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ABSTRACT

The microhydration of rock salt (NaCl) molecules was investigated theoretically by density-functional theory and force field
calculations and experimentally by high-resolution Penning ionization electron spectroscopy (PIES) in helium nanodroplets.

The calculations reveal a transition from contact ion pair structures to solvent-separated ion pairs at n = 12-15. However, it takes

n =~ 17 water molecules to form a complete solvation shell around the Cl~ anion and as many as n = 34 to fully hydrate the

Na™ cation, thus the entire NaCl molecule. Although NaCl molecules are predicted to be fully submerged inside the droplets,
the PIES of NaCl are highly resolved, in stark contrast to other molecular species. Codoping the droplets with a controlled number
of n=1-10 water molecules leads to efficient quenching of the NaCl Penning ionization signal and to its full suppression for

n 2> 30, in line with the calculations.

1 | Introduction

The solvation of common rocksalt (NaCl) molecules in water
forming separated ion pairs is one of the most important pro-
cesses in chemistry and of great relevance for biology, marine
and atmospheric chemistry, and everyday life. Although this pro-
cess has been extensively investigated both experimentally and
theoretically, open questions remain regarding the microscopic
structures and energetics of the hydration complexes. Perhaps
the most pertinent question concerns the minimum number
of water molecules necessary to induce dissociation and charge
separation of the Na*Cl~ ion pair. A solvent-separated ion pair

(SSIP) is characterized by solvent molecules arranging them-
selves between the ions such that Na* and CI~ each have their
own hydration shell. As a result, the interionic distance increases
drastically compared with that of the undissociated contact ion
pair (CIP).

A large body of theoretical studies on this problem is available in
the literature, see [1] and references therein. In particular, and as
a response to the question ‘How many water molecules are nec-
essary to dissolve a rock salt molecule?’, Jungwirth concluded
that (H,0), represents the smallest water cluster capable of dis-
solving NaCl, based on earlier studies from the 1990s [2].
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However, the transition from CIP to SSIP ion pairs is anything
but sharp with increasing number n of water molecules.
According to the generally accepted picture, CIP structures dom-
inate for n<4; for n ~ 4-6, one or more water molecules insert
between the Na™ and C1~ ions but still coordinate both ions
simultaneously, thus forming so-called solvent-shared ion pairs;
for n > 6-9, SSIP structures where each ion has its own hydration
shell become more and more abundant. Although the cluster cal-
culations provide accurate energies and structures, the adopted
models are not sufficiently large to represent the hydration struc-
tures in solution, especially for larger sizes where each ion
becomes completely hydrated.

Here, we performed density-functional theory (DFT) and force
field (FF) calculations to model the hydration of NaCl from
charge separation up to complete hydration of the separated
Na® and CI™ ions. While the former approach confirms that
the NaCl bond becomes significantly destabilized for n > 6,
the FF exploration shows that complete hydration of both
Na* and Cl~ ions requires additional water molecules; caging
of the solvent-dissociated Na*™ and Cl~ ions remains incomplete
up to n=15, even though the distance between the two ions is
large enough to accommodate the hydrogen bond network in the
SSIP fashion. Our simulations also reveal that the two Na™ and
Cl” ions exhibit different hydration patterns, reaching almost
complete hydration shells for n =34 molecules for the Na* cat-
ion, but only n =17 for the anion, while the Na *~CI™~ ionic bond
is already well dissociated.

To address this question experimentally, NaCIl(H,O),, clusters con-
taining a variable number of water molecules, n=1, 2, ..., have
previously been studied by infrared spectroscopy [3] and photoelec-
tron spectroscopy [1]. In the former experiment, Tandy et al. used
superfluid helium nanodroplets to isolate single NaCl molecules to
which H,0 molecules were added one by one up to n=4. For
n=1-3, the spectra were consistent with the formation of the low-
est-energy CIP structures in which each water molecule forms a
single ionic hydrogen bond to an intact Na*Cl~ CIP; for n =4, indi-
cations for the coexistence of at least two isomers were found. In a
later experiment, Hou et al. studied NaCl (H,0),, anions [1], for
which the SSIP-type structures appeared at n=2. Neutral
NaCl(H,0),,, which they studied only theoretically, occurred pre-
dominantly in CIP structures for n<9; for n=9-12, CIP and
SSIP structures were found to be nearly degenerate in energy,
largely in agreement with the generally accepted picture and match-
ing the H,0:NaCl molar ratio ~ 9 of NaCl-saturated solution [4].

In the current study, we applied a novel method—HND Penning
ionization electron spectroscopy (PIES)—to study the microsolva-
tion of NaCl molecules by water molecules up to complete hydra-
tion. HNDs are exceptional cryogenic matrices, offering an
ultracold (0.37K) and minimally perturbing environment ideal
for the synthesis and spectroscopic investigation of individual mol-
ecules and molecular aggregates. The superfluid nature of HNDs
facilitates the capture and aggregation of atoms and
molecules as dopants, enabling the study of fundamental chemical
and dynamical interactions that are often obscured in bulk phases
or warmer gas-phase experiments. Consequently, HNDs are being
used to explore molecular processes ranging from reaction dynam-
ics at ultralow temperatures [5-8] to the formation and character-
ization of exotic molecular complexes [9-11].

Recently, we have expanded the scope of spectroscopic methods
applied to HNDs to extreme ultraviolet (XUV) photoionization
spectroscopy combined with electron and ion detection [12-14].
This approach has revealed a variety of intriguing interatomic
and intermolecular relaxation processes involving the transfer of
charge and energy between neighboring units and even
over nanometer distances [14-19]. In particular, interatomic
Coulombic decay (ICD) of atomic or molecular dopants attached
to HNDs induced by resonant excitation of the droplet, a process
traditionally termed Penning ionization (PI) [20], turns out to be
highly efficient in producing dopant ions and electrons
[12, 14, 21-26]. A recent study showed that a variant of ICD, reso-
nant ICD initiated by electronic excitation, reveals detailed informa-
tion about the electronic structure of the water solvation shell
surrounding the solvated cation in aqueous solutions [27].
However, Penning ionization electron spectra (PIES) in HNDs tend
to be broad and rather featureless for most dopant species [21, 23—
25]; only for alkali metal atoms and clusters— weakly bound to the
surface of HNDs—have well-resolved PIES [12, 20, 26] been
obtained. Here we measure PIES of HNDs doped simultaneously
with NaCl and H,O molecules to track the microhydration dynam-
ics of NaCl. The surprisingly high resolution of the PIES allows us to
clearly distinguish PI of NaCl from that of bare sodium, which is
also present in small amounts. Our main finding, namely that the PI
yield of NaCl is highly sensitive to the addition of just a few H,O
molecules and that full hydration of NaCl requires n =~ 30 water
molecules, is in line with the model calculations.

2 | Results and Discussion

Candidates for stable structures of NaCl(H,0), clusters were
explored using a computational methodology that combines
FF exploration and DFT reoptimization, as detailed in the
Theoretical Modeling section. To better explore the competing
CIP and SSIP regions of the energy landscape, the distance
between the Na* and Cl~ ions was restricted to specific values
through a dedicated (umbrella) harmonic potential, ranging from
2 A to 6 A in steps of 0.5 A. In clusters containing n>15 water
molecules, only candidate structures were produced from the FF
approach. Selected examples of the resulting putative global min-
ima are shown in Figure 1 for n=4, 8, 12, and 15. At small sizes,
the hydration pattern identified in earlier studies [1, 2, 28] is
recovered, with the binding of the first water molecules to the
Na* cation, and with the fourth added water molecule being
hydrogen-bonded to an already existing water. However, even
for n=15, both Na* and CI~ ions are still not fully hydrated,
though we note that the water coordination of Cl™ is greater
than that of Na* at this size. Instead, these molecules create a
hydrogen-bond network in which the Na* ion, then the
Cl™ ion, are successively caged.

The destabilization effect of water molecules on the Na-Cl ionic
bond was assessed in our calculation by determining a relative
binding energy (RBE) as

RBE = E[NaCl(H,0),] — nE[H,0] — E[NaCl], )

where E[X] denotes the total electronic energy of molecule X, cor-
rected for the zero-point vibrational energy contribution taken
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FIGURE 1 | Lowest-energy structures of selected clusters obtained
from DFT calculations at small sizes, and from the FF exploration at
larger sizes.
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here simply in the harmonic approximation, and to correlate this
quantity to the interatomic distance Ry,c, for the various struc-
tures minimized at the DFT level. The resulting values are shown
in Figure 2.

The trend found from these calculations matches the existing
interpretation of a gradual destabilization of the Na-Cl ionic bond
as more and more water molecules are being added. The picture
obtained at small sizes, in particular, is in good agreement with
the recent work by Shi and coworkers [28]. In the range of larger
sizes, n = 8-15, significant fluctuations are noted with the strictly
lowest-energy minima found in our samples to be of the CIP
(nondissociated) type at sizes 11, 13, and 14, whereas the lowest
minima at the neighboring sizes of 12 and 15 belong to the SSIP
category. However, note that our exploration of the energy land-
scapes for these larger clusters is probably incomplete, despite
allowing for large variations in the values of Ry,c.

These calculations indicate that even with 15 water molecules,
the two ions are dissociated but still not fully hydrated in
completely caged structures, leaving them exposed directly to
the helium solvent atoms and to PI. To evaluate the numbers
of water molecules needed to achieve complete hydration shells,
the coordination numbers specific to both ions were determined
up to n=>50, restricting the energy landscape exploration at the
FF level but imposing three values Ry,c; =4, 5, or 6 A through the
umbrella potential. The resulting coordination numbers are rep-
resented in Figure 3 as an increasing function of n. From these
results, the C1™ anion reaches its maximum coordination number
of 7 once 17 water molecules are present. However, Na* only
accommodates at most 6 water molecules and does so consis-
tently for at least n =34 and above. Thus, our theoretical explo-
ration of structures, which exceeds earlier quantum chemical
investigations, reveals that the hydration pattern does not pro-
ceed in a fully regular manner with increasing numbers n of
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FIGURE2 | RBE of various configurations of the NaCI(H,0),, clusters obtained at the DFT level of theory, sorted according to the Na-Cl equilibrium
distance. Each cluster size n is associated with a different color, and the dashed lines join the lowest energy configurations found for all sizes.
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FIGURE3 | Effective coordination numbers of the Na* (upper panel)
and CI” (lower panel) ions by water molecules in low-temperature sam-
ples of NaCl(H,0), clusters with the Amber ff99 FF, keeping the distance
between the two ions close to 4, 5, or 6 A.

water molecules; only at small sizes n<4 do the first solvent mol-
ecules bind to the Na* ion. Between n=>5 and 8, the additional
molecules bind to the CI™ ion and to the existing waters through
hydrogen bonds. Between 9 and approximately 15 molecules, the
additional water molecules successively bind partly to the cation
but more importantly to the anion. At n=17, Cl” is almost fully
hydrated, while Na* still misses one solvent molecule. Above
n=17, the hydrogen bond network around CI~ grows further,
without affecting much the local environment of the cation, until
finally it becomes fully hydrated itself once n=34 is approxi-
mately reached.

The asymmetry in the hydration patterns of the two ions reflects
their very different relative preference for making bonds to either
the oxygen or the hydrogen atoms of the water molecules. In the
experiment described below, the addition of water molecules to
the preexisting NaCl molecule under a cryogenic environment is
likely not to produce clusters in their lowest energy structures but
instead in a variety of configurations. However, the formation of
these clusters also releases heat, which before being dissipated by
evaporation of helium may be used to rearrange the molecules
and the ions, at least locally. Atomistic modeling at a level higher
than presently achieved would be valuable to shed light onto
such kinetic factors. In particular, recent progress in ab initio
FFs for ions in solution [29], combined with advanced path-inte-
gral techniques [30], pave the way for future exploration of the
cluster formation mechanisms under explicit helium solvent.

Our experimental approach to the microhydration of NaCl relies
on the use of HNDs as a stabilizing environment that hosts both
NacCl and water dopants added to the HNDs successively. PIES of
NaCl-doped HNDs were first recorded in the absence of water,
with the purpose of investigating the efficiency of PI of NaCl, the
structure of the resulting PIES, and their dependence on the
HND size. Figure 4a) shows the spectra of all electrons emitted
from NaCl-doped HNDs for various temperatures of the He noz-
zle between 9 and 17 K (red and black lines). The corresponding
HND radius is estimated to range from R=4 to 50 nm, respec-
tively, by comparing to literature data [31]. The photon energy
was set to hv=21.6 eV to resonantly excite HNDs to their
2p state, thereby inducing PI of dopant atoms and molecules.
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FIGURE4 | (a)Penningionization electron spectra of NaCl-doped He
nanodroplets recorded at a photon energy hv =21.6 eV. The temperature
of the NaCl doping cell was 460°C and the temperature of the He nozzle is
given in the figure. The cyan line shows a reference spectrum measured
for an effusive beam of NaCl molecules. The peak labeled A is due to PI
of NaCl molecules. The peaks B and C are due to PI of Na and He*
atoms, respectively and (b) Peak integrals as a function of He nozzle
temperature. The top panel indicates the initial mean He droplet radius
determined according to Ref. [31].
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All these spectra were measured at a temperature of the NaCl
doping cell of Ty, =460°C at which the NaCl PI signal was
highest, see Figures S1 and S2b) in the Supplementary
Material (SM). The peaks exhibit three distinct features denoted
as A, B, and C, whose heights vary relative to one another as R is
changed. The dependence of peaks A, B, and C on the tempera-
ture of the NaCl doping cell and thus on the number of NaCl
embedded in the HNDs is presented in the SM, Figures S1
and S2.

Peak A is due to PI of NaCl molecules through the reaction

He* + NaCl-He + [NaCl]* +e~ 2

taking place inside HNDs. The characteristic kinetic energy of
the electrons e~ generated by this process, E, ~ 10.8 eV, is
approximately given by the difference between the energy stored
in the excited HNDs, Ey- =20.6 eV, which relax into the 2s 'S
state prior to PI [18, 20, 32], and the ionization potential of NaCl
molecules (9.8 €V [33]). The narrow peak B results from PI of
Na atoms attached to the surface of HNDs [13, 20, 34]. The
peak position exactly matches the expected value,
E,=Ey. —EN*=15.5 eV, where EN* =5.1 ¢V is the atomic ioni-
zation energy of Na. These Na atoms are present at low concen-
tration due to contamination of the vacuum chamber from
previous experiments. Here, peak B serves as a reference for
PIES of dopants attached to the HND surface [12, 20, 26].
Peak C is due to a PI process that involves two He" atoms in
the 2s 'S state excited in large HNDs by two-photon absorption
[18]. Accordingly, its position is at E, =2 X Eye — EH¢=16.6 €V,
where EF®=24.6 eV is the ionization energy of He atoms. This
feature is a sensitive probe for the size of the HNDs [18]. The
integrals of peaks A, B, and C are shown in Figure 4b) as red,
green, and blue symbols, respectively.

Peak A starts to appear as the He nozzle is cooled below
T hozzie =20 K where condensation of He into nanodroplets sets
in. It reaches a maximum at Ty, =13 K (HND radius R ~ 6
nm) before sharply dropping and vanishing as the nozzle is
cooled further down to Ty, <9 K (R[? 50 nm). The signal rise
in the range Tpoz1e =17-13 K is due to the increase of both the
flux and the size of HNDs, where the latter leads to an increase of
the probability of the droplets to pick up one or more NaCl mol-
ecules. The sharp drop at T),y,,. < 9 K, which is observed for all
dopant species submerged in the interior of the HNDs, reflects
the finite effective range of PI as the He" excitation tends to form
a void bubble that emerges to the droplet surface [35]. There, the
He' remains weakly bound to the HND in a shallow dimple, spa-
tially separated from the submerged dopant [36]. Accordingly,
peaks B and C keep rising as the HNDs grow larger at
Thomle < 13K; surface-bound Na atoms and He™ atoms likely
roam across the HND surface and eventually decay by PI once
they collide [36]. The emitted electron can reach the detector
without scattering with He atoms surrounding the dopant. In
contrast, electrons emitted from submerged dopants undergo
massive scattering, leading to a broadening of the peaks in the
electron spectra [37]; large HNDs with R[720 nm even tend
to trap electrons, thereby suppressing their detection [35]. This
likely explains the complete vanishing of peak A at 9 K nozzle
temperature. The strongly differing HND size dependences of

the PI yields of NaCl versus Na clearly indicate that NacCl is sub-
merged inside HNDs, as expected for most molecular species.

For reference, the cyan line in Figure 4a) shows the photoelec-
tron spectrum of free NaCl molecules prepared in an effusive
beam and photoionized at hv =20.6 eV in a separate experiment.
It contains only one peak corresponding to ionization from the Cl
3p-derived valence band. The fact that peak A in the PIES has
nearly the same position and width as the photoline of effusive
NaCl highlights the excellent spectral resolution achieved with
PIES for this particular system. In this respect, NaCl resembles
more the surface-bound Na and He" atoms, see peaks B and C
and Refs. [18, 20, 26], as opposed to molecules submerged inside
HNDs, which mostly feature broad, nearly structureless PIES
[21, 23-25].

To resolve the question of the location of the NaCl molecule
inside HNDs or at the surface, we carried out dedicated model
calculations. We used two complementary methods based on
either static “He DFT continuum-like calculations or atomistic
path-integral molecular dynamics (PIMD). Both methods, which
are described in the SM, predict that the NaCl molecule should be
located near the center of the HNDs (see Fig. S4 in the SM). The
“He-DFT calculations indicate significant localization of He
atoms in the vicinity of the Na* cation and the Cl~ anion, sug-
gestive of a snowball being formed surrounded by the remainder
of the HND acting as a quantum solvent. The PIMD simulations
confirm this picture as well as the asymmetric character of the
snowball with enhanced He localization near the cation relative
to the anion. It is possible that NaCl dopants occupy various posi-
tions inside larger HNDs with a nonzero probability of localizing
near the HND surface, similar to alkaline-earth-metal atoms [38]
and indium atoms [39], likely with the more heliophilic Na* ion
end pointing toward the droplet center and the Cl™ ion pointing
toward the surface.

Having established PIES as a sensitive method for probing NaCl
molecules despite their location inside HNDs, we now turn to the
investigation of their microsolvation by water. To this end, we
add a controlled number of H,O molecules to the NaCl-doped
HNDs. The presence of H,O molecules introduces hydrogen-
bonding interactions, facilitating the formation of hydrated
NaCl complexes within the HND environment. As the polar
water molecules are expected to interact much more strongly
with the Na* and C1™ ions than with He atoms, it is anticipated
that they will efficiently aggregate around the NaCl molecule,
thereby significantly altering its susceptibility to PI.

Figure 5a) shows PIES measured for optimal NaCl doping con-
ditions (Tnac1 =460°C) and for various levels of codoping the
HNDs with H,0 molecules. Figure 5b) shows the integrals of
peaks A, B, and C, where the panel on the top depicts the esti-
mated number of codoped H,0 molecules per HND. Most strik-
ingly, by leaking small amounts of water vapor in the doping cell
such that the doping chamber pressure rises from 5.8 to
6.1 x10~7 mbar, the PI signal of NaCl steeply drops to less than
half of its previous intensity, whereas the Na and He" signals
(peaks B and C) remain almost constant. The estimated number
of codoped H,0 molecules responsible for this drastic drop of the
PI of NaCl is about 1 to 2 based on the model described in Refs.
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FIGURE 5 | (a) PIES of NaCl-doped He nanodroplets codoped with
H,0 molecules at variable vapor pressure in the doping chamber. The He
nozzle temperature was set to 13K, the NaCl oven temperature was
Tnac1 =460°C, and the photon energy was hy=21.6 eV. The spectrum
in black was recorded in the absence of H,O codoping and (b) peak inte-
grals as a function of water codoping pressure. The upper panel in
b) presents the mean number of codoped H,0 molecules per He nano-
droplet and their standard deviations (orange error bars) obtained from
the simulated distributions of the number of H,O dopants using the
model described in SM section 2. The uncertainty (cyan shaded area)
is obtained from the statistical standard error of the mean and the esti-
mated systematic error (20%).

[40, 41], and as explained in the SM, sections 2 and 3. As the H,O
pressure is further increased, the NaCl signal in the PIES further
drops and vanishes almost completely when the number of H,O
codopants reaches around 30, see Figure 5b). In stark contrast, in
the same range of H,O codoping, the intensity of peak B (PI of
Na) slightly increases to reach a maximum at about 10 H,O mol-
ecules before gradually decreasing at higher H,0 codoping levels,
while peak C (PI of He") only slowly decreases. The opposing
trends of dropping NaCl signal and rising Na signal in the range
of low codoping (6 to 7x10~7 mbar) reflect the competition
between PI of NaCl and Na dopants; as Penning ionzation of
NaCl becomes less efficient due to microhydration, more He"
are available in the HNDs to induce PI of Na. The overall drop

of all signals occurs only at higher doping levels, due to shrinking
of the HNDs caused by additional scattering with H,O molecules
in the doping chamber, which eventually leads to the destruction
of the HND beam. This clearly indicates that the suppression of
PI of NaCl is mainly caused by the binding of the water molecules
to NaCl molecules, rather than by HND beam destruction.

3 | Conclusions

We have successfully employed PI electron spectroscopy in
HNDs as a highly sensitive probe to investigate the microhydra-
tion of NaCl molecules under rather well-controlled conditions of
complexation with water molecules. The NacCl electron spectra
are surprisingly well-resolved, given that the NaCl molecule is
fully submerged in the HND interior, as predicted independently
by continuum-based DFT and atomistic-based PIMD simula-
tions. When a small number of 5-10 water molecules were added
to the NaCl-doped HNDs, the Penning ionization electron signal
of NaCl drastically dropped. This indicates that NaCl and water
molecules efficiently interact inside the HND; apparently, the
NaCl molecules are efficiently screened from the attacking
He" in the HND and their structure is altered in such a way that
their PI is quenched.

Accompanying model calculations combining FF exploration
and structural refinement at the DFT level provide detailed
insights into the structure of NaCl hydration complexes; in this
way, they give a more nuanced answer to the long-standing ques-
tion of how many water molecules are required to dissolve a
NaCl molecule. While the Na-Cl ionic bond is indeed signifi-
cantly destabilized by as few as 4-6 water molecules, this hardly
corresponds to complete hydration from the perspective of indi-
vidual ions. Our theoretical results instead suggest a more grad-
ual picture of the solvation process of NaCl into separated, but
fully hydrated ion pairs: the ClI™ anion reaches its maximum
coordination number of approximately 7 at around 17 water mol-
ecules, whereas the Na* cation requires nearly twice as many—
approximately 34—waters to become fully hydrated. Thus,
already the partial encapsulation of the NaCl molecule in the
process of forming CIP structures effectively screens the NaCl
core from interaction with a metastable He  atom generated
by photoexcitation of the HND. However, full quenching of PI
of NaCl only occurs upon formation of SSIP complexes and full
hydration of the Na* and CI~ ions.

The positive correspondence between our structure calculations
and the experimental findings that we have established with this
work will allow for further studies on the microsolvation of other
types of salts and metals, as well as their clusters and complexes.
A particularly intriguing prospect is studying the microsolvation
of atomic and molecular cations and possibly anions, which are
amenable to PI of HND if their ionization energy is sufficiently
low, as it has recently been shown [42, 43]. The synergy between
the unique cryogenic spectroscopic environment of HNDs, which
allows for the synthesis of specific hydrated complexes, and the
sensitive probing of solvation effects provided by PIES, opens a
new window onto unraveling fundamental solvation mecha-
nisms at the molecular level.
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4 | Theoretical Modeling
4.1 | Stable Configuration of Hydrated Clusters

The stable structures of NaCl(H,0), clusters have been investi-
gated with quantum chemical methods in the past, and Shi
et al. [28] have explored clusters containing up to n =9 water mol-
ecules. In order to extend this range while keeping a reasonable
computational cost, a two-stage conformational sampling proce-
dure was implemented, allowing to produce realistic structures
up to n=15. Here, it should also be kept in mind that, under
the experimental conditions of codoping the droplets with NaCl
and, subsequently, the water molecules, and under the extreme
cryogenic conditions provided by the He nanodroplet environ-
ment, it is likely that the structure of the hydrated clusters may
deviate from the global minimum structure owing to the rapid
freezing process. Such out-of-equilibrium processes are well
known in the physical chemistry of molecular dopants in He drop-
lets [44]. However, here we are only concerned with neat
NaCl(H,0), clusters in the gas phase, that is, not explicitly embed-
ded in HNDs.

In the first stage of our exploration, large numbers of relevant
structures were produced directly at the molecular level, using
a simple classical FF to describe the interactions between water
molecules and the Na* and CI~ ions. Here we adopted Amber
99 as the main workhorse for this stage, which notably relies
on the simple flexible TIP3P model for interactions among water
molecules [45]. One explicit but important modification was
made to this FF by treating the interaction between Na* and
Cl” ions with a simple harmonic potential, mostly with the
aim of covering broader regions of the energy landscape by
repeating optimizations for different values of the Na-Cl distance

RNaCl .

Replica-exchange molecular dynamics (REMD) simulations were
performed for n = 1-15 water molecules interacting with the Na™
and CI™ ions at various values of their distance Ry,c;. The compu-
tational details of the REMD simulations are provided as
Supplementary Material.

At this second stage, up to 50 candidate structures produced
using the FF and after varying the Na-Cl distance were further
locally minimized using (electronic) DFT, employing the
MO06-2X double hybrid functional together with the
6-311++G(d, p) functional in all-electron calculations per-
formed using the Gaussianl6 suite of programs [46]. This
approach was found earlier [47] to be accurate and efficient
for other microhydrated compounds. The structures obtained
from these minimizations were sorted based on their Na-Cl dis-
tance (not constrained during the DFT optimization) and their
relative energetic stability, using the RBE quantity defined in
Equation ( (1) ). With the current DFT method, we find
E[NaCl] = —622.528 Hartree and E[H,0]= —76.399 Hartree.

4.2 | Toward Larger Clusters and the Complete
Hydration Limit

While it is not practical to undertake global optimization at the
same level of DFT quality for clusters containing more than 15

water molecules, the FF approach with fixed Na-Cl distance was
also employed to cover a much broader size range, n = 15-50, but
for the sole purpose of shedding light onto the possible hydrogen
bonding network adopted under the constraint of a fixed inter-
ionic distance, thereby ensuring both CIP and SSIP regions of the
energy landscape would be covered separately. The same
computational methodology based on the REMD approach
was thus followed, but instead of locally optimizing the resulting
configurations, the average coordination of Na* and CI~ ions to
the neighboring water molecules was determined from the
instantaneous configurations sampled at the 100 K REMD trajec-
tory. This temperature, which is markedly higher than the exper-
imental conditions of HNDs, was chosen to increase the
structural diversity and in the scrutinized sample. For an instan-
taneous configuration in the sample, coordination numbers for
Na* and Cl~ ions were calculated simply by counting the number
of oxygen atoms within 3 and 3.2 A from the Na* and C1” ions,
respectively. A slightly larger cutoff for the anion was imposed to
accommodate the fact that hydrogen atoms bind to it, rather than
oxygen atoms.

5 | Experimental Setup

The experiments were carried out using a HND apparatus com-
bined with a hemispherical electron analyzer (HEA, model VG-
220i) mounted at the GasPhase beamline of the Elettra synchro-
tron facility in Trieste, Italy. This setup, which has previously
been used only to study pure HNDs, is described elsewhere in
detail [17, 18]. The advantages of the HEA are (i) its high energy
resolution of <0.1 eV, (ii) the possibility to focus in a small range
of the electron spectrum while suppressing electrons whose ener-
gies lie outside this range, and (iii) the selective detection of elec-
trons emitted in a small acceptance volume. In this way, spurious
electrons emitted from the residual gas along the photon beam
and from stray light hitting spectrometer surfaces are suppressed.
The magic angle geometry was chosen to ensure that the mea-
sured yields of electrons are independent of their angular
distributions.

A continuous beam of HNDs containing between about 3 x 10°
(droplet radius R ~ 4 nm) and 4 x 107 (R ~ 50 nm) He atoms per
HND was generated by expanding ultrahigh purity “He gas out of
a cryogenic nozzle at a temperature ranging from 17 down to 9 K,
respectively, at a He backing pressure of 50 bar. The HNDs were
first doped with NaCl molecules and then with H,O molecules by
passing the droplets through a radiatively heated vapor cell
containing NaCl powder (10 mm length) and an adjacent gas
cell (18 mm length), respectively. The temperature of the NaCl
cell was varied in the range of Ty, =420-515°C. At
Tnac1 =460 °C, we estimate the mean number of NaCl molecules
picked up by the He nanodroplet with radius R ~ 6 nm to be ~ 1
NaCl molecule, using the simple model described in Ref. [40].
The H,O vapor pressure in the gas-doping cell was varied in
the range 5.9-13.5x10~7 mbar corresponding to an estimated
number of water molecules picked up by the HNDs after doping
with NaCl molecules of approximately 1-30, realizing that the
background gas was mainly composed of He effusing from the
source chamber into the doping chamber through the skimmer.
However, the exact number of NaCl and H,O dopants picked up
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by the HNDs is difficult to estimate as the size of the HNDs
shrinks significantly during the doping process [48].

A mechanical beam chopper was placed between the skimmer
and the doping cell to discriminate the spectra of doped HNDs
from the background due to photoionization of residual gas. In
this study, the photon energy was set at hv=21.6 eV to match
the 1s—2p absorption resonance of HNDs [12, 49]. The use of a
variable-angle spherical grating monochromator ensured nar-
row-band radiation with a photon flux ® ~ 5x10!!'s~1. A tin
(Sn) filter was inserted into the beamline to suppress higher-
order radiation.
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