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ABSTRACT: When low-energy electrons interact with molecules,
they can give rise to transient anion states commonly known as .
resonances. These states are formed through vertical electron > » —E}
attachment processes and have the potential to induce various
forms of DNA lesions, including base damage, single- and double-
strand breaks, cross-links, and clustered lesions that are challenging
to repair. So far, most experimental and theoretical studies have ——E}
investigated the formation of resonances of (bio)molecules in the P

gas phase or in microsolvated environments. Since cellular Q& o{ P
“‘? : N

Electron attachment on bulk-solvated 1M5NI

Eexc (scPEE-S-QM/MM; cc-pVT2)

I -VEA (scPEE-S-QM/MM; aug-cc-pVTZ)
environments are mainly composed of water molecules, it is Eg
crucial to understand how bulk water affects the resonances of
(bio)molecules. Given the existing gap in studies on resonances of
bulk-solvated molecules, we propose a novel theoretical-computa-
tional approach to address this void. Our approach combines the multibasis-set (time-dependent-)density functional theory and self-
consistent sequential quantum mechanics/molecular mechanics polarizable electrostatic embedding methods. We apply this
combined methodology to predict the vertical electron attachment energies of 1-methyl-S-nitroimidazole (1MSNI), a well-known
radiosensitizer model, in bulk water. In addition, we analyze the rapid mutual polarization between the resonances (both shape- and
core-excited) of IMSNI and the surrounding bulk water environment. For comparison, we also studied the isolated and
microsolvated 1IMSNI Overall, while the polarization of the environment is clearly sensitive to the solute charge, causing a
significant impact on the vertical electron affinity and consequently on the attachment electron energies, it does not have a significant
impact on the excitation energies of the anion.

| vAE = E,,. — VEA |

B INTRODUCTION

Transient anion states formed by vertical electron attachment
processes in biological environments are recognized for their
potential to cause various types of DNA damage. These
encompass base damage, single- and double-strand breaks,

Experiments involving collisions of low-energy electrons with
gaseous nitroimidazoles have demonstrated that these mole-
cules undergo DEA."*~" Tt is widely believed that the radicals
generated through DEA play a pivotal role in enhancing
radiosensitivity. Recent experimental studies on the nimor-

cross-links, and challenging-to-repair clustered lesions. The
manifestation of these lesions stems from the decay of transient
anion states, known as resonances, via dissociative electron
attachment (DEA) or autoionization channels.'”” In DEA, a
neutral radical and a stable anion are formed, while auto-
ionization involves the detachment of the extra electron from the
molecule. While the detrimental impact of DNA injuries
induced by transient anions on healthy cells is unwelcome,
their precise targeting at tumor tissues holds potential
therapeutic benefits.”>" The idea of using the damage caused
by transient anions to increase the effectiveness of radiation
therapy is of great interest to the global scientific community.
Numerous studies have explored potential radiosensitizing
drugs to elucidate mechanisms associated with enhanced
radiosensitivity, with the ultimate goal of applying these findings
to the field of radiotherapy.”*~""

Nitroimidazolic compounds constitute an important class of
model radiosensitizers for the treatment of hypoxic tumors.'”
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azole'' and metronidazole'® molecules have additionally
highlighted the formation of a nondecomposed free radical
anion via the associative electron attachment process as a key
factor in the radiosensitizing effect.

Although studies of nitroimidazoles and biomolecules in the
gas phase have provided valuable insights, the role of water
molecules prevalent in cellular environments cannot be ignored.
Previous research has demonstrated that even a small number of
water molecules can effectively inhibit DEA processes.' ' >0~
Furthermore, theoretical studies on molecules surrounded by a
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few water molecules have indicated shifts in resonance
energies.”” ' The dependence of electron binding energies
on the surrounding environment may result in the stabilization
of anions in a solvent, whereas they are nonexistent or
metastable in isolated species.”> Also, dissociation and auto-
ionization processes may not be the same when the anion is in
bulk or in the gas phase as the radicals generated through DEA
may interact with nearby molecules or the ejected electron can
be captured by solvent molecules. To date, the effect of bulk
solvation, prevalent in the cellular environment, on resonances
remains poorly documented and understood.

Our study aims to address this gap by introducing a novel
theoretical—computational methodology designed to predict
vertical electron attachment energies (VAEs), commonly known
as resonance energies, in bulk-solvated molecules. This
methodology integrates standard electronic-structure methods,
including density functional theory (DFT) and its time-
dependent DFT (TDDFT) variant, with the self-consistent
sequential quantum mechanics/molecular mechanics polar-
izable electrostatic embedding (scPEE-S-QM/ MM)*® method.
Our primary objectives are 2-fold: (1) investigating the rapid
mutual polarization between shape and core-excited resonances
of bulk-solvated molecules and their surrounding aqueous
environment; (2) predicting the resonance energies of bulk-
solvated molecules. To exemplify our methodology, we focused
on 1-methyl-5-nitroimidazole (IMSNI) in bulk water. This
molecule, a well-known model radiosensitizer drug, has been
extensively studied in the gas phase under exposure to incident
electrons.'™'”**%% Significantly, IMSNI shares structural
similarities with nimorazole, a radiosensitizer drug employed
in head and neck cancer treatments,”® making it an intriguing
system for in-depth investigation. Currently, a gap exists in our
understanding of solvent effects on the resonance spectra of
IMSNLI. Therefore, our work seeks to fill this void by predicting
the resonance energies of IMSNI in both bulk water and a
microsolvated environment. Additionally, we calculated the
resonance energies of the isolated 1MSNI for comparative
analysis.

B METHODS

Below, we outline the key components of the Monte Carlo
(MC) simulations utilized for generating solute—solvent
configurations, the combination of the multibasis-set (MBS)
(TD-)DFT®” and scPEE-S-QM/MM?>® methods, and the
calculations of VAEs through this combined approach.

MC Simulations. The solute—solvent configurations
composed of one IMSNI molecule surrounded by 1000 water
molecules were generated via MC simulations with the DICE
software,”® employing the isothermal—isobaric NPT ensemble
at T = 298.15 K and P = 1 atm. Both the solute and solvent
molecules were treated as rigid during the MC simulations,
exploring only the translation—rotation configuration space.
The ground-state geometry of IMSNI was optimized with DFT,
specifically employing the B3LYP exchange—correlation func-
tional’”*” and the aug-cc-pVDZ basis set within the Gaussian 09
program.”’ The optimal geometry in the gas phase was utilized
for MC simulations as no significant disparities were observed
compared to the optimal geometry obtained in an aqueous
environment modeled by the polarizable continuum model
(PCM).*

In the MC simulations, the intermolecular interactions were
described with Lennard-Jones (LJ) and Coulomb potentials.
The LJ parameters for the IMSNI molecule were derived from
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the all-atom optimized potentials for liquid simulations (OPLS-
AA).* The atomic charges of IMSNI were calculated by fittin

the QM electrostatic potential through the CHELPG method,*

employing the second-order Mpoller—Plesset perturbation
theory (MP2) and the aug-cc-pVDZ basis set. Additionally, in
order to include the solute—solvent polarization in the MC
simulations, the PCM model was used in the atomic charge
calculation. Such an implicit polarization procedure has been
successfully employed in previous studies.*>*¢ Regarding water,
we employed the geometrical and LJ parameters from the
extended simple point charge (SPC/E) model.*’

A total of 2.5 X 10° MC steps were run for the thermalization
stage, followed by 2 X 10° MC steps for the production stage.
Through the analysis of the solute—solvent hydrogen bonds
(HBs), considering both energetic and geometrical criteria,*®*’
a subset of statistically uncorrelated MC configurations was
selected to perform single-point calculations. We used dp < 3.5
A [distance between the donor (D) and acceptor (A) atoms]
and 0 < 35° (angle among H-D-A atoms) as a geometrical
criterion and E;, < 0 (interaction energy) as an energetic
criterion.

Combination of the MBS (TD-)DFT and scPEE-S-QM/
MM Methods. To predict the VAEs of bulk-solvated systems,
we propose a combination of the MBS (TD-)DFT"” and self-
consistent sequential QM/MM polarizable electrostatic embed-
ding (scPEE-S-QM/MM)** methods.

The MBS (TD-)DFT>’ method, hereafter referred to as MBS,
has demonstrated the ability to accurately predict VAEs of
systems in the gas phase by using the DFT and TDDFT
methods along with the range-separated hybrid functional
@B97x” to compute, respectively, the vertical electron affinity
(VEA) and electronic excitation energies (E,,'s) of the anion.
While a large basis set (e.g., aug-cc-pVTZ>') is used in the
calculation of VEA, a small basis set, such as cc-pVTZ,51 is
employed to obtain the E,'s. The compact basis set prevents
well-known intruder discretized continuum states in the
spectrum of anion excited states and is suitable to describe
valence excited states or localized states such as resonances. On
the other hand, diffuse basis sets are important to provide an
accurate VEA value. A given VAE of interest is then calculated by
subtracting the anion electronic excitation energy and VEA,
VAE = E,,. — VEA. This scheme has proved to be very efhicient
and reliable®” as long as the anion does not undergo a dipole
bound state.>

The scPEE-S-QM/MM?* method is based on the sequential
QM/MM approach®*>* and is well-suited for polarizing the
electrostatic embedding of solvent molecules. This is particularly
beneficial when the electronic structure of the solute undergoes
sudden changes, such as in vertical electronic excitation and
vertical electron attachment or detachment processes. After
solute—solvent configurations are generated via MC simu-
lations, the polarization procedure for the electrostatic
embedding environment begins. The procedure involves
treating every molecule of the entire system (comprising solute
and solvent molecules) individually at the QM level to
recalculate its atomic charges under the influence of the
electrostatic embedding formed by all other solvent and solute
molecules. The solute molecule can be either in the ground or
excited electronic state and in its neutral or charged forms.
Initially, the SPC/E atomic charges are used for all solvent
molecules, while the atomic charges for the solute in a given
modified state of interest are obtained in the PCM environment.
The atomic charges of each solvent molecule are then iteratively

https://doi.org/10.1021/acs.jctc.4c00256
J. Chem. Theory Comput. 2024, 20, 4893—4900


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c00256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

recomputed and updated several times until a convergence
criterion is attained, thus completing a solvent polarization cycle.
At the end of the cycle, the atomic charges of the solute are
recomputed and updated in this new polarized electrostatic
embedding environment, initiating a new polarization cycle for
the solvent molecules. This iterative process continues until self-
consistency is achieved between successive cycles. Through this
iterative process of the scPEE-S-QM/MM method, both
solute—solvent and solvent—solvent mutual polarizations are
considered. We employ a convergence criterion of Ay < § X
107* D for the variation of the dipole moment of each solvent
molecule and Agq < 107" au for the variation of the atomic
charges of each atom of the solute. The atomic charges of the
solvent molecules and the solute in a modified electronic state
were calculated by fitting the QM electrostatic potential with the
CHELPG method** at the @wB97x/cc-pVTZ level. More
comprehensive details of the scPEE-S-QM/MM method can
be found elsewhere.*

Figure 1 shows the combined scheme for predicting VAEs of
bulk-solvated systems. E,,. is computed with the cc-pVTZ basis

————————————— E* (scPEE-S-QM/MM; cc-pVTZ)
Eexc
Y E*¢ (scPEE-S-QM/MM; cc-pVTZ)
T————— E* (scPEE-S-QM/MM; aug-cc-pVTZ)
-VEA
¥

ENy (scPEE-S-QM/MM; aug-cc-pVTZ)

[ VAE = Eoxc- VEAJ

Figure 1. Depiction of the VAE computed with the combination of the
MBS and scPEE-S-QM/MM methods. The VAE is calculated by
subtracting the VEA from the anion excitation energy (E,,.). Within
this combined approach, each electronic state of the solute in its anionic
or neutral form is mutually polarized with the surrounding environ-
ment.

set, while the VEA is calculated using aug-cc-pVTZ. In the
present study, the density functional @B97x was employed in the
calculation of both E, s and VEA. To compute a given anion
excitation energy, we subtract the ground-state energy (E§) from
the energy of the excited/final state (Ef'), E,,. = Ef* — Ej, whereas
the VEA is calculated as the energy difference between the
neutral and anion ground states, VEA = Ey — E§. Each electronic
state of the system in its neutral and anion forms is mutually
polarized with its surrounding aqueous environment via the
scPEE-S-QM/MM method. We considered the bulk-solvated
neutral ground state (N) of IMSNI and seven electronic anion
states (A), namely, 7§, ¥, 7§, n_zf, nonf, mz¥, and n,xf,
where 7 is the bound anion ground state. The 75 and #¥ states
are shape resonances, while the other four states (n_z¥, mony,
maf¥, and n,7¥) are core-excited resonances.

Although we have used here the TDDFT and DFT techniques
with the aug-cc-pVTZ and cc-pVTZ basis sets, other electronic
structure methods and basis sets could be employed to calculate
electronic excitation energies and VEA within this combined
method (MBS + scPEE-S-QM/MM).

Single-Point Calculations. From the MC simulations, we
selected 30 statistically uncorrelated solute—solvent config-
urations to perform subsequent single-point calculations. These
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configurations involved three water molecules forming HBs with
the 1IMSNI solute, which, in turn, corresponds to the ensemble-
averaged number of HBs in the presence of 500 additional water
molecules. For each configuration, we calculated the energies of
the virtual orbitals at the Hartree—Fock (HF)/6-31G(d) level
for clusters composed of IMSNI and three water molecules.
According to Koopmans’ theorem, the orbital energies provide
estimates of the VAEs (resonance energies). From the
distribution, we calculated the mean orbital energies. The
cluster with the orbital energies closest to the mean values was
designated as a representative cluster. Similarly, a representative
configuration was selected based on the same procedure, now
including the electrostatic embedding surrounding the clusters,
i.e, the 500 water molecules described with SPC/E point
charges in the calculations of the energies of the 7* virtual
orbitals. Details on these approaches for choosing a
representative cluster and configuration can be found else-
where.*"*?

With the representative configuration in hand, we combined
both scPEE-S-QM/MM?>® and standard sequential QM/MM
electrostatic embedding (EE-S-QM/MM) approaches with the
MBS (TD-)DFT?” method to predict the VAEs of the bulk-
solvated IMSNI. Unlike the scPEE-S-QM/MM method that
generates individual polarized atomic charges for the solvent
molecules, the standard EE-S-QM/MM approach uses static
atomic charges of force fields, such as the SPC/E parameter-
ization used here. The VAEs of the representative cluster, which
correspond to microsolvated IMSNI, were also computed.
Additionally, to investigate the solvent influence on the VAEs, as
well as on the VEA and anion excitation energies that contribute
to the VAEs within the MBS scheme, we calculated the VAEs for
isolated 1IMSNI with both MBS and the stabilization method
(SM).**7¥ To assess the quality of our results for bulk-solvated
IMSNI obtained from 3 QM water molecules plus 500 water
molecules described with scPEE-S-QM/MM polarized atomic
charges, we systematically increased the number of water
molecules in the QM region and computed the VEA with the
@wB97x functional but now employ the cc-pVTZ basis set instead
of its augmented version to make these calculations computa-
tionally feasible.

B RESULTS AND DISCUSSION

Figure 2 displays the solute—solvent minimum distance
distribution function (MDDF), which describes the average
distribution of solvent molecules around 1MSNI. In this
distribution, three distinct structures are evident, corresponding
to microsolvation, the first solvation shell, and the second
solvation shell. By integrating the MDDF, we determined the
occurrence of 3, 30, and 109 solvent molecules in the micro, first,
and second solvation shells, respectively.

The converged dipole moments for each of the 500 water
molecules surrounding the [1MSNI-(H,0);]” cluster in its
different electronic states are shown in Figure 3 (top panel). For
any water—solute distance, the dipole moment value of the water
molecules spreads considerably due to alocal polarization effect,
often exceeding the SPC/E value (2.35 D, horizontal line). This
means that each water molecule is polarized by its local
neighborhood. Of the 500 water molecules, ~383 (77%) have
dipole moment magnitudes greater than the SPC/E reference
value of 2.35 D. For the remaining ~117 solvent molecules
(23%), the dipole moments are smaller than the SPC/E
reference value. Notably, the polarization of water molecules is
sensitive to anion states (shape or core-excited resonances) only

https://doi.org/10.1021/acs.jctc.4c00256
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Figure 2. MDDF between the IMSNI solute and water molecules. The
solvation shells are indicated by the vertical dotted lines.
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Figure 3. Converged dipole moments (4) for the S00 water molecules
of the aqueous environment polarized by different electronic states (7},
¥, mf, n_w, noaf, monf, and ma) of the [IMSNI-(H,0),] ™ cluster
(upper panel) and also by the ground electronic state of the neutral
cluster (1), 1IMSNI-(H,0);, (bottom panel). The dipole moment is
shown as a function of the minimum distance to the solute (R,,;,). The
horizontal lines correspond to the SPC/E value, while the vertical line
(7.5 A) indicates the onset of the vacuum effect (an artifact arising from
the finite size of the system). The colored circles are plotted, state by
state, in the order #§, 7§, 7§, n_nf, n,xf, mor¥, and m,7F. Hence, some
circles with different colors may be superimposed, e.g., the yellow
circles in the top panel hide the other states when the value of # does not
significantly change with the electronic state of the [IMSNI-(H,0);]~
cluster.
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within and around the first solvation shell, which extends up to
~4.0 A. For larger distances, the water molecules cannot
distinguish the anion’s electronic states. The drop in dipole
moment magnitude for some water molecules lying far from the
solute, beyond 7.5 A (vertical line), is a consequence of the
vacuum effect, which was discussed in ref 33. This artifact stems
from the finite size of the system considered in the calculations.
In VAE calculations, we assigned the SPC/E atomic charges for
water molecules that suffer from the vacuum effect. While state-
sensitive polarization was observed only within and around the
first solvation shell, charge-sensitive polarization was found for
longer solute—solvent distances (see the bottom panel of Figure
3). Thus, even far-lying water molecules are affected by the
solute charge, in consistency with our previous study.33

After understanding how different anion states (shape and
core-excited resonances) as well as the ground electronic state of
neutral IMSNI-(H,0); polarize the surrounding watery
environment composed of 500 water molecules, we now explore
how the VAEs are affected by the aqueous medium described
with the SPC/E (EE-S-QM/MM) and polarized point charges
(scPEE-S-QM/MM). The predicted VAEs of bulk-solvated
1MSNI are shown in Table 1, along with the results obtained in
the gas phase and the microsolvation environment. Results from
other studies®®** are also included for comparison. Details of
our results obtained with the SM can be seen in Figure 4, while
the character of the anion states in bulk water is shown in Table 1
and also as Supporting Information.

Starting from the gas-phase VAEs in Table 1, there is good
agreement between our MBS and SM estimates. The present
results are also consistent with the experimental data®® and other
calculations.”* Notably, the most significant discrepancy,
approximately 0.4 eV, was found for the 7§ %round anion state
obtained at the MRCI/CCSDT(T) level,” which in turn
corresponds to the —VEA (negative VEA). Besides, while the

zro(zrl*)z and 71'1(71'1*)2 anion states had a clearly different
character in the MRCI/CCSD(T) study,”” they became mixed
in our MBS calculations (see Supporting Information). Under
microsolvation, the VAEs are stabilized by ~0.7—1.0 eV with
respect to the gas phase, thus showing the significant impact
caused by the three H-bonded water molecules. The two anion
states located at 2.86 and 3.09 eV involve transitions to the 7§
orbital from similar occupied orbitals of 7o/, mixed character
(see the orbitals in the Supporting Information). When bulk
solvation is described with the EE-S-QM/MM model, the VAEs
exhibit less stabilization relative to the gas phase than the results
obtained with microsolvation. In fact, the VAEs computed with
the EE-S-QM/MM and microsolvation models are quite similar,
with discrepancies <0.3 eV. If the electrostatic embedding is
polarized with the scPEE-S-QM/MM model, a strong
stabilization of the VAEs with respect to the gas-phase values
is observed, around 1.3—1.7 eV. The importance of the
environment polarization to the electron attachment is evident
from the comparison between the EE-S-QM/MM and scPEE-S-
QM/MM models. In general, the scPEE-S-QM/MM results
show a stabilization of approximately 0.7—0.8 eV compared with
the EE-S-QM/MM results.

Interestingly, the electronic excitation energies of the anion
are less impacted by the presence of water molecules (Table 1).
From the gas phase to the microsolvated case, the excitation
energies are destabilized by 0.11—0.25 eV, and under bulk
solvation effects, the destabilization relative to the gas-phase
values is of 0.15—0.34 eV (EE-S-QM/MM) and 0.14—0.37 eV
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= 2 RN R = the mz{ anion state. Moreover, the polarization of the
fg P53 28]3 B2, g environment did not significantly impact the excitation energies
E SRR & of the anion (discrepancies <0.03 eV between the EE-S-QM/
~ £ 3 MM and scPEE-S-QM/MM results). This behavior is consistent
g + g - with our previous discussion of the polarization of the aqueous
no:a s B o] 2 g = /é g <, environment by the different anion states (see Figure 3). Since
° N S K & § . most of the aqueous environment is insensitive to the different
8 TH g § anion states, basically the same shifts are induced by the
E % § ug Bo environment, thus preserving the anion excitation energies. On
» o . . . .
2 L 259 = < 52 the other hand, the polarization of the environment is clearly
= = 9~ ° 5§ 8 o sensitive to the solute charge, causing a significant impact on the
< 7 g g% gasig p
2 g & en VEA and ly on the VAEs. Th Its shed light
=
S . & 8% and consequently on the s. These results shed light on
§ E E g8 5 the environmental effects on the VEA, electronic excitation
§ 2‘ % § }.:g § g'é Eo: energies, and VAE properties.
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et
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E g oA T op = % % 'z An explicit solvation model, such as scPEE-S-QM/MM, appears
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P = 5 E To complete our analysis, we examined the quality of the
] —
2‘:1 22823 results obtained with the minimal QM region composed of the
>' 2 N b2 2 %‘8 solute and three H-bonded water molecules. For this purpose,
3 Fee T % H 19 . . . . .
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shown in Figure S, were calculated with the @B97x functional
but now with the nonaugmented basis, cc-pVTZ, for computa-
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Figure S. VEA as a function of the number of QM water molecules.
These VEA results for different QM region sizes were obtained with the
@B97x functional and the cc-pVTZ basis set instead of its augmented
version (aug-cc-pVTZ) to make the computational calculations viable.
The EE-S-QM/MM model is a nonpolarized electrostatic embedding,
which utilizes static SPC/E atomic charges to enclose the QM region.
In contrast, the scPEE-S-QM/MM model is a polarized electrostatic
embedding. Vertical lines indicate the accumulated number of water
molecules up to the micro, first, and second solvation shells.

tional feasibility. The scPEE-S-QM/MM results show that the
polarized atomic charges properly take into account solute—
solvent and solvent—solvent mutual polarization effects in such a
way that the expansion of the QM region size does not
significantly affect the VEA. Only small fluctuations, ranging
from 2.18 to 2.37 eV (orange area), are observed as the number
of QM molecules varies from 3 to 203. Thus, the VEA is
essentially converged with only 3 QM water molecules.
Conversely, when the environment is not polarized according
to the anion and neutral IMSNI (EE-QM/MM results), the
VEA value increases as the QM region is expanded (red area),
although it is always underestimated, even with a considerably
large number of QM water molecules (~200).

B CONCLUSIONS

We propose a novel approach that combines the scPEE-S-QM/
MM and the MBS (TD-)DFT methods to predict VAEs for
bulk-solvated systems. This strategy enables us to comprehend
in detail the fast mutual polarization between the shape and
core-excited resonances of IMSNI and its surrounding aqueous
environment. Our results point out that the polarization of the
watery environment is sensitive to the different electronic states
of the anion only within and around the first solvation shell and
sensitive to the solute’s charge for all solute—solvent distances
investigated. Since the VAE was decomposed into the electronic
excitation energy of the anion and VEA, we investigated the
influence of the solvent on these properties. While the anion
excitation energies suffered a mild destabilization of 0.11—0.25
eV from the gas phase to the microsolvated condition, the VEA
suffered a strong stabilization of ~1 eV. As a result, the VAEs
were significantly stabilized by 0.73—0.98 eV. From the
microsolvation to the EE-S-QM/MM bulk solvation model,
both excitation energy and VEA were slightly destabilized by

0.04—0.19 and ~0.1 eV, respectively, thus causing a
destabilization on the VAEs of ~0.1—0.3 eV. However, when
the fast response of the solvent to the vertical electron
attachment process was taken into account through the
scPEE-S-QM/MM method, the VEA was significantly stabilized
by ~0.7 eV in comparison to the microsolvation model, while
the excitation energies were destabilized by ~0.03—0.20 eV. As a
result, the VAEs were stabilized by ~0.5—0.7 eV relative to the
microsolvated case.

Our results highlight the significant impact of charge-sensitive
polarization of the aqueous environment on the VEA and
consequently on the VAEs. Additionally, this study demon-
strates that the anion excitation energies of bulk-solvated
systems are barely affected by the electrostatic embedding
model (polarized or not polarized) considered. In practical
terms, excitation energies could be calculated using a simple
nonpolarizable QM/MM approach, such as the standard
electrostatic embedding (EE-S-QM/MM) explored here.
However, for accurate values of VEA, we recommend using
the scPEE-S-QM/MM method, which accounts for the solute—
solvent and solvent—solvent mutual polarization effects.

Importantly, there is currently a lack of experimental or
theoretical methods for predicting the resonance energies of
bulk-solvated molecules. Our combined approach offers a
valuable tool for estimating the resonance energies in bulk
solvent scenarios, particularly for biomolecules and radio-
sensitizing drugs in bulk water. As the existing studies have
primarily investigated the resonances of IMSNI in the gas phase,
our findings offer resonance values that better align with
biological conditions. We aspire to this study to inspire
researchers to conduct experiments and develop new theoretical
methods capable of providing resonance data for bulk-solvated
systems.
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