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ABSTRACT: The low energy excited states of the conformational isomers of solvated ==,
azobenzene are calculated with several DFT methods accounting for the solute—solvent I I .
interaction implicitly with the polarizable continuum model or explicitly with subsystem I '

DEFT. For the latter, embedding potentials are calculated for 21 sampled snapshots of the
solvent molecules. First, we find that accounting for the solvent implicitly or explicitly has
little effect on the predicted cis—trans S, excitation energy gap. Second, we find that
azobenzene’s S; cis and trans energies are accurate as long as a screened range-separated
hybrid exchange-correlation functional is employed. Finally, we also tested a simplified
workflow whereby a single, averaged, embedding potential is used. Unfortunately, we find
larger deviations against the experiment for the simplified workflow. This highlights a basic
flaw in the approach, where the time scale of solvent averaging is much longer than that of arp=ife
the solute’s electronic polarization.

7B = B + (1 - OB, + (o BER
+(1 - a — B)EFRE, + Epsec

hemical and photochemical reactions occur primarily in the environment quantum mechanically.">'® Wesolowski and

molecular condensed phases. That is, liquid solutions Warshel showed that the environment can formally be
where a photoactive solute is the molecule of interest, represented through the inclusion of an additional potential
surrounded by a bulk of liquid solvent. Naturally, a long- in the Kohn—Sham equations of an embedded subsystem'®
standing problem in quantum chemistry has been to find a and in particular can be used for addressing solvent molecules
computationally cheap yet accurate method for accounting for affecting a solute’s electronic structure and dynamics.
solute—solvent interactions. Both implicit and explicit solvent Recently, calculations based on the screened range separated
methods exist. In particular, implicit solvent models, such as hybrid (SRSH) functionals in PCM were shown to provide
polarizable continuum model (PCM) and conductor like excellent ground state transport properties.17 In SRSH-PCM
screening model (COSMO)," are workhorses of computational the energies of the frontier orbitals correspond well to
chemists. Among the explicit solvent models, quantum ionization potential (IP) and electron affinity (EA) of

mechanical (QM) based embedding has emerged in recent
years as a powerful alternative.” ® QM embedding provides for
a rigorous framework to simplify complex systems, whereby a
molecular core is typically defined (e.g, the solute),
surrounded by a much larger molecular environment (e.g.,
the solvent). Often the core is treated at a higher level of
electronic structure theory than the surroundings.” The
simplest workflow for an explicit treatment of the solvent is
the so-called QM/MM method in which a QM calculation of
the core region takes place in the field of point-like multipoles
residing in the environment, i.e., the molecular mechanics
region.””'* However, the quality of the environment
representation in QM/MM calculations is limited not only Received:  April 4, 2022
by the suitability of the force field but also by nonelectrostatic Accepted: May 18, 2022
interactions (such as Pauli repulsion). Their neglect can induce Published: May 26, 2022
numerical instabilities.’

Quantum embedding approaches address these issues by
extending QM calculations to large systems, representing also

molecular systems in the condensed phase. SRSH-PCM was
also benchmarked for reproducing measured excited states
energies and in particular for charge transfer states in solvated
donor—acceptor systems.'® Followup studies based on SRSH-
PCM provided unique insight on spectral trends in photo-
systems and organic semiconducting model systems.'” ™

In this study we employ the SRSH exchange-correlation (xc)
functional for computing the electronic structure of azoben-
zene (AB) dissolved in an acetonitrile solution. SRSH-PCM as
well as SRSH-EMBED (i.e., AB treated by SRSH embedded by
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subsystem DFT acetonitrile environment) averaged over a
representative set of solvent configurations are compared to
experimental excitation energies. We also provide comparisons
to excitation energies obtained using other xc functionals such
as a traditional hybrid functional, B3LYP, and the correspond-
ing unscreened RSH functional. By comparing the DFT-
EMBED excitation energies to corresponding PCM values we
provide an important benchmark to understand the means
required for representing reliably at moleular resolution the
solvent effects. In addition, the dynamical response of the
solvent is addressed by two nonequilibrium PCM formalisms
(ptLR and ptSS, vide infra).***

We investigate the lowest excited state S; for both the cis
and trans isomers of AB. The photoisomerization reaction in
AB has drawn wide research attention as a proof-of-concept
system’* ™ for the design of molecular photoswitches opening
the door to a wide range of applications in the fields of drug
delievery,*>** DNA/RNA engineering,”>** and photoisomeri-
zation.”® The conformational isomerization in AB derivatives
occurs for light in the UV to visible wavelength. To achieve an
optimal selective yield of a particular isomer, the photoexciting
radiation must be tuned to the corresponding conformer
excitation energy, requiring a sufficiently large cis—trans energy
gap. Therefore, to aid relevant material design efforts, the cis—
trans energy gap of the solvated AB system has to be resolved
in high accuracy.

Recently, the Bethe Salpeter equation (BSE) coupled with
embedding calculations using a similar RSH functional as
employed below were shown to perform relatively well in
describing the gap energies but appear to overestimate the S,
energies in comparison to experimental values.”” We show that
the much simpler SRSH formulation appears to achieve a good
effective treatment of the environment polarization effect on
the electron—electron interactions at long ranges due to the
solvent. As we will show below, the calculated S; SRSH
energies are in agreement with the experimental values within
0.03 eV.

In this work, the success of the SRSH-PCM and SRSH-
EMBED methods is shown for AB, a prototypical system of
photochemistry. As the average embedding-based excited state
energies are found to be within 0.03 eV of the corresponding
PCM energies, we demonstrate that the relatively small-sized
sample of 21 solvent configurations chosen from the subsystem
DFT ab initio molecular dynamics (AIMD) represents well the
solvent at a molecular resolution. The quantum embedding
framework presented here constitutes an important stepping
stone for developing physically meaningful computational
models of electronic excited potential energy surfaces in
molecular condensed phases. Here, the calculated electronic
states address at molecular resolution the role of the
environment in condensed-phase molecular systems. Such a
resolution is required, for example, to investigate biological
chemical reactions such as an enzymatic reactive core within its
protein matrix.

We investigate computationally the lowest excited state S,
energy, E(S,), of both isomers of AB solvated in acetonitrile,
for which there are experimental values to compare against.
The molecular geometries of both cis and trans AB are
optimized using a dispersion corrected functional, the ®B97X-
D,*® accounting for the effect of the solvent using pCM"¥
with a scalar dielectric constant that corresponds to the
acetonitrile solvent (¢ = 37.5"). Optimized geometries of the
cis and trans AB isomers are shown in Figure 1 with the
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Figure 1. Azobenzene’s cis and trans isomers considered in this work.

coordinates listed in the Supporting Information (SI). We also
point out that the two isomers are associated with effectively
the same zero point vibrational correction energy.

Excitation energies are obtained at the TDDFT level based
on an optimally tuned RSH functional, the LRC-wPBE,"" its
corresponding SRSH functional,'” and the B3LYP functional.
RSH or long-range-corrected functionals are found to address
well the fundamental orbital gap caveat associated with
traditional DFT calculations.”' ™" RSH-PCM has also been
employed successfully in TDFFT calculations of condensed-
phase excited state energies%_48 through postprocessing
energy correction terms. Additionally, in this work to further
improve the treatment of the condensed phase, the exact
exchange is screened at the long-range (LR) by resetting the
functional parameters according to the same dielectric constant
that characterizes the solvent in PCM. In this way, the solute’s
electron—electron interaction at long range is screened by a
dielectric constant consistent with the PCM solvent polar-
ization. Indeed, SRSH-PCM is found to reliably address the
frontier orbital renormalization in the condensed phase
through a self-consistent environment polarization,1 and
excitations calculated using TDDFT with SRSH-PCM have
been benchmarked successfully.'®**

To implement the SRSH functional, a generalized partition
of the Coulomb interaction operator, using the error
function,* is invoked, where

1 a+ perflor) + 1 —a-—perflor)

(1)

Here, r is the electron-interaction distance, @ is a system-
dependent range switching parameter, and a and f are
functional parameters. A general exchange correlation ex-
pression then results by using Fock exchange for the first term
in eq 1 and the semilocal PBE exchange for the second term:

r r r

RSH
ESRSH _

SR SR LR
xc  =aEp + (1 — a)Epgp + (& + P)Eg

LR
+ (1 —a = B)Epgp_ + Eppp, (2)

where the subscripts “X” and “C” denote exchange and
correlation, the subscripts “F” and “PBE” denote Fock and
PBE exchange, and the superscripts “SR” and “LR” denote
short-range and long-range. In SRSH, f is reset according to a
+ f = 1/€, with a preset value for a, which determines the
fraction of Fock exchange in the SR. For a given a, the range-
separation parameter is obtained by optimal tuning (OT) at
the gas phase (¢ = 1), minimizing the error measure, J(@),
with respect to the range-switching parameter, w, where

J(w) = [EHoMo(w) + IP(w)]Z + [SLUMo(w) + EA(CU)]Z
3)

Here, eyomo and epyyo are the energies of the highest
occupied molecular orbital (HOMO) and the lowest
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Figure 2. RDFs of H—N intermolecular distances, where the atoms either belong to AB (subscript AB) or to the acetonitrile solvent molecules

(subscript s).

unoccupied molecular orbital (LUMO), respectively. IP and
EA represent the vertical ionization energies of the system.
Further condensed phase tuning can be done by repeating the
process upon tuning o to minimize a similar error measure
within PCM

J(@) = [efiono(@) + IP*M(a) T

+ [ efgﬁo(a) + EA"M ()] (4)

Particularly, as a is tuned, the f parameter is reset such that
their sum remains equal to the inverse of the dielectric
constant.

For the SRSH-PCM results, the PCM-based optimal values
of a are 0.326 and 0.346 for the trans and cis isomers,
respectively. The range separation parameter, @, is 142 for
both isomers with their corresponding PCM tuned «a value.
For completion we also report results based on a = 0.2,
referred to as SRSH-PCM(0.2), and which corresponds to
switching values, @, of 177 and 189 for cis and trans,
respectively.

To provide an atomistic description of solute—solvent
interactions, we run simulations with 85 explicit acetonitrile
solvent molecules by AIMD based on density embedding
implemented in the embedded Quantum ESPRESSO (eQE)
package.””>" In density embedding, the total electron density,
p(r), is given as a sum of subsystem contributions,

o) = Y p,(6)
=1 Q)

with Ny being the total number of subsystems.

Each of the subsystem electron densities is determined
variationally by solving the following self-consistent Kohn—
Sham (KS)-like equation, one per subsystem. Namely,

2

[ v + VII(S(r) + veImb(r):|¢(i)1(r) = E(i)1¢(i)1(r)

2 (6)
where the effective KS Hamiltonian of each subsystem, I,
contains the KS potential as if the subsystem was isolated,
vis(r), and the embedding potential, v},;,(r), which encodes
the interactions with all other subsystems. The embedding
potential for subsystem I takes the form

< (r )
= 2| [ - B e

jrr|” ac]
51;[P] _ 5Ts[p1] 5Exc[p] _ 5Exc[p1]
sp(r)  p(r) p(r) dp,(r)

) )

|1'—R|

(7)
where vT and v are the nonadditive kinetic energy and

nonadditive exchange-correlation terms, respectively. The
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subsystem DFT simulations are carried out with eQE,>>"’
which computes the nonadditive terms on a Cartesian grid in
real space exploiting fast Fourier transform for the
computation of electron density gradients needed for the
evaluation of the nonadditive functionals. Details about the
implementation and benchmark timings are available else-
where.”*!

We run independent dynamics for the cis and trans isomers
of AB, each solvated by 85 acetonitrile molecules with a frozen
solute conformation. In density embedding,* ™ every non-
bonded fragment is treated as a quantum subsystem. Thus, in
the AIMD we have a total of 86 subsystems. All calculations
were run at the I' point. We used ultrasoft pseudopotentials
(pbe-rrkjus-gipaw-dc.UPF from the main Quantum ESPRES-
SO library), and 40 and 400 Ry are the energy cutoffs for the
plane wave expansion of the molecular orbitals and the charged
density, respectively. For the simulation, we use 4 processors
per subsystem, totaling 344 processors.

Due to the need to consider molecular condensed phases,
the AIMD simulations are carried out in a cubic simulation cell
with a lattice constant of a = 19.54 A. The temperature was set
to 340 K + 30 K using velocity rescaling, and the dynamics was
driven by the Verlet algorithm with a time step of 15 au (1 au
= 24118884 X 1077 5). We run 7218 and 7026 steps for cis
and trans AB, respectively. The first 3502 (5114) steps for cis
(trans) are needed for equilibration and, therefore, were
discarded from the subsequent analyses. The potential energy
of the simulation trajectories is plotted in SI Figure S1.

Twenty-one (21) snapshots are selected from each of the cis
and trans trajectories and verified for probing the solvent
conformations as described below. We compute the embed-
ding potential®® for the AB molecules in each snapshot using
eq 7 by first representing it on eQE’s Cartesian grid and, in a
second step, splining it onto the atom-centered Lebedev DFT
grid for the Q-Chem calculation of the excited states
employing a Gaussian atomic orbitals basis set. The 6-31G*
basis set was employed. The nonadditive potentials are
calculated using the PBE functional®® for the exchange-
correlation and revAPBEK functional® for the kinetic energy.

To verify that the snapshot sample represents well the
solvent space, we consider the radial distribution functions
(RDFs) of intermolecular distances between acetonitrile’s
hydrogens (H,) and AB’s nitrogens (N,5) as well as AB’s H
(Hyp) and acetonitrile’s N (N) as reported in Figure 2 for the
cis and trans isomers. We compare the RDFs from the entire
AIMD trajectories to the ones limited to the selected snapshots
to confirm that the snapshots, while quite limited in number,
sample well the ensemble of solvent configurations. Specifi-
cally, the onsets of the RDFs are similar (roughly 1.6 A), and
the main peaks in the first coordination shells are also
semiquantitatively reproduced by the selected snapshots.

With the embedding potentials at hand, we compare the
excitation energy calculated with PCM to the average of
TDDFT calculations in the presence of the embedding
potentials, one for each of the 21 snapshots (EMBED,
hereafter). Additionally, inspired by works of Wesolowski
and co-workers,”*** we also compute the excitation energies
obtained using an averaged embedding potential (AVE-
EMBED, hereafter). The AVE-EMBED values embody the
following approximation for the excitation energy,

<AE[Vemb]> ~ AE[<Vemb>] (8)
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The advantage of using the averaged embedding potential is
that only a single TDDFT calculation is required. We note that
earlier implementations to obtain the above average employed
an averaged solvent density from which an embedding
potential was derived.****

A question may arise concerning the dynamical response to
an electronic state excitation of the solvent that can be
significant.”***” To address this point, we employ non-
equilibrium PCM that incorporates the solvent’s response by
the dielectric polarization derived from the solvent’s optical
dielectric constant.”*™*° More specifically, we carry out a
perturbation theory state-specific (ptSS) version of non-
equilibrium PCM following the implementation by Herbert
and co-workers.””***” There is an intermediate level of solvent
response for nonequilibrium PCM in Q-Chem,”’ namely,
perturbation theory linear response (ptLR),*” derived from ref
61. Both ptLR and ptSS energies are reported below for the
different DFT levels as LR-PCM and SS-PCM, respectively,
and compared to the excitation energies computed with the
PCM reaction field corresponding to the ground state. We
point out that the nonequilibrium ptSS and ptLR corrected
energies include only the electronic (fast) contributions to the
polarization in calculating the solvent reaction field. In the
equilibrium limit the solvent reaction field is assumed to be
fully relaxed following both the electronic (fast) and the
nuclear (slow) contributions under the polarization of the
relevant state.

The calculated excitation energies, E(S;), are listed in Table
1. The deviations of calculated energies from the measured
values, AESY, that are listed in the table are also graphically
represented in Figure 3 for ease of comparison. We start by
considering the excitation energies obtained by embedded

Table 1. Solvated cis and trans AB Electronic Excitation
Energies of the First State, E(S,), Calculated at the Various
Levels with PCM and Density Embedding”

cis trans

methods E(S,) AESP E(S,) AESP AE8
B3LYP-PCM 2.84 —0.04 2.76 —0.03 0.08
B3LYP-LR-PCM 2.82 —0.06 2.75 —0.04 0.07
B3LYP-SS-PCM 2.84 —0.04 2.75 —0.04 0.09
B3LYP-EMBED 2.82 —0.06 2.75 —0.04 0.07
AVE-EMBED 2.84 2.67
RSH-PCM 2.99 0.11 2.89 0.10 0.10
RSH-LR-PCM 2.98 0.10 2.88 0.09 0.10
RSH-SS-PCM 2.99 0.11 2.88 0.09 0.11
RSH-EMBED 2.98 0.10 2.87 0.08 0.11
AVE-EMBED 3.00 2.80
SRSH-PCM 2.94 0.06 2.84 0.05 0.10
SRSH-LR-PCM 2.92 0.04 2.82 0.03 0.10
SRSH-SS-PCM 2.93 0.05 2.83 0.04 0.10
SRSH-EMBED 291 0.03 2.82 0.03 0.09
AVE-EMBED 2.94 2.75
BSE*’ 2.95 0.07 2.83 0.04 0.12
experiment®® 2.88 - 2.79 - 0.09

“The embedding excitation energies are averaged over the 21
snapshots of solvent configurations. Also listed are the benchmark
experimental values and BSE calculated energies. AES is the cis—trans
energy gap, and AESP is the deviation of the calculated E(S,) from the
experimental value (eV). For each level we also list as the AVE-
EMBED the S, energies computed with the approximation in eq 8.

https://doi.org/10.1021/acs.jpclett.2c00982
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Figure 3. Deviation of the calculated E(S;) from the measured
energies at the different DFT levels. (DFT-EMBED is the average of
the embedded field affected energies.)

TDDFT calculations averaged over the 21 snapshots for each
isomer. The detailed list of the snapshot excitation energies is
provided in SI Table S1. These underestimate the experiment
at the B3LYP level by about 0.05 eV and overestimate the
experiment at the RSH level by around 0.1 eV. Employing
SRSH, the excitation energies for both cis and trans deviate
from the experiment by 0.03 eV. We attribute these trends to
the success of the SRSH in addressing the polarizing
environment consistently as demonstrated well in several
benchmark studies.'”"***°* The cis—trans SRSH energy gap,
AES, based on the averaged embedded energies is 0.09 eV and
is in excellent agreement with the measured 0.09 eV gap.
SRSH(0.2) E(S,) energies (listed in SI Table S2) are found to
be significantly lower at 2.79 and 2.68 eV, for cis and trans,
respectively, overestimating the measured gap by 0.02 eV. This
highlights the importance for carefully considering the
functional parameter space in SRSH calculations.

The averaged embedding energy, DET-EMBED, is in agreement
of 0.03 eV with the corresponding PCM value, DFT-PCM, for all
the considered DFT levels. In all the cases we find that the LR-
PCM value is within 0.01 eV of the EMBED value. The LR-
PCM excitation energies are lower by 0.01—0.02 eV than the
zeroth order PCM values. We point out the SS-PCM values,
addressing the nonequilibrium effects due to fast, electronic
contributions of the solvent dielectric susceptibility, that
appear to increase the excitation energy over that of the LR-
PCM energy more so for the cis isomer (by up to 0.02 V)
than the trans isomer (by up to 0.01 eV). However, we find
that accounting for nonequilibrium solvation at the SS-PCM
level results in an overall negligible contribution to the
computed excitation energies. Noted is the cis—trans LR-PCM
energy gap that is in excellent agreement with the measured
gap for SRSH and RSH at 0.10 eV, whereas for B3LYP it is at
0.07 eV. We also point out that the BSE/GW calculations
overestimate E(S;) by 0.07 and 0.04 eV for cis and trans over
the experimental values, which result with an overestimated
cis—trans gap of 0.12 eV.”’

As a last point we compare the calculated excitation energies
using the alternative method based on averaged embedding
potentials in Table 1 listed as AVE-EMBED following eq 8.
For the three considered xc functionals we find that AVE-
EMBED is 0.02—0.03 eV above the TDDFT averaged value for
the cis isomer. However, a larger discrepancy is noted for the
trans isomer, where the AVE-EMBED is 0.07—0.08 eV lower
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than the TDDFT-averaged energy. This is consistent with the
notion that the AVE-EMBED values are an approximation.

We computed the low-lying excitation energies of the cis and
trans isomers of AB in acetonitrile solvent. To represent the
solvent, we employed two methods: Continuum embedding by
using the PCM model and density embedding by using
subsystem DFT.

Having computed the embedding potentials for 21 snap-
shots of the solvent molecules, the average excitation energies
from the 21 embedded TDDFT calculations are compared to
mean field PCM energies and to the experiment. The
calculated cis—trans energy gap by embedded TDDFT and
PCM are found to be in excellent agreement with the
experiment provided that range-separated hybrid functionals
are employed. Specifically, the experimental cis—trans energy
gap is 0.09 eV, which compares favorably with 0.10 eV using
the SRSH and RSH frameworks and less so with B3LYP (0.07
eV).

The SRSH excitation energies are the closest to
experimental values deviating only by 0.03 eV, whereas the
B3LYP energies underestimate the experiment by 0.06 eV for
the cis and 0.04 eV for the trans isomer. The corresponding
RSH energies, instead, overestimate the experiment by close to
about 0.1 eV. These trends indicate that accounting for solvent
screening in the solute’s electron—electron interaction via the
SRSH framework leads to a correct description of the low-lying
excited state of azobenzene in solution. SRSH is found to be
successful whether coupled with PCM or with density
embedding for addressing the solute—solvent interactions.
Interestingly, with all considered DFT levels we find good
agreement within 0.03 eV between the EMBED and the
corresponding PCM energies, highlighting the success of both
PCM and the quantum embedding framework, as well as the
sampling scheme chosen for this work.
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