystem TDDF'T calculations

based on coupled frozen density embedding,” ™ which revealed that the effect of exact

6

exchange is mainly on monomer transition densities.”

Figure 4: The structure of the ground state 2-PY dimer optimized with
wBI7X-D/6-3114++G(d,p).

The EDA results are shown in Table 1. The two hydrogen bonds in the ground state give
binding energy of around 1 eV, with roughly 40% of the stabilization originating from CT,

which is consistent with other hydrogen-bonded systems described by the ALMO-EDA.™
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(b) S2

Figure 5: Difference density (Ap = p* — p) plots for the lowest two excited states for the
2-PY dimer. The contour planes are placed at 0.0002 a.u.~3, with positive ones in blue and
negative ones in red.

Despite the excitonic splitting, the excimer EDA reveals that the complex is slightly desta-
bilized in both S; and S, states compared to the ground state, mostly as a result of the less
favorable electrostatics. This may be related to the weakening of hydrogen bonds. The dif-
ference densities Ap = p* — p of the excited states support this assumption, as the electronic
densities are depleted on oxygen atoms and increased on hydrogen atoms upon excitation
(see Fig. 5).

The degeneracy of the monomer excitations breaks once the two states delocalize. The
splitting due to excitonic coupling is A = 2 x 0.062 eV = 0.124 eV, while the full calculation
gives A = (0.222—0.070) eV = 0.152 eV, suggesting that the splitting caused by polarization
and charge transfer (in this case, mainly CT) cannot be overlooked. We can also estimate
the splitting based purely on the interaction between monomer transition dipoles, i.e, using
Eq. 17. Based on our electronic structure calculation, p; = pus = 1.161 a.u., ¢, = 6, = 88.3°,

which gives A = 0.075 eV at R = 5.252 A. This is an underestimation compared to the
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exciton model, most likely because the exchange effect is absent in the dipole-dipole model.
Our results qualitatively agree with the CC2/aug-cc-pVTZ results reported by Leutwyler
et al.,% in which a full ab initio calculation of vertical excitation energies predicted A =

1125 em™1(0.139 eV), and the dipole-dipole model gave A = 745 cm™'(0.092 eV).

Table 1: EDA results of the 2-PY dimer (in eV), including the decomposition of interaction
energies in the ground state and the first two excited states, as well as the shifts in
excitation energies.

FRZ (ELEC/PAULI) EXSP POL CT INT
AE |-0.228  -1.610/1.381 - -0.378  -0.437 -1.043
AE%s | -0.076  -1.483/1.406 -0.062 -0.381 -0.454 -0.973
AwAs | 0.152 0.127/0.025 -0.062 -0.004 -0.017 0.070
AFEB« | -0.076  -1.483/1.406 0.062 -0.383 -0.424 -0.821
AwBe | 0.152 0.127/0.025 0.062 -0.005 0.013 0.222

Finally, it is noteworthy that experimentally, as the out-of-phase transition is dipole-
forbidden, one has to break the symmetry, typically by introducing isotopes, to observe the
energy splitting. Leutwyler and coworkers measured the fluorescence emission of 2-PY dimer
and found a splitting of 43.5 cm™*(0.0053 eV, % which is ~ 25 times smaller than the ab initio
value. They showed that by multiplying the pure electronic splitting with a quenching factor,
[ = exp(—3; S;), where S; is the Huang-Rhys factor of the i-th vibrational coordinate, the
experimental result can be nicely reproduced. ™

We also report the EDA results for the S; and S, states at their separately optimized
geometries in the Supporting Information (Table S2). For S; and S, the intermolecular
center-of-mass distances are 5.28 A and 5.32 A, respectively. The results, in general, are very
similar to those reported in Table 1. It is noteworthy that the EXSP terms at the S, and Sy
minima are of slightly larger magnitude than that calculated at the ground state minimum,

despite the smaller intermolecular separation in the latter. This might be associated with
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variations of the monomer geometries in these optimized complex structures.

3.3 Benzene excimer

The smallest aromatic excimer is the benzene excimer. In its ground state, the parallel
displaced configuration is most stable, while the sandwich configuration (with Dgj, symmetry)
is preferred in the excited state. At large distances, the lowest four states are the exciton

resonance states, which originate from the two singlet excitation on each monomer (By,,

Blu):

(I)B1g — \1111419\1,23% _ \Ifll'_?zu\llf;lg
A A
PP — 3 19@5% + \Ijllgzu\ljz 1g

A A
(I)Bzg — \111 19\]:/2Blu _ \I}lBlu\Ijz 1g

Bia A Biy Biu A
@ 1 :\11119\1/21 +\1111 \11219

We performed EDA calculations on the Dg, dimers at varying intermolecular distances
ranging from 2.6 A to 6.0 A. The monomer geometry is optimized with the wB97X-D
functional ™ and 6-311++G(d,p) basis"™® and remains unchanged in the scan of intermolecular
separation. The EDA is performed at the TD-wB97X-D/6-3114++G(d,p) level of theory.

With the values of (Prxsp|Ppor) and (Ppor,|Privar) in hand, we are able to track the four
states listed above. The magnitude of the overlaps between excitonic states and polarized
states are very close to 1 (> 0.97 for all distances and all four states), which implies minimal
polarization. On the other hand, the overlaps between polarized states and final states are
considerably smaller, especially when the two benzene molecules are close to each other. The
smallest magnitude of POL-FINAL overlap is ~ 0.74. This is still adequate to indicate a
one-to-one connection between the final state (i.e. including charge transfer effects) and the

polarized states.

25



The EDA results for the By, state are shown in Fig. 6. The excitonic splitting effect is
rather small, which is not surprising as the corresponding monomer state has zero transition
dipole moment. Meanwhile, CT plays the most essential role. The large magnitude of
Awcr at binding region suggests that the stabilization effect of CT is much stronger in
the excited state than in the ground state. The EDA results reveal a different mechanism
for the formation of benzene excimer than the noble gas excimers, where the latter are
mainly stabilized by the excitonic splitting effect. It was proposed that the formation of
aromatic excimers is due to configuration mixing between ER states and CR states of the
same symmetry. In 1965, Azumi and McGlynn™ identified low-lying CR states of benzene
dimer with By, Bo,, Byg and By, symmetries that can mix with the corresponding ER states.
This is consistent with our results, as in the EDA procedure, the energy lowering due to CT
mostly comes from removal of the constraint on excitation amplitudes (only intrafragment
amplitudes can be nonzero), that is, allowing the charge-transfer type of configurations to

be mixed into the wavefunctions.
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Figure 6: EDA results for the benzene dimer at different intermolecular distances.
Decomposition of (a) the shifts in excitation energies and (b) excited state interaction
energies for the By, state are presented.

We also obtain the potential energy curves of the ground state (A;,) and four ER states
with By, Ba,, By, and By, symmetries (Fig. 7(c)). Significant binding is found for the By,

and By, states, which are more favored by CT than the other two excited states. A crossing
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between B,, and B, is observed at ~ 3.3 A. This crossing has been predicted by other
authors, but at a different distance (~ 2.8 A).%0 Asymptotically, the energies of all states
approach the corresponding monomer state limit. Potential energy curves are also plotted
for other intermediate wavefunctions(Fig. 7(a),(b)). The polarized PESs show no strong
binding for all states, and no state-crossing either, which again emphasizes the importance
of CT. The excitonic curves deviate only slightly from the frozen curves (indicated by dashed

lines in Fig. 7(a)), as both parent monomer states are dipole-forbidden.
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Figure 7: The potential energy surfaces for the ground state (A;,) and four excited states
(B1g, Bay, By and By,,) of the benzene dimer (of Dg, symmetry). The energies are
referenced to the energy of the ground-state monomers at infinite separation. The distance
between two benzene rings is varied from 2.6 A to 6.0 A. (a): The energies after excitonic
coupling (solid line) and frozen energies (dashed line); (b): The energies after polarization;
(c): The energies of final wavefunctions (with CT included).

3.4 Perylene excimer

Now we turn to another aromatic excimer, the perylene excimer. EDA calculations are
performed on the sandwich dimer with Dy, symmetry (Fig. 8). The monomer geometry
optimization employs the wB97X-D functional and 6-31+G(d) basis, and the EDA is per-
formed at the TD-wB97X-D/6-31+G(d) level of theory. We investigated the two states that
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Figure 8: Structure of the D5, perylene dimer constructed from monomer geometries
optimized with wB97X-D/6-314+G(d).

come from the lowest monomer state (Bs,):

@Bsg — \pflg\IJQBzu o \IleQ“\I/ghg
A A
PP — Ty 19\11232u + \Ile2u\I;2 1g

(18)

Like the benzene dimer, the magnitude of overlaps imply small polarization and relatively
large charge transfer, yet the EDA results (shown in Fig. 9) still reveal some unique features
in the perylene case.

In contrast to benzene’s ®P1s states, the @539 of perylene corresponds to a monomer state
with large transition dipole moment (2.728 a.u.), thus we expect a strong stabilization effect
from the exciton coupling. This is verified by the EDA results, shown in Fig. 9. Charge
transfer is strongly favorable as well. However, the distance dependence of charge transfer
and excitonic splitting are quite different. Close to the equilibrium distance (~ 3.4 A), CT
is dominant, and for this reason we regard it as the most crucial factor in the formation of

perylene excimer. At larger distances, CT rapidly diminishes as it is believed to be correlated
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with the overlap between two fragments, which decays exponentially. The excitonic splitting
term, as we discussed before, has an R~3 asymptotic behavior, allowing it to eventually

surpass CT and become the most important term. Our EDA predicts this turnover at

: B B
~ 4.2 A, where the curves corresponding to Awpskp and Awes? cross.
4 .
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Figure 9: EDA results for the perylene dimer at different intermolecular distances.
Decomposition of (a) the shift in excitation energies and (b) excited state interaction
energies for the Bs, state are presented.

The potential energy surfaces for the ground state (A;,) and two excited states (Bsg, Bay)
of the Dy, perylene dimer are shown in Fig. 10. The Bj, state has a binding energy that is
notably larger than that of the ground state, owing to its more favorable CT. Meanwhile,
the weaker binding of By, state is more likely due to dispersion rather than CT as it is
already present at the frozen stage. Recalling that in the benzene dimer, the By, and By,
states are not much favored by CT either, we wonder if it is a general trend that CT is
stronger in the out-of-phase states than in the in-phase states. We also note that all binding
energies are ~ 0.9 eV stronger than those computed by Kuhlman and coworkers previously, 8!
who utilized BH&HLYP/6-31G(d)®? level of theory. We attribute this discrepancy to the
dispersion interaction, which is not accounted for by BH&HLYP. A comparison of EDA
results using BH&HLYP and wB97X-D is shown in Table S3 of the Supporting Information.
At 3.6 A, the major difference comes from the Pauli term of the ground state (about 1 eV

more favorable with wB97X-D), which, under the current scheme, incorporates all non-
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electrostatic effects at the frozen level, including dispersion.
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Figure 10: The potential energy surfaces for the ground state (A;,) and two excited states
(Bsg, Bay) of the Dy, perylene dimer. The energies are referenced to the energy of the
ground-state monomers at infinite separation. The distance between two benzene rings is
varied from 2.6 A to 6.0 A. (a): The energies after excitonic coupling (solid line) and
frozen energies (dashed line); (b): The energies after polarization; (c): The energies of the
final states (with CT included).

4 Conclusion

In the present paper, we have generalized the previously proposed ALMO-EDA scheme®? for
intermolecular interactions involving excited molecules in exciplexes to include the excitonic
coupling that can be important for describing excimers. The EDA is based on linear response
theory (e.g. CIS, TDDFT), and it connects degenerate initial (reference) states of monomers
to the final supersystem states of an excited complex.

The energy difference between the final and initial states defines the interaction energy,
which is decomposed into frozen (FRZ), excitonic splitting (EXSP), polarization (POL) and
charge-transfer (CT) terms. The partition is achieved by evaluating the energy of three
intermediate states subject to different constraints, i.e., the frozen, excitonic splitting and
polarized states.

At the frozen level, both MOs and amplitudes are unrelaxed (taking their values from

isolated fragment calculations), and each excited fragment state corresponds to one frozen
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state, constructed by embedding the fragment state into the environment of other ground
state fragments. The exciton-splitting states are the new intermediate states introduced in
this paper to describe the excitonic coupling effect in excimers. They are linear combinations
of the frozen states, obtained by solving the secular equation in the basis of the frozen
states. The ALMO-CIS wavefunctions®? are utilized as the polarized states. In ALMO-CIS,
intra-fragment relaxation of MOs and amplitudes is allowed and the excited states of the
supersystem are constructed as superposition of intrafragment excitations.

From another point of view, more configurations are allowed to contribute to each super-
system wavefunction when the constraints are gradually removed: the excitonic states allow
mixing between nearly degenerate local excitations on different fragments, the polarized
states allow mixing of all intrafragment excitations, and the final states further incorporate
all interfragment (CT-type) excitations.

While there is a one-to-one mapping between fragment states and frozen states, starting
at the excitonic level, the mapping between states at different levels is non-trivial as the
excitations become delocalized. We followed a “maximum overlap” scheme to track the
states at each intermediate level, so that the new EDA scheme is able to treat multiple
states in a reasonable way. Moreover, the overlap between intermediate states can often
serve as a complementary validation for the EDA results.

With the generalization of the excited state EDA scheme, we are able to deal with
situations where the excitation is delocalized across the whole system (e.g. excimers). We
employed the EDA to study noble gas excimers including Hej and Nej, aromatic excimers
including benzene and perylene excimer, as well as (2-pyridone)s,, a hydrogen bonded system.
We are able to reveal the dominant forces that contribute to the formation of these excimers.
For example, the excitonic splitting effect is important for noble gas excimers, while CT is
significant in aromatic excimers. The EDA terms are also shown to have correct asymptotic

behavior.
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Although this work focused on excimer systems, the current EDA scheme is fully com-
patible with localized excitations (e.g. exciplexes), which was the main subject of our initial
report.®? In exciplexes, typically one fragment has an excited state whose excitation energy
is significantly lower than possible excitations on other fragments, so this state only weakly
couples with other fragment states because of the large energy gap. This will result in an
EXSP term that is zero by definition, and the improved EDA scheme then reduces to its
previous form.

Finally, we note that the current method still retains some limitations of the previous
EDA scheme for exciplexes: (i) lack of an explicit separation of dispersion effects (they are
lumped as part of the FRZ term); (ii) lack of a useful basis set limit for the POL and CT
terms. The latter shortcoming has been discussed in the context of ground state EDA,33 86
and the fragment electric response function (FERF) approach® was proposed to address
this issue. Using a given truncated multipole order for the FERFs, the convergence of POL
(and thus CT) with respect to the size of the employed basis set can be restored. It is an
interesting open question as to whether such the FERF approach can be usefully extended
or generalized to excited states.

While the method presented here is already of practical use, the limitations mentioned
above, as well as the quest for an EDA based on higher-level theories for excited states,
raise non-trivial challenges for future work. Furthermore, we have always been taking local
excitations as reference states and considering the EDA terms in a sequence that goes from
(typically) longest to shortest range. Such a sequence is certainly not unique, and it may be
interesting to develop an EDA scheme starting from charge-transfer states for cases where

they are of greater importance.
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Associated Content

Supporting Information

Estimation of the magnitude of BSSE for excimers at the equilibrium distances of their
lowest excited states; additional EDA results for Hej and Nej at equilibrium interatomic
distances, for the 2-pyridone dimer at the optimal structures of the S1 and S2 states, and

for the perylene dimer at 3.6 A using BH&HLYP and wB97X-D functionals.
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