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The temperature of the maximum in density (TMD) at room pressure is experimentally evaluated for
aqueous solutions of a set of halides containing F�, Cl�, Br�, I�, Li+, Na+, K+, Rb+, Cs+ and Mg2+ at a 1 m
concentration. The measurements were performed by monitoring the density-temperature profiles and
tracking the temperature-dependent position of the meniscus, in a capillary glass tube. Adding salts
diminishes the TMD of the solutions with respect to pure water, being the magnitude of the change
dependent on the nature of the electrolyte. The experimental values of the shift in the TMD can be split
into individual ion contributions. From this information we were able to establish a rank of ions (i.e., a
Hofmeister-like series) according to their efficiency in shifting down the TMD. The experimental results
are also compared to simulation values obtained via Molecular Dynamics using the Madrid-2019 force
field that assigns non-integer charges for the ions and is parametrized for the TIP4P/2005 water model.
Finally, since the TMD is a fingerprint property of water, we will discuss the impact of ions on this max-
imum in relation with the way different ions modify the structure of water.

� 2023 The Author(s). Published by Elsevier B.V.
1. Introduction

The increase in the tetrahedral order of liquid water upon cool-
ing might be behind the anomalous behavior found for many of its
thermodynamic properties. Among them, the existence of a maxi-
mum in density when cooled at constant pressure is probably the
most important one. At room pressure, the maximum in density
occurs at a temperature of �4� C [1]. This temperature is called
the temperature of the maximum in density (TMD), whose origin
is hypothesised to rely on an experimentally elusive high-to-low
density liquid–liquid transition [2–10] that has been demonstrated
for some potential models of water having two length scales [11–
14].

It is well known that ions modify the structure of water as it has
been pointed out by many authors [15–24]. However, measuring
the structural changes of water in the presence of electrolytes con-
stitutes an experimental challenge. Taking into account that the
temperature at which the maximum in density occurs is somehow
a reflection of the subtle balance between tetrahedral ordering and
packing, one would expect that its experimental determination
could provide some indirect information about structural changes
due to the addition of ions to water. Electrolytes and in fact, most
of the water-soluble substances shift the maximum in density to
lower temperatures [25–28], with a few remarkable anomalies
found for some alcohols [29–32]. Although the experimental deter-
mination of the TMD is rather straightforward, somewhat surpris-
ingly, experiments regarding the TMD of electrolyte solutions were
notably intense only up to 1925 [33–36,28]. After decades of
drought in the field, with only some exceptions [37–40], the inter-
est in this topic has increased in recent years [41–44], since elec-
trolyte solutions at low temperatures have been proposed as a
possible route to explore deeply supercooled water, in which
homogeneous nucleation is partly hindered [45], hence facilitating
the experimental access to the liquid–liquid transition [43].

Regarding the local structure of water around ions, experimen-
tal and computational efforts have been directed to unravel
whether or not the effects of the ions would spread beyond the first
solvation shell [46–48,17]. However, it is timely to mention the
discrepancies found in the literature concerning the definitions of
”structure-maker” or ”structure-breaker” for ions [49,17,50].
Despite the TMD is intimately related to the structure of water
[51], these concepts must be dealt with care, since no clear defini-
tion has been agreed upon. First of all, these terms can be more or
less defined as the capacity of ions of enhancing (structure-
makers) or destroying/distorting (structure-breakers) hydrogen
bonding networks in water. Nevertheless, there are many variables
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to stipulate regarding this matter, such as the concentration of
electrolytes in the solution or whether the structure of water refers
to all the water molecules in solution or only to those beyond the
solvation shell(s) (the so-called ”free water”). Within the first sol-
vation shell of most ions, some hydrogen bonds are broken because
the electrostatic interactions overcome the directional H-bonding
[52,20]. This is not the case for certain hydrophobic ions such as
Cs+, which induces water molecules to form ice-like cages
[53,54]; or F�, which is known to engage in H-bond networks
within the water molecules in the first solvation shell [55]. Thus,
it would be reasonable to conceive the structure-making/
breaking concepts as how they affect the structure of water regard-
ing H-bonding beyond the first solvation shell. Secondly, the terms
structure-makers/breakers were also adopted to describe thermo-
dynamic properties related to the hydration of ions [56,54] and/or
to the so-called structural entropy, the latter being calculated at
the infinite dilution limit [49]. It has also been linked with the
dynamic behaviour, both for the viscosity [57] and the diffusion
of water in the solutions [58]. Yet another phenomenon has been
ascribed to these concepts. Collins and Washabaugh [59], intro-
duced the categories of kosmotrope and chaotrope ions to define
the ion-water binding capacity when compared to the attraction
experimented by the water molecules to the ionized groups in pro-
teins. They also related the notion of chaotrope to be a protein
destabilizer, whilst kosmotropes would stabilize proteins [59,60]
and established an analogy between kosmotrope/chaotrope and
structure-making/breaking, respectively. However they meant this
with regards to the structure of the first solvation shell near an
interface, which is very different to the concept previously exposed
of structure-maker/breakers within the bulk.

It is also interesting to point out the differences between the
shifts in the TMD and the shifts in the freezing temperature of
water due to the presence of electrolytes [42]. For a 1 m solution
a 1:1 salt provokes a shift of about 4 K in the freezing point of
water, and this value does not change significantly for different
salts [61]. Thus, up to a concentration of about 1 m of 1:1 elec-
trolyte, the freezing point depression can be considered to be col-
ligative, i.e. a property that does not depend on the nature of the
chemical species. However, for a 1:1 electrolyte, even for a concen-
tration as low as 1 m, the shift in the TMD changes for different
electrolytes. For instance, from 4 K for LiCl to 19 K for NaI solutions.
Thus the TMD is determined fundamentally by structural changes
in water due to the addition of the electrolyte, its effects differing
considerably upon the nature of the salt. Consequently, variations
of the TMD in electrolye solutions are chemically specific and con-
centration dependent [28,42]. For not highly concentrated solu-
tions this dependence was empirically established in the
Despretz law formulated in the first half of the nineteenth century
[33,34]. It states that the TMD shift, defined as

D ¼ TMDsolution � TMDwater ; ð1Þ
follows a linear relation with the salt concentration in the molality
scale, m (being the molality the number of moles of solute per kg of
solvent):

D ¼ Km �m; ð2Þ
where the subindex m in Km indicates that concentrations are given
in molality units. Some attempts have been made to solve the puz-
zle of the shift in the TMD upon the addition of solutes into an
expression involving some thermodynamic properties (i.e. partial
molar volumes, mixing volumes, entropies, etc). The first one was
proposed for non-electrolytes by Wada and Umeda [30], and some
others have suggested expressions for electrolytes [37–39,41,62].

For moderate concentrations, the proportionality constant Km

can be split into group contributions of each of the ions of the elec-
trolyte as follows [42]:
2

Km ¼ mþ Kþ
m þ m� K�

m ð3Þ
where mþ and m� stand for the stoichiometry coefficients of the
cation and anion, respectively. If this ”group contribution” to Km

is valid within a given concentration regime, an accurate guess for
D might be provided for all combination of salts formed by ions
for which values of Kþ

m and K�
m are known.

In this work we measured the TMD of several solutions of alkali
and alkali-earth metals halides at 1 m concentration. These exper-
iments complete our previous work, in which the TMD of seven
salts were measured, namely LiCl, NaCl, KCl, MgCl2, CaCl2, Li2SO4

and MgSO4 [42]. Here a set of fourteen new salts are incorporated,
namely NaF, KF, CsF, RbCl, CsCl, LiBr, NaBr, KBr, CsBr, MgBr2, LiI,
NaI, KI and CsI. This property is also determined by means of
Molecular Dynamics simulations with the Madrid-2019 force field
(FF) [63,64].

The experimental data of this work will be used as a benchmark
for:

(i) Obtaining group contributions of the shift in the TMD for the
ions studied and establishing a Hofmeister-like series for
this property based on the individual contributions of the
ions.

(ii) Grasping a rough idea of the effect of individual ions on the
local structure of water.

(iii) Further evaluating the TMD for the Madrid-2019 force field
and comparing it with our experimental results.

It should be emphasized in relation with (iii), that evaluating
the TMD of electrolyte solutions by means of computer simulation
requires a water model able to accurately describe this property.
Many popular models (i.e. TIP3P [65], SPC/E [66]) underestimate
the temperature of the density maximum by 30–50 K [67],
whereas some other models (namely, the TIP4P-Ew [68], TIP4P-D
[69] or TIP4P/2005 [70]) are able to reproduce the TMD of pure
water. Besides, the TIP4P/2005 yields accurate values for the den-
sity of supercooled water [71]. Moreover, it has recently been
shown that the Madrid-2019 electrolyte force field [63], which
was developed for the TIP4P/2005 water model, describes quite
well the TMD at 1 m of 1:1 electrolytes formed by ions of moderate
sizes [42]. In 2022 the Madrid-2019 Force Field (FF) was extended
to describe larger ions [64]. This FF uses a scaled charge of 0.85
electron units for monovalent ions and 1.7 for divalent ones. The
scaling of the charges is based on the electronic continuum approx-
imation, which explicitly accounts for the screening effect of water.
It was first proposed by Leontyev and Stuchebrukhov [72–77] and
has been further developed by many authors [78–88]. The ade-
quacy of Molecular Dynamics-based results to quantify the exper-
imental data can be discussed in terms of the physicochemical
nature of the ionic species at play. We also believe that the predic-
tion of the TMDs should be used in the future to develop and
improve current FFs of electrolytes.

2. Experimental procedure

In this work we measured the TMD of aqueous solutions of the
following salts: NaF, KF, CsF, RbCl, CsCl, LiBr, NaBr, KBr, CsBr,
MgBr2, LiI, NaI, KI and CsI. The solutions were made with MilliQ
water by weighing the appropriate amount of salt in an AE-240
balance. The purity of all salts was higher than 0:985 in mass frac-
tion. Uncertainty in molality was estimated in �0.004 mol�kg�1.
For measuring the density versus temperature profile, two proce-
dures were used, both based on the determination of the position
of the meniscus in capillary glass tubes. The first one is much more
precise but uses a quite large volume, around 60 mL. A glass flask
with a stopper soldered to a capillary tube is used to this aim. The
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flask was submerged in a methanol bath and a temperature
sequence was programmed while the meniscus position was
recorded using a digital camera. To get the density of the sample
as a function of temperature, the density at one reference temper-
ature, q0, is needed. It has been measured using a DMA 5000 den-
simeter. The density was thus calculated using:

q ¼ q0
Vf ;0 þ S0L0

Vf ;0ð1þ dÞ þ S0Lð1þ 2dÞð1þ dÞ ; ð4Þ

where Vf ;0; S0 and L0 stand for the flask volume, the capillary cross
section area, and meniscus position at the reference temperature
T0, respectively. L is the meniscus position at temperature T,
whereas a is the glass linear thermal expansivity and
d ¼ aðT � T0Þ. Vf ;0; S0 and a were calculated from calibration exper-
iments with pure water. We observed that this method can be used
to measure densities only at temperatures down to around –12 �C.
For lower temperatures, the sample cannot be in metastable liquid
state and it freezes. It is well known that sample volume is one of
key factors for holding the liquid in metastable state. Therefore,
we have used the Hare and Sorensen methodology [89], which uses
a capillary with very small volume (7 lL) for NaI, MgBr2, CsI, and
NaF, whose temperature of maximum density is expected to be
smaller than –12 �C according to MD results. Similarly, the capillary
was filled with the sample, sealed and introduced into the methanol
bath. A temperature program was applied and the meniscus posi-
tion was recorded with a digital camera coupled with a stereomi-
croscope. The density was calculated using Eq. 4, making Vf ;0 ¼ 0.
Uncertainty of both measurement procedures are around �5�10�4

g�cm�3, but repeatability of the large volume method is much bet-
ter, around �5�10�6 g�cm�3, than that of Hare and Sorensen, which
is roughly two orders of magnitude worse. The density data for each
solution were fitted to a third order polynomial form; the TMD was
calculated by taking the derivative and equating it to zero. In the
case of experiments using the method of Hare and Sorensen we
continued the temperature decrease until the capillary broke due
to the freezing of the sample. However, in the case of the large vol-
ume method, fewer data were collected below the maximum in
density. In all cases an expansion of the system was visually
observed in the cooling process between the last two measured
temperatures (so the TMD must lie between them. See Supplemen-
tary Material for a graphical illustration). After the expansion, we
only performed one additional measurement in order to elude the
crystallization of the sample and the resulting breakage of the appa-
ratus. Therefore, the TMD was not obtained by extrapolation but
rather from an interpolation between the temperatures for which
we have experimental measurements.

Uncertainty in the TMD was estimated in �0.3 K for the large
volumemethod and in�1.5 K for the capillary method. The density
at 25 �C was compared with reported data [90,91] for all the stud-
ied solutions, with relative deviations below 0.2 per cent for all
studied salts. The agreement is quite good considering the claimed
uncertainty of these data. More details about the measurement
methods can be found elsewhere [89,42]. It should be mentioned
that the systems under exploration are metastable with respect
to freezing in all cases. In fact the cryoscopic constant of water
(which provides the decrease in the freezing temperature of a 1
molal solution) leads to a melting temperature decrease of about
4 or 6 K for a 1:1 or 1:2 electrolyte respectively. These values are
smaller than the observed shift in the TMD, as it will be shown
later. Thus the TMD is found within the metastable region (with
respect to freezing) of the solution. However, since freezing is an
activated process, it does not take place instantaneously and it
was possible to easily determine the TMD for the 1 m solutions
(things of course would be different at higher concentrations,
where freezing could certainly occur before reaching the TMD).
3

Thus we emphasize that in the present experiments of 1 m solu-
tions, no extrapolations were needed to estimate the TMD, since
the maxima occurred within the temperature range in which crys-
tallization was still (kinetically) absent. It is interesting to point out
that crystallization typically occurred a few degrees below the
TMD. This fact might indicate some impact of the TMD on the crys-
tallization kinetics and this problem should be analyzed in more
detail in future work.
3. Simulation details

Molecular Dynamics simulations were performed in a system
comprised by 555 TIP4P/2005 water molecules, 10 cations and
10 anions to achieve 1 m solution. The Madrid-2019 FF [63,64]
has been used for the electrolytes. Ion-ion and ion-water parame-
ters were chosen following Ref.[63,64]. We employed the
isothermal-isobaric (NpT) ensemble at 1 bar using the GROMACS
4.6.7 package [92]. Temperature and pressure were kept constant
by means of the Nosé-Hoover thermostat [93,94] and the isotropic
Parrinello-Rahman barostat [95] with a relaxation time of 2 ps,
respectively. Simulations run over the temperature range of 250–
300 K. The leap frog algorithm [96] with a time step of 2 fs was
selected to integrate the equations of motion. A cutoff of 10 Å
was set for both the Lennard-Jones (LJ) part of the potential and
electrostatic interactions, the latter being treated within the parti-
cle mesh Ewald method (PME) [97]. Long range corrections for
pressures and internal energies were also included for the
Lennard-Jones interaction. Overall, the simulations run between
150–600 ns for each temperature and salt from previously equili-
brated configurations. Notice that since the freezing temperature
of the TIP4P/2005 model of water is 250 K [98], generally the sys-
tem in the simulations is not metastable with respect to freezing.
However, the temperatures are low and it is necessary to perform
longer runs than usual (i.e. simulations should be longer than
50 ns) both to equilibrate the sample and to obtain accurate values
of the average density of the system. As an example, we present
the behavior of the density (a) and potential energy (b) of a 1 m
LiBr aqueous solution at 260 K in Fig. 1. As can be seen the system
is well equilibrated and there is no drift of either the density or the
potential energy of the system. All simulations performed in this
work span around 25 ls. The temperature-density profile is finally
fitted to a third order polynomial from which the TMD is analyti-
cally located. The estimated error in the TMD obtained from simu-
lation is �2 K. In the Madrid-2019 model the value of the charge of
the ions is constant regardless of the density of the system.
Recently, Kolafa [99] has suggested that when considering elec-
trolyte solutions in a wide range of densities, the value of the
scaled charge should be modified accordingly. This interesting idea
could be considered in future work. However, notice that for each
salt the density varies very little in the temperature range around
the TMD and therefore, keeping the value of the scaled charge con-
stant in this work seems to be a reasonable approach.
4. Results

In Fig. 2 we present the experimental and simulation results for
the density-temperature profiles. The data are grouped according
to the halide anion, independently on the cation. A summary of
the TMD and the densities at the TMD can be found in Table 1. It
must be noticed that the TMD for some of these solutions were
previously determined [28], but only up to molalities much lower
than 1 mol�kg�1, a fact that makes an eventual comparison not fea-
sible. However, for NaCl and LiCl we found previously reported
experimental values [28] at 1 m and they were compared to our
experimental results in our previous work [42], finding excellent



Fig. 1. Equilibrated system along the simulation time. (a) Density and (b) Potential energy per particle for a system containing 555 water and 20 ions of a LiBr aqueous
solution 1 m at 260 K. To facilitate the visual presentation we have displayed the rolling averages of both density and potential energy.

Fig. 2. Density for various halide solutions at 1 m as a function of the temperature at room pressure. Solid lines: simulations for the Madrid-2019 model. Dashed lines:
experiment. Dotted lines: extrapolation from experimental results. TMD: empty up triangles (experiment), filled down triangles (simulations). Density at room temperature
from experiments: crosses (results from Ref.[90] and Ref.[28]); empty squares (results from this work). The data for LiCl, NaCl and KCl were obtained from our previous work
[42].
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agreement. Simulations are able to describe fairly well the temper-
ature dependence of the density of the solutions down to the den-
sity maximum. Deviations between the experimental and the
calculated densities at their maxima are always smaller than
0.5%. Thus the FF is very accurate for density predictions even
for the rather large ions considered in this work (I�,Rb+ and Cs+).
For fluoride solutions, the sign of the deviations indicates that
the Madrid-2019 FF slightly overestimates the experimental val-
ues. An interesting observation is that the (mass) densities of
sodium and potassium solutions are quite similar for all the halide
series. That was already true at room temperature and the results
of this work show that this similarity in density between NaCl and
KCl is also present in the supercooled regime down to 260 K. It is
worth mentioning that there is a small offset between the experi-
4

mental and simulation densities along the studied temperature
range, implying that the equation of state does not deteriorate con-
siderably at lower temperatures. For the rest of the halides the pre-
dictions of the densities from simulations are in excellent
agreement with those from experiments. In Fig. 2(a) simulation
and experiments are also displayed for a solution containing mag-
nesium. It can be seen that the density prediction as a function of
temperature is also quite good for divalent cations (see also
Table 1).

As for the predictions for the temperature at which the maxi-
mum in density occurs, the deviations found in this property are
bigger than those just discussed here for the density and than
the deviations of the TMDs reported in our previous work for chlo-
ride and sulfate solutions with the Madrid-2019 model [63], which



Table 1
Temperature of maximum density and the density at the TMD of the electrolyte solutions at a concentration of 1 m. Dev. and Dev. (%) stand for deviations of the simulated from
experimental results and the deviation percentage, respectively. Salts starting from LiCl are the results of our previous work [42]. Salts for which the deviation between simulation
and experiment for the TMDs is larger than 5 K are marked in bold.

Salt TMD (K) Maximum in density (kg�m�3)
Exp. Madrid-2019 Dev. Dev. (%) Exp. Madrid-2019 Dev. Dev. (%)

NaF 263.2 257.3 5.9 2.2 1044.8 1049.5 –4.7 –0.4
KF 265.0 260.9 4.1 1.5 1049.4 1053.2 –4.1 0.4
CsF 263.3 264.8 –1.5 –0.6 1127.9 1129.9 –2.0 –0.2
RbCl 264.8 268.5 –3.7 –1.4 1087.2 1082.3 4.9 0.5
CsCl 265.6 269.8 –4.2 –1.6 1125.0 1123.0 2.0 0.2
LiBr 269.4 271.6 –2.2 –0.8 1060.4 1059.8 0.6 0.1
NaBr 261.4 263.2 –1.5 0.6 1080.0 1079.8 0.2 0.0
KBr 263.6 266.8 –3.2 –1.2 1083.6 1083.5 0.1 0.0
CsBr 263.2 270.8 –7.6 –0.9 1161.6 1157.1 4.5 0.4
MgBr2 258.1 263.9 –5.8 –2.2 1146.9 1145.4 1.5 0.1
LiI 266.0 272.5 –6.5 –2.4 1096.4 1094.1 2.3 0.2
NaI 258.3 265.5 –7.2 –2.8 1113.8 1114.6 –0.8 –0.1
KI 261.4 267.3 –5.9 –2.3 1119.0 1117.3 1.7 0.2
CsI 262.8 270.2 –7.4 –2.8 1193.8 1189.7 4.1 0.3
LiCl 270.8 270.7 0.1 0.0 1024.8 1023.1 1.7 0.2
NaCl 262.7 260.7 2.0 0.8 1044.0 1044.0 0.0 0.0
KCl 265.0 266.7 –1.7 –0.6 1047.5 1047.9 –0.4 –0.0
MgCl2 261.3 265.5 –4.2 –1.6 1076.5 1073.5 3.0 0.3
CaCl2 253.6 252.4 1.2 0.5 1092.4 1092.2 0.2 0.0
Li2SO4 256.1 254.9 1.4 0.55 1091.4 1089.3 2.1 0.2
MgSO4 253.9 257.8 –3.9 –1.5 1118.9 1115.8 –3.1 –0.3
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are also included in Table 1 for comparative purposes. Taking into
account that the uncertainty in the estimates from simulations is of
about 2 K, and that from experiments is around 1.5 K, a deviation of
the TMD larger than 4 K is out of the combined uncertainty range
and can be regarded as some deficiency in the FF. For some of the
salts measured in this work the deviation is much larger than 4 K.
In Table 1 salts for which the deviation between simulation and
experiment for the TMDs is larger than 5 K are marked in bold. Par-
ticularly, for the fluoride solutions, the simulations yield lower
TMDs than the experimental ones except for the CsF. This anomaly
can be explained by a cancellation of errors, since the Madrid-2019
model of Cs+ tends to overestimate the TMD. Regarding the bro-
mide solutions, the TMDs predicted by simulation are slightly
higher than the experimental ones, although the estimates for LiBr,
NaBr and KBr solutions are quite accurate. Finally, the values for
the TMDs of the iodide solutions studied by simulation are even
further away from the experimental ones, laying the density max-
ima always at higher temperatures for the Madrid-2019 FF. One
fact that could be detrimental for the estimation of the maximum
in density of the iodide solutions by the Madrid-2019 model is that
the obtained I�–oxygen distance is considerably below (3.28 Å)
than the experimental ones (� 3.6 Å) [100–102].

In view of these results, what can be laid out is that in simula-
tions using the Madrid-2019 FF, fluorides underestimate the TMD
values, chlorides perform rather well when predicting this prop-
erty and, as the size of the anion increases (bromide and iodide)
there is a systematic overestimation of the TMD of the solutions.
Iodide is a large anion and a very polarizable one, so its macro-
scopic behaviour is determined largely by the deformation of the
electronic structure when interacting with other atoms and/or
molecules, i.e. polarization will be playing an important role in
these large ions. Kalcher et al. claimed that many-body effects
were significant at concentrations above 0.5 M for KF and NaI solu-
tions [103]. It is thus conceivable that electrolyte FFs including
many-body effects could outperform pair potential-based FFs
regarding the estimation of the TMD [104–107]. In the case of flu-
oride, it should be mentioned that the anion can break the mole-
cule of water via hydrolysis (with a non-negligible hydrolysis
constant of 6.8�10�4) and this chemical process can not be
accounted by the FF considered in this work. We hope that our
5

experimental results will be used in the future to further develop
FFs for ions in water as well as to test electrolyte FFs
[108,109,104,110,82,111,106,112,113] for its capacity to predict
the TMD of aqueous solutions.

A closer inspection of these curves allows us to compare the
curvature of the temperature-density profile of the different salts
in solution. To that aim we locate the origin of coordinates at the
experimental values of the TMD and the maximum in density.
Results are shown in Fig. 3(a) for Li+ salts and in Fig. 3(b) for Na+

salts. Results for water are also shown for reference. The presence
of salts flatten the curvature with respect to that of pure water
except for the striking case of NaI, in which the curvature is almost
identical to that of pure water. It is also interesting to notice that
for the lithium halides, the curvature is very similar regardless of
the anion, whereas the opposite is observed for Na+ halides, where
no correlation can be established between the curvature and the
anion size.

Let us now discuss the impact of the different ions in the total
volume of a 1 m aqueous solution. By representing the volume
instead of the density, the effects of mass dependencies can be
avoided. Although the volumes were obtained from experiments,
we present the value that a sample having 555 molecules of water
would occupy. Certainly, one could present the volume of a system
containing 1 kg of water, but we found it convenient to present it
in this way to be consistent with our previous work [42]. Basically,
we converted the volume occupied by a 1 m solution with 1 kg of
water to the volume that it would occupy when containing only
555 molecules of water. Nevertheless, the discussion will be
restricted to 1:1 salts to avoid misunderstandings originated by
stoichiometric effects, i.e., we dismiss Mg2+, Ca2+ and SO2�

4 from
the analysis. In Fig. 4 we present the ion-dependent trends in the
volume-temperature profile. For salts with a common anion, the
volume of the solutions increases with the volume of the cation
except for lithium solutions. Despite being the smallest cation in
the alkali series, lithium solutions are not those with the smallest
volume, but rather they have larger volumes than Na+ solutions
in all cases (i.e., chlorides, bromides and iodides). Thus Li+ provokes
an anomalous expansion of the volume of the system. This was dis-
cussed in our previous work [42] for the case of LiCl, where, as sug-
gested by a structural study carried out by Nguyen et al. [20], the



Fig. 3. Scaled densities at 1 m solutions for salts containing (a) Li+ or (b) Na+. Pure
water taken from Ref. [114]. The values for LiCl were obtained from our previous
work [42].

Fig. 4. Volume computed from experimental densities for various halide solutions at 1
extrapolation of experimental data obtained from cubic polynomial fits. The volume prese
molecules of water. See text for details. Required information of LiCl, NaCl and KCl salt
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high electronic density of Li+ would create the presence of voids
within the first solvation shell and between the first and the sec-
ond one, also leading to a rotational hindering of the water mole-
cules coordinated to this ion, thus resulting in an expanded
configuration of water in lithium chloride solutions. Assuming this
can be generalized for the rest of the Li+ solutions, it would be a
possible explanation for the observed anomaly. It is also interest-
ing to notice the temperature dependence of the volume of lithium
solutions is slightly different to that of the rest of the salts.
Whereas for most of the salts, the density curves are almost paral-
lel to each other, this is not the case for salts containing Li+. Inter-
estingly at 278 K the volumes of NaI and LiI are identical. At this
point the smaller size of Li+ with respect to Na+ is compensated
exactly by the ordering provoked in the molecules of water. It is
also striking the small difference in volume between the bromide
and chloride solutions. Although Br� is larger than Cl�, the volume
of solutions containing these two anions are similar (when com-
pared to the same cation). These results are in agreement with
the conclusions reached by Nilsson et al. for alkali halide solutions
employing X-ray spectroscopy in which they observed structural
similarities between Br� and Cl� regardless of the cation, whereas
iodide solutions undergo significant H-bonds disruption [50].

In an attempt to understand what happens with the volume
occupied by water in the solutions, we shall compute the so called
”free volume” (Vfree), which is obtained by subtracting the volume
occupied by the ions to the total volume of the solution by using
the following expression:

Vfree ¼ V � 4
3
p
X

�
N�ðd��Ow � rw��Þ3; ð5Þ

where the sum runs over all type of ions (i.e. �), N� represents the
number of ions of a certain species and d��Ow is the distance
between the oxygen atom of water and the cation (+) or anion (–)
as obtained from experimental diffraction studies. Due to experi-
mental discrepancies regarding the distance between ions and the
m and 1 bar as a function of temperature. Dashed lines: experiment. Dotted lines:
nted is obtained from experiments, but represents that of a 1 m solution having 555
were obtained from our previous work [42].
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oxygen of water, we have taken the mean value provided by Marcus
in his review [19]. The term rw�� is the distance that ought to be
subtracted from the water-ion distance to estimate the radius of
the ion in solution (i.e., it represents the radius of a water molecule).
This is quite a delicate step when calculating the free volume. Mar-
cus estimated the radius of the molecule of water to be 0:138 nm
and uses this value both for the cations and for the anions in Eq.
5. However, Schmid et al. proposed two different radii for water
molecules depending on whether they solvate a cation or an anion
[115]. In particular, Schmid et al. suggested to use 0:063 nm and
0:140 nm for cations and anions, respectively. There is a reasonable
physical picture underlying this approach, since the hydrogen
atoms of water are pointing towards the anion in the first coordina-
tion shell, whereas for cations, the closest atom from the neighbour-
ing water molecules is an oxygen. In Fig. 5 the free volume of alkali
iodide solutions is plotted as evaluated from both Marcus’ and Sch-
mid’s approaches. It is apparent that depending on the radius
assigned to water in contact with ions, the conclusions that can
be drawn are conflicting, being the free volumes thus obtained com-
pletely different. Besides, the considerable uncertainty regarding
the experimental value of d��Ow for many electrolytes [19,52], also
makes it difficult to establish definitive conclusions.

Even admitting to the arbitrariness when computing free vol-
umes, the more physical-like approach of Schmid would explain
the anomalous volumes of Li+ solutions. It is worth mentioning
that the Schmid radii were quite useful for estimating the hydra-
tion free energies of a number of ions [116] and for correcting
the hydration energy of electrolyte FFs using scaled charges
[117]. The question as to whether the shift in the TMD can be cor-
related to the free volumes may arise if the lowering of the maxi-
mum in density is understood as a stabilization of the HDL over the
LDL (that is, the high density liquid could exist at lower tempera-
tures upon the additon of salt). This so-called ‘‘temperature-like
effect” of ions has been suggested previously by Nilsson and
coworkers [50,118]. Therefore, the assumption would be that large
free volumes correspond to small shifts in the TMD while small
free volumes would imply a bigger impact on the TMD. This might
justify the behavior found for lithium, potassium and cesium salts,
but sodium salts can not be rationalized this way. However, the
free volume using Schmid approach does indeed follow the same
order as the viscosity of water in the solutions, that is, Li+>Na+>K+-
’ Cs+ [119,120].

Since salts dissociate into ions when dissolved in water and
considering that 1 m solutions have approximately 28 molecules
of water per ion (i.e. two coordination layers), it seems reasonable
to neglect ion-ion interactions due to the screening of water, in
Fig. 5. Free volume for 1 m iodide solutions at 1 bar as a function of temperature
obtained from Eq. 5. Solid lines: using Marcus’ radius for water in solution (top).
Dashed lines: using Schmid’s radius for water in solution (bottom).
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which case D could be described by using a group contribution
method. In this framework, the experimental value of the shift in
the TMD can be obtained as a contribution from the cation and
another one from the anion under the supposition that these are
additive. In our previous work, we provided the individual ion con-
tributions K�

m for several ions (i.e., Li+, Na+, K+, Ca2+, Mg2+, Cl�, SO2�
4 )

[42]. Following the same approach, we have computed the ion con-
tributions for the rest of the halides (F�, Br�, I�) and for big alkali
metal cations (Cs+ and Rb+). To that aim, we have proceeded as fol-
lows: from the experimental value of D for 1 m solutions we eval-
uated Km from Eq. 2. Applying Eq. 3 with the appropriate
stoichiometric coefficients and the previously reported values of
K�

m [42], the unknown contributions are easily evaluated for each
salt. The values of K�

m for each ion are averaged and the final results
are summarized in Table 2. Notice that values of K�

m are relative
and were initially determined arbitrarily by taking the shift of LiCl
as a reference and assigning half D to each ion [42], whereas Km is
an absolute value determined by the shift in the TMD upon the
addition of some amount of salt. In short, the Km of a certain salt
does not depend on any arbitrary selection. However the individual
values for ions of K�

m depend on the choice made for a reference ion
(in our case Li+, for which we assigned a Kþ

m value of –3). It should
be stressed though, that when considering a series of salts with a
common ion (i.e., LiCl, NaCl, KCl, RbCl, CsCl) the differences in Km

for the salts are just the differences of Kþ
m of the cations and there-

fore these differences do not depend on any arbitrary choice.
A comparison between the values of D determined experimen-

tally and those obtained from the group contribution approach is
shown in Table 3. By using these individual K�

m coefficients of
Table 2 it is possible to reproduce the shift in the TMD with a devi-
ation from the experimental value smaller than 1 K for most of the
cases. The results of Table 3 show that cation–anion interactions
contribute very little to the shift in TMD when the concentration
is 1 m. Otherwise, one could not predict so accurately the TMD
using the group contribution approach. Of course, at much higher
concentrations, cation–anion interactions would also impact the
value of the shift in the TMD. The predicted values of the remaining
salts comprised by the ions presented in Table 2 are collected in
the bottom part of Table 3.

Finally, a couple of comments on the experimental and compu-
tational solubilities should be specified. First, In Table 3 we have
included the experimental solubilities of each salt at 25 �C. A
decrease in the temperature to 0 �C leads to a solubility decrease
of, at most, 20–30 % for these salts, but since most of them have
high solubilities, this does not pose a threat of approaching the sol-
ubility limit at the lowest temperatures considered in this work,
Table 2
Individual Despretz coefficients, K�

m , for the ions considered in this work as obtained
from the experimental TMD values. The coefficients were obtained from the
combination of the experimental D data and the K�

m values obtained previously in
Ref.[42], also shown here (bottom part).

Ion K�
m (K�kg�mol�1)

Rb+ –5.4
Cs+ –8.4
F� –3.7
Br� –4.8
I� –7.1
Li+ –3.0
Na+ –11.6
K+ –8.8
Mg2+ –8.3
Ca2+ –17.6
Cl� –3.2

SO2�
4

–15.8



Table 3
Shift in the TMD of different salt solutions at a 1 m concentration measured
experimentally and calculated from the individual group contribution approach.
Results from our previous work are also reported (between LiCl and MgSO4)[42]. In
the bottom part (starting from LiF) we present the predictions of the TMD shift as
obtained from Despretz law for salts that have not been measured experimentally yet.
We believe these predictions are probably accurate given the excellent agreement
shown in the upper part of the Table for salts where the experimental TMD is known.
Experimental solubilities for each salt at 25 �C (in mol�kg�1) are taken from Ref. [122].

Salt DExptl (K) DGroup (K) Solubility at 25 �C (m)

NaF –13.9 –15.3 0.99
KF –12.2 –13.1 17.50
CsF –12.3 –12.1 37.70
RbCl –12.3 –12.3 7.77
CsCl –11.6 –11.6 11.30
LiBr –7.7 –7.8 20.84
NaBr –15.7 –16.4 9.20
KBr –13.5 –13.6 5.77
CsBr –13.9 –13.6 5.77
MgBr2 –19.1 –17.9 5.60
LiI –11.2 –10.1 12.33
NaI –18.8 –18.7 12.40
KI –15.7 –15.9 8.92
CsI –14.3 –15.4 3.26
LiCl –6.2 –6.2 19.95
NaCl –14.3 –14.8 6.15
KCl –12.0 –12.0 4.81
MgCl2 –15.7 –14.7 5.81
CaCl2 –24.0 –24.0 7.30
Li2SO4 –20.9 –21.8 3.12
MgSO4 –23.1 –24.1 3.07

Salt DExpt (K) Dpred;1m (K) Solubility at 25 �C (m)
LiF - –6.7 0.05
CaF2 - –25.0 0.0002
MgF2 - –15.7 0.002
RbBr - –10.2 7.01
CaBr2 - –27.2 7.65
RbI2 - –19.6 7.76
CaI2 - –31.8 7.30
MgI2 - –22.5 5.20
Na2SO4 - –39.0 1.96
K2SO4 - –33.4 0.69
Rb2SO4 - –26.6 1.90
Cs2SO4 - –32.6 5.03
CaSO4 – –33.4 0.02

Fig. 6. Experimental results of the shift in the TMD for 1 m solutions as a function of
the anion (a) and of the cation (b).Required information of LiCl, NaCl and KCl salt
were obtained from our previous work [42].
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except for maybe the case of the NaF solution. It must be noticed
that, although this salt is not soluble up to 1 m, we managed to
achieve homogeneity by heating the sample. No precipitation of
the salt was observed when cooling the sample in the experiments.
The system is again in a metastable state (in this case in a doubly
metastable state as the system is both metastable with respect to
freezing of ice and precipitation of the salt). Secondly, it ought to
be mentioned that, although the solubilities of the Madrid-2019
force field are unknown, the number of contact ion pairs (CIP) at
the solubility limit of each salt are low by design of the force field
[64,121].

Certain regularities can be established for the shift in the TMD
that can be useful to understand the impact of each ion individu-
ally. In Fig. 6 we show the shift of different salts having a common
cation as a function of the anion (a) or having a common anion as a
function of the cation (b). In absolute values, for salts with a com-
mon cation, the shift in the TMD remains approximately constant
from F� to Cl�, increases from Cl� to Br�, and from Br� to I�. This
is true for all the series of cations. Therefore, larger anions provoke
larger shifts in the TMD. To some degree, the impact of anions on
the TMD is regular and simple: it follows the size of the anion (ex-
cept for F� and Cl� which have similar shifts). Besides, the fact that
the trends for different cations are almost parallel indicates that
the contribution of each anion to the TMD is constant and does
not depend on the counterion. The only exception is CsI, which
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seems not to follow this rule. It has been suggested that ions with
similar sizes might be prone to forming CIPs [123,124]. Moreover
CsI has a significant number of CIP even at low concentrations
[101] which might be the reason for the slightly different behavior
of CsI shown in Fig. 6(a). An interesting observation is that the
curves of K+ and Cs+ in Fig. 6(a) are practically identical. Thus, K+

and Cs+ provoke almost identical shifts in the TMD.
Regarding the order in D for the cations (Fig. 6(b)), Li+ induces

the smallest shift in the TMDs followed by K+ and Cs+, being Na+

the monovalent cation with the biggest D for all the halide salts.
Therefore, a size correlation can not be established. This asymme-
try in the behavior of cations and anions, points out the dramatic
differences in their hydration.

Whether the anions or the cations are responsible for more sig-
nificant changes upon the structure of water has been widely
debated in the literature due to conflicting results among different
spectroscopy techniques [50,118,125,126]. In this work, we con-
clude from straightforward experimental measurements that
cations induce more complex changes upon the structure of water
than anions as far as the TMD is concerned.

Finally, we propose a classification for the ions based on the
impact they have on the TMD. In Fig. 7 this is shown for the cations
(a) and for the anions (b). The TMD can be measured experimen-
tally and the results of Fig. 6 show clear trends that do not require
any interpretation nor do they entail ambiguity. Besides, this
ordering is also found by other authors concerning the TMD [38]
and the effect of ions on the structure of water [127]. The Hofmeis-
ter series has become a recurring attempt to unify the effect of
ionic species, both on the bulk properties of aqueous solutions
and on protein-related events. Historically, Hofmeister classified
ions by their capacity to precipitate proteins in a solution [128],
which shows how the chemical potential of proteins changes in
the presence of ions, as proteins precipitate when their chemical
potential in solution matches that of the protein in the solid phase.



Fig. 7. Order of the shift (in absolute value) in the TMD for the ions studied in this
work. (a) Cations; (b) anions. Ions on the left provoke small shifts in the TMD with
respect to pure water, and ions on the right provoke a large shift in the TMD with
respect to pure water.
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Later, these qualitative ordering was generalized to other
biological-related properties [129]. However, due to the very
unclear terms used throughout the literature of ‘structure-mak
ing/breaking” alluding to the structure of bulk water in electrolyte
solutions, these were mixed with those used to describe the
Hofmeister series [49] (this is discussed in Section I). More
recently, many other authors have rightfully claimed that this
dogma of arranging ion-specific behaviour in water into a simple
qualitative order is wrong, since it has been proved that the main
contributions to the Hofmeister effect are the surface and electro-
static water-protein interactions rather than bulk water effects
[130,49,59,131]. Following the later approach, our series does not
state anything about the ordering of water, it just reflects the
impact of each ion on the TMD. Obviously a ”Hofmeister-like” ser-
ies can be developed for each experimental property.

It is tentative to think that ions with a large shift in the TMD do
so because they break the structure of water to a larger extent than
ions with comparatively smaller shifts in the TMD. This would
mean that Li+ and F� would be structure makers and Na+ and I�

would be structure breakers, being Cs+, K+, Cl� and Br� in between.
However it seems naïve to believe that there is an universal
Hofmeister series that explains all the properties of electrolytes
in water, since each ion affects each property in a different way.
A simple example would be the viscosity (g) of alkali chloride salts
in solution [132]. In Fig. 8 the experimental D and the values of the
viscosity for alkali chloride solutions are presented. As can be seen,
the solution with the largest viscosity is that of LiCl, being the vis-
cosities of CsCl, KCl and RbCl solutions quite similar and signifi-
cantly smaller than that of LiCl. However, the viscosity of the
NaCl solution is higher than that of CsCl, KCl and RbCl, although
slightly smaller than that of LiCl, whereas in the TMD series LiCl
has the smallest shift and NaCl the largest one so that they are at
the extremes of the series.
Fig. 8. Left axis: viscosities of 2 m solutions of alkali metal chlorides from Refs.
[120,119]. Right axis: shift in the TMD (D) of 1 m solutions of alkali metal chlorides.
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It can be easily deduced that in the ”Hofmeister-like” series for
viscosities, Na+ is between Li+ and (K+/Cs+/Rb+), whereas in the
”Hofmeister” series for TMD it is at the other extreme from Li+.
Na+ occupies two different positions in the Hofmeister series of
both properties. This is a clear example that there is no universal
”Hofmeister” series explaining all properties. Besides, in our opin-
ion, describing these Hofmeister series in terms of the ”ordering” of
water is dangerous and leads to inconsistencies. Bearing in mind
that with ‘‘ordering” we mean ‘‘strengthening of the H-bond net-
work”, if the rule of thumb is ”larger ordering of water, larger vis-
cosity” and ”small shift in the TMD”, one arrives to a conflict with
Na+, since it would ”order” water according to the viscosity criteria
while disordering it according to the TMD series. Hence, in the case
of the cation Na+ shown in Fig. 8, there are other processes in addi-
tion to H-bond disruption that must affect the considered proper-
ties. In conclusion, from our point of view, one should not use the
terms ”ordered water” or ”disordered water” since they are
ambiguous, but simply realize that the impact of each ion on a cer-
tain property follows an observable trend.
5. Conclusions

In this work we have determined experimentally the TMD of
1 m aqueous solutions of fourteen different salts. In a previous
work [42], we measured this maximum for a set of seven different
but complementary salts. Overall the experimental values of the
TMD for twenty-one common salts comprising alkaline and
akaline-earth halides, chlorides, and some sulfates, are now avail-
able. These results are quite useful to understand the impact of dif-
ferent ions upon the structure of water and should be used as a
target property in the design of new FFs for electrolytes.

Here we have shown that the Madrid-2019 FF [63,64] (which
combines the TIP4P/2005 [70] model of water and scaled charges
for the ions) predicts extraordinarily well the densities for a wide
range of temperatures and the density at the maximum itself. With
respect to the computational predictions of the TMD, their devia-
tions from the experimental data are less than 4 K (which is within
the combined uncertainty of simulations and experiments) for
most of the salts. However, when large ions are involved (Cs+,
Rb+ and I�), the model is not so successful in reproducing the
TMD. Further work is needed to understand the origin of the devi-
ation but most likely the lack of polarizability of the FF is respon-
sible for that.

By collecting all the experimental values, we were able to estab-
lish the contribution of each ion to the TMD following a group con-
tribution approach. It turns out that the magnitude of the shift (i.e.
the absolute value of K�

m) increases with the size of the anion (i.e.

F’ Cl� < Br� < I� < SO2�
4 ). However in the case of cations, the size

of the cation is not enough to describe the experimental shifts.
They follow the ordering Li+ < Rb+ < K+ ’ Cs+ < Na+ < Ca2+. In fact,
for monovalent ions Na+ is the most efficient cation in shifting the
TMD down, despite its relatively small size. In the case of divalent
ions, Ca2+ is the most efficient in shifting the TMD. According to
these observations, a ”Hofmeister-like” series is established to
identify the capacity of each ion for shifting the maximum in den-
sity to lower temperatures with respect to pure water.

A final word of caution: the ordering of the ions found in this
work for the shift in the TMD should not be used to order other
properties. Actually, for viscosities the ordering of the monovalent
cations is Li+ >Na+ >Cs+ ’K+ ’Rb+. As can be seen, the position of
Na+ is changed in the TMD-based and in the viscosity-based series,
indicating that each ion affects different properties in a different
way. In our opinion, an universal Hofmeister series explaining
the ordering of all dynamic and static properties of electrolytic
solutions can not be established. However, in the case of the
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TMD, the ordering is straightforward, but further work is needed to
unravel the molecular origin of the sequence found in the experi-
ments. The TMD is a relatively simple property and certainly its
value is related to the changes provoked by ions upon the structure
of water. We have found the cations to have a more complex and
overall extensive impact upon the structure of water than anions
(at least for the halides series) in terms of the TMD. To understand
the impact of ions on water at a molecular level, it is absolutely
needed to provide insights into how ions modify the TMD of pure
water, because it is a true fingerprint that reflects the structure and
tetrahedral ordering of water. This task is on the table for the entire
community now.
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