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Abstract

This work deals with the effect of increasing pressure at 298.15 K on the

structure and hydration shell properties of ions in infinitely diluted solu-

tions. Results were obtained from NPT Monte Carlo simulations at various

pressures, from 1 atm up to 8000 atm, for some alkali metal, alkaline earth

and halide ions in TIP4P water. As pressure increases, the ion-O and the

ion-H radial distribution functions (rdfs) are subjected to changes to differ-

ing extents depending on both the charge and the size of the ion. The first

peak of the ion-O rdf is shifted to a shorter distance from the ion for Cs+,

Br− and I−, while in the other cases there is no evidence of shortening. In

contrast, for the alkaline earth ions, the most prominent effect is the decrease

in the height of the first peak. Minima positions of the ion-O rdfs were used

to define the first and the second hydration shells at a given pressure. Water

dipole orientation with respect to the radial direction was examined, show-
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ing that at higher pressures the ion-dipole interaction becomes less attractive

than at 1 atm. A much less favourable orientation was found for waters in

the first shell of halide ions. Shell properties were computed from definite

integrals of the ion-O rdfs, such as the coordination number and the shell

contribution to the excess volume. For the first hydration shell, apart from

Ca2+, there is a significant increase in the coordination number upon increas-

ing pressure. This effect becomes more important the larger the ion size is

and this is very significant for alkali metal and halide ions. In the case of I−

the gap observed between 4 katm and 5 katm reflects the striking effect of

increasing pressure on the shell definition. The coordination number remains

almost constant when using an alternative boundary for the shell. This was

suggested by the radial distribution of water-dipole orientations. Shell ex-

cess volume contributions are discussed by examining their dependence on

pressure. Electrostriction is shown for the first shell, while the second shell’s

contribution to the excess volume is positive. At a higher pressure, the shell

electrostrictive volume per water molecule is always less than at 1 atm. The

greatest effect is shown for the first shell of alkaline earth. The effect of a

different shell boundary is examined on the shell quantities of halide ions.
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1. Introduction1

From studies mainly at ambient conditions, ions in water have been char-2

acterized as ”structure making” or as ”structure breaking” [1]. On the one3

hand, it is recognised that the strong field of an ion yields structural changes4

in the first hydration shell, due to specific orientations of waters with respect5

to the ion and electrostriction [2]. On the other hand, Marcus pointed out6

that the distinction should be made on the basis of the extent of hydrogen7

bonding around the ion, even beyond the hydration shells. Following Marcus8

[1], several anions, including halide ions, are classified as ”breaking”, but9

also some cations, such as the alkali metal ions, belong to the same class,10

even if at a lower level than the halide ions. According to the same classi-11

fication, cations with a higher charge are generally ”making” such as some12

molecular anions. Different series have been compiled and the relative po-13

sition of two ions can also be reversed depending on the conditions of the14

experiments. However, ion specificity has been noted in lists based on partial15

molar volumes and electrostriction determined in protic and aprotic solvents16

[3]. Regarding ions dissolved in water, this specificity is explained in terms of17

the charge and the size of the ion, on which the level of hydration depends.18

These features can be generally correlated to the concept of a ”making” or a19

”breaking” structure. A small ion with a high charge produces strong hydra-20

tion and is generally considered to be ”structure making”, while a large ion21

with a low charge is to be often related to weak hydration and is considered22

to be ”structure breaking”.23

Water structure depends also on pressure and temperature either in pure24

liquid or in solutions [4]. The interest in different conditions spans from25
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physical chemistry, biochemistry to technological applications. A specific26

interest has been devoted to the denaturation of proteins under increasing27

pressure [5, 6, 7], which has stimulated studies on how the solvation of hy-28

drophobic and polar solutes is affected by different conditions [5, 4, 8, 9]. In29

contrast, there is a limited number of works concerning this kind of study on30

ions dissolved in water [10, 11, 12, 4, 13]. Such systems are of fundamental31

importance, also because ions are usually present in biological systems [14].32

The aim of this work is to investigate how hydration shells around an33

ion are affected by the increase in pressure at isothermal conditions (298.1534

K). Detailed information on structure is provided by classic NPT Monte35

Carlo results for single monoatomic ions of different charge and size, chosen36

among the alkali metal, alkaline earth and halide ions. To be consistent with37

the previous works on cavities [15, 9], we have inserted ions in TIP4P [16]38

water. This choice offers the right compromise between a moderate cost of39

simulations and a reasonably realistic description of water properties along40

the isotherm. Other details of simulations are given in section 2.1. The41

hydration structure is studied using the radial distribution functions (rdfs),42

which have been integrated in order to obtain the coordination number and43

shell contributions to the excess volume (section 2.2). Furthermore, we study44

water orientation with respect to the ion (section 2.3). Results are presented45

and discussed in section 3. Finally, the main conclusions are drawn in section46

4, where we give some ordering of the ions on the basis of shell properties.47
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2. Calculation48

2.1. Simulations49

Classic Monte Carlo simulations were performed on a constant number50

of particles and at constant temperature and pressure (NPT) by using the51

BOSS program [17]. All the systems were composed of 512 TIP4P [16]52

water molecules and one atomic ion at a fixed position in the center of a53

cubic box with periodic boundary conditions (PBC). The molar fraction of54

the ion with this setup was therefore less than 0.002. Systems were studied55

at various pressures (1, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000 atm56

) while temperature was fixed at 298.15 K in all cases. The ion-water inter-57

action potentials contained in the OPLSAA force field were used. These are58

the ones published by Jensen and Jorgensen [18] for alkali (K+, Rb+, Cs+)59

and halide ions (I− and Br−), and by Åqvist [19] for alkaline earth ions60

(Ca2+,Sr2+,Ba2+). We note that their parametrization was based on free61

energy calculation by FEP using spherical boundary conditions and that62

their transferability to the PBC setup was tested [18]. Moreover, the TIP4P63

model was parameterized using PBC without Ewald summation [16]. The64

same conditions were adopted in our simulations as this choice appeared65

convenient and consistent. The cutoff radius for ion-water and water-water66

interactions was set at 11.5 Å, which was the closest to and yet lower than67

half of the length of the box for the Ca2+-water system at 8000 atm, the68

system with the smallest volume.69

Equilibrated water with cavities [15, 9] of appropriate size at the pressures70

investigated were used as initial configurations. Simulations of 50M config-71

urations were performed in order to equilibrate the systems. Averages were72
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computed using 650M configurations, which were divided into 2M blocks in73

order to compute standard errors.74

2.2. Shell properties from rdfs75

Definite integrals involving ion− O rdfs are used to compute shell coor-76

dination numbers and shell hydration contribution to the excess volume for77

an infinitely dilute solution. For a spherical solute (M), the average number78

of water oxygens (O) in the spherical volume of radius R centered on M is79

n(R) = ρ

∫ R

0

gNPTMO (r)(4πr2)dr, (1)

where we have specified that, in this work, simulation rdfs were computed80

in the NPT ensemble and ρ is the water number density. The corresponding81

coordination number in the first hydration shell is defined as82

cnI = n(r1) (2)

and in the second shell as83

cnII = n(r2)− n(r1), (3)

r1 and r2 being the ion−O distances used to the define the shells.84

According to the Kirkwood-Buff (KB) theory [20] applied to a spherical85

solute in an infinitely diluted aqueous solution, the excess volume can be86

computed from the KB integral87

v∗s = −
∫ ∞
0

[gµV TMO (r)− 1](4πr2)dr. (4)
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The shell contribution to this quantity can be introduced as the definite88

integral between the distances used to define the shell [21]. In this work, for89

the first shell90

∆VshellI = −
∫ r1

r0

[gµV TMO (r)− 1](4πr2)dr (5)

with r0 defining the spherical volume around the solute from which oxygen91

centers are excluded. Apart from a hard-sphere solute, there could be some92

arbitrariness in the definition of this radius. In this work, r0 has been defined93

as the shortest ion−O distance at which g(r) assumes a value different from94

zero. The second shell contribution to the excess volume can be obtained by95

the integral of the same quantity between r1 and r2, namely96

∆VshellII = −
∫ r2

r1

[gµV TMO (r)− 1](4πr2)dr. (6)

The excess volume can be written in terms of these contributions,97

v∗s = V0 + ∆VshellI + ∆VshellII + other terms (7)

where V0 is the spherical volume of radius r0. Clearly, eqs. 2, 3, 5 and 6 define98

shell quantities relative to r1 and r2, whose value can be fixed according to99

the shell definition chosen. The values fixed to the first two minima of g (r)100

correspond to the most common choice.101

The Kirkwood-Buff theory of solutions was formulated within the grand102

canonical ensemble and the g(r) in Eqs. 4, 5 and 6 should be consistently de-103

termined as specified by the notation used above. However, in the literature104

KB integrals have been computed using g(r) determined at NPT conditions,105

usually introducing a renormalization factor [22, 15]. In this work we use106

the ratio N/(< V > ρ0), with N the number of water molecules in the box,107
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< V > the average volume of the simulated system and ρ0 the number den-108

sity of TIP4P water obtained from previous simulations [15, 9]. Then, the109

shell contributions to the excess volume can be rewritten as the sum of two110

terms,111

∆VshellI = −cnI
ρ0

+
4π(r31 − r30)

3
(8)

and112

∆VshellII = −cnII
ρ0

+
4π(r32 − r31)

3
(9)

where the second term in the equations above represents the spherical shell113

volume where oxygens of waters belonging to the shell are found. We com-114

puted also the corresponding quantities normalized to the number of water115

oxygens in the shells, δ∆VI = ∆VshellI/cnI and δ∆VII = ∆VshellII/cnII . We116

recall that these normalized quantities express the difference between the117

inverse of an averaged local number density and 1/ρ0.118

2.3. The water dipole orientation in the hydration shells of monoatomic ions119

In this work, the water orientation with respect to the ion is studied by120

examining α, the angle between the ion− O vector distance and the vector121

from the oxygen towards the hydrogen centres oriented along the C2 axis of122

the water molecule. Since in TIP4P water the negative charge is positioned123

on the same axis, the angle α defines the ion-dipole orientation.124

We present results for 〈α〉 obtained averaging the angle on waters belong-125

ing to the first hydration shell. Local minima positions of the ion − O rdf126

were used to define the extent of the first two hydration shells. Hence, a wa-127

ter molecule belongs to the first hydration shell if the corresponding ion−O128
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distance is less than r1. Results of the angle averaged on waters of the sec-129

ond shell are not presented here, while we have preferred to provide a more130

detailed information on dipole orientation in the first shell and beyond. To131

this aim, the radial distribution of 〈cos (α)〉r was computed by averaging the132

cosine values on water molecules whose oxygens were at a distance between133

r − 0.05Å and r + 0.05Å from the atomic ion.134

Both quantities, 〈α〉 and 〈cos (α)〉r, were computed in post-processing135

from saved configurations. One configuration every 25K simulated was saved,136

for a total of 80 per block and 26K configurations for the entire simulation.137

3. Results and discussion138

3.1. Ion hydration at ambient conditions139

In order to test the setup of our simulations, we first compare the results140

obtained at ambient conditions with experimental [23, 1] and simulation re-141

sults [19, 23, 24, 18, 1] from the literature. Tables 1-3 provide this comparison142

for the first maximum position of ion−O rdfs, the coordination number and143

the angle between the ion − O direction and the water dipole in the first144

shell.145

For alkali metal and halide ions it is worthwhile comparing our results146

with those of Jensen and Jorgensen [18], which were obtained with a large147

spherical drop. Since exactly the same model potentials were used, TIP4P [16]148

for water and for the ions the new LJ parameters optimized by Jensen and149

Jorgensen, discrepancies in the simulation results might arise from the dif-150

ferent boundary conditions. However, even if our results show systematic151

overestimation with respect to their best results, in the worst cases these are152
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Table 1: First maximum position (Å) of the ion-O rdfs obtained from NPT Monte Carlo

simulations of the ions (OPLSAA parameters) in a box containing 512 TIP4P waters

at 298.15 K and 1 atm. Comparison of our results with those obtained by Jensen and

Jorgensen [18] and with simulation and experimental results from the literature.

this worka ref(18)b other worksc

K+ 2.88 2.85 2.65-2.81

Rb+ 3.02 2.95 2.90

Cs+ 3.21 3.20 3.20

Ca2+ 2.41 / 2.40-2.50

Sr2+ 2.61 / 2.57-2.63

Ba2+ 2.79 / 2.81

Br− 3.39 3.35 3.32

I− 3.62 3.55 3.63-4.22

a Statistical uncertaintes of 0.01

b See Reference [18]; statistical uncertaintes of 0.025

c See Reference [1]

of only 0.07 Å( Rb+ and I− ) for the position of the first peak of the ion−O153

rdf (see Table 1) and of 0.6−0.7 (Rb+ and Cs+) for the coordination number154

(see Table 2). Such discrepancies are respectively within three and two times155

statistical uncertainties [18] and should considered to be small.156

Also for the alkaline earth metal ions the comparison with Åqvist’s results157

[19] refers to the same LJ parameters and different boundary conditions,158

although in this case the SPC model was used for water. Results show a159

very good agreement, with the first peak position overestimated by only160
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Table 2: The coordination number in the first hydration shell of the ions at 298.15 K and

1 atm. Comparison between our results with those obtained by Jensen and Jorgensen [18]

and with simulation and experimental results from the literature.

cnI

this worka ref(18)b other worksc

K+ 7.3 7.0 6-8.3

Rb+ 7.8 7.2 6-8.9

Cs+ 8.6 7.9 8-9.2

Ca2+ 8.0 / 7-8.6

Sr2+ 8.8 / 8-8.1

Ba2+ 9.2 / 8.1

Br− 7.8 7.7 8

I− 8.4 7.9 7.6-8

a Statistical uncertaintes of around 0.1, including the uncertainty in reading the

minimum position of the rdf. These uncertainties were estimated from integrals of

g(r)± σ and are larger then those obtained on the basis of error propagation on the

integral.

b See Reference [18]

c See Reference [1]

0.03 Å in the worst case (Sr2+).161

Overall, PBC do not affect the definition of hydration shells and a box of162

512 waters can be considered sufficiently large for the purpose of this work.163

On the contrary, these results can depend much more on the model potential164

used to describe ion-water interactions. For example, the first peak position165

computed for Ca2+ − O is underestimated by 0.1 Å and the coordination166
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Table 3: The average of the ion-water dipole angle (α) in the first hydration shell of the

ions at 298.15 K and 1 atm. Comparison between our simulation results and literature

data.

〈α〉

this work other works

K+ 50.3(2) 20-55a

Rb+ 52.8(1) 59b

Cs+ 56.2(1) 50.2-57a

Ca2+ 22.4(1) 26-51a

Sr2+ 25.0(1) /

Ba2+ 26.8(2) /

Br− 125.7(1) /

I− 123.9(1) /

a See Reference [23]

b See Reference [25]

number by 0.6 with respect to simulation results of Floris et al. [24].167

Regarding comparison with experimental results, the fact that they fall168

within a larger range than the one we obtained can be related to the different169

concentration of the ion and the presence of the counterion [23, 1]. This holds170

also when comparing the angle which defines water dipole orientation with171

respect to the ion (Table 3)).172

3.2. The effect of increasing P on ion-water rdfs173

The water structure around ions strongly depends on the strength of the174

ion field and on the sign of the charge. This is depicted in the ion − O175
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Figure 1: Ion-O and ion-H radial distribution functions for Cs+ in panel (a), Ba2+ in

panel (b) and I− in panel (c) at 298.15 K and pressures of 1 atm and 8000 atm. Results

obtained using PBC from NPT MC simulations of a single ion at the centre of a cubic box

of 512 TIP4P waters.

and ion − H rdfs shown in Fig. 1. Here we provide only a representative176

selection of the cases studied in this work, Cs+ for the alkali metal, Ba2+ for177

the alkaline earth metal and I− for the halide ions. For each atomic group,178

these cases correspond to the largest ion within those studied in this work.179

In the figure, the ion−O and ion−H rdfs are shown at ambient conditions180

and at 8000 atm and 298.15 K. Details of these rdfs in the whole range of181

pressure are shown in Fig. 2. For the sake of completeness rdfs for all the182
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Figure 2: Magnification of the ion−O radial distribution functions around the first max-

imum position (for Cs+ (a), for I− (c), for Ba2+ (e)) and from distances around the first

minimum to distances around the second minimum (for Cs+ (b), for I− (d) and for Ba2+

(f)). Results were obtained from MC NPT simulations of a single ion at the centre of a

cubic box of 512 TIP4P waters at 298.15 K and pressures from 1 up to 8000 atm.

cases we have studied are provided in the supplementary material (Figs. S1-183

S16 and Tables S1-S24). In the following two subsections we discuss maxima184

and minima positions of the rdfs, and how the increasing pressure affects the185

rdfs’ values at the first and second peak.186

3.2.1. Changes of rdfs’ maxima positions and shell definition upon increasing187

pressure188

An overall look at the rdfs’ plots reveals that positions of the maxima and189

minima are more affected by increasing P the weaker the ion field is. (See190

Fig. 1, Fig. 2 and Figs. S1-S16.) This is in line with what has been found191
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Table 4: The first maximum and minimum positions of the ion-O rdf for Cs+, Ba2+, I−

in TIP4P water at 298.15 K and various pressures from 1 up to 8000 atm. Units of Å(a).

Cs+ Ba2+ I−

P (atm) rmax rmin rmax rmin rmax rmin

1 3.21 4.09 2.79 3.64 3.62 4.26

1000 3.21 4.14 2.79 3.64 3.62 4.23

2000 3.21 4.11 2.80 3.64 3.61 4.24

3000 3.20 4.11 2.80 3.67 3.61 4.26

4000 3.20 4.10 2.80 3.65 3.60 4.23

5000 3.20 4.11 2.80 3.65 3.60 5.61

6000 3.20 4.11 2.80 3.64 3.60 5.54

7000 3.20 4.09 2.80 3.63 3.60 5.51

8000 3.19 4.14 2.80 3.64 3.59 5.46

a Statistical uncertaintes of 0.01Å

in other works [10, 11, 13], even if P and T conditions are different from this192

work.193

Shortened distances at the first maximum are clearly shown for Cs+194

among the alkali metal ions and for both halide ions studied, Br− and I−.195

This occurs both for ion−O and ion−H rdfs (Fig. 1 and Figs. S5, S6, S13,196

S14, S15 and S16). For alkaline earth ions, hydration shells preserve their197

definition since very small changes are observed only for the position of the198

first minimum and the second maximum (Table 4 and Tables S10, S13 and199

S16).200
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Minima positions are only slightly affected by increasing pressure, except201

for halide ions, for which the shells’ definition drastically changes at pressures202

higher than 4000 atm. Nevertheless, changes in the ion−H rdfs are significant203

but regular in these cases (Figs. S13-S16).204

In the case of anions’ rdfs, more pronounced changes in maxima and205

minima positions are observed with respect to cations of opposite charge.206

This is highlighted in Fig. 2, where the effect of increasing pressure on Cs+−O207

and I− − O rdfs is shown in specific regions, for distances around the first208

maximum (panels (a) and (c)) and beyond the first hydration shell (panels209

(b) and (d)). Values of the rdf increase with pressure at the first minimum210

and decrease at the second maximum in both cases. However, the resulting211

evolution of the rdfs is quite different. For Cs+, the second peak flattens,212

hardly affecting the definition of the first shell (panel b). For I−, the second213

shell collapses into the first shell at pressures higher than 4000 atm (panel214

d). By contrast, details of the Ba2+ −O rdf shown in panels (e) and (f) of215

the figure illustrate the weakness of the effect of increasing pressure on the216

shell definition of alkaline earth ions.217

Finally, our results on ion hydration under pressure cannot be compared218

with experimental and simulation results from other studies because these219

were obtained at temperatures higher than 298 K and very high pressures,220

generally higher than 10 Katm [10, 11, 13]. However, even in these works it221

has been found that the hydration shells of Br− and I− are greatly affected222

by changes of pressure much more than those of cations of a similar size.223
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3.2.2. Changes upon increasing pressure of the rdf value at maxima positions224

As noted above, for the alkaline earth metal ions the position of the first225

maximum remains practically unvaried under increasing pressure at 298.15226

K, but at the same time the greater strength of the ion field determines a227

larger variation of the value of the rdf at the first maximum position. This228

can be appreciated in Fig. 3, where the difference between the value of the229

ion-O rdf at pressure P with respect to 1 atm is plotted versus P. (Data are230

provided in Tables S1, S4, S7, S10, S13, S16, S19 and S22).231
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Figure 3: Difference at maxima positions between the ion-O rdf value at a pressure P and

that at 1 atm plotted versus pressure for all the ions studied at T=298.15 K and pressures

from 1 up to 8000 atm. Results from NPT MC simulations of a single ion at the center

of a cubic box of 512 TIP4P waters. Panels (a)-(c) refer to the first peak for alkali metal

(a), alkaline earth (b) and halide (c) ion-O rdfs. Panels (d)-(f) refer to the second peak

for alkali metal (d), alkaline earth (e) and halide (f) ion-O rdfs.
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For Sr2+ and Ba2+ the curves practically coincide, while for Ca2+ the232

curve decreases with a larger slope from 3000 atm up to 8000 atm (panel (b)233

of Fig. 3). In the remaining cases, these differences can be roughly tenfold234

or even smaller. For alkali metal ions the curve of Rb+ is in between those of235

K+ and Cs+, for which the slope of the curve becomes positive at a pressure236

higher than 1000 atm (Fig. 3 (a)). Instead, for both halide ions the curves237

decrease (Fig. 3 (c)).238

We reiterate here that a positive slope of the value of g(rmax) vs P is239

typical of hard-sphere cavities in water [9]. For a cavity with a contact240

radius of 2.85 Å, which is close to the position of the first maximum of the241

K+−O rdf, at 1000 atm and 8000 atm the rdf value at contact is larger with242

respect to ambient pressure respectively of 0.37 and 2.06. This effect becomes243

more important with larger cavities [9]. Thus, trends in Fig. 3 (a)-(c) are244

generally in agreement with the expectation that curves would deviate more245

from that relative to a cavity in water of comparable size the stronger the246

ion field is. In particular, in the case of the alkaline earth ions the effect247

of increasing pressure is clearly the opposite to that shown in the case of a248

cavity. Furthermore, with regard to the ion-size effect, since a size increase249

leads to less negative or even to positive variations ( Rb+ and Cs+ ) for a250

positive variation of P, this appears in line with the behaviour observed for251

cavities in water [9].252

Differently from the first shell peak, as regards the second maximum of253

the rdf, panels (d)-(f) of the same figure show that in the case of alkaline earth254

ions there is the smallest effect. For Ba2+, changes produced by increasing255

pressure are even smaller than statistical uncertainties. For all alkali metal256
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ions the curves slightly decrease. A greater effect is observed in the case of257

halide ions, in particular for Br−, whose curve decreases in the whole range258

of pressures. For I− changes are significant with an inversion of trend of259

around 3000 atm.260

More structured hydration shells are commonly revealed in the ion − O261

rdfs by a sharper peak, to which there would correspond a larger difference of262

the rdf’s values between the maximum and the minimum positions. From our263

study it emerges that the main effects on ion−O and ion−H rdfs (Figs. S1-264

S16) determined by increasing P at ambient T are: (1) the decrease of values265

at the first maximum position, except for Cs+ and for Rb+ at pressures higher266

than 4000 atm (Fig. 3); (2) the slight increase of values at the first minimum267

position and (3), as a consequence of previous points generally there might be268

some loss of structure in the first shell. However, at ion−O distances between269

the first maximum and first minimum, the increase of rdf’s values appears to270

be very important as it implies that the coordination number increases under271

increasing pressure. These are discussed in Section 3.4, while hydration shell272

structure results are presented for water dipole orientations in the following273

section.274

3.3. The effect of increasing P on water orientation275

3.3.1. Water dipole orientation in the first hydration shell276

Tables 5-7 report results averaged on the waters belonging to the first277

hydration shell, for the angle between the water dipole and the ion − O278

direction at the various pressures along the isotherm at 298.15 K. This angle279

is important because the ion-water interaction energy is dominated by the280

charge-dipole term, which is related to the dot product of the water dipole281
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moment with the electric field of the ion (−d · Eion).282

Table 5: Pressure dependence at 298.15 K of the average of αa in the first hydration shell

of alkali metal ions in TIP4P water.

〈α〉(◦)

P (atm) K+ Rb+ Cs+

1 50.3(2) 52.8(1) 56.2(1)

1000 51.2(2) 53.7(2) 57.8(2)

2000 52.2(3) 55.0(2) 58.5(2)

3000 53.0(2) 55.9(2) 59.4(2)

4000 53.5(1) 56.3(2) 59.9(2)

5000 54.2(2) 57.0(2) 60.5(2)

6000 54.7(2) 57.8(2) 60.9(2)

7000 55.4(2) 57.9(2) 60.8(2)

8000 55.9(2) 59.2(1) 62.6(2)

a α is the angle between the water-dipole and the ion-O direction.

In vacuo the minimal energy configuration corresponds to a value of this283

angle of 0◦ in the case of cations and of 180◦ in the case of anions. Deviations284

from these values are observed in the liquid phase because of water-water285

interactions, which are less effective in the case of a stronger ion field. Thus,286

the magnitude of this angle (α) is more than doubled when comparing results287

for hydration shells of alkali metal ions (Table 5) with those of alkaline earth288

ions (Table 6). In the first shell of halide ions, water-water interactions lead289

to even larger deviations (Table 7). For example, at ambient conditions, in290

the case of Br− the value of 〈α〉 is 125.7◦, which corresponds to a deviation291
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Table 6: Pressure dependence at 298.15 K of the average of αa in the first hydration shell

of alkaline earth ions in TIP4P water.

〈α〉(◦)

P (atm) Ca2+ Sr2+ Ba2+

1 22.4(1) 25.0(1) 26.8(2)

1000 23.1(1) 25.6(1) 27.7(1)

2000 23.4(1) 26.3(1) 28.7(2)

3000 23.9(1) 26.6(1) 29.2(2)

4000 24.1(1) 27.0(1) 29.7(1)

5000 24.6(1) 27.4(1) 30.1(1)

6000 24.9(1) 27.7(1) 31.0(1)

7000 25.2(1) 28.2(1) 31.2(1)

8000 25.7(1) 28.4(1) 31.5(1)

a α is the angle between the water-dipole and the ion-O direction.

of −54.3◦ from the angle of the most stable orientation in vacuo.292

Also the ion size affects the ion-field strength felt by the waters, and, as293

a consequence, the bigger is the ion the larger is the deviation from αvacuo294

observed at any pressure. As regards the systems studied in this work, this295

occurs for Cs+, Ba2+ and I−, respectively for ions of charge +1, +2 and −1296

(Tables 5-7).297

What is clear from our results is that the higher is the pressure the less298

favorable is the ion-dipole interaction. Indeed, upon increasing pressure, 〈α〉299

increases in the case of cations and decreases in the case of anions, with larger300

variations for weaker fields. The difference in 〈α〉 between 8000 and 1 atm is301
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Table 7: Pressure dependence at 298.15 K of the average of αa in the first hydration shell

of halide ions in TIP4P water.

〈α〉(◦)

P (atm) Br− I−

1 125.7(1) 123.9(1)

1000 125.2(1) 123.0(1)

2000 124.7(1) 122.0(1)

3000 124.0(1) 120.4(1)

4000 123.7(2) 119.9(1)

5000 122.8(2) 106.3(1)

6000 121.8(2) 106.2(1)

7000 121.3(2) 106.1(1)

8000 118.0(2) 105.9(1)

a α is the angle between the water-dipole and the ion-O direction.

5.6◦ for K+ and 6.4◦ for Cs+. In the case of alkaline earth ions, this difference302

is smaller, 3.3◦ for Ca2+ and 4.7◦ for Ba2+. However, variations are larger303

in the case of halide ions, likely because of the significant variation of the304

first shell radius discussed in Section 3.2. For Br− and I− 〈α〉 differences are305

respectively of 8◦ and 18◦.306

3.3.2. Water dipole orientation at a given distance from the ion307

What has been said above could be misleading as regards the ion-water308

dipole interaction because it is based on the angle averaged on the shell.309

Thus we computed also 〈cos(α)〉 averaged on water molecules whose oxygen310
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distance from the ion center is r. Fig. 4 shows this quantity for Cs+, Ba2+311

and I− at some pressures along the isotherm at 298.15 K. The small values
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Figure 4: Radial dependence of 〈cos(α)〉r for waters whose oxygens are at distance r from

the ion, averaged in the spherical shell of radius r and thickness 0.1 Å, studied as a function

of pressure from 1 to 8000 atm at T=298.15 K. Results averaged on 26K configurations

saved from the Monte Carlo simulation of a single ion at the centre of a cubic box of 512

water molecules with PBC in a NPT ensemble. Panel (a) contains the results obtained

for Cs+ ion, panel (b) for Ba2+ and panel (c) for I−.

312

observed for r beyond the second shell indicate that in this region the ion313

field has lost most of its capability to orient water molecules, particularly in314

the case of I−.315

However, apart from a very limited range of r, in which the dipole ori-316
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entation has practically the same average value as at 1 atm, the ion-dipole317

interaction is almost always destabilized upon increasing pressure. Depend-318

ing on the ion, this effect is more significant in different regions, involving319

all distances of the first shell in the case of Cs+, a wide region between the320

tail of the first peak and the shoulder of the second peak in the case of Ba2+321

and the region between the first maximum and the first minimum of rdf in322

the case of I− (see Table 4). In these regions, the curves have almost reg-323

ular shifts towards shorter distances at higher pressures in all cases. This324

effect is similar to that observed on the ion-H rdfs and very dissimilar to325

that observed on the ion-O rdfs of Cs+ and I− (Fig. 2).326

The collapse of the second shell of I− into the first shell by means of327

isothermal compression hints that the boundary between the two shells is328

inadequately defined by the minimum of the I−-O rdf at higher pressures.329

A more appropriate definition can be based on the point of inflection of the330

curve of 〈cos(α)〉r, whose position changes from 4.12 Å at 1 atm to 3.87 Å331

at 8000 atm (Fig. 4 (c)). The minimum of the I−-O rdf is located very332

close to these values at pressures lower than 4000 atm. Furthermore, the333

position of the second peak of the I−-H rdf is found nearby (within 0.08 Å),334

regardless of the pressure. This peak receives contributions from both water335

molecules whose oxygen is in the first shell and molecules whose oxygen is in336

the second shell. This reinforces the idea that this distance correctly defines337

the boundary of the first shell of I−.338

On closer analysis, by using the inflection point of 〈cos(α)〉r, the first339

shell is characterised by a greater probability for orientations with negative340

cosine, while the probability of orientations with positive cosine becomes341
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comparably significant already at the distance of minimum of the rdf. By342

adopting this shell definition, compression yields very small changes in 〈α〉,343

the difference between 8000 atm and ambient pressure being within ∼ 2◦ for344

both halide ions. A consistent boundary for the second shell can be fixed by345

using the inflection point of the curves that is located in the second range346

where the slope is positive (Fig. 4 (c)). The corresponding ion-O distances347

slightly decrease with increasing pressure, from 6.55 Å to 6.43 Å in the case348

of I− and from 6.26 Å to 6.15 Å in the case of Br−. Therefore, also for349

the second shell, values are close to the ambient pressure value of the rdf’s350

second minimum.351

3.4. The effect of increasing P on cn352

353

3.4.1. Shells defined by the minima of the ion-O rdf354

The values of the ion-O rdfs obtained from the MC simulations were355

interpolated by a cubic spline, which was examined to determine the position356

of the first and the second minimum. These were used to define r1 and r2357

and hence the coordination numbers of the first and second hydration shells358

were computed from eq. 2 and eq. 3. Panels (a)-(f) of Fig. 5 show the359

results plotted against the pressure.360

As regards the first hydration shell, a significant increase of the coordina-361

tion number is generally observed as pressure increases (panels (a)-(c) of Fig.362

5). For the alkali metal ions, cnI increases from 7.3 up to 8.7 in the case of363

K+ and from 8.7 up to 11.4 in the case of Cs+. For the alkaline earth ions,364

the increase is smaller, from 8.8 up to 9 in the case of Sr2+ and from 9.2 up365
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to 9.8, in the case of Ba2+, while for Ca2+ variations are almost negligible.366

Of the halide ions, the most striking effect is observed on I− between367

4000 and 5000 atm, where the gap in the coordination number is determined368

by the drastic change in rmin ( see Tab. 4 ). Fig. 5 (c) shows also opposite369

trends of cnI at lower and higher pressures with respect to the region where370

the gap occurs. Up to 4000 atm, cnI increases from 8.4 up to 9.7, while in371

the range between 5000 and 8000 atm, cnI decreases from 26.1 to 25. For372

Br− the first shell maintains its definition and cnI increases from 7.8 up to373

11.374

As regards the second shell, changes of r2 upon increasing pressure can375

be more important and as a consequence a change of behaviour is observed376

at higher pressures, greater than 5000 atm (panels (d)-(f) of Fig.5). These377

changes are more important for the ions of a larger size: the coordination378

number shows a striking decrease for Cs+ and an increase for Ba2+. Because379

waters are more distant from the ion, the most important changes are shown380

in the case of I− with a profile of cnII that reflects the important changes381

in cnI . Nevertheless, it can be noted that before the region where the gap382

occurs, at a pressure less than 3000 atm cnII mainly decreases with values383

very close to those of the Br− shell. The decreasing trend of cnII in all the384

range of pressures seems to be characteristic of Br−.385

386

3.4.2. An alternative shell definition for halide ions387

The above description of the isothermal compression on the coordina-388

tion number of I− is within the most common boundary definition. For the389

first hydration shell, an alternative description is provided by the boundary390
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Figure 5: Coordination numbers as a function of pressure for all the ion-water systems

studied from 1 up to 8000 atm at T=298.15 K. Results from NPT MC simulations of a

single ion at the center of a cubic box of 512 TIP4P waters. Panels (a)-(c) refer to the

first shell of alkali metal (a), alkaline earth (b) and halide ions (c). Panels (d)-(f) refer to

the second shell of the ions.

defined by the position of the inflection point of 〈cos(α)〉r, which has been391

proposed in section 3.3.2. The increase in pressure results in a slight con-392

traction of this shell, while the coordination number tends to remain almost393

constant. The coordination number is about 7.4 at almost all pressures, ex-394

cept at 1 atm (7.5), at 7000 atm (7.3) and at 8000 atm (7.1). Therefore,395

there is a very weak tendency to decrease.396

At pressures higher than 4000 atm, the region defined by the two alter-397

native boundaries of the first shell corresponds to the second shell collapsed398

into the first shell. The average number of oxygens in this region varies from399
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18.7 at 5000 atm to 18.0 at 8000 atm. These values therefore connect without400

gap to cnII computed at 4000 atm for r1 and r2 fixed at the minima of the401

rdf. The resultant curve should be very close to that of Br− (panel (f) of402

Fig.5). On the contrary, by adopting the alternative definition also for the403

boundary of the second shell, results show a slight contraction of the shell404

(fig.4 (c)). Results of cnII increase from ∼ 29 at 1 atm up to 34.6 at 8000405

atm, with a value of ∼ 31.7 at the plateau between 4000 and 6000 atm. As406

well as for I−, the alternative boundary definition of the first shell yields for407

Br− a cnI almost constant along the isotherm (7.4-7.5). The pressure profile408

of cnII is non-monotonic with changes from ∼ 21 at 1 atm up to 29.5 at 8000409

atm.410

3.5. Hydration shell contribution to the excess volume of ions411

Figure 6 shows how ∆VshellI is affected by the increase in pressure at412

isothermal conditions (298.15 K). In all the cases, the first shell contribution413

to the excess volume of ions in very diluted aqueous solutions is negative at414

all pressures. This means that the first shell is subjected to electrostriction.415

First, in section 3.5.1 , we discuss the results of ∆VshellI and its component416

terms (eq. 8) at ambient conditions by making comparisons between ions (Ta-417

ble 8). Second, in sections 3.5.2 and 3.5.3, we discuss the effect of increasing418

P on the first and the second shell excess volume contributions, giving an419

interpretation of the trends shown in Fig. 6 and Fig. 7. Hence, in section420

3.6, we discuss the excess electrostrictive volume per water molecule. Finally,421

in section 3.7, we compare results obtained by using alternative boundaries422

for the shells of halide ions.423
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Figure 6: The first hydration shell contribution to the excess volume for the ions in TIP4P

water at 298.15 K plotted versus pressure in the range from 1 atm up to 8000 atm. Results

obtained from Eq. 8, for alkali metal ions (panel (a)), for alkaline earth ions (panel (b))

and for halide ions (panel (c)). Error bars from error propagation using the standard error

on cn computed at fixed spherical shell volume defined by r1 and r2

3.5.1. The first hydration shell of ions: ∆Vshell at ambient conditions424

As general behaviour, a more negative ∆VshellI can be expected when425

water molecules are subjected to a stronger ion-field. Indeed, for alkali metal426

ions values are more than halved with respect to those of alkaline earth ions427

(Table 8) at ambient conditions.428

From eq. 8, the negative value is determined by the dominance of the429
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Figure 7: The second hydration shell contribution to the excess volume for the ions in

TIP4P water at 298.15 K plotted versus pressure in the range from 1 atm up to 8000

atm. Results obtained from Eq. 9, for alkali metal ions (panel (a)), for alkaline earth ions

(panel (b)) and for halide ions (panel (c)). Error bars from error propagation using the

standard error on cn computed at fixed spherical shell volume defined by r1 and r2
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Table 8: Results of ∆Vshell for the first hydration shell of the ions at 298.15 K and 1

atm (third column) and the maximum variation under increasing pressure (last column).

In the first column the spherical shell volume defined by r0 and r1 (second term of eq.8)

and in the second column −cn/ρ0 (the first term of eq.8). All the data in cm3/mol.

First shell P

V1-V0 −cn/ρ0 ∆Vshell effect

K+ 96.0 -131.7 -35.7 3.9 [c]

Rb+ 103.5 -141.1 -37.6 -1.7 [d]

Cs+ 123.5 -154.8 -31.3 -5.4 [e]

Ca2+ 60.1 -145.3 -85.2 16.3 [c]

Sr2+ 76.5 -158.9 -82.4 20.5 [f ]

Ba2+ 82.7 -165.6 -82.9 22.1 [f ]

Br− 94.0 -141.2 -47.2 3.7 [a]

I− 113.1 -152.5 -39.3 -3.4 [b]

a at 3000 atm

b at 4000 atm

c at 5000 atm

d at 6000 atm

e at 7000 atm

f at 8000 atm

term proportional to the coordination number with respect to the spherical430

shell volume, although both terms are important in comparison between ions.431

For example, coordination numbers of Ca2+ and Rb+ are very close (Table432

2) and the large difference in ∆VshellI stems from the smaller spherical shell433

volume around Ca2+ (Table 8). The importance of this term justifies also434
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the less negative values obtained for the shells of Sr2+ and Ba2+, which435

are larger in size and have larger coordination numbers with respect to Ca2+436

(Table 2). Nevertheless, differences are within the thermal volume at ambient437

temperature (2.3 cm3/mol).438

The comparison between alkali metal ions shows small differences within439

5 cm3/mol. In this case, the slightly larger coordination number of Rb+ with440

respect to K+ seems to justify the slightly more negative value of ∆VshellI of441

Rb+. On the contrary, despite the larger difference in coordination number,442

the opposite occurs in the comparison between Cs+ and K+, whose smaller443

spherical shell volume turns out to be decisive.444

Again, in the comparison with the halide ions, the smaller spherical shell445

volume of the alkaline earth ions is responsible for the large difference ob-446

served in ∆VshellI .447

For halide ions, the first shell contribution to the excess volume is more448

negative than for the alkali metal ions. This is opposite to what is expected449

from considerations based on the strength of the ion-field felt by waters in450

the shell. Nevertheless, a clear explanation is provided by the two terms in451

eq. 8. Indeed, Br− and Rb+ have the same coordination number at ambient452

pressure (Table 2), but the spherical shell volume of Br− is smaller (Table 8),453

despite waters in its hydration shell being less close to the center of the ion.454

This arises from their different orientation in the shell of anions that leads455

to a larger V0 (see eq. 8). The same holds for the comparison between I−456

and Cs+, for which coordination numbers are very close at ambient pressure457

(Table 2). We remind the reader that the shell excess volume was obtained458

from a definite integral involving the ion-O rdf ( eq. 5). The larger distance459
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of closest approach to the central ion for oxygens in the shell of I−, which is460

visible in Fig. 1, determines the significant difference in V0 with respect to461

Cs+.462

Finally, by comparing the results of the two halide ions, these are in line463

with the ion-field strength, but still the more negative shell contribution to464

the excess volume obtained for Br− stems from its smaller spherical shell465

volume with respect to I− (Table 8).466

467

3.5.2. The effect of increasing P on the first shell contribution to the excess468

volume469

As pressure increases, generally ∆VshellI becomes less negative for alkaline470

earth ions and K+ (Fig.6). Results exhibit the opposite for Cs+ in the whole471

range of pressure and for I− between 2000 atm and 4000 atm. For Rb+ and472

Br−, the quantity tends to become less negative at low pressures while shows473

the opposite at higher pressures with small variations.474

The greatest effect of increasing pressure is observed for the hydration475

shell of alkaline earth ions with monotonically increasing trends up to 3000476

atm. At higher pressures, ∆VshellI continues to increase but less rapidly and477

the interpolation of points seems to suggest the presence of some critical478

point. It is out of the scope of this work to investigate their existence. Here479

we simply limit ourselves to qualitatively examine these trends.480

From eq. 8, the partial derivative of ∆VshellI with respect to P at constant481

T has three contributions,482
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∂∆VshellI
∂P

)
T

= − 1

ρ0

(
∂cnI
∂P

)
T

+
cnI
ρ20

(
∂ρ0
∂P
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+(
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∂P

)
T

.

(10)

On the basis of the above equation, a positive slope of a curve in Fig. 6 can483

reflect the increase in water density upon increasing pressure if the variations484

of cnI and the spherical shell volume, V1 − V0, are less important. This485

happens for the alkaline earth ions, particularly at pressures less than 4000486

atm. At higher pressures, for Ca2+ and Sr2+ , the non-monotonicity of the487

curves follows from the slope of the spherical shell volume, despite for the488

alkaline earth ions the definition of the first shell is quite well maintained489

upon increasing pressure (Tables 4, S11 and S13). This is not surprising490

since a change in r1 of 0.01 Å can produce a change in the spherical shell491

volume of around 1 cm3/mol.492

The considerations above regarding non-monotonicity are generally valid.493

However, for alkali and halide ions the coordination number significantly rises494

at higher pressures (Fig. 5 (a) and (c)) and −cnI/ρ0 is not monotonic. More-495

over, upon increasing the pressure, the variation of this term of eq. 8 is par-496

tially balanced by the variation of the spherical shell volume. This explains497

why the variation in ∆VshellI along the isotherm is within few cm3/mol.498

Generally, the variation of ∆VshellI at a pressure P with respect to 1 atm499

is positive, with some exceptions as in particular for Cs+ (see Fig.6 and the500

last column of Table 8). At the same time, differently from the other cases,501

for Cs+, V1−V0 at 1 atm is always less than at higher pressures. At 1000 and502

8000 atm the shell expansion is of 6 cm3/mol while at pressures in between503

this remains within 1-2 cm3/mol. These variations reflect the variations in504
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rmin (Table 4) and lead to a larger increase of the coordination number upon505

increasing pressure (Fig. 5(a)). The consequent increased importance of the506

term −cnI/ρ0 in eq. 8 is at the basis of the observed decrease of ∆VshellI507

along the isotherm (Fig. 6(a)).508

The three curves in Fig. 6(a) show very different profiles. This underlines509

how shells progressively more affected by the increase in pressure determine a510

different pressure dependence of ∆VshellI , passing from K+ to Rb+ and from511

Rb+ to Cs+. For K+ the curve is qualitatively similar to that of Ca2+ (Fig.512

6(b)). Its monotonic increase up to 3000 atm still indicates the dominance513

of the second term in eq. 10, which for K+ is less positive than for Ca2+, as514

a consequence of a smaller cnI (see Fig.5 and Tables S2 and S11). Also the515

behaviour at higher pressures is clearly non-monotonic with a local maximum516

of around 5000 atm.517

Of the halide ions, Br− presents a pressure profile of ∆VshellI similar to518

that of Rb+. The two curves share a small increase at 1000 atm with respect519

to 1 atm and a large interval of pressures, up to 4000 atm in the case of Rb+520

and up to 5000 atm in the case of Br−, in which ∆VshellI is very little affected521

by the increase in pressure. At a higher pressure, the two curves differ in522

some details ( a local minimum is present in the case of Rb+) but from 6000523

up to 8000 atm both show again a similar behaviour with a negative slope.524

This similarity arises from the combination of the three terms in eq. 10, as,525

upon increasing pressure, cnI of Br− increases with a larger slope and the526

spherical shell volumes of the two ions show dissimilar behaviours.527

However, ∆VshellI shows a very particular pressure profile for I−, owing to528

its shell being very strongly affected by the increase in pressure. As remarked529
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in previous sections, the most important effect is the gap in cnI between 4000530

and 5000 atm (Fig.5 (c)), which is determined by a shift of 0.4 Å in the first531

minimum position of the I− − O rdf (Table 4). At 5000 atm, ∆VshellI is532

less negative than at 4000 atm of 5.5 cm3/mol. This variation is therefore533

dominated by the increase of the spherical shell volume (eq. 8). On the534

contrary, the monotonic increase of cnI at lower pressures, between 2000 and535

4000 atm, is determinant for the negative slope of the pressure profile in Fig.536

6 (c). At higher pressures, between 6000 and 8000 atm, cnI increases quite537

slowly while there is a clear contraction of the spherical shell volume (Table538

S22). Both cannot explain the positive slope of the curve, for which the539

increase of water density (second term of eq. 10) seems to be determinant.540

541

3.5.3. The effect of increasing P on the second shell contribution to to the542

excess volume543

Differently from the first shell, as shown in Fig.7, the second shell’s con-544

tribution to the excess volume of the ions’ aqueous solutions is positive in545

all cases but one (I− at 7000 atm). This implies that the spherical shell546

volume is generally the dominant term in eq. 9, although the negative term547

is affected by increasing pressure because of the very important changes of548

the second shell coordination number (panels (d)-(f) of Fig. 5). For these549

reasons, the analysis of the effect of increasing pressure on ∆VshellII can ap-550

pear more complicated than for the first shell’s contribution. Nevertheless,551

results can be interpreted on the basis of an analogous equation to Eq. 10552

derived for the second shell from Eq. 9,553
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For instance, the first term of the equation above can contribute to a554

positive slope at a higher pressure for alkali metal ions (see Fig. 7(a)) be-555

cause cnII decreases with P (see Fig.5(d)). For Cs+, this occurs in a wide556

range, from 3000 atm up to 7000 atm, where the third term gives a negative557

contribution. For alkaline earth ions, generally cnII increases (see Fig.5(e)),558

giving a negative contribution to the slope of ∆VshellII . However, for the559

curve of Ca2+ (fig. 7(b)), from 3000 atm up to 6000 atm, the negative slope560

appears to be mainly determined by the contraction of the spherical shell561

volume (third therm of Eq. 11) as variations of the coordination number are562

very small in this range. To give another clear example, for I− (Fig. 6(f)),563

the slope is negative from 4000 atm up to 7000 atm, but in this range, apart564

from the gap, cnII decreases, so that the contraction of the spherical shell565

volume is more important.566

Finally, the first shell’s contribution to the excess volume is always much567

more important than the second shell contribution, especially for the alkaline568

earth ions. Thus the sum of the two contributions is negative. It is worth569

commenting on changes under pressure of the relative importance of the two570

contributions. For all cases considered in Table 9, with the exception of571

I−, the ratio −∆VshellII/∆VshellI significantly increases at higher pressures.572

An inspection of the data (Tables S1-S24) shows that this correspondingly573

implies less negative ∆VshellI and more positive ∆VshellII . For the specific574

cases of I−, in which the opposite occurs, as for instance comparing 1000575
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Table 9: Results for the ratio of ∆Vshell between the second and the first hydration shell

of the ions studied in this work at T=298.15 K and at some pressures along the isotherm.

P

1 atm 1 katm 4 katm 8 katm

K+ -0.279 -0.322 -0.367 -0.379

Rb+ -0.320 -0.352 -0.409 -0.485

Cs+ -0.423 -0.447 -0.515 -0.652

Ca2+ -0.072 -0.149 -0.207 -0.360

Sr2+ -0.021 -0.035 -0.121 -0.124

Ba2+ -0.122 -0.110 -0.098 -0.245

Br− -0.116 -0.202 -0.354 -0.319

I− -0.155 -0.052 -0.229 -0.092

atm with 1 atm, or 8000 atm with 4000 atm, both seem characterised by a576

less positive ∆VshellII at the higher pressure. The ratio shows also dependence577

on the specific ion. For alkali metal ions, at any pressure, the ratio increases578

with the ion size. The same occurs only when comparing Ba2+ with Sr2+ and579

Ca2+. The relative importance of ∆VshellI and ∆VshellII , strikingly depends580

on the ion and on the pressure (Table 9). This has relevance regarding the581

evaluation of the excess volume from KB integrals (Eq. 4), as it could imply582

that correspondingly a different cutoff would be required in order to obtain583
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Figure 8: The first hydration shell contribution to the excess volume normalized to cnI

for the ions in TIP4P water at 298.15 K plotted versus pressure in the range from 1 atm

up to 8000 atm. Results for alkali metal ions in panel (a), for alkaline earth ions in panel

(b) and for halide ions in panel (c).

a given accuracy.584

3.6. The effect of increasing P on the shell electrostrictive volume per molecule585

In the literature, the excess volume of ions in an aqueous solution has586

been used to determine electrostriction [26, 2]. Our simulation results show587

that electrostriction is not homogenous, and strictly regards the first hydra-588

tion shell of the ions (Fig. 6), as the second shell is subjected to a volume589

expansion with respect to pure solvent (Fig. 7).590
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Figure 9: The second hydration shell contribution to the excess volume normalized to cnII

for the ions in TIP4P water at 298.15 K plotted versus pressure in the range from 1 atm

up to 8000 atm. Results for alkali metal ions in panel (a), for alkaline earth ions in panel

(b) and for halide ions in panel (c).

The shell excess volume normalized to the corresponding coordination591

number equals the difference between the inverse of the local number density592

averaged on the shell and the inverse of the number density in pure water.593

As regards the first shell of an ion, by reversing the sign of this quantity we594

obtain the shell electrostrictive volume per molecule, which allows us to make595

a more consistent comparison between ions and gives a new insight into the596

pressure effect.597
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At any pressure along the isotherm, the first shell’s electrostrictive volume598

per molecule (Fig. 8) is larger for alkaline earth ions with the order expected599

on the basis of the field strength, Ca2+ � Sr2+ � Ba2+. However, values600

relative to the hydration shell of Sr2+ and Ba2+ are very close. For Ba2+,601

at 8000 atm, the shell’s electrostrictive volume per molecule is smaller than602

that at 1 atm of 2.8 cm3/mol. This is the largest decrease in the quantity603

we observed along the isotherm upon increasing pressure.604

For the alkali metal ions the sequence K+ � Rb+ � Cs+ is generally605

respected. The shell electrostrictive volume per molecule in the shells of606

K+ and Rb+ show very close values, in particular between 2000 and 3000607

atm and the order above is inverted in the range 4000-6000 atm (Fig. 8608

(a)). On the contrary, at any pressure, the curve relative to the first shell of609

Cs+ is well separated from the curves of the other two alkali metal ions. In610

this case, it is interesting that the shell electrostrictive volume per molecule611

remains unaffected by the increase of pressure in a very large range, between612

1000 and 7000 atm. The most relevant effect in this range is the increase in613

the coordination number, the spherical shell volume being little affected, as614

noted at the end of Section 3.5.2. The behaviour above means that the local615

number density of oxygens in the shell increases upon increasing pressure616

with a slope which is close to that of the number density of TIP4P water.617

For halide ions, at any pressure along the isotherm, the shell electrostric-618

tive volume per molecule increases with the expected order: Br− � I−.619

However, when comparing the shell of Br− with the shell of alkali metal620

ions, the order of increase of the same quantity, Br− � K+, is unexpected621

on the basis of the ion-O distances. The same considerations made in the622
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previous sections when comparing ∆VshellI can be repeated here. The in-623

terplay between ion-water and water-water interactions in the shell of Br−624

might be very important in determining larger values. However, differences625

with respect to the alkali metal ions (Fig. 8 (a)) are reduced at higher pres-626

sures, since the quantity is more affected by the increase of the pressure for627

the shell of Br− (Fig. 8 (c)).628

In the case of I−, the pressure profile shown in Fig. 8 clearly reflects the629

underlying structural changes of the shell. At pressures less than 4000 atm,630

the shell electrostrictive volume per molecule of I− is larger than that of Cs+631

and is very similar to that of K+ and Rb+. At 4000 atm the important change632

in the definition of the first shell of I− results in a very low electrostrictive633

volume per molecule, which is less even than that of Cs+.634

At this point, it is important to remark that also the shell excess volume635

relative to the first hydration shell of a hydrophobic solute can be negative636

[15, 9] , but in this case the quantity is not obviously related to electrostric-637

tion. For example, for cavities, whose contact radii with oxygen of water is638

2.8 Å and 3.3 Å, ∆VshellI normalized to the coordination number is respec-639

tively -2.4 cm3/mol and -0.5 cm3/mol, at ambient conditions. At 8000 atm,640

the same quantity becomes -3.1 and -0.4 cm3/mol. These cavities seem to641

be appropriate for comparison with Rb+ and I−, as their contact radii fall642

between r0 and r1 of these ions. Thus, the volume contraction per water643

molecule in the first hydration shell of a monoatomic ion is effectively larger644

than that in the hydration shell of a cavity of comparable size.645

On the contrary, for waters in the second hydration shell there is in the646

majority of the cases a very slight expansion (Fig. 9) with the general ten-647
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dency for δ∆VII to increase with increasing pressure. This behaviour is more648

evident for Br− and Cs+, for which the decrease with P in the coordination649

number (Fig. 5 (d) and (f)) is relevant. With regard to I−, as well as for650

the first shell, also the quantity relative to the second shell shows a specific651

pressure profile. At 4000 atm there is a change of behaviour that causes652

a very slight contraction of volume per molecule at higher pressures. It is653

worth noting that, in the same range, ∆VshellII (Fig. 7) and cnII (Fig. 5 (f))654

are both significantly affected by the increase in pressure, while their ratio655

remains almost constant (Fig. 9).656

657

3.7. How shell volumetric results depend on shell definition658

The shell excess volumetric quantities discussed in the previous sections659

refer to the most common definition of shell. This is based on the minima of660

the rdf, namely the ion-O rdf in this work. Nevertheless, this definition could661

be inconvenient when comparing results at different pressures. This happens662

for I−, for which we have proposed an alternative boundary definition for663

the first shell based on the radial distribution of water dipole orientations664

(section 3.3.2). Here we discuss the corresponding results of ∆VshellI and the665

quantity normalised to cnI for both halide anions. Results are plotted in Fig.666

10, in panels (c) and (d) for I− and in panels (e) and (h) for Br−.667

We have shown before how the two terms of eq. 8 can be both involved668

in changes caused by compression. In order to esemplify this effect here we669

introduce two additional shell definitions. One is the shell defined by the670

first minimum of the rdf at 1 atm. For this shell cnI increases with pressure,671

as shown in panel (a) for I− and in panel (e) for Br− (blue lines). The672
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Figure 10: The effect of the boundary shell on pressure profiles of shell quantities for I−

(panels (a)-(d) and for Br− (panels (e)-(h)). Red curves refer to the boundary (r1) fixed

at the point of inflection of 〈cos(α)〉r (section 3.3.2). Black curves refer to the boundary

fixed at the first minimum of the ion-O rdf. Blue curves refer to the boundary fixed at

the ambient pressure value of the rdf’s first minimum. Green curves refer to the boundary

defined by a constant value of cnI , which correspond to its value at 1 atm when r1 is fixed

at the first minimum of the rdf. The resultant pressure profiles are plotted for cnI ( panels

(a) and (e)), for r1 (panels (b) and (f)), for ∆VI (panels (d) and (h). (panels (c) and (g))

and δ∆VI (panels (d) and (h). Results obtained for the ions in TIP4P water at 298.15 K.

other one is the shell defined by a constant cnI , here fixed to its value at673

1 atm determined at the minimum of the rdf. The boundary of this shell674

contracts for both ions as shown by the green lines in panels (b) and (d). The675

alternative shell definition based on the inflection point of 〈cos(α)〉r presents676

some parallels with both. In fact, cnI is generally constant along the isotherm677

(panels (a) and (c)), while the boundary contracts (red lines in panels (b)678
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and (f)).679

According to the features above, we expect contributions to the slope of680

∆VshellI which are positive from the increase of ρ0 and negative from the681

decrease of V1 − V0 (see eq. 10). The first affects the pressure profile at682

lower pressures, within 1000 atm and 2000 atm, respectively for Br− and I−683

(panels (g) and (d)). Its effect tends to become less important at very high684

pressure, due to the lower compressibility of water. Thus, ∆VshellI should685

tend to remain almost constant or to slightly decrease, which appears as the686

signature of the slight contraction of V1 − V0. This generally occurs in the687

range 2000-6000 atm for I−. The slight increase between 3000 and 4000 atm688

can still be justified by the increase in ρ0. At pressures higher than 6000 atm689

there is a slight increase. This results from the increase in ρ0 and by a slight690

decrease in cnI . Apart from this last detail, for Br− the curve is similar, even691

though values are more negative as a consequence of the smaller spherical692

shell volume (Eq. 8). In fact, with the alternative shell definition, values of693

cnI are very close for the two anions (panels (a) and (e)).694

The pressure profile of the results obtained by using the additional shell695

definitions can be interpreted even more clearly. When the value of cnI is696

fixed, the negative slope stems from the shell contraction. Its effect can be697

seen even at 1000 atm and is generally dominant. Differences between the698

two ions depend on the different value of cnI , which is larger in the case699

of I− of about 0.6. For both ions, this shell definition yields results which700

are closer to those obtained with the alternative shell definition. Vice versa,701

when V1 − V0 is fixed at its value at 1 atm we observe a significant decrease702

in ∆VshellI due to a significant increase in cnI . This is particularly evident703
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at pressures higher than 2000 atm in the case of I− and higher than 3000704

atm for Br−. The curve is very close and similar to that obtained with the705

standard shell definition in the case of Br−. For I− this occurs at pressures706

within 4000 atm, while at higher pressure the two curves follow very different707

behaviours.708

A clearer view is provided by ∆VshellI normalised to cnI . Results are in709

line with the different shell boundaries. Panels (d) and (h) of Fig. 10 show710

that the most negative values are obtained when the boundary is based on711

the inflection point of 〈cos(α)〉r, regardless of the pressure. The effect of712

an increase in pressure on this value is very poor (within 0.25 cm3/mol).713

Therefore, differently to what is observed with the standard definition of the714

first shell, even at high pressures I− presents a larger electrostrictive volume715

per water molecule than the alkali metal ions. Results obtained with a fixed716

value of cnI are less negative with the maximum difference at 1 atm, for717

both ions. Results relative to the most common shell definition are even less718

negative. However, the alternative definition maintains the same order of719

electrostrictive volume between the two halide ions.720

For r1 and r2 fixed at the inflection points of the curves plotted in Fig. 4,721

results obtained for the second shell confirm its positive contribution to the722

excess volume. For the two ions, values practically coincide at 1 atm, while a723

different compression effect is evident (Fig. 11). Hence, there are similarities724

with results obtained with the most common shell definition (Fig. 7), albeit725

when using the alternative shell definition values are more positive of ∼ 3726
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cm3/mol.727

4. Conclusions728

On the basis of our results, the effect of an isothermal increase in pressure729

on the ion-water rdfs at ambient temperature exhibits mainly two aspects:730

(1) shifts in the peak and minima positions, and (2) changes in the height of731

the first peak. The former is particularly evident in the case of I−, which is732

a typical ”structure breaking” ion, while the latter is important for alkaline733

earth ions, which are considered as ”structure making”.734

Also the ion-water dipole orientation in the first shell is significantly af-735

fected, showing a less attractive ion-dipole interaction at higher pressures,736

with the greatest effect on halide ions. Regardless of the pressure, the same737

order of the ions has been found by using the mean absolute deviation of738

〈α〉I from the value of the angle α corresponding to the most favoured ion-739

dipole orientation in vacuo ( see the first column of Table 10). Even though740

this quantity refers to the first hydration shell, the ions we have studied are741

ordered according to the Marcus series, which was based on the hydrogen742

bonding structure of water. Our results suggest that there is some correlation743

between ion-water orientations in the first shell and water-water orientations744

beyond the first hydration shells. Furthermore, the extent of the ion-field in-745

fluence on the ion-water dipole orientation maintains the same order between746

the ions, at any pressure, as revealed by the radial profile of the cosine of the747

angle averaged at a given distance from the ion (Fig. 4). The increase in the748

coordination number of the first shell under increasing pressure follows the749

same order, with a larger variation for the halide ions.750

As remarked in previous sections, in this work, the computed electrostric-751
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tive volume (ESV) refers to the first hydration shell, as for the second shell752

we found a positive contribution to the excess volume. ”Structure making”753

ions have the strongest electrostrictive power, as indicated in Table 10. We754

note that within the ”structure breaking” ions the order based on ESV is par-755

tially reversed with respect to the Marcus series, as the first hydration shell756

of halide ions shows a larger electrostrictive volume than that of alkali metal757

ions. When examining ESV/cnI , values decrease at higher pressures, thus758

confirming that the external pressure opposes the ion-field influence on the759

first hydration shell. The most important effect is on I− and on the alkaline760

earth ions, with order related to the ion size (last column of Table 10).761

In addition, electrostrictive volumes computed in this work are not di-762

rectly comparable with those determined from molar volumes of electrolytes763

in water. When extracted from experimental data, the electrostrictive vol-764

ume can depend on the counterion and includes contributions to the excess765

volume beyond the first hydration shell that can be positive, as found for766

the second shell in this work. However, regardless of the counterion, from767

experimental data [3], it has been found that I− has a lower electrostrictive768

power with respect to Br−, which is in agreement with our order based on769

ESV. On the contrary, on the basis of our results on the electrostrictive vol-770

ume per water-oxygen in the shell (ESV/cnI), for alkali metal ions we found771

the same order derived from the experimental data obtained for electrolytes772

in which the counterion is Cl− or Br−.773

Finally, shell quantities depend on shell definition and, therefore, the774

conclusions above are valid for shell boundaries defined by the minima of775

the ion − O rdf. The boundary defined by the inflection point of the radial776
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distribution of 〈cos(α)〉r is one of the alternative proposed in this work.777

According to this shell definition, isothermal compression causes only very778

small changes in cnI of I− and Br−. Also 〈α〉 and (ESV/cnI) are less affected779

when the alternative shell definition is adopted. However, regarding ESV and780

(ESV/cnI), the relative order between the two halide ions is maintained.781

Furthermore, the two further alternative boundary definitions here proposed782

in the section 3.7 allow a less difficult interpretation of the pressure profiles783

of shell contributions to the excess volume in terms of eq. 8.784
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Figure 11: Second shell volumetric quantities obtained for r1 and r2 fixed at the points of

inflection of 〈cos(α)〉r (section 3.3.2). The resultant pressure profiles of ∆VII (top panel)

and δ∆VII (bottom panel) are plotted for I− (black curve) and Br− (orange curve).

Results obtained in TIP4P water at 298.15 K.
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Table 10: Lists of ions based on results of this work ( T= 298.15 K ) for the quantities:

| 〈α〉I −αvacuo | (see section 3.3.1), the electrostrictive volume of the first hydration shell,

ESV = −∆VshellI ( see section 3.5.1), the electrostrictive volume per water molecule in

the first shell, ESV/cnI , and its variation between 8000 and 1 atm. In each column, ions

are ordered from the smallest (top) to the largest (bottom) value of the quantity.

ions’ order

∆ < α >I
[a] ESV [b] ESV/cnI

[b] δ(ESV/cnI)
[c]

Ca2+ Cs+ Cs+ Cs+

Sr2+ K+ Rb+ Rb+

Ba2+ Rb+ K+ K+

K+ I− I− Br−

Rb+ Br− Br− Ca2+

Cs+ Ba2+ Ba2+ Sr2+

Br− Sr2+ Sr2+ Ba2+

I− Ca2+ Ca2+ I−

a From results at 1 atm. The same order is followed by variations of 〈α〉I and cnI

under the increasing of P.

b From results at 1 atm

c δ(ESV/cnI) = (ESV/cnI)(8000atm) - (ESV/cnI)(1atm)
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