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Static electric permittivity � of water at equilibrium saturated vapor pressures in electric field in the range
108 b E b 1011 V m−1 was calculated. A quantitative measure of the dielectric saturation phenomenon was
introduced. It is found that, according to the definition of this measure, well-defined first hydration shells
of numerous ions investigated by X-ray and neutron scattering methods described in literature are electrical-
ly saturated, and that at various conditions. Calculations show that around some ions, including Ag+, whose
hydration shells are not saturated at ambient conditions, dielectric saturation of water can be achieved by in-
creasing temperature and pressure up to the values not far from the critical ones. This is compared with ex-
tended X-ray absorption fine structure (EXAFS) and XAFS data for Ag+ and Rb+ found in literature.

© 2013 Published by Elsevier B.V.
1. Introduction

Studies of ion hydration at elevated temperature T and pressure P
are of importance to geochemistry [1,2]. They are also valuable in elec-
trochemistry, e. g., when one looks for partial molar volumes of ions in
aqueous solutions [3]. On the other hand, our limited knowledge of
the behavior of water in very high electric field E of the order of
~1 GV m−1 calls for such studies. At the same time, experimental
works on that topic are scarce due to technical difficulties and it
seemsworthy to lookmore closely at the properties of ionic hydration
shells in such conditions.

It should be noted that the knowledge of static electric permittiv-
ity � is needed for finding many physical parameters of water in high
field E, for example entropy, the related electrocaloric effect, as well
as local electrostriction and electrostriction pressure in hydration
shells, to mention but a few. Some of the values of � in high E are
available in literature: those at ambient conditions [4], under ambient
pressure at varied temperature [4] and at ambient T but under varied
P [5]. Also, � of water at equilibrium with vapor (at various T and P)
was calculated [6].

Twomain topicswill be pursued. Firstly, the question is raised: what
are the dielectric properties of water in the field of the ions at elevated
temperature and pressure? In particular, what are the conditions of its
48 61 8684524.
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dielectric saturation characterized as the state in which the H2O dipole
moments point toward (or out of) the ion center? To answer these
questions, some � data taken from the preliminary short account [6]
will be recalled for consistency and used herein as a basis for further de-
velopment devoted to finding conditions for dielectric saturation. A
quantitative measure of the dielectric saturation will be introduced as
a special value of 〈cosθ〉 — the mean cosine of the angle θ between the
direction of the dipole moment μ of a H2O molecule and the direction
of the electric field E. The dielectric saturation state of water corre-
sponds to the values of 〈cosθ〉 very close to unity, to be precisely defined
later. The discussion is based on the statistical approach [4,5] taking into
account the dipoles ofwatermolecules aswell as the presence of hydro-
gen bonds. This approach is applicable to static electric permittivity � of
water in high electric field and in temperature and pressure ranges in
which H2O is liquid.

Secondly, the dielectric saturation phenomenon in the hydration
shells of ions will be confronted with the knowledge, available in liter-
ature, on the character of the shells obtained by methods using X-rays
and neutrons. It will be noted thatwell-defined hydration shells around
many ions are characterized, at the same time, by the dielectric satura-
tion state of water.

It will be argued that ions can be categorized on the one hand as cat-
ions with two or three excess elementary charges, e.g., Ni2+ or Cr3+,
which form well-defined hydration shells characterized by two re-
solved peaks in the radial distribution function [7,8], with addition of
Li+ ions and on the other hand by other cations and anionswith one ex-
cess elementary charge revealing no such shells. At ambient conditions,
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Table 1
Values of the mean number I of allowed orientations of H2O dipoles and other quanti-
ties occurring in Eq. (8) at temperature T and pressure P along the vapor–liquid phase
boundary [16].

Nr T
K
[16]

P
MPa
[16]

V
m3 kmol−1

[16]

nD
[17]

� E→0ð Þ
[18]

b(I)
Eq. (8)

I
Eq. (7)

1 273.16 0.000612 0.01802 1.33576 87.36 0.9985 2.002
2 300 0.003537 0.01808 1.33200 78.50 0.993 2.0105
3 350 0.041682 0.01850 1.32516 63.46 0.965 2.055
4 400 0.24577 0.01922 1.31264 50.31 0.921 2.134
5 450 0.93220 0.02023 1.29469 39.065 0.865 2.254
6 500 2.6392 0.02167 1.27420 29.72 0.800 2.429
7 550 6.1172 0.02384 1.25048 22.27 0.744 2.623
8 570 8.2132 0.02507 1.23823 19.82 0.731 2.676
9 600 12.345 0.02774 1.21314 16.71 0.738 2.647
10 630 17.969 0.03310 1.17411 14.29a 0.831 2.340
11 640 20.265 0.03741 1.15648 12.99a 0.932 2.114

a Extrapolated.
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the dielectric properties of hydration shells around either category of
ions mentioned above were already analyzed [9]. Herein, they will be
characterized as either electrically saturated or not, respectively. Note
that the electrically saturated shells are at the same time highly com-
pressed by the ionic electric field [3] or, more precisely, due to the
huge electrostriction under local electrostriction pressure [9]. It is likely
that such local objects as hydration shells can serve as distinct scatterers
to X-rays or neutrons, in particular if they are more dense than the rest
of the solvent. This is the case if 〈cosθ〉 is very close to unity, that is in the
state of dielectric saturation [9].

It will be shown that even around ions with no well-defined hydra-
tion shells and no dielectric saturation in their first hydration shells at
ambient conditions, as exemplified by Ag+ and Rb+, dielectric satura-
tion can be reached at elevated temperature and pressure not far from
the critical conditions. This indicates the possibility of well-defined hy-
dration shell formation in the latter case. The T and P values at vapor–
liquid water equilibrium were chosen in our calculations because the
measurements on Ag+ aqueous solutions were taken at equilibrium
saturated vapor pressures [10].

It is known that the freezing point [11] and the critical point [1] as
well as the phase equilibrium of water in general [12,13] are shifted in
high electric field. In particular, it concerns the vapor–liquid water
phase boundary. For this reason, the vapor–liquid water phase bound-
ary not in the field and that in the field should be distinguished. Herein,
we choose the T and P variables taken along the vapor–liquid water
phase boundary existing outside the field.

2. Static electric permittivity e(P, T, E) – theory

Let us start with the calculation of the static electric permittivity
�(P, T, E) data for T and P values taken from the vapor–liquid phase
boundary (cf. Ref. [14]) with the electric field strength E as a the param-
eter. To relate the electric permittivity � with the dipole moment μ of
a molecule, a statistical mechanical calculation is applied leading to
〈cosθ〉— themean cosine of the angle θ between the direction of the di-
pole moment μ of H2Omolecule and the direction of the electric field E.
In water, due to the presence of the hydrogen bonds, the number I of
admitted orientations of the dipole moment μ of a molecule of water
with respect to the direction of the electric field is limited. The
value of 〈cosθ〉 for an arbitrary number I of orientations of a dipole is
expressed by the function [4]

cosθh i ¼ BI Ξð Þ ð1Þ

where

BI Ξð Þ ¼ I
I−1

coth
IΞ
I−1

− 1
I−1

coth
Ξ

I−1
; ð2Þ

where Ξ is defined in Eq. (3)

Ξ ¼ μEOn
kT

; ð3Þ

where EOn is the component of the Onsager local field (cf. Ref. [15],
Chapter V) parallel to the vector E acting on the dipole moment μ and
k denotes the Boltzmann constant. The value of the external electric
field E is related with the EOn as follows:

EOn ¼
� n2 þ 2
� �
2�þn2 E; ð4Þ

where n denotes the refraction index. For integer I, BI(Ξ) as defined in
Eq. (2) is the Brillouin function. In particular, in the limit I → ∞ it
takes the form of the Langevin function applicable to dipolar liquids
with no H-bonds and for I = 2— the form of hyperbolic tangent appli-
cable to hydrogen bonded liquids at ambient conditions. For small
values of the argument Ξ the function can be expanded into the
power series:

BI Ξð Þ ¼ I þ 1
3 I−1ð ÞΞ−

I4−1
45 I−1ð Þ4 Ξ

3 þ ⋯ ≡ b Ið ÞΞ−c Ið ÞΞ3 þ ⋯: ð5Þ

Only the first term in the expansion, the linear term b(I)Ξ, is taken
into account when one looks for the dielectric constant. The coefficient
b(I) and the mean number of orientations I of the dipole moment are
interrelated as

b Ið Þ ¼ I þ 1
3 I−1ð Þ ð6Þ

or inversely

I ¼ 3bþ 1
3b−1

: ð7Þ

According to our proposed statistical model, for small electric
fields (E ~ 103 V m−1), starting from the Brillouin function instead of
the Langevin function, one arrives at an expression analogous to the
Onsager expression for the dielectric constant � (applicable in its origi-
nal form to dipolar liquids with no H-bonds), but containing the factor
b(I) instead of 1/3:

3 �−n2
� �

2�þn2
� �

� n2 þ 2
� �2 ¼ b Ið Þ μ2N0

�0vkT;
ð8Þ

where �0 is the permittivity of vacuum. The numerical value of b(I) can
readily be found from Eq. (8) provided that the other quantities, and in
particular the dielectric constant �(E → 0), the refraction index n and
the number density N0/v at a given temperature and pressure, are
known from experiment. If the experimental data are such that b(I)
takes values leading to non-integer values of I (cf. Eq. (7)), the function
BI should be treated as defined by Eq. (2). The physical quantities in-
volved in Eq. (8) needed to find the value of b(I) were found in the
literature: T and P values were taken from the vapor–liquid phase
boundary data given by Wagner and Pruß [16]. Specific volume v was
found from mass density ρ that was also taken from Ref. [16]. To inter-
polate between the data of the refraction index nD and, subsequently,
between the dielectric constant �(E → 0) data found in literature for
the chosen (T, P), interpolation polynomials were used [6]. The refrac-
tion index nD (for the wavelength of 0.589 μm) data were taken from
Ref. [17]. The values of the dielectric constant �(E → 0) come from
Ref. [18].

The seventh and eighth columns in Table 1 present the calculated
values of b(I) and I, respectively, at temperatures and pressures given
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in the second and third columns, respectively. With these data at
hand, the permittivity �(T, P, E) of water was calculated as follows. Ex-
pressing 〈cosθ〉 by the function given by Eq. (2), this time not restrict-
ed to the linear approximation in the field, we obtain

�−n2 ¼
N0μ n2 þ 2

� �
3�0vE

I
I−1

coth
IΞ
I−1

− 1
I−1

coth
Ξ

I−1

� �
: ð9Þ

The quantity Ξ given in Eq. (3), with the notation introduced in
Eq. (4) can be written as

Ξ ¼ μE
kT

� n2 þ 2
� �
2�þn2 ; ð10Þ

or, introducing the Coulomb field

E ¼ q
4π��0X

2;
ð11Þ

Ξ ¼ q
4π�0X

2

μ
kT

n2 þ 2
2�þn2 ; ð12Þ

where q is the elementary charge, X denotes the reduced radius,
X = r|Z|−1/2, r is the distance from the center of the ion, and Z is the
number of excess elementary charges of an ion.

3. Results

3.1. Permittivity � along the vapor–liquid line

From the vapor–liquid phase boundary [16] eleven points (T, P)
were chosen and numbered consecutively in the first column in
Table 1. In the current work, we shall refer to the particular points
(T, P) by invoking the number of the row in Table 1. Permittivity
� = �(T, P, E) was calculated on the basis of Eqs. (9) and (10), and
� = �(T, P, X) was calculated on the basis of Eqs. (9) and (12). The
weak electric field E ~ 103 V m−1 applied to measure the dielectric
constant is marked as E → 0. At given (T, P), the highest value of �
represents the dielectric constant at E → 0. The lowest value of the
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Fig. 1. Permittivity � = �(T, P, E) as a function of the electric field strength E for (T, P)
points numbered from 1 to 11 (corresponding to the rows in Table 1), chosen at the
vapor–liquid phase boundary calculated for E from 0 to 3 GV m−1.
permittivity � found in the calculations was � = 2 as it should be.
The results for � = (T, P, E) are presented in Figs. 1, 2 and 3, while
those for � = �(T, P, X) are presented in Figs. 4 and 5. In Figs. 1–5,
the lines marked 1 refer to the triple point and bound the bundle of
remaining lines from above. The lines marked 11, found for conditions
close to the critical point, bound the remaining lines of the bundle
from below. Permittivity � decreases monotonously on approaching
the critical point from below along the vapor–liquid phase equilibrium
line, irrespectively of the field. In Figs. 4 and 5, permittivity � = �(T, P, X)
increases with increasing reduced radius X. The highest values of � =
�(T, P, X) are approached asymptotically. Permittivity � decreases mo-
notonously on approaching the critical point while T and P increases,
irrespectively of the radius X. In general, the increase in temperature
tends to lower the permittivity � [4], whereas an increase in pressure
alone has the opposite effect [5]. We find that along the vapor–liquid
water phase equilibrium line, permittivity � decreases despite the in-
crease in pressure on approaching the critical point from below.

3.2. Mean number I of allowed orientations of H2O dipoles

The connection between the number I (Eqs. (7) and (8)) and the
H-bonding in water is discussed in Ref. [4]. Originally, the case of
I = 2 was discussed at ambient conditions referring to two possible
orientations of dipole moments during simultaneous shifts in proton
positions in H-bonds forming links between neighboring H2O mole-
cules [4]. This approach is quite general and indeed does apply to
any acceptable local structure of liquid water, say, similar to clusters
depicted in Ref. [19]. Increasing temperature leads to water with on
average less hindered rotation of dipoles of water molecules. In Ref.
[4], the mean number Iwas calculated at isobaric conditions as a func-
tion of temperature in the range 273 b T b 373 K, that is from the
freezing point of water to the boiling point at atmospheric pressure.
Within this range of temperature, I increases nearly linearly with
temperature at a constant pressure (cf. Fig. 6). The isothermal (T =
293 K) dependence of the mean number I on pressure increasing up
to 900 MPa looks differently (Fig. 7).

The pressure of P = 900 MPa is not far from the one at which one
encounters the water–ice VI phase transition at ambient temperature.
The data for refractive index of water n(P), specific volume of water
v(P) and dielectric constant �(P) were found from the interpolation
formulas given in the Appendix to Ref. [5] and used to find the
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Fig. 2. Same as Fig. 1, but for E from 3 to 10 GV m−1.
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Fig. 3. Same as Fig. 1, but for E from 10 to 140 GV m−1.
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Fig. 5. Same as Fig. 4, but for X from 2.0 to 4.1 Å.
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mean number I on the basis of Eqs. (7) and (8) in the pressure range
0.1 b P b 900 MPa (Fig. 7). In the range 500–900 MPa an extrapola-
tion procedure was applied. It was found that with increasing pres-
sure along the T = 293 K isotherm the mean number I increases in
the range 0.1 b P b 675 MPa (Fig. 7), but decreases under higher
pressures. It follows that the isothermal dependence I(P) attains a
maximum at about P = 675 MPa.

In the currentwork, the behavior of themeannumber I is investigat-
ed at T and P varied simultaneously, namely for T and P values taken
from the vapor–liquid water phase boundary. Starting at the triple
point and going along the phase equilibrium line, the mean number I
of the allowed orientations of H2O dipoles increases with increasing
temperature and pressure up to the point T = 570 K, P = 8.2 MPa
(cf. Fig. 8), and subsequently decreases. According to our statistical
model, higher I values correspond to a higher freedom of rotation of
the dipole moments. At the triple point (T = 273.16 K, P = 612 Pa)
and in a proximity (T = 640 K, P = 20.3 MPa) of the critical point
(T = 647 K, P = 22.1 MPa), I is close to two (I ≅ 2).

3.3. Dielectric saturation along the vapor–liquid water phase boundary

Dielectric saturation occurs when the dipolar moments μ of H2O
molecules point along the electric field E. Such an effect is characterized
by themean value 〈cosθ〉 very close to the value 〈cosθ〉 = 1. Marcus [3]
argues that “most of the solvent electrostriction… takes placewithin…

region of dielectric saturation”. Sufficiently high electric field around
the ions is needed for either effect. Indeed, both descriptions of the
state of water in high field as the saturated one and as the one showing
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Fig. 4. Permittivity � = �(T, P, X) as a function of the reduced distance X from the center
of the ion for (T, P) points numbered from 1 to 11 (corresponding to the rows in
Table 1), chosen at the vapor–liquid phase boundary calculated for X from 0.7 to 2.1 Å.
huge electrostriction (reduced specific volume) occur at the same
conditions, as seen in Ref. [9], Fig. 4 therein. In the high-field E (small
radius X) range, 〈cosθ〉 ≅ 1 and the specific volume d−1 (inverse densi-
ty) of water in the shell decreases with decreasing X, starting with
X ≅ 2.19 Å (E ≅ 1 GV m−1). In other words, it can be said that “the
water molecules in the dielectric saturation region are rotationally
immobilized by the field of the ion and their volume is strongly com-
pressed” [3]. Exemplary plots of 〈cosθ〉 vs. E are shown in Fig. 9 for T
and P values given in Table 1, rows 1, 8 and 11.

The value of unity is approached asymptotically by 〈cosθ〉 represented
by the function defined by Eq. (2) at high E in three different conditions.
Themean cosine 〈cosθ〉 is plotted in Fig. 9. For our purposes,we arbitrarily
define the saturation value Es at a pointwhere 〈cosθ〉 + 0.001 touches the
asymptote 〈cosθ〉 = 1. Es denotes the lowest field needed to achieve
the dielectric saturation. Es takes its highest values at T = 570 K and
P = 8.2 MPa. Recall that the mean number I of allowed orientations of
H2O dipoles takes its highest value in the same conditions. It may be
interpreted so that most of the deviations of the local structure of water
from the tetrahedrally coordinated one is expected at T = 570 K and
P = 8.2 MPa, while close to the triple point and near the critical point
the mean number I is close to 2 (Fig. 8) and the local structure is close
to the usual tetrahedrally coordinated one.

In Table 2, for three points T, P chosen from the vapor–liquid phase
boundary the saturation electric field strength Es and the corresponding
permittivity �s are given. In the fourth column of Table 2, the radii Xs of
the first hydration shells of ions calculated with the use of Eq. (11) are
given.
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Fig. 6.Mean number I of the allowed orientations of H2O dipoles as an isobaric function
of temperature in the range 273 b T b 373 K, that is from the freezing point of water to
the boiling one, at atmospheric pressure.
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161I. Danielewicz-Ferchmin et al. / Journal of Molecular Liquids 187 (2013) 157–164
3.4. Cations with well-defined first hydration shells

In Fig. 10, the values of 〈cosθ〉 are plotted as a function of the
reduced radii of the first hydration shells of ions at ambient conditions
at T = 298 K and P = 0.1 MPa (full line a) as well as at T = 640 K
and P = 20.3 MPa (dashed line b), close to the critical state.

Along the full line a, startingwith the lowest values of X, that is from
ions with very high electric field strengths around them, 〈cosθ〉 shows
a nearly constant value very close to unity. For ions with X b 2.19 Å,
well-defined ion hydration shells are observed in scattering experi-
ments [7,8,20,21]. Note that just at X = 2.19 Å a steep decrease in
line a begins. The reduced radii of the first hydration shell of Li+ and
the shells of cations doubly, triply and more times charged with the
elementary charge fall into the range of X b 2.19 Å (E N 1 GV m−1

at ambient conditions). The exemplary Al3+ and Li+ ions are marked
by circles on line a (Fig. 10). Within the first shells of these ions
〈cosθ〉 ≅ 1. Hence, well-defined ion hydration shells occurring at
reduced radii X b 2.19 Å are related with the dielectric saturation of
hydration water.

3.5. Ions with no well-defined hydration shells at ambient conditions

For the ions HO−, Na+, Ag+, H3O+, F−, K+, Rb+, Cs+, Cl−, Br− and
I−, the reduced radii are X N 2.19 Å [20–23]. On line a in Fig. 10, 〈cosθ〉
of these ions is marked with triangles. No well-defined ion hydration
shells were observed in scattering experiments [7,20,21] at ambient
conditions around these ions. It is apparent that for ions with
X N 2.19 Å the values of 〈cosθ〉 read from the full line a (or Table 3,
column 3) lie below unity and hence there is no dielectric saturation
in the hydration shells of the latter ions. This is ascribed to relatively
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Fig. 8. Mean number I of the allowed orientations of H2O dipoles as a function of pressure
P along the vapor–liquid phase boundary. The numbers at the points denote absolute tem-
peratures (in K).
weak electric field (E b 1 GV m−1 at ambient conditions) insufficient
to saturate water dipoles in the neighborhood of these ions.

For 2.30 b X b 3.65 Å (Table 3) at ambient conditions, the mean co-
sine is confined within the limits 0.91 N 〈cosθ〉 N 0.38. It means that
water in the closest neighborhood of all the ions in Table 3, marked
with triangles in Fig. 10, is far from dielectric saturation in such condi-
tions. It may be correlated with the scattering studies of ion hydration
[8,21] testifying on the absence of well-defined first hydration shells
around the ions of this group. For example, one finds in literature the
confirmation of this correlation for K+. Indeed, from the scattering re-
sults it follows that from this list of ions at least the K+ ion is weakly hy-
drated [22,24]. Hence, weak hydration of an ion and lack of dielectric
saturation in its shell are interrelated. Let us remark that the shells
around ions are placed in fields of radial symmetry, hence in the electric
saturated state the dipole moments point toward or out of the ion cen-
ter. According to Refs. [22,24], the orientation of the dipole moments of
water molecules in the hydration shell of K+ is not radial or, which
is equivalent, not along the K+-water oxygen director. In particular,
Fig. 6 in Ref. [24] shows a rather wide distribution of the angles θ be-
tween the potassium ion–water oxygen director and the water mole-
cule dipole moment. This is just what we call lack of saturation.

3.6. HO−, Na+, Ag+, H3O
+, F−, K+, Rb+, Cs+, Cl−, Br− and I− ions close

to critical conditions

At T = 640 K and P = 20.3 MPa, that is in conditions at the
vapor–liquid water equilibrium and not far from the critical point,
for some ions the situation is different (Fig. 10, line b and Table 3).
In this case, even for the radii 2.30 b X b 2.63 Å dielectric saturation
〈cosθ〉 ≅ 1 is possible. Hence, the nearly-critical conditions are favor-
able for the formation of well-defined, saturated hydration shells
around the ions with X = Xs, in particular HO−, Na+, Ag+, H3O+

and F−. However, the state of water in the neighborhood of the K+,
Rb+, Cs+, Cl−, Br− and I− ions is not electrically saturated even in
conditions close to the critical point (Table 3).

By varying T and P in certain ways, one can pass from the case of
no well-defined hydration shells at ambient conditions to the one
with well-defined shells of the same ions [2]. This is due to the fact
Table 2
Electric field strength Es at saturation, permittivity �s and reduced hydration shell radii
Xs characterizing the limits of dielectric saturation 〈cosθ〉 ≅ 1. The numbers marking
the rows correspond to the conditions T and P in Table 1.

Nr Es
GV m−1 �s

Xs

Å

1 1.5 23 2.04
8 15 2.7 1.88
11 4.5 4.2 2.76
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Fig. 11. 〈cosθ〉 as a function of the reduced radius X of the first hydration shell of ions;
a — full line at ambient conditions (T = 298 K, P = 0.1 MPa). Full circles (●) denote
〈cosθ〉 of estimated data for Ag+ ions in 0.01 m AgNO3 aqueous solution along the
vapor saturation line (radii X from Table 1 in Ref. [10]) measured at several tempera-
tures. Numbers to the right of the circles denote the temperatures in K, for which in
Ref. [10] the radii X were found. Note that dielectric saturation 〈cosθ〉 ≅ 1 is reached
at temperatures 523 K and 573 K. Crosses (+) denote the same function for Ag+

ions in 0.10 m AgClO4 aqueous solution (radii from Table 2 in Ref. [10]) measured at
several temperatures. Numbers to the left of the crosses denote the temperatures in
K, for which in Ref. [10] the radii X were found. Note that in the latter case dielectric
saturation is approached, but not attained.
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that with varying T and P the electric field E acting on the shells varies,
too. Firstly, E depends on the reduced radius X(T, P) of the shell, which
can be inferred from experiment. Secondly, E depends on the permit-
tivity of water �(T, P), which we are able to calculate. However, since
data on hydration shells of ions at elevated temperatures and pres-
sures are scarce, only a limited comparison of the current calculations
concerning that group of ions with the experimental data is possible.
What we found in the literature concerned Ag+ and Rb+.

Seward et al. [10] investigated hydrated Ag+ ions at various temper-
atures between 298 and 573 K at equilibrium saturated vapor pres-
sures, that is along the liquid water–saturated vapor line, by extended
X-ray absorption fine structure (EXAFS) measurements. Values of
〈cosθ〉 estimated in the current work for Ag+ ions in 0.01 m AgNO3

and 0.10 m AgClO4 aqueous solutions were based on the hydration
shells radii X given in Ref. [10], Tables 1 and 2 therein, respectively. In
Fig. 11, full circles denote 〈cosθ〉 for the former data. Note that dielectric
saturation 〈cosθ〉 = 1 is reached. Crosses (+) denote 〈cosθ〉 for the lat-
ter data. Note that in the latter case dielectric saturation is approached,
but not reached.

They [10] found that with increasing temperature the Ag\O bond
length decreased by about 0.10 Å. It follows from our considerations
that not far from 573 K the hydration shells of Ag+ are in the electric
saturated state (cf. Fig. 11, full circles) and one should expect that the
Table 3
Reduced hydration shell radii X of ions at ambient conditions (T = 298 K, P =
0.1 MPa) and 〈cosθ〉 of the first shell of water around them at ambient conditions and in
conditions T = 640 K and P = 20.3 MPa close to the critical state. X is approximately
taken as independent on T and P. The list of ions that are surrounded by electrically satu-
rated shells at nearly critical conditions and thus are likely to form well-defined shells at
such conditions begins at the top of the table and ends with the row with the underlined
number in the last column.

Ion Xs

Å
〈cosθ〉
ambient

〈cosθ〉
nearly critical

HO− 2.30 [22] 0.910 0.999
Na+ 2.36 [20] 0.875 0.999
Ag+ 2.42 [20] 0.850 0.999
H3O+ 2.52 [21] 0.767 0.999
F− 2.63 [20] 0.700 0.999
K+ 2.80 [20] 0.625 0.998
Rb+ 2.89 [20] 0.590 0.997
Cs+ 3.14 [20] 0.499 0.971
Cl− 3.19 [20] 0.476 0.940
Br− 3.37 [20] 0.440 0.870
I− 3.65 [20] 0.380 0.750
contracted shells are well-defined. Actually, it might be suspected
that data defining the character of the first shells were already avail-
able in the experiment [10], but only the question if the shells were
well-defined or not was not expressed verbally. Anyway, even if
this is the case, the latter expectation must still wait for an immediate
experimental confirmation (but compare the case of Rb+ discussed
thereafter).

Fulton et al. [2] performed X-ray absorption fine structure (XAFS)
measurements for Rb+ in supercritical (T = 697 K and P = 38.2–
63.3 MPa) water solutions. They found a slight reduction in the Rb\O
distance by about 0.10 Åwhen going from ambient to supercritical con-
ditions. Other XAFS results [25] also indicate gradual reduction in the
Rb\O distance with temperature increasing from ambient to 448 K
under a pressure of 3 MPa. Fulton et al.'s [2] XAFS results indicate that
well-defined hydration shells (or, in other words, contracted shells of
tightly-bound, well-ordered water [2]) are formed around Rb+ cations
even at 697 K. The reduction in the ion–O distance could be opposed
by steric hindrances, but in the conditions of elevated temperature
this can be avoided, since the coordination numbers of the ions are re-
duced, at least for Ag+ [10] and Rb+ [2,25].

We have to do with rather simple physics. If for any reason the dis-
tance from the center of an ion to aH2Omolecule is shortened, it becomes
subdued by the action of a higher Coulomb field, which favors the dielec-
tric saturation. It concerns not only the ion center–oxygen distances
when going from one ion to another of different dimensions, as exempli-
fied in Fig. 10, but also a specific ion whose ion–O distance was reduced
due to increasing temperature and pressure. In other words, water ap-
proaches the saturation state either when going from an ion with longer
X to an ionwith shorter X, or by reducing (contracting) the ion shell radi-
us by increasing T and P. Although our calculations and plots concern at
most subcritical conditions, it seems likely to us that this simple reason-
ing can be extended to the supercritical conditions as well. The results
presented in Ref. [2] reveal the shortening of the Rb+\O bond in super-
critical conditionswith respect to that at the ambient ones. This is accom-
panied with a formation of well-defined hydration shells in supercritical
conditions. This is not the case at ambient conditions. Note that according
to that simple reasoning this is qualitatively consistent with our results
despite the fact that our calculations do not reach the highest tempera-
tures and pressures applied in Ref. [2].
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4. Discussion and summary

In the current work, three essential goals were achieved. Firstly,
new data for static electric permittivity �(T, P, E), not immediately ac-
cessible from experiment, were calculated. Further on, a quantitative
measure of the phenomenon of dielectric saturation was introduced
and applied to the hydration shells of a number of ions. At last, two
categories of ions were discerned: one with first hydration shells
electrically saturated and another with no saturation in them. This
was correlated with the presence of well-formed first hydration shells
of ions, as observed in scattering experiments, or a lack of such shells,
respectively.

The experimental values of permittivity � in the fields of strength
E N 107 V m−1 encountered in the shells are currently not immediately
available from experiment, so only the theory can provide them. Under
atmospheric pressure and in the temperature range 273 b T b 373 K
such � data are given in Ref. [4]. At ambient temperature and under
pressures in the range 0.1 b P b 600 MPa such � data are provided in
Ref. [5]. In the current paper, data for � = �(T, P, E) are calculated at T
and P varied simultaneously, namely for temperature and pressure
values taken from the vapor–liquid water phase boundary. In addition,
we calculated � = �(T, P, E) at ambient T and P varied up to 900 MPa;
these data are not explicitly given herein, but used to calculate the
quantity I (Fig. 7). Hence, the current work provides new theoretical
results — the calculated values of permittivity � in conditions not
exploited yet.

In high fields, the phenomenon of dielectric saturation in water is
encountered. Qualitatively, according to literature, “the water mole-
cules in the dielectric saturation region are rotationally immobilized
by the field of the ion” [3]. In the current work, we introduce a quan-
titative measure of the saturation phenomenon. Namely, by defini-
tion, we admit that a state of dielectric saturation is reached from
below if the value of 〈cosθ〉 = 1–0.001 is attained.

The physical conditions needed to achieve dielectric saturation in
water are nearly the same as those giving rise to a huge electrostriction.
At ambient conditions, it is well illustrated in Fig. 4 in Ref. [9], where the
electric field range (or, equivalently, the radius of the hydration shell of
an ion) at which 〈cosθ〉 ≅ 1 is almost the same as that for which, due to
the huge electrostriction, the reciprocal relative water density d−1 is
markedly reduced below its usual value of unity. For example, for the
water shells around Li+ ions one finds d−1 = 0.83, and d−1 = 0.37 in
the case of Al3+ ions at ambient conditions [9]. A part of our current
data of � = �(T, P, E) from 398 K up to 473 K along thewater–vapor sat-
uration line, made available by us to the author of Ref. [3] prior to our
writing of the current paper, were used by him, with due reference, to
find the electrostrictedwater regions around ions characterized by elec-
tric saturation in the qualitative sense quoted above. Our full current
data of � = �(T, P, E) for 273 b T b 640 K and 0.61 kPa b P b 20.3 MPa,
i.e., from the triple point to nearly critical conditions along the water–
vapor equilibrium line, are used herein to find, among other things,
〈cosθ〉 and the conditions for quantitatively conceived saturation
〈cosθ〉 ≅ 1 for ion hydration shells.

In aqueous solutions, ions with the reduced radii X b 2.19 Å of their
first hydration shells, for example thosewith the shell radii X comprised
between those of Al3+ and Li+ [9], have well-defined hydration shells
around them at ambient conditions. Theirwell-defined hydration shells
were found by X-ray and neutron scattering methods [8,20,21]. On the
other hand, according to our calculations, water in their shells is at
ambient conditions electrically saturated, i.e., 〈cosθ〉 ≥ 1–0.001 in the
fields E N 1 GV m−1. It is illustrated in Fig. 10, see the nearly horizontal
part of full line a. Ions with the radii of their shells between those of
Al3+ and Li+ are not explicitly shown. On the contrary, the shells
around ions with X N 2.19 Å that according to scattering studies are
not well-defined, are also not electrically saturated. This is exemplified
by the shells of ions of radii comprised between those of Na+ and I− (cf.
Fig. 10, see the ions marked by triangles on the descending part of full
line a). In particular, the shells about K+ ions, with X = 2.63 Å at ambi-
ent conditions are not well-defined (see Refs. [7,24]).

If temperature and pressure of aqueous solutions increase up to the
values T = 640 K and P = 20.3 MPa not far from the critical ones, then
even the ions with 2.19 b X b 2.63 Å can have well-defined hydration
shells. According to our calculations, their first shells at higher T and P
become electrically saturated (cf. Fig. 10 dashed line b and Table 3). In-
deed, for Ag+ [10] and Rb+ ions [2,25], it was found thatwith increasing
T and P above the ambient conditions slight contractions of the first
shell radii are observed together with a tendency to form well-defined
hydration shells, the latter at least around Rb+. In Fig. 11, it is shown
how water in the first shells of Ag+ ions in AgNO3 solutions, with the
radii X measured with increasing T and P along the vapor–liquid water
line [10], attains dielectric saturation 〈cosθ〉 ≅ 1. Note that in the analo-
gous case, for shells of Ag+ in AgClO4 solutions, dielectric saturation is
approached, but not reached. We expect that like the shells of many
ions at ambient conditions and Rb+ ions [2] at higher T and P, Ag+

ions should also form well-defined shells in conditions in which water
becomes electrically saturated.

5. Conclusion

In the current work, the problem of dielectric saturation of water in
high electric fields exceeding 1 GV m−1 at elevated temperature and
pressure was investigated in the context of simple ion hydration. In par-
ticular, conditions necessary for observingwell-defined hydration shells
were discussed in this context. The essence of our argument lies in
discussing the dielectric properties of the hydration shells that provide
a criterion in predicting the presence or absence of the well-defined
structure of their radial distribution function as observed with the help
of X-rays or neutrons. It is concluded that well-defined hydration shells
can be observed at the same conditions along with their state of dielec-
tric saturation. This conclusion is based on a comparison of our calcula-
tions concerning dielectric saturation in the shells with literature data
on the radial distribution functions of water around ions. A prediction
is formulated that ionswith nowell-defined hydration shells at ambient
conditions may get such shells at high temperature and pressure if
dielectric saturation of water around them is attained.
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