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ABSTRACT

Polarizable quantum mechanics/molecular mechanics (QM/MM) approaches based on fluctuating charges and dipoles [QM/FQ(Fu)] are
formulated within the state-specific vertical excitation model (VEM) to compute vertical excitation energies of solvated systems. This method-
ology overcomes the limitations of the widely used linear response (LR) approach. While LR can capture the dynamic response of the solvent
to the QM transition density, it neglects the solvent reorganization that follows solute relaxation upon electronic excitation. In contrast, the
VEM framework explicitly accounts for this effect. Benchmark calculations of vertical excitation energies using QM/FQ(Fu) are reported
for a representative set of solutes—acrolein, acetone, caffeine, p-nitroaniline, coumarin 153, doxorubicin, and betaine-30—comparing VEM
with LR, corrected LR (cLR), and cLR? schemes. The results reveal notable variations in solvent response, depending on the character of the
electronic transition, and demonstrate that optimal accuracy can be achieved by selecting the most appropriate model for each specific system
and excitation.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0310192

I. INTRODUCTION in the evaluation of response properties.”'' "> Focusing on elec-
trostatic interactions, the most common representation of the MM
region assigns fixed atomic charges, defining the so-called elec-
trostatic embedding (EE) model.” In this scheme, the MM layer
polarizes the electronic density of the QM region, but the reciprocal
effect is absent. However, a more physically accurate description of

solute-solvent interactions requires accounting for mutual polariza-

Computational chemistry has long relied on embedding
models to study molecular systems interacting with an exter-
nal environment.'* Among these, quantum mechanics/molecular
mechanics (QM/MM) methods have rapidly become the state-of-
the-art for describing strongly interacting complex systems, owing
to their ability to account for interactions between a system and

26:2€:80 920Z Aenuer 67

its surroundings at an atomistic level.”**""'* For solvated systems,
the most widely employed QM/MM strategy treats the solute at the
QM level while representing the solvent molecules through classi-
cal MM force fields. The quality of QM/MM results for a given QM
level is thus strongly dependent on the accuracy of the methodology
used to describe the interactions between the two subsystems. Typi-
cally, only electrostatic contributions are explicitly considered, while
non-electrostatic effects are represented through empirical func-
tions, such as Lennard-Jones potentials, and are, therefore, neglected

tion. To this end, several polarizable embedding frameworks have
been proposed, which differ in how electrostatic and polarization
effects are treated, thereby influencing both the solute electronic
structure and its response to external perturbations.'”'**” In polar-
izable QM/MM models, the MM polarization quantities—typically
charges and/or dipoles—respond self-consistently to the QM den-
sity and vice versa, establishing a two-way interaction. This
mutual coupling significantly improves the accuracy in describ-
ing complex embedded systems and is particularly effective for the
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computation of spectroscopic properties, espec1ally when combined
with extensive configurational sampling,'>'" "

Polarizable QM/MM approaches are of paramount importance
for accurately modeling electronic absorption spectra in complex
environments, such as solutions or biological systems.”'' " By treat-
ing the chromophore at the quantum mechanical level and repre-
senting the surrounding environment with a classical yet polarizable
model, these methods provide an optimal balance between accuracy
and computational efficiency.”'' """ They enable the explicit inclu-
sion of polarization effects, specific solute-solvent interactions, and
dynamic fluctuations, all of which strongly influence spectral fea-
tures. In particular, accounting for mutual polarization is crucial
to quantitatively reproduce solvatochromic shifts and spectral line
shapes.”''""” Among the different polarizable embedding schemes,
models based on fluctuating charges and dipoles [QM/FQ(F,LI)]:U‘JI
have emerged as a particularly effective strategy, as they allow a con-
sistent treatment of mutual solute-solvent polarization within both
ground- and excited-state calculations.

An important aspect when using embedding approaches to
model absorption and emission spectra is achieving a physically con-
sistent description of how the environment affects excitation and
de-excitation processes. In the gas phase, excitation and emission
energies can be computed using either linear response (LR)*° or
state-specific (SS) approaches, which are equivalent in the limit of
the exact solution of the corresponding equations.”” *’ In polariz-
able QM/MM approaches, however, the presence of an additional
non-linear term in the QM Hamiltonian (the so-called reaction field)
introduces a crucial distinction between the two methods, as they
describe fundamentally different solvent responses following elec-

tronic excitation.””’ In particular, LR models the response of the
ground-state (GS) solution to time-dependent electric fields and the
absorption spectrum is obtained in a single step by evaluating the
poles of the appropriate response function.”® LR is the most widely
employed method for simulating vertical excitation energies in the
condensed phase, as it provides an excellent balance between com-
putational cost and accuracy.'"'>*"** ! Within this framework, the
solvent is polarized by the QM transition density, producing an in-
phase reaction field that acts back on the transition density. This
dynamic solvent polarization can be viewed either as contributing
to a dispersion-like term or as an excitonic-type coupling with the
surrounding solvent molecules, arising from the interplay between
the solute’s transmon density and the dynamic response of the reac-
tion field.”*””""*> Numerous polarizable QM/MM approaches have
been extended to the LR formalism within time-dependent den-
sity functional theory (TDDFT).">'”'*?*%"*" This formulation has
proven highly effective in capturing environmental effects for exci-
tations involving bright states with large transition dipole moments.
However, it fails to describe the solvent relaxation that accompa-
nies substantial changes in the QM density during excitation, such
as those occurring in charge-transfer (CT) transitions.' "

A natural way to overcome the intrinsic limitations of LR
is to adopt an SS framework; various SS methods within the
TDDFT formalism have been developed for different embed-
ding approaches.'>”******> Among these, the corrected LR model
(cLR), originally formulated for the implicit polarizable contin-
uum model (PCM) and later extended to fully atomistic QM/MM
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methods,' " introduces a first-order perturbative SS correction
into the LR scheme. In particular, the cLR model partially accounts
for the SS response of the solvent to a given excited-state (ES)
solute density. While computationally efficient, cLR captures only
a fraction of the SS effects when the excitation induces substan-
tial changes in the QM electron density. An alternative is the
so-called cLR? scheme,** which combines LR and first-order SS cor-
rections at the same computational cost as cLR, thus including both
dynamic (dispersion, LR) and static (SS, cLR) components of the
solvent response. More recently, the implicit PCM has been for-
mulated within the self-consistent vertical excitation model (VEM),
providing a complete and robust framework for incorporating SS
effects.””"""* In VEM, the solvent response is driven by the density
difference between the GS and the ES of interest, either unrelaxed
(T) or relaxed (P*), thus leading to the VEM(T) and VEM(P*) for-
mulations.”” The adoption of an SS solvation scheme is essential for
accurately capturing solvent reorganization following solute relax-
ation after electronic excitation. As a result, SS models are expected
to provide a more physically faithful description of the process
compared to LR.”7""***> Another key advantage of VEM is the
availability of analytic gradient formulations based on a Lagrangian
approach,’"** which enables excited-state molecular dynamics and
geometry optimization that remain challenging for other SS mod-
els such as cLR, where gradient calculations are cumbersome and
computationally demanding.

In this work, the VEM is introduced for the first time within
polarizable QM/MM approaches and, in particular, extended to
the QM/Fluctuating Charges (FQ)”"”" and QM/Fluctuating Charges
and Fluctuating Dipoles (FQFu)’' models, which have previously
been formulated within the LR, cLR, and cLR? frameworks.”****°
The performance of LR, cLR, cLR?, and VEM is assessed by calculat-
ing QM/FQ(Fu) vertical excitation energies for molecules exhibiting
different types of electronic transitions. Solvation dynamics and
accurate sampling of the solute-solvent configurational space are
ensured by coupling QM/FQ(Fu) with molecular dynamics (MD)
simulations, following protocols established in previous studies.”"’

This paper is organized as follows: Section II provides a brief
overview of the QM/FQ(Fu) models and highlights the main fea-
tures of the LR, cLR, cLR?, and VEM approaches, with VEM then
formulated explicitly for QM/FQ(Fu). This is followed by a concise
description of the computational protocol and calculation details.
The various SS approaches are subsequently applied and the results
are compared with both gas-phase calculations and available exper-
imental data. This paper concludes with a discussion of the main
findings and perspectives for future work.

Il. THEORY

A. QM/FQ and QM/FQFu polarizable
embedding approaches

In the FQ”**** and FQFu’! force fields, each MM atom is
assigned either a charge g (in the case of FQ) or both a charge g
and a dipole g (in the case of FQFu), which adjust according to the
external potential. For a system composed of various molecules, the
FQFyu energy functional is expressed as follows:™*’
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1 7 29 1
(69

where the first two terms represent the FQ energy, which is recov-
ered by removing the contributions associated with the dipoles p.
(i,j) and (a, B) indices run over FQ atoms and molecules, respec-

tively. Tla]ﬁ’ T P and thjﬁ are the charge—charge, charge-dipole,

and dipole-dipole interaction kernels.”"””' To avoid the so-called
“polarization catastrophe,”® the FQ force field employs the Ohno
kernel,””** whereas the FQFu model adopts the Gaussian kernel
X, is the atomic electronegativity. The diagonal elements Tf,fm
defined according to the atomic chemical hardness #,,, while in
the FQFu model, T}!,, are associated with the atomic polarizabil-
ity aia. Consequently, the atomic parameters for the FQ and FQFu
models include the electronegativity y, , the chemical hardness 7,
and, specifically for the FQFy, the atomic polarizability aiq. To pre-
vent unphysical charge transfer between FQ(Fu) molecules,” a set of
Lagrangian multipliers A, constrains each molecule to retain a total
charge Q..

The equilibrium charges—and dipoles for FQFu—are obtained
by satisfying the electronegativity equalization principle (EEP),”
which corresponds to minimizing the energy functional in Eq. (1)
with respect to charges, dipoles, and Lagrangian multipliers, leading
to the following linear system:**’

T4 1, [T q “x
00 J(x)=(Qu] )
T (| THH M 0

where 1, denotes rectangular blocks containing the Lagrangian
multipliers and the overbars are used to separate FQ contributions
from the additional terms of FQFu.

FQ(Fu) can be coupled to a QM description of a subsys-
tem (e.g., the solute in a solution) in a QM/MM framework. The
total en<)erg);y1 can, therefore, be written as the sum of three different
terms, %202

E= EQM + EFQ(Fy) + EglltA/FQ(Fy)’ (3)

where Eqm depends on the selected level of theory, Epq(py) comes
from Eq. (1), and EQM /EQ(Fu) 18 the interaction term.

The QM/FQ(Fu) interaction energy is given by’
Ei&tvl/FQ(Fy) = Z iV (pam) (ri) — Z #E(pau) (ri), )

where V(pg,),)(ri) and E(p,,),)(ri) are the electric potential and
field, respectively, generated by the QM density p,,, calculated on
the MM atom at position r;. To account for the influence of the
FQ(Fp) layer on the electronic density, the Hamiltonian of the sys-
tem is modified by the operator H, QM/EQ(Fu)> Which can be written
as

A qi ri—r
A = -y , (5)
QM/FQ(Fyu) 21: e — 1] 21: u; v r|3
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where the first term represents the potential generated at position
r by the induced charges g, associated with each MM atom. Analo-
gously, the second term describes the electric field generated by the
fluctuating dipoles p; at position r.

Considering the entire expression given by Eq. (3), the multi-
poles can be obtained by imposing the global functional to be sta-
tionary with respect to charges, Lagrangian multipliers, and dipoles.

The resulting linear system can be expressed as follows:”"'

T4 ll T q —x 7V(pQM>
(st ) () -(5) - (i)
T | THM m 0 E(pom)

which differs from Eq. (2) by the inclusion of the potential V(p )
and the field E(py,,) generated by the QM system at the MM
positions on the right-hand side. Since the electronic QM density
is affected by the presence of the surrounding environment [see
Eq. (5)] and the fluctuating charges and dipoles are in turn affected
by the QM density [see Eq. (6)], a mutually polarized system is
realized.

B. QM/FQ and QM/FQFu in the LR,
cLR, and cLR? regimes

In the LR-TDDFT,”"***"" QM/FQ and QM/FQFu vertical
excitation energies wi: and densities X, Yk are obtained by solving
the following modified Casida equations:”*"***'

A B\(Xc\ k(1 0)(Xk )
B A M\ve) "% \o i)\vi)

where A and B are modified by explicit solvent contributions, Ciajbs

formulated as follows:”"**°

Agipj = (€a — &) 0ap0ij + (ai|vj(1) + vxcl)|b]) + C‘zlalh] (8)
By = (az|v(1) + chl)|b]) + Cﬁfé} 9)
where (i,j,...) denote occupied and (a,b,...) denote virtual

molecular orbitals (MOs), and v(l) and v(l) are the Coulomb

and exchange-correlation potentlals, respectively. € indicates MO
energies, while the last term in both equations, Caibj> reads®®

Caipj = (/ Ga(r )

"2 (fR $a(r) |(:__rr|3 ¢’"(r)df) - (909, (10)

o <r)dr) o (0 )

where q" and u" are the perturbed fluctuating charges and dipoles
derived from the transition density Pk = Xk + Yx.*® Perturbed
charges q" and perturbed dipoles u' are calculated, for each cou-
ple of transition vectors Xk, Yk, by solving the following system of

equations:*
T:q 1, | TO# q’ -V(P})
1 oo A= o | (11)
T | THK ! E(P})
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where V(Pg) and E(Py) are the electric potential and field, respec-
tively, due to the transition density Pf. In this scheme, the solvent
responds to the transition density, producing a dynamic reaction
field that acts back on the system.

In the cLR approach,” the ES relaxed density matrix of a
specific state is calculated, and the excitation energy is refined to
account for interactions with induced charges and dipoles, derived
from the relaxed density matrix. In practice, cLR requires two
different TDDFT calculations.”””” In the first cycle, the explicit
QM/FQ(Fu) contributions to the Casida equation [see Egs. (8) and
(9)] are set to zero. Therefore, the ES reaction field is approximated
as the GS reaction field (GSRF) and the solvent affects only the GS
density/orbitals. The resulting energy is denoted as w% Of WGSRE.
The second TDDFT cycle consists of the standard QM/FQ(Fu) LR-
TDDFT calculation, performed by including the explicit FQ(Fyu)
terms of Eqs. (8) and (9). Then, the relaxed density matrix Pﬁ is
computed using the Z-vector approach, i.e.,””

Pﬁ =Tk + Zg, (12)

where T is the unrelaxed density matrix and the Z-vector term Zg
accounts for orbital relaxation. The vertical excitation energy from
the GS to the Kth excited state reads™

c 1
wKL,ll;Q(Fy) = w(,)< + EZ qi(Pﬁ)V(ri,Pﬁ)
1
- EZ u,(PR)E(r;, PR). (13)

Charges q(P%) and, in the case of QM/FQFy, dipoles u(P%) are
obtained through Eq. (11), where the potential and field are com-
puted bzf replacing P§ with P&. To capture both LR and SS effects,
the cLR” computational protocol described in Ref. 43 can be applied.
The cLR? vertical excitation energy is given by*’

AR 1
wK]:IIfQ(Fy) = CUIL<R + EZ qi(Pé)V(ri,Pﬁ)
1
- EZ u,(PR)E(r;, PR). (14)

This expression differs from Eq. (13) in the first term, where ka
replaces w¥. Consequently, the total excitation energy obtained with
the cLR* method includes both the LR and cLR (SS) contributions,
which are combined additively.*’

C. Vertical excitation model formulation of QM/FQ
and QM/FQFu

This section formulates the self-consistent SS VEM for
QM/MM models and specifies it for QM/FQ and QM/FQFyu force
fields. Unlike the approaches discussed in Sec. I, the solvent reaction
field in VEM adapts to the change in the QM electronic density upon
excitation. The procedure is iterative. In the initial cycle, a TDDFT
calculation is performed without explicit FQ(Fu) contributions in
Egs. (8) and (9), thereby using the GSRF approximation to obtain
wo, or equivalently wgsgr, excitation energy (as the first cycle of cLR).
Then, the relaxed density matrix of the Kth ES, Pg, is calculated
using the aforementioned Z-vector approach,”” as shown in Eq. (12).

ARTICLE pubs.aip.org/aipl/jcp

At the end of the first cycle, the so-called corrected GSRF (cGSRF)
vertical excitation energy to the Kth excited state is obtained,

) 1
wicra(r) = @k + 52 4i(Px)V(r; PR)
1
= 52 #(PROE(ri, Py). (15)

Charges q(P%) and dipoles u(P%) are computed according to
Eq. (11), where the potential and field are evaluated by replacing P%
with P{. Equation (15) is similar to Eq. (13). Still, the two approaches
differ: cLR includes a second TDDFT cycle to account for solvent LR
terms affecting the relaxed density matrix, whereas the first iteration
of VEM omits these contributions.

In the subsequent iterations of the VEM procedure, a TDDFT
matrix with SS contributions is used. The TDDFT matrices A and B
at the kth iteration are defined as

Aiagy = (0 — &)000 + (ailv(") + v |bj) + 8(ala®® |b)
- dapfila® ™), (16)

Bigjp = (ailv" + v jb) + 8(ala0® |b) - 8y, (a0 P ), (17)

where occupied (4, , . . .) and virtual (a, b, . ..) MOs are represented
in the standard notation. MO energies are denoted by &. A®® is
given by

® _ v 6(PK) p (PR (r — 1)
ac() Z,: v —rif Z e-nf ()
The solvent contributions that enter the TDDFT equations depend
on the charges q (P%) and dipoles u (P ), which are derived from
the relaxed density (P%) rather than the transition density (P%),
thereby including only the SS effect. The VEM excitation energy to
the Kth excited state at the kth iteration (k > 1) is expressed as

VEM (k) _  VEM(xk) 1 A A
Oy r(k) = PREQ(ER) ~ EZ qi(xi, P ) V(r;, Px)
1
+ 22 i (PROE(r, Py), (19)
VEM(#k)

where the first term @, (k) 1 the eigenvalue of the TDDFT matrix

calculated using Egs. (16) and (17). The procedure continues until
convergence of the vertical excitation energy is achieved.

The formulation presented here is referred to as VEM(f,
PY), although several variants of VEM exist.”” For instance, if
only the diagonal solvent terms of the A and B matrices in
Egs. (16) and (17) are retained—instead of including the full
SS solvent contributions—the resulting scheme corresponds to
VEM(d, P*). The rationale for considering only diagonal solvent
contributions is to avoid unphysical couplings introduced by the
“full” SS reaction-field operator, which can induce artificial mixing
between ground and excited states through additional couplings in
the occupied-occupied, virtual-virtual, and occupied-virtual sub-
spaces.” Alternatively, calculating the SS terms in Egs. (16) and
(17) with the unrelaxed density matrix T leads to the VEM(f, T)
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formulation. The unrelaxed density matrix T, based solely on single-
excitation amplitudes, does not include orbital relaxation effects, in
contrast to the relaxed one. For this reason, although computation-
ally more demanding, the relaxed density matrix is generally pre-
ferred for computing excited-state properties. In the present work,
the implemented and employed version corresponds to VEM(d, P*).

I1l. COMPUTATIONAL DETAILS

To showcase the performance of QM/FQ and QM/FQFy under
different regimes (GSRF, LR, cLR, cLR?, and VEM), a multi-step
protocol is exploited. The protocol is adapted from our previous
studies and aims to model the electronic properties of solutions.”"’
It involves the following steps:

1. Definition of the system: We study acrolein (ACRO), ace-
tone (ACE), caffeine (CAFF), p-nitroaniline (PNA), coumarin
153 (C153), doxorubicin (DOXO), and betaine-30 (BET) (see
Fig. 1) in aqueous solution. These molecules define the QM
layer, whereas the aqueous solvent is described as the MM
level, employing the FQ(Fy) force fields.

2. Conformational —and  configurational — sampling:  The
solute-solvent phase-space of each system is explored
by performing classical MD simulations in the nanosecond
time scale. MD simulations of ACRO, BET, CAFF, DOXO,
and ACE in aqueous solution are taken from previous studies
of some of the present authors.””* " A 10 ns MD simulation
of aqueous C153 (NVT) using the GROMACS package™® is
performed using the general AMBER force field (GAFF)* to
treat intramolecular C153 and Cl153-water intermolecular
interactions, while TIP3P% is exploited for modeling water
molecules (see Sec. S1 in the supplementary material for
further details).

3. Extraction of structures: From the production phase of each
MD simulation, 200 uncorrelated snapshots are extracted in
the form of spherical droplets. Solute-centered spheres are
defined with radii between 15 and 25 A, adjusted according to
the solute molecule’s size."*”* " Spheres with radius of 20 A

are used for C153.
V% c “xalv H% ;{
) v [ 44 hd 3
ACRO ACE CAFF PNA

¢

C153 DOXO BET

FIG. 1. Molecular structures of the target molecules in aqueous solution: acrolein
(ACRO), acetone (ACE), caffeine (CAFF), p-nitroaniline (PNA), coumarin 153
(C153), doxorubicin (DOXO), and betaine-30 (BET).
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4. QM/FQ and QM/FQFu calculations: QM/FQ(Fu) vertical
excitation energies are computed for each spherical snapshot
using TDDFT at the CAMY-B3LYP/TZP level to model the
QM layer.”""* The MM layer is described with the FQ or FQFu
force fields, exploring different solvent regimes, namely, the
GSRF, LR, cLR, cLR?, and VEM. Two different FQ parameter-
izations are used (FQ®: see Ref. 23, FQb: see Ref. 63), while
FQFu parameters are taken from Ref. 21. For VEM calcu-
lations, VEM(d,PA) is implemented and used. All QM/MM
calculations are performed by employing a locally modified
version of the SCM-AMS program package.”" """’

5. Analysis and refinement: For each system, the final QM/FQ“?)
and QM/FQFu excitation energies are obtained by averaging
the values computed for the 200 snapshots.

IV. RESULTS AND DISCUSSION

In this section, vertical excitation energies of ACRO, ACE,
CAFF, DOXO, BET, PNA, and C153 (see Fig. 1) in aqueous solution
are discussed. Such molecules exhibit different types of electronic
transitions. ACRO and ACE are selected as representative systems
for n — n* transitions due to their pronounced solvatochromic
shifts and extensive previous studies.””** °* CAFF and DOXO are
chosen for m — n* transitions, whereas BET, PNA, and C153 are
selected to assess the performance of the methods in describing CT
transitions. Most of these molecules have been previously investi-
gated under both LR and SS solvent regimes, providing a solid basis
for Comparison.] 3,36,39,46,69-72

Computed values are obtained by coupling QM/FQFu with dif-
ferent solvent regimes, namely, GSRF, LR, cLR, cLR?, and VEM. The
corresponding QM/FQ values, as obtained by employing two differ-
ent parameterizations,””” are given in Sec. $4 in the supplementary
material. For each molecule, 200 snapshots extracted from MD
trajectories are considered, each yielding different signals. These
variations reflect the flexibility of the solute and the differing solvent
distributions around it, reproducing the solvent-induced band inho-
mogeneous broadening. In addition, 200 snapshots are sufficient to
achieve convergence, as shown in Table S1 in the supplementary
material.

A. Analysis of electronic transitions

Before focusing on excitation energy values, the nature of the
involved electronic transitions is analyzed, and GS, ES, and tran-
sition dipole moments are discussed to highlight the potential CT
character of these transitions.

For ACRO and ACE, the HOMO-LUMO transition corre-
sponds to an n — ¥ excitation. As shown in Fig. 2, for ACRO, the
HOMO is localized on the nonbonding oxygen orbital (no), while
the LUMO spans the antibonding 7" orbitals of the carbonyl group
(né-0) and the C=C double bond (7_¢). Similarly, in the case
of ACE, the HOMO is primarily composed of no and the LUMO
includes the antibonding 7¢—. According to QM/FQu data reported
in Table I, the dipole moment (computed by using the relaxed den-
sity) decreases moving from the GS to the ES, as electrons move from
peripheral nonbonding orbitals to central antibonding 7* orbitals.
In particular, ACE exhibits a moderate decrease in dipole moment
(5.60 D to 4.1 D, 26%), while ACRO undergoes a more significant
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TABLE 1. QM/FQFu ground state (ugg), excited state (ugg), and transition (u7)
dipole moments (Debye). u.g are calculated using the relaxed density matrix obtained
via the LR approach. All values represent averages over 200 snapshots.

Molecules Ugs (D) fipg (D) u" (D)
ACRO 59 3.1 0.2
ACE 5.6 4.1 0.1
CAFF 6.2 5.7 3.6
DOXO 220.1 220.1 59
BET 30.2 14.5 3.0
PNA 12.3 19.1 54
C153 14.3 22.7 59

reduction (5.9 D to 3.1 D, 47%). These results reflect an intramolec-
ular CT from the no orbital to the antibonding 7™ orbitals. In ACE,
this CT remains confined to the carbonyl group, while in ACRO,
it extends to the 7* orbital of the C=C double bond. Furthermore,
these n — 7™ transitions are dark, as shown by their near-zero tran-
sition dipole moments (u”) reported in Table 1. These results for
ACRO and ACE are consistent with those of previous studies in the
literature 35466697374

Next, we examine CAFF and DOXO, both characterized by a
HOMO-LUMO 7 — " transition. In CAFF, the HOMO (see Fig. 2)
is primarily localized on the 7¢c-c orbital of the shared carbon atoms
between the rings, with a minor contribution from the nitrogen and
oxygen lone pairs (nx, o). The LUMO is dominated by 7" anti-
bonding orbitals spread across the rings and carbonyl groups.”’””°
For DOXO, the HOMO-LUMO transition occurs within the anthra-
cycline chromophore (see Fig. 2), consistent with previous studies
in the literature.” QM/FQFy calculations reported in Table I show
minimal changes in the dipole moment upon going from the GS to
the ES, with CAFF decreasing from 6.2 D to 5.7 D, while DOXO
remains constant at 220.1 D. These findings are consistent with
previous studies,””’' which report small DCT values”” of ~1.8 A
for both molecules, which confirm the limited CT nature of these
transitions. The bright 7 — n* transitions in CAFF and DOXO
are associated with large transition dipole moments ("), reaching
3.6 D for CAFF and 5.9 D for DOXO.

BET, PNA, and C153 are characterized by CT transitions of
n— 7" or m — " nature. In BET, as shown in Fig. 2, the HOMO
is localized on the phenolate moiety, while the LUMO is located on
the pyrimidine fragment, resulting in intramolecular CT between
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FIG. 2. HOMO (red and blue) and LUMO
(yellow and green) orbitals involved
in the studied electronic transitions
of acrolein (ACRO), acetone (ACE),
caffeine (CAFF), doxorubicin (DOXO),
betaine-30  (BET), para-nitroaniline
(PNA), and coumarin 153 (C153).

the two regions upon excitation, substantially reducing the zwitte-
rionic nature of the GS.'>*° According to Table I, BET shows the
most significant dipole moment reduction, from 30.2 D in the GS
to 14.5 D in the ES (52% drop). For PNA, the HOMO is mainly
composed of the nitrogen lone-pair (ny) of the amino group, com-
bined with the 7 orbitals of the benzene ring and the nitro group
(see Fig. 2). The LUMO, in contrast, predominantly consists of 7*
orbitals on the benzene ring and the nitro group. This intramolecu-
lar CT shifts the electron density from the donor amino group to the
acceptor nitro group, increasing the dipole moment from 12.3 D in
the GS to 19.1 D in the ES (+55%). In C153, the HOMO is delocal-
ized across the entire molecule, with significant contributions from
the “central” benzene ring and the nitrogen atom, as depicted in
Fig. 2. The LUMO, on the other hand, is primarily localized on
the “quinone-like” terminal ring, with a strong contribution from
the carbonyl group.”® As a result, the dipole moment increases even
more substantially than in PNA, from 14.3 D in the GS t0 22.7 D in
the ES (58% increase). All three systems show bright CT transitions,
as evidenced by their large transition dipole moments u’: 3.0 D for
BET, 5.4 D for PNA, and 5.9 D for C153.

All transitions discussed above, and corresponding dipole
moments, are obtained using the LR approach. In Table S4 in the
supplementary material, values calculated with the relaxed density
matrix obtained by using the VEM approach are reported. Overall,
the differences between LR, cLR, and VEM are minimal, aligning
with the observations and trends previously discussed.

The role of including dipoles as polarization variables in the
polarizable classical portion can be evaluated by comparing the pre-
vious results with the corresponding values computed with QM/FQ,
employing two parameterizations sets, namely, FQ"** and FQ"* (see
Tables S2, $3, S5, and S6 in the supplementary material). In general,
QM/FQ calculations yield dipole moments that are slightly lower
than the corresponding QM/FQFu values, with only a few excep-
tions. Notably, the choice of solvent model and response regime has
anegligible impact on the computed dipole moments, and the nature
of the transition remains consistent across all approaches.

B. Excitation energies and solvatochromic shifts

Moving to QM/FQFu vertical excitation energies, for ACRO
and ACE, characterized by a, n — ™ transition, wgsgr and wir are
remarkably similar, as illustrated in Fig. 3. In particular, QM/FQFu
values for wgsrr and wir are 4.23 and 4.22 eV for ACRO and
4.89 and 4.88 eV for ACE, respectively, demonstrating an effect
resulting from the LR regime of maximum —0.01 eV. This small
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FIG. 3. QW/FQFy vertical excitation energies of (a) ACRO and (b) ACE, aver-
aged over 200 snapshots. Data refer to the HOMO-LUMO n — =* transition,
under different solvent regimes (GSRF, LR, cLR, cLR?, and VEM). The dashed
line indicates the correction to the GSRF vertical excitation energy.

deviation can be attributed to the low transition density associ-
ated with the HOMO-LUMO #n — 7™ transitions, which results in
a small dynamic response of the solvent.””*’ The QM/FQFu SS
corrections to wgsgr introduced via the cLR and cLR* approaches
(i.e., wcir — wGsrr and w g2 — wgsre) are —0.06 eV and —0.03 eV
for ACRO and ACE, respectively, as reported in Fig. 3. These cor-
rections are significantly larger than those obtained with the LR
approach, particularly for ACRO, which aligns with our observa-
tions of substantial dipole moment changes from the ground to
the excited state and is consistent with findings reported in previ-
ous studies.'”*"**** The cLR? approach accounts for both SS and
LR effects and yields results similar to those of the cLR method
due to the minimal impact of the LR contribution. When employ-
ing a fully SS method such as VEM, the corrections to wgsrr (i.e.,
wveM — wgsrr) are —0.12 eV for ACRO and -0.05 eV for ACE. Thus,
for transitions of this nature, the solvent response associated with ES
relaxation significantly exceeds its dynamical counterpart. Further-
more, the disparity between cLR (and cLR*) and VEM corrections
highlights the limitations of the first-order perturbative contribu-
tion of cLR, particularly for molecules with significant electronic
density rearrangements. While cLR or cLR® approaches may be suf-
ficient for systems with a modest difference between GS and ES
electronic densities, the inclusion of VEM ensures a more accurate
and comprehensive recovery of the SS solvent response. This trend
is consistent with observations reported in the case of VEM/PCM
calculations.”
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FIG. 4. QW/FQFy vertical excitation energies of (a) CAFF and (b) DOXO, aver-
aged over 200 snapshots. Data refer to the HOMO-LUMO = — =* transition,
under different solvent regimes (GSRF, LR, cLR, cLR?, and VEM). The dashed
line indicates the correction to the GSRF vertical excitation energy.

Bright 7 — ¥ HOMO-LUMO transitions characterize CAFF
and DOXO. For CAFF, wgsrr and wir excitation energies are 4.86
and 4.81 eV, respectively, while the corresponding values for DOXO
are 2.79 and 2.74 eV, with a LR correction of —0.05 eV, reflecting
the solvent response to the transition density (see Fig. 4). QM/FQFu
SS corrections to wgsrr obtained using the cLR approach (i.e., wcir
— wgsrr) are particularly small: —0.02 eV for both CAFF and DOXO,
as shown in Fig. 4. The cLR? method, which incorporates both LR
and SS effects, yields excitation energies of 4.79 eV for CAFF and
2.73 eV for DOXO, with corrections of —0.07 and —0.06 eV, respec-
tively, similar to the LR case. The larger magnitude of LR corrections
compared to cLR is expected, given that (ugs — pcs)® < 2(u”)2.?’
VEM excitation energies deviate by —0.03 eV for CAFF and —0.05 eV
for DOXO from wgsrr. Together, these results emphasize the domi-
nant role of the solvent dynamic response in determining excitation
energies, with SS effects remaining relatively minor.

BET, PNA, and C153 are characterized by large transition
dipole moments and a significant change in the electronic den-
sity upon CT excitation. The computed excitation energies are
reported in Fig. 5. In the case of BET, wgsrr and wir are similar,
with QM/FQFu values of 3.76 and 3.74 eV, respectively, showing
a LR correction of —0.02 eV. wcir — wGskr is —0.14 eV, while w_j .
— wasrr gives —0.16 eV, thus highlighting a significant SS effect. The
(wvem — wasrr) correction substantially increases to —0.28 eV. The
pronounced SS solvent effect observed for BET is primarily driven
by the CT nature of the transition between the two molecular frag-
ments, which causes a significant redistribution of the electronic
density upon excitation. For PNA, the wgsrr and wir excitation
energies are 3.31 and 3.22 eV, respectively, with an LR correction of

J. Chem. Phys. 164, 044115 (2026); doi: 10.1063/5.0310192

© Author(s) 2026

164, 044115-7

252€:80 920z Asenuer 62


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

b) 3.35
NHs -
d
%]
2
2
9]
NO, ]
C
e
s
'S
X
w
©
O
=
2
9
2.90 -0.06 -0.07 -0.12 -0.17
OFs 3 | |
fE:fi
2.85
N (O e

2.80

2.75

2.70

<

<< 4z
& & S

FIG. 5. QM/FQF vertical excitation energies of (a) BET, (b) PNA, and (c) C153
averaged over 200 snapshots for the HOMO-LUMO CT transitions. Data refer
to different solvent regimes (GSRF, LR, cLR, cLR?, and VEM). The dashed line
indicates the correction to the GSRF vertical excitation energy.

—0.09 eV. For C153, the wgsrr is 2.89 eV and wyr is 2.83 eV, corre-
sponding to a correction of —0.06 eV. The wcr energies are 3.23 eV
for PNA and 2.82 eV for C153, with corrections relative to wgsrr
(wcr — wesrr) of —0.08 and —0.07 eV, respectively. For PNA, the
larger LR correction compared to the cLR correction is consistent
with expectations, as (s — pias)* < 2(u")2.”” In contrast, the oppo-
site trend is observed for C153. The LR effect is significant because
the large transition dipole moments of these systems enhance the
dynamic solvent response. Simultaneously, the SS effect plays an
important role due to the CT nature of the transitions. These effects
are combined in the w2 model, yielding excitation energies of
3.14 eV for PNA and 2.76 eV for C153, with corrections to wgsrr
of —0.17 and -0.12 eV, respectively. By capturing the full SS effect
with the VEM approach, the corrections to wgsrr (WvEM — WGSRE)
amount to —0.24 eV for PNA and -0.17 eV for C153. Thus, the
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corrections introduced by VEM for BET, PNA, and C153 are partic-
ularly large. Notably, for C153 and PNA, both the solvent’s response
to the ES relaxation and the transition density are particularly rele-
vant. Remarkably, the first-order perturbative correction provided
by the cLR approach does not fully capture the SS contribution,
which is instead accurately recovered by the VEM approach.

The role of including dipoles as polarization variables in the
polarizable classical portion can also be evaluated in this case by
comparing the previous results with the corresponding values com-
puted with QM/FQ, employing the two parameterization sets FQ"*
and FQ’.* Values are given in Figs. $2-S7 in the supplementary
material. QM/FQ“ and QM/FQh vertical excitation energies are

lower than QM/FQFy values and, in particular, wqyypqe < Womeq <

wqm/EQry for transitions n — 7 transitions (ACRO, ACE, and
BET). The opposite trend is instead observed for 7 — 7" transitions
(CAFF, DOXO, PNA, and C153). These trends highlight that includ-
ing polarizable dipoles to describe solute-solvent polarizations
enhances solvent effects, similarly to previously studied cases.”””
Furthermore, the overall trends can be rationalized by consider-
ing the physical description provided by each model: QM/FQFyu”!
and QM/FQ"* are parameterized to correctly reproduce high-level
electrostatic (and polarization) solute-solvent interactions, while
QM/FQ" is specifically designed for bulk water.”

The best way to compare computed and experimental transi-
tion energies is by focusing on gas-to-solution solvatochromic shifts.
This way, the systematic error connected to a specific choice of the
QM level (DFT functional and basis set) is reduced and the quality
of the description of solvent effects is highlighted.””**” Figure 6 and
Tables $10-S12 in the supplementary material show QM/FQ®" and
QM/FQFu solvatochromic shifts (wQM/FQ(Fy) — Wyac ), obtained with
the diverse solvent regimes.

For n—n* transitions (ACRO and ACE), experimen-
tal vacuum-to-water solvatochromic shifts are positive, indi-
cating a blueshift, with reported values of 0.25 eV® and
0.19-0.22 eV, 087981 respectively. QM/FQ” calculations substan-
tially underestimate these shifts (see Fig. 6) and no improvement fol-
lows from the inclusion of SS corrections. In contrast, QM/ FQb and
QM/FQFu tend to overestimate the experimental shifts. However,
the use of SS models such as VEM reduces the discrepancy, yielding
solvatochromic shifts of 0.29 eV (QM/FQh) and 0.31 eV (QM/FQFy)
for ACRO, and 0.23 eV (QM/FQ") and 0.29 eV (QM/FQFy) for
ACE, respectively. Among the studied models, QM/FQb provides
the best agreement with experiment.

The experimental solvatochromic shifts are not reported in the
literature for the 7 — 7™ transitions of CAFF and DOXO. For CAFF,
a theoretical study reported a shift of —0.04 eV,*® while for DOXO,
we extrapolated a solvatochromic shift of —0.01 eV in a previous
work.®” Our calculations overestimate both values, consistent with
our previous findings at the LR level.®”

Moving to CT transitions, a notably large positive experimen-
tal solvatochromic shift of 1.56 eV was reported for BET.** As in the
case of ACRO and ACE, QM/FQ* shifts underestimate the experi-
mental excitation energies, and the inclusion of SS corrections does
not lead to any improvement over the LR results. In contrast, LR
calculations based on QM/FQb and QM/FQFu overestimate the
excitation energies (1.86 and 2.13 eV, respectively). However, the
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FIG. 6. QM/FQ** and QM/FQFy solvatochromic shifts (wmoder — @wvac ) for the investigated molecules (ACRO, CAFF, ACE, DOXO, BET, PNA, and C153) computed using
different solvent models (GSRF, LR, cLR, cLR?, and VEM). Experimental solvatochromic shifts in water are taken from Refs. 67, 68, and 79-81 for ACE, Ref. 82 for ACRO,
Ref. 83 for BET, Ref. 84 for PNA, and Ref. 85 for C153 (in DMSO). Computational data are taken from Ref. 86 for CAFF and Ref. 62 for DOXO.

agreement with experimental values improves significantly when
SS effects are accounted for—particularly with the VEM model,
resulting in excellent agreement for QM/ FQb (1.56 eV).

PNA shows a negative experimental solvatochromic shift of
—1.00 eV.%* The calculated LR, cLR, and VEM shifts are smaller in

absolute value for QM/FQ” and larger for QM/FQ? and QM/FQFu.
Overall, all computed values show reasonable agreement with exper-
iment, with VEM vyielding the most accurate result for QM/FQ” and

cLR providing the closest match for both QM/FQb and QM/FQFu.
In contrast, C153 shows an experimental negative shift of —0.47 eV
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in DMSO.*> Since water is more polar than DMSO, the exper-
imental vacuum-to-water shift—although undocumented in the
literature—is expected to be even more negative. Therefore, the
calculated shifts overestimate the experimental value in DMSO,
with smaller deviations observed for QM/FQ” and larger ones for
QM/FQ" and QM/FQFy.

The general overestimation of solvatochromic shifts
by QM/FQ® and QM/FQFu explicit solvent models is not
unexpected'”*** and can be due to the lack of inclusion of
solute-solvent non-electrostatic interactions, which balance elec-
trostatic contributions and bring the computed values closer to the
experimental ones.”*”**” In addition, computed shifts refer to ver-
tical excitation energies, whereas experimental values are extracted
from spectral absorption maxima. The discrepancy between the
two quantities may also be due to vibronic progressions. Overall,
however, among all tested approaches, QM/FQ’ provides the best
agreement with the experimental values.

V. CONCLUSION AND FUTURE PERSPECTIVES

In this study, the QM/FQ and QM/FQFu approaches have
been formulated within the fully self-consistent, state-specific VEM
framework to simulate solvent responses to changes in solute den-
sity upon electronic excitation. While the LR approach captures
the dynamic response of the solvent to the QM transition density,
it does not account for solvent relaxation to the solute’s redis-
tributed charge. To systematically investigate solvent effects across
different electronic transitions, vertical excitation energies were
computed under various solvent response regimes: GSRF, LR, cLR,
cLR?, and VEM. This strategy allows a detailed analysis of sol-
vent response for n > n*, 7 — n¥, and CT excitations. The results
highlight the strong dependence of solvent response on the nature
of the electronic transition. Systems undergoing 7 — 7" transi-
tions, such as caffeine and doxorubicin, are primarily influenced
by dynamic solvent effects and can be reasonably described using
the LR approach. In contrast, systems with significant CT charac-
ter, such as betaine-30, p-nitroaniline, and Coumarin 153, as well
as those exhibiting n — 7 transitions such as acetone and acrolein,
require advanced state-specific corrections to accurately capture sol-
vent relaxation effects. Among the tested methods, VEM emerges
as the most reliable approach for modeling these effects. Com-
parison with experimental data shows that the QM/FQ” model
consistently underestimates solvatochromic shifts, likely due to its
parameterization optimized for bulk water. In contrast, QM/FQ"
and QM/FQFy predict larger absolute solvent responses, displaying
similar trends. This similarity stems from their shared parameteriza-
tion based on electrostatic interaction energies, although QM/FQFu
additionally includes dipoles as a source of polarization. The over-
estimation of solvent effects observed for QM/FQ’ and QM/FQFu
highlights the importance of including non-electrostatic interac-
tions, which play a significant role in modulating the electrostatic
solvent response. Developing QM/MM frameworks that consis-
tently incorporate these contributions remains a challenge due to
their inherently quantum nature. Future work will focus on extend-
ing the models to account for such effects, potentially through spe-
cialized QM/MM schemes.'***%**® Moreover, the combination of
proper solvent response regimes, such as cLR and VEM, with quan-
tum embedding strategies offers a promising direction for further
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improvement. These strategies could be implemented both within
DFT-based approaches”” and high-level correlated methods,
such as coupled cluster or complete active space,””""” enabling
more accurate modeling of solute-solvent interactions and provid-
ing a pathway toward quantitatively reliable predictions of excitation
energies in complex environments.

A further future development will involve the formulation of
state-specific nuclear gradients within the QM/FQFu VEM frame-
work. This advancement will open the way to studying the geom-
etry of molecules in excited states with full state-specific meth-
ods as well as to performing excited-state molecular dynamics
simulations.

SUPPLEMENTARY MATERIAL

The supplementary material provides (i) MD of coumarin
153, (ii) convergence of QM/FQFu vertical excitation energies, (iii)
dipole moments, (iv) QM/FQ vertical excitation energies, and (v)
solvatochromic shifts.
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