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Abstract

A multiscale model based on the coupling of the multiconfigurational self-consistent field (MCSCF)
method and the classical atomistic polarizable Fluctuating Charges (FQ) force field is presented. The
resulting MCSCF/FQ approach is validated by exploiting the CASSCF scheme through application to
compute vertical excitation energies of formaldehyde and para-nitroaniline in aqueous solution. The
procedure is integrated with molecular dynamics simulations to capture the solute’s conformational
changes and the dynamic aspects of solvation. Comparative analysis with alternative solvent models,
gas-phase calculations, and experimental data provides insights into the model’s accuracy in reproducing

solute-solvent molecular interactions and spectral signals.
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Introduction

Multiconfiguration self-consistent field (MCSCF) techniques offer a useful and widely used alternative to sin-
gle reference quantum mechanical (QM) methods, that often fail when applied to highly correlated chemical
systems? such as carotenoids® transition metal complexes,* and especially photochemical processes.>©

In MCSCF, wavefunctions are expressed as the superposition of multiple electronic configurations;
molecular orbitals (MOs) and configuration interaction (CI) coefficients of electronic configurations are
variationally optimized, and MOs are categorized into inactive, active, and virtual spaces.”!' Molecular
states can be optimized using either a state-specific (SS) approach or a state-average (SA) scheme, in which
a weighted average of the energy of all selected states is minimized over a set of common orbitals. 24
Currently, the most widespread approach for performing MCSCF calculations consists of resorting to the
complete active space self-consistent field (CASSCF) approach, where the wavefunction expansion includes
all potential configuration state functions within a given set of active orbitals.®!' The scalability of this
method has advanced considerably, with the largest calculations performed using an active space of 22
electrons in 22 active orbitals.™> Also, its accuracy is excellent, especially after incorporating dynamic

correlation effects, for instance by using second-order perturbation theory based on a CASSCF reference

state, i.e. the CASPT2 method. All this makes the approach a gold standard for accurate ab initio calculations
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of excited-state energies, properties, and especially non-adiabatic excited state dynamics.
The MCSCF methods, when applied to molecular systems in the gas phase, are highly developed and
thoroughly validated. However, most excited-state photophysical and photochemical processes occur in the
condensed phase, which is why methods have been developed to couple an accurate MCSCF description
with (atomistic or continuum) classical or quantum embedding methods, in a multiscale fashion.?#"
Multiscale hybrid QM/Classical models constitute an efficient way to study systems in the condensed
phase. 202831533 I these approaches, the target is accurately treated at the QM level, while the environment
is described with classical physics. This allows for taking into account the effects of the environment on
the target’s properties in a computationally efficient way. The MCSCF method has been integrated with

the Polarizable Continuum Model (PCM) in an SS framework,*>% and extended to an SA formulation to

study conical intersections and photoreaction energy pathways of solvated systems.*? A bunch of polarizable



atomistic models such as Polarizable Embedding (PE), MMPol, and AMOEBA“*"*> have been coupled with
MCSCF wave functions using a variety of strategies, including SS or SA approaches, or hybrid methods in
which the solvent polarization is converged to the solute SA density and an SS correction is implemented to
refine energy values.**

In this work, we propose for the first time the coupling of an MCSCF wavefunction (within a CASSCF
formalism) and the polarizable Fluctuating Charge (FQ) force field,*® in a QM/MM fashion.*"=" FQ is a
polarizable classical force field, where polarization effects are modeled by assigning to each atom belonging
to the classical portion (i.e. to the solvent) a charge (q) thatis not fixed, like in standard classical force field, but
can vary according to the electronegativity equalization principle (EEP).” In this way, a charge flow occurs
when two atoms have different chemical potentials.“® When coupled to DFT or TD-DFT Hamiltonians, FQ
has been demonstrated to yield excellent results in the simulation of various spectral properties of aqueous
and non-aqueous solutions#-2022153

The paper is organized as follows. First, the theoretical foundations of MCSCF and FQ are recalled,
and then the MCSCF/FQ coupling is discussed. After a detailed description of the computational protocol,
the method is validated by simulating vertical excitation energies of formaldehyde and para-nitroaniline in
aqueous solution. Formaldehyde has been selected for its compact size and is used to set the computational
protocol, by examining variations in the basis set, starting orbitals, active space selection, and solvent
modeling (from continuum to atomistic methods). Para-nitroaniline is a prototypical push-pull system
with a 7-conjugated link between electron-donor and electron-acceptor groups. Its optical properties,
which are significantly influenced by solvation, make it an ideal system for showing the performance of
the newly developed method.®®~4¢ Vertical excitation energies of PNA in aqueous solution are discussed

by highlighting the role of dynamical solvent fluctuations and finally compared with experimental data.

Conclusion and future perspectives end the paper.

1 Theory

This section presents the coupling of MCSCF with the FQ polarizable force field. Initially, the main features

of MCSCF (section [I.1)) and FQ (section [[.2)) are summarized to provide a background for the description



of their coupling, which is presented in section [[.3] The integration of FQ with MCSCF is challenging,
due to the intrinsic complexity of multireference approaches. In this work, MCSCF (CASSCF formulation)
is integrated with FQ by exploiting a State-specific (SS) approach, where each solute’s state is optimized
separately and interacts with the polarizable solvent. This strategy appears reasonable for calculating
excited states’ energies and properties. However, a state-average (SA) scheme should be preferred to study
phenomena involving different excited states, such as conical intersections, photochemistry, and excited state
dynamics. *3 The extension of MCSCF/FQ to an SA formalism is not a trivial extension of the SS formulation,

therefore it will be treated in future works.

1.1 The MCSCF approach

The MCSCF wavefunction is expressed as a linear combination of Slater determinants |¢,,) built over a
common set of molecular orbitals (MOs), which in turn are expressed as a linear combination of atomic
orbitals (AOs).?” By following the notation of Roos,>” the state of interest |¥,) and the excited states | ¥ )

assume the following form:

(To) =Y Croldm)  [¥x) =Y Crurc |6m) (1)

where C,,,0 and C,,, i indicate CI coeflicients. In MCSCEF,

W,) is variationally optimized with respect to C,,0

and MOs coeflicients. To this end, the MCSCF wavefunction |¥) is conveniently expressed as follows:>’

W) = exp(T)exp(S) [0) )

A ~

where |0) is a reference state, while exp(7’) and exp(.S) are unitary transformations among MOs and states,

respectively. T and S are anti-Hermitian operators which read:

T =S Tubp 5= SxollWx) (Wl — [Wo) (W) 3)
pq

K+#0

where qu is the singlet excitation operator for generic p,q MOs , while T}, and Sk, are variational

parameters.



The energy of |W,) can thus be written as:

Encscr = (0] exp(—S)exp(—T) Hexp(T)exp(S) |0) (4)

where H indicates the Hamiltonian, which reads (in second quantization):
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hpq and g,,,s are one- and two-electron integrals in the MO basis, respectively. Equation (6]) can be re-written

as a function of D and P, i.e. the one-particle and two-particle density matrices associated with |¥g):>8

EMCSCF D P Z pq + Z qursgpqrs (6)

pqrs

By applying the Baker-Campbell-Hausdorff (BCH) expansion, the electronic MCSCF gradients and Hessians
are obtained by differentiating the energy with respect to the wavefunction parameters. The stationarity of
the energy functional is guaranteed when gradients with respect to CI coefficients (g K) ) and MOs coeflicients

(grf; ) satisfy the two following conditions:

QI(K =2 (V| H|Vg) =0 (7

9\ = (Wo|[H, E.]|W) = 2 (Wo|HE,|Wo) = 2 (Wo|H|rs) =0 (8)

where £, = E,, — E,, and |rs) = E, |¥,) are the so-called Brillouin states.> Equation (7) is equivalent to
the secular problem (H — E£1)C = 0 and eq. (8) is the Brillouin-Levy-Berthier (BLB) theorem, also known

as the Extended Brillouin Theorem.>*"¢!

The optimization of MCSCF wavefunctions is generally carried out using first-order or second-order
methods (see Refs. [1J62/ and references therein) depending on whether the MOs and CI coefficients are
optimized alternatively or simultaneously, respectively. In this work, we resort to a first-order approach
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implemented in OpenMolcas,®** in particular by adopting the Super-CI (SCI) approach®2¢¢ based on

the BLB theorem.®®!' SCI can be adopted in combination with the most common method for MCSCF



calculations, i.e., the complete active space self-consistent field (CASSCF) approach, where the wavefunction
expansion includes all potential configuration state functions within a given set of active orbitals.*"' CASSCF
is the method employed in the present study.

In SCI, the CI coeflicients are calculated by solving the secular problem (see eq. (7)) for a given set of
MOs. The improved SCI wavefunction is then set up as a superposition of |W) and all the Brillouin states

corresponding to non-redundant orbital rotations as follows:

[SCT) = [Wo) + D Ty [Wo) = [Wo) + Y Ty [pg) )

p>q p>q

Therefore, the T, coefficients are determined by solving the generalized eigenvalue equation:®
HT = E5c;ST (10)

where H,,,, = (rs|H|pq) is the Hamiltonian matrix and S is the overlap matrix in the basis of |¥)
and Brillouin states.”” Because calculating the matrix elements between the Brillouin states (rs|I:I Ipq) is

extremely expensive, alternative schemes have been proposed and amply tested in the literature. 5620

1.2 The Fluctuating Charges (FQ) force field

The FQ force field*®“” endows each atom with a charge ¢ which dynamically adapts to the external potential.
The total Lagrangian functional of the FQ model is obtained from a second-order Taylor expansion of the
energy with respect to charges.*® For a system composed of various molecules, it is generally written as

follows: ¢

EFQ - quXza +35 Z Zqza i jﬁq]ﬁ + Z )\ Zqza a] (11)

where (i, j) and (a, ) indices run over FQ atoms and molecules, respectively. ;. indicates the atomic

electronegativity, while Ti o.jp 18 the charge-charge interaction kernel. To prevent the so-called “polarization
catastrophe”,®¥ the Ohno kernel is adopted.®” Its diagonal elements 77, are expressed in terms of the

atomic chemical hardness 7);,. A set of Lagrangian multipliers )\, are introduced in eq. (11) to constrain the

total charge of each molecule to @),,. This is done to avoid artifacts arising from unphysical charge transfer



between different molecules.”™ As a result of its formulation, FQ relies on two atomic parameters, Y;, and

Nia» Which can be rigorously defined in the framework of Conceptual Density Functional Theory.™ 7>

Charge exchange between atoms is driven by the Electronegativity Equalization Principle,®! which is

satisfied by imposing the stationarity conditions of the Lagrangian functional with respect to atomic charges

and multipliers. This translates into solving the following linear system:+/45

T 1, | [a) [ -x )

1 0 A Qu

where 1, are rectangular blocks collecting Lagrangian multipliers.

1.3 The MCSCEF/FQ approach

MCSCEF and FQ force field are coupled in a QM/MM fashion. The starting point is the definition of the

energy of the total system:

Etot = EMCSCF + EFQ + Eli\;[lngCF/FQ (13)

where Eyicscr is defined in eq. (6), and Ekq in eq. (TI).
The interaction energy Ef\f[l&SCF/FQ is expressed in terms of the electrostatic interaction between the FQ

charges and the QM solute. It can be written as:*/8

Escrng = D tiaVia(D) (14)

where D is the QM one-particle density matrix, and V,(D) is the molecular QM electrostatic potential

acting on the charge ¢;,, i.e.:

nuclei

ZN FQ
Via(D) = ZN: T — R %qu%q,ia (15)

In eq. (I3), the first term is the nuclear potential, generated by the nucleus N with charge Zy located at



position Ry, whereas the second term is the electronic potential, defined as:

1

|r—rm\

FQ _
V;)q o <¢p

®q > (16)

where r;, is the position of the i-th FQ belonging to molecule a.
Within a SS approach, the MCSCF wavefunction is optimized with reference to a specific state ¢, which
interacts with the polarizable environment. Thus, the total MCSCF/FQ energy functional defined in eq. (I3)

becomes:
EY(D", P, q,\) =Fmcscr(DY, PY)

+ Z %a DZ Xza + = Z Qza ,-Tzlqjg(JjB(DZ) + Z )\a [Z Qia(De) - ch] (17)

Zajﬁ
+ 3 Gia(D)Via (DY)
where D¢ and P? represent the one-particle and two-particle density matrices of the state /. FQ charges
are obtained by minimizing the total functional in eq. with respect to FQ charges and Lagrangian
multipliers. Therefore, the linear system in eq. (I2) is modified by accounting for the QM electronic

potential as an additional polarization source, i.e.:

TY 1 q(D* —X ~V(D*
A (DY) _ N (D) (18)
1l o A Q. 0

To account for mutual solute-solvent polarization, the MCSCF Hamiltonian in eq. (5) is also perturbed by

the presence of the FQ charges as follows:

i= Z iy + [a(D)]TVE] B,y + ngqm (E B — 0, E) (19)

pq’V‘S

where ngQ is the one-electron operator defined in eq. |i In addition, gradients with respect to CI and

MOs coefficients defined in egs. and (8), respectively, are modified to account for the additional FQ



contributions, i.e.:

gt e = 95 + 20| Y [a(DO)]VERE,, ¥ y) (20)
prq

Gt rs = 910 + 20 Y [q(D)TVERE,,|rs) Q1)
pq

These gradient expressions are used during the optimization of the MCSCF wavefunction. In particular,

(c) (0)

Jtot tot,pg ENLETS the

i 18 used to obtain the CI coefficients from the secular equation (see eq. ), whereas g
SCI eigenvalue equation for the determination of the MO coefficients (see eq. (10)).

To summarize, an SS MCSCF/FQ calculation implies:

1. computing initial T and S(*) values;

2. calculating the starting density matrices D% and P%();

3. computing the starting FQ charges q» (D?) from eq. ;

4. for k = 1,2,... until convergence:
(@) S™ is computed from eq. (7) with the inclusion of FQ contributions in eq. ;
(b) T™ are calculated from eq. with the inclusion of FQ contributions in eq. ;

(¢c) FQ charges q®)(D’) are updated from eq. ;

(d) the SS MCSCF/FQ energy is finally computed by exploiting eq. (17).
The computational procedure may be generalized to SA MCSCF schemes, by taking inspiration from what
has been proposed for alternative polarizable embedding methods.***> Because such a generalization is

not straightforward, this work limits the treatment to SS CASSCF wavefunctions. Extension to alternative

MCSCEF schemes will be presented in a future communication.

2 Computational Details

The quality of the approach is investigated by computing vertical excitation energies of formaldehyde (FORM)

and para-nitroaniline (PNA) solvated in aqueous solution. A multi-step protocol, adapted from a protocol

9



that was specifically designed for modeling spectral signals of molecules in solution*® at the QM/MM level

is exploited. The protocol consists of the following steps: 4573

1. Definition of the system: The QM and MM regions are defined according to the physicochemical
features of the system.48 In this case, the solutes (FORM and PNA) are treated at the CASSCEF level,

while the polarizable FQ force field is used to represent the aqueous solvent.

2. Conformational sampling: In line with previous studies of some of the present authors,* the solute-
solvent phase-space is explored by using classical non-polarizable molecular dynamics (MD) simula-
tions to obtain a representative conformational sampling of the solvated system. This strategy has been
proven to be particularly effective when combined with QM/FQ to describe various kinds of spectral
signals.*®# Specifically, a 5 ns MD simulation of aqueous FORM (NVT) using the GROMACS pack-
age'™ is performed using the general AMBER force field (GAFF) to treat intramolecular FORM (fixed
at the equilibrium geometry) and FORM-water intermolecular interactions, while TIP3P is exploited
for water molecules [see section S1 in the Supporting Information (SI) for further details]. In the case
of PNA, two NVT MD simulations are considered: 1) the PNA geometry is kept fixed in its minimum
energy, as optimized at the CAM-B3LYP/aug-cc-pVDZ/PCM level of theory (MDgq) or ii) PNA can
move freely (MDy..). The two MDs are taken from Refs. 52/ (2.5 ns production run) and 56/ (5 ns
production run), respectively. In both cases, intra- and intermolecular interactions are described by

the GAFF force field, while TIP3P is used for water molecules.

3. Extraction of structures: A set of uncorrelated snapshots is extracted from the production phase of each
MD run. 200 snapshots of both FORM and PNA are extracted from their respective MD simulations,
with PNA snapshots derived from both MDy;eiq and MDy.. For each snapshot, a spherical droplet is
cut. The droplet is centered on the solute with a radius large enough to account for relevant solute-
solvent interactions. Specifically, the radius is 15 A for FORM and 18 A for PNA. Representative
snapshots of FORM and PNA are depicted in fig. [I}

4. OM/MM calculations: For each spherically-shaped snapshot, vertical excitation energies are calculated
at the CASSCF/FQ level using two parametrizations (FQ?, taken from Ref. 46 and FQ?, taken from

Ref. [76). To highlight the effect of solute-solvent polarization, additional calculations employing
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Figure 1: Representative snapshots of formaldehyde (a) and para-nitroaniline (b) in aqueous solution.

the non-polarizable ElectroStatic Potential Fitted (ESPF)”? approach are performed, using TIP3P

charges.”®

CASSCF computed values depend on several parameters, such as the choice of starting orbitals, the

active space, and the basis set. 5304782 [ this paper, the following procedure is exploited:

* Calculation of starting orbitals [at the HF>%/(classical) or CASSCF/(classical) level] using a small
basis set (ANO-RCC-MB).83 This procedure permits to easily determine the MOs defining in

active space;
* Selection of the MOs and definition of the active space;
* Projection of the ANO-RCC-MB basis set into the selected, larger, basis set, ;63064

* CASSCF-SS(/classical) calculations on the ground state (GS) and excited state (ES). The vertical
excitation energy is computed as the difference between CASSCF-ES and CASSCF-GS energies.
QM/MM calculations are performed on a subset of extracted snapshots to ensure that active space

and electronic transitions are consistent.

It is important to highlight that a single-state CASSCF/FQ method is employed for calculating the
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GS and ES, i.e., a separate CASSCF calculation is performed for both the GS and the ES. FQ
charges are equilibrated to the state being optimized, thus describing the polarization of the solvent
to each electronic state. Consequently, the GS and ES Hamiltonians differ because they incorporate
a different FQ contribution, resulting in non-orthogonal wave functions. This methodology has
already been proposed and assessed in the context of MCSCF/Classical models and can be effectively
applied to study low-lying excited states.***>*" However, single-state MCSCF/Classical approaches
may encounter convergence issues, such as root flipping,** and the electronic states obtained from
different Hamiltonians can lead to ill-defined transition matrix elements.®* Several alternative methods

have been proposed in the literature to address these limitations, #8>7

For analyzing solvent effects and specific solute-solvent interactions, vertical excitation energies are
also computed in the gas phase and by treating the solvent at the implicit PCM level.“® In both cases,
FORM and PNA geometries are optimized with Gaussian16,%® by using the B2PLYP double hybrid
functional combined with the maug-cc-pVTZ-d(H) basis set.”®® CASSCF/PCM calculations are
performed within the non-equilibrium regime.*® All CASSCF(/classical) calculations are performed by

exploiting a locally modified version of OpenMolcas,®*®* where CASSCF/FQ has been implemented.

5. Extraction of final spectra: For each system, the CASSCF/MM spectrum is obtained by averaging
absorption spectra of all snapshots, after convolution with a Gaussian function with a full width at half

maximum (FWHM) of 0.3 eV.

3 Results and Discussion

This section starts with a preliminary validation step, which is performed by computing vertical excitation
energies of a single structure of FORM in aqueous solution, in particular by analyzing the differences arising
from the selection of the basis set, starting orbitals, active spaces, and solvent models. Then, vertical
excitation energies of FORM and PNA in aqueous solution are discussed, by highlighting the role of solvent

dynamical fluctuations and comparing computed and experimental data.
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3.1 Model Validation

To evaluate the quality of CASSCF/FQ, the n — 7* excitation energy of FORM in aqueous solution is
selected. A single snapshot, randomly extracted from the MD trajectory, is considered. As described in
Section 2, vertical excitation energies are computed as the difference between ES and GS SS-CASSCF
calculations. Starting orbitals are determined by performing QM(/classical) calculations at the HF level, at
the CASSCEF-SS level by optimizing the GS (CASSCF-GS), and at the CASSCF-SA level by selecting the
first two states [CASSCF-SA(2)]. In the particular case of CASSCF-SA(2)/classical calculations with PCM
or FQ, the classical charges are equilibrated with the GS. Both a reduced (6,5) or the full valence (12,10)
active spaces are tested, in line with previous studies.”""*¥ Four basis sets (6-31G*, cc-pVDZ, aug-cc-pVDZ,
and aug-cc-pVTZ) are selected, which allow evaluating the effect of polarization and diffuse functions on
calculated excitation energies. Finally, various descriptions of the solvent environment (implicit PCM, non-
polarizable ESPF, FQ with two different parametrizations - FQ® and FQ") are compared. Gas-phase values
obtained at the same level (basis set, active space, and starting orbitals) are taken as a reference.

Figure 2] graphically shows computed values (raw data are reported in tables S1 to S3 in the SI). By first
focusing the attention on the effect of the selection of specific starting orbitals, it comes out that differences
are generally negligible (0.01 eV on average). The largest variations occur for CASSCF/FQ“(12,10)/aug-cc-
pVTZ calculations. In this case, vertical excitation energies of 4.64 eV (HF), and 4.70 eV [CASSCF-GS,
and CASSCF-SA(2)] are obtained. This suggests that the choice of initial orbitals is not critical for aqueous
FORM.

We now focus on how the choice of the active space affects numerical results. The (6,5) space includes
the o, 7, ¥, and o* orbitals of the carbonyl group and the n,, of the oxygen (see fig. [3). The (12,10) active
space includes all MOs except for the 1s of Carbon and Oxygen atoms. As expected, diverse excitation
energies are obtained with the two active spaces, independently of the other parameters (see fig. [2). The
largest differences (0.17 V) are reported for the FQ® parametrization combined with the 6-31G* basis set.
Generally, the larger active space (12,10) yields smaller excitation energies. This is because, in the full
valence active space, the ES is more stabilized than the GS, thus resulting in a lower excitation energy.

Substantial differences also emerge by changing the basis set. In fact, by exploiting the (6,5) active space,

13
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Figure 2: Computed FORM n — 7* vertical excitation energies employing HF (top panel), CASSCF-GS
(middle panel), and CASSCF-SA(2) (bottom panel) starting orbitals. Selected basis set, active space, and
solvation models (gas phase, PCM, ESPF, FQ®, and FQ’) are compared. The hatched and filled bars
correspond to the (6,5) and (12,10) active spaces, respectively.

a decrease in excitation energies (0.05 eV on average) is observed by moving from the 6-31G* to cc-pVDZ
basis set; values further decrease moving to the aug-cc-pVDZ basis (less than 0.01 eV on average) and to

the largest aug-cc-pVTZ basis set (0.01 eV on average, see tables S1 to S3 in the SI). When the active space
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Figure 3: HF/FQ" selected natural orbitals of aqueous FORM included in the (6,5) active space for subsequent
CASSCEF calculations. The image illustrates o, m, 7*, and o™ orbitals of the carbonyl group, and the n,
orbital of oxygen. FORM lies in the yz plane, with the carbonyl group aligned along the 2 axis.

is extended to (12,10), the above trends are maintained with the only exception of the aug-cc-pVTZ basis
set, which yields higher excitation energies than aug-cc-pVDZ (0.01 eV on average). In general, increasing
the size of the basis set stabilizes both the GS and the ES. However, depending on the basis set, such a
stabilization can be larger for the GS or the ES, thus resulting in higher or lower excitation energy values,
respectively. Note that the above comments yield for both gas-phase and solution and all tested solvation
models.

To analyze how computed values are affected by the selection of the solvent model, the n —7* transition is
considered and gas phase results are taken as a reference. The inclusion of solvent effects blueshift excitation
energies as compared to gas phase values. By focusing on solvatochromic shifts, i.e. the difference between
the absorption energy in solution (£*°'V) and gas-phase (FY%°) (see tables S1 to S3 in the SI) it comes out that
QM/PCM gives the smallest values. This is probably due to the lack of accounting for hydrogen bonding. 28
In fact, all atomistic solvent descriptions yield more pronounced solvatochromic shifts. Excitation energies
computed at the QM/ESPF level result in solvatochromic shifts that are almost twice those calculated at
the QM/PCM level. Large differences arise when the two FQ parametrizations are employed. Indeed,
QM/FQ* calculations produce systematically lower excitation energies than QM/FQ?®, resulting in a smaller
solvatochromic shift. This can be explained by the fact that FQ® has been parametrized to reproduce the
properties of bulk water,*d whereas FQ" is designed to reproduce solute-solvent electrostatic and polarization

interactions in aqueous solutions,” leading to a more pronounced solvent effect. The largest QM/FQV shift
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(0.29 eV) is obtained with the reduced active space (6,5) in combination with the aug-cc-pVDZ and aug-
cc-pVTZ basis sets and CASSCF and CASSCFE-SA(2) starting orbitals (see tables S2 and S3 in the SI).
Note that excitation energies computed at the QM/ESPF and QM/FQ?" level are very similar for the selected
snapshot, but this trend is not confirmed in the subsequent calculations (vide infra). Generally, among the
various parameters considered in the above analysis, the choice of the solvent model and its parametrization

are those that impact computed excitation energies more largely.

3.2 Formaldehyde in Aqueous Solution

In this section, CASSCF/FQ is applied to the simulation of the dark n — 7* excitation of FORM in aqueous
solution. The solute-solvent phase space is sampled by resorting to classical MD in which the solute is kept
frozen to the optimized GS geometry (see section [2)).

200 spherically-shaped snapshots are extracted from the MD simulation, then absorption energies are
computed on each snapshot at the non-polarizable CASSCF/ESPF and polarizable CASSCF/FQ* and
CASSCF/FQ’ levels. All CASSCF calculations are performed by employing the aug-cc-pVDZ basis set
and HF starting orbitals, in line with the analysis reported above for the single structure of aqueous FORM
(see section [3.1). The active spaces (6,5) and (12,10) are tested.

In fig. computed CASSCF/ESPF, CASSCF/FQ®, and CASSCF/FQ' excitation energies extracted
from the 200 snapshots are reported as "stick spectra"; both active spaces are considered. Each vertical
stick represents the excitation energy of a given snapshot with its associated oscillator strength. Absorption
energies and oscillator strengths undergo large variations as a function of the snapshot, related to the dynamic
fluctuations of water molecules surrounding the FORM molecule. Remarkably, this way of proceeding results
in a solvent-induced inhomogeneous broadening of spectral bands to be naturally taken into account; since it
results from solvent fluctuations, the spreading of excitation energies depends on the solvation model, and it
is less accentuated for ESPF and FQ® as compared to FQ®. In particular, the lowest and largest variations of
absorption energies are reported for CASSCF(12,10)/FQ“ (0.34 eV) and CASSCF(6,5)/FQ’ (0.74 eV), thus
highlighting a diverse description of solute-solvent interactions provided by the various atomistic approaches.

Before moving to comment on spectra, it is critical to ensure that the absorption signal is at convergence

with respect to the number of snapshots extracted from MD simulations and exploited to compute final
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Figure 4: Computed transitions (stick spectra) of FORM in aqueous solution employing CASSCF/ESPF,
CASSCF/FQ®, and CASSCF/FQ’ with active spaces (a) (6,5) and (b) (12,10). The spread in the excitation
energy among all snapshots (A) for each level of theory is also reported.

spectra. Averaged spectra which are obtained by using an increasing number of snapshots are shown in
fig. S2 in the SI. As a measure of the statistical significance of the averaged excitation energy, table S5 in the
SIreports average excitation energies and the 95% confidence interval. The largest error (at 95% confidence)
is reported for CASSCF/FQ’ (0.003 eV) for both active spaces.

Figure [5|shows averaged absorption spectra at each CASSCF/MM level of theory for both active spaces.
Absorption energies computed in the gas phase and using the implicit PCM approach at the same level of
theory are also shown. Corresponding excitation energies (¢) and associated solvatochromic shifts () for
each level of theory are reported in table I}

Moving from the gas phase (gray line) to the aqueous solution, the n — 7* transition is blue-shifted. The
shift varies as a function of the solvent description and the selected active space. As noted in the previous
section (see section[3.1)), by enlarging the active space from (6,5) to (12,10) the excitation energy of aqueous
FORM becomes smaller for all solvent models. This is due to a larger stabilization of the ES with respect to
the GS, as also observed in the gas phase (see bottom panel of fig.[5). In particular, the excitation energy is
reduced by 0.10 eV for CASSCF/PCM, 0.07 eV for CASSCF/ESPF, 0.04 eV for CASSCF/FQ?, and 0.07 eV
for CASSCF/FQ’ when the active space is enlarged from (6,5) to (12,10) (see table .
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Figure 5: FORM normalized averaged absorption spectra obtained from snapshots extracted from the MD
simulation. (a) (8,7) and (b) (12,10) active spaces. Computed excitation energies in gas-phase and aqueous
solution as obtained with the implicit PCM description are indicated.

Table 1: Excitation energies (¢) and vacuo-to-water solvatochromic shifts (0 = Wgas — Wsorv) Of rigid FORM
in aqueous solution as computed at CASSCF/aug-cc-pVDZ level of theory with the active spaces (6,5) and
(12,10) and different solvent models. For the sake of comparison, experimental data in the gas phase (see
Refs. [04-96] and references therein) and in aqueous solution®” are reported.

V) 5 V)
Model 65  (12,10) 65) (12,10)
Gas phase 4.57 4.51 - -
PCM 4.64 4.54 0.07  -0.03
ESPF 4.86 479 029 -0.28
FQ® 476 472 019 -0.21
FQ? 4.91 4.84 034 -0.33

Exp. (gas phase)
Exp. (water)

3.79,%43.86,22 4.00%°

4.28%

The experimental spectrum of highly-concentrated FORM (~ 10 M) in aqueous solution has been

measured by Bercovici et al,”? who have extracted a value for the excitation energy of 4.28 V. As pointed

out by several authors,””"!% the extraction of accurate excitation energy values for the n — 7* transition of
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aqueous FORM is especially difficult, due to the formation of oligomers and methylene glycol in aqueous
solution. Therefore, in the following only a qualitative comparison between computed and experimental
values is proposed. Furthermore, given the data reported in table [T the experimental solvatochromic shift
of FORM in aqueous solution is expected to be between -0.49 and -0.28 ¢V. However, the definition of the
experimental value is challenging, given the relatively small value and the large variability of experimental
data found in the literature (see Ref. 96 and references therein). Several authors®>!%*1%3 have proposed to
take as a reference the solvatochromic shift of acetone in water, which yields a solvatochromic shift of about
-0.21 eV 10410

From an inspection of table[l] the variation of the active space has a limited effect on the solvatochromic
shift. The largest variation is reported for CASSCF/PCM (0.04 eV), which is also the model yielding the
smallest solvatochromic shift. All atomistic approaches generally provide larger solvatochromic shifts, which
increase by moving from CASSCF/FQ® to CASSCF/ESPF. The largest shift is obtained for CASSCF/FQ®
[-0.34 eV and -0.33 eV for (6,5) and (12,10) respectively]. By taking the solvatochromic shift of acetone as
a reference, CASSCF/FQ® in combination with the (12,10) active space yields the best agreement for both
active spaces. Note that the solvatochromic shifts obtained with our calculations are in line with previous
calculations reported in the literature (see Ref. [106/ and references therein).

The diverse picture provided by the various solvent models can be explained by considering that, while
ESPF and FQ* force fields are parameterized for reproducing bulk liquid water, FQ? is parameterized to re-
produce electrostatic and polarization interaction energies of molecular systems in an aqueous environment.
Consequently, CASSCF/FQ? predicts a larger solvent effect, resulting in an overall overestimation of the
solvatochromic shift (error: 0.13/0.12 eV), while CASSCF/FQ? provides the best agreement with the exper-
imental value (error: 0.02/0.00 eV). However, it is worth remarking that CASSCF/FQ coupling completely
neglects solute-solvent non-electrostatic interactions. In particular, we have recently shown that solute-
solvent Pauli repulsion is particularly relevant for consistently modeling vacuo-to-water solvatochromic
shifts.”¥ Specifically, Pauli repulsion effects are expected to confine the QM density, overall decreasing the

23107 and possibly improving the agreement of CASSCF/FQ? calcu-

absolute value of solvatochromic shift,
lation with experimental data. On the contrary, the excellent agreement of CASSCF/FQ“ with the reference

value of acetone may be due to error cancellation associated with the parametrization strategy of FQ%,%° as
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noted in previous works. 20198

From the inspection of fig.[5]and table[I] it can be noticed that all simulations yield a larger value of the
transition energy as compared to the experimental value, independently of the choice of the active space and
solvent model. This can be associated with the lack of dynamic electron correlation; in fact, also the computed
gas phase transition energy overestimates the experimental value.”*®® The effect of dynamic correlation can
be estimated by exploiting the CASPT2 approach,'® in combination with the same computational protocol
described in section [2] Gas phase CASPT2 calculations in combination with the active spaces (6,5) and
(12,10) yield an excitation energy of 3.88 eV and 3.90 eV, i.e., the energy contribution due to dynamic
correlation is 0.69 eV and 0.61 eV, respectively. These values are in good agreement with experimental data
(see table|l)) and with calculated transition energies reported by Lupieri et al. of 3.82-3.89 eV (TDDFT) and
3.84-3.86 eV (CASPT2).% In the case of aqueous FORM, CASPT2/PCM computed energies with active
spaces (6,5) and (12,10) blueshift to 4.00 eV and 3.99 eV, with a dynamic correlation contribution of 0.65
eV and 0.55 eV, respectively.

As already mentioned, solvatochromic shifts of FORM are relatively small. The lack of dynamic
correlation may therefore significantly impact the final value. Moving from the gas phase to PCM, the
solvatochromic shift calculated at the CASPT2 level in combination with active spaces (6,5) and (12,10)
become -0.12 eV and -0.09 €V, respectively, which are almost double the corresponding CASSCF values

(see table[T)) even if the absolute value variation is below 0.06 eV.

3.3 Para-Nitroaniline in Aqueous Solution

In this section, CASSCF/FQ is applied to the simulation of the bright 7 — 7* excitation of PNA in aqueous
solution. The solute-solvent phase space is sampled by resorting to classical MDs, from which a set of
uncorrelated snapshots is extracted (see section [2)). First, the solute is kept frozen to the optimized GS
geometry (MDyigi4, section @) Then, PNA is allowed to freely move (MDyg,., section @[) In this
way, effects arising from the solvent dynamics around the solute are isolated from those following the
reorganization of both PNA geometry and the solvent around it.

200 spherically-shaped snapshots are extracted from MDy;giq or MDy., then absorption energies are

computed on each snapshot at the non-polarizable CASSCF/ESPF and polarizable CASSCF/FQ® and
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CASSCF/FQ’ levels. All CASSCF calculations are performed by employing the aug-cc-pVDZ basis set
and HF starting orbitals, in line with the analysis reported above for FORM (see section[3.1)). In the case of
CASSCF(12,10)/PCM calculation, the starting orbitals are obtained from CASSCF-GS(8,7)/PCM, to ensure
convergence to the same electronic states for both active spaces.

Two active spaces, i.e. (8,7) and (12,10), are tested for structures extracted from MDy;4, Whereas only
the (8,7) active space is applied to structures extracted from MDy... The (12,10) active space is selected
based on Ref. while the (8,7) is chosen to investigate how the choice of the active space affects the final
results. MOs belonging to the two active spaces and their classification are graphically reported in fig. [6} the
m — 7" transition involves orbitals 36 and 37. The (12,10) active space consists of five occupied 7 orbitals
(29, 31, 34, 35, 36), one occupied n orbital (33), and four lower-energy virtual 7* orbitals (37, 38, 39, 40).
In contrast, the (8,7) active space includes four occupied 7 orbitals (31, 34, 35, 36) and three lower-energy
virtual 7* orbitals (37, 38, 39). The 7*-type orbital 40 is excluded due to its low occupation number, as

indicated by the natural orbital analysis (see table S4 in the SI).

31) My

<

29) Ny 30) On)

——

34) Mz +NMino,) 35) Typy)+NMo,)

Figure 6: HF/FQ" selected PNA natural orbitals adopted for subsequent CASSCF calculations. The image
represents m and 7* orbitals associated with the benzene ring (bz) and the nitro group, o orbitals of the
benzene ring and CN group and n orbital of oxygen atoms of the nitro group (the labeling follows Ref. [110).
The blue box collects orbitals defining the (8,7) active space, while the red box defines the (12,10) active
space.
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3.3.1 PNA/water structures extracted from MD,;gq

(a) CASSCF(8,7)/MM (b) CASSCF(12,10)/MM
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Figure 7: Computed transitions (stick spectra) of PNA in aqueous solution (structure are taken from MDy;,iq)
employing CASSCF/ESPF, CASSCF/FQ®, and CASSCF/FQ" with active spaces (a) (8,7) and (b) (12,10).
The spread in the excitation energy among all snapshots (A) for each level of theory is also reported.

Stick spectra as computed at the CASSCF/ESPF, CASSCF/FQ?, and CASSCF/FQ? levels for both active
spaces are reported in fig. [7l Similar to aqueous FORM (see section [3.2)), the variation of both absorption
energies and oscillator strengths is linked to dynamic fluctuations of water molecules around the PNA
molecule. The spreading of excitation energies is less accentuated for ESPF and FQ® as compared with FQ®.
CASSCF(12,10)/ESPF yields the smallest variation of absorption energies (A = 0.63 eV) while the largest
variation is observed for CASSCF(12,10)/FQ" calculations (A = 1.04 eV).

The convergence analysis of convoluted spectra with respect to the number of snapshots is reported in
fig. S3 and table S6 in the SI. The largest error (at 95% confidence) is reported for CASSCF(12,10)/FQ°
(0.016 V), while CASSCF(12,10)/FQ* requires the smallest number of snapshots (57) to reach convergence
(error: 0.01 eV).

Figure 8| shows averaged absorption spectra at each CASSCF/MM level of theory for both active spaces.
Absorption energies computed in the gas phase and using the implicit PCM approach at the same level of

theory are also shown, along with the experimental profile reproduced from Ref. [111.
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Figure 8: PNA normalized averaged absorption spectra obtained from snapshots extracted from MDyjgi4.
(a) (8,7) and (b) (12,10) active spaces. Computed excitation energies in gas-phase and aqueous solution
as obtained with the implicit PCM description are indicated. Experimental spectra taken from Ref.™! are
reported for the sake of comparison.

Moving from the gas phase (gray line) to the aqueous solution, the m — 7* transition undergoes a red-shift
due to the increased polarizability of the excited state and the resulting greater stabilization induced by the
solvent.”®!2 The shift varies as a function of the solvent description and the active space. Corresponding
excitation energies (¢) and associated solvatochromic shifts (¢) for each level of theory are reported in table |ZL

It is also worth highlighting that the (12,10) active space gives smaller excitation energies than (8,7).
This is due to a larger stabilization of the ES with respect to the GS, as also observed in the gas phase (see
bottom panel of fig. [§). As a result, the excitation energy is reduced by 0.08 eV for CASSCF/PCM, 0.11
eV for CASSCF/ESPF, 0.10 eV for CASSCF/FQ¢, and 0.16 eV for CASSCF/FQ’ when the active space is
enlarged from (8,7) to (12,10) (see table [2). Consistently, absorption energies computed using the largest
active space (12,10) are remarkably shifted towards the experimental value, with CASSCF/FQ? yielding the
best reproduction of the experimental absorption band.

Solvatochromic shifts (9) are reported in table 2l By varying the active space, the largest variation of
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solvatochromic shift is reported for CASSCF/FQ® and CASSCF/PCM (0.04 eV), and QM/PCM calculations
yield the smallest solvatochromic shift for both active spaces. On the contrary, shifts computed with atomistic
approaches are larger than QM/PCM, and 6 (FQ®) < 6(ESPF) < §(FQ®) similarly to what already commented
in section The polarizable CASSCF/FQ® method gives the largest solvatochromic shift [1.26 eV and
1.30 eV for (8,7) and (12,10) respectively], almost doubling CASSCF/FQ®. CASSCF/PCM, CASSCF/ESPF,
and CASSCF/FQ“ underestimate the solvatochromic shift compared to the experimental value (1.0 eV),*
while CASSCF/FQ? overestimates it for both active spaces (see table . The solvatochromic shift computed

Table 2: Excitation energies (¢) and vacuo-to-water solvatochromic shifts (0 = wgas — Wsoly) 0f PNA in
aqueous solution (structures are extracted from MDy,4) as computed at CASSCF/aug-cc-pVDZ level of
theory with the active spaces (8,7) and (12,10) and different solvent models. Experimental data taken from
Ref. [111}are also reported.

e (eV) 0 (eV)
Model 8,7) (12,10) | (8,7) (12,10)
Gas phase 5.07 4095 - -
PCM 4.35 4.27 0.72 0.68
ESPF 4.21 4.10 0.86 0.85
FQ* 4.35 4.25 0.72 0.70
FQY 3.81 3.65 1.26 1.30
Exp. (water) 3.23 1.00

at the CASSCF/FQ? level overestimates the experimental value (error: 0.26/0.30 eV), while CASSCF/ESPF
yields the best agreement with the experimental value (error: 0.15/0.16 €V). As noted in the case of aqueous
FORM, the introduction of solute-solvent Pauli repulsion effects may improve the agreement of CASSCF/FQ”
calculation with experimental data. In parallel, the good agreement of CASSCF/ESPF with experiments
might be ascribed to a favorable error cancellation (in fact, it lacks both polarization and Pauli repulsion
effects).

From the inspection of fig.[§] it comes out clearly that all embedding methods overestimate the transition
energy as compared to experiments, independently of the choice of the active space. This is in agreement
with previous data reported in the literature and is again associated with the lack of dynamic electron
correlation.?? Similarly to the case of aqueous FORM in section dynamic correlation effects can be
estimated by performing CASPT2 calculations.’® Specifically, CASPT2(8,7) simulations in the gas phase
and in combination with PCM and ESPF solvent models yield excitation energies of 4.31 eV, 3.60 eV, and

3.40 eV, with dynamic correlation contributions of 0.76 €V, 0.75 eV, and 0.81 eV, respectively (absorption
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spectra are reported in fig. S5 in the SI). The solvatochromic shift values calculated at the CASPT2(8,7) level
in combination with PCM and ESPF solvent models are 0.71 €V and 0.91 €V, which are in good agreement
with the CASSCEF values reported in table 2] Differently from the case of aqueous FORM, solvatochromic

shifts for aqueous PNA are less sensitive to dynamic correlation effects in terms of relative magnitude.

3.3.2 PNA/water structures extracted from MDy,..

To achieve a more accurate description, the absorption spectrum of aqueous PNA is simulated by allowing
both solute and solvent molecules to freely move (MDy..). As described in Ref. 56, during the MD PNA
oscillates predominantly around its planar configuration, thus indicating that the benzene ring is substantially
rigid. The dihedral distribution functions of the three main dihedral angles, as shown in Fig. 5 of Ref. 56,
reveal that the nitro group exhibits rotational freedom, while the NH; group is confined to oscillations around
its equilibrium geometry.

As already mentioned, the (8,7) active space is exploited. This choice is guided by two practical aspects.
First, as shown in section [3.3.1] the solvatochromic shift slightly depends on the choice of the active space,
therefore we can speed up the computation by reducing the active space to the minimum required to study
the m — 7* transition. Second, given the conformational flexibility of PNA, MOs undergo significant mixing
and changes across different conformations, making the consistent selection of the (12,10) active space
challenging (see fig. S6 in the SI for an example of mixed orbitals in a random snapshot).

In fig. [0] stick and averaged spectra, average excitation energies (¢), and solvatochromic shifts (¢) for
each CASSCF(8,7)/MM level of theory are reported. Notably, PNA geometrical rearrangement significantly
impacts the variability of the absorption energy among sampled conformations, almost doubling the spreading
of excitation energy (A) as compared to MDyq (see fig. [7). To investigate the origin of CASSCF/MM
inhomogeneous broadening observed in fig. @ CASSCF/ESPF, CASSCF/FQ¢, and CASSCF/FQ" excitation
energies are analyzed as functions of the three PNA main dihedral angles (see fig. S7 in the SI). The variability
in excitation energies is quite similar across the three CASSCF/MM approaches, showing no correlation
with dihedral angles. Although the solute’s flexibility directly affects the calculated property, the different
broadening between CASSCF/ESPF, CASSCF/FQ?, and CASSCF/FQ? calculations are mainly due to the

physical description inherited in the specific MM model, as previously noted for rigid PNA, where the
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Figure 9: PNA normalized stick and absorption spectra in aqueous solution obtained with different solvent
models and by using the (8,7) active space. Structures are extracted from MDy... The intensity of each stick
is multiplied by a factor of 5 for ease of visualization. Maximum excitation energy (¢) and solvatochromic
shift (0) in eV are reported in each panel. Gas-phase values and experimental spectra™! are shown in the
lowest panel.

flexibility of the solute is not taken into account.

The convergence of spectra as increasing the number of snapshots is analyzed in fig. S4 and table S7 in the
SI. Although the convergence is slower compared to MDy;,iq, the number of selected snapshots is sufficient
to converge the final excitation energy with a maximum error of 0.077 eV in the case of CASSCF/FQ’
calculations.

Similar to MDyig4, final absorption profiles are obtained by convoluting each stick spectrum with a
Gaussian lineshape with a FWHM of 0.3 eV; the results are reported in fig. [0} Clearly, the broadening of
absorption peaks increases, as it was previously observed for the stick distributions. The relative positions

of FQ?, FQ®, and ESPF absorption maxima are consistent with MDy;.i4 (see fig. 8). Furthermore, excitation
|y g g
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energies in fig. 0] exhibit only a slight blueshift with respect to table 2: 0.09 eV for ESPF, 0.06 eV for FQ*
and 0.08 eV for FQ°.

Given the small increment in excitation energies, solvatochromic shifts are reduced with respect to
MDyjgig, as it is shown by comparing fig. [0] and table 2] As a consequence, solvatochromic shifts obtained
using CASSCF/ESPF and CASSCF/FQ* are strongly underestimated, whereas CASSCF(8,7)/FQ" is in the
best agreement with the experimental value, yielding a value of 1.18 eV. As discussed in the previous
sections, the inclusion of non-electrostatic interactions and dynamic correlation may bring the CASSCF/FQ?

solvatochromic shift closer to the experimental value.

4 Summary and future perspectives

A fully atomistic multiscale model based on the coupling between an MCSCF Hamiltonian and the polarizable
FQ force field has been developed within a state-specific approach. Fluctuations in calculated values, arising
from the structural rearrangement of solute and solvent, have been recovered by averaging computed values
on hundreds of structures generated from a conformational sampling performed by running MD simulations
(by either keeping the solute frozen or allowing it to freely move). The computational protocol has required
meticulous attention to ensure the consistency of the active space across the set, and also a careful inspection
of the consistency of the modeled transition.

The approach and the associated computational protocol have been validated by computing the n — 7*
transition of aqueous formaldehyde and the m — 7* transition of aqueous para-nitroaniline. As expected,
computed excitation energies and vacuo-to-solvent solvatochromic shifts vary with different choices of
active space. However, even larger modifications are observed as a function of the selected solvation model
(continuum vs explicit, non-polarizable, or polarizable ). In the case of PNA, a good agreement between
computed and experimental solvatochromic shifts is obtained by using the CASSCF(8,7)/FQ’ method and
allowing the solute and solvent to rearrange during the MD run employed for the conformational sampling.

The reported method has some limitations, which will be overcome in future works. First, dynamic
correlation can be recovered, for instance by extending the approach to the second-order perturbation theory

with a CASSCEF reference wavefunction, as in the CASPT2 model.1®
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Additionally, the state-specific approach that has been exploited here may result unphysical when dealing
with multiple states simultaneously, e.g. when the model is coupled to methods to describe conical intersec-
tions and more generally non-adiabatic dynamics. In these cases, a state-average formulation appears more
physically consistent.*?

From the purely numerical point of view, the accuracy of the method could be further enhanced by
developing on-purpose FQ parametrizations based on CASSCF reference data. In fact, FQ® and FQ’
parametrization, which have been tested in the numerical segment of this study, have been developed and
tested for the calculation of spectral properties at DFT level.

Moreover, similarly to any other classical electrostatic force field, FQ lacks the description of non-
electrostatic interactions, which could play a significant role, especially in combination with very accurate
wavefunctions. A possible way to account for such interactions would be to extend to MCSCF approaches
the method that has been developed recently by some of the present authors,"!? and which formulates Pauli
repulsion and dispersion in terms of the QM density. As an alternative, an intermediate layer between
the CASSCF and FQ regions could be exploited, thus recovering a fully quantum interaction between
the CASSCEF region and the first solvation shells, and resorting to FQ to describe long-range electrostatic

interactions, in line of previous works of some of us. 1Y%
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