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Abstract

We present a variant of the algebraic diagrammatic construction (ADC) scheme by
combining ADC with the polarizable embedding (PE) model. The presented PE-ADC
method is implemented through second and third order and is designed with the aim of
performing accurate calculations of excited states in large molecular systems. Accuracy
and large-scale applicability are demonstrated with three case studies, and we further
analyze the importance of both state-specific and linear-response-type corrections to
the excitation energies in the presence of the polarizable environment. We demonstrate
how our combined method can be readily applied to study photo-induced biochemical
processes as we model the charge-transfer (CT) excitation which is key to the photo-
protection mechanism in the dodecin protein with PE-ADC(2). Through direct access
to state-of-the-art excited state analysis, we find that the polarizable environment plays
a decisive role by significantly increasing the CT character of the electronic excitation
in dodecin. PE-ADC is thus suited to decipher photoinduced processes in complex,

biomolecular systems at high precision and at reasonable computational cost.
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1 Introduction

In recent years, high-level ab-initio quantum-mechanical (QM) calculations of large and
biologically relevant molecules have become increasingly popular.'™® This is, on one hand,
driven by the steady increase in computational resources and, on the other hand, by improved
algorithms. In addition, substantial advances in environmental embedding schemes have
enabled a multi-scale treatment of large systems.'®” A multitude of models has emerged
aiming at the description of molecular systems for which a full QM description is not needed
but environmental effects are non-negligible. Implicit embedding schemes mimic the medium
surrounding a specific molecule by a dielectric continuum. For these continuum solvation
models (CSMs), multiple formulations have evolved, e.g., the polarizable continuum model
(PCM) and the conductor-like screening model (COSMO).® ! Calculations involving CSMs
usually aim at the description of a liquid solvent and are straightforward to perform since only
a dielectric constant and the cavity need to be chosen. One of the most severe shortcomings of
CSMs lies in modeling directionality of explicit solvent interactions, such as hydrogen bonds
or m-m-stacking.!?'® These interactions are, however, crucial in anisotropic, heterogeneous
environments, such as protic solvents, proteins, nucleic acids and biological membranes.
Explicit embedding schemes, on the contrary, capture these heterogeneities by retaining a
full atomistic representation of the environment.! As a result, explicit quantum-classical
embedding schemes are generally more complex and computationally more demanding than
CSMs as they require parametrization of the atomistic environment. In the simplest case,
the parameters can be obtained by directly transferring charges from commonly available
molecular mechanics (MM) force fields. However, such parameters are rarely intended to
reproduce the microscopic detail required for accurate embedding calculations, especially
with respect to molecular response properties. For the latter, not only a description of
permanent electrostatics is of great importance, but also mutual polarization effects between
the environment and the core region are desired. It is important to recognize that the

increase in complexity and computational effort of explicit embedding arises not only from
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the embedding as such, but also from the discrete nature of the environment which requires
sampling of a representative number of configurations.

The polarizable embedding (PE) model*1? is a fragment-based, hybrid quantum-classical,
and explicit embedding scheme, capable of modeling the aforementioned physical effects.
Parameters are obtained from first-principles QM calculations performed on small split frag-
ments of the molecular environment. Hence, close agreement with full QM calculations can in
general be expected if the property of interest is localized on the quantum part only. In PE,
the permanent charge distribution of the environment is modeled by fragment-based multi-
center multipole expansions through a specific order, usually including monopole (charges),
dipole, and quadrupole moments centered at each atom. Polarization effects are taken into
account by dipole-dipole polarizabilities placed at the multipole expansion sites. Thus, PE
is capable of treating mutual polarization of the environment and the quantum region in
a self-consistent manner. In particular, PE has been designed to obtain accurate molecu-
lar response properties, e.g., electronic excitation energies. Accordingly, it has already been
combined with several methods for calculating excited states in solution, i.e., time-dependent
density functional theory (TD-DFT),* 16 coupled-cluster (CC) methods,'™ ! second-order
polarization propagator (SOPPA)?° as well as a formulation within resonant-convergent re-

1

sponse theory?' and an open-ended response theory framework.?? Further, these combined

approaches have been successfully applied to study biomolecules, e.g., probes for biological

23,24 26-28

membranes, nucleic acids,?® fluorescent proteins and light-gated ion channels.? For
a recent perspective on the PE model see Ref. 30.

The choice of electronic structure method is decisive for the quality of the excited state
description. Especially TD-DFT with standard exchange-correlation functionals has well-
known limitations, e.g., in the treatment of charge-transfer (CT) excitations, doubly excited
states and Rydberg states.3'3* In recent years, the algebraic diagrammatic construction

(ADC) scheme has emerged as an accurate and balanced method for the calculation of

excited states.?® The ADC method builds on a Hermitian representation of the Hamilto-
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nian, is size-consistent and systematically improvable. Also, the computational effort of
ADC through second order (ADC(2)) is still manageable for medium-sized systems.3> ADC
through third order (ADC(3)) is particularly accurate in treating electronically doubly ex-
cited states where ADC(2) has known limitations.35*6 The ADC method was previously com-
bined with several embedding schemes, such as PCM,3"3® COSMO,3%4° and frozen density
embedding (FDE).*42 There is, to the best of our knowledge, no combination of ADC with
a hybrid quantum-classical, explicit embedding scheme including a polarization treatment
for modeling electronic excitations in almost arbitrarily complex and large environments. In
this paper, the first combined approach of PE with ADC through second and third order,
namely PE-ADC(2) and PE-ADC(3), is presented. The PE-ADC schemes are built on top
of a PE-HF ground-state calculation and take into account perturbative corrections of the
excitation energies in a density-driven manner. To demonstrate the accuracy, applicability
and versatility of PE-ADC, three case studies are performed: First, PE-ADC calculations are
benchmarked against super-system ADC calculations on para-nitroaniline (PNA) in presence
of small water clusters. Second, the excitation energies of the medium-sized chromophore
lumiflavin (Lf) in bulk solvent are simulated and compared to PCM-ADC. Third, CT ex-
citations key to the photoprotection mechanism of a flavin-binding protein, dodecin,*?® are
modeled, showcasing the suitability of PE-ADC to investigate large biomolecular systems.
Thereby, we unravel that the environment is assisting in stabilizing a low-lying CT excitation
which is assumed to trigger the photoprotection mechanism.

This article is organized as follows. In the next section, theoretical key aspects leading
towards our combination of PE with ADC are discussed. Afterwards, the computational
methodology will be outlined. The main results are presented and discussed in detail with
respect to the expected physical behavior of the PE-ADC approach in the chosen systems.

Finally, a brief conclusion and outlook on possible future applications are given.
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2 Theoretical Aspects

2.1 The Polarizable Embedding model

The general theory of the PE model, including all necessary energy contributions and effective
operators, was presented comprehensively in previous work.*'® In short, an effective PE

operator is constructed as
UPE = Ves 1 Vind; (1)

with the electrostatics operator v, and the induction operator ;4. Using the second-
quantization formalism and a multi-index notation,'*** the electrostatic operator, s, is

written as

S  Ks
(

=y Y O

s=1 |k|:0

thq (2)

with the one-electron orbital excitation operator qu and general molecular orbital indices
p and ¢. Furthermore, Mgk) is the k-th component of the |k|-th order Cartesian multipole
moment located at R, in the environment. The number of total sites in the environment is
denoted by S whereas K is the truncation level of the multipole expansion at a given site

s. The integrals are given by

/(b (gf’l]r : \) o(x)dr (3)

The induction energy contribution through induced dipole moments amounts to

l\DIH

1nd —

Z JU(E)'E(R,) (4)

6

ACS Paragon Plus Environment

Page 6 of 47



Page 7 of 47

oNOYTULT D WN =

Journal of Chemical Theory and Computation

where H;“d (F) is the induced dipole moment at site s in the environment, and F(R,) is the
electric field vector acting on site s, comprising the field from nuclei and electrons, as well
as the fields caused by the permanent multipole moments, i.e.,

E =F + Eel [P] + Emul (5)

—nuc

Note that the electric field from the electrons, and in turn the total field vector, F, explicitly
depend on the electronic density matrix P. The induced dipole moments can be solved for

with classical response equations.*® Finally, the induction operator is defined as

S

fa= =5 S M(E)EL(R,), (6)

s=1 a=x,y,z

using a for the respective Cartesian component z,y, or z and the electric field operator
I3 “(R,). Since the embedding operator depends on the wave function itself, namely through
the electric fields, the overall embedding operator is non-linear. As for a usual SCF procedure,
where the exchange and Coulomb terms depend on the density, the embedding operator is
updated in every iteration using the current SCF density matrix. Thus, polarization effects

are treated in a fully self-consistent way for the Hartree-Fock electronic ground state.

2.2 Algebraic Diagrammatic Construction of the Polarization Prop-

agator

A comprehensive derivation of the algebraic diagrammatic construction of the polarization
propagator (ADC) can be found in literature.?>46® In brief, the intermediate state (IS)
formalism is used to obtain the ADC working equations. A set of creation and annihilation
operators is applied to the exact ground state wave function, and the set of resulting IS wave

functions are subject to a Gram-Schmidt orthogonalization. Subsequently, the exact excited
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wave function |¥,,) is expanded in the basis of intermediate states, {|¥ )}, as

with the expansion coefficients X,,; given through the eigenvectors of the ADC matrix. The
ADC matrix M, is a matrix representation of the Hamiltonian H shifted by the exact

ground state energy FEj in the basis of intermediate states, i.e.,

My = (U |H — Eo|¥,), (8)
The corresponding Hermitian eigenvalue problem reads

MX = QX , XiX=1, (9)

with the eigenvector matrix X and the diagonal matrix €2 containing excitation energies,
ie., Q, = E, — Ey, where n denotes the n-th excited state. In practice, the IS basis is
constructed from a Mgller-Plesset (MP) perturbation expansion of the Hartree-Fock (HF)
ground state. This leads to a perturbation expansion of the ADC matrix, In this manner,
MP(2) and MP(3) ground states yield ADC(2) and ADC(3) working equations, respectively.
Explicit equations and implementations can be found in previous work.?6:46749 Since our
approach to combine PE with ADC is completely density-driven, we will briefly comment on
4748

how ADC transition density matrices and excited state density matrices are obtaine

The one-particle reduced transition density matrix is given by

PUo=m = (W [ceg|Wo) = > XT (W |cleg| W) (10)
I

8
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Further, one constructs the one-particle reduced density matrices and the one-particle re-

duced transition density matrices between different excited states by
P = (Wnlcheg W) = Y XF ((Wileheg| W) X (11)
1,J

By setting n = m in the above equation, one obtains the n-th excited state density matrix.
The difference density matrix between the ground state and the n-th excited state, which

will become important in our density-driven PE-ADC approach, is simply
AP’ = P" — P, (12)

with the electronic ground state density P° and the density of the n-th excited state P".
Employing the IS representation (ISR), it is straightforward to compute the density matrices

from the ADC eigenvectors.

2.3 Combination of PE and ADC

Our approach to include contributions from PE in ADC calculations of excitation energies is
fully density-driven and based on perturbative, a posteriori corrections. As a consequence,
the expressions for the ADC secular matrix (eq (8)) elements do not change. A similar ap-

proach was pursued for the combination of PCM with ADC?3738

or the effective fragment po-
tential (EFP)5°5* method with EOM-CCSD, 5% for example. In recent publications,¢:3%:57
it has been argued that both state-specific and linear-response-type contributions should be
accounted for in order to obtain accurate excitation energies. We will follow these considera-
tions in our approach combining PE with ADC, and in the following assume the environment
to remain in the electronic ground state, thus, the electronic excitation to be localized on

the core molecule, i.e., the chromophore. Generally, the shift in excitation energy of the core

molecule in presence of an environment, also called perichromatic shift, can be written up

9

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Chemical Theory and Computation

to second order® as

AESH = AEX" + AED " + AEgi;;" + AES);’(;‘UPI . (13)

@) (i) (iii) (iv)

The individual terms denote (i) the difference in Coulomb interaction energy with the electro-
static environment, (ii) the change in mutual induction energy upon excitation, (iii) energy
difference in London dispersion energy, and (iv) the non-resonant excitonic coupling. In the
PE model, London dispersion energy is not introduced by construction, so term (iii) is ne-
glected. Moreover, these contributions have been argued to be rather small. %57 Since the PE
model includes electrostatics, term (i) is already accounted for in the reference HF ground
state entering the ADC calculation. This leaves us with the change in induction energy (ii)
and non-resonant excitonic coupling (iv). The change in induction energy depends on the
density matrix of the excited state and the resulting induced moments in the environment.
The induced moments enter the ADC problem as a static dipole field through the Fock op-
erator since the electric field of the electrons on environmental sites is not being updated
during the ADC procedure. Hence, the change in induction energy included by construction

amounts to

AE(0) i = —AFg "1 | (14)
- _Eélﬁgl,ind + Eglﬂgl,md’ (15)

with AE(0)%; emphasizing the frozen induced moments of the ground state. The perichro-

matic shift with just these terms, i.e., a frozen PE ground state, is expressed by

AE0)5 0 = AEY™ + AE(0)%" (16)

el,ind

with only zeroth-order contributions to the excitation energies. To improve upon this de-

scription, induced moments created through the density of the excited state need to be taken
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into account, that is, a correction term will be added to eq (15) using a state-specific ap-
proach.5” The total induction energy through the electric fields F} in a given state n due to
electrons (nuclear and multipole fields do not change upon excitation) is given by

1
n n, n
ind — _EEelﬂel,ind’

(17)

and the difference in induction energy between the ground state and an excited state is

simply

n 1 n, n
AB " = D) (Eelﬂel,ind - Eglﬁﬁl,ind) : (18)

Taking the difference of eq (15) and the above equation, one finds the perturbative state-

specific (ptSS) correction term for the excitation energy as
n 1
ABySS = —5Fa[AP', [AP]. (19)

For a comprehensive derivation, see Ref. 16. The last term in eq (13) missing in our descrip-
tion is the non-resonant excitonic coupling energy contribution (iv). As has been shown in
great detail using long-range perturbation theory by Schwabe,®” and described in a similar
manner for PCM,®® the non-resonant excitonic coupling describes the interaction of the tran-
sition dipole moment with the induced moments in the environment, consistently taken into
account through response theory approaches. #1657 Since we do not include the embedding
operator explicitly in the ADC problem, we correct for non-resonant excitonic coupling with
a perturbative linear-response-type (ptLR) expression,

AByik = —Eq[P"]'p

p Zind [

P, (20)

11
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Here, couplings between different excited states are neglected, as done in preceding work as

well. 1657 In total, the correction for the n-th excitation energy amounts to

corr

AELT = AEJSE + AENTE. (21)

To summarize, contributions from the environment using the PE approach are included indi-
rectly through the frozen HF ground state and excitation energies are corrected a posteriori
with perturbative treatments (eq (21)) using the difference and transition densities of the
obtained excited states. All excited state properties are, however, calculated without further

corrections in presence of the frozen PE-HF ground state.

3 Computational Methodology

In order to perform PE calculations, the already existing library PE1ib!4!%59 was interfaced
with Q-Chem.%° Further, a stand-alone C++ code was implemented to execute PE in a
shared-memory parallel way for fast performance on large systems. All ADC calculations
were performed using a local development version of the Q-Chem program package.% Data

analysis of all calculations was carried out using the Python packages cclib,% orbkit,%?

63,64

pandas, numpy, % scipy.% Matplotlib®” and seaborn® were used to create plots.

3.1 para-Nitroaniline with small water clusters

Para-Nitroaniline (PNA) structures with two, four or six water molecules were taken from
previous work by Slipchenko,® in which state-specific perturbative corrections were calcu-
lated with the EFP method at the EOM-CCSD level of theory. For these systems, the three
lowest singlet excitation energies were calculated at the ADC(2) and ADC(3) levels using
the cc-pVDZ basis set% ™ for the full super-system including solvent, PNA in vacuum, and
PE with ptSS and ptLR corrections for the excitation energies. Embedding potentials for

the solvent molecules were obtained using PyFraME ™ and are based on LoProp”™ multipole
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moments through second order and anisotropic dipole-dipole polarizabilities calculated at
the PBE0/cc-pVDZ level of theory™ using the Dalton program™ and LoProp for Dalton
script. ™ Detachment and attachment densities of the lowest n7* (1'Ay) and mn* (1'A4;)

excitations were obtained using the libwfa library """ and visualized with VMD.™

3.2 Lumiflavin in bulk solvent

To compare the performance of a continuum solvation model in ADC(2) calculations with
our PE-ADC approach, a benchmark study has been performed using the flavin derivative
lumiflavin (Lf). Excitation energies at the ADC(2)/cc-pVDZ level of theory were computed
using three different setups, summarized in Table 1. We have chosen water (H,O) as a

polar, protic solvent, and cyclohexane (cyHex) as an apolar, aprotic solvent. Geometries

Table 1: Benchmark systems for Lf in bulk solvent.

# geometries excited states solvent
1 HF-3c ADC(2) none
2
3

HF-3¢/PCM  PCM-ADC(2)  I,0, cyHex
QM/MM MD PE-ADC(2) H,0, cyHex

were obtained as indicated in Table 1 using the Orca 4 program package,®*®! with a HF-
3c®? geometry optimization for the first two systems, and QM /MM MD sampling with the
same method for the PE-ADC approach. A general workflow of how to simulate UV /Vis
spectra with PCM-ADC or PE-ADC is depicted in Figure 1. Note that explicit solvent
modeling, i.e., PE-ADC, requires configurational sampling of the solvent molecules through
MD and/or QM /MM MD simulations. By contrast, implicit solvent modeling with PCM-
ADC usually employs quantum mechanically optimized structures since the sampling is
implicitly contained in the model by virtue of the macroscopic dielectric constants. Of note,
the quantum-chemical method used for sampling in QM/MM MD simulations should be
carefully chosen to provide suitable input geometries for high-level ab-initio excited states

calculations. Note that HF-3c is being used here for fast sampling in the QM /MM MD

13
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simulations and that excitation energies compared to MP2-optimized structures are blue-
shifted by approximately 0.3 eV (Tab. S1). The detailed protocol for MD and QM /MM MD

configurational sampling is thoroughly explained in the following.

initial
configuration improve sampling
L v RO adjust
=] jus
BT R
- Ty Potential
'--%‘_ wp QM fle PE-ADC
L 54 i generation
5 ~."r v \ >~
. W \
4 e Dalton/LoProp Q-Chem a
= ¥
________________________________________________________________________________ £
include expl.
solvent
- QM )‘ [\'\""‘j
= ‘-'\,'_ha geom. PCM-ADC
t' -
o Simulated
Q-Chem Spectra

Figure 1: Workflows for PE-ADC and PCM-ADC calculations. From an initial chromophore
configuration with explicit solvent, the workflow towards PE-ADC is described in the upper
diagram, whereas implicit solvent modeling is described in the lower diagram. The PE-
ADC method requires configurational sampling through MD and QM /MM MD simulations
and subsequent parametrization of the environment. Results can be improved through longer
sampling and adjusting the level of parametrization. Initial structures ought to be optimized
first before entering a PCM-ADC calculation, and spectra can be refined by adding explicit
solvent molecules to the QM system.

QM /MM MD setup: Lf was placed in a cube of 50 A edge length filled with water
molecules or cyHex using Packmol.®? For configurational sampling, MD simulations of these
systems were carried out using NAMD 2.12.8% The CHARMMS36 force field®® was used for
solvents and Lf was parametrized using SwissParam.® System setup was performed with the
psfgen plugin in VMD.™ The systems were first minimized for 10000 steps and then simu-
lated in the NpT ensemble with periodic boundary conditions for 5 ns using an integration
time step of 2 fs. Temperature was maintained at 310 K through the Langevin thermostat

t878 as imple-

and pressure was kept at 1 atm with the Langevin Nosé-Hoover barosta
mented in NAMD.# To constrain water molecule geometries and bond vibrations, SETTLE

and RATTLE algorithms were applied, respectively.®%*° Electrostatics at long range were
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treated using PME,?! using a smooth 12 A cutoff for short-range electrostatics. From the
resulting trajectory, ten random snapshots were taken per system and refined in a QM /MM
MD simulation with the NAMD QM /MM interface.* The HF-3¢ method®? as implemented

in Orca 48081

was used for the quantum region which consisted of Lf. Point charges of the
MM region were included via electrostatic embedding up to 12 A distance from the quan-
tum region. The QM /MM systems were first minimized for 100 steps and subsequently
propagated for 12 ps at a 0.5 fs time step. Temperature and pressure were maintained as
explained above. No constraints were applied to the simulation systems. This setup resulted
in ten individual QM /MM trajectories per system from which ten random snapshots were ex-
tracted each with MDAnalysis. %% Embedding potentials for every extracted snapshot, i.e.,
100 per solvent system, were generated with PyFraME™ including solvent molecules within
15 A proximity. It has been shown in previous work that this distance cutoff is sufficient
for convergence of polarization effects in PE approaches.® Multipoles through second order
and polarizabilities were obtained at the PBE(Q/cc-pVDZ level of theory as implemented

™ using the LoProp approach.”™" For each final snapshot, the five

in the Dalton program
lowest singlet excited states were calculated using PE-ADC(2)/cc-pVDZ with perturbative
excitation energy corrections. An ordinary least-squares (OLS) fit of the ptSS and ptLR

corrections versus change in dipole moment squared, Au?, and oscillator strength (length

gauge), f, respectively, was performed using the equations

AEptLR = —af (22)

for the ptLR correction energy and

AEyss = —aAp® (23)

for the ptSS correction energy. The fitting parameters, «, are related to the effective polariz-

ability of the environment, neglecting pre-factors and dimensions of the fit. However, this is
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not important since in the analysis, only ratios of fitting parameters are taken into account.

The OLS fits were calculated including all five excited states of all snapshots.

3.3 Lumiflavin embedded in dodecin environment

From an MD trajectory obtained in previous work,*? we extracted ten snapshots for subse-
quent refinement with QM /MM MD simulations. As quantum region, we chose one Lf ligand
and its adjacent tryptophan residue (W36). The QM region is depicted in Figure 2b. Bonds
between the quantum and classical region in the W36 backbone were treated as explained
in Ref. 43. To prevent over-polarization at the QM /MM boundary, the charge shifting (CS)
scheme® was applied to shift charges adjacent to QM /MM bonds. Point charges of the
MM region were included via electrostatic embedding within a 12 A distance cutoff. As
explained before, NAMD 2.12 was used for the MM region, whereas the QM region was
treated with HF-3c.82 Electrostatics, temperature, and pressure were handled as explained
above. The QM/MM MD simulation was run for 12 ps at a 0.5 fs integration time step after
100 minimization steps.

From the ten QM/MM MD simulations, ten snapshots were extracted per trajectory,
and embedding potentials were generated for the extracted snapshots using PyFraME. " The
dodecin environment setup is graphically illustrated in Figure 2a. The core quantum region in
the PE-ADC calculation (Fig. 2b) consisted of Lf and the adjacent W36 residue, which will be
referred to as Lf~-W36 in the following. The protein was parametrized using PBE0O/cc-pVDZ
for multipole moments up to second order and polarizabilities using the LoProp approach.
All ions within a distance of 50 A from the core were taken into account through the formal
charge of the ion and isotropic polarizabilities calculated with Dalton™ at the B3LYP /aug-
ce-pVTZ level of theory. %97 Water molecules within a 10 A radius were parametrized using
LoProp including multipole moments through quadrupoles and dipole-dipole polarizabilities.
From 10 A to 20 A, water molecules were modeled with averaged charges and isotropic
polarizabilities.?® TIP3P water was further used to model the solvent between 20 A and
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el IRE H backbone

W36

Figure 2: Dodecin environment setup for PE-ADC(2). a) Solvent shells in parametrization
for dodecin PE-ADC calculation. Inner solvent shell (r < 10A, dark blue) was parametrized
with LoProp. Middle solvent shell (10A < r < 20A, orange) uses pre-defined charges
and isotropic polarizabilities. Outer solvent shell (20A < r < 50A, white surface) uses
TIP3P water. Protein (cyan) is fully parametrized with LoProp. Ions are included up to 50
A distance and have pre-defined charges and isotropic polarizabilities. Ions are not shown
for simplicity. b) Zoom-in of the dodecin active site. ¢) Interaction diagram. Purple dashed
lines: hydrogen bonds, green dashed lines: m-stacking. The quantum region for PE-ADC
calculation is drawn in magenta.

50 A. To avoid over-polarization, site polarizabilities were removed in 1.2 A distance of the
quantum region, and charges of these sites were redistributed to the nearest neighbor site. %
Higher-order multipole moments of the redistributed sites were removed. The energetically
lowest five singlet excited states were obtained using PE-ADC(2)/cc-pVDZ while keeping the
core and the highest 70 virtual orbitals frozen, following the restricted virtual space (RVS)
ADC scheme. ! To further investigate the contribution of the environment to the possible

CT, ADC(2)/cc-pVDZ calculations of the isolated Lf-W36 system, i.e., without PE, were
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further performed on snapshots with a ptSS correction smaller than -0.05 eV for the first

excitation.

4 Results and Discussion

PE-ADC has been employed to perform a set of case studies, ranging from the small water-
coordinated chromophore, PNA, over the medium-sized Lf molecule in bulk solvent to a
protein system that embeds Lf. The benchmark studies probe different physical aspects of
the PE-ADC method, which we are going to present and discuss in the following, also with
respect to the type of electronic transition. In that sense, we cover nn*, m7*, as well as inter-

and intramolecular CT excitations.

4.1 para-Nitroaniline with small water clusters

Two different types of electronic excitations have been benchmarked in the case of PNA
(Fig. 3) using PE-ADC(2) and PE-ADC(3), i.e., the energetically lowest singlet n7* and 77*
excitations, in the presence of small water clusters. PNA forms hydrogen bonds with the
surrounding water molecules via the nitro (NO,) group in the subset of structures studied
here. The NO, group acts as a hydrogen bond acceptor via the oxygen lone pairs. All results
for PNA excitations using ADC(2) and ADC(3) calculations in vacuum, super-system, and
PE are summarized in Table 2. Even though hydrogen bonds between the solvent and
solute exist, neither over-polarization nor electron spill-out !°* was observed. The ground and
excited state dipole moments are displayed in Figure 3a, and the detachment-attachment
densities for both states of the structure including six water molecules obtained within an
ADC(2) super-system calculation are shown in Figure 3b. For the lowest state, which has
n7* character, a blue-shift in the presence of water is expected because the dipole moment
of PNA is reduced upon excitation (Fig. 3, Tab. 2). This should result in a destabilization of

the excited state. 9219 The blue-shift can also be rationalized by the detachment of electron
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density at the lone pair of the nitro group, destabilizing hydrogen bonds with coordinated
water molecules (Fig. 3b). Since the change in density upon excitation as well as the oscillator
strength of Sy — S; are rather small, minor contributions through perturbative corrections

are to be expected.

a)

Figure 3: a) Lewis structure and dipole moments (arrows) of PNA for different electronic
states in vacuum. b) Detachment (red) and attachment (blue) densities of the two lowest
excitations of PNA in the presence of six water molecules. The nz* excitation is local in
nature, where electron density is transferred from the lone pair to the 7* orbital of the
nitro group. Hence, the proximal hydrogen bond is weakened upon photoexcitation. An
intramolecular charge-transfer takes place upon 7m7* excitation, dramatically increasing the
dipole moment of PNA.
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Table 2: PE-ADC(2) and PE-ADC(3) results for PNA singlet excitations.?
ADC(2)
nm* m*
vacuum super-system  PE | vacuum super-system = PE
PNA + 2 H,O E [eV] 3.827 3.923 3.930 | 4.599 4.299 4.328
f 0 0 0.000 | 0.453 0.436 0.447
Ap D] -3.38 -3.182 -3.214 | 7.882 8.611 8.519
ptSS [eV] - - -0.001 - - -0.010
ptLR [eV] - - -0.000 - - -0.005
PNA + 4 H,O E [eV] 3.828 3.884 3.894 | 4.597 4.386 4.402
f 0 0 0.000 | 0.454 0.433 0.451
Ap D] -3.383 -3.327 -3.282 | 7.862 8.264 8.332
ptSS [eV] - - -0.002 - - -0.010
ptLR [eV] - - -0.000 - - -0.005
PNA + 6 HyO E [eV] 3.829 3.939 3.966 4.6 4.295 4.367
f 0 0 0.000 | 0.454 0.427 0.445
Ap D] -3.383 -3.117 -3.155 | 7.862 8.638 8.435
ptSS [eV] - - -0.002 - - -0.018
ptLR [eV] - - -0.000 - - -0.011
ADC(3)
nm* m*
vacuum super-system  PE | vacuum super-system  PE
PNA + 2 Hy,O E [eV] 4.082 4.175 4.177 | 4.555 4.308 4.335
f 0 0 0.000 | 0.400 0.398 0.407
Ap |D] -2.464 -2.237 -2.298 | 5.944 6.541 6.449
ptSS [eV] - - -0.000 - - -0.007
ptLR [eV] - - -0.000 - - -0.005
PNA + 4 H,O E [eV] 4.083 4.146 4.148 | 4.551 4.379 4.392
f 0 0 0.000 | 0.401 0.391 0.407
Ap D] -2.466 -2.43 -2.385 | 5.935 6.229 6.307
ptSS [eV] - - -0.000 - - -0.006
ptLR [eV] - - -0.000 - - -0.005
PNA + 6 HyO E [eV] 4.084 4.203 4218 | 4.554 4.318 4.376
f 0 0 0.000 | 0.401 0.390 0.404
Ap D] -2.466 -2.168 -2.208 | 5.933 6.579 6.405
ptSS [eV] - - -0.001 - - -0.012
ptLR [eV] - - -0.000 - - -0.010

anr* = 1Ay, mr* = 1'A; for gas-phase optimized geometries with point group symmetry.
Ay refers to the difference dipole moment between ground state and excited state.

Perturbative corrections have already been incorporated into the PE excitation energies.
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In our calculations, we consistently observed a blue-shift in presence of water molecules
compared to the in vacuo case. This blue-shift was also reproduced by PE-ADC, albeit only
through contributions of the polarizable environment to the ground state wave function. As
expected, both ptSS and ptLR corrections are almost equal to zero, and the solvent blue-shift
is solely modeled through the PE-HF ground state. On the contrary, the Sg — S, transi-
tion exhibits quite different properties. This 77* excitation corresponds to an intramolecular
charge-transfer, giving rise to a significant increase in dipole moment. Electron density is de-
tached mostly from the amino group of PNA and attached to the nitro group on the opposite
site of the molecule (Fig. 3b). In this case, a red-shift of the excitation energy is expected,
since the excited state is stabilized by a polar solvent.!%%1% As can be seen in Table 2, this
holds true for the super-system calculation and is accurately captured by PE-ADC. Even
though the change in dipole moment is dramatic and the oscillator strength is much larger
for the CT excitation, the perturbative corrections are small compared to the zeroth-order
contribution through the environment, but correct the overestimated excitation energy in
the right direction. Hence, the magnitude of the perturbative corrections can be seen as an
error estimate for the fact that a) the excited state wave function and the induced moments
are not self-consistently obtained (ptSS) and b) no response treatment of the PE operator is
directly included (ptLR). These perturbative corrections always alter overestimated excita-
tion energies in the right direction, since the correction terms are quadratic in the induced
moments and carry a negative pre-factor (eqs (19) and (20)). The ptSS and ptLR corrections
for the m7* excitation are largest in the presence of six water molecules and would be even
higher if the number of solvent molecules were further increased.

The maximum absolute error observed when comparing PE-ADC with the super-system
ADC calculations are as small as 0.07 eV for ADC(2) and 0.06 ¢V for ADC(3) due to
the localization of the electronic excitations processes to the chromophore only (Fig. 3b).
These errors are well below the intrinsic errors of the used ADC methods.3%35:106 All in all,

the expected solvent effects are accurately captured for both types of excitations in water-
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coordinated PNA. Also, the zeroth-order contribution just through the PE-HF ground state
has been found to have the largest effect on the solvent shift, as has been shown using
other approaches as well.16:28:5:56 Qver-estimated excitation energies were narrowed by ptSS
corrections which are larger for significant changes in dipole moment upon excitation, whereas

ptLR corrections contribute in case of a large oscillator strength.

4.2 Lumiflavin in bulk solvent

Table 3: Comparison of ADC(2), PE-ADC(2) and PCM-ADC(2) excitations of Lf in water
and cyHex solvent.®P

vacuum H,0O ‘ cyHex

So —S;¢ properties PE PCM ‘ PE PCM
Sy (mwm*) E [eV] 3.230 | 3.073 3.070 | 3.129 3.122
f 0.257 | 0.243 0.262 | 0.238  0.257

Ap D] 1.901 1.950 2.312 | 2.009 2.074

Sy (n7*) E [eV] 3.610 | 3.579 3.773 | 3.565 3.663
f 0.001 | 0.005 0.001 | 0.003 0.001

Ap D] -4.841 | -3.490 -2.844 | -3.637 -3.59

S3 (n7*) E [eV] 3.804 | 3.842 3.971 | 3.842 3.787
f 0.000 | 0.002 0.000 | 0.001 0.000

Ap D] | -6.224 |-6.272 -8.521 | -6.706 -8.021
S, (m7*, CT) _ E [eV] 1498 | 4245 4.066 | 4.301 4.247

f 0.121 0.139 0.161 | 0.129 0.138

Ap D] | 6581 | 6315 8341 | 6.574 7.546
S5 (n7*) E [eV] 4599 | 4.568 n.c. | 4546 n.c.
f 0.000 0.030  n.c. 0.013 n.c.

Ap D] -4.700 | -5.588 n.c. |-5.707 n.c.

@ Median values of corrected excitation energies and properties are shown for PE-ADC(2).
b n.c. = not converged.
¢ Character of the transition in parentheses.

The following case study aims to model bulk solvent effects on the electronic excitations
of Lf through PE-ADC(2). In this context, a super-system ADC calculation is not possible
due to the system size. For this reason, we will compare bulk solvent effects from water and

cyHex to PCM-ADC(2) calculations. The latter is well-established and has proven a reliable
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technique to obtain excitation energies in bulk solvent.?"3®

For PE-ADC(2), solute-solvent configurations were sampled by means of QM /MM MD
simulations, whereas gas-phase ADC(2) and PCM-ADC(2) excitation energies were obtained
from optimized structures. The results including excitation energies, oscillator strengths, and
changes in dipole moment upon excitation are shown in Table 3. Characterization of the
excitations was achieved using natural transition orbitals (NTOs) depicted in Figure S1 in
the Supporting Information. The solvent shift will be referred to as the difference between
vacuum and solvent excitation energies. For the lowest, bright 77* excitation, PE and PCM
results give almost identical results. The expected red-shift is present for both solvents, where
water shows a slightly larger red-shift than cyHex for both embedding schemes. Predicted
solvent shifts for the Sy n7m* dark state differ between PCM-ADC(2) and PE-ADC(2): PE
predicts a red-shift of the excitation energy, whereas PCM shows a blue-shift. However,
the red-shift is small and could simply result from the sampled geometries underlying the
PE-ADC(2) calculations, whereas an optimized structure is used in the PCM case. This
hypothesis would, nevertheless, have to be further investigated. Differing solvent shifts are
also observed for the third singlet state, which is an n7* excitation as well. A 77* excitation
with CT character corresponds to the fourth excited state of Lf. In this case, a red-shift
is again correctly predicted by PE and PCM. This red-shift is more pronounced in water
solvent, where PCM predicts a shift approximately 0.2 eV larger than PE. The comparison
of PE and PCM excitation energies and excited state properties shows a consistent behavior
for spectroscopically relevant bright states, i.e., the Sp — S; and Sy — S4 transitions in
this case. The trends for solvent shifts through bulk solvation modeled by PE-ADC(2) are
thus comparable to PCM-ADC(2) which is a thoroughly benchmarked method for these
applications. 37

To gain further insight into the excitation energies and perturbative corrections, a sta-
tistical analysis of the ADC calculations is needed. Accordingly, the PE-ADC(2) results for

corrected excitation energies, ptSS, and ptLR corrections are depicted as box plots in Figure
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4. The box plots show the ranges of corrected excitation energies resulting from the config-
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Figure 4: PE-ADC(2) excitation energies and corrections for Lf in a) water and b) cyHex
solvent. Corrected excitation energies and ptSS and ptLR contributions are depicted as box
plots for the five lowest excited singlet states of Lf. The boxes comprise 50% of the observed
data, where the antennae mark lower and upper boundaries of 1.5 times inter-quartile range
(IQR). Data points outside 1.5 IQR are defined as outliers (diamonds).

urational sampling. A minor amount of outliers is observed here for all states except for S,.
However, the energy range spanned by the boxes (50% of the observations) is rather narrow.
Higher-lying states cover a broader energy range for ptSS correction terms, whereas ptLR
corrections are very localized. Thus, the ptSS corrections term seems to be rather sensitive
to the underlying geometry. Generally, the box plots show a rather condensed representation
of the manifold of PE-ADC excited state calculations, and are thus the ideal tool to assess
the geometrical sampling for the final excited state calculations. In case of highly fluctuat-
ing excitation energies, one would have to improve the sampling, as explained in the general
work flow (Fig. 1). As discussed before, the total solvent red-shift on 77* excitations is larger

for water than for cyHex. On the contrary, both the ptSS and ptLR corrections display a
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larger magnitude in cyHex solvent compared to water. The interpretation of the perturbative
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Figure 5: Correlation between perturbative corrections and excited state/transition proper-
ties. For both water and cyHex solvent, ptSS and ptLR corrections are shown vs. squared
difference dipole moment (Ay?) and oscillator strength, respectively, for all states.

corrections in this context will be elaborated by correlating the ptSS and ptLR terms with
the squared change in dipole moment and the oscillator strength, respectively, because these
properties are inherently linearly related to the correction terms through equations (19) and
(20). Corresponding linear fits, yielding what is here called the ‘effective’ solvent polarizabil-
ity as a fitted parameter, are plotted in Figure 5. Detailed fitting results are shown in Table
S2. The ratios between the effective polarizabilities of cyHex and water solvent are 1.63 for
ptSS and and 1.57 for ptLR. That is, the cyHex environment is effectively more polarizable
than the water environment, leading to larger perturbative energy correction terms. Using
the configurational sampling through QM/MM MD, the ‘effective’ solvent polarizabilities
are easily obtained directly from fitting the perturbative energy corrections. All in all, this
analysis nicely illustrates the general relationship between excited state properties and the

expected magnitude of ptSS and ptLR corrections.
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4.3 Protein environment effects on the charge-transfer excitation

in dodecin

To showcase the capabilities of PE-ADC for addressing excited states of chromophores em-
bedded in large, complex environments, we investigate the CT excitation involved in the
photoprotection mechanism of the flavin-binding protein dodecin. **" 1% Dodecin stores flavin
derivatives and efficiently photoprotects them by a multi-step quenching mechanism.** The
initial key step in the mechanism most likely comprises a CT excitation, where an electron
is transferred from a tryptophan residue (W36) to Lf, forming a positively charged trypto-
phan radical and a negatively charged flavosemiquinone radical. In previous work,*? the CT
excitation of Lf-W36 was modeled using ADC(2) calculations in vacuo. Since such a CT
excitation creates two oppositely charged fragments, it exhibits a large change in electron
density. We aim at extending the previous study by showcasing the excitation process using
PE-ADC(2), thereby including explicit environmental effects. Not only is the system chal-
lenging due to the nature of the excited state, but also with respect to the heterogeneous
interactions of the core region with the environment: Lf forms hydrogen bonds with solvent
water molecules and a bifurcated hydrogen bond with Q55 in the protein. Further, it in-
teracts with another Lf molecule by n-stacking. The heterogeneity of the core-environment
interactions modeled through PE is depicted in Figure 2c. Obviously, these interactions
are impossible to capture using a CSM. We also found PE-ADC(2) to be computationally
affordable on the L{-W36 system since the calculations only require additional time during
the SCF procedure compared to ADC(2) calculations without PE (data not illustrated).
The results for PE-ADC(2) excitation energies and perturbative corrections for the three
energetically lowest singlet states are presented in Figure 6. The two lowest states are almost
degenerate, as observed in the in vacuo case,*? while the third excited state covers a spectrum
of almost 2 eV among all snapshots. The observed similarity between the lowest two states
can further be examined with the dominant amplitudes involved in the transition (Fig. S2).

In fact, S; and Sy show an almost identical pattern, including HOMO-2—LUMO, HOMO-
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17 Figure 6: PE-ADC(2) excitation energies and corrections for Lf~-W36 in dodecin environment.
18 The presented box plots were prepared as for Fig. 4.

21 1—-LUMO, and HOMO—LUMO as dominant transitions. However, S3 only contains these
23 amplitudes to some extent in addition to other major orbital contributions. The HOMO
25 and LUMO of a representative snapshot are depicted in Figure 7. Clearly, the HOMO and
27 LUMO are localized on the W36 and Lf, respectively, giving rise to a CT from W36 to Lf.
29 The other dominant amplitudes show a mixture of CT and local excitation (LE)*® (data not

31 illustrated), where HOMO—LUMO exhibits the most prominent fragment separation. Since

45 HOMO LUMO

47 Figure 7: HOMO to LUMO transition comprising a possible L{~-W36 charge-transfer.

the energy range of the third singlet excitation also covers S; and S, excitation energies, it
is possible that in a few snapshots, Sq — S3 corresponds to a CT excitation. This is also
corroborated by the aforementioned orbital contributions.

The ptSS correction energies are localized around -0.03 eV and -0.2 eV for the first two
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states, and a broader range of values is covered by the data for the third state. The data for
ptLR correction energies contain very few outliers for S; and Sy with a median of -0.039 eV
and -0.036 eV, respectively. The median ptLR correction for S3 is -0.003 €V, thus, almost
equal to zero. Accordingly, ptSS corrections for S3 and the outliers clustered around -0.2 eV
for S; and Sy are dominating over ptLR corrections in the L{-W36 system.

For a CT state, the ptSS correction is expected to be large due to the charge separation
between the two fragments and the resulting change in dipole moment upon excitation. To
further unravel the effect of the polarizable environment on the CT character, snapshots that
showed a ptSS correction smaller than -0.05 eV for the first excited state were re-calculated
without PE, i.e., on the isolated L{-W36 system only. These snapshots should supposedly
exhibit a strong CT character due to the large magnitude of the ptSS correction. To avoid
visual inspection of all snapshots, statistical analysis of the CT character was performed using

34,7778 wwhich is obtained from the excitonic wave function. It

the electron-hole distance dj,_..
quantifies a CT through the distance of the hole and electron centroid and is thus ideal to
characterize a large amount of ADC calculations. A CT results in a large shift in electron
density from one fragment to another. This should result in a large increase in dipole
moment upon excitation and consequently a large ptSS energy correction. Figure 8a shows
the expected relationship between ptSS correction and electron-hole distance: The larger
the electron-hole distance, the larger the magnitude of the ptSS correction. Interestingly,
both quantities are related to different properties of the electronic excitations: electron-hole
distances are obtained from the excitonic wave function, i.e., from the transition density
matrix, whereas the ptSS term originates from the difference density matrix. Nevertheless,

the electron-hole distance quantifies a charge transfer through electronic excitation which is

also reflected by the ptSS correction term.
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Figure 8: Analysis of L-W36 CT states using electron-hole distances. a) Relationship
between ptSS correction and electron-hole distance dj_,. for S; and Sy. The electron-hole
distance quantifies a permanent CT, which is also reflected by a large shift in electron
density, leading to a larger ptSS correction term. b) Effect of PE on electron-hole distances.
In isolation, i.e., without the protein environment included through PE, the character of the
excitation is shifted from CT to LE.

To quantify the environmental effect on the CT character, electron-hole distances for the
extracted snapshots with and without PE are compared in Figure 8b. With PE, S; electron-
hole distances are clustered above 1 A, whereas the values for S, and Ss are almost evenly
distributed between 1 A and 3 A. The corresponding median values are 2.81 A, 2.33 A, and

1.17 A, respectively. This picture is dramatically changed if no environment through PE is
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included for the same snapshots: For all states, electron-hole distances are clustered around
1 A with the median values 1.07 A, 0.97 A, and 0.56 A, respectively. As a consequence,
the electron-hole separation is diminished without the polarizable environment, increasing
the LE character of the excited states. Clearly, not all observed electronic excitations are
pure CT states, but rather a mixture of CT and LE. The presence of the environment,
however, increases the CT character of the low-lying excited states. In that way, the protein
environment promotes CT excitations to trigger the photoprotection mechanism. A local
excitation on the Lf fragment would not result in subsequent proton transfer and follow-up
excited state quenching.*? From a biochemical point of view, the protein environment seems
to be essential in mediating the CT excitation in order to efficiently protect flavin derivatives
from photodegradation.

Our calculations with PE-ADC(2) clearly show that the protein and solvent environment
is capable of stabilizing and thus promoting the CT excitation on Lf~-W36 which is essential to
the current understanding of the dodecin photocycle. In experimental studies, the photocycle
was manipulated through W36 mutants with different redox potentials.'% Similarly, one

could computationally probe and design future active site mutants guided by PE-ADC.

5 Conclusion

In the presented work, the PE model was combined with ADC to investigate electronic exci-
tations of chromophores in complex, polarizable environments at reasonable computational
cost but high precision. Excitation energies are perturbatively corrected in our approach
both by a state-specific (ptSS) and linear-response-type (ptLR) term. PE-ADC(2) and PE-
ADC(3) calculations on water-coordinated PNA were performed, showing that the presented
approach captures the most important effects of the solvent shift through the PE-HF ground
state. We have further compared PE-ADC with PCM-ADC and presented a case study

where the dodecin photoprotection mechanism was thoroughly investigated in presence of
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the protein and solvent environment through PE-ADC(2). Direct access to excited state
analysis and visualization in ()-Chem enabled us to show that a possible CT state is stabi-
lized through the polarizable protein and solvent environment. This CT excitation is crucial
to the functionality of the dodecin photoprotection mechanism. The inclusion of environment
interactions with the core system does not significantly increase the computation time com-
pared to canonical ADC, in particular the cost of the ADC calculation is virtually the same
as without PE. As an outlook on possible future applications, our PE-ADC approach works
independently of the ADC variant, i.e., resolution-of-the-identity (RI) ADC!%M! and core-
valence-separation (CVS) ADC!'%113 could just be invoked in combination with PE without
additional derivation of equations or programming. The procedure to perform PE-ADC cal-
culations was outlined, where we took advantage of automated environment parametrization
with PyFraME. " Recently, a tutorial review on performing PE calculations was published, %
explaining the setup and caveats of these calculations in general. We believe that the PE-
ADC approach can be employed to study a plethora of biologically relevant systems and will
thus be of interest for a broad user base seeking highly accurate excited state descriptions

in complex, polarizable environments.
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