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CHAPTER 1

INTRODUCTION

The aim of this Thesis is the application of multi-scale theoretical models to describe
excited state properties of molecular systems in solution. In general, solutions consist of
a large number of molecules mutually interacting through electrostatic, van der Waals,
and hydrogen bonding intermolecular interactions. The intensity and presence of certain
interactions depend on the polarity of the solvent.r This phenomenon can be observed
for example for the Reichard’s dye, where a great sensitivity of spectral properties to
small changes in solvent polarity is observed, thus clearly indicating the complexity of
solvent-solute interactions and solvated systems in general.”?

In order to model excited state properties of solvated systems, a way to evaluate the
excitation energy is needed and fortunately, a number of different theoretical models of
increasing accuracy and computational cost have been developed.®* In this thesis
results solely based on time-dependent density functional theory (TD-DFT) are
reported, due to the fact that such methods are the most widely used for simulating
absorption spectra of organic molecules, thanks to their favorable scaling and the
availability of a variety of density functionals, which permit to reach a remarkable
accuracy at reproducing experimental results®*# However, in case of solvated systems
the quality of DFT functional and basis set are not the only factors affecting the quality
of computed spectra. In fact, solvated systems are complex and the presence of a
solvent around a molecule modifies properties, energy, dynamics, and reactivity, in both
the ground and excited states. Therefore any absence of solvent effects in the
computational modeling can result in simulated spectra in poor agreement with
experimental data.’?%®

A straightforward approach to account solute—solvent interactions is by keeping the same



description as isolated systems, i.e. to consider the solvent and the solute at the same
level of theory. Clearly, this way of proceeding would imply to consider a sizable part
of the system, thus making the treatment of molecules in solution far more complicated
and computationally intractable. This issue can be partly solved by accounting only for
a few solvent molecules around the solute, but this approach is not physically consistent
with the real solution.?”

Another way, which is actually the most used in real applications, is to treat the solvent
at a lower level of sophistication than the solute. This is possible because the spectral
response in the large majority of cases arises from the solute, not from the solvent,
which means that the solute has to be always accurately described in all its degrees of
freedom, while the solvent can be treated at a lower level of theory. In other words, while
the calculation of spectroscopic properties requires a QM description of the solute, the
solvent can be treated with classical physics (QM/classical approach).

The key point of the success of QM /classical approaches is to gain accurate modeling of
solute-solvent interactions, i.e. of the interaction between the QM and classical portions
of the system. Various solvent models have been developed and have achieved great
success in modern chemical research because they can be effectively coupled with all
QM descriptions, ranging from semi-empirical methods to DFT or Wavefunction Theory
(WFT), at a computational cost very close to the QM calculation for the corresponding
isolated molecule.

As mentioned above, the challenge of QM /classical approaches is represented by the
definition of the solute-solvent coupling term. In fact, after being set, it can be inserted
into the solute’s QM Hamiltonian through explicit terms; this permits the exploitation of
the quantum chemistry machinery to obtain the desired spectral properties in the same
way as they are calculated for isolated systems. This permits us to take full advantage
of decades of research and development for isolated systems.

Different solvent models exist, which basically differ in the way they describe the
separation between the solute and the solvent. The two conceptual alternatives are
presented in Fig. [I.I. The most basic protocol uses the implicit polarizable continuum
model (PCM).20%0805520 Ty this model, the environment is described as a polarizable
continuum dielectric, where the solute is located in a molecule-shaped cavity (see figure
. However, this protocol fails to account for directional interaction such as hydrogen
bonds (HB) which can play an important role. This limitation can be solved by
including explicit solvent molecules treated at QM level around the solute, however this

approach relies on a static description of the systems and doesn’t account for different



Figure 1.1. Implicit solvent model (left) and Explicit solvent model
(right)

solute-solvent configurations, while in real situations solvents move around the solute
and different configurations need to be sampled.

In order to overcome the limitations of continuum models, fully atomistic (explicit)
solvent approaches have been developed over the past years (see figure , right
pa,nel). The  widest-used explicit solvent model is the Quantum
mechanics/molecular mechanics (QM/MM) multiscale scheme in which the system is
divided into the portion directly responsible for a spectral property, which is described
at QM level, and the surrounding solvent, which is described at the MM (classical) level
through ad-hoc constructed force fields (FF). The most basic QM/MM approach only
accounts for the electrostatic interaction between the two portions, where MM atoms
are assigned fixed pre-parametrized charges. In order to attain a better physical
description of the interactions between the QM and MM portions, a number of
polarizable QM /MM models have been developed. There, mutual polarization effects
are considered.3639

In this Thesis, we specifically focus on the fully polarizable QM /Fluctuating charges
(QM/FQ) approach.®#2 In this scheme, the solute is treated at the QM level, while the
solvent is treated at the classical level and is described by a force field, which assigns
each MM atom with a charge that can fluctuate in response to the QM potential and due
to differences in electronegativity. QM/FQ has been extended to allow calculations of

different molecular properties and spectroscopies due to its variational formalism 354348



QM /MM APPROACHES TO THE SPECTROSCOPY OF AQUEOUS SYSTEMS 1.1

The dynamical aspects of the solvation phenomena are in this Thesis considered by
coupling QM /FQ with classical Molecular Dynamics (MD) simulations,*¥ which can be
performed in a wide range of solvents and by exploiting numerous available force
fields.”Y In addition, the force field can be re-parametrized in order to obtain
configurations with improved interatomic and intermolecular potentials and/or obtain
parameters for systems that lack them, such as in the case of excited states of organic

molecules.12

1.1. QM/MM APPROACHES TO THE SPECTROSCOPY OF

AQUEOUS SYSTEMS

A successful QM /MM model for spectroscopy needs to correctly describe the physics and
chemistry of the solvent-solute system and its interaction with external radiation. In fact,
empirical models that are formulated so to fit a certain system’s behavior without being
based on the underlying solute—solvent interactions, can be very successful in obtaining
a specific type of spectroscopic response of a specific set of systems, but totally lack
transferability. We will present in the following pages the strategy which has been followed

in the next sections.

1.1.1. SAMPLING THE SOLUTE-SOLVENT CONFIGURATIONAL SPACE

Solvated systems consist of a large number of mobile molecular subsystems. A reliable
sampling of the solute-solvent phase-space is needed to model spectral properties, and to
this end classical molecular dynamics (MD), Monte Carlo (MC), or even ab-initio MD
can be exploited. This Thesis exploits MD as a sampling methodology; it consists of the
numerical (step-by-step) solution of the classical equations of motion, which for a simple

atomic system may be written as follows:

0
mii; = f; = ——U 1.1
fi= (1)
Such equations need forces f; acting on atoms; they are usually derived from the potential
energy U(r" ), where ¥ = (ry, ro, . . . rx ) represents the complete set of 3N atomic

coordinates. Let us take as reference the AMBER® FF, which reads:

U(TN) - Unon—bonded(rN) + Ubonded('rN> (12)

The first term accounts for non-bonded interactions between all atom-pairs, i.e.
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QM /MM APPROACHES TO THE SPECTROSCOPY OF AQUEOUS SYSTEMS 1.1

N-1 N 0 -0 i
Unon onde - z % -2 AR = 1.3
bonded (T Z Z 5 ( (Tij)]+47f€o7’ij (1.3)

The first term in equation accounts for van der Waals interactions, which are
calculated using the equilibrium distance (r%) between two atom pairs and the well
depth (€;;). The second term is a Coulomb-like potential, where ¢; and q; are atomic
partial charges and ¢, is the vacuo permittivity.

The bonded potential Ubonded(rN ) reads as follows:

1
Unondea(r™) = D kil = 10>+ > kai(©; — ©9)* + > Zg\/i"[l+cos(nwi—%)]

i€bonds i€angles ictors n
(1.4)

Bond stretching (first term in eq is represented by a simple harmonic function that
describes oscillations around the equilibrium bond length l? with force constant kp;. The
second term describes bending motions, which are also approximated by a harmonic
function describing oscillation around the equilibrium angle ©Y with force constant k.
The last term is the torsion potential, where w; is the torsional rotation angle, n is a
non-negative integer that defines periodicity and ~ is the phase shift angle.

Many families of FF have been developed. AMBER,** CHARMM®* and OPLS20°? are
fitted to large molecules in condensed phases and usually well describe the majority of
molecules.  However, spectral properties are generally sensitive to the quality of
interatomic potentials, therefore a refinement in the parametrization of the force field is
required. Luckily, several parametrization tools have been developed, which permit to
obtain parameters for systems with poorly described interatomic potential by standard
force fields or systems which lacks available FF parameters, such as excited states of
organic molecules.?% Also, besides the improvement of molecular interatomic
potentials, solvent-solute interactions can be refined by including virtual sites at lone
pair positions for atoms involved in strong hydrogen bonding interactions.®” In this way,
a more physically consistent description of the directionality of hydrogen bonding is

obtained. 272

1.1.2. QM/MM APPROACHES

The total energy of a QM /MM system can be expressed as follows:

E = Egn + Eviv + EQuynvim (1.5)

5



QM /MM APPROACHES TO THE SPECTROSCOPY OF AQUEOUS SYSTEMS 1.1

where Eqa/ay represents the interaction energy between the QM and MM portions.

Eqgn/vm can be partitioned as:

ele ol v
E = EQiin + Egynn + B (1.6)

where EEZM/MM is the electrostatic energy, Eg’ll‘/l/MM is the polarization energy, and

EudwW oMMy Accounts for van der Waals contributions, i.e. Pauli repulsion and dispersion
energies.

QM/MM approaches can be classified based on the description of EZ¢ OM/MM and EQO JIM MM
terms presented in eqn [1.6] In particular, two main classes of methods can be identified:

e Electrostatic Embedding (EE): eqn [1.6is limited only to the first term (Ete‘jV[ i)

EQM/MM EQM/MM pom) ZQZVZ (ponr) (L.7)

The electrostatic interaction energy is described by a set of fixed charges located on MM
atoms, which interact with the QM density. In eqn index i runs over the number of
charges N, and V; is the QM electric potential calculated at the i-th charge q; placed
on the MM portion. Eg?w /MM(,OQM) is expressed in terms of Coulomb’s law and it is

dependent on QM density.

e Polarizable Embedding (PE): the mutual polarization between the two moieties is

considered. Therefore, the coupling between the two portions is expressed as:

Egvimant = Egsinani(panr) + Sy (parr) = Egsinan(paar) + > il poar)si(pgur)
z (1.8)
The various PE approaches differ in the way they describe the polarization energy
Ep ol MMM in terms of the QM density poar, i.e. in the way the electrostatic quantities x
and the QM electric sources s are specified.
In the Drude model®7 polarization effects are recovered by including an induced electric
dipole at each MM site defined in terms of a couple of charges of the same magnitude but
opposite sign connected by harmonic spring. The first charge is fixed and located at the
nucleus of the MM atom, where the second charge is mobile and thus polarization arises
from the competition between forces acting on harmonic potential.®® In the Induced

dipole model, 3832090

induced dipoles are assigned to each MM atom, whereas each
atom is endowed with isotropic atomic polarizability, from which the induced dipoles

are originating as a response to the environment. The induced dipole formalism is also

6



FuLLy POLARIZABLE QM /F(Q APPROACH FOR THE SPECTROSCOPY OF AQUEOUS SOLUTIONS 1.2
the basis for a variety of different polarizable QM /MM approaches, which differ by the

treatment of the electrostatic part of the force field. In the case of MMpol™™ and
AMOEBA 3%™%8% the charge distribution of the solvent is approximated through the

dipolar term, where x = pu, while s is in all instances the electric field produced by the
QM portion (solute). The electric field F' generated by the QM density polarizes the
surrounding solvent molecules, by changing their dipoles pu. On the other hand, solvent
molecules polarize the QM density and the mutual interactions enter the QM Hamiltonian
through an energy term -uF.

In this work, the Fluctuating Charges (FQ)®®% force field is exploited. It will be treated
in more detail in the next section, where it is specified for the coupling with a QM
Hamiltonian (QM/FQ).

1.2. FuLLy POLARIZABLE QM/FQ APPROACH FOR THE

SPECTROSCOPY OF AQUEOUS SOLUTIONS

The polarizable QM/FQ approach??404204SE896 hrovides a computationally efficient
way of introducing polarization effects in QM /MM calculations. In this model, every atom
is endowed with a charge (the fluctuating charge ¢) that is able to fluctuate as a result
of differences in atomic electronegativities (electronegativity equalization principle®™®).
Two sets of parameters are necessary to specify the FQ energy, i.e. atomic hardnesses
and atomic electronegativities. The set of charges ¢ can be obtained by minimizing the

following functional:*”

1
F(Qa >‘) = Z GaiXai + EZ Z qaijaiﬁjQ5j + Z Aa(Z Qai — Qa) (19)

o B a
where the greek indices o run over molecules and the Latin ¢ run over the atoms of each
molecule. X is a set of Lagrangian multipliers to ensure charge conservation, and J is the
Ohno interaction kernel.*™Y’ FQ has been coupled to a QM Hamiltonian. The interaction

term is defined as the classical electrostatic interaction in the following equation:

Ngq

Equrq = Y Voulpl(ria (1.10)

i=1
where Vo [p](7:)¢ is the electrostatic potential due to the QM density computed at the
i-th ¢; placed at r;.



FuLLy POLARIZABLE QM /F(Q APPROACH FOR THE SPECTROSCOPY OF AQUEOUS SOLUTIONS 1.2

QM/FQ has been extended to compute excitation energies (UV-Vis absorption and
fluorescence spectra) through a linear response formalism. For a more detailed
discussion on this topic, we refer the reader to Ref. [46. The following matrices,

depending on the FQ charges, are defined:

Aging = (€0 — €)0a0i; + (aj||ib) — ngp—lv;b (1.11)

Baig; = (abl]ij) ZVZ»LD”VLJ- (1.12)

where 7, j are occupied orbitals whereas a, b are virtual orbitals. € are orbital energies. The
sum runs over the molecules in the classical portion and V' is the electrostatic potential,
while D is the FQ matrix. Then, excitation energies and transition amplitudes are

obtained by solving the so-called Casida’s equations:

COO-COE e

Notice that QM/FQ can be extended so as to give rise to the Fluctuating Charges and
Dipoles (QM/FQFu) method #0400 There, in addition to the fluctuating charges
(q), atomic fluctuating dipoles (u) are assigned to the MM atoms. Both FQs and Fus
vary as a response to the external electric potential and electric field. QM/FQFu has
also been extended to the linear response formalism, thus allowing the evaluation of

absorption and fluorescence spectra.*”

In order to fully model solvent-solute interactions, exchange-repulsion, and dispersion
energy terms need to be considered. Such terms often play an important role in the
description of the spectral properties of solvated systems. QM/FQ has been extended
to non-electrostatic QM/MM terms by taking advantage of an approach®™¢ which
models quantum repulsion as a function of an auxiliary density on the MM portion,
while QM /MM dispersion interactions are described by extending the DFT formalism
developed by Tkatchenko and Scheffler, 1070

This approach is easily coupled to any type of QM /MM model, due to the formulation
of repulsion and dispersion terms which is independent of the choice of the electrostatic

or polarizable force field.



COMPUTATIONAL ProTOCOL 1.3
All QM/MM models need to define and determine a set of parameters to describe the

interaction energy between the two portions. This is also the case with the QM /FQ model,
which is specified in terms of atomic electronegativities, hardnesses.*? Model’s parameters
are responsible for the variation of the degree of mutual polarization, therefore, they
directly affect the spectral response of the solute. Appropriate parametrization can be
achieved by fitting computed data of selected observables, such as the interaction or total
energy with the respect to reference values. A parametrization strategy for different
solvents is detailed in Chapter 4. This approach extends the applicability of QM /FQ and

sets a procedure that allows the parametrization of a variety of other different solvents.

1.3. COMPUTATIONAL PROTOCOL

In this section, the computational protocol (see figure that has been applied in the
following studies is presented. It consists of the following five steps, which are discussed

in more detail in Ref/111l

1. Definition of the QM /MM system. Spectral properties of solvated systems are in
general determined by the solute, and modified by the solvent. For this reason,
focused models, i.e. those that focus the attention on a specific part of the system,
are particularly successful. Within the QM/MM framework, defining a focused
model means choosing the parts of the systems which will be treated at QM and
MM levels. Such a choice depends on the system’s chemical properties and its
potential interactions with the surrounding environment. In general, the solute
molecule is always treated at QM level, while in some special cases, the QM
portion can be extended to the nearest solvent molecules. In the particular case of
aqueous solutions, such extensions result in including in the QM portion those

water molecules which form H-bonds with the solute.

2. Conformational sampling. The actual ”computational sample” on which the
spectral properties will be computed needs to be defined. A possible way is to
resort to MD simulations. There, the degree of flexibility of the molecule can
determine the way of modeling the solute during the simulation. In fact, the
frozen minimum energy structure of solute can be exploited in "fixed” dynamics
in the case of rigid systems. For flexible molecules, such an approximation would
not be justified, therefore the configurational space needs to be sampled without

freezing any solute degrees of freedom. In all cases, a suitable parametrization is



COMPUTATIONAL ProTOCOL 1.3

needed, and this is even more important for flexible systems. In the majority of
cases, standard parametrization engines perform reasonably well, but sometimes,
refinement of parameters is required in order to increase the quality of the
sampling and therefore the spectral properties. In some specific cases, such as
excited states, which will be shown in the following studies, appropriate
re-parametrization is necessary. In addition to intramolecular structural changes,
reliable sampling of solvent configurations around the solute is as important as the
quality of the interatomic potential of the solute molecule. Furthermore, it is
necessary that MD simulations are long enough to take into account all possible
conformational changes and that FF parameters correctly reproduce all possible
system configurations. Sampling the phase space of solutions using classical
Molecular Dynamics has been performed in all the following studies, where

temperature and pressure are chosen to mirror the desired experimental setup.

. Extraction of structures. A number of representative snapshots are extracted from
MD runs and treated for further QM/MM calculations. Snapshots are spherical
droplets that are obtained by cutting spheres of given radii centered on the solute
from standard MD boxes. The radius of the droplets is chosen to be large enough
to account for all solvent-solute interactions in a physically consistent way. The
total number of snapshots is chosen so as to reach convergence of desired spectral

properties and it can vary depending on the system and property to be modelled.

. QM/MM simulations. The QM level of theory, MM force field, and model for
the coupling of the QM and MM portions needs to be chosen. Then, a QM /MM

calculation of the spectral property is performed on each droplet.

. Spectra extraction. First, raw stick spectra are extracted from each droplet and
collected to produce final stick spectra (raw data). Then, UV/Vis spectra are
obtained from stick spectra through a convolution procedure on each stick. The
final spectra are then compared with experimental or other reference data. If the

quality of the comparison is low, all the steps above are possibly refined.

10



COMPUTATIONAL ProTOCOL 1.3

Definition of the
QM/MM system

« Definition of QM (e.g. DFT)
portion and MM (e.g.
AMBER) portion

Conformational
sampling

« Deifinition of the
computational approach for
sampling phase-space of
solvated systems (e.g.
classical MD)

Y

Extraction of
structures
« Extraction of representative

configurations and definition
of spherical boundary.

\

QM/MM simulations

» Choice of QM level (e.g. DFT
or Ab-initio)

« Choice of QM/MM coupling
(QM/MM or QM/FQ)

« Inclusion of non-electrostatic
term

Analysis and refinment
 Extraction of raw data (stick spectra)
« Obtaining the spectra from raw data (average)
« Comparison with experimental data (or additional
refinment of the approach)

\/

Exp

QM/FQ

Figure 1.2. Schematic view of the employed computational protocol
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CHAPTER 2

OVERVIEW OF THE ATTACHED PAPERS

In Paper 1, a computational study of UV/Vis spectra of four flavonoids (luteolin,
kaempferol, quercetin, and myricetin) in aqueous solution is presented. Spectra are
simulated by the fully polarizable QM /MM model based on the fluctuating charge (FQ)
force field, coupled with configurational sampling obtained by performing classical
molecular dynamics (MD) simulations. The description of solute-solvent hydrogen
bonding (HB) interactions is refined by exploiting ”virtual sites” (VS) located at lone
pair positions of each oxygen site. MD is analyzed in terms of radial distribution
functions of oxygen sites and dihedral distribution functions of selected angles, that in
order to obtain information about hydrogen-bonding interactions and their effect on the
rotation freedom of selected dihedral angles during MD runs. The QM /FQ spectrum of
each flavonoid has been computed on a set of 300 uncorrelated snapshots and compared
with the experimental data. The comparison shows that MDy g coupled with QM/FQ
provides the best agreement, probably due to better configurational sampling and HB
description.

In Paper 2, a novel parametrization of QM/FQ for non-aqueous environments is
discussed. In particular, a machine learning-based parametrization procedure is
proposed and applied to find a parametrization of dioxane, tetrahydrofuran,
acetonitrile, ethanol, and methanol. In order to challenge the model, QM/FQ
calculations are performed with the new set of parameters in order to reproduce
solvatochromic shifts of selected dyes of increasing physicochemical complexity.
Computed and experimental solvatochromic shifts are compared, along with a
comparison with the implicit QM /PCM and a non-polarizable QM /MM approach.

In Paper 3, a reliable and cost-effective computational protocol that is capable of

12



accurately describing fluorescence spectra in an aqueous solution is proposed. Besides
strong hydrogen bonding interactions, the model also considers dynamic aspects of the
solvation phenomenon in both the ground (GS) and, remarkably, excited state (ES).
The approach is tested on acetone, for which different methods are applied, and their
quality is evaluated against experimental values.The computational protocol is also
challenged to reproduce experimentally measured spectra of selected water-soluble
fluorescent dyes, of applicative interest. An almost perfect agreement is reported, thus

confirming the robustness and reliability of the methodology.

13



CHAPTER 3

SIMULATING ABSORPTION SPECTRA OF
FLAVONOIDS IN AQUEOUS SOLUTION: A
POLARIZABLE QM /MM STUDY

14
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Abstract: We present a detailed computational study of the UV /Vis spectra of four relevant flavonoids
in aqueous solution, namely luteolin, kaempferol, quercetin, and myricetin. The absorption spectra
are simulated by exploiting a fully polarizable quantum mechanical (QM)/molecular mechanics (MM)
model, based on the fluctuating charge (FQ) force field. Such a model is coupled with configurational
sampling obtained by performing classical molecular dynamics (MD) simulations. The calculated
QM/FQ spectra are compared with the experiments. We show that an accurate reproduction of the
UV /Vis spectra of the selected flavonoids can be obtained by appropriately taking into account the
role of configurational sampling, polarization, and hydrogen bonding interactions.

Keywords: flavonoids; QM/MM; MD; QM/FQ; absorption spectrum; UV /Vis

1. Introduction

Flavonoids belong to the family of polyphenolic secondary metabolites, which are widely found
in natural products, such as vegetables and fruits [1]. In particular, their structure derives from
phenylchromene, which after being hydroxylated or methoxylated in different positions leads to the
different flavonoid compounds [2]. Flavonoids have attracted much interest, due to their biochemical
and antioxidant effects which might be beneficial to treat different diseases such as cancer, Alzheimer’s
disease, and atherosclerosis [3-5]. Thanks to their antioxidant and anti-inflammatory properties,
together with their ability to inhibit enzyme functions, a large number of flavonoid compounds have
been used in a plethora of medicinal, pharmaceutical, and cosmetic applications [6-8]. Recently,
flavonoids have been proposed as potential drugs for therapeutics against coronavirus disease 2019
(COVID-19) [9-11].

In addition to their therapeutic usages, flavonoids play a crucial biological activities in plants
and animals [12-16]. In plants, flavonoids are responsible for the colour and aroma of flowers and
fruits [17-20]. One of the most relevant examples is given by wine, and in particular red wine, in which
flavonoids provide organoleptic and disease prevention properties [21-26].

Flavonoids also protect plants thanks to their ability to filter the UV radiation, indicating unique
optical properties [27]. The latter are very sensitive to the environment, for instance flavonoids’
maximum UV /Vis absorption occurs at different wavelengths when they are dissolved in different
solvents. However, flavonoids natural environment is water, which is ubiquitous in both vegetables
and fruits [28-30]. In this work, we model the absorption spectra of Luteolin (L), Kaempferol (K),
Quercetin (Q), and Myricetin (M) in aqueous solution (see Figure 1 for their molecular structures) [28].
Luteolin is a yellow dye, which can be derived from the plant Reseda luteola [31]; kaempferol can

Molecules 2020, 25, 5853; d0i:10.3390/molecules25245853 www.mdpi.com/journal/molecules
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be found in different vegetables [32], whereas quercetin and myricetin are among the most diffuse
flavonoids in red wine [24,33,34]. As it can be noticed from Figure 1, all selected flavonoids are
characterized by several OH groups, which can be involved in Hydrogen Bonding (HB) interactions
with the surrounding aqueous environment.

OH O OH O
Luteolin - LL Kaempferol - K Quercetin - Q Myricetin - M

Figure 1. Molecular structure of the studied Flavonoids.

From the theoretical point of view, in order to accurately simulate the absorption spectra of dyes
in aqueous solution, both the solute and the solvent molecules have to be described atomistically to
capture specific solute-solvent interactions, such as HB [35-38]. These kinds of problems are usually
treated by resorting to the so-called focused models [35,39-42], which are based on the assumption
that the solute gives rise to the spectral property, which is modified, but not determined, by the
external environment. Within this framework, the solute is treated at the Quantum Mechanical
(QM) level, whereas the solvent is described classically either by exploiting an implicit continuum
approach [40,43], or an explicit atomistic model. When specific (HB) interactions take place between the
solute and the solvent, the atomistic description of the environment usually overperforms the implicit
continuum approach [37,44-47]. In most atomistic approaches, the solvent is described by means of a
classical force field (FF), resulting in the QM /Molecular Mechanics (QM/MM) methods, in which the
interaction between the QM and MM portions is described in terms of classical electrostatics [48-51].
The mutual polarization between the two portions can be introduced by resorting to polarizable
QM/MM methods [52-58].

In this work, the absorption spectra of the selected flavonoids in aqueous solution (see Figure 1)
are calculated by exploiting the polarizable QM /Fluctuating Charge (QM/FQ) approach [35,36,42].
In this scheme, the solute is treated at the QM level, and the solvent water molecules are described by
means of the FQ force field [59-61]. In particular, each MM atom is endowed with a charge, which can
fluctuate as a response to the QM potential [54]. The FQs enter in the definition of the QM Hamiltonian
and the Self Consistent Field procedure is iterated until a mutual solute-solvent polarization is
reached [54]. The QM/FQ method is usually coupled with classical Molecular Dynamics (MD), which
allows for taking into account the dynamical aspect of the solvation phenomenon [46,62-64]. Such an
approach has been shown to be particularly suitable to accurately describe the properties of aqueous
solutions [35,36]. Major details on its approach can be found in a recent review by some of the present
authors [35].

The manuscript is organized as follows. In the next section, we discuss the computational protocol
which is exploited in the calculations. The numerical results and a discussion of the main findings of
the present study are then presented. A summary and some conclusions end the manuscript.

2. Results and Discussion

In this section, we first discuss the computational protocol exploited in the calculations. Then,
MD results for each flavonoid depicted in Figure 1 are presented, by analyzing conformational
distributions of the main dihedral angles and hydrogen bonding patterns. Then, QM/FQ absorption
spectra are presented and compared to experiments.
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2.1. Computational Protocol

In order to investigate the electronic properties of the selected molecules dissolved in aqueous
solution, we rely on a well established multi-step computational protocol [35,36]:

1. Definition of the system. The geometry of each of the four flavonoids depicted in Figure 1 was
first optimized by resorting to an implicit Polarizable Continuum Model (PCM) [40] description
of the solvent, and then surrounded by a number of randomly-placed water molecules large
enough to represent the solvation shell.

2. Classical MD simulations. An equilibration (NPT) and a subsequent production (NVT) runs
were performed in order to sample the system under study. In particular, MD production runs
were carried out for each of the four molecules for a time long enough to obtain an accurate
sampling of the phase space, in order to correctly reproduce all possible system configurations
and their relative energy.

In order to recover the directionality of hydrogen bonding (HB) interactions, we also placed
off-site charges (the so-called virtual sites (VS) or dummy atoms) to better describe the lone
pairs of the Oxygen atom (see Figure 2 for a graphical representation) [44,65,66]. Therefore,
two different classical MD simulation runs were performed for each molecule, i.e., with or
without the inclusion of VS (MDys or MDyys, respectively). From MD runs, a set of snapshots
was extracted to be used in QM/FQ calculations.

3. Definition of the different regions of the two-layer QM/FQ scheme and their boundaries.
For each snapshot extracted from MD runs, a sphere centered on the solute was cut. The radius
of the droplet was chosen to retain specific solute-water interactions.

4. OM/FQ calculations and comparison with experimental data reported in [28,67].
OM/FQ excitation energies calculations were performed on the set of structures obtained
for the four molecules at step 2 of the protocol. The results obtained for each spherical
snapshot were then extracted and averaged to produce the final spectrum, which was compared
with experiments.

All QM calculations were performed using a locally modified version of the Gaussian16 suite [68].
In all instances, the B3LYP functional in combination with the 6-311+g(d,p) basis set were employed.
All MD runs were performed by using the GROMACS package [69]. The GAFF force field was adopted
to describe both intramolecular and intermolecular interactions of the solutes [70]. The TIP3P force field
was used to describe water molecules [71]. In order to refine the solute electrostatic interactions, RESP
charges [72] were computed at the BBLYP/6-311 + g(d,p) level of theory. Electrostatic interactions were
treated by using the particle-mesh Ewald (PME) method with a grid spacing of 0.16 A and a spline
interpolation of order 4 [73]. The cross-interactions for Lennard-Jones terms were calculated using the
Lorentz-Berthelot mixing rules and intramolecular interactions between atom pairs separated up to
three bonds were excluded.

A single molecule was dissolved in a cubic box containing at least 2500 water molecules. In MDys,
the position of virtual sites was determined by performing a molecular orbital localization by means of
the Boys procedure [74]. In particular, a pair of VS was assigned to each Oxygen atom (green spheres
in Figure 2). The charge of each oxygen atom was uniformly split between its virtual sites.

The molecular systems were initially brought to 0 K applying the steepest descent minimization
procedure and then heated to 298.15 K in an NVT ensemble using the velocity-rescaling [75] method
with an integration time step of 0.1 fs and a coupling constant of 0.1 ps for 200 ps. A 500 ps long NPT
run was performed, using the Parrinello-Rahman barostat and a coupling constant of 1.0 ps, to obtain
a uniform distribution of molecules in the box and for thermalization purposes. Finally, 30 ns long MD
production runs were carried out in the NVT ensemble, with a 0.1 fs time step.

A snapshot every 100 ps was extracted in order to obtain a total of 300 uncorrelated snapshots for
each system. From each snapshot, a solute-centered sphere with radius 15 A was cut. For each obtained
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droplet, the solute excitation energies were computed using the polarizable QM/FQ model [35,36,42].
The QM portion was treated at the B3LYP/6-311+g(d,p) level. The FQ SPC parametrization proposed
by Rick et al [59]. was exploited. All computed absorption spectra were convoluted with a Gaussian
band shape with a Full Width at Half Maximum (FWHM) of 0.37 eV, and then averaged to obtain the
final spectrum.

Quercetin - Q Myricetin - M

Figure 2. Atom labeling and definition of dihedral angles and oxygen virtual sites for the
four flavonoids.

2.2. MD Analysis

The analysis of each MD trajectory was performed by using the TRAVIS package [76].
Two different observables are presented and discussed: the radial distribution function (RDF) and the
dihedral distribution function (DDF). Then, hydration patters defining HB interactions are discussed
for the atomic sites highlighted in Figure 2. All results are commented for both MDy,avs and MDys.

2.2.1. Conformational Analysis Based on MD Simulations

DDFs were extracted for four dihedral angles («, B, 7, J, see Figure 2 for their definition) from
both MDysg and MDyqys. &, B, and 7y represent the dihedral angle between the molecular plane and the
selected hydroxyl groups, whereas  describes the relative orientation of the phenyl group with respect
to the main molecular plane (see Figure 2). The &, 8, v DDFs for Myricetin M as obtained from both
MDy,gvs and MDys are reported in Figure 3. The same DDFs for the other flavonoids are reported in
Figures S1-S3 in the Supplementary Materials (SM).

The a DDF depicted in Figure 3 is centered at 0 and 180 degrees, with a range of variability of
about 50 degrees. This indicates that the hydroxyl group involved in the definition of a presents a
high rotation freedom. In addition, all studied molecules present similar « DDFs (see Figures S1-S3
in the SM), showing that the different number of OH groups on the phenyl moiety does not affect «
conformational stability. The g and oy DDFs are characterized by a sharp distribution centered at zero
degrees. Such a low rotational freedom of the selected hydroxyl groups is due to the intramolecular
interaction which is established with the carboxyl Oxygen atom (O3, see Figure 2). In addition,
the narrower spreading of B as compared to 9 can be attributed to the highest stability of the
six-term ring with respect to the five-term ring formed for the two angles, respectively. Similarly to
«, the distributions of both  and < angles are not affected by the different number of OH groups in
the phenyl moiety (see Figures S1-S3 in the SM). As a final comment on «, 8, and <y, we note that a
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qualitatively analog conformational analysis can be obtained by using both MD,,,ys and MDys (left
and right panels of Figure 3).

MDpovs MDys
o (03
g |B g |B
c c
o 9
S S
g g
@] @]
" ud, 1
y y
-180 -120 - 120 180 -180 -120 - 120

0 0 60
Dihedral Angle [degrees]

0 0 60
Dihedral Angle [degrees]

180

Figure 3. DDF of « (top,blue), B (middle,red) and <y (bottom,green) dihedral angles of Myricetin (M) as
obtained from MDy,,ys (left) and MDysg (right).

In Figure 4, § DDFs for all studied molecules are graphically depicted. The distribution of
0 dihedral angle gives insight on the planarity of the molecules because it represents the relative
orientation of the two main portions of the system. We first note that 6 DDFs for K, Q, and M are not
characterized by a main preferential angle, and two different configurations can be identified, centered
at £60 and £120 degrees. Therefore, for such systems, the two main portions never lie on the same
plane. Such a consideration is valid for both MDy,,ys and MDys. A different picture arises for L 6 DDF.
In particular, in case of MDj4ys, the same preferential angles reported for the other molecules can be
identified; however, the planar configuration is also sampled. When a more accurate description of the
directionality of molecule-water interactions is taken into account by including virtual sites in the MD
(MDys), the 6 DDF has two main peaks centered at about £60, thus showing largest molecular stiffness.
Therefore, the absence of the OH group involved in the definition of 7y dihedral angle significantly
affects the rigidity of the molecule.

MDnovS MDvs
L L
K K
Q Q
g g
g e
5 5
g|Q 8| Q
O O
M M
-180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120
d [degrees] d [degrees]

180

Figure 4. DDF of § dihedral angle of L (brown), K (green), Q (blue) and M (purple) as obtained from
MDy,pvs (left) and MDysg (right).
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2.2.2. Hydration Pattern

All studied flavonoids are characterized by several hydroxyl groups, which can strongly interact
with the surrounding water molecules via HBs. In order to study hydration patterns in aqueous
solutions, both MD,qys and MDys were analyzed by extracting RDFs between flavonoids” Oxygen
atoms and water Hydrogen atoms (Hw). Myricetin RDFs for all interacting sites are depicted in
Figure 5. We focus on this system because it is characterized by the largest number of hydroxyl groups;
similar data for Luteolin, Kaempferol, and Quercetin are collected in Figures 54-S6 in the SM.

Myricetin - M

—— MDpoVvS
—— MDys
5
01
03

02 03
=
.8
g
=
=

.5 04 05
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506 | | | 07
<
£
<
>

0 1 2 3 4 5 0 1 2 3 4 5

r[A] r[A]

Figure 5. Radial distribution functions (RDFs) between Oxygen atoms of Myricetin and water
Hydrogen atoms, as obtained from MD,,ys (blue) and MDysg (red) runs.

All RDFs reported in Figure 5 show a peak at about 1.8 A, of which the intensity varies for the
different oxygen atoms. In particular, in most cases, a strong HB interaction is present (high intensity
peak), whereas, for O6, a weaker interaction is reported in both MD,,,ys and MDys. Such a behavior
can be explained by considering that the O6 hydroxyl group is involved in HB interactions with both
O5 and O7 hydroxyl groups. This is confirmed by the fact that O6 RDFs computed for the other
flavonoids do not show any significantly lower intensity with respect to RDFs related to the other
Oxygen atoms (see Figures 54-56 in SM).

The inclusion of off-site VSs has two main effects: the intensities of the RDF first peaks increase
and their maxima are located at shorter r distances, thus indicating that a stronger solute-solvent HB
interaction is described. The only notable exception is O3; however, such a behavior is not unexpected
because O3 is involved in intramolecular HB between O2 and O4 hydroxyl groups. The inclusion of
VSs better describes such an interaction, without affecting solute—solvent HBs.

To further analyze hydration patterns, we also computed the number of water molecules
interacting with each flavonoid molecule, by extracting from MD runs the running coordinating
number (RCN), see Table 1. The latter is the integral of the RDF first peak, and is related to the average
number of water molecules in the first solvation shell interacting with the selected oxygen site. We first
notice that, for all molecules, each oxygen site is bonded to water by at least one HB interaction;
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the only notable exception is O6 of myricetin, thus further confirming the comments above. Overall,
the number of HBs is larger for MDyg than MD,oys. This is again not surprising, and it is due to
the fact that the inclusion of VSs allows for a refined, and more physically consistent, description of
flavonoid-water HB interactions. In addition, a different picture arises for O3; in this case, a decrease
in the number of hydrogen-bonded water molecules is reported for all the studied molecules. In fact,
the inclusion of VSs leads to a stronger intramolecular HB interaction, with a consequent decrease of
intermolecular HBs with water molecules.

Table 1. Running coordination number (RCN) of the studied Oxygen sites of the different flavonoids
as obtained from MD,,,ys and MDysg (in parentheses). See Figure 2 for atom labeling.

Site L K Q M

01 11(15) 14(16) 1.0(L6) 12(15)
02 13(19) 16(17) 12(1.8) 1.0(1.6)
03 18(1.6) 14(1.1) 14(12) 13(12)

04 -( 11(13) 11(14) 08(1L1)
05 10(14) -() - 09(12)
06 09(1.3) 13(17) 09(1.0) 02(0.5)
o7 -0 - 1014 11(13)

2.3. Excitation Energies

QM/FQ excitation energies were calculated on 300 uncorrelated snapshots extracted from MD
trajectories; such a number was chosen to assure the convergence of the final spectra. All calculations
were performed at the TD-B3LYP/6-311 + G(d,p) level, and the first 20 excited states were computed.
OM/FQ raw data recovered from each set of snapshots are reported as stick spectra in Figure 6
for the case of MDy,ysruns. As it can be noticed, a large variability both in band intensities and
energies is predicted for all flavonoids, similarly to what has already been reported for other systems
dissolved in aqueous solution [77-79]. Similar stick spectra were obtained from snapshots extracted
from MDysg (see Figure S7 in the SM). Stick data were then convoluted by using a Gaussian function
(with FWHM = 0.37 eV), and averaged to obtained the final computed UV /Vis spectra, which are also
depicted in Figure 6.

The convoluted spectrum of each flavonoid is characterized by two main bands. The first is
placed at about 3.4 eV (364 nm) for K, Q and M, whereas for L it is blueshifted by about 0.15 eV
(349 nm); the second band is centered in the region 4.7-5 eV (264248 nm) for all systems. For K,
Q, and M, the spectrum is dominated by the second peak, whose intensity is almost twice that of
the first band. A different situation is reported for L, for which the two bands have almost equal
intensities. The first band at about 3.4-3.6 eV (364-344 nm) is due to a pure HOMO-LUMO transition,
whereas the second band results from a combination of several excitations. In order to investigate the
nature of the first electronic transition, the involved molecular orbitals (MOs) are plotted in Figure 7.
We see that the first excitation can easily be identified as a 77 — 7t* transition. In particular, we note
that the carbonyl Oxygen atom (O4) takes part into the electronic excitation. Therefore, the differences
between L and the other flavonoids reported for the first transition can be ascribed to the fact that
in K, Q, and M, O3 is hydrogen bonded to the O4 hydroxyl group (see Figure 7, right), whereas in L
O3 is free to form a (weak) HB interaction with the surrounding water molecules. As a consequence,
the 7t — 71* excitation is redshifted by about 0.15 eV for K, Q, and M. Figure 7 also reports excitation
energies of the first electronic transition for both MD,,,ys and MDys. Moving from K to Q and M,
a redshift is described by both MDs. This behavior can be explained by considering that the number
of hydroxyl groups increases moving from K to M. As a consequence, a larger number of HB sites
with the surrounding water molecules are involved, yielding a redshift which is typically observed
for 7 — 7t* transitions [38,80-83]. Such a redshift is not present in Q and M because the bridge OH
group in M is only weakly involved in HB interactions with the solvent (see Table 1). We also note that
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MDys always predicts higher excitation energies than MDy,4ys. This is not surprising and it is once
again related to the reduced number of water molecules hydrogen bonded to O3 (see Table 1).

Wavelength (nm) Wavelength (nm)
400 360 320 280 240 400 360 320 280 240
L K

=
g
<
2
2
8 Q M
£
2
2 M/
>
)

3 3.5 4 4.5 5 3 3.5 4 4.5 5 55

Energy (eV) Energy (eV)

Figure 6. QM /FQ UV /Vis stick spectra of each studied flavonoid computed on 300 snapshots extracted
from MDj,ys. Convoluted QM /FQ spectra are also plotted in color.

il "

MD, s : 3.53eV  MD,yys: 345eV  MD,uys: 3.36eV  MD,ys: 3.38 eV
MDys : 355eV  MDys : 348e¢V  MDys : 343eV  MDys : 3.42eV

Figure 7. Molecular Orbitals (MOs) involved in the first electronic transition of each flavonoid.

HOMO +——» LUMO

The corresponding excitation energies are also given for both MDyg and MD,,ys. Isovalue: 0.02.

As mentioned above, a large spreading in both energies and intensities is reported in stick spectra
depicted in Figure 6. In order to investigate the origin of such a variability, we studied how the
excitation energy depends on the dihedral angles previously analyzed (see Section 2.2.1). In particular,
Figure 8 reports computed excitation energies of the first transition as a function of the J dihedral
angle (see Figure 2 for its definition). Similar plots for «, B, and <y are given in Figures S8-510 in the
SM. We see that the computed values are clusterized around the most populated dihedral angles
for both MD runs (see Figure 4). In addition, independently from the value of the dihedral angle,
computed energies span the region between 2.9 and 3.9 eV. This demonstrates that the origin of the
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large variability reported in the stick spectra is the spatial arrangement of water molecules around
the solutes.
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Figure 8. QM /FQ Excitation Energies of the first electronic transition of each studied flavonoid as a
function of § dihedral angle.

We finally move to the comparison between computed and experimental spectra, the latter
reproduced from Refs. [28,67]. Such a comparison is shown in Figure 9. The experimental absorption
spectrum of each molecule is characterized by two main peaks, the first lying at about 3.4 eV (365 nm)
for K, Q, and M and 3.6 eV (345 nm) for L. The second peak is placed in the region 4.7-5 eV, and has a
different shape for each flavonoid. In particular, for L and M, two peaks are present, probably due to
vibronic coupling [84-86]. In addition, for L and Q, the first peak is the most intense one, whereas the
opposite holds for K. For M, the intensities of the two bands almost coincide.

The agreement between QM/FQ and experimental spectra is excellent for all flavonoids, especially
if QM/FQ is combined with MDysgruns. In fact, the main difference between MDyg and MD,,,yg results
is the relative intensity of the two band. For K, Q, and M, MD,,,ys underestimates the intensity
of the first transition with respect to the experimental findings. Therefore, a refined modeling
of intermolecular interactions by means of off-site VSs seems to be crucial to achieve an accurate
reproduction of the general shape of the experimental spectra. The only notable exception is L,
for which the experimental second band lies in between MD,,,ys and MDys. However, the overall
agreement between the experimental and computed spectra is not compromised.
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Wavelength (nm) Wavelength (nm)
400 360 320 280 240 400 360 320 280 240
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Figure 9. Computed absorption spectra of each studied flavonoid in aqueous solution obtained by
using QM/FQ coupled with both MDyg and MDy,ys. Experimental UV /Vis spectra reproduced from
Refs. [28,67] are also reported.

3. Summary and Conclusions

In this work, UV-Vis absorption spectra of four flavonoids, namely luteolin, kaempferol, quercetin,
and myricetin, dissolved in aqueous solution have been simulated by exploiting a fully polarizable
QM/FQ approach combined with MD simulations, performed by either including or discarding off-site
VSs. For all investigated molecules, MDy,oys and MDys sample the configurational space in a similar
way, whereas a different description of solute—solvent HB interactions arises. This behavior is not
unexpected and it is due to a refined description of HB interactions obtained by including VSs in
MD runs.

The QM/FQ spectrum of each flavonoid has been computed on a set of uncorrelated snapshots
extracted from both MD trajectories. The observed differences between the various systems have
been discussed in light of solute-solvent HB interactions arising from MD runs, showing that they
significantly affect computed spectra. In particular, the presence of a larger number of potential HB
sites, as in case of Q and M as compared to L and K, produces a redshift of the first electronic excitation,
which has a 7 — 7r* nature. Finally, the comparison between computed and experimental spectra
shows that MDys provides the best agreement, probably due to better configurational sampling and
HB description.

The agreement with experiments, in particular for luteolin, might be increased by exploiting
polarizable force fields (instead of a standard fixed-charges one) in MD simulations, i.e., by performing
a so-called polarizable MD simulation [87,88]. In this way, a more physically consistent way of
describing the evolution of solute—solvent interactions could be obtained. In addition, off-site charges
introduced in MDys runs might be included in polarizable QM/MM calculations by resorting to
polarizable force fields defined in terms of both fluctuating charges and fluctuating dipoles, similarly
to what has recently been developed by some of the present authors [58,89,90]. Finally, in this work,
the QM-MM coupling has been limited to the account of electrostatic solute-water interactions.
The inclusion of non-electrostatic terms, i.e., Pauli repulsion and dispersion, might improve the
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agreement between computed and experimental data, in light of similar studies recently reported by
some of us [91,92].

Supplementary Materials: The following are available online. Figures S1-S3: «,  and y DDFs for L, K, and M;
Figures 54-56: RDFs between flavonoids” Oxygen atoms and water Hydrogen atoms for L, K, and M; Figure S7:
UV /Vis QM/FQ stick spectra computed on the various snapshots extracted from MDys; Figures S8-510: excitation
energies of the first excitation for each flavonoid as a function of &, 8, and -y dihedral angles.
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ABSTRACT: Despite the potentialities of the quantum mechanics 4 MER

(QM)/fluctuating charge (FQ) approach to model the spectral 2
properties of solvated systems, its extensive use has been hampered
by the lack of reliable parametrizations of solvents other than water. In S ¢
this paper, we substantially extend the applicability of QM/FQ_to 3 . *
solvating environments of different polarities and hydrogen-bonding o .A i _ ?,I_:?:
capabilities. The reliability and robustness of the approach are <0 L == ACN
demonstrated by challenging the model to simulate solvatochromic . - ,E,E}
shifts of four organic chromophores, which display large shifts when 110® WTR

dissolved in apolar, aprotic or polar, protic solvents. 1 0 1 2
® PNA AEqmrq (eV)
1. INTRODUCTION and their interaction with the QM solute."*'*™' In most

quantum embedding methods, electrostatic, polarization, and
Pauli repulsion solute—solvent interactions are accurately
treated,'”>* whereas QM/MM approaches generally discard
quantum repulsion,””** and sometimes also polarization
effects.”® However, the computational cost of QM/MM
methods being much lower than those of most quantum
embedding methods, the former are ragidéy becoming the
golden standard for many applications,'®***¢ especially those
refined approaches, which are able to correctly take into
account solute—solvent mutual polarization effects (i.e., in the
so-called polarizable QM/MM embedding methods).*' %>~

Polarizable QM/MM embedding approaches can be based
on distributed multipoles,®® induced dipoles,”*>*”*° Drude
oscillators,”** fluctuating charges (FQ),>>** and possibly
dipoles,*>™>” or Amoeba.’* * In particular, the QM/FQ
approach has been specifically developed to model spectral
properties.'® There, MM atoms are endowed with a charge
that can vary as a function of differences in MM electro-

The study of electronic and optical properties of chromo-
phores is of particular interest for many different applications,
ranging from photochemistry to technology. In most cases,
such optical properties are tuned by dissolving the selected dye
in different solvents, which can yield to substantial changes in
the solute’s properties.” When dealing with electronic
excitations, solvent effects mainly manifest in a shift of the
solute’s absorption band,® which is usually referred to as
solvatochromism, or a solvatochromic shift.”*'® Dependin,
on the nature of the transition, blue or red shifts are observed;
therefore, reliable computational approaches are needed to
correctly reproduce both the “sign” of the solvatochromic shift
and its magnitude as a function of the nature of the solvent.”

To this end, different methods have been proposed,
generally focusing the attention on the solute, which is
responsible for the spectral signal and is accurately described at
the quantum-mechanics (QM) level. The solvent, which

modifies but does not determine the spectral properties, is negativity or as a response to the electric potential generated
instead treated at a lower level of sophistication.'""* Various gaivity P P §

A . . by the QM density.>
approaches differ in the way they describe the solvent, which ) .
cgrflj be treated implicitl: asya cor}lrtinuum or atomistically.'>"3 Despite the excellent performance of QM/FQ to describe
In the latter ca sf Ql\}/?/molecular rned)lanics (MM)M'}:'S or aqueous solutions, mainly due to a reliable parametrization of
quantum embed d’ing approachesm’n may be used, where the force field and the extension up to analytical energy third
)

e AL—4T - .
solvent molecules are described by a classical force field or a derivatives, its application to non-aqueous solutions has
QM wavefunction, respectively. Another remarkable difference
between the three aforementioned approaches is the way they Received:  July 30, 2021 ICTC
model solute—solvent interactions. Continuum solvation is a Published: October 7, 2021
“mean-field” approach, where specific, directional interactions
(e.g., hydrogen bonding) are neglec’ted.11 The latter are instead
considered in explicit, atomistic approaches, which are
specified by the quality of the description of solvent molecules

)
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been severely hampered by the lack of reliable parametriza-
tions. In fact, QM/FQ_is a completely general approach, which
can be applied to any embedded system, pending a reliable
parametrization of the classical layer."® In this work, we extend
for the first time the FQ force field to six solvents of different
polarities and hydrogen-bonding capabilities, thus substantially
increasing the applicability of QM/FQ beyond aqueous
systems. The method is tested to reproduce solvatochromic
shifts of four chromophores, which exhibit large solvatochro-
mic shifts when dissolved in polar, protic and apolar, aprotic
solvents, namely, para-nitroaniline (PNA), 1l-methyl-8-oxy-
quinolinium betaine (QB), 1-methyl-4-
[(oxocyclohexadienylidene)ethylidene]-1,4-dihydropyridine
(MER), and 2,6-diphenyl-4-(2,4,6-triphenylpyridin-1-ium-1-
yl)phenolate (BET). The molecular structures of the dyes

— oS ﬁ&
o7 Eh oo gl
25a /%Y\ Y

(a) PNA (b) QB

(¢) MER

Figure 1. Molecular structures of the studied dyes.

The paper is organized as follows. The next section reports
on the computational methods, which have been used to
parametrize the FQ_force field for six selected solvents. The
novel FQ parameters are then exploited to predict
solvatochromic shifts of the four chromophores in the selected
solvents. A summary and a discussion on the future
perspectives of the method end the paper.

2. METHODS

In QM/FQ, each solvent atom is endowed with a FQ, whose
value can vary as a response to the QM electronic density. FQs
are defined by solving a linear equation, which is written in
terms of atomic electronegativities (y) and chemical
hardnesses (17), which constitute the parameters of the FQ
force field. In this paper, we propose a novel parametrization
for 1,4-dioxane (DIO), tetrahydrofuran (THF), acetonitrile
(ACN), ethanol (ETH), methanol (MET), and water (WTR),
see Figure 2, where also polarity (¢) and dielectric constant
(¢) of each solvent values are reported. Notice that ¢ is
equivalent to the normalized EY value usually exploited in
Reichardt’s scale.’

2.1. Parameterization Procedure. As already mentioned
above, the application of QM/FQ_to different environments
needs appropriate specification of atomic electronegativities
and chemical hardnesses.** ™ In this work, we have decided to
exploit atomic parameters independently of chemical makeups.
For instance, in MET, the two hydrogen atoms in C—H and
O—H groups are characterized by the same atomic parameters.
Notice, however, that our procedure is general and specific
atom types, defined similar to other force fields, can also be
considered. The parameterization workflow is sketched in
Figure 3.

2.1.1. Reference Dataset. The first step of the para-
metrization procedure involves the definition of a reliable
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(a) 1,4-dioxane (DIO)
6 = 0.164
€=22

(b) tetrahydrofuran (THF)  (c) acetonitrile (ACN)
¢ = 0.207 ¢ = 0.460
e=1T74 €=357

A

(d) ethanol (ETH)
¢ = 0.654
€=248

(e) methanol (MET)
6 = 0.762
€ =326

(f) water (WTR)
¢ =1.0
e="T83

Figure 2. Geometries of the solvents studied in the present work
ordered based on their polarity. Relative polarity (¢)) as reported in
ref 2 and the dielectric constant (¢) used in QM/PCM calculations
are also given.

[ Model

Reference Dataset
(Fluctuating Charge)

(Ein QM/dipole)

FQ Parameters
Gm

Cost Function

Optimization

(Genetic Algorithm)

Validation
Optimal Parameter Set

Figure 3. Graphical representation of the parameterization workflow.

reference data set, which we built for the following four
solvents of increasing polarity:2 DIO, ACN, MET, and WTR.
Notice that, although the parameterization procedure is solvent
specific, the final parameters can be transferred to similar
solvents, that is, those that are constituted of similar
geometrical structures or have similar physicochemical proper-
ties. This is indeed the case of THF and ETH, for which the
parameters were specified by transferring those obtained for
DIO and MET, respectively (vide infra). The reference data
set was assembled by using solvent geometries optimized at the
CCSD/aug-cc-pVTZ level of theory.

For all structures in the data set, the interaction energy
(EREF) between each solvent molecule (treated at the QM
level) and a dipolar probe was calculated. All QM/dipole
reference calculations were performed at the Hartree—Fock/6-
311++G** level, by using the electronic structure program
e” 5" In particular, we followed the strategy first pro-
posed by Stern et al.’> and recently exploited in ref 53. In
this approach, the dipolar probe is constituted by a pair of +1
au. point charges separated by 1 A. The solvent—dipole
interaction energy is then sampled along different symmetry
axes and solvent—dipole distances. Depending on the solvent, a

https://doi.org/10.1021/acs.jctc.1c00763
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Figure 4. Reference QM/dipole (solid lines) and FQ/dipole (dashed lines) interaction energies (in kcal/mol) as a function of the solvent—dipole
distance for all the parametrized solvents (DIO, ACN, MET, and WTR).

different number of points, ranging between 150 and 250, were
exploited. The minimum/maximum distance between the
probe and the solvent molecule is 2.5/10.0 A, with a constant
step of 0.25 A. The results of the calculations for the reference
data set obtained for the four solvents are plotted as a solid line
in Figure 4.

2.1.2. Cost Function. The loss function (£?) used to train
the model was defined as

N
1
£ = NZ w(ERF — By, ))?
~ (1)

It is a weighted mean squared error loss function, where N
represents the number of points used in the fitting, that is, the
solvent—dipole scan configurations obtained at the previous
step. Ener is the QM/dipole reference interaction energy of the
i-th geometry. On the same geometry, the FQ-—dipole
interaction energy (Eh&(x#)) is computed by treating the
solvent molecule at the FQ level. The FQ energy depends on y
and #, which are the adjustable parameters of the optimization.
In eq 1, w; is a weighting factor, which was set to the inverse of
the solvent—dipole distance.

2.1.3. Optimization. FQ_ parametrization is a non-convex
optimization problem, because the two parameter sets y and i
are not linearly related to the interaction energy EE,%(}(,n) Asa
consequence, the function is characterized by several local
minima, thus a gradient-based algorithm (e.g., steepest descent,
conjugate gradient method) would not be effective. For this
reason, we exploited a genetic algorithm (GA), which is an
evolutionary algorithm that mimics the process of natural
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selection.”™ In particular, we used the Python module
inspyred,”®>” where the parameter space ({y, 7}) was
restrained to the [0,1] interval.

For each solvent molecule, a minimum of 20 parameter
optimizations were performed, each constituted by a
population of 100 individuals, corresponding to a randomly
generated parameter set (¥, 7). Therefore, for each molecule,
2000 different starting points in the parameter space were
considered.

2.1.4. Validation. GA is a stochastic optimization technique.
At the end of the previous step, multiple sets of suboptimal
parameters, that is, characterized by similar values of the loss
function &, were obtained. In order to select the best
parameter set, we performed an additional validation step,
which is based on two physical observations.

First, the parameter sets have to follow the electronegativity
scale, that is, atomic electronegativity needs to increase as
moving right along a row of the periodic table. Therefore, all
suboptimal parameter sets that do not follow this criterion
were rejected.

Second, we imposed the parameter sets to correctly
reproduce the molecular static isotropic polarizability o,
computed at the CCSD/aug-cc-pVTZ level, and the static
isotropic bulk polarizability @y, computed at the CAM-
B3LYP/6-311++G** level, of the selected solvent. Note in fact
that in the FQ formalism, # and o are strictly related.”®

Note that, although the aforementioned validation criteria
could have been included in the loss function, we preferred to
keep the loss function independent of model specific features.
It is worth remarking that the procedure may provide different

https://doi.org/10.1021/acs.jctc.1c00763
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optimal parameter sets, also in case the constraints mentioned
above are incorporated in the loss function.

2.1.5. Optimal Parameter Set. The optimal parameter set,
that is, that associated with the lowest value of the loss function
and the lowest error for both a,,,; and @y, was selected. The
values obtained for each solvent molecule are reported in
Table S1 given in the Supporting Information.

In Figure 4, FQ solvent—dipole interaction energies as a
function of the solvent—dipole distance are reported.
Reference QM/dipole values are also plotted for the sake of
comparison. The FQ optimal parameter sets correctly
reproduce reference curves, although with some discrepancies,
essentially due to the lack of out-of-plane polarization in the
FQ model (see, for instance, d, and ds in Figure 4d). This
limitation of FQ may be overcome by adding terms depending
on atomic dipoles, as it has been recently shown by some of
us.*® Finally notice that our procedure permits to select the
best parameters to reproduce the most relevant interactions of
a specific solvent (see for instance d;—d, vs d;—d, in Figure
4c).

2.2. Computational Protocol. In order to compute the
QM/FQ UV—vis absorption spectra of the selected dyes in the
aforementioned solvents, dynamical aspects of the solvation
phenomenon were considered by resorting to classical MD
simulations. PNA, QB, and MER geometries were optimized at
the CAM-B3LYP/aug-cc-pVDZ level, whereas we adopted the
CAM-B3LYP/6-31+G(d,p) level for BET, according to ref 38.
Solvent effects on molecular geometries were modeled by
using the PCM."" All MD runs were performed by using
GROMACS.*® The general AMBER force field (GAFF) was
exploited to describe both intramolecular and intermolecular
interactions.’”®" Solute- and solvent-bonded and non-bonded
parameters were generated by means of the Antechamber
package®™®* with the only exception of WTR for which the
standard TIP3P force field was used.®* Atomic charges of both
the solute and solvent molecules were calculated by using the
RESP charge-fitting method.®® During each MD run, solutes
were constrained in their minimum energy structure.

The size of the simulation boxes ranged from 7 nm (PNA)
to approximately 10 nm (BET). An integration time step of 1
fs was adopted for all MD runs. The temperature was kept
constant to 300 K by adopting the velocity-rescaling method®®
with a coupling constant of 0.1 ps. Electrostatic interactions
were taken into account by means of the particle mesh Ewald
method®” using a cut-off radius of 1.4 nm in real space. The
same cutoff was also used for van der Waals interactions.

An NPT simulation of 1 ns (using the Berendsen barostat®®
and a coupling constant of 2.0 ps) was performed on each
system for equilibration purposes. Then, a 2.5 ns NVT
production run was performed in order to sample the system’s
configuration space. A total of 100 uncorrelated snapshots
were extracted from the last 2 ns of the MD (one snapshot
every 20 ps). For each snapshot, a sphere of variable radius
(20-25 A), depending on the solute size, centered at the
solute center of mass, was cut and used in the following QM/
FQ UV—vis calculations.

QM/PCM and QM/FQ vertical excitation energies were
calculated at the TD-DFT level by exploiting the linear
response (LR) and corrected LR (cLR) regimes, which is a
first-order state-specific approximation.*”*® For all the
transitions, both LR and cLR shifts with respect to the frozen
density approximation (@,) were summed, in agreement to
refs 69 and 70. Such an approach has been recently proposed
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in the literature and named cLR%’' All QM/PCM and QM/
FQ @y, LR, cLR, and cLR? energies are reported in Tables S2
and S3 in the Supporting Information. All TD-DEFT
calculations were performed by using the CAM-B3LYP
functional in combination with the aug-cc-pVDZ as basis set
(PNA, QB, and MER) or 6-31+G(d,p) (BET), the latter
according to ref 38. All QM/FQ calculations were performed
by using a locally modified version of the Gaussian 16
package.”> Non-polarizable QM/electrostatic embedding
(QM/EE) was also performed by exploiting TIP3P and
GAFF charges, for WIR and the other solvents, respectively
(see Table S4 in the Supporting Information for QM/EE
vertical excitation energies).

3. NUMERICAL RESULTS

In this section, we apply the parameters obtained above to
describe the absorption spectra and solvatochromic shifts of
the dyes in Figure 1. For each molecule, we analyze the
transition involved in the spectral signal, and we compare the
QM/FQ values with EE (QM/EE) and continuum solvation
approaches (QM/PCM), so as to disentangle the role of
explicit solute—solvent interactions (when relevant) and
polarization effects. Finally, the computed data are compared
with the experimental values (see Tables SS in the Supporting
Information) and the general trends are commented.

3.1. para-Nitroaniline. PNA belongs to the family of
“push—pull” organic compounds, being characterized by an
electron-donor amino group (NH,) and a para electron-
acceptor nitro group (NO,), which are connected by a z-
conjugated phenyl ring (see Figure la). Different theoretical
approaches (continuum and atomistic) have already been
challenged to reproduce PNA solvatochromic shifts, by also
exploiting correlated wavefunctions.”>~”> The absorption
spectrum of PNA is characterized by a bright band, which is
due to a charge transfer (CT) transition from the donor to the
acceptor moieties.”*”*" Similar to most CT transitions, the
PNA absorption maximum exhibits a large red solvatochromic
shift as the polarity of the solvent increases. Therefore, PNA
represents an ideal candidate to test the quality of the FQ
parametrization discussed above. Here, we discuss the PNA
absorption spectra in DIO, THF, ACN, MET, and WTR. For
all methods (QM/FQ, QM/EE, and QM/PCM), the lowest
bright excitation is predicted to be the highest occupied
molecular orbital (HOMO)—lowest unoccupied molecular
orbital (LUMO) 7 — #* transition, with a clear CT character
(see Figure Sa).

In Figure Sb, QM/FQ, QM/EE, and QM/PCM excitation
energies are compared as a function of the solvent polarity (¢).
We first notice that, as expected, QM/PCM absorption
energies remain almost constant when ¢ is larger than 0.4.
This is not surprising, due to the well-known asymptotic
behavior of PCM contributions for solvents’ permittivity
constants larger than 20."" Similar results are given by QM/
EE, whereas QM/FQ_excitation energies decrease when ¢
increases, thus matching the experimental trends (see 5).”%”
For THF and DIO, the experimental trend is generally better
reproduced by QM/PCM as compared to QM/FQ. This may
be due to inaccurate calculation of the QM/FQ_excitation
energy of PNA dissolved in THF, because for THF the same
FQ atomic parameters obtained for DIO are used (see above).

In Figure S¢c, QM/FQ, QM/EE, and QM/PCM solvato-
chromic shifts (AE) computed as

https://doi.org/10.1021/acs.jctc.1c00763
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Figure 5. (a) PNA HOMO and LUMO involved in the studied
electronic transition. (b) QM/PCM, QM/EE, QM/FQ, and
experimental PNA excitation energies as a function of the solvent
polarity (¢). (¢) QM/PCM, QM/EE, QM/FQ, and experimental
PNA solvatochromic shifts computed with respect to gas-phase
excitation energy.

AE = Esolv — E (2)

are compared with the experimental values. Notice that eq 2
refers to vacuo-to-solvent solvatochromic shifts, defined
according to ref 38. In eq 2, E™ and E*" are excitation
energies in vacuo and in solution, respectively. Figure Sc clearly
shows that both QM/PCM and QM/EE strongly under-
estimate experimentally measured shifts, whereas QM/FQ
gives very good values, in some cases in perfect agreement with
experiments. In more detail, QM/FQ_gives errors for VAC —
DIO, VAC — THF, VAC — ACN, VAC — MET, and VAC
— WTR shifts of 0.03, 0.19, 0.17, 0.03, and 0.08 eV,
respectively, thus confirming the reliability of both the method
and its parametrization for the different solvating environ-
ments. As expected, the largest error occurs for VAC — THEF,
because, as already commented, for THF the same parameters
as DIO are exploited.

It is worth noticing that our simulations disregard solute—
solvent Pauli repulsion, dispersion effects, dynamical changes
in solute configurations, and vibronic effects; therefore, a
perfect agreement with experimental values is not ex-
pected.®"®” However, the exploited computational protocol
permits us to disentangle electrostatic/polarization effects on
the solute response. The reduced error obtained by exploiting
QM/EE and QM/FQ approaches as compared to the implicit
(QM/PCM) method shows that an accurate, dynamic
description of the solute—solvent interactions is needed, for
both apolar (DIO) and polar solvents. Also, the polarizable
QM/FQ_ outperforms the non-polarizable QM/EE when
compared to the experimental data, thus showing that
solute—solvent polarization plays a crucial role in determining

7150

the electronic properties of PNA in solution. Finally, the
almost perfect agreement between QM/FQ_and the exper-
imental data clearly demonstrates the reliability of the novel
FQ parametrization.

3.2. Quinolinium Betaine. Quinolinium betaine (QB, see
Figure 1) has a zwitterionic character, therefore it is strongly
hydrophilic. Its absorption spectrum is dominated by the
transition from the dipolar ground state (GS) to an excited
state (ES) of considerably reduced polarity.*> The GS is,
therefore, stabilized in polar solvents, and this leads to an
increase of the transition energy, that is, to a positive
solvatochromism. In this work, we have investigated the
solvatochromic shift of QB dissolved in DIO, THF, ACN,
MET, and WTR.

For all solvents and embedding methods, the lowest bright
excitation of QB corresponds to the HOMO—-LUMO 7 — z*
transition, which has a partial CT character (see Figure 6a).
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Figure 6. (a) QB HOMO and LUMO involved in the studied
electronic transition. (b) QM/PCM, QM/EE, QM/FQ, and
experimental QB excitation energies as a function of the solvent
polarity (¢). (c) QM/PCM, QM/EE, QM/FQ, and experimental QB
solvatochromic shifts computed with respect to the excitation energy
in dioxane.

Calculated QM/PCM, QM/EE, and QM/FQ_ excitation
energies as a function of solvent polarity (¢b) are reported in
Figure 6b, together with the experimental values taken from ref
83. Similar to PNA, QM/PCM is able to reproduce the
experimental trend only for the less-polar solvents (DIO and
THF), while, as expected, the curve is substantially flat for the
most polar solvents (ACN, MET, and WTR). On the contrary,
both QM/EE and QM/FQ_ well reproduce the experimental
trend. Different from PNA, in this case, QM/EE excitation
energies are closer to experiments than QM/FQ ones. Such a
good agreement may be ascribed to systematic errors due to
the selected level of theory;38 therefore, in the following we
will mainly focus on energy differences, that is, solvatochromic
shifts, which are less affected by systematic errors.

https://doi.org/10.1021/acs.jctc.1c00763
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Finally, in Figure 6c¢, computed and experimental
solvatochromic shifts are reported. Note that they are
calculated with respect to DIO, due to the lack of experimental
spectra of QB in the gas phase reported in literature. Figure 6¢
clearly shows that QM/PCM cannot reproduce the exper-
imental trend for the most polar solvents, whereas both QM/
EE and QM/FQ_computed solvatochromic shifts increase as
the solvent polarity increases. In particular, we notice that for
ACN, the two atomistic approaches yield almost the same
value (with QM/FQ_ being in almost perfect agreement with
experiments). For MET and WTR, QM/FQ computed shifts
are larger than their experimental counterparts, whereas the
opposite occurs for QM/EE. This behavior can be due to the
fact that Pauli repulsion effects, which might be large for MET
and, especially, WTR,*' are neglected in our calculations. The
inclusion of such effects, which are always repulsive, would
bring computed values toward the experimental findings
because they act in the opposite direction with respect to
QM/FQ_electrostatic and polarization contributions.

To conclude this section on QB, it is worth noticing that the
QM/FQ_solvatochromic shift in THF is wrongly predicted in
sign (negative instead of positive). However, the QM/FQ
error is of about 0.06 eV (~1.3 kcal/mol), thus the absolute
discrepancy can be considered satisfactory.

3.3. Brooker’s Merocyanine. MER also known as
Brooker’s merocyanine®* has been amply studied both
experimentally and theoretically due to the sensitivity of its
absorption spectrum on the solvent polarity.**™** Similar to
PNA and QB, MER is characterized by two resonance
structures, neutral (quinoid) and zwitterionic (benzenoid).
The latter is stabilized by polar solvents, whereas the neutral
form is predominant in apolar solvents. Also, the phenolate
oxygen atom can form hydrogen bonds with protic solvents,
thus further increasing the weight of the zwitterionic
form.®*%° For the aforementioned reasons, MER is used as
an indicator to measure solvents’ polarity and hydrogen bond
donor capability.

In this work, we focus on the MER absorption spectra in
THEF, ACN, ETH, and WTR. MER lowest bright excitation
corresponds to a HOMO-LUMO 7 — #* transition,
independent of the solvent and the solvation approach. Figure
7 reports the pictures of MOs involved in the transition, which
clearly has CT character, as the density moves from nitrogen to
oxygen. In Figure 7b, experimental®®®” MER excitation
energies as a function of the solvent polarity are compared
with the computed results obtained at the QM/PCM, QM/EE,
and QM/FQ _levels. QM/PCM excitation energies are placed
around 2.6 eV, in sharp contrast with experiments, which
report an almost linear increase of transition energies by
increasing the solvent polarity. Remarkably, this trend is
reproduced by QM/FQ, whereas, similar to QM/PCM, QM/
EE excitation energies are almost constant in all solvents, with
a slight increase when MER is dissolved in WTR.

Computed and experimental solvatochromic shifts with
respect to DIO are reported in Figure 7c. Although QM/FQ_
solvatochromic shifts are underestimated for ETH and WTR,
the QM/FQ_results directly follow the experimental trend,
whereas both the QM/PCM and QM/EE solvatochromic
shifts are almost unaffected by solvent polarity. Such a behavior
demonstrates the important role of both the specific and
polarization solute—solvent effects. To conclude the discussion
on MER, we also computed MER gas-phase vertical excitation
energy, which is reported in Tables S4 and S6, given as
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Figure 7. () MER HOMO and LUMO involved in the studied
electronic transition. (b) QM/PCM, QM/EE, QM/FQ, and
experimental MER excitation energies as a function of the solvent
polarity (¢). (c) QM/PCM, QM/EE, QM/FQ, and experimental
MER solvatochromic shifts computed with respect to excitation
energy in dioxane.

Supporting Information. QM/FQ is able to reproduce both the
experimentally measured positive and negative solvatochromic
shifts in highly polar (ETH and WTR) and medium-to-low
polarity solvents, respectively;* remarkably, such a behavior
cannot be described using QM/PCM.

3.4. Reichardt’s Betaine (BET). Solvent effects induce
dramatic shifts in the BET absorption spectrum, and for this
reason BET has been used to develop the Reichardt’s polarity
index ET(30), which is probably the most popular solvent
polarity scale.>”?>

The absorption spectrum of BET as dissolved in DIO, ACN,
MET, and WTR has been computed by modeling the solvent
effects by means of the QM/PCM, QM/EE, or QM/FQ
approaches. BET lowest excitation, of clear CT character (see
8a), corresponds to the HOMO—LUMO 7 — #* transition for
all considered solvents and solvation approaches. Experimen-
tal®**®” excitation energies as a function of the solvent polarity
are given in Figure 8b, together with the computed values.
Clearly, the experimental data linearly depend on the solvent
polarity, whereas both the QM/EE and QM/PCM values
flatten out by increasing the solvent polarity. Remarkably,
among the tested approaches, QM/FQ_is the only one that is
able to model the experimentally observed trend.

In Figure 8¢, we finally report computed and experimental
solvatochromic shifts. Reference excitation energies in vacuo
are 1.66 (experimental) and 1.18 (calculated) eV. BET values
confirm what has already been discussed for the previous
molecules. QM/PCM cannot reproduce experimental solvato-
chromic shifts for the most polar and protic solvents, whereas

https://doi.org/10.1021/acs.jctc.1c00763
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Figure 8. (a) BET HOMO and LUMO involved in the studied
electronic transition. (b) QM/PCM, QM/EE, QM/FQ, and
experimental BET excitation energies as a function of the solvent
polarity (¢). (¢) QM/PCM, QM/EE, QM/FQ, and experimental
BET solvatochromic shifts computed with respect to gas-phase
excitation energy.

the QM/EE results are in good agreement with the
experimental results, especially for DIO, ACN and MET.
QM/FQ always overestimates the experimental values, similar
to the case of QB (see above). However, also for BET the good
performance of QM/EE can be ascribed to a fortunate error
cancellation, due to the fact that both Pauli repulsion and
solute—solvent polarization effects are neglected (the latter are
instead considered by QM/FQ, and are large).

3.5. Discussion. In this section, we further study the
quality of the computational approach, by focusing on general
trends for all four molecules. First, we investigate band
broadening by moving from apolar to polar protic solvents. To
this end, the stick spectra, displayed as histograms, of the four
chromophores in the different solvents are reported in Figure
9. Clearly, by moving from DIO to WTR, the absorption band
broadens out. By fitting the different absorption spectra with
Gaussian functions, we see that their full width at half-
maximum (fwhm) values, which are a direct measure of band
broadening, are substantially influenced by the solvent. The
increase of band broadening is particularly evident for BET, for
which the fwhm in WTR is 65% larger than that in DIO (0.71
vs 0.43 eV). Because BET is kept frozen during MD runs,
broadening arises from fluctuations of solvent molecules
around the solute. From the physicochemical point of view,
this is not unexpected. In fact, for strongly interacting solvents,
such as MET and WTR, which can interact with BET via HB
interactions, such fluctuations yield to a larger scattering of
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absorption energies as compared to apolar non-protic solvents,
such as DIO.

The reliability of the method can also be investigated by
studying the dependence of GS and ES dipole moments (in
debye) as a function of the solvent polarity ¢ (see Figure 10).
We first notice that PNA differs from other solutes, because its
GS dipole moment is lower than the ES one, independently of
the solvent polarity. This is clearly reflected by the negative
solvatochromic shifts reported for PNA only. However, for all
studied systems, an almost linear dependence of both GS and
ES dipole moments as a function of the solvent polarity is
predicted. Remarkably, ETH, MET, and WTR values (see for
instance MER, QB, and BET) deviate from linearity, being
such a behaviour possibly explained by the fact that protic
solvents may not be barely described by the solvent polarity
index, which does not take into account strong, directional
solute—solvent interactions.

Finally, in Figure 11, correlation maps between the
experimental (AE,,) solvatochromic shifts and the calculated
QM/PCM (left panel, AEqypcr), QM/EE (middle panel,
AEqu/ee), and QM/FQ_ (right panel, AEqy/rq) values are
reported.

For PNA (circles), QM/FQ_ deviations with respect to
experimental values oscillate from a minimum value of 0.03 eV
for DIO and MET to a maximum value of 0.19 eV for THF. A
similar behavior is observed for QB, where the largest
discrepancy is observed for WTR (0.17 eV), whereas for
MER, the largest error increases up to 0.26 eV (WTR). As
already commented above, the largest deviations are observed
for BET. However, we remark that such discrepancies can be
attributed to the solute geometry being kept frozen during MD
runs and also to the fact that solute—solvent interactions are
limited to electrostatic (and polarization) contributions, and
other quantum forces may be in place for some of the studied
molecules. This is for instance the case of BET in WTR; in
fact, if Pauli repulsion is included by resorting to the approach
that we have presented in ref 23 and extended to TD-DFT in
ref 81, for aqueous BET the error moves from 0.46 to 0.1 eV.
We finally remark that vibronic effects may affect computed
accurate solvatochromic shifts.”” Gas-phase vibronic UV—vis
spectra of the studied systems within the vertical gradient
approximation” are reported in Table S6 in the Supporting
Information, showing that such terms can be as large as 0.1 eV.

Finally, let us compare QM/FQ_to QM/EE and QM/PCM.
QM/FQ outperforms the other two approaches, resulting in
mean error of about 0.18 eV with respect to 0.25 and 0.43 eV,
as it is obtained by using QM/EE and QM/PCM, respectively.
Not surprisingly, QM/PCM gives the worst values, thus
showing the limitations of continuum solvation and the
necessity of explicit treatment of protic, polar solvents. On
the other hand, the reduced errors of QM/FQ_compared to
those of QM/EE demonstrate that polarization effects are
relevant to the description of solvatochromic shifts.

4. SUMMARY AND CONCLUSIONS

In this work, we have extended the applicability of QM/FQ to
different solvents of various polarities and hydrogen-bonding
capabilities. QM/FQ_has been challenged to reproduce
solvatochromic shifts of four dyes dissolved in different
solvents, giving a reliable description of the experimental
trends. Remarkably, in most cases, the QM/FQ _results are in
much better agreement with the experimental values than
other approaches, which lack the description of polarization

https://doi.org/10.1021/acs.jctc.1c00763
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effects (QM/EE) or any atomistic description of the solvent
molecules (QM/PCM), the latter being particularly relevant
for protic solvents. Also, QM/FQ_errors with respect to the
experiments are larger when non-electrostatic interactions play
a crucial role. Notably, neither THF nor ETH were specifically
parameterized by means of the proposed parametrization
procedure. In fact, in both cases, we exploited the optimized
parameters for DIO and MET, respectively. This demonstrates
a good level of transferability of the parameters to treat
molecules with similar chemical structures.

The FQ force field lacks a multipolar expansion of
electrostatic interactions, because it only uses electric charges;
therefore, short-range electrostatics might be wrongly
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described. Such an approximation seems not to be particularly
relevant for the studied cases; however, it can be solved by
extending the electrostatic expansion, as it has been pragmati-
cally proposed by some of us for the QM/FQFu approach,®
which can be parametrized for various solvents in a similar way
to that studied in this work. This topic is currently under
investigation in our group, and will be the topic of a
forthcoming communication. Finally, geometrical effects are
crucial to get a good reproduction of experimental excitation
energies. Therefore, the QM/FQ results can be further
improved by resorting to QM/MM simulations, possibly
coupled to enhanced sampling techniques.”* Investigation of
these issues is underway and will be reported in future works.

https://doi.org/10.1021/acs.jctc.1c00763
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Table S1: FQ optimal parameters (electronegativity x and chemical hardness 7)) obtained
by exploiting the parametrization procedure. All atomic electronegativities are reported as

differences with respect to the least electronegative atom, i.e. Hydrogen (Axx_pg). All data
are given in a.u.

Solvent | Axc_y Axn_g Axo-m | Ty 7c 1N  7No

DIO 0.09 - 0.14 | 0.58 0.40 - 0.46
ACN 0.04 0.16 - 1057 038 045 -
MET 0.18 - 0.37]0.52 0.17 - 0.95
WTR - - 0.15 | 0.44 - 0.54
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Table S2: QM/PCM wy, LR, cLR and cLR? excitation energies of PNA, QB, MER and BET
dissolved in the selected solvents. All data are reported in eV.

PNA
Solvent | wy LR cLR | cLR?
DIO 4.15 4.04 4.07| 3.96
THF |4.00 3.88 3.90| 3.78
ACN [393 382 384 | 3.73
MET | 3.93 3.83 3.85| 3.74
WTR |3.92 381 384 | 3.73
QB
Solvent | wy LR cLR | cLR?
DIO 2.32 230 223 | 2.21
THF 251 249 2.39| 237
ACN 261 259 248 | 247
MET | 261 2.59 249 | 247
WTR | 2.62 261 250 | 2.48

MER
Solvent | wy LR cLR | cLR?
THF 2.82 258 280 | 2.57
ACN |286 266 282 2.63
ETH | 285 265 281 | 261
WTR | 2.87 2.68 283 | 2.64
BET
Solvent | wy LR cLR | cLR?
DIO 1.94 192 1.78 | 1.75
ACN |260 258 234| 2.33
MET | 259 2.58 234 | 2.33
WTR | 264 263 238 | 237
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Table S3: QM/FQ wy, LR, cLR and cLR? excitation energies of PNA, QB, MER and BET
dissolved in the selected solvents. All data are reported in eV.

PNA
Solvent | wy LR cLR | cLR?
DIO 3.86 3.72 3.78 | 3.64
THF | 3.86 3.74 3.80| 3.68
ACN | 3.77 3.67 3.73| 3.63
MET | 3.70 3.56 3.65| 3.45
WTR | 3.61 346 357 | 3.41
QB
Solvent | wy LR cLR | cLR?
DIO 2.64 2.62 2.55| 2.53
THF 2.59 2.57 251 | 249
ACN | 280 2.78 274 | 2.72
MET |3.30 3.26 3.17| 3.13
WTR | 346 3.41 3.35| 3.30

MER
Solvent | wy LR cLR | cLR?
THF 2.87 2.63 2.85| 2.62
ACN |3.00 2.83 298| 2.81
ETH |3.26 298 3.19| 290
WTR | 3.38 3.18 3.33| 3.13

BET
Solvent | wy LR cLR | cLR?
DIO 245 243 2.22| 2.20
ACN 295 294 279 | 2.78
MET | 3.57 3.55 3.30| 3.49
WTR |3.90 388 3.71| 3.69

Table S4: QM/EE Excitation energies (eV) of the studied molecules dissolved in the selected
solvents. Computed excitation energies in gas-phase (VAC) are also given.

Solute | VAC DIO THF ACN ETH MET WTR
PNA | 433 4.00 4.03 3.87 - 3.84 3.83
QB 214 240 242 261 - 2.80 290
MER | 2.92 - 279 286 2.88 - 2.97
BET 1.66 1.97 - 2.51 - 281 290
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Table S5: Experimental excitation energies (eV) of the studied molecules dissolved in the
selected solvents. Experimental excitation energies in gas-phase (VAC) are also given.

Solute | VAC DIO THF ACN ETH MET WTR
PNAYM | 426 3.54 342 3.39 - 3.35  3.26
QB3 - 2.19 221 238 - 2.63  2.80
MER 45 - - 2.02 218 241 - 2.79
BETS 1.18 1.56 - 1.98 - 2.40 2.74
PNA —— QB ——
~ 1 1
>
£
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0 0
4 45 5 2 25
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Figure S1: Gas-phase PNA, QB, MER and BET Vibronic Vertical Gradient (VG) UV /Vis

Intensities.

Table S6: Gas-phase PNA, QB, MER and BET Vertical and Vibronic Excitation energies

maxima. All data are given in eV.

Solute | Vertical Vibronic (VG)
PNA 4.33 4.31
QB 2.14 2.08
MER 2.92 2.82
BET 1.66 1.61
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We propose a synergistic computational/experimental investigation of fluorescence spectra in aqueous solution.
As a powerful tool to analyze and interpret experimental findings, we develop a reliable and cost-effective
computational protocol, which is able to correctly describe the solute-solvent interactions which can highly
affect the spectral signal. To this purpose, the model not only takes into account specific, strong hydrogen
bonding interactions, but also the dynamical aspects of the solvation phenomenon in both the ground and,
remarkably, excited state. The computational protocol is tested against the reproduction of experimentally

measured spectra of representative water soluble fluorescent dyes. An almost perfect agreement is reported, thus
confirming the reliability of the methodology, that paves the way for a cost-effective investigation of ES prop-

erties of solvated systems.

1. Introduction

Among the many properties that can be computed by exploiting
quantum mechanics (QM), the accurate prediction of spectral features of
molecular systems embedded in an external environment is still one of
the major challenges of computational chemistry [1]. This is due to the
large number of degrees of freedom which need to be simultaneously
described, making a full QM treatment unfeasible at reasonable
computational cost [2]. Furthermore, from the physico-chemical point
of view, a full QM description is unnecessary because the measured
spectral fingerprints are usually related to a small portion of the system,
the chromophore, whose electronic properties are perturbed by the
presence of the environment. The latter on the other hand is a crucial
component of the whole system, affecting the molecular response of the
target system, but it does not itself determine the measured spectrum [1,
3]. For this reason, the most successful theoretical approaches to deal
with this problem belong to the family of focused models [4]. Within
such a paradigm, the target system is described at the QM level, whereas
the environment is included at a lower level of theory.

In particular, the most efficient methods, in terms of computational
cost and accuracy, are the QM/Molecular Mechanics (QM/MM) ap-
proaches [5,6], in which the environment is described by means of
classical force fields (FF). What separates all the different QM/MM

* Corresponding author.
E-mail address: chiara.cappelli@sns.it (C. Cappelli).

approaches is the way they treat the QM/MM interaction, which may
include the mutual polarization between the two layers (polarizable
QM/MM approaches) [7-11] and, in rare cases, non-electrostatic effects
such as Pauli repulsion and dispersion interactions [12-14].

QM/MM methods are particularly advantageous if strong, specific,
molecule-environment interactions take place, as is the case for aqueous
solutions [1,15]. Among the plethora of the different QM/MM ap-
proaches developed in the literature, the polarizable QM/Fluctuating
Charge (QM/FQ) [1,4,16-18] has been shown to yield a physically
consistent description of aqueous solutions, in particular when coupled
with an accurate description of Pauli repulsion forces [19]. The resulting
QM/FQ + rep approach, coupled with an adequate sampling of the
solute-solvent phase-space, indeed represents the state-of-the-art model
to describe molecular properties and spectroscopies of aqueous solutions
[1].

Despite its potential, to date QM/FQ + rep has been applied to
describe ground state (GS) properties only [1,14]. In this paper, we
extend QM/FQ + rep to the description of fluorescence spectra, by also
proposing a computational protocol which is able to take into account
the peculiar features of solute-solvent interactions related to this phe-
nomenon. In fact, despite the fundamental importance of fluorescence in
many fields [20-22], theoretically consistent descriptions for general
solute-solvent couples are still lacking. This is especially true for models
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capable at the same time to describe the phase space of the electronically
excited solvated system and include the effects of intermolecular in-
teractions, such as hydrogen bonds. Indeed, differently from the GS, for
which a plethora of approaches can indeed be exploited, the ES sampling
is far from trivial. Clearly, this is primarily due to the fact that such a
sampling requires in principle a QM description of, at least, a portion of
the system, which is usually the chromophore undergoing the electronic
transition. Moreover, when dealing with solvated systems, the reorga-
nization of the solvent around the molecule in its ES also needs to be
correctly described. The two aforementioned issues, which are absent
for gas-phase simulations, have amply hampered the development of
computational studies of ES-related properties at the QM/MM level.
Indeed, the development of cost-effective, yet accurate computational
protocols for describing ES-related properties bridges a gap in the field
of fully atomistic approaches for spectroscopy, paving the way to the
reliable modeling of optical properties of chromophores embedded in
complex environments, including biological matrices and surfaces.

In this paper, the aspects mentioned above are considered by means
of a computational protocol, which couples QM/FQ + rep to classical
MD simulations. To make classical MD simulations able to correctly
sample the ES, we force FF terms to mimic ES properties, i.e. energies,
gradients and Hessian, and electronic density in terms of electric
charges. The approach is tested by inter-playing computational data and
experimental spectra measured on purpose for selected fluorescent dyes
in aqueous solution.

The manuscript is organized as follows: in the next section, we
discuss how to properly describe the fluorescence properties at the QM/
MM level from a physico-chemical perspective, by also focusing on the
sampling of both the GS and ES. The approach is then applied to the
calculation of absorption and emission spectra of acetone, and four
fluorescent dyes, namely fluorescein, basic violet 16, basic yellow 40
and acridine orange, dissolved in aqueous solution. Conclusions and
perspectives end the manuscript.

2. QM/MM modeling of fluorescence

In the fluorescence processes (Fig. 1), as a result of the absorption of
a photon, a vertical excitation of the solute brings a molecule from the
GS to a new electronic level while maintaining the original geometry
(A). From that, nonradiative relaxation processes bring the system to a
lower vibrational state within the same electronic level (B), and finally
fluorescence occurs when the excited molecule falls back to the GS (C)
[23]. The theoretical description of the processes above is relatively easy

»
>

R

Fig. 1. Schematic representation of absorption (A), non-radiative relaxation
(B), and emission transitions (C).
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in case of a single molecule in the gas-phase, the only delicate aspect of
the simulation being the choice of electronic structure method selected
to model the ES. In fact, once GS and ES geometries are obtained, ver-
tical excitations A and C may be computed straightforwardly. Choosing
the appropriate electronic structure method is still crucial, and this is
true for both gas and condensed phase simulations. In this work we
resort to Time-Dependent Density Functional Theory (TD-DFT), which
can yield reasonably accurate results for most organic systems at low
computational cost. Clearly, intrinsic limitations of the chosen elec-
tronic structure method are not washed away by the addition of water to
the system, no matter how accurately the environment is modeled.
TDDFT, for instance, is notoriously unreliable in the modeling of
charge-transfer states [24], unless long range corrected functionals are
employed. Therefore, the appropriateness of the chosen electronic
structure method for the system and property needs always to be
checked.

For solute dissolved in solvent, the situation is more difficult and
requires further considerations due to solute-solvent interactions and
the dynamics of the solvent surrounding the molecule, which can rear-
range as a result of the electronic transitions. In fact, different solvation
regimes can be considered due to the different time scales associated
with the processes depicted in Fig. 1. First, when the solute lies in the GS,
the whole system (solute + solvent) is in the so-called equilibrium
regime, i.e. all solvent degrees of freedom (electronic, vibrational,
rotational and translational) are relaxed and in equilibrium with the
solute’s ground state. Notice that such an equilibrium is not static, and a
single snapshot of the system is not able to account for the intrinsic
dynamical effects of the solvation phenomenon. For this reason, the
phase-space representing the GS of the entire system needs to be
adequately sampled in order to provide a consistent picture [8,25-27].
Indeed, different approaches can be exploited to perform this step,
ranging from classical MD simulations to nuclear ensemble (based on
Wigner distribution) or enhanced sampling techniques [28-34], and
particular care is needed in case of floppy molecules, which can display
different local minima (vide infra).

Independently of the sampling method for the GS, the absorption
process (A in Fig. 1) is then simulated by calculating the vertical exci-
tations at the QM/MM level on representative structures. At this point,
an additional consideration is needed. In fact, the timescale associated to
this process is of the order of femtoseconds, and makes the electronic
degrees of freedom of the solvent able to readjust to the different solute
density, whereas its slower degrees of freedom remain frozen to the
solute’s GS. This creates a so-called non-equilibrium regime, which has
been amply discussed in the context of continuum solvation approaches
[35]. By looking at the problem from the TD-DFT perspective, the sol-
vent can be readjusted to the transition densities by assuming that the
excitation of the solute is directly associated with the excitation of the
solvent [36-38]. However, the solvent fast degrees of freedom can also
be re-equilibrated to the excited state density, in a state-specific vision.
Such a state-specific equilibration is usually taken into account in an
approximated way, by resorting to the so-called corrected Linear
Response (cLR), where the polarization sources are obtained as a
response to the density of the excited state [36-38]. It is clear that cLR
describes the complete fluorescence process depicted in Fig. 1 in a more
physically-consistent way, because it includes both polarization and
equilibration effects.

During the nonradiative relaxation process, the vibrational degrees
of freedom of both the solute and the solvent relax, bringing the system
to a novel equilibrium situation, being the lifetime of the ES molecule
long enough to allow for such a reorganization. Therefore, the emission
process (C, in Fig. 1) takes place from a peculiar situation in which the
solvent is in equilibrium with the solute lying in the ES. Indeed, while
the majority of the observables need input structures sampled in their
electronic GS, fluorescence estimates require excited electronic struc-
tures whose dynamic description is far from trivial [23]. A correct
sampling of ES structures should be performed by keeping the solute
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under constant excitation and letting the solvent molecules free to adapt
their positions according to the new state of the solute. This could be
done employing ES molecular dynamics (MD) simulations, whereas
standard FF parameters are fitted on GS structures and therefore cannot
be used to describe ES geometries.

Independently of the method exploited to sample the ES PES, the
emission energy is finally computed on a set of representative snapshots
at the QM/MM level [39]. A particular attention must be paid at this step
to correctly account for the solvation regime. In fact, similarly to the
absorption process, also in this case, the vertical transition implies that
the solvent fast degrees of freedom readjust to the state-specific solute
density [36]. Note that this is conceptually different from the absorption
process: in this case, the polarization sources are in equilibrium with the
ES density, and the fast degrees of freedom relax to the GS density.
Again, this creates a non-equilibrium solvation regime, which is
accounted for by computing the cLR emission energies at the QM/MM
level.

To conclude this discussion, it is worth noticing that we have
described the fluorescence process by commenting on the different
solvation regime to which the solute undergoes. In order to effectively
describe them without resorting to a full quantum-mechanical descrip-
tion of the system, polarizable embedding, which is indeed able to
describe the fast degrees of freedom in terms of a set of polarization
sources, is a valuable approach. In fact, in electrostatic embedding, the
electrostatic interaction is described by a set of multipoles, usually
limited to electric charge, which are fixed and do not vary as a function
of the changes in the QM density. This means that the solvation regime is
always of equilibrium by definition, and eventual good results are
mostly due to error cancellation.

2.1. Sampling the ground and excited states

From the above discussion, it is clear that one of the crucial aspects of
modeling fluorescence by means of a QM/MM approaches is a proper
sampling of both GS and ES phase-spaces. As detailed above, such a
sampling may be carried out by resorting to MD. In the context of QM/
MM approaches, the GS sampling is usually carried out by means of
standard classical MD, which can provide accurate results in case of
semi-rigid solutes, for which few minima need to be sampled [1,23]. If
this is not the case, different approaches to refine the commonly used
classical FF have been developed [13,40-43], based on the reparamet-
rization of selected degrees of freedom on reference data, usually ob-
tained at the QM level [41]. In principle, many other approaches can be
exploited to sample the GS phase-space of floppy molecules, ranging
from QM/MM MD simulations to meta-dynamics [31,32]. Among them,
it is worth mentioning the Joyce procedure [41], which provides a
re-parametrization of classical FF’s bond and dihedral terms on QM
reference data. Joyce is particularly robust and allows for an accurate
PES sampling of very floppy molecules [41].

Differently form GS, the ES sampling is particularly difficult. The first
intuitive approach would be to perform a GS MD simulation to
adequately sample the GS PES. From a set of representative, uncorre-
lated snapshots, ES QM/MM MD simulations can then be carried out to
take into account the vibrational relaxations on the ES PES. However,
ab-initio calculations are suited for handling excited states (ES) dy-
namics, but they come with a great computational cost that severely
hampers extensive sampling [44,45]. Moreover, due to the presence of
high-frequency motions occurring during the relaxation of
photo-excited systems, first principles ES MD simulations require
extremely short integration time steps that limit the time scale that can
be explored. This is due to the fact that molecule gains additional kinetic
energy in the ES and returns vibrationally hot in the GS [45-47].

We here propose a good compromise that meets extended sampling
and relatively inexpensive computational cost, defined within classical
MD simulations. Since FF parameters can be tuned to better reproduce
the physical behavior of any given system [48-50], the same algorithms
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that automate FF refinement in the GS can be used to fit classical po-
tentials of molecular systems in their excited configurations [41,51].
Here, equilibrium distances and angles are taken according to reference
structures whose electronic levels are set in the excited state of interest.
The resulting FF is therefore constructed to mimic the dynamic behavior
a the system constantly kept under excitation, thus allowing to collect a
very large number of ES structures at the cost of a classical MD
simulation.

Such a procedure has pros and cons. As stated above, the timescale
associated with the non-radiative process (B in Fig. 1) allows the
vibrational degrees of freedom of both solute and solvent to relax to the
ES equilibrium geometry. Therefore, the sampling of ES geometry
through classical MD simulations, which usually last nanoseconds
(instead of picoseconds), may be questioned. However, it should be
considered that each uncorrelated GS configuration undergoes the same
process depicted in Fig. 1, with a different ES equilibrium geometry.
Therefore, sampling the ES PES by means of a classical MD simulation,
adequately reparametrized to the specific state of interest, is a pragmatic
approach in which the relaxation process itself is avoided entirely, and
justifiable due to Kasha’s rule. Finally note that, within such a proced-
ure, the sampling of the ES is only accurately treated if the selected level
of theory correctly describes the state of interest.

It is worth remembering that all these refining techniques need to
beforehand fix which degrees of freedom need to be refined. Among
these degrees of freedom, non-bonded interactions are the most complex
to refine since they are the resultant of many different interactions that
in classical FFs are usually expressed as the summation of two contri-
butions: Coulomb and van der Waals components [52]. In our modeling,
by moving from GS to ES, we update Coulomb forces by setting atomic
partial charges according to the selected electronic excited state,
whereas van der Waals terms are kept frozen to those defining the GS,
according to other approaches proposed in the literature [39]. Finally, it
is worth mentioning that in this work we neglect to include
quantum-mechanical vibronic effects in the modeling, which can affect
the shape of the band. A full vibronic treatment could be done, however
it would require geometry optimization on a large number of
solute-solvent representative structures taken from the classical sam-
pling, followed by full Hessian calculations for both GS and ES in order
to obtain the normal vibrational modes and thus produce a vibronic
bandshape for each structure. In this work, we instead keep the classical
treatment of the nuclear degrees of freedom that emerges from the
parametrized MD and use an empirical broadening factor for spectra.

2.2. QM/FQ + rep to account for Pauli Repulsion effects

As explained above, in order to describe solvent effects on both ab-
sorption and emission spectra, we exploit a fully polarizable QM/MM
approach based on the FQ force field, which further accounts for Pauli
repulsion effects on the QM density. In this approach, named QM/FQ +

rep, the QM/MM interaction energy Eg‘lf,l /mm is decomposed as follows:

I
E‘(‘;;\A/MM = Eg:/[/MM + Eg;v[/MM + ESK/I/MM O]

where the electrostatic (ng,I m)» polarization (E"Q‘]’\l,l ov) and Pauli
repulsion (Egy, ,wm) terms are defined. The electrostatic and polarization
contributions are calculated by using the polarizable QM/FQ approach,
where MM atoms are represented by means of the FQ force field [1,4,
15]. This means that each atom of the MM portion is represented by a
charge (q), which varies as a response to differences in atomic electro-
negativities and to the QM electrostatic potential. In this way, the FQs
are polarized by the QM density, and they polarize back the QM density
by entering the QM Hamiltonian, in a mutual polarization fashion.

Pauli Repulsion interactions are modeled by exploiting the approach
proposed by some of the present authors [12]. A set of s-type gaussian
functions is included on each MM molecule to mimic the presence of a
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QM density in the MM portion (pym). In our model, Env - is written as

QM/MM
the opposite of an exchange integral [12].

e 1 [drdr,
EQI\P/I/MM :5/ "12 pQM(rlvrl)pMM(rl'rl) (2

where the density pyy is defined as a combination of s-gaussian type
functions which are localized in bond and lone pair regions. The explicit
expression for pyy in the case of water can be found in Ref. 12. Note that
Eom sy in Eq. (2) explicitly depends on the QM density pow, thus it
enters the QM Hamiltonian, so that its effects propagate to properties
and spectra [19]. QM/FQ + rep, when coupled with appropriate sam-
pling of the solute-solvent phase-space, has been shown to provide a
physically consistent modeling of several molecular properties and
spectroscopies of aqueous solutions [13,14,19,53]

3. Experimental methods

Fluorescein disodium salt (Merck), Acridine Orange hydrochloride
hydrate (Merck) were used without further purification. Basic violet 16
and basic yellow 40 were kindly provided by Gruppo Colle (Italy) and
used as received. The water used to prepare the solutions was purified by
a Millipore Milli-Q water purification system. In all cases fluorophore
concentration of 3*10~° M was studied. In the case of Fluorescein, a 0.1
M NaOH water solution was used as solvent [54]. Spectrophotometric
measurements were carried out at 25 °C on a Cary 5000 UV-Vis-NIR
spectrophotometer (Agilent), while fluorescence measurements were
performed on a Horiba Jobin-Yvon Fluorolog-3 spectrofluorometer
equipped with a 450 W Xenon arc lamp, double-grating excitation and
single-grating emission monochromator. Quartz spectrophotometric
cells with path length of 1 cm were used.

4. Computational Details

We test different sampling techniques on acetone. Despite its small
size, acetone displays a huge Stokes shift and is characterized by large
solvatochromic shift when moving from the gas-phase to aqueous so-
lution [55-57]. For sampling the electronic GS when dissolved water,
we perform three different MD runs, which are here summarized (more
details are reported in Section S1 in the Electronic Supporting Infor-
mation - ESI):

1. 20 ns classical MD simulation exploiting GAFF (MDgapr) [58]. The
TIP3P force field was used to describe water molecules [59]. RESP
charges are computed on the QM/PCM optimized ground state ge-
ometry at the CAM-B3LYP/aug-cc-pVDZ level.

2. Based on the MDgaFr run, an adiabatic QM/MM MD (MDgwm,mm) is
performed. In particular, a snapshot with velocities calibrated at 300
K is extracted from MDgapr, which is then cut in a spherical shape
centered on the acetone of radius 15 A. The obtained droplet is
partitioned into three layers: (i) QM layer (acetone); (ii) a first,
mobile, MM layer including all water molecules within a radius of 10
A from the solute, which are allowed to move during the QM/MM
dynamics; (iii) a second, frozen MM layer, constituted by the
remaining water molecules. The extracted droplet is first optimized
at the CAM-B3LYP/aug-cc-pVDZ/TIP3P level. Then, a 20 ps QM/MM
adiabatic run is performed, by treating the QM portion at the CAM-
B3LYP/aug-cc-pVDZ level. MDgm/mm is performed by using the
COBRAMM package [60].

3. Classical 20 ns MD simulation performed by exploiting a classical
force field obtained by fitting calculated reference QM/PCM en-
ergies, gradients, and Hessian according to the JOYCE procedure
(MDggrinep)- The TIP3P force field was used to describe water mol-
ecules [59]. RESP charges are computed on the QM/PCM optimized
ground state and excited state geometry at the
CAM-B3LYP/aug-cc-pVDZ level.
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In order to sample the ES of acetone in aqueous solution, we perform
a 20 ns classical MD simulation based on a fitted force field. In partic-
ular, we first define the classical force field by fitting calculated refer-
ence QM/PCM excited state energies, gradients, and Hessian by
following the procedure implemented in JOYCE [41]. Also, in order to
additionally improve the intramolecular potential defined by the dihe-
dral angle & reported in Fig. 2 (which mainly determines the emission
spectrum, vide infra), we perform a refinement of such term by
employing a genetic algorithm [61] (see also Section S2 in the ESI).

For acetone, we first focus on the calculation of vacuo-to-water sol-
vatochromic shifts for both the absorption and the emission processes.
To this end, the reference gas-phase vertical excitation/emission en-
ergies need to be computed. Here, we follow the strategy proposed in
Ref. 62, i.e. we perform additional GS and ES MD runs of acetone in
gas-phase. In particular, for the GS, we have exploited the three different
GS MD simulations discussed above by removing the aqueous environ-
ment. Therefore, MDgy/mm in this case is actually an ab-initio MD
simulation of acetone in gas-phase, whereas the JOYCE procedure is
used to obtain a refined force field based on calculated gas-phase en-
ergies, gradients and Hessians for both the GS and ES MDggpingp. From
all MD runs, we then extract 200 uncorrelated snapshots (every 100 ps
for MDgarr and MDggringp; every 100 fs for MDgwv,mm), Which are cut in
spherical droplets with radius 15 A centered on the solute.

The developed protocol is then applied to four selected fluorescent
probes, namely Flurescein (F), Acridine orange (A), Basic violet 16 (V)
and Basic yellow 40 (Y). The FF resulting from the JOYCE procedure is
then used to run GS and ES 20 ns classical MD simulations (see also
Section S1 in the Electronic Supplementary Information — ESI). For all
chromophores, 200 snapshots are extracted (one every 100 ps), and cut
in a spherical shape centered on the solute with radius 20 A.

Polarizable QM/FQ + rep TD-DFT calculations are then performed
on all extracted snapshots. In all cases, acetone constitutes the QM part,
whereas water molecules are described by means of the polarizable FQ
FF, by exploiting the parametrization proposed in Ref. 13. Pauli repul-
sion effects are included by means of the model proposed in Ref. 12.
Finally, absorption/emission energies of each snapshot are calculated at
the CAM-B3LYP/aug-cc-pVDZ/FQ -+ rep level, and averaged with a
Gaussian band shape (full width at half maximum = 0.25 eV) to obtain
the final spectra. The emission intensities are proportional to Dw® where
o is the frequency of the transition and D is the emission dipole strength.
This expression matches the reported experimental observable.

Fig. 2. Graphical depiction of acetone improper dihedral angle 6.
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5. Results and discussion
5.1. Acetone in aqueous solution

We first discuss the absorption properties of acetone as dissolved in
aqueous solution. In particular, as stated above, we focused on the dark
transition n — z*, because it exhibits a relatively large vacuo-to-water
solvatochromic shift [55-57]. As stated above, the GS solute-solvent
phase space is sampled by using three different MD runs, namely
MDgarr, MDrgrinep and MDgymm. Absorption spectra computed for
200 uncorrelated snapshots extracted from each MD run are graphically
depicted in Fig. 3, where raw absorption data are shown as stick spectra.

From the inspection of Fig. 3, the role of the dynamical nature of the
solvation phenomenon, which is responsible for the inhomogeneous
band broadening of the final averaged spectrum, is evident. In fact, there
is large variability both in the excitation energy values and oscillator
strengths as a function of the extracted snapshot. Although broadening is
observed for all MD simulations, it is particularly accentuated for
MDgarr, both with and without the inclusion of QM/MM Pauli repul-
sion. For both MDggpivep and MDom/mm simulations, instead, the in-
clusion of quantum confinement effects lead to a shrinking of the
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Fig. 3. Acetone QM/FQ (left) and QM/FQ + rep (right) absorption raw data
(sticks) and convoluted spectra (FWHM = 0.25 eV, solid line) as obtained from
MDgarr, MDgerinep and MDgoy/vu calculations. The experimentally measured
experimental absorption spectrum is also reported as a blue dashed line.
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computed n — z* band. Also, for these two MDs, the description of
repulsion effects yields a significant shift of the computed excitation
energy of about 0.12-0.14 eV. For both MDs, an almost perfect agree-
ment with the experimental spectrum is reported (see Fig. 3), whereas
for MDgagr, a discrepancy of 0.29 (QM/FQ) and 0.32 (QM/FQ + rep) eV
is obtained.

To deeply understand the differences between MD simulations, the
potential of mean force (PMF) as a function of § dihedral distribution
function is computed (see Plg 2) for MDgarr, MDREFINED and MDQM/MM
and further compared to the QM/PCM scan, on which the FF used in
MDgerinep has been parametrized (see Fig. 4a). While the distributions
by MDggrivep and MDgy/mm almost perfectly resemble the QM/PCM
curve, MDgagr predicts a very flat curve. In fact, by exploiting GAFF
parameters, high energy structures can be sampled, consequently
affecting n — 7* transition energies. To quantify the effects of such a
distribution on both excitation energies and oscillator strengths, in
Fig. 4b excitation energies computed for all 200 uncorrelated snapshots
as a function of § are plotted and colored depending on oscillator
strengths. While MDggrivep and MDgy,mm report almost the same, very
localized, distribution, for MDgarr a larger spread is predicted, thus
justifying also the larger inhomogeneous broadening reported in Fig. 3.

To further analyze computed results, in Fig. 5 we report the vacuo-to-
water absorption solvatochromic shifts for the three different MD sam-
plings, both in the gas-phase and in aqueous solution (see also Compu-
tational Details section). By comparing energy differences such as
vacuum-to-water shifts, systematic errors associated with a specific
choice of functional/basis set are reduced [37], thus allowing for a
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Fig. 4. (a) QM/PCM, MDgarr, MDrgringp and MDgarr Acetone GS Potential of
Mean Force (kJ/mol). (b) Excitation energies and oscillator strengths as a
function of acetone improper dihedral angle 6.
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Fig. 5. Acetone QM/FQ and QM/FQ + rep absorption (a) and emission (b)
solvatochromic shifts as computed from MDgapr, MDgrerivep and MDom,mvm
runs. The experimental reference value, together with its uncertainty, is
graphically depicted in red.

better comparison with experimental data. As it can be noticed, while
QM/FQ and QM/FQ + rep results obtained by exploiting the MDgarr
trajectory consistently underestimate the experimental value, MDgg.
rineD and MDgwv,vm QM/FQ + rep shifts are in almost perfect agreement
(discrepancy of ~ 0.3 eV) with experiments. QM/MM results can also be
compared with an implicit description of the solvent (QM/PCM), which
underestimates the absorption shift probably due to the lack of the
description of specific HB interactions. The implicit description can be
refined by including two hydrogen-bonded water molecules in the QM
region (QM/QMw/PCM, see Fig. 5a).However, also in this case, an
overestimated shift is reported, which is most likely due to neglecting
the dynamical nature of the solvation. In particular, Fig. 5a clearly
shows the role of correctly including electrostatics (+polarization),
quantum confinement effects, and dynamical effects in the prediction of
absorption solvatochromic shifts, remarkably in line with previous
studies of some of us [14,19].

We now move to fluorescence. As explained above, to sample the
solute-solvent phase-space in the excited state, we resort to a classical
MD simulation based on a force field adequately refined to reproduce ES
energies, gradients and Hessian, together with a correct accounting for
changes in the electronic density. From the resulting MDggpiNgp Simu-
lation, 200 uncorrelated snapshots are extracted, and fluorescence
spectra are simulated by exploiting both QM/FQ and QM/FQ + rep, by
also including cLR corrections [38], which may particularly affect the
molecular response of the excited state. Both QM/FQ and QM/FQ + rep
cLR raw spectra associated to the 7* — n transition are graphically
depicted in Fig. 6, together with their gaussian convolution. Differently
from absorption, repulsive interactions only slightly affect the averaged
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Fig. 6. Acetone QM/FQ (red, left) and QM/FQ + rep (green, right) emission
raw data (sticks) together with their Gaussian convolution (solid lines, FWHM
= 0.25 eV). Snapshots are extracted from MDggpnep. The experimental spec-
trum is also reported as a blue dashed line.

emission energy, thus yielding an emission solvatochromic shift of about
~ —0.01 eV, which is in very good agreement with the experimental
shift (see Fig. 5b and Tabs. S2-S3 in the ESI). This is related to the larger
number of hydrogen-bonded solvent molecules, and the resulting
shorter HB distance which are predicted for the GS, as compared to ES
(see Fig. S2 in the ESI). Indeed, QM/FQ + rep is the only method that can
reproduce the experimental negative solvatochromic shift, while
QM/FQ yields a positive shift. Also both implicit QM/PCM and cluster
QM/QMw/PCM models (the latter constructed by including a single
water molecule in the QM region) overestimate the emission sol-
vatochromic shift, most likely due to neglecting dynamical solvent ef-
fects and the lack of specific interactions in QM/PCM calculations.

In Fig. 6, the measured experimental spectrum is also graphically
depicted. In this case, a small shift (~ 0.25 eV) between computed and
experimental peaks is reported. However, computed and experimental
solvatochromic shifts (~ —0.01 eV) are in perfect agreement, thus
demonstrating the robustness of our approach (see Fig. 5b and Tabs.
S$2-S3 in the ESI). We also note that QM/FQ and QM/FQ + rep do not
provide the same spreading in energies and intensities as a function of
the snapshot, thus resulting in a different description of the band
inhomogeneous broadening, from which a sharper emission peak is
described by QM/FQ + rep.

To further analyze computed data, in Fig. 7a we report the ES PMF as
a function of the dihedral angle § (see Fig. 2). The most relevant change
with respect to the GS equilibrium geometry is the pyrimidalization of
the C=0 group. In fact, the acetone ES is characterized by a distorted
geometry with § ~ 20°. This deformation drastically affects the elec-
tronic structure of the molecule, and is therefore crucial to correctly
describe ES properties. Fig. 7 clearly shows the almost perfect repro-
duction of §-PMF by MDggrinep. It is worth noting that such a good
agreement could not be obtained by exploiting the JOYCE procedure
(see Fig. S1 in the ESI). In Fig. 7b, the dependence of emission energy on
§ is reported; clearly, the large & variability strongly affects emission
energies and the oscillator strengths for both QM/FQ and QM/FQ -+ rep
approaches. However, the distribution of both excitation energies and
oscillator strengths are similar for the two methods, showing that, in this
case, repulsive contributions do not largely affect the molecular
response.

We finally move to compare computed and experimental Stokes shift
(emission - absorption energies), see Fig. 8. As a result of the reliable
sampling reproduced by MDggringD, the computed Stokes shift is in good
agreement with its experimental counterpart, with an error of about
17%. Indeed, our value is particularly impressive considering the almost
perfect agreement with the results reported in Refs. 63 and 64, which
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Fig. 8. Comparison between computed QM/FQ + rep (red, based on MDgg.
rinep) and experimental (blue) absorption (solid lines) and emission (dashed
lines) spectra of acetone. Computed (red) and experimental (blue) Stokes Shifts
are also highlighted.

have been obtained by exploiting much more computationally
demanding QM/MM MD simulations for both GS and ES. This is prob-
ably due to the near perfect match between the QM scan and MDggpiNED
PMFs. Such findings demonstrate once again the robustness of our
approach, which can yield results qualitatively and quantitatively in
agreement with higher level calculations, however at much lower
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computational cost.
6. Fluorescent dyes

By properly parametrizing classical FFs for both GS and ES, we have
been able to collect a statistically relevant set of configurations, suc-
cessfully used to compute acetone absorption and emission energies by
means of the polarizable QM/FQ + rep approach. Hence, we extend the
approach to four more challenging chemically fluorescent dyes (Fig. 9),
namely fluorescein (F) [65,66], basic violet 16 (V) [67], basic yellow 40
(Y) [68], and acridine orange (A) [69,70]. Such molecules have been
chosen because they are commercially available and are used for a
plethora of applications, such as fluorescence markers for biological
matrices, surgical cancer imaging and therapy [71], textiles [72] and
dopants in photovoltaic applications [73,74].

In order to accurately predict absorption and fluorescence spectra of
the four dyes in aqueous solution, two classical MDs are performed to
adequately sample the GS and the ES. We first optimize molecular
structures in the GS and the first singlet ES (S1), by modeling solvent
effects by means of the implicit PCM approach. In all cases, the first
electronic excitation is characterized by a bright, pure HOMO-LUMO
transition, with 7 — z* nature. The involved molecular orbitals (MOs)
are graphically depicted in Fig. S3 in the ESI.

Optimized GS and ES geometries are graphically superimposed in
Fig. 54 in the ESI. Differently from acetone, the superposition between
S0 and S1 optimized geometries is almost perfect. Thus, in this case, the
S1 minimum geometry is not characterized by floppy dihedral angles, as
for acetone § angle. For this reason, the re-parametrization of the FF is
performed through QM/PCM calculations according to the JOYCE
scheme for both SO and S1 states of each dye, without any further
refining process.

To analyze GS and ES MD simulations, in Fig. S5 in the ESI. the radial
distribution functions (RDF, g(r)) are depicted for the main Hydrogen
acceptor and donor groups of each system. We first note that hydrogen
bonding (HB) interactions with the water molecules are not present in
case of V, that in contrast with F, Y and A. This applies to both GS and ES
simulations, which are indeed almost identical as a result of the simi-
larity in GS and ES geometries. Among the studied dyes, F displays the
highest number of HBs with the solvent, provided by the carboxylic and
the two carbonyl groups, both acting as HB acceptor groups. Similarly, Y

Fluorescein (F) Basic Violet 16 (V)

Basic Yellow 40 (Y)

Acridine Orange (A)

Fig. 9. Molecular structures of the four investigated fluorophores.
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acts as HB acceptor (via 02, see Fig. S5 in the ESI). On the other hand, A
is the only dye which acts as HB donor via the hydrogen atom of the
amino group. Thus, the selected dyes are characterized by a large variety
of different interactions with the external environment, thus being ideal
candidates to demonstrate the versatility of our computational protocol.

We finally move to the comparison between calculated and experi-
mental absorption and emission spectra, which are graphically depicted
in Fig. 10. Calculated spectra are obtained at the most sophisticated level
of theory (i.e. QM/FQ + rep) by averaging on 200 uncorrelated snap-
shots extracted from GS and ES MD runs. We first note that computed
absorption/emission transition energies are blueshifted with respect to
experimental data. This is probably due to a systematic error introduced
by the particular choice of density functional/basis set exploited in this
work. As stated above, to reduce such systematic errors, energy differ-
ences need to be considered. In this case, we therefore analyze Stokes
shifts, which are also reported in Fig. 10. Computed Stokes shifts range
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Fig. 10. Comparison between computed QM/FQ -+ rep (colored line) and
experimental (black line) absorption (solid line) and emission (dashed line)
spectra of the four studied dyes. Computed (colored) and experimental (black)
Stokes Shifts are also indicated.
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between 0.11 (F) and 0.30 (Y), and are significantly smaller than that
predicted for acetone n — z* transition. This is a direct consequence of
the similarity between GS and ES optimized geometries. The comparison
with measured shifts clearly depicts an almost perfect agreement with
our calculated data, with the largest discrepancy displayed by V. How-
ever, in this case the computed error is of about 0.04 eV, which is
comparable to the chemical accuracy (1 kcal/mol). Therefore, the re-
ported results clearly demonstrate the reliability and robustness of our
computational approach.

7. Summary and conclusions

We have presented a synergistic experimental/computational study
of emission properties of molecular systems in aqueous solution. To
accurately model ES-related properties, we propose a novel cost-
effective computational protocol, which can potentially bridge a gap
in fully atomistic approaches to molecular spectroscopy of solvated
systems. In fact, the method conceptually involves two main steps: a
pragmatic approach to obtain an accurate sampling of the molecule-
environment phase space with the molecule in its excited state, fol-
lowed by QM/MM modeling of its emission properties, that fully takes
molecule-environment interactions into consideration.

The first step of the protocol involves the sampling of the configu-
ration space, based on a re-parametrization of classical FFs based on ES
QM reference data, such as energies, gradients and Hessian. Changes in
the electronic density are also taken into account by employing atomic
charges based on the ES QM calculations. The resulting FF that combines
these two ingredients, possibly together with a refinement of flexible
dihedral angles in the ES, is able to correctly sample the molecule in its
ES. Subsequently, the model employs state-of-the-art quantum-me-
chanical simulations, describing the aqueous environment through a
polarizable QM/MM method based on Fluctuating Charges, with the
additional inclusion of Pauli repulsion effects. The developed protocol
has been firstly tested against the reproduction of the absorption and
emission spectral features of acetone in aqueous solution which, despite
its small size, is particularly challenging due to the pyramidalization of
the C=O0 group in the first ES. Our method not only provides an almost
perfect agreement with our measured experimental data, but also with
more sophisticated, and much more computationally demanding, ap-
proaches. To further demonstrate the applicability of the approach, we
have studied four fluorescent dyes, which are characterized by a large
variety of interactions with the aqueous environment. Also in this case,
the proper sampling of the GS/ES, together with the correct description
of the main physico-chemical interactions in aqueous solution by means
of the QM/FQ + rep method, is able to accurately reproduce the main
experimental spectral features.

Remarkably, the proposed methodology is not limited to the peculiar
case of aqueous solutions, but paves the way to a reliable description of
ES properties of target systems embedded in generic environments,
including biological matrices and surfaces, at reasonably low compu-
tational cost.
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S1 Computational Details

All classical Ground and Excited State MD simulations (MDgapr and MDgrgringD, See main
text) were performed by following the same computational protocol. First, RESP charges
were computed at the optimized ground state and optimized S1 state by employing CAM-
B3LYP /aug-cc-pVDZ at PCM level. Electrostatic interactions were treated by using particle-
mesh Ewald (PME) method with a grid spacing of 0.16 A and a spline interpolation of
order 4.! The cross-interactions for Lennard-Jones terms were calculated using the Lorentz-
Berthelot mixing rules and intramolecular interactions between atom pairs separated up to
three bonds were excluded. The TIP3P force field was used to describe water molecules.? A
single solute molecule was dissolved in a cubic box containing at least 3500 water molecules
for acetone MD and at least 4000 water molecules in case of dye(s) MDs. The molecular
systems were initially brought to 0 K applying the steepest descent minimization procedure
and then heated to 298.15 K in an NVT ensemble using the velocity-rescaling® method with
an integration time step of 0.1 fs and a coupling constant of 0.1 ps for 100 ps. A 200 ps long
NPT run was then performed, using the Parrinello-Rahman barostat and a coupling constant
of 1.0 ps, to obtain a uniform distribution of molecules in the box and for thermalization
purposes. 20 ns long production runs were then carried out in the NVT ensemble, with 1 fs

time step. All MD runs were performed by using the GROMACS package.*

S2 Genetic Algorithm Procedure

In order to refine dihedral angle parameters, we exploited a genetic algorithm (GA), which
is an evolutionary algorithm that mimics the process of natural selection.® In particular,
we used the Pyevolve module® to refine the potential energy surface of the ¢ dihedral angle
of acetone (see Fig. 2 in the main text). In the standard parametrization engines such us
ANTECHAMBER or JOYCE,?® improper dihedral angles are usually described as harmonic

term due to their common rigidity. However this is not the case of acetone in its first excited

52



state (S1), where a semi-flexible nature can be clearly been identified in Fig. 7 in the main
text (Black line). In order to obtain a correct description of the energy profile, we exploit

the following dihedral energetic energy Fs:

Es = %[1 + cos(nigr —71)] + %[1 + cos(nags — 72)] (S1)

which depends on seven parameters: Vi, Vg, ny, ng, 71, 2 and b, which can assume only
0 or 1 values. In this way, the algorithm is flexibility enough to exploit one or two torsion
terms to properly fit the energy scan of the dihedral angle. In order to construct the cost
function, we first set our reference data set as QM/PCM energy (CAM-B3LYP /aug-cc-pvdz)
obtained by a conformational scan of the dihedral angle § in between -40 and 40 degrees,
with 1 degree step. In addition, we performed a classical MD conformational scan of acetone
by taking into account only non-bonded terms into account. Then, RMSD is obtained as
a square difference between reference data set, the sum of Ej/yrscan and torsion energies
obtained by using parameters randomly selected by the GA at each generations for each
degree; the score function was then defined as 1/RMSD. The potential mean forces (PMF)
as a function of the dihedral angles obtained by using the GA-derived FF are graphically
depicted in Fig. S1, together with the PMF obtained by using JOYCE-derived FF.

S3



14 4
12 4
3 10
£
)
> 87
<
(0]
S 61
(0]
o
w 4 i
2 == QM scan
=== JOYCE
0 mm GA
-40 -30 -20 -10 0 10 20 30 40

6 angle [deg]

Figure S1: Potential of mean force (PMF) of the improper dihedral angle ¢ obtained by
using JOYCE and GA derived FFs. The reference QM scan is also depicted as a black line.
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S3 Acetone in aqueous solution

Table S1: Experimental absorption and emission energies of acetone in gas phase and aqueous
solution. (t.w.: this work)

Gas Phase  Aqueous solution Solvatochromic shift
4.46,9 4.471 4.68 (t.w.) 0.21-0.22
3.0410 3.03, 3.041% 0.0 £ 0.01

Table S2: QM/FQ and QM /FQ+rep (in parentheses) absorption and emission energies (eV)
as computed from MDgarr, MDgrerinep and MDagyvnve. QMauy/pemin parenthesis in case
of QMpcum-

Absorption Energy
MDgarr ~ MDgrgrivep MDouyuv  QMpou
Vacuum 4.25 4.37 4.42 4.46
Water  4.30 (4.36) 474 (4.62) 475 (4.61) 4.56 (4.84)

FEmission Energy
MDgarr ~ MDgrgrivep MDouyuv  QMpeu
Vacuum - 3.282 - 3.17
Water ; 3.304 (3.276) - 3.21 (3.24)

Table S3: QM/FQ and QM /FQ+rep (in parentheses) calculated absorption and emission
solvatochromic shifts (Agps and A.ps, respectively) as computed from MDgarr, MDRrEFINED
and MDqy/mm. The MDggpivep Stokes shifts (Agtores) are also reported, together with
QM/PCM and QM/QMw/PCM results. All energies are given in eV.

1\4DGAFF MDREFINED NiDQM/MM QI\I/PCNI QNI/QI\&W/PCNI EXp

Aws 015 (0.11) 037 (0.25) 0.33 (0.19)  0.08 0.38 0.21-0.22
Acms - 0.022 (-0.006) - 0.04 0.07 -0.01 - 0.0
Astoes - 1.44 (1.35) - 1.33 1.60 1.65

Table S4: Calculation times for classical MD and adiabatic QM /MM for SO and S1 state of
Acetone. 1 fs timestep.

State | MDgapr or MDrerivep  MDaw/vim
S0 69.15 ns/day 5.3 ps/day
S1 69.15 ns/day 1.4 ps/day

S5



Table S5: Acetone QM/FQ and QM /FQ+rep full width at half maximum (FWHM, eV) as
obtained from MDgarr, MDgrerivepand MDgyiaivcalculations. The experimental FWHM
is also given

Sampling  Method FWHM (eV)
MD QM/FQ 0.42
GAFE QM /FQ+rep 0.42
MD QM/FQ 0.48
REFINED QM /FQ-+rep 0.26
MD QM/FQ 0.46
QMMM OM /FQ+rep 0.38
Exp 0.74

1.6
1.4
1.2
1.0

Zo.8
0.6

0.4

1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure S2: Radial distribution functions (RDFs) between Acetone Oxygen atom and water
Hydrogen atoms obtained from ground state (GS) and excited state (ES) MDgrgrinep tra-
jectories. The running coordination numbers (RCN) are reported.
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S4 Dyes in aqueous solution
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Figure S3: Molecular Orbitals involved in the first electronic transition of the studied fluo-
rophore. Isovalue: 0.02.
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Figure S4: Superposition of ground state (blue) and excited state S1 (grey) geometries.
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Figure S5: Basic Violet 16 (V), Fluorescein (F), Basic Yellow 40 (Y) and Acridine Orange
(A) GS (solid line) and ES (dashed line) Radial Distribution Functions (RDF) between
highlighted atoms (see top panel) and the specified water atoms (Hw, Ow).

Table S6: Basic Violet 16 (V), Fluorescein (F), Basic Yellow 40 (Y) and Acridine Orange
(A) calculated and experimental FWHM for absorption and emission spectra.

Molecule Abs. Abs.

Calc. Exp. | Cale. Exp.
0.32 032 024 0.20
0.26 0.18 | 0.26 0.16
0.32 036 | 0.32 0.28
0.30 0.20 | 0.24 0.26

> <<

S8



References

(1)

(2)

Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An Nlog(N) method for Ewald

sums in large systems. J. Chem. Phys. 1993, 98, 10089-10092.

Mark, P.; Nilsson, L. Structure and dynamics of the TIP3P, SPC, and SPC/E water
models at 298 K. J. Phys. Chem. A 2001, 105, 9954-9960.

Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling.

J. Chem. Phys. 2007, 126, 014101.

Pronk, S.; Pall, S.; Schulz, R.; Larsson, P.; Bjelkmar, P.; Apostolov, R.; Shirts, M. R.;
Smith, J. C.; Kasson, P. M.; van der Spoel, D.; Hess, B.; Lindahl, E. GROMACS
4.5: a high-throughput and highly parallel open source molecular simulation toolkit.

Bioinformatics 2013, 29, 845-854.

Kramer, O. Genetic Algorithm FEssentials; Springer International Publishing: Cham,

2017; pp 11-19.

Perone, C. S. Pyevolve: A Python Open-Source Framework for Genetic Algorithms.
SIGEVOlution 2009, 4, 12-20.

Sousa da Silva, A. W.; Vranken, W. F. ACPYPE-Antechamber python parser interface.

BMC research notes 2012, 5, 1-8.

Barone, V.; Cacelli, I.; De Mitri, N.; Licari, D.; Monti, S.; Prampolini, G. J oyce and
U lysses: integrated and user-friendly tools for the parameterization of intramolecular
force fields from quantum mechanical data. Phys. Chem. Chem. Phys. 2013, 15, 3736—
3751.

Renge, I. Solvent Dependence of n- #* Absorption in Acetone. J. Phys. Chem. 2009,
118, 10678-10686.

59



(10) Catalén, J.; Cataldn, J. P. On the solvatochromism of the n-7* electronic transitions

in ketones. Phys. Chem. Chem. Phys. 2011, 13, 4072-4082.

S10



CHAPTER 6

SUMMARY AND CONCLUSIONS

In this Thesis, some applications of a computational protocol, based on the polarizable
QM/FQ model, to reproduce electronic absorption/fluoresce spectra and generally excited
state properties, have been presented.

As a sampling method, MD has been used, which has been refined so to improve the
description of the directionality of HB interactions (intermolecular) and the quality of
interatomic potentials (intramolecular).

In the first part of the Thesis, UV-Vis absorption spectra of four flavonoids, dissolved in
aqueous solution have been simulated by exploiting the fully polarizable QM/FQ
approach combined with MD simulations, which are performed by either including or
discarding off-site VSs. MD analysis has shown that both MD,,,ys and MDy g explore
the configurational space in a similar way, whereas a different description of
solute—solvent HB interactions is observed. Computed QM /FQ spectra of each flavonoid
on a set of snapshots extracted from both MD trajectories have been analyzed, in light
of solute-solvent HB interactions. In particular, the presence of a larger number of
potential HB sites, as in the case of Quercetin and Myricetin as compared to Luteolin
and Kaempferol, produces a redshift of the first electronic excitation, which has a = —
7* nature. Finally, the comparison between computed and experimental spectra shows
that MDy g provides the best agreement, especially due to a better HB description.

In the second part, the applicability of QM/FQ has been extended to different solvents of
various polarities. The novel parametrization has been tested to reproduce solvatochromic
shifts of four dyes dissolved in various solvents, and has also demonstrated a good level
of transferability for molecules with similar chemical structures. Results obtained for

all solvents have been compared with experimental shifts, as also obtained by exploiting
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other computational approaches. Remarkably, in most cases, QM /FQ results are in much
better agreement with the experimental values than other approaches, which lack the
description of polarization effects (QM/EE) or any atomistic description of the solvent
molecules (QM/PCM).

In the last part of the thesis, we have presented the first extension of QM/FQ to
fluorescence spectra. FEmission is a complex phenomenon, which requires specific
computational protocols to be accurately modelled. Our computational protocol
involves two main steps: 1) a pragmatic approach to obtain an accurate sampling of the
excited molecule-solvent phase space, followed by 2) a reliable QM/MM modeling of
emission properties, that fully takes molecule-environment interactions into
consideration. In order to achieve accurate sampling in the first step, re-parametrization
of classical FFs based on ES QM reference data has been done. State-of-the-art
quantum-mechanical simulations, describing the aqueous environment through the
QM/FQ approach, with the additional inclusion of Pauli repulsion effects, have been
employed to obtain the final spectra. The protocol has been first tested against the
reproduction of the absorption and emission solvatochromic shifts of the Acetone, then
compared with experimental data. As a result, our method not only provides an almost
perfect agreement with measured experimental data, but also with more sophisticated,
and much more computationally demanding, approaches. To further demonstrate the
applicability of the approach, four fluorescent dyes have been studied. Remarkably, the
model accurately reproduced the Stokes shift of all dyes in aqueous solution, which
further proves that a proper sampling of the GS/ES and a physically consistent
description of the main physicochemical solute-solvent interactions make the model able
to accurately reproduce a variety of experimental spectral features.

To conclude, the results of this Thesis, and the developed protocols, pave the way for
future QM /FQ studies of excited state properties and spectra of systems embedded in
generic environments, including different solutions, biological matrices, and surfaces, with

the possibility of studying multiple excited states, at a reasonably low computational cost.
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