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Abstract

The change in number densities of aqueous solutions of alkali chlorides should be qual-
itatively predictable. Typically, as cations get bigger the number density of the solution
decreases. However, aqueous solutions of lithium and sodium chloride exhibit at ambient con-
ditions practically identical number densities at equal molalities despite different ionic sizes.
Here, we provide an atomistic interpretation of this experimentally observed anomalous be-
havior using molecular dynamics simulations. The obtained results show that rigidity of the
Li+ first and second solvation shells and associated compromised hydrogen bonding result
in practically equal average water densities in the local hydration regions for Li+ and Na+

despite different sizes of the cations. In addition, in more distant regions from the cations, the
water densities of these two solutions also coincide. These findings thus provide an atomistic
interpretation for matching number densities of LiCl and NaCl solutions. In contrast, the
number density differences between NaCl and KCl solutions, as well as between LiCl and KCl
solutions behave in a regular fashion with lower number densities of solutions observed for
larger cations.
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Introduction

Ions in aqueous solutions have attracted great
interest due to their importance in chemistry,
biology, and environmental processes1,2. For
decades, a large number of investigations have
been carried out to understand the behavior of
ions in aqueous environments at a molecular
level. Among these, a significant effort has been
devoted to obtaining a comprehensive knowl-
edge of molecular structures of hydration shells
of ions using experimental and computational
tools3. This is due to the fact that macroscopic
properties of salt solutions, for example viscos-
ity or boiling and freezing points, are signifi-
cantly affected by the details concerning hydra-
tion of ions1,3. The interactions between ions
and water molecules have been studied using a
variety of experimental methods, such as X-ray
scattering measurement4,5, X-ray absorption6,7,
neutron diffraction8,9, and IR spectroscopy10.
From the theoretical point of view, a large num-
ber of computational approaches, such as force
field and ab initio molecular dynamics11–14,
mixed quantum mechanics/molecular mechan-
ics simulations15, and quantum chemistry min-
imizations16 have proven to be powerful tools
which significantly enhance our understanding
of the properties of ionic aqueous solutions.
These experimental and computational data
have been used to explain how individual ions
influence the hydrogen-bond network and dy-
namics of surrounding waters in the first few hy-
dration shells. Accordingly, hydration of ions in
bulk water has also been rationalized in terms
of various aspects such as geometries of ionic
hydrated structures11,12,17 and thermodynamic
properties13.

In our research, the number density which
characterizes the number of atoms in solution
accommodated in a unit of volume proved to be
a useful property for interpretation of neutron
scattering measurements18. Density is typically
given in units of mass per unit volume. How-
ever, for a variety of reasons in neutron scat-
tering a more commonly used unit is atoms
per unit volume. The two density metrics fo-
cus on different physical aspects of matter and
are each useful in their own right. The high

number density of water is due to the fact
that it is composed of small molecules being
closely and tightly held together by hydrogen
bonds. This means that adding ions to the
solution always decreases the number density.
Typically, the larger the ion, the larger the de-
crease. However, there is an exception to this
rule, namely, equally concentrated aqueous so-
lutions of lithium and sodium chloride have al-
most identical number densities at ambient con-
ditions despite their different ionic radii19. To
the best of our knowledge, this unusual and un-
expected behavior of these solutions has not
been explained yet. In the present work, we
aim at clarifying the origin of this phenomenon
and provide an atomistic interpretation thereof
based on molecular dynamics simulations of
concentrated aqueous solutions of LiCl, NaCl,
and KCl (where KCl(aq) is used as reference).

Methods

MD simulations

In the present study, a set of molecular dy-
namics simulations was performed for three
aqueous electrolytes LiCl, NaCl, and KCl. The
simulation box contained 187 ion pairs and
2598 water molecules described by the sim-
ple point charge/extended (SPC/E) model20.
This means that the concentration was 4 m, for
which there are high quality of neutron scat-
tering data19,21. The parameterization of ions
in this work is based on the electronic con-
tinuum correction (ECC) approach which re-
sults in improvements in description of aqueous
salt solutions due to the mean-field inclusion
of electronic polarization effects22–24. Accord-
ingly, the scaled charges and Lennard–Jones pa-
rameters applied for the studied ions come from
our previous publications19,25. All the force
field parameters for Li+, Na+, K+, and Cl− are
listed in Table 1.

The van der Waals interactions were cut off
at the distance of 1.2 nm and were shifted
such that they vanish at the cut off distance.
The long-range electrostatic interactions were
accounted for by the particle-mesh Ewald al-
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Table 1: Force field parameters of the
studied ions. ri is the crystal ionic ra-
dius26 for the most likely coordination
number. σ and ε are the van der Waals
parameters. And q is the atomic charge
in the simulation.

Ion ri σ ε q Ref.
(nm) (nm) (kJ/mol) (e)

Li+ 0.059 0.1800 0.0765 0.75 19
Na+ 0.100 0.2115 0.5443 0.75 19
K+ 0.138 0.3154 0.4187 0.75 25
Cl− 0.181 0.3782 0.4184 –0.75 19

gorithm with a real space cut off of 1.2 nm27.
The Verlet list was used to speed up the neigh-
bor search. Temperature was kept at 295 K
by the Nose–Hoover thermostat28,29 with a cou-
pling time of 0.5 ps. The pressure was con-
trolled by the Parrinello–Rahman barostat30 at
1 bar with a coupling constant of 5 ps. For
water molecules, the Settle algorithm was used
to constrain bonds and angles31. After mini-
mization and 100 ps of constant volume (NVT)
equilibration, 2 µs of constant pressure (NpT)
production simulations were performed for all
three alkali halide salts with the timestep of 2 fs
and data saving every 5 ps. All molecular dy-
namics simulations were carried out using the
Gromacs 2018.2 program package32.

Alignment and clustering

Data from simulations were analysed with the
help of the MDAnalysis python package and an
in-house developed software for unbiased align-
ment (rotation and translation) of the solvent
neighborhood of each of the cations. The neigh-
borhood was constructed as a sphere with a ra-
dius of 10 Å with the cation fixed in the cen-
ter. Apart from that, no other atom was fixed
in the alignment procedure in order to repro-
duce the natural thermal noise and resulting
atomic positional volume. Each cation in each
saved frame of the MD simulation was anal-
ysed accounting for a total of about 50 million
independent neighborhoods for each analyzed

cation, i.e., Li+, Na+, and K+.
The aligned neighborhoods were clustered

and separated into groups depending on the
configuration in the first solvation shell, i.e.,
considering the number of oxygens and chloride
anions within this shell and the configuration
geometry. Note that generally a configuration
is not uniquely defined by the number and type
of atoms in the shell – for example, in the case
of octahedral geometry with four oxygens and
two chlorides, two configurations can be distin-
guished, one with the chlorides at opposite sides
of the central cation, and the other with chlo-
rides next to each other.

Data from each group were overlaid and
the three-dimensional occupational probability
density was estimated via the histogram esti-
mate. The densities were analysed qualitatively
via contour plotting and also quantitatively us-
ing an in-house method described below. In the
contour plots, each domain depicts the most
likely position of a single atom. The size of
this domain then corresponds to the magni-
tude of the thermal motion of the atom. This
tree-dimensional density visualisation was per-
formed using an in-house developed software
employing the python Mayavi library33.

Density analysis

In this paper, we use a novel method of quan-
titative analysis of the average density of a local
neighborhood of an atom. The method is based
on a function that we refer to as the “radially
and density decomposed distribution” (r3d),
which is reminiscent of the commonly used ra-
dial distribution function (RDF) but provides
further spatial details crucial for interpretation
of the present results. Let us briefly introduce
the r3d through the following example.

Consider two different systems consisting of a
salt dissolved in water. For graphical simplicity,
we assume in these hypothetical examples a two
dimensional coordination of the water around
the salt, but the lesson learned is equally appli-
cable to the real three dimensional case. In the
first system, water molecules around the cen-
tral cation are practically constrained in a well
defined terta-coordinated structure, denoted as

3



r2

r1

r

R
D

F

Radial distribution functions (RDFs)

Radially-decomposed density distribution functions (r3d)

r1 r2

D
en

si
ty

r0

r1 r2

r2

r1
r1

rc

The distribution of density 
at cut distance rc

Density

P
ro

ba
bi

lit
y

r3d r3d

RDF1 = RDF2RDF1 RDF2

P
ro

ba
bi

li
ty

P
ro

ba
bi

li
ty

organised structure unorganised structure

D
en

si
ty

0

r1 r2rc
r

Figure 1: Illustrative comparison of the radial distribution function (RDF) and radially and
density decomposed distribution (r3d) for an organised and an unorganised system.

“organized structure” in Figure 1. In the sec-
ond system, denoted as “unorganized struc-
ture” in Figure 1, the same number of wa-
ter molecules is radially constrained to the 2d-
solvation shell, but the molecules move freely
within that solvation shell. The water oxygen
radial distribution function around the central
cation of these two limiting model cases are
identical, while their structures are clearly not
(see Figure 1). This simple example demon-
strates how insufficient RDF (which integrates
over angular coordinates) can be for describing
the average microscopic structure of the local
solvent neighborhood.

We circumvented this drawback of RDF by in-
troducing a “radially and density decomposed
distribution” (r3d) that captures the density
variability within the angular dimension as a
function of radial distance. Compared to RDF,
r3d contains additional information about how
structured the solvent neighborhood of the cen-

tral ion is in terms of higher or lower solvent
density regions at a given radial distance.

The r3d(r, %) is a probability function of two
variables, radial distance (r) and density (%) (ei-
ther number density or physical density). It
is defined as the probability to find a given
value of local density % at a distance r. The
value of the r3d function can be calculated from
the three-dimensional density distribution func-
tion after proper alignment of the motif of in-
terest. In practice we estimate it numerically
through a histogram estimate, which is nor-
malized (proportionally to 1/r2) in the radial
coordinate analogously to the normalization of
RDF. The r3d function is naturally plotted as
a two-dimensional heat map of % vs r with the
color scale representing the probability value.

An illustration of r3d(r, %) of the two dis-
cussed limiting cases systems is presented at
the bottom of Figure 1. In blue we show the
“organized” system while the system with a ra-
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dially unorganised solvation shell is colored in
red. Comparing these two cases we see that
a structured environment display two or more
regions with distinct densities % at a same dis-
tance r. In contrast, a homogeneous environ-
ment results in only one well defined region at
a given r. We show clearly these distinctive fea-
tures in the “cut” of the r3d at the distance rc
in the lower-central panel of Figure 1.

The solvent neighborhoods of the studied
cations (Li+, Na+, K+) is neither fully ho-
mogeneous nor perfectly-structured. The real
situation is somewhere between these two ex-
tremes due to thermal motions, specific inter-
actions between surrounding molecules, spatial
constrains, non unique coordination numbers,
as well as the quality of the alignment. To de-
scribe such more realistic scenarios it is con-
venient to focus on the density % probability
distribution at a fixed distance r in the r3d.
In mathematical terms this is the conditional
r3d(%|r) that at a given distance r gives the
probability of finding a local density value of %.
These functions can also be viewed as a “cuts”
of the r3d. Note that distributions with a large
variance (or a multi-modal distribution) for a
given r suggest a structured environment, while
a uni-modal distribution with a lower variance
is a sign of a mostly homogeneous environment.

A common case pertinent to this work is a
multi-modal distribution with a high peak at
very low density values, which is caused by
the presence of “voids” in the solvent struc-
ture. Note that in this work a “void” only
refers to a region defined in the aligned neigh-
borhood of the studied cations that is mostly
empty on average, i.e., empty with a high prob-
ability. Moreover, since we analyze densities of
specific atoms (e.g., water oxygens), these voids
can sometimes be produced simply by the re-
spective space being mostly occupied by a dif-
ferent species (e.g., chloride anions).

Results and Discussion

Multiple analysis steps were required to gain a
detailed insight in the structure of the solvation
shells of the studied aqueous alkali chloride so-

lutions. According to the steps performed, this
section is organized as follows.

1. We first verified that the simulation results
are in agreement with the experimental val-
ues regarding the number densities of the solu-
tions. We also characterized these solutions us-
ing the cation-oxygen radial distribution func-
tion (RDF), and the corresponding cumulative
radial distribution function (CRDF). Together
they prove that the experimental number den-
sity anomaly of LiCl solution is well reproduced
by our simulation models.

2. We characterized the first coordination
shell of the cations in the studied solutions and
evaluated the coordination number distribution
around Li+, Na+, and K+. For the two most
abundant configurations around each cation, we
also resolved their structure in detail. Further-
more, we provided a novel visualization strat-
egy that clearly identified regions occupied by
given atoms, as well as exclusion zones, yielding
realistic volumetric ratios.

3. Mean three-dimensional occupational
(number) densities within the solvent neighbor-
hood of investigated alkali cations was further
analysed. For this we introduced a new function
the “radially and density decomposed distribu-
tion” function (r3d), see Methods for details.
This function allows to compare systematically
and quantitatively LiCl, NaCl, and KCl solu-
tions structures, pinpointing the source of the
anomalous densities the LiCl and NaCl solu-
tions.

4. Finally, the hydrogen bonds within the first
and second hydration shells of the cations were
analysed in order to rationalize at a molecular
level the source of the distinct structure envi-
ronment.

1. Cation-oxygen radial distribu-
tion functions

From the present simulations, the calculated
number densities of 4 m aqueous solutions of
LiCl, NaCl, and KCl are 0.0971, 0.0965, and
0.0916 atoms/Å3, respectively. Thus, the simu-
lations reproduce well the experimental values
which are 0.0976 for LiCl, 0.0975 for NaCl19,
and 0.0936 for KCl21. Clearly, the results show
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that the number density value of the KCl solu-
tion is the lowest compared with the NaCl and
LiCl solutions which is in line with the largest
ionic radius of potassium. The values of the
ionic radii and the most abundant coordination
numbers (CN) are 0.59 Å for Li+ (CNLi+ = 4),
1.00 Å for Na+ (CNNa+ = 5), and 1.38 Å for K+

(CNK+ = 6)26. However, the fact that the num-
ber density of the NaCl solution is practically
equivalent to that of the LiCl solution, although
the size of the Na+ ion is significantly larger
than that of the Li+ ion, is counter-intuitive.
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R
D

F

C
R

D
F

Li–O
Na–O
K–O

Figure 2: The alkali cation–water oxy-
gen radial distribution functions (RDF) (solid)
and the corresponding cumulative coordination
numbers (CRDF) (dashed) for 4 m aqueous so-
lutions of LiCl, NaCl, and KCl. For each cation
the water coordination number at the first min-
ima is shown (dotted): CNLi+ ≈ 4, CNNa+ ≈ 5,
and CNK+ ≈ 6.

Figure 2 displays the radial distribution func-
tions (RDFs) of water oxygen atoms around
each of the studied cations and the correspond-
ing cumulative RDFs. The cation-oxygen RDF
curves for Li+ and Na+ solutions exhibit each
two peaks. The first peaks in Li-O and Na-
O RDFs are located at 2.0 and 2.3 Å, respec-
tively, with the former peak being sharper than
the latter. These results are in good agreement
with previous literature values reported on the
basis of X-ray diffraction, neutron diffraction,
and molecular dynamics simulations7,34. The
broader second peaks are centered at 4.2 and
4.4 Å for Li+ and Na+, respectively. The second
hydration shell of Li+ is well separated from the

first one with a rather wide depleted zone in the
range between 2.4 to 3.0 Å, which is consistent
with a previous report35. For NaCl solution,
the RDF maintains somewhat depleted density
in this region. Compared to Li+ and Na+ hy-
dration, K+ with the largest radius exhibits
a much broader first peak at around 2.8 Å,
which is consistent with the results of ab ini-
tio molecular dynamics36 as well as X-ray and
neutron diffraction experiments37,38, with the
second peak and the depletion zone after the
first peak being practically non-existent.

Integration of the RDFs to a given radial dis-
tance r from the central cation yields the cor-
responding cumulative RDFs, i.e., CRDF in
Fig. 2). As can be seen from Fig. 2, the average
number of oxygen atoms occupying the closest
coordination volume around lithium ion is 4.0,
i.e., there are four water molecules coordinated
to the central Li+ ion in the first shell. This co-
ordination number has been observed in a num-
ber of previous studies3,39,40. Unlike hydrated
Li+, the average first shell coordination num-
bers for Na+ and K+ are not sharp integer val-
ues. For the Na+ ion, there are approximately
five water molecules occupying the first layer at
around a cut-off of 3.2 Å. For the K+ ion, the
hydration number is about six, corresponding
to an integration limit of 3.7 Å. Very similar co-
ordination numbers have been reported for both
cations from neutron diffraction41,42. Interest-
ingly, for Li+ and Na+ at the end of the second
shell, i.e., 5 Å and onward the CRDFs NLi-O(r)
and NNa-O(r) are practically identical. In con-
trast, no such concurrence takes place for the
NK-O(r) curve and, consequently, the KCl so-
lution has a distinctly different number density
from the other two solutions. An analogous be-
havior is also found for the other atomic pairs,
i.e., Li/Na/K-Cl and Li/Na/K-H, as shown in
Figures S1 and S2 in the Supporting Informa-
tion (SI).

2. Microscopic structures of the
solutions

Clustering of ∼50 million aligned solvent
neighborhoods of the cations allows for each
system to separate the configurations accord-
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ing to the first hydration shell geometry and
coordination number. Figure 3 shows the dis-
tribution of the configurations for each cation.
The plot shows that the larger the cation the
more its lowest possible coordination number
increases, namely yielding 4 (Li+), 5 (Na+), and
6 (K+). The plot also shows that the most com-
mon coordination number is the lowest accessi-
ble. It is also evident that the larger the cation
the more significantly are larger number of co-
ordination numbers populated. To account at
least for 90% of the configurations for lithium
we only need the coordination number 4, while
for sodium we need 5 and 6, and for potassium
we need to include coordination numbers from
6 to 9. Below, we investigate in detail specific
differences between Li+, Na+ and K+ contain-
ing solutions.
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Figure 3: The percentages of individual hy-
dration structures existing in 4 m aqueous so-
lutions of LiCl, NaCl and KCl. Each bar within
a coordination number represents a different
chemical configuration. The numbers on top
the bar show the number of Cl− anions in the
configuration.

LiCl solution

The dominant structures of the Li+ first sol-
vation shell obtained from the MD simulation

of the 4 m LiCl aqueous solution are depicted
in Figure 4. The probability distribution of the
individual coordination numbers demonstrates
that tetra-coordination is predominant by ap-
proximately 98 % in comparison to a 2 % abun-
dance of a five-coordinated structures, see Fig-
ure 3. We see that in addition to the most
abundant Li+(H2O)4 structure (69 %), the first
coordination shell reports significant Li+–Cl−

ion paring, resulting in 26 % Li+(H2O)3Cl−

and < 2 % Li+(H2O)2(Cl−)2 abundance. The
average structures of the two most abundant
configurations are visualized in Figure 4A and
4B. Higher-order coordination are rather infre-
quent. Only very few five-coordinated geome-
tries have been found including configurations
of Li+(H2O)5 and Li+(H2O)4Cl−.

It is clear from figure 4A that Li+ has tetra-
hedral water coordination, as also reported in
the earlier literature43–45. As Cl− gets in direct
contact with Li+, qualitatively, the tetrahedral
geometry is preserved via replacing one water
molecule with a chloride ion in the first shell
(see Fig. 4B).

Next to the configuration structures, the
voids present in the hydration shell are also
plotted (Figs. 4C, D), with the spheres repre-
senting the positions of water oxygens in the
first shell. It is clear from these figures that
there exist well structured empty regions in the
first hydration shell of Li+ between the first and
second shells, which is consistent with the clear
separation between these shells as seen in the
RDF (Figure 2).

NaCl solution

The first hydration shell of Na+ in the
4 m NaCl solution exhibits mainly coordina-
tion numbers of five and six with correspond-
ing probabilities of 69 % and 26 % (see Fig-
ure 3). Na+ shell can also achieve seven-
or even eight-coordinated structures, however,
with only small probabilities of 6 % and 2 %,
respectively. In stark contrast to Li+, the per-
centage of four-coordinated structures is neg-
ligible. The most abundant structures, i.e.,
Na+(H2O)5 (43 %) and Na+(H2O)4Cl− (21 %)
are penta-coordinated and are depicted in Fig-
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A C

B D

Figure 4: Structure of the two most populated
configurations of the first coordination shell for
Li+. The left columns show density plots of wa-
ters or chloride molecules around a central Li+.
The right column depicts the voids in the same
structures, with spheres showing the positions
of atoms for reference. The more intense the
color, the lower probability of finding oxygen
atoms in corresponding region. Panels A and
C correspond to Li+(H2O)4. Panels B and D
are respective to Li+(H2O)3Cl−.

ures 5A and 5B. From all other possible con-
figurations only two more has more than 5%
abundance being the hexa-coordinated struc-
tures Na+(H2O)6 (12 %) and Na+(H2O)5Cl−

(11 %) which are depicted in Figure S3 in SI.
Comparing to Li+, it is clear that the most

abundant arrangements of solvent around Na+

leave fewer empty spaces in the first coordina-
tion shell, as can be seen in Figures 5C and 5D.

KCl solution

The larger size of the K+ ion opens up the
possibility of higher first shell coordination
numbers. As shown in Figure 3, the broader
probability distribution coordination numbers
calculated from the simulated trajectory illus-
trates the existence of different configurations
of K+ in the 4 m KCl solution with coordi-
nation numbers up to 11. The coordination
number of 6 accounts for the largest popula-

A

B

C

D

+ Ow Cl- HwNa

Figure 5: Structures of the two most pop-
ulated configurations of the first coordination
shell for Na+. The left column shows density
plots of waters or chloride molecules around
a central Na+. The right column depicts the
voids in the same structures, with spheres
showing the positions of atoms for reference.
The more intense the color, the lower proba-
bility of finding oxygen atoms in correspond-
ing region. Panels A and C correspond to
Na+(H2O)5. Panels B and D are respective to
Na+(H2O)4Cl−.

tion of 43 % followed by the coordination of
7 with 25 %. The other less significant co-
ordination numbers are 8 (13 %), 9 (11 %),
10 (5 %), and 11 (3 %). The abundance of
chloride ions present in the K+ first hydra-
tion shell is significantly larger than for Li+

or Na+. In fact, for each coordination num-
ber the sum of configurations with Cl− is larger
than those with water only. For the most abun-
dant hexa-coordination the relative abundance
for the K+(H2O)5Cl− (22 %) K+(H2O)4Cl−2
(6 %) is larger than K+(H2O)6 (14 %). For
the hepta- and octa-coordinations, the abun-
dance of the configuration K+(H2O)6Cl− (9 %)
vs K+(H2O)7 (11 %), and K+(H2O)7Cl− (6 %)
vs K+(H2O)8 (6 %) are similar. The structures
K+(H2O)6 and K+(H2O)5Cl− are depicted in
Figures 6A and 6B. Other structures with abun-
dances higher than 5 % are shown in Figure S4
in SI.
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Water molecules in the first shell of K+ are
found to be more delocalized than for Li+ and
Na+. All these observations confirm that the
first hydration shell of the K+ is the most dis-
ordered, which is further supported by the very
low probability of voids between the first and
second solvation shells (Figures 6C and 6D).

A

B

C

D

+ Ow Cl- HwK

Figure 6: Structures of the two most pop-
ulated configurations of the first coordination
shell for K+. The left column shows density
plots of waters or chloride molecules around a
central K+. The right column depicts the voids
in the same structures, with spheres showing
the positions of atoms for reference. The more
intense the color, the lower probability of find-
ing oxygen atoms in corresponding region. Pan-
els A and C correspond to K+(H2O)6. Panels
B and D are respective to K+(H2O)5Cl−.

Comparison of microscopic structures

The density maps of oxygen, hydrogen, and
chloride for configurations displayed in Fig-
ures 4, 5, and 6 demonstrate, in agreement
with chemical intuition and previous observa-
tions, that the disorder of water molecules (as
well as that of the chloride ion) coordinated to
the central cation increases in the order Li+

< Na+ < K+. In the Li+ tetrahedral coordi-
nation structure, the distributions of oxygens
(and chloride) are highly localized at the four
vertices of the tetrahedron accompanied with
well-defined “doughnut” clouds in the outer re-
gion of the first shell corresponding to hydrogen

atoms. This confirms a strong interaction be-
tween Li+ ion and the first shell of waters lead-
ing to a very rigid structure. In comparison to
Li+, the water oxygens, as well as hydrogens,
surrounding Na+ and K+ ions show a more dif-
fuse structures.

The observation of a decreasing degree of
structural order with increasing cation size is
further supported by calculated distributions of
angle φ (i.e., X–cation–X angle, where X = O,
Cl) and the angle θ (i.e., the angle between the
cation–oxygen and water dipole vectors) for the
most populated coordination numbers around
Li+, Na+, and K+, see Figure 7.

For the Li+ ion, the distribution of φ shows a
nearly perfect tetrahedral geometry of the first
hydration shell, see Fig. 7A). Both O–Li–O, O–
Li–Cl angle distributions around Li+ ion for the
4:0 and 3:1 configurations have a single rela-
tively sharp peak around 108°. This value is
very close to the 109.5° of a perfect tetrahe-
dron. Additionally, the complementary θ angle
has an average value of ∼180° and shows the
sharpest profile among the studied cations, see
Fig. 7B. This large value of the θ angle suggest
that the waters around are strongly bound to
the cation, with the oxygen near the cation and
hydrogen pointing outwards most of the times.

For Na+ the angle distributions of the sur-
rounding waters for 5:0 vs 4:1 configurations
are also similar to each other, see Figure 7. The
X-Na+-X φ angle distribution peaks mainly at
90° and at 180°, approximately. The θ distribu-
tions exhibits a broader peak at around 180°.
These results confirm that the water molecules
and chloride ion are placed around Na+ in a
distorted square pyramid (Fig. 5).

For K+, the distribution of the φ angle (X-K+-
X) is significantly broader then for the other
two cations and it does not exhibit any pre-
dominant geometric orientation. The angle be-
tween the K-O vector and the water molecule
dipole vector peaks at around 140° which is sig-
nificantly smaller value than for Na+ and Li+

(180°), which is in line with a weaker interaction
of water molecules with the K+ ion.

In conclusion, Na+ and K+ show broader dis-
tributions than Li+ meaning that they are de-
scribed by less defined structures resulting in
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Figure 7: A: Distribution of the φ angles defined as X–cation–X angle where X stands either
for water oxygens or Cl− ions. B: Distribution of θ angles defined between the cation–oxygen
and water molecule dipole vectors. Both angles take into account only waters or Cl− in the first
coordination shell of the central cation in a given configuration (nO:nCl).

a more disordered structure. Additionally, the
average angle θ decreases in the order of Li+

> Na+ > K+. This implies that the first shell
water molecules are held tightly around Li+ by
strong electrostatic forces so that the freedom
of rotation of these water molecules is more
limited to a single axis, while the larger ions
Na+ and K+ ions exhibit weaker and less con-
straining interactions with surrounding water
molecules in the first shell.

3. Water oxygen density distribu-
tions

To further compare the arrangement of water
molecules in the LiCl, NaCl, and KCl solutions,
we calculated the three dimensional spatial dis-
tribution of oxygen atom densities at a given
distance from the central reference cation up
to 10 Å. We use the radially and density de-
composed distribution (r3d) to resolve the av-
erage microscopic structures of the local solvent
neighborhoods of the studied cations, where the
density anomaly between Na+ and Li+ solu-
tions originates from.

Figures 8, S5, and S6 provide the r3d(r, %)
for each cation and a one to one comparison
between each pair, i.e., Li+–Na+, Li+–K+, and
Na+–K+. The presented cation–water oxygen
r3d are averaged over all accessible configura-
tions taking into account relative abundances
of the coordination numbers as in Figure 3.

Focusing first in the r3d itself (A and B pan-

els), we see that the key to understanding the
difference in the microscopic structure of LiCl,
NaCl, and KCl solutions are the “voids”, i.e.,
regions in the aligned neighborhood of cations
with a low occupational probability or, in terms
of the r3d, regions with low density values %.
Voids are mostly present in the low-distance re-
gion up to 4 Å. Four distinct regions appear
with different functional meanings. The first
region is the space occupied by the cation it-
self. For the relatively small Li+ ion the re-
gion spans up to 1.8 Å, while for the larger Na+

and K+ ions it spans further, up to 2.0 Å and
2.3 Å, respectively. These results match those
obtained for the RDFs. After this first exclu-
sion zone the interpretative power of r3d be-
comes evident. Another region of voids appears
due to the rigid structure of the first solvation
shell. Moving from Li+ (1.8–2.4 Å), via Na+

(2.1–3.0 Å), to K+ (2.5–3.5 Å) this shell looses
its rigidity resulting in less voids. The third
distinct region corresponds to the empty space
between the first and second solvation shells.
This space is partially occupied by Cl− and wa-
ter hydrogens. Finally, within the second solva-
tion shell other regions with less voids appear,
also due to the shell rigidity. In overall, the
variance of density at a given r decreases in the
series Li+ > Na+ > K+ denoting decreasing or-
dering within the cation series. However, this
decrease on variance does not occur for all ra-
dial distances.

To quantify better the differences between
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Figure 8: A, B: The radially and density decomposed distributions (r3d) of water oxygen atom
around the Li+ r3dLi(r,%) and Na+ ions r3dNa(r,%). C: The function represents the difference be-
tween functions A (Li+) and function B) (Na+), ∆r3dLi−Na. The most significant domains wrapped
by rectangle in figure C are plotted in C1, where C1 is the ∆r3dLi−Na(r,%) in terms of void re-
gion of density. C2: the total number of ∆r3dLi−Na counted with respect to given distance. D:
Representative cuts of the r3d functions calculated at selected radii from the central cations.
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cations, we can subtract the r3d of one cation
from another. Figure 8C shows the difference

∆r3dLi−Na = r3dLi(r, %)− r3dNa(r, %)

where r3dLi(r, %) and r3dNa(r, %) are shown in
Figure 8A,B. The value of ∆r3d is represented
by a color scale. If at a given radial distance
r the probability to find an oxygen number
density % is higher for Li+ than for Na+, then
∆r3dLi−Na is positive and the corresponding re-
gion in Figure 8 is colored blue. In the oppo-
site case, it is colored red. Analogous plots for
the Li+–K+ and Na+–K+ pairs are presented in
Figures S5C and S6C in the SI. In each case the
smaller cation has an earlier onset of the num-
ber density due to is closer first coordination
shell, which is shown as an initial higher blue
band. This band is followed by a shorter but
wider red band where the larger cation reduces
the number density difference from the smaller
cation. After that point a more complex zone
appears with alternate colors, although a clear
upper blue narrow wedge arises (3–5 Å). Rel-
ative changes in this zone are harder to ratio-
nalize and quantify, as they need a weighted
average and are only apparent when overlaid to
the correspondent CRDF.

An easier way to rationalize the Li+–Na+ den-
sity anomaly is to focus on the voids, which pro-
vide a complementary and more concentrated
information. The difference in the total volume
of voids between Li+ and Na+ is magnified in
Figure 8C1 with its integrated form presented
in Figure 8C2. The amount of voids is consid-
erably larger for Li+ than for Na+ (and also for
K+, see Figure S5C in the SI), except at low r
as Li+ is the smallest cation. The occurrence
of voids in the aligned neighborhood signifies
lower flexibility of the hydration shells, hence
the reduced packing capability. Consequently,
the average number density of the LiCl solution
is lowered compared to what one would intu-
itively assume, becoming comparable to that of
NaCl.

The rigidity of the solvation shell of Li+ re-
sults not only in the increased occurrence of
voids, but also in an increased variance of the
r3d at a given r. Representative cuts for dis-

tinct regions (between 2.5 and 5 Å) are pre-
sented in the Figures 8Da−f . For Li+, the dis-
tributions at the distances r ≈ 3.5 to 4.0 Å
are multi-modal (have two or more distinct
peaks) and, thus, exhibit larger variance than
the mostly uni-modal distributions found for
Na+. This shows that also the second hydration
shell of Li+ is more rigid and more structured
compared to Na+.

Figure 8 further demonstrates the two inter-
playing causes of the density anomaly between
Li+ and Na+ solutions. First, there are sig-
nificantly more voids in case of the Li+ than
Na+. Second, the solvation shell of Li+ is
more constrained and rigid. Together, these
features make the solvent neighborhoods of Li+

less packed than naively expected, thus decreas-
ing the average number density. Nevertheless,
it is a pure coincidence that at ambient condi-
tions these effects lower the bulk oxygen num-
ber density of the aqueous LiCl solution such
that it practically coincides with that of NaCl.

4. Hydrogen bonding network

The lack of flexibility of the first hydration
shell around Li+ results in heavily constrained
water molecules. This in turn results in less
densely pack solvent neighborhood. The pres-
ence of heavily constrained water molecules
around Li+ can be quantified by characteriz-
ing its hydrogen bond network, which we then
compare to those in Na+ and K+. Figure 9
shows the average number of hydrogen bonds
per water molecule (nw

HB) in the first coordi-
nation shells of Li+, Na+, and K+. A hydro-
gen bond was defined using the set of geomet-
rical criteria, i.e., the O· · ·O distance is shorter
than 3.5 Å and the O–H· · ·O angle lower than
145°46. We see a mild decrease in the number of
hydrogen bonds with decreasing the size of the
cation. Also, for all three solutions these num-
bers are significantly lower than in pure water.

Table S1 breaks down the hydrogen bonds
contributions in the first coordination shell for
each major configuration (weight over 5 %).
The hydrogen bond calculation is separated
into those between water molecules of the first
hydration shell, and those between the first hy-
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dration shell and the second one. The latter
is also decomposed into H-bond acceptor and
donor contributions. For both hydration shells
the total number of hydrogen bonds per wa-
ter molecule in the first shell increases with
the size of the cation regardless of the hydra-
tion coordination. The low flexibility of water
molecules bound to Li+ is due to strong cation-
water electrostatic forces compromising water-
water hydrogen bonding. In contrast, the larger
ions, Na+ and K+, with lower charge densities
have weaker interactions with surrounding wa-
ter molecules in the first shell. This allows these
water molecules to orient more freely in such a
way that they can form more hydrogen bonds
to each other.

Li+ Na+ K+ water

2

3

4

n
H
B
/w

at
er

Figure 9: Average number and standard de-
viation of hydrogen bond per water molecule in
the first shell calculated for all hydration con-
figurations with contributions higher than 5 %.

Conclusion

In this study, we report on detailed in-
terpretation of experimental findings concern-
ing structures and number densities of con-
centrated aqueous solutions of alkali chlorides
based on molecular dynamics simulations. In
good agreement with previous measurements,
the calculated number densities are 0.0971,
0.0965 and 0.09716 atoms/Å for 4 m LiCl,
NaCl, and KCl solutions, respectively. Next,
we provide molecular insight into the counter–
intuitive fact that the number density values
for Na+ and Li+ solutions are practically equal
to each other. Detailed analysis of molecu-

lar simulations shows that water molecules are
less well packed around Li+ than around the
larger studied cations, Na+ and K+, due to the
relatively higher rigidity of the Li+ solvation
shells and, consequently, due to the increased
presence of voids – on average empty regions
of space – in the aligned neighborhood of the
cation. Additionally, the tightly constrained
water molecules in the first shell around Li+

cannot engage as easily in hydrogen bonding.
Put all together, this provides a molecular in-
terpretation of the matching number densities
of concentrated LiCl and NaCl aqueous solu-
tions at ambient conditions.
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