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ABSTRACT

The sequential quantum mechanics/molecular mechanics (S-QM/MM) method efficiently computes solvent effects on the electronic properties of solutes. The
protocol involves two steps: solute-solvent configurations are generated from MM simulations, while the solute properties are computed in the subsequent QM step.
A well-known difficulty within the S-QM/MM framework is the description of the polarization of the MM partition (electrostatic embedding) in case the electronic
structure of the solute undergoes sudden changes, such as in electronic excitation, electron attachment or detachment processes. To improve the description of the
electronic polarization of the solvent, we propose the self-consistent S-QM/MM polarizable electrostatic embedding (scPEE-S-QM/MM) method, which generates
individual atomic charges for the solvent molecules due to solute-solvent and solvent-solvent polarization. The electronic properties calculated for the neutral and
anion states of 1-methyl-4-nitroimidazole were found to be significantly affected by solvent polarized electrostatic embeddings obtained for different solute electronic

states. Finally, the method also provides accurate results for bulk water.

1. Introduction

Complex molecular systems pose a formidable challenge to com-
putational models. Although quantum mechanical (QM) methods can
accurately describe the electronic structure of molecules, their use is
still limited by the numerical cost associated with the size and com-
plexity of the systems of interest. Several phenomena, such as bond
formation and breaking, charge transfer, electronic excitation and elec-
tron attachment, take place in relatively localized regions, where QM
methods can be applied, while the surroundings can be treated with
the less expensive molecular mechanical (MM) techniques. This hy-
brid quantum mechanical/molecular mechanical (QM/MM) approach
emerged in 1976 to study enzymatic reactions [1] and since then has
been applied in several studies of chemical and biochemical systems
[2-6]. The relevance and impact of the QM/MM approach were recog-
nized in 2013 with the Nobel Prize in Chemistry [4].

Several flavors of QM/MM methods have been developed [2,4,7-
10]. They essentially differ in the way the QM and MM regions are de-
fined and coupled, the scheme used to compute the QM/MM energies,
and whether the QM and MM calculations are performed simultane-
ously [2] or sequentially [11-13]. The accuracy of QM/MM methods
depends not only on the choice of methods to describe the QM and MM
components individually, but also on the model that accounts for the in-
teraction between the quantum and classical regions. The coupling may
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involve electrostatic, polarization and dispersion intermolecular inter-
actions, as well as bonded interactions between QM and MM atoms.
The mutual polarization of the quantum and classical partitions is ig-
nored in the simplest mechanical embedding scheme, which describes
the QM-MM electrostatic interaction at the MM level with effective
atomic charges. This shortcoming is partly overcome in the electro-
static embedding (EE-QM/MM) approach. The potential generated by
the effective charges of the MM atoms is incorporated into the QM
Hamiltonian, thus allowing for the EE-induced polarization of the QM
subsystem. Despite the neglect of the polarization of the MM subsystem,
the EE-QM/MM approach has been widely employed [2,9,14].

The EE-QM/MM approach can be improved by extending the QM
region into the MM one, i.e., by incorporating some of the MM parti-
cles into the QM partition [15-17]. Since the QM subsystem and part
of the original MM subsystem are now treated on the same footing
(quantum mechanically), mutual polarization is accounted for within
the extended QM region, although the numerical effort scales rapidly
with the number of quantum particles. Alternatively, the EE-QM/MM
approach can incorporate the solvent polarization with classical polar-
izable force fields, which increase the numerical effort associated with
the calculation of forces and energies in the MM subsystem. The in-
duced dipole model [18,19], the fluctuating charge model [20,21], and
the Drude oscillator model [22,23] are representative examples of po-
larizable MM schemes. While the polarized EE-QM/MM can be viewed
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as improved with respect to EE-QM/MM, its use is still not widespread
probably due to the additional computational cost and the limited avail-
ability of polarizable force fields in standard software packages.

The polarization of the electrostatic embedding generally affects ab-
sorption spectra, excitation, ionization and attachment energies, the
interaction energy in water clusters, as well as the dipole moment of
liquid water [5,10,24,25]. Polarization effects are also particularly rel-
evant for charged quantum system embedded in solvents or complex
biological media. In the present study, we propose a method, named
self-consistent sequential QM/MM polarizable electrostatic embedding
(scPEE-S-QM/MM), to polarize the electrostatic embedding, therefore
accounting for mutual polarization in the sequential QM/MM (S-
QM/MM) framework [11,12]. Unlike the traditional on-the-fly QM/MM
method, which performs QM calculations for each MM simulation step
(typically around a few hundred thousand QM calculations), in the se-
quential approach the MM simulation is firstly carried out to generate
the solute-solvent configurations. The averaged properties of the sol-
vated solute are then obtained from QM calculations carried out for
a set of statistically uncorrelated configurations (typically hundreds of
QM calculations). Therefore, the sequential approaches have the advan-
tage of lower computational cost, although with the disadvantage of
uncoupling the MM simulation with the QM calculation (not allowing
the study of chemical reactions and other processes where the electronic
effects are important during the nuclear dynamics). The S-QM/MM
method has been successfully used to study electronic properties of
solute in solutions [12,13,26] and the inclusion of the solute polar-
ization caused by the solvent in the MM and QM stages brought an
important contribution to the understanding of solvent effects, mainly
in molecules where the electronic structure is very soft and polariz-
able, such as molecular probes or push-pull molecules [27-30]. In the
MM stage, the atomic charges of the solute in the classical force field
were replaced by polarized atomic charges obtained by a self-consistent
iterative procedure [27,30] or by continuum models [28,31]. In the
QM stage, the solute is usually embedded in the electrostatic field
of solvent molecules described with the atomic charges of classical
force fields (traditional EE approach). Thus, the solute wave function
is polarized by the surrounding static environment which is not back
polarized. Although the EE approach takes into account the average sol-
vent polarization implicitly included in the atomic charges of the force
fields, improved recent approaches have considered more realistically
the polarized solvent electrostatic embedding. For instance, in the Self-
Consistent Electrostatic Embedding (SCEE) method [24,32] the atomic
charges of the solvent molecules are obtained from a few QM calcu-
lations for a homogeneous solution, although the same set of atomic
charges are used for all solvent molecules even in solute-solvent sys-
tems. The average solvent polarization, described by the atomic charges
employed for all the molecules comprising the EE, improves consid-
erably the description of the liquid phase, e.g., the molecular dipole
and higher multipole moments in solution [24,32]. However, it might
not suitably describe the response to sudden changes in the electronic
structure of the solute caused by electronic excitation or electron at-
tachment/detachment. In these cases, the electron density of the solvent
molecules is quickly polarized, much faster than the relaxation of the
solvent atoms around the solute, and the individual response of the sol-
vent molecules should be important. This shortcoming is overcome in
the present scPEE-S-QM/MM scheme, where both solute-solvent and
solvent-solvent fast mutual polarization are considered by recalculat-
ing the atomic charges of each individual molecule surrounded by the
electrostatic embedding of all remaining molecules through QM cal-
culations, with the solute in the modified electronic state. We discuss
applications to negative ion states of a radiosensitizer molecule in aque-
ous solution and also to pure liquid water. Transient anion states formed
by the attachment of secondary electrons to (bio)molecules, are known
to play a role in radiobiology, in particular DNA damage induced by
dissociative electron attachment reactions [33-37]. These detrimental
reactions can be beneficial in chemo-radiation treatments if directed
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to the tumor cells. The nitroimidazoles are exemplar electron-affinic
radiosensitizing drugs [38,39], which can enhance the efficiency of ra-
diation treatments. Several recent studied have tried to connect the
formation of transient anion states with the bioactivity of nitroimida-
zoles [40-46], also paying attention to solvent-induced effects [47,48].

Here, we consider three anion states of the 1-methyl-4-nitroimidazole
(1M4NI), referred to as nf, n; and n;‘ in order of increasing energy.
The anion states are labeled according to the virtual orbitals involved
in the vertical electron attachment process. In the gas phase, the z}
ground state of the 1M4NI anion is bound, while #; and #; are res-
onances (unstable against auto-ionization) [42]. In the present study,
the resonant character of the higher energy states is ignored, since
our main interest is the solvent polarization. The excited z; and z]
states are therefore obtained from standard electronic state techniques,
which neglect the imaginary energy component associated with the
auto-ionization probability. Our models also neglect the vibrational re-
laxation of the solute and the vibrational-orientational relaxation of the
solvent arising from electron attachment. We concentrate on the po-
larization of the EE atomic charges, which can be viewed as the fast
response to electron capture by the 1M4NI solute. The solvent response
to changes in the excess charge density of the solute is also investi-
gated, since different anion states are considered. The scPEE-S-QM/MM
method is further applied to the ground and first excited states of neu-
tral 1M4NI, to explore the solvent response to the change in the solute
electronic density, and finally to neutral liquid water to assess the con-
sistency and reliability of the methodology. Our results for liquid water
are in very good agreement with the experimental data and also with
recent theoretical accounts. The present applications used aqueous sol-
vation and employed Monte Carlo method for the MM simulations to
obtain solvent-solute configurations. These are not limitations of the
scPEE-S-QM/MM methodology, which can be useful to more complex
environments and explore molecular dynamics methods for the MM
simulations, as well as other QM methods and basis sets.

2. Methods

The details of the Metropolis Monte Carlo simulations performed
with the DICE software [49], selection of statistically uncorrelated con-
figurations, and characterization of the solute-solvent hydrogen bonds
by using geometrical and energetic criteria [50,51], are available in the
Supporting Material (SM). The minimum distance distribution function
with parallelogram normalization of 75A % 55A x 4.0 10\, [52] calcu-
lated from 4 x 10° Monte Carlo configurations is shown in Fig. 1 and
displays three peaks. The first one, extending down to 2.2 A, is related
to the formation of 1M4NI-water hydrogen bonds and can be viewed as
a microsolvation shell. Spherical integration of the minimum distance
distribution function over 0 < r < 2.2 A indicates three water molecules
involved in the hydrogen bonds, which is consistent with the analysis
performed with 2x 10* configurations (see the SM). The other peaks de-
fine the first and second solvation shells. They extend to 42A and 7.8A,
respectively, and the spherical integration of the minimum distance dis-
tribution function from zero to the end of each shell indicates 36 and
155 solvent molecules. From the set of statistically uncorrelated con-
figurations, we selected a representative configuration whose hydrogen
bonds properties and vertical electron attachment energies (VAEs) are
the closest to the ensemble averaged values (see the SM for details).
This approach for choosing a representative configuration is based on a
previous study of the microhydrated uracil [53], but here we improved
the modeling of the influence of the environment by taking into ac-
count the bulk water effect on the VAEs through the EE approach. From
that configuration, we also obtained the 1M4NI-(H,0); representative
solute cluster, comprising the solute and three hydrogen-bonded water
molecules.

As an initial step, prior to the scPEE-S-QM/MM procedure, the z* an-
ion states of the representative solute cluster, [IM4NI-(H,0);]~, were
described as follows. The z} bound state was computed with both the
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Fig. 1. Minimum distance distribution function for the solvated ground state of
1M4NI in the neutral form. The vertical lines indicate the solvation shells: up to
2.2A the microsolvation shell (hydrogen bonds), up to 4.2 A the first solvation
shell and up to 7.8 A the second solvation shell.

MP2/aug-cc-pVDZ and B3LYP/6-31G* methods, whereas the anion ex-
cited states, z; and z}, were calculated with time-dependent density
functional theory (TDDFT) employing the B3LYP [54,55] functional
and the 6-31G* basis set. The solvent effects on the anion states were
accounted for using the state-specific [56,57] polarizable continuum
model (PCM) [58]. Atomic charges for the [1M4NI-(H,0);]~ repre-
sentative solute cluster were calculated using the fitting of the QM
electrostatic potential with the CHELPG method [59], independently for
each #* anion state polarized by the PCM. The structure of the 1M4NI-
(H,0); representative solute cluster is shown in Fig. 2 along with the
most important natural transition orbitals (NTOs) [60] of the zz:‘ — n;
and zrf - n‘; transitions (the zrl* NTO is very similar in both excitations).
The transitions transfer the excess charge from the nitro group (NO,) to
the ring, although more thoroughly in the z| — # case. For the neutral
1M4NI-(H,0); representative solute cluster, the ground state was de-
scribed with the MP2/aug-cc-pVDZ and B3LYP/aug-cc-pVDZ methods,
while the first excited zz* singlet state was computed with TDDFT,
using the B3LYP functional and the aug-cc-pVDZ basis set. The atomic
charges for the neutral 1M4NI-(H,0); representative solute cluster were
also generated with the state-specific PCM and CHELPG methods. Here,
all electronic structure calculations were performed with the Gaus-
sian09 program [61].

We now describe the scPEE-S-QM/MM method for polarization of
the EE atomic charges. After generating the solute-solvent configura-
tions from the MM simulations, subsequent QM calculations are per-
formed on a system composed by the representative solute cluster (so-
lute + 3 water molecules, 1M4NI-(H,0);) and N, solvent molecules.
This QM system is initially partitioned into the explicit atomic region
(wave-functions and electrons) and the polarizable EE region (only
point charges), and atomic charges are recalculated for the atoms in
both regions. In the present application, the initial atomic charges for
the atoms of the anionic ([1M4NI-(H,0);]1~) or neutral (1M4NI-(H,0)3)
representative solute cluster were calculated as described above and
the N, solvent molecules were initially described with the charges of
the SPC/E force field. Alternative techniques could of course be used
to compute those initial charges. The solvent polarization cycle con-
sists in performing single-molecule QM calculations to recompute the
atomic charges of each solvent molecule considered in the explicit re-
gion surrounded by the polarizable EE of all other solvent and solute
molecules using the precomputed atomic charges. In every step of the
cycle, the atomic charges of the single solvent molecule are recalcu-
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lated employing the CHELPG scheme outlined above, in the presence
of the polarizable EE of the representative solute cluster and all other
N, — 1 solvent molecules. An iteration consists in performing N, QM
calculations (updating the atomic charges of every solvent molecule),
and the solvent molecules are iterated until self-consistency is achieved,
i.e., until the variations in the magnitude of the dipole moment of
the solvent molecules become smaller than the convergence thresh-
old, thus completing a solvent polarization cycle. At the end of the
cycle, the atomic charges of the anionic or neutral representative solute
cluster are updated therefore starting a new solvent polarization cy-
cle. The charges of the entire system are iterated until self-consistency
between successive cycles is attained, as illustrated in Fig. 3. The scPEE-
S-QM/MM method shares some aspects with the SCEE model, which
was recently proposed for bulk water [24] and solution [32]. However,
in the SCEE method the final dipole moments, which are the same for
all water molecules, are obtained with lower computational cost be-
cause only three single-molecule QM calculations are performed. In our
scPEE-S-QM/MM method, each solvent molecule has individual atomic
charges and dipole moment, due to the local polarization effect. In
other words, each molecule is affected in a particular way by the lo-
cal surroundings, a more realistic description compared to the scenario
where all the molecules are affected in the same way. Of course, that
the scPEE-S-QM/MM method involves a higher computational cost be-
cause several single-molecule QM calculations are performed in each
polarization cycle. As discussed below (see details in SM), typically four
iterations are necessary to obtain converged dipole moments for the sol-
vent molecules.

The scPEE-S-QM/MM scheme was applied for the representative
configuration, comprising by the representative solute cluster in the
anionic ([1M4NI-(H,0);]17) and neutral (1IM4NI-(H,0);) forms sur-
rounded by 500 water molecules. The solvent polarization steps were
carried out by treating the individual water molecules at the MP2/6-
31G* level. For each solvent molecule, the dipole moment was con-
sidered converged for Ay; < 10™* D, where Ay, is the variation of the
dipole moment between successive polarization iterations. For the so-
lute representative cluster, the convergence criterion was Ag, < 10™*
a.u., where Ag, is the charge variation of the k-th atom between suc-
cessive polarization cycles.

3. Results and discussion

The converged charges and dipole moment values for the 500 water
molecules of the polarized EE are shown in Figs. 4 and 5, respectively.
The calculations considered the ground (zri*) and excited (71';‘ and n:;)
anion states, as indicated by the color code. As reference values, we ob-
tained atomic charges (go = —0.8579 a.u. and gy = 0.4278 a.u.) and the
dipole moment (2.3247 D) for a single water molecule in PCM environ-
ment, using the MP2/6-31G* and CHELPG methods. Those reference
values are shown as horizontal dashed lines in Figs. 4 and 5. For each
water molecule, H1 and H2 are, respectively, the closer and further
lying hydrogen atoms with respect to the solute, as defined by the
minimum distance to the 1M4NI anion. The polarization of the atoms
in the polarized EE region (Fig. 4) is sensitive to the electronic state
of the anionic explicit region within and around the first solvation
shell (<4 10\), but not for larger distances. For ~ 406 water molecules
out of 500 (81%), the converged charges are larger in absolute value
than the water-in-PCM reference values. For ~ 94 molecules (19%), the
self consistent charges are smaller than the reference for at least one
atom, which can be viewed as a vacuum effect, i.e., an artifact of the
finite-sized system employed in the calculations. This effect is mainly
observed for molecules lying far from the solute, beyond 10.9A, as in-
dicated by the vertical lines in Figs. 4 and 5.

The converged dipole moments, shown as a function of the mini-
mum distance to the anion solute in the upper panel of Fig. 5, behave
similarly as the atomic charges. The converged values significantly de-
pend on the electronic states within and around the first solvation shell,
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Fig. 2. Structure of the representative cluster, 1IM4NI-(H,0);. The oxygen and the rightmost nitrogen atoms of the solute act as acceptors in the Hydrogen bonds.
Natural transition orbitals representing | — z; and z} — #; excitations are also shown.
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Fig. 3. Depiction of the scPEE-S-QM/MM method. The initial stages are represented in the left panel: The system is partitioned into a representative solute cluster
(1M4NI-(H,0);) and N, individual water molecules. Initial atomic charges are computed for the representative solute cluster in the explicit region, with the solvent
described by the polarizable continuum model, PCM, and for the solvent molecules they are initially considered as the SPC/E force field atomic charges. Then, the
scPEE-S-QM/MM cycle starts (represented in the right panel): The atomic charges of each solvent molecule are recalculated at the QM level in the presence of the
polarizable EE composed by the solute representative cluster and all other solvent molecules. Once the atomic charges of all solvent molecule have been recalculated,
an iteration step is completed. The solvent subsystem is iterated until self-consistency is achieved, thus completing one solvent polarization cycle. At the end of the
cycle, the atomic charges of the solute representative cluster are recalculated, and a new solvent polarization cycle is performed. The procedure is terminated after
attaining self-consistency between successive cycles. All charges calculations are performed with the CHELPG method at QM level. In the image, the molecule (or
cluster) that is being polarized in explicit region of the QM calculation is shown with the van der Waals (VDW) representation surrounded by the polarizable EE of
remaining molecules. The molecules, which have been polarized, are shown with the Corey-Puling-Koltun (CPK) representation, while those ones not yet polarized

are represented by point charges.

and the vacuum effect reflecting the finite size of the system is also ev-
ident. The dipole moments exceed the reference value (horizontal line)
for ~ 466 water molecules (93%), although for another ~ 34 molecules
(7%) some dipole moments drop below the reference. The same behav-
ior is observed in the lower panel of Fig. 5, which shows the dependence
of the dipole moments with respect to the distance between the centers
of mass of the solvent and solute molecules (in this case, the vacuum
effect is found beyond 12.8 A). Despite the finite-size artifact, both the
charges and dipole moments point out a remarkable long-ranged po-
larization effect. While one could expect the polarization intensity to
decrease as a function of the distance to the solute, such trend is not
clear for R S 11A (onset of the vacuum effect). At any distance, the
atomic charge and dipole moment values spread considerably, although
often exceeding the water-in-PCM references in absolute value. Each

water molecule is polarized by the anionic representative solute cluster
and also by the surrounding water molecules. The polarization strength
does not simply depend on the solvent-solute distance. It also has a lo-
cal character which causes the charges and dipole moments to fluctuate
considerably among molecules lying at similar distances from the so-
lute.

The distribution of the dipole moments of water molecules obtained
for the neutral representative solute cluster, 1M4NI-(H,0);, is shown
in Figs. S5 and S6. The dipole moments and the atomic charges (not
shown) have similar features as those computed for the anionic repre-
sentative solute cluster. The local effect is also very clear as the dipole
moments fluctuate considerably for water molecules lying at similar dis-
tances from the solute. The converged values exceed the water-in-PCM
reference value, although the finite-size artifact becomes clear around
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Fig. 4. Converged atomic charges (in atomic units) for the 500 water molecules
polarized by different electronic states of the [1M4NI-(H,0);]1~ cluster: z}
(blue: MP2/aug-cc-pVDZ, yellow: B3LYP/6-31G"), z; (red: B3LYP/6-31G*) and
7 (green: B3LYP/6-31G*). The charges are indicated as g, for the oxygen atom,
as well as gy, and gy, for the hydrogen atoms, where H1 lies closer to the so-
lute based on the minimum distance (R,,;,). The horizontal lines correspond to
the water-in-PCM reference values, while the vertical lines (10.9 ;\) indicate the
onset of the vacuum effect (artifact arising from the finite size of the system).

11 A (minimum distances). The dipole moments of the water molecules
polarized by the ground state of the 1M4NI-(H,0); (n) can be distin-
guished from those polarized by the three z* anion states over the entire
11-A range, as the n points are generally not superimposed with the z*
ones in Fig. S5. The comparison between the dipole moments of wa-
ter molecules calculated for the ground (n) and excited (zz*) states of
the neutral represetantive solute cluster are quite distinguishable only
within and around the first solvation shell (Fig. S6).
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Table 1

Average values and statistical errors (the latter in parentheses) for the atomic
charges (in atomic units) and dipole moment (in Debye) of the water molecules
polarized by different z* electronic states of anionic representative solute clus-
ter, [IM4NI-(H,0);]~, and by the ground » and excited zz* electronic states
of neutral representative solute cluster, 1M4NI-(H,0);, using scPEE-S-QM/MM
method. The pure water polarization is also shown for comparison considering
the solvent environment as PCM and as the electrostatic embedding EE of the
water force field, SPC/E.

System in water [ Qy Qypp Hy
Anionic solute cluster (z}, z; and z}) —0.985(3) 0.494(2) 0.491(2) 2.69(1)
Neutral solute cluster (» and zz*) —0.985(3) 0.493(2) 0.491(2) 2.69(1)

Water (PCM)
Water (EE=SPC/E)

—0.8579 0.4289 0.4289 2.3247
—0.8476 0.4238 0.4238 2.3512

The average values and statistical errors for the atomic charges and
dipole moments of water molecules, computed for the anionic and neu-
tral representative solute cluster, are shown in Table 1. To avoid the
finite-size artifact, we only considered the molecules lying in the first
and second solvation shells, corresponding to Ry, < 7.8 A (details of the
statistical analysis are given as SM, see Tab. S2 and Fig. S4). The aver-
age values of atomic charges and dipole moments of water molecules
obtained for the anionic representative solute cluster in its different
* states converged essentially to the same value (see Table 1). The
correspondent values for the n and zz* states of the neutral represen-
tative solute cluster also converged to the same value (see Table 1).
The small statistical errors indicate reasonably well converged average
values, which are essentially identical for the neutral and anionic repre-
sentative solute cluster and ~ 15% larger in magnitude than the SPC/E
and water-in-PCM counterparts. Deeper insight into the convergence
can be gained from Fig. 6 where the average dipole moments are com-
puted as a function of the distance to the solvent, gradually increasing
the number of water molecules considered in the calculations (total of
155 molecules). Around the first solvation shell, the average values ob-
tained for the z* anion states and the neutral ground state differ among
each other, despite the considerable statistical errors. Around and be-
yond the second solvation shell, the dipole moments converge, which is
consistent with the distributions shown in Figs. 4, 5, and Fig. S5.

While the average atomic charges and dipole moments of the sol-
vent molecules are insensitive to the charge and electronic state of the
representative solute cluster for a sufficiently large collection of water
molecules, the polarization seems to be state- and charge-specific within
the first solvation shell. We therefore investigated the dependence of
some electronic properties of the neutral representative solute cluster
with respect to the polarization of the solvent. To keep the discussion
concise, we considered the energies of the molecular orbitals relevant
to the electronic states of the neutral and anionic representative solute
cluster. Specifically, we computed the energies of the z; (HOMO), x|
(LUMO), =3 and E virtual orbitals, and the dipole moment for 1M4NI-
(H,0); at the Hartree-Fock (HF)/6-31G* level, and also the energy of
the z; (SOMO) for [1M4NI-(H,0);]1~, employing the unrestricted HF
method and the 6-314+G* basis set. The calculations were performed
for the representative configuration including 155 solvent molecules in
the EE region, which comprise to the first and second solvation shells.
The orbital energies and the dipole moment were computed with dif-
ferent polarization strategies for the EE partition. We considered the
average atomic charges given in Table 1, the specific scPEE-S-QM/MM
atomic charges obtained for the n, zz*, ﬁ;‘, 7[;, and zr;‘ states, and also
the SPC/E charges for comparison.

As shown in Table 2, the orbital energies significantly depend on the
EE atomic charges, with variations around and above 0.5 eV. Although
the dipole moment of the neutral representative solute cluster is less
sensitive to the solvent polarization, the discrepancies can be as large
as 0.4 D. In general, the energies obtained with the scPEE-S-QM/MM
atomic charges for the n state are fairly close to those computed with
the scPEE-S-QM/MM-zz* atomic charges (discrepancies of 0.01 eV to
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Fig. 5. Converged dipole moments (x) for the 500 water molecules polar-
ized by different electronic states of the [1M4NI-(H,0);]~ cluster: 7y (blue:
MP2/aug-cc-pVDZ, yellow: B3LYP/6-31G*), zrz* (red: B3LYP/6-31G*) and ﬂ;‘
(green: B3LYP/6-31G*). The dipole moment is shown as a function of the min-
imum distance to the solute (R,,,, upper panel) and the distance between the
centers of mass of the solute and the water molecules (R, lower panel). The
horizontal lines correspond to the water-in-PCM reference values, while the ver-
tical line (10.9 A) indicates the onset of the vacuum effect (artifact arising from
the finite size of the system).

0.03 eV), SPC/E atomic charges (discrepancies of 0.05 eV to 0.10 eV)
and the average atomic charges (discrepancies of 0.10 eV to 0.14 eV).
There is also good agreement for the energies computed with the scPEE-
S-QM/MM atomic charges converged for the z* anion states. However,
the energies are charge-sensitive, i.e., the solvent molecules in the EE
region polarized by the neutral and anionic representative solute clus-
ter produce significantly distinct results. The z* orbital energies of the
neutral representative solute cluster can be viewed as approximations to
the resonance energies, according to Koopman’s theorem. In case elec-
tronic polarization in the explicit region comprising the representative
solute cluster was accounted for in those energy estimates, the stabiliza-
tion of the z* resonances induced by the molecules in the polarizable EE
region would be more significant. Interestingly, the HOMO-LUMO gap
is barely affected by the polarization scheme since the orbitals show
similar energy shifts.

Crucial aspects regarding the computational demand of the scPEE-S-
QM/MM method are the number of polarization cycles and the number
of iterations in each cycle. The convergence of the charges and dipole
moments of the solvent molecules from the polarizable EE region in
the first cycle is illustrated in the SM in Figs. S7, S8, S9, and S10. It
is evident that the most of the polarization is already accounted for
with 2-4 iterations, suggesting that the convergence thresholds could
be loosened. While we did not perform a systematic investigation of the
numerical parameters, we found that only a single polarization cycle

Journal of Molecular Liquids 389 (2023) 122861

Table 2

The energies (in eV) of the 7, Ty Ty and 7 orbitals and the dipole moment
(in Debye) of the neutral representative solute cluster, 1M4NI-(H,0);, and the
energy of the SOMO | of the anionic representative solute cluster calculated
with different polarized electrostatic embedding PEE generated with scPEE-S-
QM/MM charges using an average polarization for all solvent molecules and
the individual polarization of each solvent molecule with the neutral represen-
tative solute cluster at the ground » and excited zz* electronic states and also
at the three z* states of the anionic representative solute cluster (z}, z; and
7r;‘). The results calculated with the electrostatic embedding EE of the water
force field, SPC/E, are also shown for comparison.

Solute cluster state Neutral Anion
Average polarization ™ xy ; A " SOMO (#})
Neutral/Anionic -9.96 1.10 4.13 6.06 16.68 -2.93
EE=SPC/E —10.02 1.09 4.04 6.02 16.32 -2.92
Individual polarization m 7y 75 7 " SOMO (#})

—10.08 1.00 3.99 5.95 16.66 -3.02
—-10.06 0.99 4.02 5.94 16.72 -3.04
—10.49 0.57 3.60 5.55 16.75 —3.46
—10.50 0.60 3.57 5.55 16.65 -3.41
-10.49 0.59 3.59 5.56 16.72 -3.43

Neutral ground n
Neutral excited zz*
Anionic 7}

Anionic 73

Anionic 7§

Table 3

Average values and statistical errors (the latter in parentheses)
for the atomic charges (in atomic units) and dipole moment
(in Debye) for a water molecule polarized by pure liquid wa-
ter, computed at different levels of calculation. The reference for
water-in-PCM and the SPC/E models are also shown.

Method Jo Qi iz M

MP2/6-31G* —1.003(4) 0.499(2) 0.504(2) 2.74(1)
MP2/aug-cc-pVDZ —0.994(5) 0.493(3) 0.501(3) 2.75(2)
MP2/aug-cc-pVTZ —1.017(6) 0.504(3) 0.513(3) 2.81(2)
MP2/aug-cc-pVQZ —1.027(6) 0.509(3) 0.518(4) 2.84(2)
B3LYP/aug-cc-pVTZ —1.015(6) 0.503(3) 0.512(3) 2.81(2)
Reference —0.8579 0.4289 0.4289 2.3247
SPC/E —0.8476 0.4238 0.4238 2.3512

was necessary. In practice, obtaining the atomic charges for the explicit
atoms of the representative solute cluster in PCM environment and per-
forming a single solvent polarization cycle for the solvent molecules in
the polarizable EE region provided essentially the same results as those
presented in Tables 1 and 2, which required 4 to 9 cycles for the dif-
ferent charges and electronic states of the representative solute cluster
employing the convergence criteria described before. Results obtained
for an additional solute-solvent configuration can be seen in the SM (see
Figs. S11, S12, S13, S14 and S15).

As an additional application of the scPEE-S-QM/MM method, we
investigated the properties of liquid water. The average values of the
dipole moment and atomic charges of a water molecule polarized by
the polarizable EE water environment are given in Table 3. The dipole
moments of liquid water, computed with different quantum chem-
istry methods to update the atomic charges, range from 2.74(1) D to
2.84(2) D. The results correspond to ensemble averages performed with
86 statistically uncorrelated Monte Carlo configurations (see the SM
for details) and generally agree with previous accounts [20,24,62-76]
which reported values between 2.4 D and 3.1 D. Our best estimates
were 2.81(2) D, which was obtained with both the B3LYP/aug-cc-pVTZ
and MP2/aug-cc-pVTZ methods, and also 2.84(2) D, calculated at the
MP2/aug-cc-pVQZ level. These results are in very good agreement with
the experimental value of 2.9(6) D [77], and also with recently reported
calculations, 2.72(2) D to 2.83(2) D [24], and also ~ 2.85 D [76]. Details
of our calculations are given as SM (see Figs. S17, S18, S19, S20, S21,
S22, S23, S24, S25 and also Tab. S3).

We also computed the induced dipole moment, Ay, defined as the
difference between the dipole moments of the water molecule in the
liquid and gas phases, as shown in Table 4. For liquid water, we
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Fig. 6. Average values of the dipole moments of the water molecules ((u)) are
shown as a function of the minimum distance, so the number of molecules in-
cluded in the calculation gradually increases. The results are shown for the
different electronic states of the aionic solute cluster [1IM4NI-(H,0);]": 7y
(blue: MP2/aug-cc-pVDZ, yellow: B3LYP/6-31G*), 7 (red: B3LYP/6-31G*) and
7 (green: B3LYP/6-31G*), and the ground state (n) of the neutral solute clus-
ter, 1M4NI-(H,0); (gray: MP2/aug-cc-pVDZ). The vertical lines indicate the
solvation shells, and the error bars correspond to the statistical errors.

Table 4

Induced dipole moment (Au) computed as the difference between the dipole
moments of the water molecule in the liquid (y; ) and gas (xg) phases, at
different levels of calculation. The liquid-phase (") and induced (Au*"™)
dipole moments were also corrected to account for geometry relaxation (see
text).

He ML e Au AV
MP2/6-31G* 2.20 2.74(1) 2.82(1)  0.54(1)  0.62(1)
MP2/aug-cc-pVDZ 1.88 2.75(2) 2832) 0872) 09502
MP2/aug-cc-pVTZ 1.86 2.81(2) 2.89(2) 0.95(2) 1.03(2)
MP2/aug-cc-pVQZ 1.86 2.84(2) 292(2) 0982  1.06(2)
B3LYP/aug-cc-pVTZ  1.85 2.81(2) 2.892)  0.96(2)  1.04Q2)
Exp. 1.855 [78] 2.9(6) [77] - ~1.05 -

used the SPC/E geometry, while the water in the gas phase had its
geometry optimized. Our calculations, performed with the SPC/E ge-
ometry, were corrected to account for geometry relaxation, employ-
ing the 0.08 D shift recommended by Jorge et al. [24]. Our Ayu re-
sults range between 0.54(1) D and 0.98(2) D, depending on the cal-
culation method. These estimates are consistent with other calcula-
tions [20,24,62-65,68-70,72], with reported values around 0.44 D to
1.1 D. Our best results are 0.95(2) D (MP2/aug-cc-pVIZ), 0.96(2) D
(B3LYP/aug-cc-pVTZ) and 0.98(2) D (MP2/aug-cc-pVQZ), which can be
corrected to 1.03(2) D, 1.04(2) D and 1.06(2) D, respectively, accounting
for geometry relaxation. These results are in excellent agreement with
a recent theoretical account [24], which predicted induced dipole mo-
ments between 0.87(2) D and 0.97(2) D, and also with the experimental
value of 1.05 D, estimated as the difference between the experimental
data for the liquid (2.9(6) D) [77] and the gas phase (1.855 D) [78]. The
agreement with experiment for the induced dipole is not coincidental,
as our best calculations for the liquid and the gas also agree very well
with the data. The quality of our results for liquid water further corrob-
orate scPEE-S-QM/MM as an attractive alternative to account for the
polarization of the electrostatic embedding.

4. Conclusions
In conclusion, we proposed the scPEE-S-QM/MM methodology to

account for mutual polarization in the S-QM/MM framework. The first
applications concerned the ground and excited states of 1M4NI-(H,0);
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cluster, in the neutral and anion forms. Our results point out a signifi-
cant local polarization effect. Even for the anion solute, the polarization
strength of the polarizable EE region does not show a clear depen-
dence on the distance from the solute over 11 A. At any given distance
within this range, the atomic charges and dipole moment of the solvent
molecules spread considerably pointing out the influence of the neigh-
boring solvent molecules. For both the anion and neutral solutes, the
polarized atomic charges of the polarizable EE region are sensitive to
the electronic state of the cluster only within and around the first solva-
tion shell. For larger distances the polarized EE atomic charges are not
sensitive to the state of the cluster, only to its charge. In particular, the
average polarized EE atomic charges obtained for two states of the neu-
tral solute cluster (n and zz*) are essentially identical to the average
values obtained for three z* states of the anion species. The average
values were found to exceed in magnitude the SPC/E and water-in-
PCM charges by ~ 15%. Electronic properties of the 1M4NI-(H,0); and
[1M4NI-(H,0)5]1~ clusters were investigated under the influence of dif-
ferent polarized embeddings. The polarized EE atomic charges obtained
from different electronic states of the neutral species provided similar
results, and the same was found for the electronic states of the anion.
However, the EE atomic charges polarized by the 1M4NI-(H,0); and
[1MA4NI-(H,0);]1~ clusters produced significantly distinct results for the
orbital energies of the 1M4NI-(H,0);, i.e., the polarization was found
to be charge-sensitive. In comparison with the SPC/E result, the dif-
ferent polarized EE atomic charges (average or specific) impacted the
dipole moment of the 1M4NI-(H,0);. Interestingly, the HOMO-LUMO
gap was barely affected by the different polarized embeddings since the
orbitals had similar energy shifts.

The scPEE-S-QM/MM method was also employed to investigate
the properties of pure liquid water. The dipole moment of the water
molecule in liquid phase, as well as its difference with respect to the
gas-phase dipole moment, are in very good agreement with the experi-
mental data and also with recent theoretical accounts, thus showing the
consistency and reliability of the scPEE-S-QM/MM method.

5. List of acronyms

1M4NI 1-methyl-4-nitroimidazole

CHELPG CHarges from ELectrostatic Potentials using a Grid-based
method

EE Electrostatic Embedding

HOMO Highest Occupied Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital

MM Molecular Mechanics

MP2 Moller-Plesset 2nd order perturbation

NTO Natural Transition Orbital

PCM Polarizable Continuum Model

PE Polarized Embedding

QM Quantum Mechanics

scPEE Self-Consistent Polarizable Electrostatic Embedding
SM Supporting Material

SOMO Singly Occupied Molecular Orbital

S-QM/MM Sequential Hybrid QM/MM method

TDDFT Time-Dependent Density Functional Theory

VAE Vertical Electron Attachment Energy
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