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Supplementary Methods

Training of the deep neural network (DNN) model

An active machine learning approach called deep potential generator (DP-GEN)! was
employed to construct an accurate and transferable DNN model suitable for both pure water and
sodium chloride (NaCl) solutions, with different concentrations and under various pressures, at an

ab initio level. The procedure is displayed in Supplementary Figure 1 and summarized as follows:

Step 0: Preparing initial training data. We extracted ~4000 configurations of the NaCl
solution (each configuration was modeled in a cell containing 1 NaCl ion pair and 62 water
molecules) and ~1000 configurations of pure water (each configuration was modeled in a cubic
cell containing 64 water molecules) from previous ab initio molecular dynamics (AIMD)
trajectories. The energy E, force F; on each atom i, and the virial tensor  of these configurations
were calculated based on density functional theory (DFT)? as implemented in the Quantum
ESPRESSO (QE)? code packages. The electron exchange-correlation was treated by the strongly
constrained and appropriately normed (SCAN)* exchange-correlation functional approximation.
Within the DFT calculations, the electron-nuclei interactions were treated by the pseudopotential
approach. In particular, the Hamann-Schluter-Chiang-Vanderbilt (HSCV)>® pseudopotentials
were employed to the oxygen (O), hydrogen (H), and Cl atoms, while the Norm-Conserving
Vanderbilt (ONCV)’ pseudopotential was used for the Na atom. The 1s electron of H, 2s22p*
electrons of O, 3s23p® electrons of Cl, and 2s22p®3s! electrons of Na were treated as valence
electrons explicitly. In particular, the semicore electrons in Na are considered to be valence
electrons in the above. A cutoff energy of 150 Ry for plane-wave expansions was adopted. The
electronic ground state was considered to be converged based on a threshold of energy difference

1x10~° Ry between consecutive self-consistent electronic iterations. Because of the large



supercells, the Brillouin zone integration was sampled at the Gamma point only. The obtained E,

F;, and E together with atomic positions were used as the initial training data.

Step 1: Training. Four DNN models were trained independently using the DeePMD-kit
package® based on the same input training data, but different random seeds were used to initialize
parameters of the neural networks. The deep potential method assumes that the energy of the
system E can be written as the sum of atomic energies E;®°. The atomic energy E; of atom i is a
function of R; which is the local environment of atom i in terms of the relative coordinates of its
neighbors within a cutoff radius .. In this work, r. was set to 6 A. Firstly, R; was encoded into
the so-called feature matrix D; to preserve the translational, rotational, and permutational
symmetries®®. Then, parameters of the DNN model that map D; to E; were optimized by

minimizing the following loss function:

by 4
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where 4 denotes the difference between the training data and the current deep potential prediction,
N is the number of atoms, e = E/N, § = E/N. In the training process, the prefactors p,. and p;
progressively increase from 0.02 to 8, while the prefactor p, progressively decreases from 1000

to 1. The number of training steps was set to 1x10°.

Step 2: Exploring. To explore the potential energy surface, we conducted molecular
dynamics simulations of the pure water and NaCl solutions in the isobaric-isothermal (NpT)
ensemble with a variety of initial configurations. NaCl solutions with the concentrations of NaCl
: water mole ratios ranging from 1:83 to 1:10 were simulated at a pressure of 1 bar and temperatures
of both 300 K and 333 K. The pure water system was simulated from 1 to 4000 bar at 333 K. In

the simulations, one DNN model randomly selected from the four models produced in step 1 was
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used to propagate the trajectory, and all the four models were employed to obtain the force acting

on each atom at each timestep. The maximum standard deviation of the predicted atomic forces

{ = max; /(ll F; — F; 112) of each snapshot were calculated and used as an indicator for the

convergence, where F; = (F;) is the average force on atom i predicted by the four different DNN

models.

Step 3: Labeling. The snapshots that have ¢ > 0.15 eV/A were extracted. The E, F; , and
E of these snapshots were calculated using DFT with the same parameters as step 0 and then added

to the training data set.

The loop from step 1 to step 3 was repeated until the configurations that have ¢ > 0.15
eV/A account for less than 0.005 % of the total configurations in the exploration of the potential

energy surface.

Deep potential molecular dynamics (DPMD) simulations

The converged DNN model was used to conduct DPMD production runs of both pure water
and NaCl solutions within the NpT ensemble using LAMMPS? in conjunction with the DeePMD-
kit package®. Pure water was simulated at 333 K and five different pressures (1, 1000, 2000, 3000,
3600 bar) modeled by a periodic cubic cell containing 512 water molecules. NaCl solutions were
simulated at 333 K and 1 bar with eight different concentrations. The elevated simulation
temperature by 35 K with respect to the experimental temperature of 298 K12 js to compensate
for the 35 K underestimation of the melting temperature of ice by the SCAN functional®3, which
is mainly due to the deficiency of the SCAN functional that slightly overestimates the strength of

hydrogen bonds. The numbers of NaCl ion pairs and water molecules contained in the periodic



cubic cell of DPMD simulations at different NaCl concentrations are listed in Supplementary Table
1. The concentrations of 1:83, 1:40, 1:17, 1:10 have been used in the neutron diffraction
experimentst™*2 as well, therefore the corresponding theoretical predictions can be directly
compared with experimental measurements. For each concentration of NaCl solution and each
pressure for pure water, the DPMD simulation was carried out for 2 ns, in which the first 50 ps of
the trajectory is discarded for equilibrium in the following analysis. The integration time step was

set to 0.5 fs.

Validation of the DPMD simulations

Comparison with DFT

We uniformly extracted 180 configurations from the DPMD production-run trajectories.
The energy and atomic forces of these configurations were calculated using DFT with the same
parameters as that used in the preparation of the DNN training data. The energy and atomic forces
predicted by DFT were compared with those predicted by the DNN model in Supplementary
Figure 2 The DNN model reproduces well the DFT energy and atomic forces. The root-mean-
squared errors of the energy and atomic force predicted by the DNN model with respect to DFT
were 2.57x107* eV//atom and 7.24x1072 eV/A, respectively, indicating that the typical DPMD

training accuracy** has been achieved.

We also compared the radial distribution functions (RDFs) predicted by the DPMD
simulations with that of the AIMD results. For pure water, we compare the DPMD result with a
previous AIMD simulation of pure water. As shown in Supplementary Figure 3a, b, the O-O and

O-H RDFs (goo(r) and gon(r)) predicted by the DPMD simulation agree well with the AIMD



results, indicating that our DPMD simulation of pure water can well reproduce the AIMD results®®.
For the NaCl solution, we carried out a 100 ps AIMD simulation at 1 bar and 300 K using a cubic
cell containing one NaCl ion pair and 62 water molecules. The canonical (NVT) ensemble rather
than the NpT ensemble was used because the absence of Pulay forces in the NVT simulation
allows us to adopt a much lower energy cutoff of 85 Ry, which largely reduced the AIMD
computational cost. We also conducted a 2 ns DPMD simulation in the NVT ensemble using the
same simulation cell and thermodynamic condition. The goo(7), gou(r), gona(r), and goc1(r)
in Supplementary Figure 3c-f show that our DPMD simulation of the NaCl solution can well
reproduce the AIMD results. It needs to be noted that the system presented in Supplementary
Figure 3c-f only has one NaCl ion pair but 62 water molecules, so the convergence of gona (7).
and goci(r) demands much longer simulation time than that of goo(r) and gou (7). Therefore,
the gona(7), and goc1(7) in Figs. S3e, f, predicted by the 100 ps AIMD simulation have large
fluctuations. The computational efficiency of the DPMD simulation enables us to get better

statistics.

The effect of long-range Coulombic interactions

As described in step 1 of the DNN training process, we have explicitly treated the atomic
interactions within a radial cutoff distance of 6 A. The interactions beyond the above range were
neglected. In this section, we numerically prove that the RDFs predicted by the above cutoff
distance of 6 A are well converged. We show that further long-range interactions are not necessary
for the calculation of RDFs because the long-range electrostatics are significantly screened in the

condensed phase.



Firstly, the DFT energies and atomic forces in Supplementary Figure 2 were calculated
using QE with cells larger than 24x24x24 A3, where the atomic interactions in the whole system
were represented explicitly. The DNN atomic energies and forces, on the other hand, only treated
the atomic interactions within 6 A explicitly. However, the DNN results agree well with the DFT
results, indicating that the long-range interactions only have a very small effect on the systems
studied in this work. Secondly, the role of long-range interactions in the DPMD simulation has
been explored in Ref. *® which found that the neglect of explicit long-range interactions can induce
errors in representing cluster and vapor phase properties but will not affect the condensed phase

properties.

In this work, we applied the recently developed deep potential model with long-range
correction (DPLR)!’ to check our main conclusion in the presence of the long-range electrostatic
interaction. In DPLR simulations, the short-range contribution is treated as in the standard DP
model, the long-range Coulombic interactions are implemented with the particle-particle particle-

mesh (PPPM) solver*® with spherical Gaussian charges located at the Wannier centroid.

The RDFs of the pure water and the NaCl solution predicted by the DPLR simulations are
presented in Supplementary Figure 4 together with the original DP results for comparison. The
agreement between the DP and DPLR results indicates that the long-range interactions have a
negligible effect on the RDFs. Therefore, the explicit long-range representations beyond 6 A are
not necessary for the analyses in this work. However, for more delicate effects, such as the long-
range water-water orientational correlations'®?°, the explicit treatment of the long-range

Coulombic interactions are important.

Finite-size effects




The determination of the structure factor from simulations can suffer from finite-size
effects, especially at low Q. To check the convergence of the structure factor, we modeled pure
water with periodic cells containing 64, 512, and 4096 water molecules, respectively. As shown
in Supplementary Figure 5, the simulation cells used in this work (~ 500 water molecules) is

adequate for obtaining converged structure factors.

The nuclear guantum effects on the molecular structure of NaCl solutions

To explore the nuclear quantum effects on the structure of NaCl solutions, we conducted
path-integral DPMD (PI-DPMD) simulations on NaCl solutions within the NpT ensemble by using
the i-P1 code?! in connection with the DeePMD-kit package®. The nuclear degrees of freedom were
sampled using eight beads with a colored-noise generalized Langevin equation thermostat?23 to
accelerate the convergence of the quantum distribution. In order to enable a direct comparison with
our classical simulations in the main text of the paper, the quantum simulations were also
performed at 1 bar and 333 K. Limited by the significant computational cost of path-integral
simulations, four concentrations of eight total concentrations were chosen to be studied. Each

concentration was simulated for 120 ps with the first 20 ps discarded for equilibrium.

As shown in Supplementary Figure 6, nuclear quantum effects have a negligible effect on
the structure factor Sxx(Q). This is because Sxx(Q) is mostly determined by the correlation
between oxygen atoms; while nuclear quantum effects only have a more significant impact on the
atoms with a small mass, for example, the hydrogen atom. In this work, we focus on the pressure-
like effect in solutions which mainly manifest in the correlation between oxygen atoms. Therefore,

the nuclear quantum effects are not included in the main manuscript.



The excluded volume correction

To explore the water structure beyond ionic first solvation shells, we excluded the water
molecules located in ionic first solvation shells and calculated the O-O RDFs of the remaining free
water (FW), which created some voids in the system. The voids have an “excluded volume"
effect'™?* on the RDF. This is a topological effect which results in higher intensity in the low r
range for the RDF calculated with voids (g,.:4(r)) in comparison to that of the intact system
(Gintact (r)). The physical origin is that, in the system with voids, the local density seen from a
remaining atom is normally higher than the average number density of the system*'24, To compare
the RDF of solutions calculated with voids with the RDF obtained from continuous pure water,
the excluded volume effect needs to be eliminated. According to Ref. %, the g,,:4(r) can be

corrected by dividing a “uniform atom distribution (g,,(r))". That is to say, the corrected RDF can

be expressed as glczoid (T) = Yvoid (r)/gu (T)

For systems with non-overlap spherical voids, the expression of g, (r) has been deduced
in Ref. 124 However, the overlap of ionic first solvation shells is ubiquitous in NaCl solutions,
especially at high concentrations. Thus, the expression of g, (r) in NaCl solutions is unknown.
However, we can use homogeneous systems to obtain the g,,(r) of NaCl solutions because the
excluded volume effect is primarily a topological effect, and g,, () mainly depends on the relative
volume excluded from the simulation box rather than the atomic interactions'?*. We can consider
the case of three different systems: pure water simulated using our DNN model, liquid Argon (Ar)
simulated using a Lennard-Jones potential, and ideal gas which is not subject to any atomic
interactions. Obviously, these three systems have completely different types of atomic interactions,

which are also shown by their different RDFS (gintace(r) in Supplementary Figure 7). The
9



Ivoia () Of these systems can be calculated directly after excluding some voids in these systems.
The purpose of the excluded volume correction is to eliminate the topological effects of the voids,
which is equivalent to filling the voids such that the system is restored to a homogeneous system
without voids. Therefore, the gg,;;(r) should equal to gineacr (7), and g, (r) of these
homogeneous systems can be calculated as g, () = Gvoia ()/950ia (") = Gvoia (1) /Gintact () -
As shown in Supplementary Figure 7, when we exclude the same voids from each of the 3 systems,
all of which have the same cell size, the resultant g, (r) for all 3 systems are equivalent, even
though the atomic interactions of these systems are completely different. Therefore, the above

g..(r) can be used for NaCl solutions.

In practice, for a specific NaCl solute concentration, the average cell size was calculated
from the NpT DPMD trajectory. We then ran molecular dynamics simulations of an ideal gas using
the same cell size. We then excluded the same voids in the ideal gas as that in the NaCl solution
(For each timestep, all the voids in NaCl solutions were recorded. At each corresponding timestep
of the trajectory of the ideal gas, the atoms located in the voids are excluded.) and calculated the
gu(r). The g, (r) for NaCl solutions with low (1:83) and high (1:17) concentrations calculated in
this way are displayed in Supplementary Figure 7a, b, respectively. The g5 () of the NaCl
solution were corrected by dividing the above g,(r). The g5¥ (r) before correction were
displayed in Supplementary Figure 8, while the g5¥'(r) after correction were shown in

Supplementary Figure 3d in the main manuscript.

Definition of hydrogen bonds
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The hydrogen bonds between two water molecules are defined when the O-O distance is
shorter than 3.5 A and the O-O-H angle is smaller than 30°2°. The hydrogen bonds between a water
molecule and a CI~ ion are defined when the CI-O distance is shorter than 3.9 A and the CI-O-H

angle is smaller than 30°2°.
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Supplementary Discussion
The densities of water and NaCl solutions

The densities of pure water and NaCl solutions obtained from the DPMD simulations in
the NpT ensemble are presented in Supplementary Figure 9 together with experimental results for
comparison. The differences between the densities predicted by DPMD and the experimental
values are smaller than 5%. Moreover, the varying trends of the density of pure water with pressure
and NaCl solutions with concentration predicted by DPMD simulations agree well with
experimental results. The densities obtained from DPMD simulations are slightly larger than the
experimental results, which is consistent with the fact that the SCAN functional is known to
overestimate the density of water!®. The overestimated density of liquid water is mainly attributed
to the inherit self-interaction error in the SCAN meta-GGA functional approximations. Because
of the self-interaction error, the electron applies an unphysical self-interaction on itself which
results in the delocalization error and overestimated hydrogen-bond strength?’. The overestimated
hydrogen-bond strength in turn brings the water molecules slightly too close to each other, which
also overestimated the densities of water as well as the aqueous solutions. At the same time, the
uncertainty in the predicted density of water and solutions can also arise from the neglect of the

nonlocal electron correlation effect particularly at long-range of the hydrogen-bond network.

Composite partial structure factors

Apart from the composite partial structure factors Sxx(Q) presented in the main
manuscript, the other two types of composite partial structure factors Sxy(Q) and Sy (Q) canalso

be obtained from the neutron diffraction experiment!2. Sy, (Q) contains the correlations of H
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atoms with other types of atoms and can be calculated by Sxu(Q) = wouSon(Q) +
WnNanSNan (@) + wenSan (@), Where S5 (Q) is the partial structure factor between atomic types
a and B (a, B € O, H, Na, Cl), wyp is the weight of S,5’s contribution to Sxy(Q). Syn(Q) is the
correlation between H atoms in reciprocal space. The Sxy(Q) and Sy (Q) of NaCl solutions
obtained from the DPMD theoretical calculations are presented in Supplementary Figure 10
together with experimental results*?. One can find that the DPMD simulations reproduced well the

experimental Sxy (Q) and Syu(Q).

Oxygen-ion RDFs

The O-Na and O-CI RDFs, gona(7) and goci(r), in Supplementary Figure 11 show the
solvation structure of the Na* and CI~ ions. The gona(7) has a more pronounced first peak than
Joci(r), indicating that the Na* ion has a more rigid first solvation shell than the CI~ ion. This is
because the smaller ionic radius of Na* than CI~ enables the Na* ion to bond water molecules
more tightly in its first solvation shell. The radius of the first solvation shell of Na*/Cl~ was
defined as the position of the first minimum of the gona(7)/ goc1(r). Following this definition,
when the concentration is increased from 1:83 to 1:10, the radius of the first solvation shells of
Na* changes from 3.22 to 3.25 A, while the radius of the first solvation shells of CI~ changes from

3.84t04.07 A.

lon-ion RDFs and ion pairs

The ion-ion RDFS, gnac1(T), 9nana(7), and, gcic(r) of NaCl solutions of different

concentrations are displayed in Supplementary Figure 12. By integrating gnaci(r) from 0 to the
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first minima (3.55 &), we found that the number of Na-Cl contact ion pairs increases from 0.036
to 0.378, with the concentration increasing from 1:83 to 1:10. The first peak of gnaci(7) is located
at 2.8 A, which is smaller than the radius of the first solvation shells of both Na* and CI~ ions.

Therefore, the overlap of hydration shells of ions is ubiquitous in NaCl solutions.

Coordination numbers

Figure S13 displays the distribution of the coordination numbers of the O atoms in the solvation
shells of the Na™ and CI~ ions. As shown in Supplementary Figure 13, most Na* ions are five- or
six- coordinated, while the coordination number of the Cl~ ion has a broad distribution from five

to ten.

Analysis of hydrogen-bond network in NaCl solutions

We also conducted more detailed analyses on the hydrogen bond network using the joint
probability of the proton transfer coordinate v and the OH - - O angle 6. The increase of external
pressure (Supplementary Figure 14b) and the addition of salt (Supplementary Figure 14d) both
result in a broader distribution of v and 6. However, after the ionic FSSs were excluded
(Supplementary Figure 14c), the FW distribution in NaCl solution largely recovered that of pure

water, which indicates that dissolving salt is not equivalent to applying a pressure on water.

Potassium chloride (KCI) and sodium bromide (NaBr) solutions
In order to elucidate the nature of the pressure-like effect of other salts in the Hofmeister

series, we studied KCI and NaBr solutions systematically using the same method as that applied
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for the NaCl solutions. As shown in Supplementary Figure 16a, the theoretical structure factor
Sxx(Q) of KCI agrees well with the experimental results'?, which further validates the theoretical
approach used in this work. The Sxx(Q) of NaBr in Supplementary Figure 16b is not compared
with experiment due to the lack of available experimental results.

In the reciprocal space, the Sxx(Q) of both the KCI and NaBr solutions show an increasing
first peak and diminishing second peak when salt concentration increases. In the real space, the
oo (r) of both solutions show that the population of water molecules located in the interstitial
region between the first and second peaks increases with increasing salt concentration, as displayed
in the upper panel of Supplementary Figure 17. Concurrently, the second peak of the
Joo (r) collapses with increasing salt concentrations. The above changes in Sxx(Q) and goo(r) of
KCI and NaBr solutions are consistent with that of NaCl solutions with increasing concentration
and pure water with increasing external pressure.

When ionic FSSs are excluded, the g§§ (r) of both the KCI and NaBr solutions largely
recover the g,,(r) of pure water, as displayed in the lower panel of Supplementary Figure 17.
Congruent with the results shown for the NaCl solutions, the pressure-like effects in KCI and NaBr
solutions also originate from changes in water topology caused by the intrusion of ionic FSSs.

Beyond ionic FSSs, ions do not have significant effects on the water structure.

Water-water orientational correlations in NaCl solutions

In principle, the H-bond network in liquid water can be represented by the correlation
functions between any two water molecules h(1,2) = h(r, ny, i2). In the above, the indices 1, 2
represent any two water molecules separated by distance vector r in the models of liquid water or

aqueous solutions, which carry out an electric dipole moment denoted by vectors py, p,
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respectively. This correlation function h(1, 2) can be further rigorously expanded systematically

in terms of the rotational invariants by following the definitions in Refs. 232 as:
h(1,2) = RO%(r) + R10(r)¢110(1,2) + h12(r)$p112(1,2) + - (1) ,

where ¢!zt form an orthogonal basis for the angular dependence of h(1, 2), with
¢, 2) =1 [z (2), ¢112(1» 2) =3\, 0) - (0~ ) — g - {2 (3).

In Equation (1), the expansion coefficients (projectors) are determined by
h%%%(r) =< h(1,2) > =9)—1 (4),

h'10(r) =3 < h(1,2)9°(1,2) >,, 4, )

W12(r) == < h(1,2)$12(1,2) >y, 4, (6).

In the current work, we have focused on elucidating the nature of the “pressure-like”
effect measured by the structure factors in neutron scattering experiments. Structure factors are
directly associated with the lowest-order correlation in Equation (1), i.e., the RDF g(r) =
h%%(r) + 1. The analyses on the RDFs indicate that, different from the pressure-like effect, ions
have a relatively small effect on the water structure beyond FSSs. However, visible differences

can still be seen between the FW structures in the NaCl solutions and neat water.

We noticed that some recent experimental and computational studies found that the
solvated ions may be able to induce changes in terms of long-range orientation order in the water
of the solvent!®20:303! These long-range orientational correlations are represented by higher-order
terms h11% or K112, lon-induced modifications to the orientational correlation of water reported in
the above literature is a relatively delicate effect, which shows up after multiplying a distance-

weighted factor R2. Therefore, the findings in this work (i.e., ionic have a small but visible effect)
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do not go against the above literature!®2%3%3L To obtain a more comprehensive picture of ionic
effects on the structure of water, we therefore also studied the water-water orientational
correlations in NaCl solutions.

As discussed above, the ion-induced modification on the long-range orientational
correlations is a delicate effect. The converged orientational correlations on the long-range
ordering of the hydrogen bond network require a much larger simulation box and longer simulation
time than what we presented in the main manuscript. Moreover, the long-range Coulombic
interactions are important for precise descriptions of the orientational orders. Thus, we have
conducted eight additional DPLR simulations on pure water and NaCl solutions with several
concentrations using about 4000 water molecules. Each of which has been simulated for more than
15 ns and the metallic boundary condition is adopted. The details of the modeling of each NaCl
concentration are listed in Supplementary Table 2.

As shown in Supplementary Figure 18a, we present the water-water orientational
correlations < cos¢ > (associated with h*1° in equation (1) by a normalization factor) in NaCl
solutions, where ¢ is the angle formed by the direction of the dipoles of any two water molecules
in the system. It can be seen in Supplementary Figure 18a that < cos¢ > deviates more and more
from the neat water as the salt concentration increases. Even at the lowest concentration of 14 mM,
the difference between NaCl solution and pure water is visible as displayed in Supplementary
Figure 18b. The above results indicate that our SCAN-based DPLR simulation is in qualitative
agreement with the finding in Ref. %°.

In order to further exclude the effect from ionic FSSs, in Supplementary Figure 18c, we
presented the orientational correlations < cos¢p >FW of free water outside the FSSs. The

comparison between Supplementary Figure 18c and Supplementary Figure 18a shows that most
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of the modifications of the orientational correlation come from FSS water. After excluding FSS,
< cos¢p >FW are very close to the < cos¢ > of pure water. However, there are still visible
differences between < cos¢ > and the < cos¢ > of pure water even for NaCl solution with
the lowest concentration studied in this work, as shown in Supplementary Figure 18d. The above
findings are in accordance with the findings in the analyses of RDFs, i.e., ionic effects on water
structure beyond FSSs are small but visible. Finally, it needs to note that the distance-weighted
orientational correlations difference between dilute NaCl solutions and neat water presented in
Supplementary Figure 18b, d have large fluctuations. In further studies, longer simulation time

and larger simulation cells are expected to produce more converged results.
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Supplementary Figures
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Supplementary Figure 1

The flow chart of the training procedure of the DNN model.
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Comparison of the energies and atomic forces predicted by the DNN model and SCAN DFT

calculations. The average value of the energy of each system was shifted to zero for better

visualization. The insets show the probability distributions of the differences between the energy

and atomic force predicted by the DNN model with respect to those from SCAN DFT calculations.
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Supplementary Figure 3

a, goo(r) and b, gon(r) of pure water at 1 bar predicted by the DPMD simulation at 333 K and
the AIMD simulation at 330 K *°. Both DPMD and AIMD simulations were conducted in the NpT
ensemble with a 64-molecule cubic cell. ¢, goo(r), d, gou(r), €, gona(r), and f, goc1(r) of the
NaCl solution at 1 bar and 300 K from DPMD and AIMD simulations. Both DPMD and AIMD
simulations were conducted in the NVT ensemble with a simulation cell containing one NaCl ion

pair and 62 water molecules.
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Supplementary Figure 4

a, gOO(T) and b1 gOH(r) of pure water, C, gOO(r)! d! gOH(r)! €, gONa(T)i f! gOCl(T)! g, gNaCl(r)!

h, gnana () and i, gcic1(r) of the NaCl solution with the concentration of 1:17 predicted by DP

and DPLR simulations.
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Supplementary Figure 5

Soo(Q) of pure water at 1 bar simulated using periodic cells containing 64, 512, and 4096 water

molecules, respectively.
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Supplementary Figure 6

Composite partial structure factors Sy, (Q) for NaCl aqueous solutions with salt : water mole ratios

1:83 to 1:10, at 1 bar from experiment 2, classical and quantum theoretical calculations. The

structure factors were shifted vertically for visual clarity.
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a Exclude the voids that apear in 1:83 NaCl solution b Exclude the voids that apear in 1:17 NaCl solution
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Supplementary Figure 7

Jintact (1) and g,0:4(r) of pure liquid water, liquid Ar, and ideal gas. The cell size and volumes
excluded in the systems in a, and b, are equivalent to that of the 1:83 and 1:17 NaCl solutions,

respectively. The g, (r) was calculated using g,0iqa (r)/gu (7).
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Supplementary Figure 8

g5 (r) of NaCl solutions before the excluded volume correction.
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Supplementary Figure 9

a, Densities of pure water as a function of pressure from the theoretical DPMD calculations at 333
K and experiment at 300 K3, b, Densities of NaCl solutions at 1 bar as a function of solute

concentration from theoretical DPMD calculation at 333 K and experiment at 293 K 33,
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Supplementary Figure 10

a, Sxu(Q) and b, Syu(Q) of NaCl solutions at 1 bar and different concentrations from
experiment? and DPMD theoretical calculations. The structure factors were shifted vertically for

visual clarity.
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Supplementary Figure 11

a, gona(r) and b, goc1(r) of NaCl solutions of different concentrations obtained from the DPMD

simulations at 1 bar and 333 K.
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Supplementary Figure 12

lon-ion RDFS, gnaci(7), 9nana(7), and, gcic(r) of NaCl solutions of different concentrations
obtained from the DPMD simulations at 1 bar and 333 K.
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Supplementary Figure 13

Coordination number

Distribution of the coordination numbers of the O atoms in the solvation shell of the Na* and CI

ions at the concentration of 1:83 and 1:10, which shows the number of vertices of polyhedra

formed by Na* and CI" ions with surrounding water molecules.
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Supplementary Figure 14

Joint probability of hydrogen bonded geometries sampled from DPMD simulations of a, pure
water, b, pure water at high pressure, ¢, 1:10 NaCl solution with only FW counted, and d, 1:10
NaCl solution with all water molecules counted as a function of the proton transfer coordinate v

and the OH - - O angle 4. The inset shows definitions of v and 6.
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Supplementary Figure 15
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KCI solution (1 bar) NaBr solution (1 bar)

Supplementary Figure 16

a, Experimental®! and theoretical Syx(Q) for KCl solutions with salt : water mole ratios from 1:83

to 1:13, at 1 bar. b, Theoretical Sxx(Q) for NaBr solutions with salt : water mole ratios from 1:83

to 1:10, at 1 bar. All structure factors were shifted vertically for visual clarity.
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Supplementary Figure 17

a, goo(r) and gE¥W(r) for KCI solutions at various indicated concentrations in comparison with

r(A)

rA)

the g.,(r) of pure water. b, g,,(r) and gE¥W(r) for NaBr solutions at various indicated

concentrations in comparison with the g, (r) of pure water.
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Supplementary Figure 18

SCAN DPLR simulation results of a, water orientational correlations of neat water and NaCl
solutions with various indicated concentrations. b, ion-induced change in the orientational order
for a 14 mM NaCl. c, orientational correlations of FW in NaCl solutions in comparison with the
orientational correlations of neat water. d, ion-induced change in the FW orientational order for a
14 mM NacCl. All the simulations were conducted with the metal boundary condition. (In the
calculation of < cos¢p > the angle ¢ between the central FW molecule and the surrounding
FW molecule within a distance r is calculated. r is the distance between the central FW molecule
and its nearest neighboring FSS molecule. Therefore, < cos¢ >FW truncations at a shorter

distance with increasing salt concentrations.)
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Supplementary Tables

Nnact: Nu,0 ¢ (mol/L) Nnaci Nu,0 Prgs (%)
1:83 0.68 6 500 144
1:62 0.91 8 496 18.8
1:40 1.40 13 520 28.1
1:32 1.73 16 512 34.4
1:24 2.28 21 504 43.7
1:20 2.70 25 500 50.6
1:17 3.20 30 500 58.1
1:10 5.05 50 500 80.7

Supplementary Table 1

The number of NaCl ion pairs, Ny,c1, and water molecules, Ny, o, contained in the periodic cubic

cell of DPMD simulations at different NaCl concentrations ¢ and the proportion of water molecules

located in ionic first solvation shells Pgs.
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The number of NaCl ion pairs, Nyaci, and water molecules, Ny, o, contained in the periodic cubic

cell of SCAN DPLR simulations at different NaCl concentrations c.
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