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ABSTRACT

lons significantly alter the water’s structure, impacting properties such as the temperature of max-
imum density and the freezing point. We study structural changes in water upon adding sulfate
anions, specifically Na;SO4, K;SO4, Li»SO4, and MgSO4, using computer simulations. We employ the
TIP4P/2005 water and the Madrid-2019 force field. By simulating solutions at various concentrations
(0.64, 1.30, 1.90, and 3 mol kg~") and two temperatures ( 300 and 240 K), we explore how these elec-
trolytes disrupt water’s structure and how they modify the interplay between Low Density Water
and High Density Water. Increased salt concentration perturbed water’s radial distribution functions
(RDFs), particularly up to 240 K. Na;SO; significantly disrupted water structure, reducing RDF peak
heights and indicating decreased tetrahedrality, while MgSOg increased structural order. K;SO4 dis-
played anomalous behaviour, minimally affecting water at 1.90 mol kg~' and ambient temperature
but causing more ordered structures at 240 K. Orientational order parameter g; analysis supported
these findings. Hydrogen bond network analysis showed notable perturbations at lower tempera-
tures. Diffusion coefficients generally decreased with concentration, with K;SO4 exhibiting increase
at 240 K. These results highlight the complex interactions between sulfate ions and water, enhancing
our understanding of electrolyte solutions.
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1. Introduction . . :
When studying aqueous solutions we must take in

When an ionic salt is added to water, it dissociates into
ions, and these ions modify the structure of water. The
impact of the change is different for different ions, which
can be attributed to differences in size, charge (including
the sign), and shape (in the case of polyatomic ions [1]).
The properties of water change significantly when an
electrolyte is dissolved.

consideration that water is a special liquid that displays
many anomalies that enhance upon supercooling [2].
The interest in understanding the peculiar behaviour of
water at low temperatures has been present in the last
three decades. The interplay between a High Density
Liquid (HDL) and a Low Density Liquid (LDL) struc-
ture is connected to this peculiar behaviour [3,4]. In the
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supercooled region the existence of these two structures
implies the possible existence of a second liquid-liquid
critical point [5].

Since ions significantly modify the properties of water,
it seems of interest to study in detail the structural
changes that occur at low temperatures. A key anomaly of
pure water is the presence of a line of maximum in den-
sity in the phase diagram. At ambient pressure the density
maximum occurs in pure water at about 4 degrees Cel-
sius. For temperatures below this maximum, the density
of water decreases when cooling due to the prevalence
of more open (LDL) structures induced by the hydrogen
bonding network. Above this temperature, the density
decreases (as in a normal liquid).

When a salt is added to water, up to a certain concen-
tration, the density maximum is moved to lower tem-
peratures. For instance experiments showed that for a
1 mol kg~ solution (i.e. one mole of salt per kg of water),
the maximum is shifted by 5-20 degrees, depending on
the salt [6]. This significant effect indicates that the ions
indeed disrupt the structure of water. Notice that for
a 1 molkg™! solution, there are about 28 molecules of
water per ion for a 1:1 electrolyte, so even a four percent
population of ions provokes important changes. Exper-
imental studies (using, for instance, X-ray or neutron
diffraction) can certainly help in analysing the changes
provoked in the structure of water due to the ions [6-15].
However, these studies face a difficulty: the structure fac-
tor is unique, and there are about 10 radial distribution
functions (RDF) to be determined even for a system as
simple as NaCl in water.

Computer molecular simulation is a valuable tool for
its ability to access the nanoscopic scale. As a result, vari-
ous simulation studies have explored different aspects of
salt solutions [16-38].

In this context, computer simulations can certainly
help in analysing the structural changes provoked by the
presence of salt in water [35,39-42]. In fact, in the past,
Gallo et al. have performed interesting studies about the
structural changes that NaCl, KCl, and KF provoke in
water framed in the context of ‘structure making’ and
‘structure breaking’ species [43].

The case of ions consisting of several atoms has been
studied much less. The sulfate (SOi_) anion is a very
interesting case as it is one of the ions available in many
minerals on Earth and appears as the second most abun-
dant anion (after C17) in seawater [44]. Understanding
the microscopic behaviour of sulfate anions with mag-
nesium, potassium, lithium and sodium cations is use-
ful as they are the most abundant cations in seawater,
were it is important to keep the concentration of ions
low to maintain the living species. Sulfates play essential
roles in environmental chemistry, medicine, industrial

processes (like batteries, fertilisers and catalysis), and
biological systems. Aqueous sulfate solutions are of
particular interest due to their unique physicochemi-
cal properties, which influence atmospheric chemistry,
water treatment processes, and the behaviour of biolog-
ical systems [45]. For instance, the role of salt inter-
action could be important for small biomolecules like
aminoacids [46,47]. Furthermore, sulfate aerosols have
significant impacts on climate change by affecting the
Earth’s radiation balance [48]. Additionally, understand-
ing sulfate behaviour in water is critical for under-
standing processes such as acid rain formation and
its subsequent environmental effects [49]. Given their
widespread importance, a comprehensive understanding
of the behaviour of sulfates in aqueous environments is
indispensable for advancements in environmental sci-
ence, industrial chemistry, and beyond.

In this work, we shall study, using computer simula-
tions, the changes that occur in the structure of water
when electrolytes containing the sulfate anion are dis-
solved.

To perform simulation studies of aqueous electrolyte
solutions, one needs to choose a certain force field.
As stated previously, one of the fingerprint properties
of water is the presence of a maximum in density. A
good water model should reproduce this maximum.
Although the first generation of water models (TIP3P,
TIP4P [50], SPC/E [51]) did not reproduce the temper-
ature at which this maximum occurs (with deviations of
30-40 degrees from the experimental value), the second
generation of water models (TIP5P [52], TIP4P-Ew [53],
TIP4P/2005 [54]) do indeed reproduce this maximum.
In this study, we shall use the TIP4P/2005 model of
water as it provides an overall good description of water
properties.

In recent years, we have developed a force field for
electrolytes in water, denoted the Madrid-2019 force
field [55,56]. This force field is especially designed for the
TIP4P/2005 model of water. The force field was designed
to reproduce the densities and to provide reasonable pre-
dictions of transport properties such as viscosities and
diffusion coefficients. Additionally, the force field uses a
new idea: instead of assigning formal charges to the ions,
one uses scaled charges. In particular, for monovalent
ions, one will use (0.85 e in electron units) as the charge,
and for divalent ions (as is the case of sulfate), one will
use a charge of 1.7e. The idea of using scaled charges
was first proposed by Leontyev and Stuchebrukhov and
is usually denoted as the Electronic Continuum Correc-
tion (ECC) [57-59]. The idea has also been advocated
by Vega [60] by stating that different charges should be
used to describe the Potential Energy Surface and the
Dipole Moment surface. This concept has been followed



by a number of groups, including Jungwirth, Skinner,
Barbosa, Predota, among others [61-68]. The ECC cor-
rection takes into account that the force field does not
include the fast polarisation of electrons that occurs in
water when an electric field is applied, which is responsi-
ble for the value of 1.78 for the dielectric constant of water
at high frequencies of the force field (where electrons but
not nuclei have time to react to the field).

It has been shown by several groups that the use
of scaled charges improves the description of transport
properties [69] and interfacial properties [26]. Recently,
we have experimentally determined the maximum in
density of a number of ionic solutions at the concen-
tration of 1.00 molkg™' and compared the results to
those obtained by the Madrid-2019 force field (which
uses scaled charges) [55], obtaining excellent agree-
ment [70,71]. The agreement was excellent also for salts
containing the sulfate anion. Another property that has
been measured with this force field for Li;SOy4 is the
freezing point depression, observing that it reproduces
the experiments well [26]. Therefore, to study structural
changes in water due to the presence of electrolytes, it
seems reasonable to select a force field that reproduces
the TMD (temperature of maximum density) and the
freezing point depression for ionic solutions.

In particular, in this paper, we shall analyse in detail,
using computer simulations (with a state-of-the-art force
field), the structural changes that occur in the structure of
water when adding Na, SOy, K580y, Li;SO4, and MgSOy.
We shall consider four concentrations ( 0.64, 1.30, 1.90,
and 3 mol kg_l) and two temperatures (300 and 240 K).
The choice of a low temperature (in addition to the tradi-
tional room temperature) is due to the fact that we want
to analyse how the presence of ions modifies the peculiar
behaviour of water upon supercooling.

1.1. Model and simulation details

The interactions in the salt aqueous solutions were
described using the recently proposed Madrid-2019
model [55]. This force field describes water and the sul-
fate ions as rigid and non-polarisable. Water is modelled
with the TIP4P/2005 potential [54] and ions are repre-
sented by Lennard-Jones centres and scaled point charges
(0.85 e at the monovalent and 1.7 e at the divalent ions)
that, in an effective way, account for the polarisation
effects in the solution.

The initial configurations contain 4440 molecules of
water and the corresponding amount of ions (LiT, Na™,
K+, Mg>* and SO;”) depending on the concentra-
tion of the solution (m). We studied sulfate aqueous
solutions 0.64, 1.30, 1.90 and 3 mol kg_l. The experi-
mental salt solubility in water at 300 K for the studied
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sulfates is: 1.96 mol kg_1 Na,; SOy, 0.69 mol kg_1 K5SOy4,
3.12mol kg™! Li,SO4 and 3.07 mol kg~! MgSOy4 [72,73].
Therefore the highest concentrations studied for the dif-
ferent salts are 3 mol kg_1 for Li;SO4 and MgSO4 and
1.90 for NaySO4 and K;SO4. The edges of the cubic sim-
ulation box are approximately L &~ 5.3 nm and periodic
boundary conditions were applied.

The simulations are performed using the Molecular
Dynamics GROMACS 4.5.5 package [74] in the NpT
ensemble. The pressure was set to p = 1bar and was
controlled using an isotropic Parrinello-Rahman baro-
stat [75], with a relaxation time of 1 ps in the equilibration
and 10ps in the production and a compressibility of
2 x 107>, The temperature was set at 300 K and 240 K
using the Nosé-Hoover thermostat [76] with a relaxation
time of 0.05 ps during the equilibration and 1 ps after the
equilibration. The equilibration time was 20 ns and the
averages were calculated on production runs of another
20 ns. The equations of motion were integrated using the
velocity-Verlet algorithm using a time step of 2 fs. To deal
with the long range electrostatic interactions the parti-
cle mesh Ewald summations [77] were used. The cut-off
distance for the dispersive and the real part of the electro-
static interactions was set to 10 A. Standard long range
corrections were added to energy and pressure for the
Lennard Jones part of the potential. The geometry of the
water molecules and sulfate ions was constrained with
SHAKE (both of them have rigid geometry) [78].

In Figure 1, we compare the densities obtained from
our simulations with those obtained for the same model
in Ref. [55] (provided in the supplementary material) and
with experimental data [79-81]. The agreement between
simulations and experiments is excellent.

2. Results

We shall divide the structural results in two parts. First
we shall present the results of the structure around the
ions of the system. After that we shall analyse how the
presence of the ions affects the radial distribution among
the atoms of water.

2.1. Hydration coordination layers

2.1.1. Sulfate hydration coordination layer

In Figure 2, we report the behaviour of the sulfur-oxygen
(of water O,) RDF of the sulfate and of the water respec-
tively, gso, (r) for ambient temperature and concentra-
tion 1.30 mol kg~ . The behaviour of the sulfur-hydrogen
RDF of the sulfate and of the water respectively, gsg () is
reported in Figure 3 and it is quite similar to the one of
the gso,, (7). For both cases we hardly see any change with
the concentration of the salt or changing the temperature



4 (&) CP.LAMASETAL

1500 T T T T T T T T T T T T
— Experimental data
| ® Zeronetal. JCP 2019 ° i
1400 ® This work
o °
£ 1300 K,80
o0
N
‘? 120
72}
=
Q
el
11004
100 . \ I \ I \ I \ I \ 1]
0 0.5 1 1.5 2 2.5 3
-1
m (mol kg )
(@)

1300 T T T T T T T T T T ps
— Experimental data
m Zeron et al. JCP 2019
® This work
1200 1

=

b

= MgSO,

21100 .

72}

=t

|5}

o

10004 N
" 1 " 1 " 1 " 1 " 1 "
0 0.5 1 1.5 2 2.5 3
m (mol kg_l)
(b)

Figure 1. Density as a function of molality for aqueous sulfate solutions at T = 298.15 Kand p = 1 bar. Red dots are the results from this
work, the blue squares are from Ref. [55] and the continuous lines are a fit of experimental data taken from Refs. [79-81] and references
therein. Na;S04 and K;SO4 data are shifted up 100 and 200 kg m~3, respectively.
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Figure 2. Sulfur-oxygen of water RDF for the studied salts at
concentration 1.30 mol kg™, p = 1 bar and 300K.

and for this reason the graphs comparing temperatures
and different concentrations of the salts have been
omitted.

As shown in Figure 2, the differences in the gso, (1)
among various sulfate solutions are quite small. The
behaviour of Li and Mg sulfates is almost identical. How-
ever, there are some differences for Na and K sulfates. The
height of the first peak is noticeably lower for K,SOy4. The
second peak of the correlations for Na,SO4 and K;SO4
are similar.

To better understand why the first peak height of
gs0,, is lower in presence of K, we present the S-cation
correlation function in Figure 4. Significant differences
appear between the different sulfates. The first peak
(around 0.35nm) indicates the presence of contact ion
pairs between the sulfate group and the cation, clearly vis-
ible for KT and Na™. However, no anion-cation contact

2 T T T T T T T T T T T
ft 1.30mol kg T=300K
sk / \ — Li,SO,(aq) |
: ‘ — MgSO,(aq)
NaZSO4(aq)
- — K2SO4(aq)
N—
T 1F
7
)
0.5
. 1 . 1 . 1 . 1 . 1 .
%.2 0.3 0.4 0.5 0.6 0.7 0.8

r (nm)

Figure 3. sulfur-hydrogen of water RDF for the studied salts at
concentration 1.30 mol kg™, p = 1 bar and 300 K.

pairs exist for LiT and Mg?+. This explains the decrease
in the first maximum of S-O,, observed for K*. In the
first hydration layer of the sulfate anion, some cations
occupy the position of water in the cases of K,SO4 and
Na;SOy, but not for Li,SO4 and MgSO4. However only
K,SO4 shows a RDF gsk (r) similar to that of gso,, (r) both
in location and shape with a significant and well defined
first shell with a shoulder and a well defined second shell
so only in the case of of K,SO4 we observe a significant
presence of the cation in the water solvation shell of the
sulfate. The vertical line in Figure 4 shows the border
of the water solvation shell. In Figure 5, we plot the gsx
together with the sulfate-water gso,, and gszr and we see
how similar is the shape and the first peak location of the
gsk to the one of the ggo,, indicating that the K ion, when
solvating the sulfate, substitutes a water molecule and lies
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Figure 4. sulfur-cation correlation function at the highest stud-
ied concentration of each salt at 300K and p = 1 bar. The doted
blue line corresponds to 0.47 nm which corresponds to the mini-
mum of the gso,, (r) for the K;504(aq) (hydration solvation shell).
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Figure 5. sulfur-oxygen, sulfur-hydrogen and sulfur-cation cor-
relation function at concentration 1.30 mol kg™, p = 1 bar and
300 K for the K5S04.

at the same distance as the oxygens of the water molecules
solvating the sulfur, while hydrogen get much closer.

In Table 1, we present the number of contact ion pairs
(n“P). This is typically obtained from the first peak of the
radial distribution function between the cation and the
anion. However, caution is needed since the first peak of
the cation-anion correlation function could correspond
to solvent-separated ion pairs (SSIP), where the cation
and anion are separated by a water molecule, rather than
contact ion pairs (CIP). In this study, Na;SO4 and K»SO4
form CIP, while Li;SO4 and MgSO4 form SSIP. To accu-
rately compute the number of CIP, we integrated the
cation-anion correlation function only up to 0.4 nm.

Thus, the number of CIP (n°/P) has been calculated as
follows:

cIp 0.4nm 5
ntt = psoi_/o 4 r°gs, (r) dr (1)
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Table 1. Number of contact ion pairs (CIP) referred to the sul-
fate at p = 1 bar, for the highest concentration studied for the
different salts at 300 and 240 K.

cp
lint 0.4nm

T 300K 240K
Li;S04(3 molkg™") 0 0
MgS04(3 mol kg™") 0 0
Na;504(1.90 mol kg~") 0.13 0.065
K2504(1.90 mol kg™") 0.45 0.41

Table 2. Hydration number referred to the sulfate (solvation
shell) at p = 1 bar, for the highest concentration studied for the
different salts at 300 and 240 K. For the first local minimum we
used the value ript = 0.4 nm.

Hydration number

Tint 1st local minimum 2nd local minimum

300K 240K 300K 240K
LizS04(3 molkg™") 15.7 15.7 23.1 22.8
MgS04(3 mol kg™") 15.7 15.7 23.1 22.8
Na;S04(1.90 mol kg~") 15.5 15.5 21.9 22.5
K2504(1.90 mol kg™") 14.6 14.6 20.7 20.7

where gs, (1) represents the cation-anion radial distribu-
tion function. In our analysis we calculated the CIP up to
0.4 nm for all cations. This number is the first minimum
of the ggx which is the correlation function of the largest
cation.

In addition, the hydration number has been
calculated as:

. Tint
nhydmtzon — pHZO/ 4 ngSOW (r) dr (2)
0

where gso,, (1) represents the sulfur-oxygen of the water
radial distribution function. Since the first shell of this
function shows a shoulder, we calculated the hydration
number both for the first local minimum and for the sec-
ond local minimum. This last integration includes the
shoulder.

As confirmed from the number shown in Table 1,
K exhibits a significant number of contact ion pairs,
while Na shows a small number. No contact ion pairs are
observed for Li and Mg. In Table 2, we see that the num-
ber of water molecules in the solvation shell has a slight
temperature dependence for all cations investigated and
it is very similar for all of them except for the K, where
we have less water molecules in the solvation shell. By
comparing the numbers of Table 2 to those of Table 1
we find them perfectly compatible with the case in which
one K replaces one water molecule in the solvation shell
of the sulfate. We also note that the decrease of water
molecules in the solvation shell due to decreasing tem-
perature happens only for those water molecules residing
in the shoulder of the solvation peak.
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Coming now back to the behaviour of the gsy(r) cor-
relation function shown in Figure 3 we already observed
that this function is quite similar for all the salts, indi-
cating that the cation does not significantly affect the
sulfur-H distribution function and therefore the charac-
teristics of the water solvation shell. The first peak occurs
at much shorter distances than the sulfur-oxygen radial
distribution function, suggesting some weak hydrogen
bonding between the hydrogen atoms of water molecules
and the oxygens of the sulfate group (the first peak height
is not too high). Specifically, the first peak of the ggg(r)
occurs around 0.3 nm, while the first peak of the gso,, (7)
is located at 0.4 nm, which is just beyond the OH bond
length. This suggests a linear arrangement of the S-Og
vector and the O,,-H vector of the water molecule, form-
ing a linear bridge of the sulfate group with the hydro-
gens, the difference being the OH bond length). This
indicates that sulfate ions can form hydrogen bonds with
hydrogen atoms (through its oxygens). The first peak in
the gso, (1) is around 0.4nm, so it is at a distance of
almost 0.1 nm from the one in the ggp (7), this could show
the tendency of the hydrogens to form practically lin-
ear bridges between the oxygens of water and the sulfate
group. We already observed that the only salt with dif-
ferent behaviour is K;SO4 being the height of the first
peak lower than for the other salts. As described above,
this is due to the existence of contact ion pairs in K;SO4,
where some K cations lie the water solvation shell and are
in contact with the oxygens of the sulfate group.

From the results shown it can be inferred that the dif-
ference in behaviour of the K™ with respect to the other
cations studied appears due to the fact that KT has not
only the larger ionic radius but also a diameter similar
to the O?~ and the K, resulting in the first peak of the
gxo,, (r) overlapping with the one of the go, 0, (7).

2.1.2. Cation hydration coordination layer

In Figure 6, we present the behaviour of the cation-
oxygen of water RDE, gzo, (). The abscissa is rescaled
with the distance of the maximum of the peak of the
gzo,, (1), 1zo,,, to facilitate the comparison between dif-
ferent ions. Table 3 reports the values of the positions
of the first peak of the gzo, (r). We observed that the
position of the first peak does not change with increas-
ing ion concentration or changing temperature for both
gzo,, (r) and gzy(r) (graphs not included). However, the
height of the first peak becomes somewhat higher at
lower temperatures.

As can be seen, the hydration of water around the
ion is strong. However, significant differences are found
between different cations. Lit and Mg?* seem to belong
to one group, while Na™ and K™ belong to another. The
height of the first peak decreases in the order: Mg?* >

T T T T T T T
20k 130molkg’ T=300K
— Li,SO,(aq)
s — MgSO,(aq)
Na,SO,(aq)
3 — KZSO4(aq)
=
S 10F .
)
5 — -
A\
0 1 — ——— , 1
1 1.5 2 2.5
r/rZO

Figure 6. Cation-oxygen of water RDF for the studied salts at
concentration 1.30 mol kg™, p = 1 bar and 300 K.

Table 3. Positions of the first peak of the cation-oxygen of water
RDF at p = 1bar, it does not change with concentration and
temperature.

rz0,, (nm)
Li2504(aq) 0.184
MgSO4(aq) 0.192
Na,S04(aq) 0.234
KZSO4(aq) 0.272

Lit > Nat > K*. This aligns with the charge density
of the cation (i.e. the charge of the ion divided by the
volume). Specifically, the charge density decreases in the
order: Mg?™ > Lit > Nat > K.

The electric field produced by a small ion with a
large charge, such as Mg, is substantial, forcing water
molecules to locate close to it. The ratio of the height of
the first peak between Mg and K is a factor of four. Thus,
Mg?* and K* have quite different effects on water, partic-
ularly in the first solvation shell. Not only is the height of
the first peak different, but so is the height of the second
peak. The second peak is higher for Mg?*/Li* than for
Na*/K*, indicating that Mg and Li affect the structure
of water in both the first and second solvation shells.

For a 1.30molkg™! solution, there are about 21
molecules of water per ion, roughly the number of water
molecules in two coordination shells. This suggests that
the impact of Lit and Mg?™ on the structure of water is
dramatic.

The (higher) the first peak, the narrower the second
hydration shell appears to be. This suggests that mag-
nesium cations enforce greater orientational ordering of
water molecules in the first two hydration shells com-
pared to other cations.

In Figure 7, we present the cation-hydrogen RDF,
gzu(r), scaled by the distance of the first peak of the
cation-oxygen correlation function. This function reveals
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Figure 7. Cation-hydrogen RDF for the studied salts at concen-
tration 1.30 mol kg~", p = 1 barand 300K.

insightful aspects about the orientation of water in the
cation’s first hydration layer.

If water molecules in the first hydration layer align
their dipole moments with the cation-oxygen vector,
one would expect the first peak of the cation-H dis-
tribution function to appear at longer distances. Con-
versely, if these water molecules can rotate, the first peak
would shift to shorter distances. This behaviour is clearly
observed in Figure 7.

Li;SO4 and MgSOy exhibit peaks at longer distances,
indicating rigid orientation of water molecules with their
dipole moments aligned with the cation-oxygen vector.
In contrast, Na,SO4 and especially K,SO4 show broader
peaks at shorter distances, suggesting a higher degree
of rotational freedom for water molecules in their first
hydration shell.

Thus, the presence of cations affects not only the spa-
tial arrangement of water molecules but also their orien-
tation in the first hydration shell. Li* and Mg?™ rigidly
fix both the position and orientation of water molecules
in this shell, while Nat and K* primarily fix the posi-
tion but allow for rotational freedom. This distinction
underscores that Li™ and Mg?T exert greater control over
the structure of water, at least within the first solvation
shell, compared to Na™ and K. Furthermore, the ori-
entation of water molecules in the first solvation shell
influences the positioning of molecules in the second
shell to maintain the typical hydrogen bonding network
of water.

Another indirect method to assess changes induced
by ions in the structure of water involves evaluating
the potential energy between water molecules. In pure
water, the primary contribution to potential energy arises
from hydrogen bonds between water molecules, which
can be rationalised by the high vaporisation enthalpy of
about 44 k] mol~!. This value corresponds to each water
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Table 4. Water-water potential energy (U) for the different salt
solutions with a concentration of 1.90 mol kg~" studied at 300 K
andp = 1bar.

U (kJmol~T)
MgSO4(aq) —20.83
Li;SO4(aq) —27.13
Na,S04(aq) —28.85
K2S04(aq) —32.25

molecule forming approximately two hydrogen bonds,
each with an energy of around 22 k] mol 1.

Therefore, it is valuable to determine the potential
energy between water molecules (excluding interactions
with ions or between ions) in aqueous electrolyte solu-
tions. Naturally, this energy is expected to be lower than
in pure water due to water molecules being in proximity
to ions, thereby reducing water-water interactions. How-
ever, differences in water-water potential energy may
exist among different salts at the same concentration.

In Table 4, we present these potential energy values
for water. K,SO4 exhibits the lowest potential energy,
indicating minimal modification of water structure, fol-
lowed by Na;SO4 and Li»SOy4, which show higher water-
water potential energies. MgSO4 demonstrates the high-
est value, even considering that a 1.90 mol kg~ solution
of this salt contains fewer ions than monovalent cation
salts like Na,SOy4. Given that the anion is sulfate across
all cases, these differences are attributed to the cation.

As cation charge density increases (charge divided by
cation volume), disruption of the water-water hydrogen
bonding structure also intensifies. Cations with higher
charge densities exert stronger geometric demands on
water molecules, hindering their ability to satisfy the nat-
ural propensity for hydrogen bonding among themselves.

From the findings in Table 4, it can be concluded that
changes in water structure follow the order MgSO4 >
Li;SO4 > NaSO4 > K;SOy. This order is in agreement
with the experimental values of the hydration Gibbs
free energies of the chlorine salts with the correspond-
ing cations. The values are: —2580 k] mol~! for MgCly,
—815kJ mol™! for LiCl, —705kJ mol~! for NaCl, and
—635kJ mol™! for KCI [82].

In Table 5, the ion-water energy (per ion) is shown for
solutions with a concentration 1.90 molkg™!. As it can
be seen, the energy of the sulfate group with water does
not depend on the cation and it remains approximately
constant. Only in the case of the salt containing potas-
sium the energy is somewhat smaller (in absolute value).
This is due to the fact that some KT are in contact with
the sulfate thus replacing water in the first hydration layer.
Concerning the energy of the cations with water all values
are negative. The absolute value is quite large in the case
of Mg?*, large in the case of Li*, moderate in the case
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Table 5. Cation-water and SOﬁ_—Water energy (Lennard-Jones
plus Coulombic energy) divided by the number of cations or
anions respectively, for the different salt solutions with a concen-
tration of 1.90 mol kg™ studied at 300K and p = 1 bar.

Cation-water energy SOi_ -water energy

(kJ mol=T) (kJmol~")
MgS04(aq) —1258 —468
Li»SO4(aq) —471 —471
Na,S04(aq) —221 —462
K>504(aq) —115 —403

of Nat and small in the case of K*. Thus it means that
the strength of the hydration of water around the cation
decreases in the order Mg?*, Li*, Na*™ and K*. This can
be understood as the charge of the Mg?™ is twice that of
the rest of the cations charge. In the case of monovalent
cations the hydration strength decreases as the size of the
cation increases (defining the size of the cation as the dis-
tance of the first peak of the cation-O,, radial distribution
function).

2.2. Water structure

2.2.1. Water’s oxygen structure

Here we discuss the effect of different sulfate salts and
their concentrations on the structure of water at two
temperatures: 300 and 240 K. To do this, we begin by pre-
senting the radial distribution functions of the oxygens
in the water, go, 0, (r), shown in Figure 8. We observe
increased perturbations in the go, o, (r) with increas-
ing salt concentration. Generally, these changes are even
more noticeable at the lower temperature of 240 K.

For Li;SOy4, NaySOy4, and K;SO4 at 1.90 mol kg_1
aqueous solutions, the observed perturbation in the
£0,,0,, (1) upon dissolving these salts seems to indicate a
decrease in the structural order of water. Specifically, the
height of the first peak decreases with increasing salt con-
centration, and the value of the first minimum increases
with increasing salt concentration in a monotonous way.

The signatures of tetrahedral order, such as those seen
in low-density amorphous (LDA) ice and in supercooled
water [11], are high values of the first peak and low values
of the first minimum.

Thus, it is clear that the presence of salt disrupts the
tetrahedral order of water, with the change being con-
tinuous with concentration. The addition of salt shows
similar behaviour to that observed when increasing pres-
sure on pure water, which also leads to an increase in
distorted tetrahedra [39].

The behaviour of MgSO4 in water is distinct from
that of the other salts. Notably, the height of the first
peak increases with the concentration of MgSQOy, and this
perturbation is not enhanced at lower temperatures. At
ambient temperature, there is no significant change in the

Table 6. Positions of the first peak of the oxygen-oxygen of water
RDF at p = 1 bar, for the studied salt solutions with a concentra-
tion of 1.90 mol kg™".

300K 240K
10,0, (nm) go,0, (N ro,0, (nm) 90,0, ()
water 0.278 3.22 0.276 415
Li;SO4(aq) 0.280 2.87 0.276 3.46
MgSO4(aq) 0.276 3.89 0.276 4.65
NayS04(aq) 0.278 2.78 0.276 3.32
K2S04(aq) 0.277 2.96 0.276 3.90

Table 7. Positions of the first minimum of the oxygen-oxygen of
water RDF at p = 1 bar, for the studied salt solutions with a con-
centration of 1.90 mol kg‘1 .Results for Na;SO4(aq) are not shown
as we can not detect a clear minimum in the radial distribution
function.

300K 240K
ro,0, (nm) 90,0, () 10,0,/ (NM) go,0, ()
water 0.330 0.754 0.327 0.405
Li;SO4(aq) 0.351 0.862 0.336 0.681
MgSO4(aq) 0.329 0.823 0.318 0.590
K2S04(aq) 0.329 1.01 0.320 0.688

first minimum with varying salt concentration. Another
observed perturbation is the appearance of a new second
peak around 0.38 nm, accompanied by the progressive
disappearance of the second coordination layer present in
pure water. This last effect is similar to what is observed
with the other sulfates.

As common knowledge would suggest, in all cases,
we observe a higher first peak for the go o, (r) at lower
temperatures, indicating a more ordered structure. This
is clearly seen in Table 6, where the height of the first
peak of the oxygen-oxygen distribution function of water
is shown for both temperatures. In Table 7, the loca-
tion and value of the radial distribution function at the
first minimum are shown. As can be seen for all salts
(with the exception of Nay;SO4, where no clear minimum
is observed), the value of the first minimum decreases
significantly when the temperature decreases to 240 K.

Now, let us compare the behaviour of the oxygen-
oxygen distribution of water and the oxygen-hydrogen
distribution for a fixed concentration. In Figure 9, we
compare the go o, (r) of the studied salt solutions at a
concentration of 1.90 molkg~!. The height of the first
peak of the Oy,-O,, RDF for MgSOy is much higher than
that for the rest of the salts, which is related to its nature
of divalent cation.

Interpreting the first minimum is more challenging.
For Na,SOy, it seems that some water molecules are in
contact but not forming hydrogen bonds (explaining the
maximum at around 0.33 nm). For K,SOy, there appears
to be no distinct first minimum or second maximum,
resulting in a very flat structure beyond the first hydration
shell.
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Figure 8. Oxygen-oxygen RDF of waterat p = 1 bar. (a) Li;SO4 at 300 K. (b) MgSO4 at 300 K. (c) Li»SO4 at 240 K. (d) MgSO4 at 240K. (e)
Na;S04 at 300 K. (f) K;SO4 at 300 K. (g) Na;SO4 at 240 K and (h) K;SO4 at 240 K.
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Figure 9. (a) Oxygen-oxygen RDF of water and (b) Oxygen-
hydrogen RDF of water for different salts at concentration
1.90mol kg~", at p = 1barand 300K.

Regarding the Oy-H distribution function, the first
peak (reflecting hydrogen bonding) is much higher for
K,SOy4 than for any other salt, explaining why the water-
water potential energy of this salt reached the low-
est value, as discussed previously. Another surprising
behaviour is that for K;SOy4, the distribution function
is uniform beyond 0.4 nm. This suggests that in the salt
containing K, each water molecule forms strong hydro-
gen bonds with its nearest neighbours, but the struc-
ture beyond the first hydration layer is rather weak. This
is evident in both the Oy-O,, and Oy-H distribution
functions.

2.2.2. Local structure

To check the oxygen’s water structure order with a higher
accuracy, we analysed two local structure parameters.
The first one is the orientational order parameter g; pro-
posed by Errington and Debenedetti [83] and defines as
follows:

3o — 1\?
qul—gzz (cos(yij)—l-g) (3)

i=1 j=i+1

where one oxygen is considered with its four nearest
neighbours. y ij is the angle formed by the lines joining
the oxygen considered and two of its four nearest neigh-
bours. Given its definition ¢; is sensitive to the angular
distribution of the water molecules in the first shell.

The second parameter is the cosine of the O-O-O
angle averaged over neighbours within 3.5 A, which will
be denoted as cos y .

The results for these two local structural orientational
order parameters are shown in Figure 10 and in Figure 11
for all the solutions investigated at the various concen-
trations and for both temperatures. Results are always
compared with those of the bulk phase at the same ther-
modynamic conditions.

In Figure 10, we show the probability distribution of
q:. The bulk distribution is characterised by one peak
close to 1 and one shoulder around 0.5. A perfect tetra-
hedral arrangement corresponds to g; = 1. The shoulder
of the bulk phase is the signature of interstitial water and
therefore of HDL local configuration while the peak close
to one is the signature of LDL local structures. Upon
cooling we see that in the bulk the LDL peak enhances
consistently at the expenses of the shoulder that almost
disappears.

At 0.64 molkg™! water in the solutions investigated
shows a behaviour similar to the bulk only with a lower
LDL peak and a higher HDL peak. As the concentration
of the ions is increased in the sulfate aqueous solutions g;
shifts to lower values while the tetrahedral peak decreases
showing the gradual loss of local tetrahedral structure of
the water oxygens, that we already pointed out from look-
ing at the go_ 0, (r)s. We also observe that the behaviour
of water in the solutions is quite similar for those con-
taining the Na and K cations. They both show only two
peaks, as in the bulk phase, although the peak associated
with HDL water is enhanced and shifted to lower values
of q; showing that the HDL water structure is still there
but distorted. The solutions containing Li and Mg show a
similar behaviour but also the appearance of new peaks at
lower values of g; signalling new local configurations for
water. In particular for the case of Li;SO4 one new peak
appears and for the case of MgSOy4 two new peaks appear.

Upon cooling we nonetheless note for all the solutions
investigated that the LDL peak enhances showing that in
spite of the perturbation due to the presence of the ions
water still retains its tendency to form LDL upon cooling.
And this is true also for MgSOy4 solutions that show the
biggest modification respect pure water.

In Figure 11, we show the probability distribution
of the cosine of the O-O-O angle. The bulk distribu-
tion is characterised by a peak around 0.63 which is
related to interstitial water and therefore to the presence
of HDL configurations and a very broad peak centred
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Figure 10. Probability distribution of the orientational order parameter g; at p = 1 bar. On the left we show the distributions for sulfates
at 300K (a) for sulfates at 0.64 mol kg~ and (c) for sulfates at 3 mol kg~ in order to appreciate the effect of the increase of concentra-
tion (we do not include K504 nor Na,504 because their experimental solubility is much lower than 3 mol kg™"). On the right we show
the distributions for the sulfates at 1.90 molkg™" for (b) 300K and (d) 240K in order to appreciate the effect of the decrease of the

temperature.

around —0.25 corresponding to the tetrahedral order. In
general, the height increases and the minimum depth
decrease when adding sulfates, they also appear to be
shifted towards smaller cos y. Already at 0.64 mol kg™!
the MgSOy induces a higher perturbation in the oxy-
gens of water, since it gives birth to a new peak when the
cosine is 0 corresponding to an angle of 7 /2 among the
three oxygens. This is in agreement to what we observed
on Figure 9 and Table 6, where we observed the high-
est distortion of the first peak for Mg?*. Upon increasing
concentration of ions Li and Mg show a strong enhance-
ment and a shift of the peak of interstitial water while Na™
shows oscillations similar to Mg?* upon enhancing con-
centration and especially upon cooling. Also for this local
structure parameter we observe, nonetheless, that water
still shows a tetrahedral character that enhances upon
cooling. We also note that, especially upon supercooling,
the smallest perturbation of water structure appears to

be induced by the solutions containing the K counterion
which we already noted that is more affine to the water
oxygen in size.

2.2.3. Hydrogen bond network

Following we can discuss the effect on the hydrogen bond
network (HBT) by observing the go_ 1 (r) and gur(r), in
Figures 12 and 13 respectively.

When adding sulfates, the HBT seems to be less
affected than the oxygen structure. However, also in this
case the effect is more notorious at lower temperature.
In both Figures 12 and 13, we observe a decrease in the
height of the first peak when adding more salt, the first
minimum depth is kept but it moves slightly closer to the
first peak.

The second peak of the OO RDF does not seem to be
almost affected. But for the gy (r) the second minimum
changes. Meaning that for a concentration of 3 mol kg~ a
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Figure 11. Probability distribution of the 0-0-O angle averaged over neighbours within 3.5 A at p = 1bar. On the left we show the
distributions for sulfates at 300 K (a) for sulfates at 0.64 mol kg~ and (c) for sulfates at 3 mol kg~ in order to appreciate the effect of the
increase of concentration (we do not include K;SO4 nor Na;SO4 because their experimental solubility is much lower than 3 mol kg™").
On the right we show the distributions for the sulfates at 1.90 mol kg~ for (b) 300 K and (d) 240 K in order to appreciate the effect of the

decrease of the temperature.

new peak starts appearing at close to the second one, and
the minimum gets deeper and new peaks start appearing
after the cited ones.

Analogously to the situation for the go o, (r), the
K,S04 aqueous solution at 1.90 molkg™' presents an
anomaly for the go, H(7), since it seems to have the oppo-
site effect on the water’s oxygens structure than lower
concentrations.

A similar distortion is observed when increasing pres-
sure on pure water [14,39]. According to Soper and Ricci,
HDL water is characterised by the persistence of the HBT
and a broadening of the second peak of the go,,0,, (r) [11].
Following this observations, we could understand the
effect of adding salt to water as a continuous change of
the water structure towards the HDL structure, as it was
also observed for NaCl, KCl and KF aqueous solutions by
Gallo et al. [43].

2.2.4. Diffusion of water

In Figure 14 and Table 8, we report the diffusion coef-
ficients, D, for the oxygens in the water molecules with
different concentrations of the studied salts at two tem-
peratures. At 300 K, we observe that diffusion decreases
with increasing salt concentration. It is interesting to note
that K;SO4 has a milder effect compared to the other
three salts.

A similar behaviour was observed for NaCl, KCl, and
KF aqueous solutions by Gallo et al. [43] and when
increasing pressure on bulk water [84,85].

However, there is a surprising behaviour at 240 K.
The sulfate salts containing Li, Na, and Mg behave sim-
ilarly, but the decrease in the diffusion coefficient of
water with increasing salt concentration is much smaller
than at room temperature. Even more surprising, in the
case of the sulfate solution containing K, the diffusion



MOLECULAR PHYSICS 13

T T T T T T T T T T T T T T T
oL Li,S0,(aq) T =300 K . MgSO,(a) T=300K |
— 3mol kgr1 — 3mol kgf1
— 1.90mol kg — 1.90 mol kg''
L5 — 130 mol kg’ L5 — 1.30 mol kg’ 7
= -1 = -1
= — 0.64 mol kg = — 0.64 mol kg
:::3 —— water :':; — water
o af ok ~
1)) =1)]
0.51 05k
1 " 1 " 1 1 " 1 " 1
01 0.2 03 04 0.5 0.6 01 0.2 0.3 04 0.5 0.6
r (nm) r (nm)
(a) (b)
225 ; , . , , 25 ; ; —
L Li,SO, (aq) T =240 K ] MgSO,(aq) T =240 K
L — -1 | -1 .
175k 3 mol kg _1 ] 2 — 3 mol kg 1
s 3 — 1.90 mol kg 1 — 1.90 mol kg’
M — 130 mol kg ~ 1sf — 1.30 mol kg 4
E 125k — 0.64mol k' 1 % — 0.64 mol kg''
g; . _ _— water 1 Os — water
en L =1)] 1+ S
0751
0.5 0.5+
0251
1 " 1 n 1 1 " 1 " 1
01 02 03 04 05 06 01 04 05 06
r (nm) r (nm)
() (d)
2 T T T T T T T T 2 T T T T T T T T
NaZSO4(aq) T=300K KZSO4(aq) T=300K
sk — 1.90 mol kg i sk — 1.90 mol kg ]
’ — 1.30 mol kg ’ — 130 mol kg’
— — 0.64 mol kg — — 0.64 mol kg
i-‘/ —— water i-‘/ —— water
= 1+ T 1+
=z B
o o
1) =1)]
0.5¢ 05F
1 " " 1 " 1 " 1
01 02 03 04 03 06 01 02 03 0.4 05 06
r (nm) r (nm)
(e (f)
T T T T T T T T T T
oL \ Na,SO,(aq) T=240K | oL K,SO,(ag) T=240K
— 1.90 mol kg — 1.90 mol kg
sk — 130 mol kg | sk — 130 mol kg
— — 0.64 mol kg — — 0.64 mol kg
\b —— water \b —— water
Z:B EB
o5 I LIk
0.5¢ 05F
1 1 1 1 1 1 1 1
O 0.2 03 0.4 0.5 0.6 01 0.2 03 04 0.5 0.6
r (nm) r (nm)
(g (h)

Figure 12. Oxygen-hydrogen RDF of water at p = 1 bar. (a) Li;SO4 at 300 K. (b) MgSO4 at 300 K. (c) Li»SO4 at 240 K. (d) MgSO4 at 240 K.

(e) NapSO4 at 300 K. (f) K»SO4 at 300 K. (g) NaSO4 at 240 K and (h) K;SO4 at 240 K.
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Figure 13. Hydrogen-hydrogen RDF of water at p = 1 bar and 300 K. (a) LiSO4. (b) MgSOs. (c) Li;SO4 and (d) MgSOs4.
2.5 T T T T T T T T T T T T T T T T T T T
¢ oo Li,50,(aq) -0 Li,SO,(aq)
o-o MgSO,(aq) 0.31- oo MgSO,(aq)
e 2r Na,SO,(ag) 7 e Na,SO,(aq)
) [y K2S04(aq) »n e K2304(aq)
[q\] [q\]
g g
Q Q
= 151 = 0.2¢
) vy
=) =
p— —
< <
a L a
0.1
b
y >
0.5 . 1 . 1 . 1 . 1 . 1 . . 1 1 . 1 1 1 p
=0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
-1 -1
m (mol kg ) m (mol kg ')
(a) (b)

Figure 14. Diffusion coefficient of water's oxygen at (a) 300K and (b) 240K for aqueous solutions of different sulfates at different

concentrations and p = 1 bar.

coeflicient of water increases as salt is added, at least for
concentrations up to 2 mol kg~ !. Water accelerates as salt
is added. This behaviour could be related to the water

presence of ions has

density anomaly when taking into account that water in

a higher density with respect to the

bulk at the same thermodynamic conditions [86].



Table 8. Diffusion coefficient of the oxygen belonging to water
for bulk TIP4P-2005 water and aqueous solutions of different sul-
fates at different concentrations and temperatures and p = 1 bar.

Dh,0 x 10° cm?s™!

mmolkg™! Li;SO4(aq) MgSO4(aq) Na;S04(aq) K2504(aq)

T = 300K
0 2.30(8)
0.64 1.88(4) 1.87(3) 2.02(7) 2.193)
1.30 1.54(3) 1.469(6) 1.60(3) 2.02(9)
1.90 1.20(1) 1.15(4) 131(2) 1.89(2)
3 0.76(1) 0.66(3)

T = 240K
0 0.200(2)
0.64 0.209(4) 0.1918(10) 0.2206(6) 0.278(2)
1.30 0.181(6) 0.161(3) 0.1672(9) 0.2990(8)
1.90 0.1401(6) 0.1171(2) 0.1232(4) 0.291(5)
3 0.077(2) 0.058(2)

We have recently shown in Figure 16 of Ref. [87] that
the product of the diffusion coefficient of water times
the viscosity of the solution seems to be constant, not
depending on either the concentration of the salt or the
type of salt (i.e. the water molecules satisfy a Stokes-
Einstein-like relation even in solution). If this is the case,
it means that the increase in the diffusion coefficient of
water in the K;SOy4 solutions implies a decrease in the
viscosity of the solution. The surprising finding is that
the same salt can increase the viscosity relative to water
at room temperature and decrease the viscosity relative to
water at 240 K. Thus, temperature significantly influences
the changes provoked by the electrolyte in water.

Although we do not necessarily share this view, some
authors refer to electrolytes that increase the viscosity
of water as ‘structure makers’ and those that decrease
the viscosity of water as ‘structure breakers’ (typically
expressed by the sign of the parameter B in the Dole
equation). In this context, K,SOy4 is a structure maker
at room temperature and a structure breaker at low
temperatures.

From a kinetic perspective, Mg, Li, and Na are more
structure makers than K. However, when looking at the
results in Table 4, it appears that K is the ion that per-
turbs the structure of water the least, as it presents the
most negative value of the water-water potential energy.
These concepts seem rather diffuse, and here we focus on
the facts (i.e. potential energies, diffusion coefficients, vis-
cosities) and refrain from translating these numbers into
simple terms or pictures. We leave the interpretation of
the facts to the reader. The key point is that at low tem-
peratures, the increase in the viscosity of water due to
the presence of salt is significantly reduced, and in some
cases, such as with K,SOy, the presence of salt can even
cause a decrease in the viscosity of the system.

3. Conclusions

In this work we have studied by means of molecular
dynamics four sulfate water mixtures, LiySO4, MgSOy,
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Na,;SO4 and K;SO04. The simulations have taken place
at different concentrations at ambient temperature and
upon supercooling, 240 K, at ambient pressure. The RDFs
of water oxygens, go,0, (7), displayed increased per-
turbations with higher salt concentrations, particularly
pronounced at the lower temperature of 240 K.

For Li;SO4, Na;SOy4, and K,SO4 solutions up to
1.30 mol kg™, the decreased height of the first peak and
shallower first minimum indicate a reduced order in the
water structure. This effect mirrors the structural changes
observed under high pressure in pure water, suggesting
an increase in distorted tetrahedra [39].

At 1.90 mol kg™, K,SO4 showed an anomaly, with a
less significant impact on the water structure at ambi-
ent temperature, but at 240 K, higher peaks and deeper
minima suggested a more ordered water structure.

For MgSQy, there was an increase in the first peak
height without notable enhancement at lower tempera-
tures. However, the first minimum filled in at 240 K, and
a new second peak emerged around 0.38 nm, indicating
significant structural perturbation likely due to magne-
sium ions displacing water molecules in the coordination
layer.

All salts showed higher first peaks in the RDFs at
lower temperatures, indicating more ordered structures.
Notably, Na,;SO4 was a strong structure breaker, signifi-
cantly reducing the height of the first peak and depth of
the first minimum compared to other salts. In contrast,
MgSO; exhibited the opposite effect.

The analysis of the orientational order parame-
ter gq; corroborated the RDF findings, indicating a
general loss of tetrahedrality in the water structure.
Besides Li;SO4 and MgSO, displayed additional peaks,
with MgSO4 causing the most significant structural
changes.

Examining hydrogen bond networks through go 1 ()
and guu(r) showed less perturbation than the oxy-
gen structure but still notable effects at lower tempera-
tures. K,SO4 at 1.90 mol kg™! again showed anomalous
behaviour, indicating different effects on water structure
at varying concentrations and temperatures.

Finally, diffusion coefficients revealed that salt con-
centration generally reduced water diffusion at 300K,
with K,SO4 having the mildest effect. At 240K, diffu-
sion coefficients for Li, Na, and Mg sulfates decreased less
with concentration, while K;SO4 showed an unexpected
increase, suggesting a decrease in solution viscosity at
lower temperatures.

In summary, sulfate salts impact water structure sig-
nificantly, with MgSOy causing the largest perturbation.
The behaviour varies with temperature and concen-
tration, highlighting the complex interactions between
ions and water molecules. These findings advance our
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understanding of electrolyte solutions and their influence
on water structure and dynamics.
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