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Ion hydration and structural properties of water in aqueous solutions at

normal and supercooled conditions: a test of the structure making and
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We study with the method of molecular dynamics simulation the structural properties of aqueous

solutions of NaCl, KCl and KF salts at ambient conditions and upon supercooling at constant

pressure. The calculations are performed at increasing concentration of the salt starting from

c = 0.67 mol kg�1 up to 3.96 mol kg�1. We investigate the modifications of the hydration shells

and the changes in the water structure induced by the presence of the ions. The oxygen–oxygen

structure is strongly dependent on the ionic concentration while it is almost independent from the

cation. The hydrogen bonding is preserved at all concentrations and temperatures. The main

effect of increasing the ionic concentration is the tendency of the water structure to assume the

high density liquid form predicted for pure water upon supercooling. An important consequence

of our analysis is that the concept of an ion as a structure maker or a structure breaker must be

revisited to take into account the other ionic species, the ionic concentration and more generally

the thermodynamic conditions of the solutions.

1 Introduction

Aqueous solutions of salts are systems of great interest in

many fields of chemistry, biochemistry, physics and chemical

engineering. Different phenomena taking place in electrolyte

solutions,1,2 in proteins,3–5 and in biological membranes6 are

related to the interactions between ions and water. At

the microscopic level it is important to understand how the

individual ions influence the structure of water and how the

water molecules are arranged around the different types of

cations and anions. For these reasons, ionic aqueous solutions

have been the subject of several experimental7–16 and computer

simulation studies for a long time.17–39

In the old classification scheme related to the Hofmeister

series,3,40 anions and cations are ordered according to their

properties of enhancing (structure makers) or weakening

(structure breakers) the hydrogen bond (HB) network of water

molecules.41,42 The structure makers, also classified as kosmo-

tropes, are considered to be strongly hydrated. They break the

HB in the surrounding water molecules, in such a way that the

rest of the water molecules can rearrange in an ordered

hydration structure. On the contrary, structure breaking ions,

also called chaotropes, interact weakly with the nearby

water molecules and induce a disordering in the tetrahedrally

coordinated network of water.

The Hofmeister series is widely used in the interpretation of

the properties of ionic solutions,43 in recent years however this

classification scheme has been challenged by a number of

experimental studies.15,16,44,45 It is argued that the classification

scheme of the ions in terms of structure makers/breakers does

not take into account the effects of the ion concentration and the

thermodynamic conditions on the behaviour of the solutions.

Evidences from experiments16 and computer simulations36

indicate that ions, regardless of the kind, perturb the water

structure beyond the first hydration shell and that effect is

similar to the application of pressure on pure water.

An important issue connected to phenomena occurring in

aqueous solutions of salts appeared recently in the literature. It

has been found that these systems are relevant in the study of

the anomalous behaviour of water upon supercooling.38

On the basis of computer simulation results, the existence of a

second critical point of water in the supercooled metastable liquid

phase has been hypothesized since 1992.46,47 This critical point

would be at the end of a coexistence line between two phases

called low density liquid (LDL) and high density liquid (HDL).

LDL and HDL would come from the extension to higher

temperatures (above 140 K) of the experimentally determined

low density amorphous and high density amorphous phases of

glassy water, among them there exist a first order transition.48–51

Since the publication of the first study, a number of experi-

mental and computational investigations were performed to
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test the hypothesis of a liquid–liquid critical point (LLCP)

against alternative interpretations of the anomalous behaviour

of water upon supercooling.52–60

In settling the controversial issue about the existence of this

second critical point the main difficulty is that experimental

studies of the thermodynamic region of the HDL and LDL

coexistence are prevented by nucleation processes that drive

the liquid to its crystalline phase.53

Water anomalies61,62 and indications of water polyamorphism

in ionic aqueous solutions have been experimentally

detected.63–66 Recently in molecular dynamics studies38,39,67

of supercooled NaCl (aq) it has been shown that in the

presence of ions at moderate concentration, the LDL–HDL

coexistence is still detectable but ions can shift the phase

diagram of supercooled water, opening the possibility that

the liquid–liquid transition could be explored by experiments

on ionic solutions. This result is supported by different

computer simulations where it was shown that the LLCP

of water-like models in hydrophobic solutes exists and is shifted

in the thermodynamic plane with respect to the predictions in

the absence of solutes.68,69

An important aspect is the role of the ionic concentration.

Computer simulation found that at increasing salt concen-

tration in NaCl (aq) the region of existence of the LDL phase

is reduced since ions are more easily solvated in the HDL

phase.67

From this point of view it is important to understand how

different ionic solutes can affect the properties of supercooled

water as a function of concentration.

In this paper we consider the structural properties of aqueous

solutions of NaCl and KCl salts. According to the Hofmeister

classification, Na and K ions would behave respectively as

structure makers and structure breakers. We will compare the

properties of the two systems at the same thermodynamic

conditions. The simulations are performed at ambient pressure,

at the same increasing concentration for the two solutions.

We explore in particular the changes of the structure upon

supercooling.

In this way we can determine how the thermodynamic

conditions and the concentration could change the effects of

the ions on water going from ambient to supercooled

temperature.

We also present results on KF (aq) solutions to study the

effects of changing Cl with a cation with a larger charge

density which is considered a structure maker in the

Hofmeister scale.

The paper is structured as follows. In Section 2 we explain the

model employed and the details of the simulations performed.

In Section 3 we present the results for the water–water

structure in NaCl (aq) and KCl (aq) solutions. In Section 4,

we report the ion–water structure for these solutions and we

show the structural results of KF (aq). In Section 5 we draw

the conclusions.

2 Models and methods of simulation

Computer simulations were carried out with the Molecular

Dynamics (MD) method. Water is described by the TIP4P

site model where the molecule is represented by a four

site rigid system. Hydrogens (H) are represented by two

positively charged sites connected to the neutral oxygen (O)

site, whose negative charge is shifted and attributed to the

fourth site (X). The OH bond length is 0.9572 Å, the angle

between the two bonds is y = 104.51. The X site lies in the

molecular plane shifted 0.15 Å from the oxygen, the OX

bond forms an angle y/2 with the OH bonds. To each H site

is attributed a charge of 0.52e, these positive charges are

neutralized by the negative X charge. The interactions between

the sites of the water molecule, the ions and water sites with

ions were modeled with the combination of the coulombic and

the Lennard-Jones (LJ) potential

uabðrÞ ¼
qaqb

rab
þ 4eab

sab
rab

� �12

� sab
rab

� �6
" #

ð1Þ

The Jensen and Jorgensen interaction parameters70 were

assumed for the LJ interaction of the ions. The ion–ion

and the ion–water LJ parameters were calculated by using

the geometrical mixing rules eab = (eaaebb)
1/2 and sab =

(saasbb)
1/2

All the LJ parameters are reported in Table 1. These

parameters reproduce very well the structural characteristics

and free energies of hydration of the ions.

The simulations were performed withNw + Nions = 512 and

the same number Nions/2 of anions and cations, for the different

concentrations:Nw = 500 for c= 0.67 mol kg�1,Nw = 488 for

c=1.36 mol kg�1,Nw = 476 for c=2.10 mol kg�1,Nw = 448

for c = 3.96 mol kg�1.

Periodic boundary conditions were applied. The interaction

potentials were truncated at rcut = 10 Å. The long range

electrostatic interactions were taken into account with the

Ewald particle mesh method. The integration time step was

fixed at 1 fs.

The simulations were performed at constant pressure and

temperature with the use of the Berendsen thermostat and

barostat. The pressure was fixed at ambient conditions,

1.01325 bar, for all the simulations. The equilibration time

was 20 ns and the averages were calculated on production runs

of 30 ns.

The parallelized version of the GROMACS package has

been used.

Table 1 Lennard-Jones parameters of the interactions between
oxygen atoms in the TIP4P water molecule, between ions and between
ions and oxygen. H and X sites of water interact only by the Coulomb
potential

e (kJ mol�1) s (Å)

OO 0.649 3.154
NaNa 0.002 4.070
NaCl 0.079 4.045
KK 0.002 5.170
KCl 0.079 4.559
ClCl 2.971 4.020
NaO 0.037 3.583
KO 0.037 4.038
ClO 1.388 3.561
FF 2.971 3.050
KF 0.079 3.971
FO 1.388 3.102
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3 Water structure

The effect of salt on the structure of water is illustrated in

Fig. 1 where we report the radial distribution functions

(RDF), gOO(r), for NaCl (aq) at different concentrations and

temperatures. For comparison we report also the OO RDF for

pure TIP4P water.

The gOO(r) for KCl (aq) is practically identical and it is

not reported. While the O–O structure is strongly perturbed

when the concentration is increased, there are no relevant

changes in the gOH(r) and gHH(r) with concentration

and temperature. In Fig. 2 the gOH(r) for the NaCl (aq) is

reported as an example, the same trend is found for the

KCl (aq).

The gOO(r) at T = 300 K is little affected at low concen-

tration, but the structure becomes very different from

pure ambient water when the concentration is increased,

particularly in the region of the second peak. The effect is a

progressive rising of the first minimum with a corresponding

penetration of the second to the first shell. At the highest

concentration the second shell appears collapsed on the first

one with the consequent broadening of the first peak. A shift

of the third peak to lower r with increasing concentration can

be also observed .

Upon supercooling (T = 220 K), there is an evident

enhancement of the first and the second peaks. The first shell

becomes more rigid to penetration from the second shell.

However the modifications of the water structure under the

effect of increasing concentration are similar to the ones observed

at ambient conditions. The second shell upon increasing

concentration becomes broader while the penetration toward

the first shell increases. These effects at such a low temperature

can be attributed to strong changes in the oxygen–oxygen

arrangement. The HB network, although distorted, is however

well preserved also at low temperatures as evident from Fig. 2.

A similar effect could be obtained by increasing applied

pressure on pure water.16,36

We observe that the combination of a broadening of the

second peak of the gOO(r) and persistence of the HB network

characterizes the HDL phase of water.71 The effect of the ionic

concentration both at ambient and supercooled conditions is a

progressive transformation of water to an HDL like structure.

These results are in agreement with previous simulations on

NaCl (aq) where it was found that there is a progressive

shrinkage of the LDL region at increasing solute concen-

tration.39,67 We note moreover that the effect of the presence

of salt on water structure does not seem to depend on the

particular species of ion involved.

It is interesting also to look at how the ions affect the

diffusion of water. In Table 2 we report the diffusion coeffi-

cients of oxygens as derived from the GROMACS routine.

Apart from some differences between the aqueous solutions,

there is a common feature: diffusion is slower than bulk

at ambient temperature and upon increasing concentration.

At 220 K, diffusion is faster than bulk at a lower salt content

Fig. 1 Oxygen–oxygen RDF of water in NaCl (aq) solution at

increasing concentration compared with pure TIP4P water, upper

panel T = 300 K, bottom panel T = 220 K.

Fig. 2 Oxygen–hydrogen RDF of water in NaCl (aq) solution at

increasing concentration compared with pure TIP4P water.
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and decreases upon increasing concentration; this behaviour is

compatible to that of bulk water under pressure.29,72

4 Hydration shells

4.1 Cation hydration shell

We consider now more in detail for the aqueous solutions

investigated how the hydration shell of the cations depends on

the concentration and the temperature.

We report in Fig. 3 and 4 the behaviour of the cation–water

radial RDF gZO(r) and gZH(r) where Z indicates the Na or the

K cation. The functions are reported for the NaCl (aq) and KCl

(aq) systems at increasing ion concentrations and temperatures

T = 300 K and T = 220 K.

From the figures we observe that the position of the first

peak does not change with increasing ion concentration or

decreasing temperature for both ZO and ZH RDF.

The height of the first peak increases upon supercooling, as

expected, and we observe a slight decrease of the first peak

upon increasing concentration only for the NaO RDF.

In Table 3 we report the values of the positions of the first

peak (rab) of the cation–water and anion–water RDF at the

concentration of 0.67 mol kg�1 and T = 300 K, these values

are practically unchanged at the different conditions.

The second column in 3 indicates that in spite of the

different cations the positions of the main peak of each

ion–water pair is located at the same positions when the

distances are rescaled with the repulsive ion–water potential

parameter saO. This implies some similarity in the ion–water

mean force potential for the different solutions.

The gNaO(r) show a higher first peak intensity than the

gKO(r) at all the concentrations and temperatures since the Na

ion has a larger charge density. This does not necessarily imply

that the K ions have a much weaker interaction with water. As

pointed out for instance in ref. 15, another quantity to

consider is the number of nearest neighbours, the coordination

number (CN). In a fluid system the CN around an atom taken

in the origin can be reasonably defined when due to the atomic

effective interaction the RDF shows a first peak and then

decreases toward a minimum before the appearance of a

second peak. This happens at liquid density and the CN can

be calculated as

n
ð1Þ
ab ¼

Nb

V

Z r
ð1Þ
ab

0

4pr2gabðrÞdr ð2Þ

where r(1)ab is the radius of the first a � b shell, this radius is

usually coincident with the position of the minimum after

the peak.

We report the CN for the ZO, ZH first shell in Fig. 5. In

spite of small fluctuations due to some uncertainty in the

location of r(1)ab for the broadening of the first minimum, there

are evident trends. In both cases there is a decrease of the CN

at increasing concentration. The KO CN are systematically

higher than the NaO CN. The integral (2) is in fact determined

from the intensity of the peak and the broadening of the area

below it weighted with the term r2. The shift to larger r of the

first minimum of gKO(r) is the reason for the higher CN as

compared with the that of gNaO(r). This shift is due to the

difference in the range of the ZO interaction. These results

indicate that the strength of the ion–water interaction cannot

simply be deduced by comparing the heights of the

ion–water RDF.

Coming back to Fig. 3–4 we observe that upon concen-

tration of ions the second and third shell of the gZO(r) and

gZH(r) move to lower distances. This effect is small for KCl

Table 2 Diffusion coefficient of the oxygen at T = 300 K and T =
220 K for bulk TIP4P water and the aqueous solutions at different
concentrations

D � 10�5 (cm2 s�1)

T = 300 K

c (mol kg�1) NaCl (aq) KCl (aq) KF (aq)

Bulk 3.588
0.67 3.232 3.657 3.053
1.36 2.990 3.239 2.839
2.10 2.471 2.959 2.449
3.96 2.109 2.367 1.656

T = 220 K

c (mol kg�1) NaCl (aq) KCl (aq) KF (aq)

Bulk 0.144
0.67 0.189 0.204 0.165
1.36 0.164 0.207 0.169
2.10 0.167 0.224 0.172
3.96 0.124 0.201 0.093

Fig. 3 Cation–oxygen RDF gNaO(r) on the two top panels and gKO(r)

on the two bottom panels for increasing concentration and temperatures

T = 300 K and T = 220 K.
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(aq) and more marked for NaCl (aq). The largest shift in

particular is found for the third shell of NaCl (aq). This shows

that the water–ion interaction has effects well beyond the first

hydration shell causing a shrinkage of the structure surrounding

the ion as concentration is increased similarly to the increase

of pressure, as found in experiment.15

In Fig. 6 we compare the cation–oxygen and cation–hydrogen

RDF for the lower and the higher concentrations. The gZO(r) are

reported with the abscissa rescaled to the rZO in order to show

more in details the differences between the hydration shells of

the two cations.

It is evident in all the cases that a well defined shell of

oxygen is formed around the cation but there are differences

between the hydration shells of KO and NaO. In particular the

first KO shell is less rigid since the peak appears lower and the

minimum is broader. The KO second hydration shell is closer

to the first one as compared with the corresponding shells of

the NaCl (aq) solution. In agreement with experimental

findings15 these results can be interpreted as an evidence of a

Fig. 4 Cation–hydrogen RDF gNaH(r) on the two top panels and

gKH(r) on the two bottom panels for increasing concentration and

temperatures T = 300 K and T = 220 K.

Table 3 Positions of the first peak of the different ion–water RDF at
T=300 K and c=0.67 mol kg�1. a indicates the ion while b indicates
a water O or H site

rab (Å) rab/saO

NaO 2.50 0.70
NaH 3.10 0.86
ClO (NaCl) 3.25 0.91
ClH (NaCl) 2.35 0.66
KO 2.90 0.72
KH 3.45 0.85
ClO (KCl) 3.25 0.91
ClH (KCl) 2.35 0.66

Fig. 5 NaO and KO coordination numbers calculated with eqn (2) as

function of concentration for both the aqueous solutions at the

different temperatures as indicated in the panels of the figure.

Fig. 6 ZO and ZH RDF for NaCl (aq) (bold line) and KCl (aq)

(dashed line) reported as a function of the respective r/rZO. The two

concentrations c = 0.67 mol kg�1 and c = 3.96 mol kg�1 are reported

for the temperatures T = 300 K and T = 220 K as indicated in the

panels.
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decreased orientational order of water molecules in the K

hydration shell with respect to the hydration shell around Na

ions. We note moreover that in the KCl (aq) solution there is

the possibility of exchanging molecules between the first and

the second shell as found in experiments,15 previous computer

simulation17 and ab initio calculations.73 This property is

preserved even upon supercooling. On the contrary the first

shell of the NaO becomes more rigid at T = 220 K.

The increase in concentration has more effect on the NaCl

(aq) hydration shell. This is evident also from the slope of the

NaO CN vs. c in comparison with the corresponding KO CN,

see Fig. 5. At low concentration upon supercooling, the

hydration shell of Na tends to stabilize and to become more

rigid. At the highest concentration we note the decrease of the

gNaO(r) peak as function of T. This can be due to differences in

the thermodynamic behaviour between the two solutions in

approaching the HDL phase of the solvent with a tendency to

demixing of the NaCl (aq).

Looking at the gZH(r) it is evident that the Z cations, due to

the positive charge, shifts the hydration shell of hydrogens to

larger distances with respect to the ZO and the distribution of

hydrogens around the Z cations appears broader.

4.2 Chloride hydration shell

At variance with the ZO structure, the gClO(r) and gClH(r)

reported in Fig. 7 and Fig. 8 show a different behaviour for

NaCl (aq) and for KCl (aq).

The increase in salt concentration has little effect on the ClO

RDF in KCl (aq) while a strong change is observed in the

region of the second peak for NaCl (aq).

The gClH(r) show well defined first and second peaks. For

NaCl (aq), at increasing concentration there is a decrease

of the first peak in correspondence with the progressive

disappearing of the second hydration shell in the ClO. In

KCl (aq) the first hydrogen shell is almost independent from

the concentration.

The changes with concentration are reflected also in the CN

for the ClO, ClH (not reported). There is not much change in CN

in KCl (aq) while in NaCl (aq) it is possible to note a decrease of

CN as function of c, particularly evident for the ClH CN.

The behaviour of the chloride hydration shell can be

observed in Fig. 9, where the gClO(r) and gClH(r) are reported.

The coordination shells of both oxygens and hydrogens are

well defined for all the concentrations and temperatures.

It is evident that at low concentration both at T = 300 K

and T = 220 K, the hydration shell of chloride ions does not

depend on the cation. This is confirmed from the behaviour of

the Cl–O CN.

As evidenced from the sharp first ClH peak at all concen-

trations and temperatures for both the solutions, chloride ions

can form linear hydrogen bonds with hydrogen atoms. The

distance between the first peak of gClH and gClO is approxi-

mately 1 Å, this indicates the tendency of the hydrogens to

form almost linear bridges between oxygens and chlorine.15

Fig. 7 Chloride–oxygen gClO(r) RDF for NaCl (aq) on the two top

panels and KCl (aq) on the two bottom panels for increasing concen-

tration and temperatures T = 300 K and T = 220 K.

Fig. 8 Chloride–hydrogen gClH RDF for NaCl (aq) on the two top

panels and KCl (aq) on the two bottom panels for increasing concen-

tration and temperatures T = 300 K and T = 220 K.
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From the same Fig. 9, it is also evident that as the

concentration increases the behaviour of NaCl (aq) starts to

be different from that of the KCl (aq). At low concentration

the gClO(r) is similar in both the solutions. While, at the highest

concentration in KCl (aq), the ClO–ClH RDF do not change

much with respect to the lowest concentration we observe that

in the NaCl (aq) system there is a decrease of the first peak

both in the gClO(r) and gClH(r). In particular the second

hydration shell of O around Cl ions disappears at T =

300 K and it becomes a small shoulder at T = 220 K. These

results are in contradiction with the hypothesis of an indepen-

dence of the hydration shell of chloride from concentration.8

From our results, in fact, it comes out that the behaviour of

the hydration shell is related to the thermodynamic conditions.

As shown above in the analysis of the water–water structure

the systems, upon increasing salt concentration, undergo a

transformation to the HDL phase of the solvent.

By comparing the gClO(r) and gClH in Fig. 7 and 8 with the

gOO(r) and gOH(r) RDF in Fig. 1 and 2 it appears that in NaCl

(aq), the structure of the chlorine hydration shells is similar to

the structure of the OO and OH shells for both the tempera-

tures. Cl can be approximately substitutional to O for both

temperatures and all concentrations. In KCl (aq), instead the

gKO(r), shown in Fig. 9 does not follow the changes taking

place in the gOO(r) at increasing concentration (Fig. 1).

In Fig. 10 we show the functions gOO(r) and gClO(r) together

with the gZO(r) for the salt solutions at different concentration.

In NaCl (aq) the NaO is on the left side of the OO peak,

while in KCl (aq) the KO peak is shifted to higher r and

becomes intermediate between the peaks of OO and ClO. In

KCl (aq) the positive K ions are closer to the O and they have

a larger diameter than the Na ions. At increasing concen-

tration it appears that steric effects of K ions on oxygens keep

rigid the first ClO shell preventing a full rearrangement of the

chlorine hydration shell. In calculations on electrolyte solutions it

was found that excluded volume effects are stronger between

ions and a sphere with opposite charge.74

In spite of this, the effect of K and Na cations on the water

structure are very similar.

4.3 Results for KF (aq) solutions

As a further example to test the previous results we consider

the KF (aq) solutions, where the structure breaker Cl anions

are substituted with the F anions, which has a larger charge

density and is considered as a structure maker.

In the KF (aq) solutions the gKO(r) and gKH(r) are very similar

to the functions shown in Fig. 3 and they are not reported.

It comes out that the KO structure is independent on the anion.

It is more interesting to observe the gFO(r) and gFH(r) in

Fig. 11. By comparing with the corresponding chlorine–water

RDF in Fig. 7 and 8, a more well defined hydration structure is

evident here due to the higher charge density of F ions. This

would seem in agreement with the classification of F as a

structure maker with respect to Cl. However from the RDF of

Fig. 9 ClO and ClH RDF for NaCl (aq) and KCl (aq). The two

concentrations c = 0.67 mol kg�1 and c = 3.96 mol kg�1 are reported

for the temperaturesT=300K andT=220K as indicated in the panels.

Fig. 10 OO, ClO and ZO RDF at T = 300 K for NaCl (aq) on the

top panels and KCl (aq) on the bottom panels. Concentrations are

c = 0.67 mol kg�1 and c = 3.96 mol kg�1, as indicated.
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water in KF (aq) in Fig. 12 it is evident that the water structure

undergoes the same changes observed in the other aqueous

solutions, with a progressive approach of water to its HDL

structure.

As before for the KCl (aq) we find that the position of the

first KO peak is on the high r side of the FO peak position.

It comes out that also the structure of the hydration shells of

KF (aq) appears to be determined from the interplay between

the charge density and the steric effects.

5 Conclusions

In this work we have investigated by means of computer

simulations two salt water mixtures, NaCl (aq) and KCl

(aq). The salts are formed by the same anion, considered a

structure breaker in the traditional classification, and a cation

considered a structure maker, the Na, and a cation considered

a structure breaker, the K. We performed the simulations at

different ionic concentrations and we compared the results

at ambient temperature and upon supercooling at T = 220 K

at ambient pressure value.

In agreement with recent experimental results we find that

the concept of structure maker/breaker does not seem to

appropriately take into account the effects of ions on the

water structure. It is in fact true that for the cation hydration

shells the arrangement of water around the K ions has a

weaker order with respect to water molecules in the hydration

shells of Na ions, but when we look to the water structure, we

find a strong distortion of the HB network upon increasing the

concentration in both NaCl (aq) and KCl (aq) with not many

differences between the two cases.

We observe in particular, in agreement with previous results

on NaCl (aq),38,39,67 a tendency of water to transform to the

HDL phase upon increasing ion concentration.

From our calculations, the structure of water appears

weakly dependent on the type of salt. It seems that as the ions

are hydrated, the structure of water, for the given thermo-

dynamic conditions, is only affected by the level of concen-

tration. Our results on the effects of the perturbation of the

HB network both in NaCl (aq) and KCl (aq) support the

hypothesis of an analogy between concentration of ions in

solution and enhancement of external pressure applied to

pure water.

The results on KF (aq) are in agreement with these

considerations.

The behaviour of the cation–oxygen and anion–oxygen

structures with concentration indicates that charge density

and steric effects are relevant in the formation of more or less

rigid hydration shells, but they scarcely influence the water

structure.

An important finding of this paper is that the concept of

structure makers and structure breakers cannot prescind from

the other ionic species present in the solution. In fact differences

between the behaviour of the hydration shell of Cl in NaCl

Fig. 11 FO and FH RDF for KF (aq) for increasing concentration

and temperatures T = 300 K and T = 220 K, as indicated in the

panels.

Fig. 12 Oxygen–oxygen RDF of water in the KF (aq) solution at

increasing concentration compared with pure TIP4P water, upper

panel T = 300 K, bottom panel T = 220 K.
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(aq) in and KCl (aq) are found. They can be explained in terms

of the different charge density and size of the cations involved.

From our study it is confirmed that the structure making/

breaking classification of ions is not able to give a complete

prediction of the way in which water structure changes under

the effect of ions. This appears more evident upon supercooling.

Acknowledgements

We gratefully acknowledge the computational support of

CASPUR, CINECA, and the Roma Tre INFN-GRID.

References

1 A. K. Covington andT. H. Lilley,Ionic Processes in Solutions,
Dover, New York,1953.

2 A. K. Covington and T. H. Lilley, Electrochemistry, The Chemical
Society, London, 1970, vol. 1, p. 1.

3 F. Hofmeister, Naunyn-Schmiedebergs Arch. Pharmacol., 1888,
24, 247.

4 K. D. Collins, Methods, 2004, 34, 300.
5 Y. Zhang and P. S. Cremer, Curr. Opin. Chem. Biol., 2006, 10, 658.
6 J. H. Morais-Cabral, Y. Zhouh and R. MacKinnon, Nature, 2001,
414, 37.

7 G. W. Neilson and J. E. Enderby, Proc. R. Soc. London, Ser. A,
1983, 390, 353.

8 J. E. Enderby, Chem. Soc. Rev., 1995, 24, 159.
9 G. W. Neilson and G. J. Herdman, J. Mol. Liq., 1990, 46, 165.

10 H. Ohtaki and T. Radnai, Chem. Rev., 1993, 93, 1147.
11 H. Ohtaki, Monatsh. Chem., 2001, 132, 1237.
12 A. K. Soper, J. Chem. Phys., 1994, 101, 6888.
13 G. W. Neilson, P. E. Mason, S. Ramos and D. Sullivan, Philos.

Trans. R. Soc. London, Ser. A, 2001, 359, 1575.
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