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The long-standing classification of ions as water “structure-makers” or “structure-
breakers” is fundamentally reevaluated through advanced Molecular Dynamics
simulations employing the accurate Madrid-2019 force field. We quantitatively study
the local hydration structures of 1 m aqueous solutions of LiCl, NaCl, and KClI (through
local entropy and Kullback-Leibler (KL)-divergence analysis). We demonstrate that all
ions act as net disruptors of water’s tetrahedral network, this change being more severe
in solutions with high charge density ions. While hydrogen bonding (HB) is diminished
within the first hydration shell (FHS) of ions, it returns to bulk-like levels beyond it.
From an energetic viewpoint, water—water interactions in solution are destabilized by
about 15% compared to pure water, confirming all ions as “structure-breakers” in
this regard. Two factors contribute to the energy loss of water: Roughly half arises
from a 5% reduction in the total number of HBs, localized primarily within the ions’
hydration shells (plus a small contribution from HB distortion); whereas the other half
originates from the destabilization of dipole—dipole correlations beyond the FHS. This
latter effect, which scales with ionic charge density, is absent for uncharged solutes.
Finally, we identify a correlation between the total energy of water (including the ion—
water contribution) in solution and the Jones-Dole B coefficient—a correlation that
also holds for divalent cations and hydrophobic solutes. The transition from “structure-
maker” to “structure-breaker” (i.e., the change of sign in the B coefficient) occurs near
the locus where the total energy of water in the solution is similar to that of pure water.

electrolytes | viscosity | structure maker | structure breaker | hydrogen bond

Electrolyte solutions constitute the medium for all biological and geological processes. It
is therefore of the utmost interest to gain an understanding of their properties. Lithium
plays a critical role in neural synapsis (1), while sodium and potassium are essential
for muscle contraction (2, 3). Furthermore, the concentration and distribution of these
ions, facilitated by sodium/potassium pumps, have been identified as key factors in
cellular specialization (4, 5). Experimental studies on electrolyte solutions are extensive,
providing valuable ion—water distance measurements (6-19). The study of aqueous
electrolyte solutions has been approached through various vibrational spectroscopic
techniques. Conventional infrared and Raman spectroscopy enable observation of
changes in O-H vibration modes of water, although numerous experimental techniques
show minimal perturbations of water structure by anions, making it challenging to obtain
direct molecular-level information (20). Ultrafast nonlinear spectroscopies have proven
particularly valuable for probing vibrational energy dynamics in hydrogen-bonded liquids
(21, 22). Low-frequency methods such as THz and time-resolved THz-Raman, together
with correlated vibrational spectroscopy (CVS), provide insights into how ions modify
water—water hydrogen bonds (23, 24). Computer simulations provide microscopic
information of the structure of water around different ions, which can help elucidate the
complex behavior of these solutions (25-32). When considering electrolyte force fields,
the system can be treated either classically, with (33-35) or without (36-41) polarizability
inclusion [even force-fields without charge have been proposed (42, 43)]; or by quantum
mechanics. The computational cost of treating these systems fully quantum poses an
impossibility, so either density functional theory approaches (27, 44-46), quantum-
mechanics/molecular-mechanics techniques (47-49) or many-body energy theoretical
frameworks (30) are employed instead. Each of these approximations may lead to
different results for the same system. In fact, Varma and Rempe showed that even
the coordination number of water molecules around an alkali ion, which is a relatively
simple and straightforward property, considerably differs depending on the simulation
approach and potential, as well as on the selected experimental technique (45). In this
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work we have used the classic nonpolarizable force-field Madrid-
2019 (36), which assigns partial charges to the ions in the
solution. The conceptualization of this approach is to account for
charge transfer between water and the dissolved ions in a mean-
field approximation, an idea first introduced by Leontyev and
Stuchebrukhov (50, 51) and further supported by other authors
(36-38, 52-57) as well as by quantum calculations (46, 58).
This model reproduces the densities of the solutions up to their
solubility limit, overcoming the common shortage of empirical
models of yielding too low solubilities (59). The model accurately
describes the maximum in density of electrolyte solutions, a
property that is sensitive to the detailed balance between water—
water, ion—ion, and ion—water interactions (60, 61). It also
provides very precise estimates for the freezing point depression
(62). The equation of state and the compressibility are well
captured by the model up to 1 kbar in the temperature range
where experiments are available; and in terms of transport
properties, this electrolyte model has been shown to capture an
anomalous increase in the diffusion of water in the supercooled
regime (63), in accordance with some experimental results (64).

The persistence of the structure-maker/breaker dichotomy
(11, 65), despite its limitations, can be traced to its intuitive
appeal and historical roots in the work of Cox and Wolfenden
(66) and Gurney (67). The quest for a unified and simplified
behavior of ionic solutions led to a vague link between “structure”
and the Hofmeister series, which ranked ions by their ability to
precipitate proteins (the “salting-out” effect) (68). Subsequent
work (31, 69-73) sought to connect ion-induced structural
changes (e.g., radial distribution functions) with dynamic prop-
erties like viscosity and residence times, as well as thermodynamic
quantities such as hydration entropy and enthalpy. Interestingly,
the detailed hydrogen bond network of solutions has received far
less attention (74—78). While these terms intuitively suggest that
ions either enhance or disrupt water’s hydrogen-bond network,
the actual structural consequences have been difficult to quantify.
Recent work has shifted focus to how ions affect water’s dipole
correlations, providing a more rigorous framework (79). This
perspective explains the well-known concentration-dependent
decrease in dielectric constant through disrupted long-range
water ordering rather than just local electrostriction effects.

Our current work addresses a fundamental gap in under-
standing the relationship between structural perturbations and
dynamic properties in electrolyte solutions. We establish a
correlation between the change in the intermolecular water
energy (relative to pure water) and the Jones-Dole viscosity
coefficient, B (80). B is positive for electrolytes that increase
the viscosity of water and negative otherwise. Experiments (81)
show that the diffusion coefficient of water is inversely related
to the viscosity of the solution: Increasing the viscosity relative
to pure water decreases the diffusion coefficient and vice versa.
Since both magnitudes are anticorrelated, our correlation for the
viscosity (via the B coefficient) can also be used to understand the
dynamics of water. Interestingly, the change of sign in B (i.e. the
frontier between structure makers and structure breakers) occurs
for salts for which the total energy of water (including ion—water
interactions) in the solution is comparable to that of pure water.

Results

Before presenting structural results, the force field’s validity
for ions and water must be assessed. While no classical model
perfectly reproduces all properties, key features like the temper-
ature of maximum density (TMD) of water (277 K at ambient
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Fig. 1. Density for various chloride solutions at 1 m as a function of
temperature at 1 bar from ref. 60. Solid lines: simulations for the Madrid-
2019 model. Dashed lines: experiment. Triangle: TMD; empty: experiment,
filled: simulation. Experimental density at 298.15 K (square from ref. 60, cross
from ref. 83).

pressure) must be accurate. Salts systematically lower the TMD
by 4 to 15K at 1 molal (60), as first shown by Despretz (82),
reflecting ion disruption of water’s structure.

Fig. 1 compares experimental and simulated TMDs for 1 molal
LiCl, NaCl, and KCl solutions from ref. 60. The close agreement
supports the force field’s reliability for structural studies.

Structure of lons Around Water. The location of the first min-
imum of the Radial Distribution Function (RDF) between the
ion and the water’s oxygen (S/ Appendix, Table S1) delimits the
first hydration shell (FHS). We shall refer to the water molecules
within this limit as hydrated, and those beyond it as free.

Fig. 24, shows the axis definition, where the cosine of the
angle 0 formed between the vector from the oxygen of a water
molecule to an ion belonging to its first hydration shell (FHS),
and the dipole moment y of the water molecule located at the
bisector formed by the hydrogen atoms is used for computing the
probability distribution functions (PDFs) of panel (C). Chloride
atoms are practically aligned with the vector that goes through the
oxygen and hydrogen atoms, deviating only 2° from it. Naturally,
the cations are found pointing toward the oxygen atoms, with the
probability distribution being narrower as the ion size decreases
(the water molecules are more tightly bound to high density
charged ions). This is also depicted in panel (B) by the Spatial
Density Map (SDM), which illustrates the regions around water
where it is most probable to find an ion (ST Appendix, section S2).

Water Structure Around lons. To study the structure of water
. . hyd—hyd
around the ions we have computed two partial RDFs: g, ©

which is the oxygen—oxygen RDF (goo) between hydrated water

molecules, and ggg_um which is the goo between hydrated

water molecules and any other water molecule. These RDFs
are depicted in Fig. 3 (8] Appendix, Fig. S2), together with the
oxygen—oxygen RDF of pure water gf,), for comparison.

. . . hyd—wat
The first observation is that, for all ions, goyo Y resembles

that of bulk water beyond 6 A (SI Appendix, Fig. S2 for goo up
to 10 A), where the ions should play (almost) no role. However,
at short distances there is a departure from bulk water behavior,
whose magnitude depends on the ion. For the chloride, only a
decrease in the height of the first peak is observed, which can
be ascribed to the fact that the ion occupies a space that would
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Fig. 2. (A) Axis definition for the calculation of position and orientation of

neighboring waters or ions around water. The water molecule stands on
the XZ plane, and its dipole moment aligns with the Z axis. (B) Most probable
location of ions [see legend (C) for ion identification] around a water molecule
(see S/ Appendix, section S2A for more details). (C) Normalized probability
distribution of the cosine of the angle ¢ (bin size 0.1) defined in panel (A) at
283 Kand 1 bar. Angular distribution function is normalized to 1. The average
value of cos(0) for Li, Na, K, Cl are —0.77, —0.66, —0.54, 0.58, respectively,
which correspond to angles of 140°, 131°, 123°, and 54°.

otherwise correspond to a water molecule, hence yielding a lower

probability for the maximum. The spread of FHS water molecules

hyd—hyd . .
g0 " indicates how strongly water molecules are bonded to

the ion in the FHS, being more localized as the density charge of
the cation increases, in agreement with previous studies (26, 30).
In the case of Cl7, since the hydrogen atoms point toward the
ion, the mobility of the oxygen is greater with an extended range

of distances. Consistent with this, Fig. 3£ demonstrates that
almost all hydrogen bonds (HB?4=7) re disrupted in the first
hydration shell of chloride, with only a small region remaining
at negative energies. In Fig. 3/, this negative spot is considerably
bigger, as it includes the HB between water molecules of the FHS
with all others (HB?4~wa),

In contrast, for cations, in addition to the reduction of the first
peak’s height, significant changes are observed at larger distances
as well. For potassium, the number of HB??~/4 s significantly
larger (Fig. 3F) than for the other cations, in good agreement

with experimental results (84). It also shows as a pre-peak of the

hyd—hyd .
FHS g(%lO 7. that is, only the small amount of water molecules

within the FHS that are able to form HB are located at small
distances. In the case of Na™T, this distribution is no longer

. . hyd—hyd ;. .
bimodal and the maximum of gOyO 7 lies at longer distances,
almost coincident with the minimum g, ), which results in a

double peak for the g;géimt: The first peak corresponds to water

molecules that form HB (either hydrated-hydrated or hydrated—
free), whereas the second peak corresponds to water molecules
that cannot establish HB. Finally, the case of lithium is different.
The peak is as high as that of pure water and even broader. A
glance at the energy panels (/ and L), shows a repulsive energy,
which is lacking in pure water (S/ Appendix, Fig. S7) and no sign
of HBs between hydrated water molecules whatsoever.

Since one-dimensional RDFs cannot fully characterize short-
range order, we further analyzed the spatial arrangement of water
molecules belonging to the FHS. In Fig. 4, the most probable ori-
entation up t0 3.3 A of any water molecule with respect to a water
molecule in the FHS is shown (notice that this includes both
hydrated and free water molecules). For pure water (Fig. 4 A),
the central molecule acts as an acceptor (A) at cos(f) ~ —0.5
(104°) and ¢ = £90°, and as a donor (D) at cos(8) ~ 0.6 (52°)
and ¢ = 0°,£180°. The spatial distribution for D is narrow
(yellow peaks), while A distributions are broader, especially in
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Fig. 3. (A-D) Oxygen-oxygen radial distribution functions. Dashed line: RDF for water molecules that belong strictly to the FHS (gg)gfhyd). Solid line: RDF for

molecules of water in the first hydration shell (FHS) of the ions with the rest of water molecules of the system (g5,

yd=wat) |0 biue color we show the RDF of pure

water (gooo) at 238K and 1 bar. (E-L) Bivariate probability distribution function of the water energy, where (E-H) correspond to FHS water molecules with each
other [dashed lines in panels (A-D)] and (/-L) correspond to hydrated water molecules with any other water molecule of the system [solid lines in panels (A-D)].
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Fig. 4. Normalized probability distribution p(cos 6, ¢) for oxygen-oxygen atoms of water molecules for distances smaller than 3 A (following the axis reference
system shown in Fig. 24) at 283 K for 1 m solutions. For solutions, the central oxygen belongs to a hydrated water molecule, but the cutoff radius includes
hydrated and free water molecules within that reach. The letters D and A denote the angular positions where the central molecule acts as donor or acceptor.
(A): for pure water. (B) Most probable position and orientation of adjoining water molecules (in pure water) from Euler angles probabilities (S/ Appendix, section
S2). (C) Same as (A) but for water molecules around chloride. (D) Most probable position and orientation of adjoining water molecules which are hydrating
a chloride ion. (E-G): Same as (A) but for water molecules around potassium, sodium, lithium, respectively. (H): Same as (D) but for water molecules around

lithium.

cos(8). Since every hydrogen bond donor requires an acceptor,
the integral of the D region equals that of the A region in pure
water. A peak in the D region guarantees hydrogen bonding—
the O-H vector of the central molecule points toward the oxygen
of the neighboring water molecule. However, an A region peak
only indicates the possibility of hydrogen bonding, as our analysis
lacks information about the neighboring molecule’s OH vector
orientation. Therefore, hydrogen bond quantity is determined
by D peak intensity.

Fig. 4 Aand B show the tetrahedral arrangement of pure water,
which is increasingly disturbed as the ion’s electric field becomes
stronger (E—G). Neighboring water molecules tend to align along
the poles of the water dipole, with distinct behaviors for anions
and cations. For chloride, a water’s hydrogen points toward the
anion (as previously shown in Fig. 2), occupying one of the
tetrahedral positions of bulk water, and the neighboring molecule
can rotate around the O-H axis pointing to the anion. For cations,
the water dipole (not the O-H bond) is forced to point outward
from the ion, which is found in the antiparallel dipole region,
being the molecular reorientation more constrained than for
chloride. As previously stated, CI~ and KT are able to form
donor HBs (Fig. 4 C-E), whereas it is not the case for Nat and
Lit (Fig. 4 F and G). As can be seen in Fig. 4D for the chloride,
adjacent water molecules show an angle of 90° between dipoles,
with their hydrogen atoms confronted, giving rise to the peculiar
rings in Fig. 4C. In the case of cations (Fig. 4 £-G), there is
a clear imposition of orientational constraints as the size of the

Table 1. Local relative entropies (see S/ Appendix,
section S4 for details) calculated up to a distance
rmax = 6 A of ions with respect to liquid water at 283K

and 1 bar (AS®X — s€X.i0N _ ¢€X.° i1y cal/K-mol)

AS[’I’G”S Asang AStOt
Cl- 0.7 -5.5 —-4.8
K+ 0.8 -3.7 -2.9
Na+ 0.5 5.4 —-4.9
Lit -0.4 —16.6 -17.0
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cation decreases. To quantify this difference between neat and
solution water in the positional maps, we have also calculated the
KL-divergence as a function of distance (S/ Appendix, section S3).

Finally, we compare FHS water molecules to bulk water by
computing the local relative entropies up to 6 A from ions, which
are collected in Table 1 (detailed information can be found in
SI Appendix, section S4). These entropies show negative values,
indicating that water is more ordered around ions than it is
in pure water. The translational term is small compared to the
orientational one, meaning that entropy changes arising from
“missing” water molecules in the ion cavity are less important
than those driven by active water ordering due to the electric field
of ions. Cation entropies show clear size-dependent ordering:
Smaller cations cause more distorted water structures.

In Table 2, we present the number of hydrogen bonds
according to the Luzar and Chandler criterium (85); namely an
O-H - O angle smaller than 30° and an oxygen—oxygen distance
smaller than 3.3 A (the first minimum 800 at 283 K and 1 bar.
See SI Appendix, Table S1 and Fig. S1). Results for CsCl using the

same force field (55) have been included to illustrate more clearly

Table2. Average number of hydrogenbondsaccording
to the Luzar-Chandler criterion (85) (see text) for 1Tm
solutions using the Madrid-2019 (36) at 283K and 1 bar

LiCl NaCl KCl CsCl Uka
Nyg 3.45 3.44 3.44 3.45 3.65
nfree 3.64 3.65 3.64 3.64 3.64
i 2.16 2.35 2.59 2.65 3.66
Nig 2.60 2.59 2.58 2.59 3.65
nkis+ 0 0.24 1.27 1.38 11.5
nhe 0.24 0.26 0.25 0.23 153

Pure water (TIP4P/2005) has 3.63 HB. The superscript FHS indicates the HB formed
between water molecules belonging to the first hydration shell of an ion with each
other (the results are not normalized by the coordination number of water for each ion).
Superscripts “+" and “—" correspond to water molecules hydrating the cation and anion,
respectively, so that n;rB/* denotes the HB formed between a hydrated molecule with any

other. n{;ge is the HB formed by water molecules that are not hydrating any ion with any
other water molecule. L is a Lennard-Jones solute molecule (see main text).

pnas.org
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the trends with the size of the cation. Furthermore, we introduce
a Lennard-Jones solute formed by neutral K and CI, whose
parameters were fitted to reproduce the ion-oxygen distances for
Kand ClI from the Madrid-2019 model. Since the parameters are
fixed to mimic the distances of KCl, we shall denote it as L] g¢;.
The net loss of HB in the solutions is independent of the salt
and is around 5% (i.e., 3.44 HB in the ionic solutions vs. 3.63 in
pure water at 283 K and 1 bar). For the L] gy, a slight increase
is observed in accordance with the results that Grabowska et al.
found in the FHS of methane in water (86). This is a good
example of the cage effect for a hydrophobic particle: Water
molecules encapsulate the purely L] atoms (hydrophobic groups)
by forming a network of HB around them.

The net loss of hydrogen bonding with respect to pure water

in the FHS around the cation (nZ,B) ranges from 40% for Lit

to around 27% for CsT. For the anion (nyzp), the decrease is
around 28% (without counting the HB formed between water
and the chloride). However, beyond the FHS, water maintains

the same HBs as pure water (HZEIS) Therefore, the loss of HB
in solution is strictly due to the water molecules in the first
hydration shell because they align with the electric field of the
ion. This observation is in good agreement with results found by
ab initio molecular dynamics simulations (77, 78, 87) as well as
experiments (12, 88, 89). In the case of low charge density ions,
such as CsT and KT, it is still possible to form HBs between

the water molecules of the FHS (nfgs"i_). The total number of

HBs per ion is approximately 1.38 for Cs* and 1.27 for K.
When this value is divided by the number of water molecules
in the cation’s hydration shell, each hydrating water molecule
forms, on average, 0.2 HBs with each other. Nonetheless, this
possibility is reduced for smaller ions and Li™ does not form
any, as previously discussed in Figs. 3 and 4. However, water
molecules in the FHS of any ion still engage in HB with free

water molecules (n}%f in Table 2 and panels /-L Fig. 3).

In a I m NaCl solution there are around 27 molecules of
water per ion, forming two complete hydration shells. Due to
thermal motion, a small amount of contact ion pairs, and solvent
shared ion pairs are generated. In these cases, a water molecule
may belong simultaneously to the hydration layer of two ions.
In our analysis, this has an occurrence of 1%, 1.5% and 2%
for LiCl, NaCl, and KClI, respectively. Consequently, this minor
ambiguity does not significantly affect the reported HBs in the
hydration shells of ions.

The Impact of lons on the Water Potential Energy. It is interest-
ing to compare the potential energy of pure water (U2 ) with
the water—water contribution to the potential energy in aqueous
solutions (U,,,) at 1 m (capital letters indicate that the energy
is not divided by the number of water molecules, whereas #,,,,
expresses the molar energy). It can be seen in Table 3 that #,,,
decreases (in absolute value) when adding salt. The magnitude of
the change is significant (16% for LiCl and 13.5% for CsCl). This
fact contrasts with the previously discussed loss of only around
5% of HBs. Dissolved ions have two effects: They exclude a
certain volume (cavity effect) and they create an electric field.
To separate both contributions, we compare with the results for
the hydrophobic system (L] x¢;) presented earlier. Table 3 shows
that the LJg¢; barely disturbs the water—water energy (it even
slightly stabilizes water), nor does it affect the HB (as shown in
the previous section). Therefore, even if some of the remaining
hydrogen bonds in solution are less energetic due to the distortion
caused by ions, that would not explain the huge energy loss

PNAS 2026 Vol. 123 No. 16 e2531352123

Table 3. Contribution of water-water interactions to
the potential energy per molecule of water (uww) for
pure water and for the 1 m electrolyte solutions at 283 K,
1 bar and the Madrid-2019 force-field

Unw % AUpw u3A % AuSA
Water —48.84 0 -36.20 0
LiCl (aq) —41.04 15.97 —33.59 7.7
NaCl(ag)  —41.36 15.31 ~33.60 7.7
KCl (aq) —-42.11 13.77 —33.47 7.5
CsCl (aq) —42.27 13.42 —33.36 7.8
Ukgr _48838  —0.08  —36.39 —05

Results for the hydrophobic Lk are also included (see text). A uww is the percentage

change with respect to pure water. u32" is the energy at 3.3 A, which corresponds to the

first point of Fig. 5A for all salts (S/ Appendix, Fig. S8).

between water molecules in the solution (with respect to pure
water).

To analyze this issue in more detail, we compute the water—
water potential energy up to a certain distance 7, between the
water molecules (as defined by the distance between the oxygen
atoms). We repeated the calculations for several values of 7,
starting at 3.3 A and ending at 24 A. For this analysis, we did
not use PME, since we are interested in the decay of the energy
as a function of the cut-off distance (see S/ Appendix, section S6
for more details, where results for the other solutions are also
depicted).

Given that HBs between water molecules impose distances
below 3.3 A, the energy at this distance is collected in Table 3
as ui‘iA, whereas #,,, accounts for the energy at convergence
r — 00, represented by the inclusion of Ewald sums, dashed
line in Fig. 5A. This figure shows that the difference between

tyny (water in solution) and #9 = (pure water) remains constant
for distances greater than 10 A, which is more clearly depicted
in the Inset as the derivative of Auyy = (s — 40,) rapidly
approaches zero beyond this distance. This is also observed by
the short range energy (#3;34), which corresponds mainly to the
HB network (although it also includes dipole correlations within
the FHS) and represents around 75% of the total energy of
water. Its loss in 1 m solutions is around 7.5% (5% due to HB
breakage and 2.5% to distortion), whereas #],,, > is around 15%.
Therefore, the remaining half of the energy loss for water—water
interactions in solution is found in the intermediate 3.3 to 10
A region, which roughly corresponds to the second and third
solvation shells. This arises mainly from the disruption of dipole—
dipole correlations (and also, although to a lesser extent, from
higher multipole coulombic energies), which is also the origin
of the reduction of the dielectric constant of ionic solutions
(79, 91-93). Recent work by Chen et al. further confirms our
results showing that below 10 A, water molecules change their
orientational distribution from 10° to 20° per molecule even for
highly diluted electrolyte solutions (below 0.1 M) (94).

To examine this effect, we categorize water molecules in
solution into two distinct types (74), using the previously
established nomenclature: hydrated water molecules belonging
to the first hydration shell and free water molecules comprising
all others. This framework allows us to treat the system as a
binary mixture, where the water—water interaction energy can be
expressed as

Ui _ Ubyd —hyd Uhyd —free Uﬁee —free 1]
N, w N, w N, w N, w '

Uww =
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Fig. 5. (A) Water-water energy (Eq. 1) as a function of the cutoff distance for
the interaction potential at 283K and 1 bar. The KCl solution is 1 m (mol/kg).
The horizontal dashed line is the value of the energy of pure water u(,,J,,W
obtained by using Ewald sums (it is a constant shown only to illustrate that
the energy is well converged at about 15 A). The Inset shows the water-water
energy difference between pure water and water in 1 m KCl solution (fitted
with a spline) and its derivative. (B) Free water energy (Egs. 1 and 2) for the
1m KCI solution compared to the energy of pure water. (C) Radial dipole-
dipole spatial correlation function F(r) (as defined in ref. 90, which provides
the average of the cosine of the angles between water dipoles at a distance r)
at 283 Kfor 1 m chlorides using the Madrid-2019 model (36). The hydrophobic
Lkcr (see text) is also included.

where Uy, is the total water—water energy, NV,, the total number

of water molecules, Ujyy_j,4 stands for the energy between
o}/ . }/ .

molecules of water within the first hydration shell of the

ions, Upee—free is the energy between free water molecules, and

Ulyd—free is the crossed energy between free and hydrated water

molecules. Assuming that the energy from the crossed interaction

(hyd-free) can be equally distributed:

1
. Niyd ( Unyd—iyd + 5 Ubyd—free
ww T
Ny N/Jyd

4 N, free Uﬁa’— free + % Uhyﬂ’ —free
Ny N, free

= Xhyd Whyd + Xfpeellfiee (2]

For the 1 m solutions studied in this work, the typical molar
fraction of free water molecules is around xg,, = 0.78 to 0.80.
Note that, as previously discussed in Table 2, free water exhibits
the same number of hydrogen bonds as pure water for all the
considered solutions. However, ug,, also includes a contribution
from hydrated molecules as defined in Eq. 2. Fig. 5B shows that

U, mirrors the behavior of pure water up to 5 A for KCl, after
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Table4. lons-water potential energy (in kjJ/mol) for the
different 1 m salt solutions at 283 K and p = 1 bar for the
Madrid-2019 model

Uy —ions(KI/mOlygter) Uw—ions(KJ/mOlsg¢)

LiCl (aq) -18.1 —1003
NaCl (aq) —15.2 —842
KCl (aq) -13.2 -730
CsCl (aq) -12.3 —680

which it diverges and reaches a plateau at approximately 12 A (the
convergence distance for pure water and water in the solution).
This indicates that dipole-dipole correlations are severely affected
due to orientational rearrangements imposed by the ions, causing
an energetically less favorable interaction compared to pure water.
To confirm this speculation, we present in panel Fig. 5C the radial
dipole—dipole correlation F(r) (90), which provides the average
of the cosine of the angles between water dipoles at a distance
r [all the water molecules of the system were considered when
computing F(r)]. Not surprisingly, the L] g¢; has no effect upon
dipole—dipole correlations, as was deduced by the absence in the
energy change (Auy,,, ~ 0), whereas there are notable changes
in F(r) beyond 3.3 A for ionic solutions, which again, increase
with the charge density of the ions.

Finally, we must account for the ion—water interaction energy
in the solutions (details provided in S/ Appendix, section 6).
Table 4 presents these results, where differences among salts
reflect the influence of distinct cations on ion—water energetics,
given that all salts share the same anion. Consistent with previous
observations, the magnitude of ion—water interaction energy
increases (in absolute value) as the cation size decreases.

Viscosity. The relationship between ionic perturbations of water
structure and their influence on solution viscosity remains a
subject of ongoing debate in physical chemistry. Although these
two phenomena are fundamentally distinct, one representing an
equilibrium structural property and the other a nonequilibrium
transport coefficient, they were connected through the empirical
equation proposed by Jones and Dole (80) to describe the
variation of the viscosity in electrolyte solutions:

N/Mw =1+ AJm + Bm, 3]

where # and 7,, denote the viscosities of the solution and pure
water, respectively, 7 is the molality, 4 is related to long-range
electrostatic interactions and can be theoretically estimated and B
is a salt-dependent contribution which can be divided into ion-
specific parameters. The traditional interpretation, originating
from the work of Cox and Wolfenden (66), associates positive
B values with structure-making ions that enhance water’s hydro-
gen bond network and negative B values with structure-breaking
ions that disrupt it. This classification draws an analogy with
pressure-induced viscosity changes (9, 95), where compression
reduces viscosity, which was refuted by Zhang et al. pointing to
their different structural origins (75).

Concerning the influence of ions on water properties beyond
the first hydration shell, it has been suggested that water maintains
dynamics (32, 73, 89, 95), dipole moments (30), and has
HB networks comparable to bulk water (75). Nevertheless, the
energetic properties are substantially perturbed beyond the first
hydration shell because of the orientation (not the magnitude) of

the dipoles.
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Fig. 6. Top panel Difference between the Jones-Dole coefficient, B (Eq. 3)
of several chlorides with the Madrid-2019 and Madrid Transport models (36,
101) compared to experimental values from ref. 98 at 298.15 and 1 bar.
Dotted lines are the average deviation for each model as indicated in the
legend. The data from SPC/E+JC has been taken from ref. 96 and estimating
the average error of allmonovalent halides studied there. Bottom panel Jones-
Dole viscosity coefficient at 298.15 K (Eq. 3) for the two models studied in this
work (36, 101) as indicated in the legend and for the L]« particle (see text) vs.
the percentage of the energy loss of water-water interactions in the solution
compared to pure water (Eq.1). Black lines are fits using the data of both
models for monovalent and divalent solutions. Chlorides are represented by
squares. The cesium iodide is indicated by a triangle. Red symbols: Madrid-
2019. Blue symbols: Madrid-transport.

In our systematic analysis, we have shown that all salts are
detrimental to the water—water energy, including both classical
structure-makers (e.g., LiCl, B > 0) and structure-breakers (e.g.,
CsCl, B < 0). Notably, LiCl induces the most substantial
structural disruption despite its classification as a structure-
maker, while CsCl, a structure-breaker, produces a smaller yet
still significant effect.

Computational studies of the Jones-Dole B coefficient are
a tour de force and have only been carried out by Yue and
Panagiotopoulos (96, 97). The coefficients A and B are obtained
typically (both in experiments and simulations) by plotting
(n/Mw — 1)//m vs. i/m. Low concentrations are needed so
that Eq. 3 is valid and quadratic contributions can safely be
neglected (SI Appendix, Egs. S7-89). Coefhicients A and B are
then obtained from the intercept and slope of a linear fit. Notice
that diluted systems require extremely long simulations. In this
work, we employ an approximate (but reasonable) procedure to
estimate the value of the B coefficient. All the details are presented
in ST Appendix, section 7. Since A is an order of magnitude
smaller than B, we take it from experiments (98). B can then
be approximated using a single concentration. Therefore, we
use 1 m concentration for 1:1 electrolyte solutions and 0.6 m
for 2:1 electrolyte solutions (to avoid hydrated ion-hydrated ion
interactions from contributing to the calculated B coefficients).
We have tested this approach using experimental viscosity values
(99, 100), finding that the resulting B coefficients are within
0.01 kg/mol of those reported by Marcus (98) (SI Appendix,
Table S9).

First, in Fig. 670p panel we evaluate the quality of fixed-
charge force fields to predict the experimental B values. We
include results for the Madrid-2019 model (36) (which uses
a scaled charge of q¢ = 0.85) and the Madrid-Transport model

PNAS 2026 Vol. 123 No. 16 e2531352123

(with q=10.75) (101). The latter, which was originally developed
for NaCl and KClI, has been extended in this work for other ions
(namely, Lit, Cst, Mg2+, Ca%t, and I7). Details about this
extension of the Madrid-Transport force field to these ions is
provided in S/ Appendix, Table S11. We observe that, as the value
of the scaled charge used in the force field decreases, the predicted
B coefficients get closer to the experimental values. To extend
the discussion, we include the mean deviation of monovalent
halides for the SPC/E (102)+]JC (103) potential (that uses q = 1
for the ions) taken from ref. 96. This model deviates around
0.16 from experiments, whereas for scaled charge models, average
deviations are 0.11, 0.03 (for q = 0.85 and 0.75, respectively).
Furthermore, the error of 0.16 for the case = 1 does not consider
divalent cations, for which higher deviations are expected. Panel
(B) shows the computed B coefficients for the two models vs. the
water—water energy loss in 1 m chloride solutions. Additionally,
we have included the Csl, which presents (for the Madrid-
transport model) a negative B coefficient. To the best of our
knowledge, previous fixed-charge force fields have been unable to
attain negative Jones-Dole coefficients. We observe a correlation
between B and Auy,,, which is independent of the model used,
although displaying different trends for monovalent and divalent
ions. This is also observed in experiments when the Jones-Dole
coefficient is represented against the partial molar entropies (S7
Appendix, Fig. S10) (67). Fig. 6Bottom panel shows that all ions
are structure breakers when one considers the water—water energy
regardless of the B coefficient.

To further assess the relationship between viscosity and energy
loss, we now look at the total energy of the water in solution
(u;’jl); that is, including its interaction with the ions (Table 4).
Again, we must assume that half of the ion—water interaction can
be ascribed to water.

15! = Uuo/ Nu + 1/2(Usg—ion/ Nu);
A _ 0l 0 (4]
Uy = Uy — Uy,

In Fig. 74, we represent the B coefficients of the two models
considered in this work vs. the energy difference between water in
solution and pure water (including the interaction between water
and ions as established in Eq. 4). A clear linear correlation exists
between these two properties, now encompassing both mono-
valent and divalent chlorides. To further test the universality
of this correlation, we have extended the calculations beyond
chlorides, including CsI and the LJx¢ hydrophobic particle,
which also follow this trend (notice that the small water-L]
solute energy contribution was incorporated when computing
the energy of water in solution in this case). Therefore, the
energy of water provides a simple structural explanation of the
value of B for a wide range of systems. For the model with
q = 0.75, which describes reasonably well (although not
perfectly) the experimental values of B, the change of sign of
B occurs when Awu,, adopts a small and positive value, namely
0.75 kJ/mol. For larger positive values of A, the value of B
becomes negative and the salt can be denoted as structure breaker,
which now seems a proper descriptive notation since, in fact, the
energy of water in solution is larger than that of pure water.

Despite the small deviation from experimental B coefficients
provided by the Madrid-Transport, fixed-charged models are still
unable to completely describe the complex dynamic behavior of
electrolyte solutions (65, 97), being the electronic heterogeneity
(and also the presence of nuclear quantum effects) paramount for
describing these phenomena (77, 87, 104, 105). However, some
of these models are successful in describing the changes in the
TMD due to the presence of salt (60, 61), as well as the equation
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Fig. 7.  (A) Jones-Dole coefficient vs. the energy difference of water in

solution (Auw, see Eq. 4) and pure water (u3,) for 1 m chloride solutions at
298 Kand 1 bar using the Madrid Transport (blue) (101) and the Madrid-2019
(36) (red) force fields. The green point corresponds to the Ljyq particle (see
text). The cesium iodide (triangle) is not included in the fit. (B) Experimental
Jones-Dole coefficient vs. the energy difference of water in solution for two
different models as indicated in the legend. Coloured solid lines are linear
fits to the models.

of state and compressibility at moderate pressures (63), so that
they are reliable for structural changes. Thus, one can tentatively
combine the experimental values of B with the energy change of
water, Au,, using those models in a single plot. This is shown in
Fig. 7B. The change of sign of B in this plot occurs when Az, =
0.25 kJ/mol, a value somewhat closer to zero. While Fig. 7B must
be treated cautiously because it combines experimental B values
with modeled A, values, its results are consistent with those
in Fig. 7A, which uses simulation data for both parameters. For
both models, the change of sign of B occurs when the energy of
water in the solution is similar (although slightly larger) than that
of pure water. This finding helps bring coherence to the terms
structure making/breaking from an energetic point of view.

At this point, it is worthwhile to revisit an interpretation
given in the classic Jones-Dole paper (80): “Applebey made
the suggestion that when a salt is dissolved in water there are
two different effects on the viscosity: 1) a depolymerization of
triple water molecules (H,0)3 to form single molecules, which
tends to diminish the viscosity; 2) an increase in viscosity due
to the presence of the ions of the salt.” In modern terms,
contribution (1) can be understood as the breaking of hydrogen
bonds and the disruption of dipole—dipole correlations between
water molecules, which destabilizes water—water interactions.
Contribution (2), in turn, relates to the electrostriction imposed
by the ions (where the ion—water interaction stabilizes water).
Fig. 7 in this work illustrates the combined effect of both
contributions. When contributions (1) and (2) are comparable in
magnitude, they partially cancel each other out. As a result, the
ions do not significantly modify the viscosity and, consequently,
the dynamics of water (81).

Discussion

We have investigated the structure and energetics of water in 1 m
chloride solutions using a well-validated nonpolarizable model

8of 10 https://doi.org/10.1073/pnas.2531352123

(36). Our findings reveal that water molecules surrounding the
anion do not orient their dipole moments along the CI-O vector,
as the energetic benefit of forming hydrogen bonds with the
anion outweighs that of dipole alignment with the anion’s electric
field. Conversely, water dipoles orient in the opposite direction
around the cations, with interaction strength inversely related
to cation size. Structural features of the solutions are quantified
using the KL-divergence and local entropy calculations. Analysis
of hydrogen bond (HB) networks shows that approximately
5% of the total HBs (between water molecules) are lost for
1 m solutions, being this breakage strictly localized within the
first hydration shell of ions, with free water maintaining the
normal number of HBs. However, the total energy loss between
water molecules in the solution ranges between 13.5 to 16%,
with the percentage difference between HB and energy loss
attributable to altered orientational correlations between water
molecules, which significantly impact dipole interaction energies.
Our results challenge the traditional structure-making/breaking
dichotomy, as we observe that all ions disrupt the hydrogen
bonding network. Although free water preserves its HB almost
intact, the hydrated water molecules are unable to form HB
with each other around LiT. This constraint diminishes as the
cation size increases. By analyzing energetics rather than poorly
defined “structure,” we establish a correlation between viscosity
B coefficients and the energy of water in the solution. When this
energy (including the ion contribution) is higher than that of pure
water (by about 0.5 kJ/mol), negative values of B are expected.
This correlation holds universally for chloride salts, including
divalent jons and also for CsI and a hydrophobic particle.

Materials and Methods

Molecular dynamics simulations were conducted using GROMACS 4.6.7 (106)
(double precision) in the NpT ensemble and using 2 fs as the time step.
Temperature and pressure were regulated via the Nose-Hoover thermostat
(107, 108) and the Parrinello-Rahman barostat (109) respectively, both with
relaxation times of 2 ps. The interactions between water molecules were modeled
using the rigid, nonpolarizable TIP4P/2005 water model (110), while ions were
parameterized with the Madrid-2019 force field (36), specifically optimized for
TIP4P/2005. A cutoff radius of T nm was employed for both the dispersive and
the real-space components of electrostatic interactions. Long-range electrostatic
interactions were computed using the Particle Mesh Ewald (PME) method,
with standard long-range corrections applied to the Lennard-Jones energies
and pressures. Water molecule geometries were constrained using the LINCS
algorithm (111). Periodic boundary conditions were applied in all three spatial
dimensions. Simulations were performed for small (555 water molecules) and
big (4,440 water molecules) systems in cubic boxes with the appropriate number
of ions added to achieve concentration of 1 molal (1 mol of salt per kg of water).
Runs of 150 and 15 ns were performed for small/large systems respectively, with
appropriate equilibration periods excluded from the analysis. All the structural
properties were obtained at 283K and 1 bar. The energy calculations were
also done at 298.15K (as indicated for each case) and the aforementioned
simulation details. Results with Madrid-Transport (q = 0.75) (101) are also
reported (S/Appendix). This model has been extended in this work for Lit,CsT,
Mg2+, CaZt, and I~ The parameters can be found in S/ Appendix, section
S8. Viscosity calculations were performed in the NVT ensemble at 298.15 K with
the same setup (more details are provided in S/ Appendix, section S7). Unless
otherwise stated, all the results from figures and tables were obtained with the
Madrid-2019 at 283 Kand 1 bar. A custom-built (free) software: ANGULA (112)
was used for the structural analysis, including the KL-divergence and entropies
(SI Appendix).

Data, Materials, and Software Availability. The ANGULA software is avail-
able at https://gecm.upc.edu/en/members/luis-carlos/angula/ANGULA (112).
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Additionally, the topology files for the Madrid-2019 and the Madrid-Transport
models used in this work can be found in Zenodo https://doi.org/10.5281/
zen0do.18685416 (113). All other data are included in the manuscript and/or
Sl Appendix.
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