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ABSTRACT: Investigating the dissociation of base in a micro-
hydration environment is important for revealing various
fundamental physical and chemical processes. In this study, neutral
open-shell BaOH(H,0),, (n = 1—-S5) clusters were characterized by
size-specific infrared-vacuum ultraviolet photoionization spectros-
copy combined with quantum chemical calculations and ab initio
molecular dynamics simulations. The results show that the Ba—OH
bond is undissociated for n = 1 and 2, and the transition from
contact ion pair (CIP) to solvent-shared ion pair (SIP)
spontaneously starts at n = 3. The present findings clarify the
previous debate that BaAOH shows no sign of dissociation even at n
= 5. This work reveals the microscopic mechanisms of base
dissolution processes and lays a solid foundation for broader
application across systems.

B INTRODUCTION

Dissolution of bases in water is an elementary process in acid—
base chemistry. The initial hydration and dissociation process
of the base plays an important role in batteries and
medicine.' Detailed investigations of structural evolution of
base—water clusters enable us to isolate and comprehend
specific phenomena like hydrogen bonding, proton transfer,
electron delocalization, and electrostatic interactions, with
nuances that may typically be obscured in the intricate bulk
solvent environments."’

Solvation is defined by the characteristics of solute—solvent
interactions and frequently entails a structural rearrangement
of both entities. Notably, the basic question of how many
water molecules are necessary to begin the dissociation process
is still an open issue.””'> In recent decades, many efforts have
been undertaken to reveal the dissociation of acids and salts by
a step addition of water molecules."”'* In the case of HCI
microhydration, infrared (IR) spectroscopy of helium droplets
indicated that the fourth water molecule is responsible for
triggering the so-called aggregation-induced dissociation of the
HCI molecules, resulting in the formation of the charge-
separated solvent-shared ion pair (SIP) H;0*(H,0),CI~.">"°
With high-resolution rotational spectroscopy, a significant
breakthrough revealed that the contact ion pair of H;O*Cl is
spontaneously formed within the hydrogen-bonding networks
of book at n = 5."” For the microsolvation process of sulfuric
acid, the negative mass spectroscopy combined with density
functional theory (DFT) calculation revealed that the initiation
of the ionic dissociation of sulfuric acid and the formation of
ion-pair (H;0*-HSO,") structure in the neutral H,SO,(H,0),
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clusters emerges with n > S water molecules.'*™*° Analo-
gously, many theoretical”’ ™** and experimental”*~*" studies
have been performed to investigate the number of water
molecules required to induce contact ion pair (CIP) to
solvent-separated ion pair (SSIP) transition in the micro-
solvation processes of salts. Despite the fact that these works
provide insights into the solvation of acids and salts,
experimental studies of solvation processes of bases are scarce,
leaving the microscopic solvation mechanism unknown.

In this work, microhydrated BaOH(H,0), clusters were
used as an example for IR spectroscopic studies on the
microscopic solvation of neutral open-shell species. The BaOH
system establishes its intrigue through two dimensions: (1) the
unpaired electron of neutral BaOH and (2) the highly ionic
character of Ba—OH bond.”” As the number of water
molecules increases, the ionization energy of open-shell
BaOH(H,0), presents an opposite trend to that of closed-
shell MOH(H,0), (M = alkali metal).***® Investigation of
stepwise microhydration of BaOH is highly desired to provide
a distinctive opportunity to elucidate the interactions between
the open-shell entities and the water molecules in terms of
electrostatic and inductive contributions. Here, we report the
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Figure 1. Experimental IR-VUV photoionization spectra of neutral BaOH(H,0), (n = 1—5). Calculated IR spectra of the lowest-energy isomers
(nA) of neutral BaOH(H,0), (n = 1-5). Calculations were performed at the MP2(full)/aug-cc-pVTZ(O, H)/def2-TZVPP(Ba) level of theory,
with the harmonic frequencies scaled by 0.951.*"

Table 1. Experimental Vibrational Frequencies and Band Assignments of Neutral BAOH(H,0), (n = 1-5)

label n=1 n=2 n=3 n=4 n=35 assignment
a 3727 3682 3687 3686 3674  hydrogen-donor-free OH stretching mode of the O(1)H group
3727 3702 3737 3732 3730  hydrogen-donor-free OH stretching mode of the O(m)H (m = 2—4) groups
c 2913 2861 2542 2607 2633 nondegenerate a-type (m = 2 and 4)/degenerate e-type (m = 3) hydrogen-bonded OH stretching mode of the
2639 2663 O(m%H (m = 2—4) groups
d 2963 2817 2814 2866 nondegenerate a-type hydrogen-bonded OH stretching mode of the O(m)H (m = 2—4) groups
e 3313 3235  nondegenerate a-type hydrogen-donor-free OH stretching mode of the O(m)H (m = S and/or 6) groups
f 3642 3516  nondegenerate a-type hydrogen-donor-free OH stretching mode of the O(m)H (m = S and/or 6) groups
gD,
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Figure 2. Optimized geometries of isomers nA (n = 1—5) at the MP2(full) /aug-cc-pVTZ(O, H)/def2-TZVPP(Ba) (abbreviated as MP2/AVTZ)
level of theory (O, red; H, gray; Ba, Olive). The O atom derived from BaOH is indicated in all structures. Atoms are labeled for discussion. The
lengths (A) for the intermolecular hydrogen bonds and Ba—O distances (in parentheses) for the complexes are indicated.

size-specific infrared-vacaum ultraviolet (IR-VUV) photo-
ionization spectra of neutral Bi.OH(H,0), (n = 1-S5) clusters.
The analyses of the BaOH hydration structures were

conducted with the aid of quantum chemical calculations
and ab initio molecular dynamics (AIMD) simulations. The
dissociation mechanism of BaOH in water has been proposed.
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B RESULTS AND DISCUSSION
IR Spectra of BaOH(H,0),, (n = 1-5)

A brief description of experimental and theoretical methods is
given below, and further details are provided in the Supporting
Information (SI). With the IR-VUV apparatus,””*" neutral
BaOH(H,0), (n = 1-5) and BaO;Hg clusters were generated
via laser vaporization supersonic expansion of a He/H,0
mixture. The neutral clusters were first irradiated with tunable
IR light to cause vibrational predissociation and then
photoionized by a 193 nm VUV light. The IR-VUV
photoionization spectra were measured in the difference
mode of operation (IR laser on minus IR laser off). The IR
power dependence of the signal was measured to ensure a
linear relationship between the predissociation yield and the
photon flux. Geometry optimizations and vibrational analyses
were carried out by using the Gaussian 16 package.”” The
AIMD simulations at finite temperatures were performed in
the CP2K package.** The experimental IR-VUV photo-
ionization spectra of neutral BAOH(H,0), (n = 1-5) clusters
are presented in Figure la,—e;, with vibrational frequencies
and band assignments in Table 1. The lowest-energy isomers
of BaOH(H,0), (n = 1-5) (labeled 1A—5A) were obtained at
the MP2(full)/aug-cc-pVTZ(O, H)/def2-TZVPP(Ba) (here-
after MP2/AVTZ) level and are depicted in Figure 2, with
their calculated spectra in Figure la,—e,. Comparison of the
experimental and theoretical band positions is given in Tables
S1 and S2, respectively. The calculations successfully
reproduce the core experimental spectral features.

In the high-frequency region (3650—3750 cm™') of
calculated IR spectra (Figure la,—e,), the bands assigned to
non-hydrogen-donor OH stretching vibrations exhibit system-
atic evolution. Specifically, the calculated peak for the
hydrogen-donor-free OH stretch of the O(1)H group (labeled
band a) progressively red-shifts with increasing hydration:
starting at 3735 cm™! for n = 1, decreasing to 3712 cm™ for n
= 2, and stabilizing between 3703 and 3701 cm™ for n = 3—5
(Tables S1 and S2). This trend closely matches the
experimental observations (n = 1:3727 cm™'; n = 2:3682
cm™; n = 3:3687 cm™Y; n = 4:3686 cm™'; n = 5:3674 cm™).
Similarly, the free OH stretches of water O(m)H groups (m =
2—4) (band b) are calculated to be in the 3728—3740 cm™
region. This includes a doublet at 3734/3735 cm™ for n = 2
and multiple structures for n = 3-S5 (e.g, 3738/3739/3740
cm™ for n = S). The agreement with experimental values (n =
1:3727 em™'; n = 2:3702 cm™'; n = 3:3737 em™; n = 4:3732
em™Y; n = 5:3730 cm™") further validates the structural motifs
of the clusters.

Within the hydrogen-bonding sensitive region (2500—3400
cm™'), the evolution of spectral features directly reflects the
changes of the intracluster hydrogen-bonding network
structures. In particular, the experimental bands in the
2500—2700 cm ™! region start to appear in the n = 3 spectrum,
indicative of a structural transformation. Indeed, the calculated
peaks for the hydrogen-bonded OH stretching modes of O(m)
H groups (m = 2—4) (band c) undergo a significant red shift
with increasing water molecules: from 2962 cm™' (n = 1) and
2868 cm™! (n = 2) down to 2506 cm™ (n = 3). For n > 4,
peak splitting emerges due to the hydrogen-bonding network
complexity (n = 4:2576/2598 cm™'; n = 5:2624/2651 cm™'),
mirroring the experimental spectra which show the same trend
at corresponding positions (n 1:2913 ecm™}; n = 2:2861
em™h n = 3:2542 em™Y; n = 4:2607/2639 cm™'; n = 5:2633/

3028

2663 cm™'). In addition, the nondegenerate a-type hydrogen-
bonded OH stretches (n > 2) (band d) exhibit the calculated
peak positions decreasing from 2940 cm™' (n = 2) to 2743
ecm™ (n = 3), followed by a slight recovery for n = 4 (2799
ecm™') and n = 5 (2835 cm™"). Their experimental counterparts
(n = 22963 cm™'; n = 3:2817 cm™'; n = 4:2814 cm™; n =
5:2866 cm™') likewise display a distinct “V-shaped” trend,
which is a sharp initial decrease followed by a gradual rise,
indicative of dynamic changes in the hydrogen-bonding
symmetry with accompanying solvation shell restructuring.

For higher-hydration clusters (n > 4), the nondegenerate a-
type hydrogen-donor-free OH stretches of outer-shell water
O(m)H groups (m 5 and/or 6) (bands e and f) are
identified. In the calculated spectra, for n = 4, band e and band
fare located at 3357 cm™ and 3612 cm™, respectively. For n =
S, band e is split into components at 3253 cm™' and 3265
cm™!, while band f appears at 3573—3574 cm™'. The overall
agreement of these theoretical results with experimental
observations (n = 4: band e at 3313 cm™, band f at 3642
em™%; n = S: band e at 3235 cm™, band f at 3516 cm™) is
reasonable to confirm the spatial orientation differentiation
and local environmental heterogeneity of water molecules
within the solvation shell.

For isomer 1A, the water bending vibrational mode and
hydrogen-bonded OH stretching mode of the O(2)H group
are calculated to be 1554 and 2962 cm™! at the MP2/AVTZ
level of theory, respectively. The gap of the water bend
overtone (3108 cm™') and hydrogen-bonded OH stretching
mode of the O(2)H group (2962 cm™") is 146 cm™', which is
covered in the span (300 cm™') of band c. Thus, the water
bend overtone may also contribute to the broad feature of
experimental band c. Note that the interaction between the
waters and the BaOH unit may exist in these clusters, for
which anharmonic quantum mechanical calculations are
expected to elucidate the origin of the couplings of different
vibrational motions.**~

Hydration-Induced Ba—OH Dissociation

This study systematically investigates the structural evolution
and electronic properties of neutral hydrated clusters BaOH-
(H,0), (n = 1-5), elucidating the dissociation mechanism of
the BaOH radical under sequential hydration. Structural
analyses (Figures 2 and S2—S6) reveal a distinct transition:
for hydration numbers n = 1 and 2, the lowest-energy isomers
(1A and 2A) retain the ionic bond framework of the BaOH
radical, with water molecules directly interacting via O—H:--O
hydrogen bonds, which are consistent with previous calcu-
lations.>**! In contrast, for n > 3, the lowest-energy isomers
(3A—5A) exhibit a fundamental structural shift in which the Ba
atom coordinates directly with multiple water molecules, while
the OH group is separated via a hydrogen-bonding network,
forming SIP. This structural reorganization correlates strongly
with the elongation of the Ba--O(1)H distance (Table S3):
Rg,.o()u increases progressively from 2.331 A (n = 1) to
2.515 A (n = 2) and undergoes a pronounced elongation to
3.311 Aatn =3, showing a net increase of 0.98 Afromn=1
to n = 3. Subsequent elongation becomes moderate for n = 4
(3172 A) and n = § (3.103 A) (ARg,.oqm < 02 A),
indicating structural saturation and dynamic equilibrium. In
contrast, previous studies suggested that the lowest-energy
isomer for n 3 had a CIP (Ba—OH undissociated)
structure,””*" which is different from this work. The lowest-
energy isomers for n = 4 and S were predicted to have the SIP
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(Ba---OH dissociated) structures,®® which are in accord with
our present results.

Electronic structure analysis further elucidates the under-
lying driving mechanisms. Mulliken charge populations (Table
S3) show the predominantly ionic character of Ba*—OH™
across the n = 1—5 clusters. Upon sequential hydration, the net
negative charge accumulated on the solvent shell progressively
increases (n = 1: —0.05; n = 2: —0.20; n = 3: —0.33),
attenuating the Ba—OH electrostatic attraction. In the
meantime, the Mulliken charge on the O(1)H group in n =
1-3 is —0.77, —0.66, and —0.55, respectively, indicating the
trend to reduce polarization and to facilitate Ba—OH bond
elongation and rupture. Remarkably, for n > 3, the Mulliken
charge on O(1)H is alleviated at —0.5S, signifying charge
saturation. Such charge changes are consistent with the
remarkable red shift of band ¢ from n = 2 to n = 3, supporting
the structural transformation with the SIP formation. The
positive charge on the Ba increases to > + 1.00 for 4A and 5A,
driven by direct water coordination and charge transfer to
outer-shell molecules (e.g., H,O(5)/H,0(6)), enhancing the
SIP stability. The results of energy decomposition analysis
(EDA) (Table S4) support the electrostatic and polarization
interaction mechanisms. With the stepwise hydration of water
molecules from 1A to 3A, the electrostatic attraction (AE,,) in
the Ba—OH fragment progressively weakens (—52.76 —
—37.99 — —11.48 kcal/mol). From 3A to 5A, the variation
in AE,, becomes less than 3 kcal/mol. Concurrently, the
orbital interaction energy (AE,;) exhibits a similar decreasing
trend from 1A to 3A (—134.59 — —111.54 — —46.48 kcal/
mol). Note that the terms AE,, and AE_ are components of
the total interfragment interaction energy (AE,,), as defined
within the sobEDA framework.” AE,, represents the energy
change when fragments combine in the geometry of the
complex, encompassing electrostatic, exchange, Pauli repulsion,
orbital interaction (including polarization), and correlation/
dispersion contributions. AE;, is not equivalent to the bond
dissociation energy. The actual binding energy includes the
deformation energy required to distort the isolated fragments
to their geometry in the complex. Therefore, the observed
trends in AE,, and AE_, reflect the structural evolution of
specific interaction components within the complex and not
the total energy required to break the bond. The SIP formation
in n = 3 is supported through multiple evidence: (i) energetics:
the global minimum structure 3A with a dissociated Ba—OH is
more favorable than the next energetically higher structure 3B
with a nondissociated Ba—OH by 1.69 kcal/mol at the MP2/
AVTZ level; (ii) kinetics: the intrinsic reaction coordinate
calculation reveals a very small barrier of 2.69 kcal/mol for the
3B — 3A isomerization (Figure 3). This barrier is readily
surmountable under laser vaporization source conditions, and
the transformation is facilitated by a hydrogen-transfer
(specific to the hydrogen of the H,O molecule) competent
hydrogen-bonding network, indicating that Ba—OH dissocia-
tion is both thermodynamically favorable (exothermic) and
kinetically accessible.

The pronounced ionic nature of the Ba—OH bond governs
the solvation behavior, rendering BaOH susceptible to
dissociation.”” The unpaired electron maintains nonbonding
character, suppressing delocalization. The dissociation of the
Ba—OH bond at n = 3 is driven synergistically: charge transfer
attenuates electrostatic attraction while the hydrogen-bonding
network reorganization facilitates the hydrogen transfer,
yielding stable SIP. With the combination of experimental

3029

Relative energy (kcal/mol)

Figure 3. Potential energy profiles of the 3B — 3A isomerization
calculated at the MP2(full)/aug-cc-pVTZ(O, H)/def2-TZVPP(Ba)
level of theory. Energies are given in kcal/mol. The relative energies
are calculated by the Gibbs free energies at 150 K.

spectra and theoretical calculations, our results demonstrate
that three water molecules are able to dissociate BaOH. This
finding clarifies the previous argument that BaOH shows no
sign of complete dissociation even at n = 5.°*° The present
discovery is reminiscent of a central question in metal solvation
science that is the determination of the minimum number of
water molecules required to dissociate the cation and anion of
a metal salt molecule.”*

AIMD Simulation Validation

The BaOH(H,0); cluster emerges as the critical midway,
featuring the transition from CIP to SIP in neutral open-shell
alkaline-earth hydration systems. Its extensive hydrogen-
bonding interactions manifest experimentally as pronounced
spectral broadening within the hydrogen-bonded OH stretch-
ing region. A multitiered computational strategy was employed
for a better understanding of experimental spectral features.
The above harmonic vibrational analyses based on the
equilibrium geometries provide preliminary spectral assign-
ments of vibrational fundamentals. Subsequently, AIMD
simulations were performed to incorporate anharmonicity
and thermal effects, with the attempt to interpret the
experimental spectral broadening and relative band intensities.
To systematically elucidate the discrepancies between
harmonic predictions and experimental observations, AIMD
simulations were conducted under a series of temperatures
(from 50 to 200 K). As demonstrated in Figure 4, the AIMD
simulated spectrum accumulated over 150 ps at 150 K
reasonably reproduces the overall line shape of the
experimental spectrum. This approach addresses the inherent
limitations of the static harmonic approximation for flexible
hydrogen-bonded clusters, which fails to capture the
experimentally observed variations in peak intensity distribu-
tions and band broadening arising from atomic thermal
motions.
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Figure 4. Comparison of experimental IR-VUV photoionization

spectrum of neutral BaOH(H,0); (a) and MP2/AVTZ calculated

harmonic IR spectrum of isomer 3A (b) and AIMD simulated spectra
at 50, 100, 150, and 200 K (c—f) of isomer 3A.

Analysis for the 3A cluster reveals that at S0 K (Figure 4c),
hydrogen-bonded OH stretching modes (bands ¢ and d)
exhibit initial broadening. Upon increasing the temperature to
150 K (Figure 4e), spectral broadening intensifies markedly,
and the AIMD simulated spectrum achieves the best
agreement with experimental data across the entire spectral
range in terms of band positions and relative intensities. The
plot of vibrational density of states obtained from the AIMD
simulations (Figure S7) reveals that the spectral feature in the
3000—3600 cm™' region of BaOH(H,0); mainly arises from
the combined contributions of hydrogen-bonded O—H
stretching modes of the OSH6, O7H4, and O9H11 groups.
The AIMD simulated spectra of isomers 2A, 4A, and SA
provide further support for the above discussions (Figures S8
and S9). Statistical mechanical evidence for the dynamic
stability of the hydrogen-bonding network is derived from
AIMD trajectory analysis of the 3A cluster at 150 K (Figure
S10). The distributions of both Ba--O(m) (m 2—4)
distances (Figure S10a—d) and O(1)--H(x) (x = 5-7)
hydrogen-bond lengths (Figure S10e—f) exhibit Gaussian
characteristics, with fluctuation amplitudes consistently con-
fined within the 0.4—0.6 A range. This verifies the structural
robustness of the 3A configuration during the finite-temper-
ature dynamics.

It is noted that the AIMD temperature, controlled via atomic
kinetic energy, does not directly equate to the experimental
condition, where laser-induced heating in the vaporization
source elevates the temperature beyond that of a pure
supersonic expansion. Furthermore, the presented AIMD
simulations lack explicit zero-point vibrational energy
corrections and quantum nuclear effects.*”**™** Despite
these approximations, AIMD simulations help to capture the
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thermally induced and atomic-motion-dominated broadening
mechanisms operated in the actual system. While the AIMD
simulations did not fully reproduce the present experimental
spectra, further improvement of the theoretical model is
expected.

Theoretical Verification of the Reaction Pathway

Building upon prior studies demonstrating that the barium-
water reaction generates the radical product BaOH + H
selectively via the electronic excitation of the barium atom
(Ba('D,)),” we proposed the formation pathway of BaOH-
(H,0); through IR-VUV photoionization spectroscopy and
potential energy surface calculations, for which mechanisms are
not exclusive. The experimental IR-VUV photoionization
spectrum of the BaO3;Hy cluster exhibits a high degree of
agreement with the theoretical IR spectrum of the HBaOH-
(H,0), structure (Figure S and Table SS). Energetically, this

| Q::t:ﬁ?f?j

(b) HBaOH(H,0), (0.00 kcal/mol)

P
|

(a) BaO,H, (EXP)

(c) Ba(H,0), (+45.51 kcal/mol

Calculated IR intensities

Cross section

UL UL U
2400 2700 3000 3300 3600 3900
Wavenumber (cm™)
Figure S. Comparison of the experimental IR-VUV photoionization
spectrum of neutral BaO;H, and calculated IR spectra of HBaOH-
(H,0), and Ba(H,0),. Calculations were performed at the
MP2(full)//aug-cc-pVTZ(O, H)/def2-TZVPP(Ba) level of theory,
with the harmonic frequencies scaled by 0.951 (O, red; H, light gray;
Ba, olive).

insertion structure is significantly more stable (by 45.51 kcal/
mol) than the competing isomer Ba(H,0),;, which can be
spontaneously converted to HBaOH(H,0), via a small barrier
of 9.51 kecal/mol (Figure S11). Notably, although dehydrogen-
ation of HBaOH(H,0), to form BaOH(H,0), + H is
endothermic (51.09 kcal/mol), an entropy-driven process of
Ba('D,) + 4H,O reactions in high-temperature plasma
environments of a laser-evaporation source can facilitate this
conversion. Subsequent hydration of BaOH(H,0), readily
leads to the formation of BaOH(H,0); (Figure S11).
Importantly, all remaining steps along this reaction pathway
are thermodynamically favorable (exothermic) and kinetically
accessible (Table S6). Although the barrier of the BaH,0 —
HBaOH isomerization is 15.98 kcal/mol (Figure S11), BaH,0
was not detected in the present experiments, which could be
due to the small barrier of the Ba(H,0); — HBaOH(H,0),
isomerization (9.51 kcal/mol) and the large exothermicity of
the Ba('D,) + 4H,0 — BaOH(H,0); + H process.

The BaOH(H,0); cluster plays a dual role: it serves as the
terminal product of the radical hydration pathway while
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simultaneously acting as the dynamic nexus for solvation
structural reorganization, specifically, the transition from CIP
to SIP. Its extensive hydrogen-bonding interactions, evidenced
by pronounced broadening in the experimental IR-VUV
photoionization spectrum, drive ion separation through
thermally induced atomic motions. By integrating IR-VUV
photoionization spectroscopy (validating the H atom transfer
mechanism), potential energy surface mapping (locating
intermediates), and anharmonic molecular dynamics simu-
lations (reproducing hydrogen-bond fluctuations), this study
establishes a reasonable correlation between the electronic
state of the reactant, reaction pathway, and the evolution of
solvation structure. This integrated approach provides a new
paradigm for elucidating ion-pair evolution mechanisms in
solvated systems. The present findings have demonstrated that
the early stage solvation dynamics of closed-shell systems could
be accessed through their open-shell precursors, offering a
microscopic prelude to the macroscopic mechanism of the
solution phase. This work also substantiates that accurate
interpretation of experimental spectra of solvated species
requires the combination of high-level quantum chemical
calculations, ab initio molecular dynamics simulations, and
anharmonic algorithm.

Bl CONCLUSIONS

We utilized the IR-VUV method to obtain IR action spectra of
neutral BAOH(H,0),, (n = 1-5) in the OH stretch vibrational
region. Combined with quantum chemical harmonic calcu-
lations and AIMD anharmonic simulations, the structures of
BaOH(H,0), clusters were determined. AIMD simulations
reasonably interpret the broadening of the experimental
spectral bands in the context of hydrogen-bond fluctuations.
Our studies show that the solvent-shared ion-pair types of
structures start to appear at n = 3. The dissociation of BaOH in
water is initiated by Ba*—OH™ electrostatic and polarization
interactions: charge transfer reduces electrostatic attraction,
while the reconfiguration of the hydrogen-bonding network
facilitates hydrogen transfer. The present system serves as a
model for describing the interaction between the open-shell
entities and the water molecules in terms of electrostatic and
inductive effects and opens new avenues for understanding the
early stage of solvation processes of a wide variety of closed-
shell systems.
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