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Elucidating molecular scale interactions
underlying the freezing behavior of salt solutions
in silica nanopores†
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Elucidating the influence of nanoscale confinement on the freezing behavior of salt solutions is of fundamental

interest to environmental security and materials science and engineering. Specific structural information such as

the coordination environment of ions in confined aqueous medium, effects on the extended hexagonal network

of water molecules and their mutual non-bonding interactions in confinement are sparse in the literature along

with the change in the dynamical characteristics of water in the presence of ions. To address these knowledge

gaps, the current study is focused on investigating the influence of reduced dimensionality arising from

nanoscale confinement on the structural evolution of salt solutions on freezing and the associated fluid–surface

interactions. In this regard, operando wide-angle X-ray scattering (WAXS) measurements and classical molecular

dynamics (MD) simulations are conducted with water and 0.5 M CaCl2, MgCl2 and KCl solutions confined in

4 nm sized SBA-15 silica pores upon cooling from 300 K to 200 K. The freezing point of the salt solutions is

depressed to 235 K which is about 10 K lower than that of confined water. The translational dynamics of

confined salt solutions indicates shifts in the fragile-to-strong dynamical crossover to a lower temperature

compared to pure water. The strong electrostatic attraction between the cations and the surrounding water

molecules contributes to the freezing point depression in confined salt solutions. These insights unlock the

molecular-scale basis and mechanisms underlying the freezing behavior of confined salt solutions.

1. Introduction

Unlocking fundamental mechanistic insights into the freezing
behavior of nanoconfined aqueous solutions helps inform and
advance environmental and climate security, thermodynamics
and kinetics of unconventional freezing behavior in natural,
engineered, and biological environments.1–8 The bioengineering
community leverages this potential for cryopreservation of tissues
and organs,9 as well as for energy-efficient frozen food storage.10

Additionally, understanding ice formation below water saturation
by airborne porous mineral dust is critical for addressing

fundamental climatological questions.5 Furthermore, investigating
the phase behavior of water in confinement is essential for
advancing shale reservoir technologies.11,12 Prior studies have
investigated various approaches to freeze fluids including
electrofreezing1 and pressure-induced freezing,13 and have eluci-
dated the freezing behavior of confined water.5,14,15 However, the
freezing behavior of salt solutions in nanoscale confinement
remains less understood despite their ubiquitous nature in natural
and engineered environments. Unlocking calibrated mechanistic
insights into the freezing behavior of confined fluids is now
possible due to advances in the synthesis of ordered nanoporous
materials with tunable surface functionalities.16–18 Although
unambiguous experimental and computational evidence on the
effect of reduced dimensionality on the properties of confined and
interfacial water has emerged,3,19–25 fundamental insights into the
organization and dynamics associated with the freezing behavior
of salt solutions remain an unaddressed knowledge gap.

It is well-known that water cooled below the freezing point
exhibits anomalous physical properties and thermodynamic
response functions such as isothermal compressibility26 and heat
capacity,27 and the possibility of the existence of two liquids
characterized by low and high densities, known as a low-density
liquid (LDL) and a high-density liquid (HDL).28 These liquids

a School of Civil and Environmental Engineering, Cornell University, Ithaca, NY

14853, USA. E-mail: gg464@cornell.edu; Tel: +1 609-255-4796
b Smith School of Chemical and Biomolecular Engineering, Cornell University,

Ithaca, NY 14853, USA
c Advanced Photon Source, Argonne National Laboratory, Lemont, IL 60439, USA

† Electronic supplementary information (ESI) available: A detailed description of
the methods (Fig. S1 and S2 and Table S1) and supplementary data supporting
the finding of the paper, including the 2D density maps showing heterogeneous
water crystallization (Fig. S3), water–OH silica hydrogen bonding along with the
total energy and temperature of the system (Fig. S4), radial distribution function
of OH on the pore surface with water oxygen (Fig. S5), mean square displacement
of water (Fig. S6), and ion–water interactions by radial distribution function
profiles (Fig. S7). See DOI: https://doi.org/10.1039/d4cp04622f

Received 7th December 2024,
Accepted 10th March 2025

DOI: 10.1039/d4cp04622f

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
8:

27
:5

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-0262-9481
https://orcid.org/0000-0002-8427-5188
https://orcid.org/0000-0002-3027-9263
https://orcid.org/0000-0003-2257-6660
https://orcid.org/0000-0003-0297-0919
https://orcid.org/0000-0002-6527-8316
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp04622f&domain=pdf&date_stamp=2025-04-16
https://doi.org/10.1039/d4cp04622f
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp04622f
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027018


This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 9562–9572 |  9563

undergo structural transitions in a time scale of nanoseconds to
microseconds and dynamical crossover from fragile to strong (FTS)
structures under high pressures and/or low temperatures.29,30

These unique characteristics have been established for high purity
water in bulk and confined environments. However, the influence
of dissolved metal ions on the structural and dynamical transi-
tions in salt solutions in nanoscale confinement on freezing is
not well understood. Therefore, the aim of this study is to
elucidate the molecular scale mechanisms underlying the freez-
ing behavior of salt solutions in nanoscale confinement.

Regarding the confinement effect, clear evidence of the
reduced dimensionality-induced alterations in the freezing
pathways of confined water has been established.31,32 In this
context, shifts in the freezing points33–35 and the emergence of
novel polymorphs and phases36–38 are observed in reducing the
dimensions of confining space to the range of intermolecular
forces.39 Furthermore, dynamical FTS crossover in water hosted
in nanoscale confinement has been observed in the tempera-
ture range of 180–225 K in pore sizes of 1.4–5.5 nm.40–43 This
crossover is inferred from the relaxation time and diffusion
coefficients in which the fragile and strong structures are
described by Volger–Fulcher–Tamman (VFT) and Arrhenius
behaviors, respectively. In addition, water confined in pores
with diameters B2 nm exhibits two crossovers at 225 K and
175 K as revealed by 2H NMR measurements.44,45

It has been shown that salt ions induce depression in the
melting point of confined water with the depression magnitude
increasing with the increase in salt concentrations.46,47 Further-
more, confinement-driven heterogeneous crystallization of
pore water results in salt enrichment in the remaining confined
liquid, leading to local freezing point depression and coexis-
tence of ice water interfaces in the pore space.48 Although these
findings are significant for elucidating the freezing thermody-
namics of confined water, the following knowledge gaps and
research questions still exist: (i) How and why do confinement
and ions influence the structural evolution of ice polymorphs?
(ii) What are the mechanisms underlying the influence of
monovalent and divalent ions on the structural and dynamical
transitions of supercooled water and ice polymorphs?

To address these knowledge gaps, we resolve the influence
of 0.5 M CaCl2, MgCl2 and KCl solutions on the glassy to
crystalline structural and dynamical crossover transitions of
confined water in 4 nm sized SBA-15 silica nanopores on
cooling from 300 K to 200 K using operando wide-angle X-ray
scattering (WAXS) measurements and classical molecular
dynamics (MD) simulations. Wide-angle X-ray scattering
(WAXS) provides crucial insights into the structural organiza-
tion of confined water, capturing long-range order and phase
transitions by detecting changes in molecular packing and
density fluctuations.49,50 Complementarily, classical MD simu-
lations offer a molecular-scale perspective, elucidating the
underlying mechanisms governing structural and dynamical
transformations by resolving hydrogen-bonding networks,
translational mobility, phase behavior, and energetics.51,52

The synergy between WAXS measurements and MD simula-
tions provides mechanistic insights into the freezing behavior

of salt solutions confined in nanopores by bridging experi-
mental observations with atomistic interpretations.53,54

2. Methods
2.1. Wide-angle X-ray scattering (WAXS) measurements

Operando WAXS measurements are performed on powders of
porous SBA-15 silica particles with pore diameters of 4 nm
loaded with pure water and 0.5 M CaCl2, MgCl2 and KCl
solutions (see Fig. 1(a and c)). The silica powders are initially
dried at 140 1C for 24 hours to remove the adsorbed water and
impurities. The dried powder is then immersed in an excess
amount of water and salt solutions for 24 hours in an isolated
environment, allowing equilibration and the complete filling of
the pores embedded in the SBA-15 particles. The particles are
then filtered and heated to remove moisture.

The materials loaded with the solutions are packed in quartz
capillaries with outer and inner diameters of about 1.5 mm and
1.2 mm, respectively. The capillaries are placed in the X-ray beam-
line instrument’s sample environment and equilibrated at 300 K
followed by subsequent cooling at 6 K min�1 to 200 K using a
liquid N2 cryo-stream with temperature variations of o1 1C. To
capture the temperature-dependent structural changes in the con-
fined solutions, the data are collected at 300 K, 273 K, 265 K, 255 K,
245 K, 235 K, 225 K, 215 K and 200 K. The samples are equilibrated
for 5 minutes at each temperature before data acquisition.

WAXS measurements are carried out at beamline 6-ID-D at
the Advanced Photon Source (APS) in Argonne National Labora-
tory (ANL).53 The wavelength of the incident X-ray beam is
0.142692 Å. The scattered X-ray photons are detected on Vartex
CT4343 a-Si area detector with an active area of 2880� 2880 pixels
and a pixel size of 200� 200 mm. The sample to detector distances
used to measure the wide angle is about 400 mm. The instrument
calibration for the WAXS measurements is performed using
cerium dioxide calibrants. The WAXS is reduced using the
NIKA46 algorithm embedded in Igor software (WaveMetrics) and
FIT2D software.55 The scattered intensity at each temperature is
plotted against the wavevector (Q) (where Q = (4p/l)siny, l is the
X-ray wavelength, and y is one-half of the scattering angle).
Background from the quartz capillary filled with dried SBA-15
powder at each temperature is also acquired and subtracted from
the sample-in-capillary intensity. The extracted intensity from
FIT2D is used to calculate the pair distribution functions of
confined water and emerged ice polymorphs using PDFgetX2
software.55,56 Standard corrections for self-absorption, oblique
incidence and detector efficiency are applied. Following the
approach outlined by Egami & Billinge,57 the total scattering
structure function, S(Q), is Fourier-transformed into the real-
space pair distribution function, G(r), according to eqn (1).

GðrÞ ¼ 4pRr0 gðrÞ � 1ð Þ ¼ 2

p

ð1
0

Q SðQÞ � 1½ � sinðQrÞdQ (1)

This transformation captures both Bragg and diffuse scat-
tering, enabling the identification of emerging crystalline
order, as evidenced by the sharpening of peaks in G(r).58
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2.2. Molecular dynamics simulations

MD simulations are performed on confined water and 0.5 M
CaCl2, MgCl2 and KCl solutions in 4 nm sized silica nanopores
with cylindrical geometry under the experimental temperature
range of interest (see Fig. 1(b) and (d)). The nanopore coordinates
are frozen in the simulations. The atomic structures of water and
silica unit cells are constructed and optimized using density
functional theory (DFT) calculations explained in our previous
publications.59,60 The optimized unit cells are replicated in x, y
and z directions to create a surface in which pores with a diameter
of 4 nm are cleaved. All the nonbridging oxygens on the surfaces
of the cleaved pores are terminated with hydrogen and confirmed
by reactive forcefields simulations (Fig. S1 and S2, ESI†). The pore
is filled with water and salt solutions, to mimic the samples used
in the experiments. Silica, water and ions are modeled using
ClayFF,61 TIP5P,62 and OPLS/AA63 forcefields, respectively (Table
S1, ESI†), and the potentials are accounted for the bonded and
nonbonded interactions. TIP5P water model has a melting point
of about 274 K at 1 bar, which is consistent with the experimental
melting point of water (273.15 K).64

The pores loaded with the solutions are optimized using
the steepest descent method for 50 000 steps and a force thresh-
old of 100 kJ mol�1 nm�1 is used to eliminate the inappropriate

geometries and optimize the positions of the initially randomly
distributed water molecules and ions. Periodic simulated anneal-
ing with a constant number of atoms, constant volume and
constant temperature (NVT) ensemble is performed on the opti-
mized configurations for 290 ns in which 18 annealing points are
used to control the applied temperatures on the different groups
during the simulations. The temperature algorithm consists of
initial equilibration at 300 K for 30 ns followed by systematic
cooling to 200 K with 30 ns equilibrating time at 273 K, 265 K,
255 K, 245 K, 235 K, 225 K, 215 K and 200 K. The cooling rate
between the equilibrium temperatures is about 6 K ns�1, deter-
mined based on the commonly reported range in previous
studies.65–67 The temperature of the simulated systems is con-
trolled using a Nosé–Hoover thermostat with a coupling constant
of 0.1 ps.68 The short-range interactions are calculated within a
cutoff of 1.4 nm, and the long-range electrostatic interactions were
treated using the particle mesh Ewald (PME) method.69 During
the MD simulations, bonded interactions are accounted for bond
stretching (only OH bond stretching in silica pores), angle bend-
ing and dihedrals, while nonbonded interactions are calculated
for van der Waals and electrostatic interactions. van der Waals
and electrostatic interactions are modeled by Lennard-Jones and
Coulomb interactions, respectively. The MD simulations are
performed using the GROMACS 2020.6 code.70

Fig. 1 (a) Schematic representing the experimental setup for wide-angle X-ray scattering measurements including the characteristics of the incident
beam, the studied sample environments, and the scattered beam detected on a 2D detector and converted to 1D intensity curves as a function of applied
temperature. (b) Snapshot showing the initial configurations of confined water and salt solutions in 4 nm sized cylindrical silica nanopores used in
molecular dynamics simulations. Silica and salt atoms are shown by the VDW drawing methods, while water molecules are shown in the licorice drawing
method implemented in VMD visualization software. (c) Schematic showing the hexagonal structure of SBA-15 particles including the cylindrical pores
embedded in the particle and the structure of the pore surface. (d) The temperature profile used in the MD simulations with an equilibration time of 30 ns
at the temperatures used to probe the structure of confined liquids in the WAXS measurements.
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3. Results and discussion
3.1. Structural evolution of salt solutions in nanoscale
confinement

The structural evolution of ice is determined using operando
WAXS measurements of confined water as a function of applied
temperature which are obtained by converting the scattering
pattern on the 2D detectors to intensity curves [I(Q)] plotted on
the Q scale (see Fig. 2). At temperatures higher than the freezing
point, the intensity curves suggest liquid-like structures of confined
water and salt solutions, indicated by the absence of diffraction
peaks from crystalline facets on the scattering curve. Diffraction
peaks emerge at 245 K in confined pure water and at 235 K
in confined salt solutions, indicating the onset of ice polymorphs.
The positions of the diffraction peaks on the Q scale suggest that
the formed ice phases have a hexagonal orientation.71,72 Prominent
peaks emerge at the positions of 1.60, 1.70, 1.82, 2.33, 2.78, 3.02,
3.25, 3.63, 4.08, 4.55 and 4.94 Å�1. Interestingly, the onset tem-
perature of CaCl2, MgCl2, and KCl solutions is similar (occurs at
235 K), suggesting similar effects for the monovalent and divalent
ions on lowering the freezing point of confined water.

The crystallization onset of confined water and salt solu-
tions is followed by the continuous growth of the emerged
crystals, informed by the continuous increase of the intensities
of the emerged peaks. The onset and growth of crystalline ice
structures are also evident from the pair distribution function
(D(r)), obtained from modeling the intensity curves (see Fig. 3).
D(r) consists of O–O and O–H interactions of water molecules.
The onset of long-ranged water structures occurs at 245 K in
confined water while it shifts to 235 K in CaCl2, MgCl2 and KCl
solutions. In the long range, multiple oxygen–oxygen coordina-
tion shells emerged, indicating the formation of hexagonal ice
structures in the nanopores. The formation of hexagonal ice
polymorphs in nanoscale confinement and the early onset of
freezing in confined salt solutions are the defining features of
the freezing behavior of salt solutions in nanoscale confinement.

The local density profiles of water molecules provide evi-
dence of ice formation. The local density profiles of water

molecules along the axes normal to the pore length (z direction)
and normal to the pore radius (x direction) obtained from MD
simulations trajectories as a function of applied temperature
are shown in Fig. 4. The density profile of confined water along
the pore length (Fig. 4a–e) shows oscillation-free profiles at
temperatures above 245 K for pure water and 235 K for salt
solutions. The oscillations emerged in the density profiles
followed by continuous growth as the temperature decreased
to 200 K. The oscillations in the density profiles indicate the
emergence of uniformly distributed crystalline structures in the
pore space along the pore length. The onset of crystalline
structures occurs at 245 K and 235 K in pure water and salt
solutions, respectively, followed by the continuous growth of
these oscillations as the temperature decreases to 200 K. The
onset temperatures and the continuous oscillations in the
density profiles are consistent with the onset and growth of
crystalline ice peaks on the WAXS profiles and pair distribution
functions (Fig. 2 and 3). The emerged structures at tempera-
tures below the crystallization onset are also evident from the
2D density maps obtained from MD simulations (see Fig. 5).
At 200 K, the 2D density maps averaged over the plane perpendi-
cular to the pore length (yz plane) show that the emerged ice
structure is dominated by hexagonal orientations. These hexagons
are interconnected in confined water. In contrast, discontinuities
in the hexagonal structure of water are noted in the presence of
Ca2+, Mg2+ and K+ ions since the intermolecular hydrogen bonds
between the water molecules are impacted by the ion–dipole
interaction between the ions and water molecules.73 Furthermore,
the properties and behavior of liquid and adsorbed water, and
heterogeneous crystallization of the confined water molecules (see
Fig. S3, ESI†) are consistent with the prior studies.74–79

Interestingly, the structure of the interfacial water layer as
represented by the first layer of water molecules on the pore
surface has different structural characteristics compared to the
rest of the pore water, indicated by the hydrogen bonding
profile and radial distribution function between interfacial
water molecules and hydroxyl groups on the pore surface (see
Fig. S4 and S5, ESI†). The number of hydrogen bonds between

Fig. 2 The 1D intensity curves of the wide-angle X-ray scattering from (a) water, (b) 0.5 M CaCl2, (c) 0.5 M MgCl2 and (d) 0.5 M KCl solutions confined in
4 nm sized SBA-15 nanopores as a function of applied temperature on cooling the samples from 300 K to 200 K.
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interfacial water molecules and the hydroxyl group increased
slightly as the temperature decreased in water and salt solutions.
About 20% of the hydroxyl (OH) groups on the silica surface
contributed to hydrogen bonding with interfacial water at 200 K
(Fig. S4, ESI†). Furthermore, the number of oxygen atoms
corresponding to water molecules in the first coordination shells
of the OH groups on the silica surface increased slightly in
confined water while remaining constant in the presence of salt
ions as the temperature decreased (Fig. S5, ESI†). The distinct

structure and interactions of interfacial water, informed by the
radial distribution function and hydrogen bonding profiles with
the surface hydroxyl groups on the pore surface, are consistent
with the pre-melted nature of the interfacial water layer.69,70

3.2. Influence of ions on the crossover transitions associated
with the freezing behavior of confined salt solutions

Insights into the freezing behavior of salt solutions in confine-
ment are obtained by probing the translational mobility of

Fig. 3 The pair distribution function of confined (a) water, (b) 0.5 M CaCl2, (c) 0.5 M MgCl2 and (d) 0.5 M KCl in 4 nm sized SBA-15 nanopores as a
function of applied temperature, obtained from wide-angle X-ray scattering intensity curves. The scattering from capillaries loaded with dry silica powder
is subtracted from the scattering from solution loaded capillaries at each temperature.

Fig. 4 (a) A snapshot shows the yz plane (along the pore length) and (b)–(e) the obtained local water density along the pore length. (f) A snapshot shows the xy
plane (along the pore diameter) and (g)–(j) the obtained local water density profiles along the pore diameter. The density profiles are calculated as a function of
supplied temperature and averaged over the last 5 ns of each temperature segment in the MD simulation trajectory to ensure equilibrated profiles.
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water as a function of applied temperature (see Fig. 6).28,74–76

The fragile to strong transition is characterized by analyzing the
temperature dependence of the self-diffusion coefficient (D)
of confined water in neat and salt solutions. ‘D’ follows a Vogel–
Fulcher–Tammann (VFT) relation at high temperatures
(low 1000/T regions) and transitions to Arrhenius-like behavior
at low temperatures (high 1000/T regions). This behavior is

evident from the translational diffusion of these fluids in
confinement as noted in Fig. 6(a–d). The self-diffusion coeffi-
cients of confined water are calculated based on the mean
square displacement (MSD), along the vector parallel to the
pore length (z axis), as the length of the pore diameter is
negligible compared to the infinite pore length stemming from
the periodic boundary conditions used in the simulations

Fig. 5 Density maps of (a) water, (b) 0.5 M CaCl2, (c) 0.5 MgCl2 and (d) 0.5 M KCl at 200 K, obtained from the MD simulation trajectories. The 2D density
maps are averaged over the last 5 ns of the simulation to ensure equilibrated water distribution. The dominant hexagonal structure of confined water is
highlighted, and a snapshot of water hexagons and ion-induced discontinuity in the ice structure is added as insets to the density maps. Ca2+, Mg2+ and
K+ ions are shown in green, blue and purple colors, respectively, in the embedded insets while oxygen and hydrogen atoms in the surrounding water are
shown in red and white, respectively.

Fig. 6 The logarithmic scales of (a)–(d) the reciprocal of the translational diffusion coefficient [log(1/D)] as a function of 1000/T. D is averaged over the
last 5 ns of each temperature segment and calculated in the direction along the pore length. The data before and after the crossover regions are fitted
using VFT and Arrhenius formula, respectively.
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(see Fig. S6, ESI†). The transition from a fragile to strong structure
is observed as the log(1/D) values undergo a crossover from the
VFT fitted profile to the Arrhenius fitted profile. This transition
occurs at 1000/T = 4.3 K�1 in confined pure water while it is
depressed to 4.4 K�1 in the presence of salt ions. This behavior is
consistent with the evolution of the hydrogen bonding network
and intermolecular interactions of the confined water and salt
solutions (see Fig. 7). The normalized hydrogen bonds per water
molecule increase linearly with the increase of the reciprocal of
the temperature (1000/T). However, the slope of the hydrogen
bonds profile differs based on the transitions from fragile to
strong structures (see Fig. 7(a–d)). The slope of hydrogen bonding
in the strong structure region (1000/T 4 4.3 K�1) is higher than
that in fragile structures (1000/T o 4.3 K�1). The shifts in the
linear fitting of hydrogen bonding which increase with higher
1000/T values, align with the observed dynamical crossover
(Fig. 6). The maximum number of hydrogen bonds per water
molecule, which is about 4 in confined water, is reached at 5 K�1,
as also reported in studies on hydrogen bonding networks in
confined environments.80 In salt solutions, the number of hydro-
gen bonds per water molecule is lower due to the influence of
dissolved ions. This observation can be further confirmed by the
chaotropic versus kosmotropic definition of the ions offered by
Collins.81 Chaotropic ions that are large but singly charged (i.e.
low charge density) have minor effects on the local hydrogen
bonding pattern of water whereas kosmotropic ions that are small
but highly charged (i.e. high charge density) exhibit pronounced
effects on the local hydrogen bonding in water due to strong
electrostatic interactions between water dipoles and the ions.82

Furthermore, the absolute values of the intermolecular
interactions, combining van der Waals and electrostatic forces
normalized per water molecule (Fig. 7(e–h)), increase with
1000/T. This indicates that the attraction between confined

water molecules becomes stronger as the temperature decreases.
Similar to the hydrogen bonding interactions, the slope of inter-
molecular interactions is different in the regions of fragile and
strong structures, such that the slope in the fragile structure
region is higher compared to the strong structure region. The
crossover between the two regions shifted to a higher reciprocal of
the temperature values in the presence of CaCl2, MgCl2 and KCl
solutions compared to confined water. Therefore, the underlying
dynamical transitions, hydrogen bonding and energetics provide
insight into freezing point depression in confined salt solutions.

3.3. Influence of ion and water interactions on the freezing
behavior of confined salt solutions

To resolve the origins of the extended depression in the structural
and dynamical transitions in confined salt solutions, the inter-
action between the water molecules and the ions in the first
coordination shell of the water molecules, and the intermolecular
interactions between the ions and water molecules are analyzed.
The number of oxygen atoms in the water molecules, Owater, in the
first coordination shell of ions, is determined by integrating the
radial distribution function of ions with respect to Owater (see
Fig. 8 and Fig. S7, ESI†). Interestingly, the number of water
molecules around divalent cations (i.e., Ca2+ and Mg2+ ions)
and the associated Cl� anions remain unchanged as the
temperature decreases from 300 K to 200 K. The number of
water molecules in the hydration shell of K+ is slightly
increased by decreasing the temperature to 200 K, associated
with a simultaneous decrease in the number of water molecules
in the hydration shell of Cl� ions at high temperatures. The
number of water molecules in the hydration shells of Ca2+,
Mg2+ and K+ ions is about 8, 6 and 5, respectively. The variation
is dictated by ion size and charge density, where smaller, highly
charged ions (Mg2+ and Ca2+) attract more tightly bound

Fig. 7 The number of hydrogen bonds per water molecule in confined (a) water, (b) 0.5 M CaCl2, (c) 0.5 M MgCl2 and (d) 0.5 M KCl on the 1000/T scale.
(e)–(h) The intermolecular interactions of water are averaged by the number of water molecules obtained from combining the van der Waals and
electrostatic interactions on the 1000/T scale. The hydrogen bonds and the intermolecular interactions are averaged over the last 5 ns of each
temperature segment to ensure equilibrated profiles.
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hydration shells than the larger, monovalent K+, consistent
with the findings of previous studies.68,83,84

The observed structure and density of the hydration shells of
divalent ions in the temperature range of 300–200 K stem from
the strong attractive electrostatic interactions between the ions
and the water that undergo small changes upon cooling (Fig. 8(c)
and (d)). As the temperature decreases, the strong electrostatic
interactions of Ca2+ and Mg2+ ions and the associated Cl� ions
with the surrounding water molecules are preserved, while the
electrostatic interactions of K+–water decrease slightly. Further-
more, the electrostatic interactions of divalent ions are 3–5
orders of magnitude higher than the interactions involving
potassium or sodium ions and water molecules. The dominant
electrostatic interactions between confined ions and the water
molecules limit the reordering of the water molecules and result
in a lower freezing point of confined salt solutions compared to
confined water.

4. Conclusions

Salt-induced effects in the colligative properties of bulk and
nanoconfined water encompass an extensively investigated topic
of research. However, information on specific non-bonded

interactions between water and different ions at varying tem-
peratures is sparse in the literature. The dynamical character-
istics of water in the presence of these ions also require in-depth
research to facilitate several engineering applications. The cur-
rent study focuses on filling these knowledge gaps. In this study,
the molecular-scale basis underlying the freezing behavior of
0.5 M Mg-, Ca-, and K-chloride solutions confined in 4 nm pores
is elucidated. The evolution in the crystallization behavior of the
confined salt solutions, the underlying energetic interactions,
and the ion–water interactions associated with the freezing
point depression of confined salt solutions are discussed in
the temperature range of 200–300 K using operando wide-angle
X-ray scattering measurements and classical molecular
dynamics simulations. Differences in the freezing behavior of
interfacial water and water in the center of the pore are noted.
Discontinuities in the hexagonal structure of water are noted in
the presence of Ca2+, Mg2+ and K+ ions due to the influence of
the ion–dipole interactions between the ions and the water
molecules on the intermolecular hydrogen bonds. The onset of
crystallization in the confined salt solutions decreased to 235 K
from 245 K as observed in neat confined water. Less connectivity
in the hexagonal structures of ice and hence a smaller number
of intermolecular hydrogen bonds is observed in confined
salt solutions compared to confined water due to ion induced

Fig. 8 The number of water molecules in the first coordination shell of confined (a) cations and (b) anions and the corresponding van der Waals and
electrostatic interactions (c) and (d) on the 1000/T scale. The number of water molecules in the first coordination shell of ions is obtained from the ions–
Owater radial distribution function and the associated coordination number. The number of water molecules in the hydration shells of ions and the
intermolecular interactions are averaged over the last 5 ns of each temperature segment to ensure equilibrated profiles.
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disruptions to these structures. While the van der Waals inter-
actions between the ions and water remain nearly constant as a
function of temperature, a decrease in the electrostatic energy
between Cl� ions (KCl) and water is noted.

The overall enthalpy is, however, dominated by the large
attractive electrostatic interactions between the cations and
water, with small to moderate changes in temperature. The
translational dynamics of confined water suggest a depression
(1000/T = 4.3 K�1 in confined pure water to 4.4 K�1 in the
presence of salt ions) in the temperature of dynamical crossover
transition from a fragile to strong structure owing to the
structure and dynamics of ion–water interactions in nanoscale
confinement. The depression in the freezing point of confined
salt solutions arises from the strong electrostatic interactions
associated with crystallization. These findings unlock the quan-
titative molecular scale basis underlying the unconventional
freezing behavior of salt solutions in natural, engineered, and
biological environments.

Data availability

The data supporting this article have been included in the main
manuscript and as part of the ESI.†

Conflicts of interest

There are no conflicts of interest to declare for this work.

Acknowledgements

This work was supported as part of the Multi-Scale Fluid–Solid
Interactions in Architected and Natural Materials (MUSE), an
Energy Frontier Research Center funded by the U.S. Depart-
ment of Energy, Office of Science, Basic Energy Sciences under
Award # DE-SC0019285. HEXRD measurements were made on
the 6-ID-D beamline at the Advanced Photon Source, a U.S.
Department of Energy (DOE) Office of Science User Facility
operated for the DOE Office of Science by the Argonne National
Laboratory under contract no. DE-AC02-06CH11357.

References

1 D. Ehre, E. Lavert, M. Lahav and I. Lubomirsky, Science,
2010, 327, 672–675.

2 L. G. M. Pettersson, R. H. Henchman and A. Nilsson, Chem.
Rev., 2016, 116, 7459–7462.

3 A. Haji-Akbari, Proc. Natl. Acad. Sci. U. S. A., 2016, 113,
3714–3716.

4 J. G. Dash, A. W. Rempel and J. S. Wettlaufer, Rev. Mod.
Phys., 2006, 78, 695–741.

5 R. O. David, C. Marcolli, J. Fahrni, Y. Qiu, Y. A. Perez Sirkin,
V. Molinero, F. Mahrt, D. Brühwiler, U. Lohmann and
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