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Abstract

The rigorous equation of state of an open system containing water in an electric field above 108 V m−1 under pressure applied in the range
10−4≤Po≤0.8 GPa leads to phase diagrams with two possible kinds of phase transitions at 293 K. The first one is the discontinuous phase
transition under pressure applied in the range 10−4≤Po≤0.05 GPa in the Π, σ coordinates (Π is the electrostriction pressure and σ denotes the
surface charge density at an adjacent charged surface). The second one represents the continuous phase transition under pressure applied in the
range 10−4≤Po≤0.8 GPa; it occurs at higher values of σ than the former one.
© 2007 Published by Elsevier B.V.
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1. Introduction

Water is known for its rich phase diagram in the P, V, T
variables. However, our knowledge of H2O phases under the action
of high electric fields E>108 V m−1 seems to remain still in its
infancy and only a few isolated experimental facts are known [1–7]
accompanied by a number of theoretical approaches to the question.
Thus, any attempt to clarify the situation seems substantiated. The
electric fields above 108 V m−1 can be encountered, e.g., in
hydration layers arising when charged surfaces with surface (free)
charge density σo≥10−3 C m−2 are immersed in water. Such
charge densities can exist at the surfaces of flat [4] or spherical
(mercury droplets) [1,2] metallic electrodes, oxides, for instance
TiO2 [3] and RuO2 [6], at surfaces of proteins [8–12] and micelles
as well as at internal surfaces of reverse micelles [13]. High local
electric fields exist also around ions in solutions.

In this paper the properties of water in a high electric field above
108 V m−1 in various conditions specified by temperature and
pressure applied are discussed. Our earlier effort has been
concentrated on establishing the effect of high electric field on
the properties of water (at that time solely under atmospheric
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pressure), and in particular the coexistence of its different phases
[14,15]. The most striking earlier result was the finding of a region
of coexistence of two water phases (B and A) under various
temperatures together with a corresponding “electric” critical point.
A literature experiment apparently confirmed the existence of the
latter [1,2]. Herein, we discuss what happens to the same system
under the action of externally applied pressure of the order of tens or
hundreds of MPa. It will be shown that at ambient temperature
under various moderate pressures of several tens of MPa one also
finds a region of coexistence of two phases (related to a first-order,
discontinuous phase transition) and a corresponding critical point.

The discussion is based on the statistical and thermodynamic
approach [15] taking into account the dipoles of water molecules.
The current analysis leads to predictions of some new effects in
water in the electric field under pressure. We find a discontinuous
transition induced by electric field at various pressures. The
knowledge of the permittivity ϵ is needed to evaluate the local
electrostriction pressureΠ [16] under the pressure Po applied. The
approach of Refs. [17,18] is applicable to ϵ of water in high electric
fields and in the temperature and pressure range in which H2O is
liquid. The electrostriction pressure coefficient is introduced,
defined by the slope γ of the Π vs. σ isotherms. Yet another
possible second order (continuous) phase transition with the related
order parameter hcoshi (mean cosine between the electric field and
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dipole moment of the H2O molecule) is deduced from the
behaviour of γ. The results confirm the reputation of water as a
substance of a very complex phase behaviour.

2. Reasons for and consequences of the flow of the dipolar
water molecules into the high electric field region

In this section, for the sake of completeness, some details of
derivation of the equation of state (called thermodynamic or
rigorous [19]) of H2O in an open system already presented in
Ref. [15], are given. The equation of state makes a basis for a
discussion of the pressure and thermal behaviour of H2O in high
electric field.

2.1. Equilibrium condition

The chemical potential of a water molecule, placed in a high
electric field at the cost of the workW needed for reorienting its
dipole, is reduced by ζW with respect to that of a molecule
outside the electric field. Actually, only those dipoles of H2O
molecules in the closest vicinity of the charged surface are
exposed to the very high field as the electric field strength E
falls down dramatically with increasing distance from this
surface. Thus, no reorientation workW is done on the dipoles of
H2O molecules situated far enough from the charged surface.
There is no wall impermeable to H2O molecules between the
part of water close to the charged surface, hence within the
reach of the high field E, and that outside the reach of E. It
follows that the part of water in the field E is an open
subsystem. Since the chemical potential of a water molecule is
reduced locally, a gradient of the chemical potential arises. The
existence of this gradient implies the lack of equilibrium of the
whole. As a consequence, a flow of dipolar molecules into the
high electric field region arises. It is called the pull of dipoles
into the field. The increase in the number of molecules in the
field means a marked increase in the local mass density
(electrostriction). On the other hand, the same increase in the
mass density can be achieved by applying an external
hydrostatic pressure. The pressure leading to an increase in
the mass density equal to that due to electrostriction is called the
electrostriction pressure. The pull of dipoles into the field
ultimately leads to a new thermodynamic equilibrium state. We
are interested in a new equilibrium state reached as a result of
this process, say, in the double layer or in the hydration shells of
ions. The work L related to water compression in the electric
field, i.e., the electrostriction work, enhances the chemical
potential of a water molecule by ζL. After reaching the
equilibrium, the latter compensates the negative increment ζW

−fW ¼ fL: ð1Þ

2.2. The rigorous equation of state of H2O expressed in the Π,
σ, T variables

The change in the chemical potential ζW is calculated in a
way similar to that described earlier [20–22]. In the immediate
neighbourhood of the charged surface the field strength E
is

E ¼ ro
eo

¼ r
eeo

; ð2Þ

where σo is the surface (free) charge density, ϵ is the
permittivity, ϵo is the permittivity of vacuum. Similarly, the
strength E of the field around the ions (Coulomb field) is given
by Eq. (2) where

r ¼ q
4px2

; ð3Þ

q is the elementary charge, x is the reduced distance from the
centre of the ion x= r× |Z|−1/2, r is the distance from the centre
of the ion and Z is the number of excess elementary charges of
an ion (valence). The work W done by the electric field is
[20,22]

W ¼ V
eo

Z Y

0

r
e
dy; where y ¼ r 1−

1
e

� �
: ð4Þ

V is the volume of the subsystem in the field, Vdy is the
increment of the polarization of the volume V. The increment of
the grand potential Ω is

dX ¼ −SdT þ EVdy−NdfL; ð5Þ
where N is the number of molecules in the volume V. Let us
introduce the notation

f ¼
Z Y

0

r
e
dy: ð6Þ

The workW performed leads to a change ΔΩ in the value of
the grand potential Ω of water

�
DX

�
T ;V ;fL

¼ V
eo

f : ð7Þ

For ζW — the change in ζ as a result of the work W — one
obtains

fW ¼ AX
AN

� �
T ;V ;fL

: ð8Þ

The increment

fW ¼ voNo

eo

Af
AN

� �
fL

; ð9Þ

where vo=V/No and No is the Avogadro number. As follows
from Eq. (9)

fW
vo

¼ 1
eo

Af
AY

� �
AY
Ae

� �� �
fL

No Ae

AN

� �
Y

: ð10Þ

The factors on the rhs of Eq. (10) are calculated in Appendix
A. The derivatives in Eq. (10) are obtained on the basis of the
statistical model approach to the permittivity of hydrogen
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bonded liquids (including water) proposed earlier [17] valid in
the range 273<T<373 K. The mean cosine hcoshi of the angle
θ between the direction of the electric field E and the electric
dipole moment μ of the water molecule for an arbitrary number
I of allowed orientations of a dipole is expressed by the
Brillouin function [23,24]

BI Nð Þ ¼ I
I−1

coth
IN
I−1

−
1

I−1
coth

N
I−1

; ð11Þ

where Ξ is defined as

N ¼ AX
Tðeþ n2=2Þ ; ð12Þ

where X=x−2 and

A ¼ lqðn2 þ 2Þ
8pkeo

m2 K ð13Þ

where k is the Boltzmann constant and n — refraction index. In
the framework of our approach [17] the reorientations of the
dipoles responsible for the high dielectric constant of water can be
conceived as due to simultaneous shifts of the proton positions.
The question if the structure of the neighbourhood of a hydrogen
bondedmolecule is described in the traditional way (with fourfold
coordination), or according to a recent study — forming chains
(with two-fold strongly bonded coordination [25]), plays a
secondary role. In the range 273<T<373 K, the hydrogen bond
energy (20–25 kJ mol−1) exceeds the thermal energy (≈2–
3 kJ mol−1) by a factor of about 10. Hence, the concept of two
possible orientations (I=2) of water dipoles at ambient conditions
seems to be justified. At very high temperatures, in which the
thermal energy becomes comparable to the hydrogen bond energy
(T≈3000 K, RT≈25 kJ mol−1) most of the hydrogen bonds
should be broken and the dipoles should be able to rotate freely
(I=∞), which would induce a behaviour described by the
Langevin function L(Ξ). The form of L(Ξ) is obtained from the
Brillouin function BI(Ξ) in the limit (I→∞). In this context it is
natural to look for an interpolation scheme between the two
extremes of tanh(Ξ), corresponding to I=2, and L(Ξ), corre-
sponding to I=∞, which represent the upper bound and the lower
bound of hcoshi, respectively. One of the possible interpolation
schemes goes as follows. It is conceivable that in the intermediate
temperature range some hydrogen bonds are disrupted, which
implies an intermediate number I of probable directions of the
dipole moments lying between two extremes: 2< I<∞. Details of
obtaining values of I at a given temperature can be found in
Appendix B.

Let us now consider the change in the chemical potential ζL
due to the compression work L which, according to Eq. (1),
shall compensate ζW. The compression work L is calculated,
similarly as in Refs. [20,26], by integrating the area under the
isotherm V=V(P) with P — pressure

L ¼
Z Pi

Po

V ðPÞdP: ð14Þ
The change in the chemical potential ζL due to this work is

fL ¼
A

AN

Z Pi

Po

V Pð ÞdP ¼
Z Pi

Po

v Pð ÞdP; ð15Þ

where Po denotes the external pressure applied and Pi is the
local pressure in the electric field. One can re-write Eq. (1) in the
form

−
fW
vo

¼ fL
vo

; ð16Þ

which, taking into account Eqs. (10) and (15), is the same as
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The upper integration limit (Pi, see Eq. (15)), is matched
so as to fulfill Eq. (17), which is equivalent to putting the
pressure value Pi in the field equal to the local total pressure
value Po+Π

−
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The meaning of the above Eq. (18) written in this way is that
the external pressure Pi applied without electric field would
produce water compression comparable to that due to the total
local pressure equal to the external pressure Po plus the
electrostriction pressure Π. Note that a similar position has also
been adopted by other authors, e.g., a neutron scattering
experiment with isotopic substitution on a 10 M NaOH solution
was interpreted as to “indicate that ions in aqueous solutions
induce a change in water structure equivalent to the application
of high pressure” [27].

From Eq. (18) taking into account Eq. (6) one obtains the
following form of the equation of state of H2O

V
eo

A

Ae

Z Y

0

r
e
dy

� �
Ae

AN

� �
T ;V ;r

¼
Z PoþP

Po

AV
AN

dP: ð19Þ

Π in the upper limit of the rhs integral represents the only
unknown quantity in Eq. (19). Eq. (19) represents the equation
of state of H2O in Π, σ and T variables, of which T is implicit.
The dependence on temperature is present through the relation
ϵ=ϵ(T) as expressed in Eqs. (B.4), (B.6) and (12) and through
the introduction into Eq. (18) of the isotherm v=v(P) for the
same temperature T for which ϵ is calculated. The dependence
on the electric field strength E is present through f and Y (cf.
Eqs. (2) and (6)). Since the actual dependence of the volume
V=V(Po+Π) on the total local pressure (Po+Π) is not
available, the isotherms V=V(P) of H2O under pressure P
applied in the absence of an electric field [28] are used instead.
This approximation can be substantiated a posteriori as has
been done with a positive result in Refs. [20,26].



Fig. 2. Electric permittivity ϵ of water as a function of the surface charge density
σ at the pressure Po=0.1 GPa applied in the temperature range 273≤T≤373 K.
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3. Discontinuous and continuous phase transitions of H2O
in high electric field under pressure

To attain the goals of the current work, calculations have
been performed for external pressures of 10−4≤Po≤0.8 GPa. It
will be shown that under lower external pressures both the
already described discontinuous phase transition of water in
high electric field and a newly predicted continuous one are
encountered, while under higher external pressures only the
continuous one persists.

3.1. First-order phase transition and electric critical point of
H2O in the plane of surface charge density and pressure

In earlier papers [14,15] we have presented theoretical
evidence for the electric-field-induced phase transition of water
in a high electric field (109 V m−1) at the atmospheric pressure
(Po=10

−4 GPa) at temperatures in the range 273<T<303 K.
No discontinuity has been found above the electric critical
temperature Tc

E =308±5 K. Herein we ask the question what
happens to these electric-field-induced phase transitions when
the system under investigation is exposed to a high external
pressure Po. The calculations of this subsection have been
performed for pressures in the range 10−4 <Po<0.06 GPa with a
step of 0.01 GPa at temperature T=293 K, as well as for
Po=0.1 and Po=0.2 GPa in the temperature range 273<
T<373 K changed every 10 K. Permittivity values ϵ=ϵ(σ) of
water as a function of surface charge density σ are found as
described in Appendix B and are shown in Figs. 1, 2 and 3. In
Ref. [15] (Fig. 2 therein) an isotherm Π vs. σ of water at 293 K
at atmospheric pressure has been plotted with a straight
horizontal segment testifying to the coexistence of two different
phases. This line is also seen in the current Figs. 4 and 5 as the
lowest isobar. Now, what happens to it under slightly higher
Fig. 1. Electric permittivity ϵ of water as a function of the surface charge density
σ at 293 K at the pressures Po=10

−4, 0.01,0. 02,…, 0.06 GPa applied (from the
lowest one upwards). The lowest line at 10−4 GPa has independently been
confirmed by Monte Carlo calculations in Ref. [42] (see Fig. 7 therein).
pressures? Under pressures applied, the phase transition of
water in a high electric field extends at 293 K to the pressure
range 10−4–0.05 GPa and has the discontinuous (first order)
character (Fig. 4). The region of coexistence of two phases, B
and A, of H2O extends up to a critical point C (Fig. 5). It is
termed “electric” critical point to discern it from the usual one
related to the water-vapour system. The parameters defining the
position of the electric critical point C are bound according to
the set of inequalities shown in Eq. (20)

0:276VrcV0:277 C m−2;
0:05VPE

c V0:06 GPa;
0:245VPE

c þPcV0:26 GPa;
ð20Þ

where the value of Po at the criticality – the “electric” critical
pressure (not to be confused with the ordinary critical pressure
Fig. 3. Same as Fig. 2 at pressure Po=0.2 GPa applied.



Fig. 4. Pressure (Po+Π) — the sum of the pressure Po applied and the
electrostriction pressure Π — acting on water in the electric field, plotted as a
function of the surface charge density σ at 293 K. The seven lines correspond to
Po=10

−4, 0.01, 0.02…, 0.06 GPa. A contour is drawn around the region of
coexistence of two phases B and A (not marked) of water in the electric field (see
text).

Fig. 5. Portion of Fig. 4 on an extended scale to make apparent the details of the
region of coexistence of phases B and A of water. The highest point, marked C,
of the contour surrounding the region of coexistence is the electric critical point
(cf. Eq. (20)). The straight horizontal segments within the contour reveal the
discontinuity in the variable σ corresponding to the states with coexisting phases
B and A at T=293 K.
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of water in the P, V, T coordinates) – is denoted Pc
E. In Figs. 4

and 5, for 10−4≤Po≤0.05 GPa, there are apparent straight
horizontal segments, characteristic of a region of phase
coexistence. Along these segments, the pressure (Po+Π) acting
on H2O maintains a constant value of (Po+Π)t1, the transition
pressure. This is equivalent to saying that the surface charge
density σ (or the field E) as a function of the pressure (Po+Π)
shows a discontinuity. Since the electric field E as a
thermodynamic variable is the first derivative ∂Ω/(V∂y) of the
grand potential Ω as a function of polarization (cf. Eq. (5)), the
discontinuity corresponds to the first order transition.

The isotherms under higher external pressures, exceeding
Pc
E, namely Po=0.1 and Po=0.2 GPa and 273<T<373 K are

shown in Figs. 6 and 7. In the latter two plots, in contrast to the
situation below Pc

E, no region of coexistence of phases B and A
appears. In Figs. 6 and 7 the only remnants of this region are
seen in the changes in slope of the isotherms with increasing
surface charge density σ.

Let us characterize the phases B and A. To this aim, in Table 1
we have collected the data concerning six straight horizontal
segments, characteristic of a region of phase coexistence, plotted
in Fig. 5. The second and third columns in Table 1 show the
values of σ at the low-field and high-field boundaries of the two-
phase coexistence region. The fourth and fifth columns provide
the values of ϵB and ϵA of the phases B and A, respectively, at the
low-field and high-field boundaries of this region. The per-
mittivity values plotted in Fig. 1 for σ within this region can be
interpreted as weighted averages of ϵB and ϵA dependent on the
quantity of either phase. The phases B and A differ in
their dielectric properties, best characterized by their permittivity
ϵ, since as, seen in Table 1, the difference in permittivity values
between them under not-too-high pressures amounts to about
2 and vanishes only at the electric critical pressure Pc

E. At the
same time, the mean cosine hcoshi in the phases B and A is close
to vanishing, and the difference in its values between these
phases is even lower.

3.2. Second order phase transition of H2O in high electric field

3.2.1. Discontinuity in the electrostriction pressure coefficient
γ of water

Yet another aspect of isothermal relations between (Po+Π)
and σ calculated on the basis of the equation of state Eq. (19)
will now be discussed. Namely, two ranges with distinctly
different slopes of the pressure (Po+Π) as a function of σ can
be discerned. The total pressure (Po+Π) at the temperature
T=293 K and under pressure applied in the range 10−4≤
Po≤0.8 GPa (Fig. 8) and, on an extended scale, in the range
10−4≤Po≤0.06 GPa (Fig. 4), is plotted as a function of σ.
From Figs. 8 and 4, the slope γ of (Po+Π) vs. σ defined as

c ¼ AP
Ar

� �
Po;T

: ð21Þ

can be derived. Eq. (21) defines the electrostriction pressure
coefficient γ in an open system of H2O in the electric field. Po

does not vary along any of the isotherms and does not affect the
value of γ. On the left-hand sides of the two Figs. 4 and 8, at
lower values of σ, the slope γ is low, while on the right-hand
sides, at higher values of σ, the slope γ takes abruptly distinctly
higher values. From Figs. 4 and 8, the values of σt2 and (Po+Π)t2
can be read out for which the slope γ shows abrupt changes. At
the pressure values (Po+Π)t2 shown, γ reveals discontinuities
(jumps) for the σt2 values as exemplified in Table 2. These jumps
reveal the transition between the phase A with orientational
disorder and the ordered phase OR. It is worth noting that the



Fig. 6. Eleven isotherms of the sum of Po=0.1 GPa and electrostriction pressure
Π as a function of surface charge density σ are plotted for every 10 K for
temperatures from 273 K up to 373 K.

Table 1
Data concerning the discontinuous phase transition under various pressures Po

applied (Fig. 5)

Po σB σA ϵB ϵA (Po+Π)t1

GPa C m−2 C m−2 GPa

10−4 0.268 0.270 29 27 1.85
0.01 0.269 0.2715 29 27 1.98
0.02 0.271 0.273 29 27 2.09
0.03 0.2723 0.2743 29 27 2.21
0.04 0.2743 0.2757 28 27 2.33
0.05 0.276 0.277 28 27 2.45

σB (σA) denote the surface charge density values at low-field (high-field)
boundary, respectively, of the two-phase region. ϵB (ϵA) denote the permittivity
values at the respective boundaries of the two-phase region. Po is the pressure
applied, (Po+Π)t1 is the total pressure at the transition and Π is the
electrostriction pressure.
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jump of γ occurs at a value of permittivity ϵt2=25 independent of
pressure. This can be well seen in Fig. 9, showing the electric
permittivity ϵ as a function of the total pressure (Po+Π) for
various external pressures Po. The values of the transition
pressures (Po+Π)t2 at the crossings with the isotherms (full lines)
at 293 K for various Po given in Table 2 are joined by the dashed
line. It is clear that the dashed line is horizontal and its ordinate
amounts to ϵt2=25.

The jump in the electrostriction pressure coefficient γ
represents the discontinuity of the first derivative of pressure
or, equivalently, of the second derivative of the thermodynamic
potential. Thus, for the values of σt2 and (Po+Π)t2 given in
Table 2, the discontinuity of γ is related to the second order
(continuous) transition.
Fig. 7. Same as Fig. 6 at Po=0.2 GPa.
3.2.2. Order parameter
We have noted that the discontinuity of γ occurs at a specific

value of the permittivity ϵt2. On the other hand, ϵ is related (Eq.
(B.4) in Appendix B) to hcoshi, the mean value of the cosine of
the angle between the field E and the dipole moment μ of a
water molecule. Taking into account Eqs. (B.6) and (B.1), we
have calculated hcoshi in normal conditions and plotted it as a
function of σ in Fig. 10. As follows, hcoshi is close to zero
below σt2=0.2721 C m−1 (cf. Table 2) corresponding to the
discontinuity of γ, while for higher σ values hcoshi takes finite
values. At higher electric fields (or σ) the mean cosine hcoshi
tends to its saturation value of unity. In view of the above,
hcoshi can be considered as the order parameter of water in the
field, related to the second order transition at σt2. Fig. 11 shows
hcoshi at two different temperatures (293 K and 333 K), while
Fig. 12 shows hcoshi as a function of σ under three different
external pressures Po (atmospheric, 0.3 GPa and 0.6 GPa). As
seen in the examples in Fig. 11 the transition value σt2 seems to
Fig. 8. Same as Fig. 4, but for higher values of (Po+Π). The numbers on the left-
hand side of the plot are different values of the pressure Po applied of the
individual lines. The lowest line at 10−4 GPa has independently been confirmed
by Monte Carlo calculations in Ref. [42] (see Fig. 9 therein).



Table 2
Values of the pressure Po applied, surface charge density σt2, total pressure (Po

+Π)t2 and electrostriction pressure Πt2 for which the electrostriction pressure
coefficient γ is discontinuous at 293 K and the permittivity ϵt2=25

Po σt2 (Po+Π)t2 Πt2

GPa C m−2 GPa GPa

10−4 0.2721 0.1861 0.1860
0.01 0.2735 0.1986 0.1886
0.02 0.2750 0.2106 0.1906
0.03 0.2764 0.2225 0.1925
0.04 0.2778 0.2345 0.1945
0.05 0.2792 0.2466 0.1966
0.06 0.2806 0.2597 0.1997
0.1 0.2867 0.3080 0.2080
0.2 0.3003 0.4319 0.2319
0.3 0.3128 0.5580 0.2580
0.4 0.3240 0.6845 0.2845
0.5 0.3335 0.8100 0.3100
0.6 0.3412 0.9329 0.3329
0.8 0.3510 1.1653 0.3653 Fig. 10. The mean cosine hcoshi of the angle θ between the direction of the

electric field E and the electric dipole moment μ of the water molecule as a
function of the surface charge density σ (log scale) at an adjacent surface at
atmospheric pressure Po at ambient temperature. Letters B, A and OR mark the
corresponding phases along the line.
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be independent of temperature, whereas in the example in
Fig. 12 it seems to be higher under higher pressures Po applied.

3.2.3. Water properties at either side of the transition
Let us summarize the properties of water forming an open

system in the electric field at both sides of the second order
phase transition. The phases B and A with hcoshii0, and
hence having dipoles with disordered orientations, at a surface
with surface charge densities σ<σt2 (Table 2), have the
permittivity ϵ>25. The relative mass densities d of phases B
and A increase very slowly with increasing σ (Fig. 13) but for
Fig. 9. Electric permittivity ϵ of water at various external pressures Po as a
function of the total pressure (Po+Π) at 293 K. Full lines marked with letters a,
b,…, g are plotted at external pressures Po: a— Po=0.1 GPa, b— 0.2 GPa, c—
0.3 GPa, d — 0.4 GPa, e — 0.5 GPa, f — 0.6 GPa, g — 0.8 GPa, respectively.
The horizontal dashed line corresponds to the value of ϵt2=25 at the transition:
phase A⇔phase OR.
low σ distinctly depend on the pressure Po applied. The
discontinuous transition B→A is not accompanied by any
significant increase in either hcoshi or d. As mentioned above,
the values of the permittivity ϵ differ by about 2 at the
transition B→A. The transition A→OR occurs when hcoshi
and d start to increase markedly with σ at σt2; in the same
conditions the electrostriction pressure coefficient γ as well as
the derivative of the mass density (∂d/∂σ)Po,T reveal jumps,
and the electric permittivity attains the value ϵt2=25. The
mean cosine hcoship0 for the surface charge densities σ>σt2

(cf. Table 2), increases with σ in the phase OR with ϵ<25
Fig. 11. The mean cosine hcoshi of the angle θ between the direction of the
electric field E and the electric dipole moment μ of the water molecule as a
function of surface charge density σ at atmospheric pressure at two
temperatures: T=293 K and T=333 K.



Fig. 13. Plot of the relative mass density d of water as a function of surface
charge density σ under various external pressures Po=10

−4, 0.05, 0.2 and
0.5 GPa applied at ambient temperature.
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revealing orientational order and at the same time the mass
density d is enhanced, eventually reaching values as high as 2
and higher (cf. Ref. [4,5,20]). Once the relative density d
attains so high values for σ>σt2, it becomes only weakly
dependent on external pressure Po. From the point of view of
the experiment, it is remarkable that there exist threshold
values of the electric field Et2=σt2/(ϵϵo) with ϵ=25 (see
Table 2), above which the process of making water more
dense becomes noticeable. This threshold occurs at the second
order transition discussed in this subsection. The necessity to
overcome this threshold makes it conceivable why the dense
water in the electric field has up to now been observed only in
a few experiments [4–6,8,32]. Note that the dense water in
the electric field in an open system in thermodynamic
equilibrium should not be confused with the concept of
high density water in the supercooled water in a metastable
regime (see, for example, Ref. [33] and references therein).
Under external pressures Po<0.05 GPa, below the electric
critical point C (Fig. 5), the jump of γ occurs at the boundary of
the phase A and the phase OR with orientational order. It follows
from the data of the mean cosine (Fig. 10) that both phases A and
B reveal almost no orientational order of dipoles of H2O
molecules in comparison with that of the phase OR. The values
of hcoshi of the phase A are slightly larger than those of the phase
B, whenever the latter is discernible from A, while both remain
marginally small.

4. Discussion

Experimental data on thermal phenomena in water [1,2] and
its density and structure [3–8,25,32] at polar or charged surfaces
are rather scarce. Since we attempted in the current work to
present a theory that in the limit of atmospheric pressure gives
account, to some extent, of these experiments, it seems natural
Fig. 12. The mean cosine hcoshi of the angle θ between the direction of the
electric field E and the electric dipole moment μ of the water molecule as a
function of surface charge density σ at three different pressures Po (10

−4, 0.3
and 0.6 GPa).
to relate it with other theoretical approaches describing such or
similar situations. We will mention three topics:

1. Theory of phase transitions in two-dimensional models of
systems of dipoles and the related experiment.

2. Experiments testifying for or against the fluid nature of the
phases considered in the current work.

3. Molecular dynamics studies of aqueous systems at a charged
or polar wall.

Some theoretical approaches, as exemplified by Refs. [29–
31], have undertaken the question of structural phase transitions
of water at interfaces. These theories [29–31] reported on
transitions in two-dimensional closed model systems composed
of dipole moments in the electric field. They were relatively
successful in describing the thermal phenomena at mercury
electrodes observed by Benderskii et al. [1,2]. How do they
compare with our current work? Since in the region of phase
coexistence no change in the values of the total pressure occurs
(Figs. 4 and 5), at the transition pressure there are no dipolar
molecules entering the high field region with increasing field—
the process of the pull of additional dipoles into the field is
blocked. Water in the high electric field at an electrode forms an
open system, but in this specific range of physical parameters it
mimics to some extent a closed one. This may eventually help to
understand, from our point of view, the results of Refs. [29–31].

Let us point out that on purely thermodynamic grounds one
cannot decide upon the structure of phases, or whether a phase
is solid or fluid. Nevertheless, we admit the possibility of
liquid–liquid transitions. Such transitions are not unknown:
there exist phase boundaries in the (P, T) plane for quantal (4He,
3He and H) and “classical” elemental liquids (C, P, Se, S)
characterized by a change in the local coordination number
across these boundaries [38]. The experiments have not
resolved the question of the nature of the dense phase in the
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high electric field (our OR phase) yet. Interpretation of
measurements by Kasinski et al. [3] suggests the presence of
a solid dense phase in the high electric field, while the
viscosity–density product studies by Plausinaitis et al. [39] do
not exclude the existence of a dense fluid in such conditions,
however at thicknesses higher than the first few molecular
layers at an electrode. The experiment by Choi et al. [7], in the
light of their Errata, does not seem to resolve this question, too.

Some theoretical approaches apply several models of water to
study its properties at polar or charged surfaces by the molecular
dynamics (MD) simulation method. An account of the early
work on water at interfaces, including MD simulations, can be
found in Ref. [34]. MD simulations of water at charged
electrodes have been performed by Yeh and Berkovitz as well
as by Crozier et al. [35,36]. Yet these simulations appeared
unable to reproduce quantitatively the experimental data on local
mass density profile at a charged wall by Toney et al. [4,5],
whereas our approach [37] (the same as the current one) was able
to account for it with no use of adjustable parameters. Note that
the latter paper deals with the density profile – the mass densities
of consecutive water layers at a wall – profiting from the fact that
within our approach one can calculate local quantities and not
only those concerning a uniform medium. In the light of the new
results presented herein one can offer a new interpretation of the
previous results [4,5,20,37]. Namely, at ambient conditions,
water layers in the high electric field at an electrode with
densities distinctly exceeding unity (say, ≈ 1.2 or more) should
be attributed to the oriented phase OR discussed herein.
Moreover, as follows from our calculations, this enhanced
density characteristic of the phase OR should persist under high
pressures applied, but this requires experimental verification.
Let us still remark that in the last decade, to our best knowledge,
no serious criticism has been published of Toney et al.'s [4,5]
results. Also, so far as we know, no MD simulation papers
presenting a quantitative agreement with themass density profile
found experimentally at a charged electrode appeared recently.

In the last decade, the number of MD work on the problem of
water at a wall has increased significantly (see, for example,
references in Ref. [40]). So far as it is possible, a qualitative
comparison would be instructive of our current results with
those of the exemplary very recent paper by Giovambattista et
al. [40], notable by taking into account both the effect of
pressure and that of a polar surface on water, which also is the
question dealt with herein. The two model solid plates in Ref.
[40] are assumed to have fixed positions of ions, and hence a
fixed polarity. Also, a fixed number N of molecules (closed
system) is admitted. On the other hand, we discuss a single plate
with varied polarity (or equivalent surface charge density), and
confinement effects are avoided. Also, an open system with a
varying number N of molecules within the reach of the field is
considered herein. All that makes a direct comparison some-
what uncertain. One of the findings of the authors of Ref. [40] is
that the density profile of water as a function of distance from
one of the two parallel hydrophilic plates is “insensitive to
[pressure] P over the range of conditions investigated”, which
means T=300 K and P≤0.2 GPa. On the other hand, we are led
to a conclusion that for some surface charge density σ values,
the local mass density d (or mass density profile) depends
noticeably on the pressure Po applied (Fig. 13). However, in
Fig. 13 specific values of σ can be found for which the value of
d is the same for different Po. The examples are situated at the
crossings of the isobars: for σ=0.287 C m−2 and two pressures
Po=10

−4 and 0.05 GPa as well as for σ=0.304 C m−2 and
pressures Po=0.05 and 0.2 GPa applied. Close to such points
the pressure dependence of d is weak, which formally
corresponds to the cited result (insensitivity to pressure) in
Ref. [40], but it may well be accidental.

One of the reasons why a reconciliation of the MD results
with the other ones is difficult can be the quantum nature of the
H-bonds, as pointed out a decade ago by Brodsky in his essay
on the predictive “value” of water computer simulations [41],
which seems valid to some extent even today.

5. Summary

Let us summarize our results concerning the phase diagram
of liquid water under the simultaneous action of high electric
field and pressure. The picture that emerges herein is to some
extent apparent in Figs. 4, 5 and 8. Going from the left hand side
characterized by relatively moderate electric fields (or, which is
more convenient at a charged surface, moderate surface charge
densities σ) towards higher electric fields, at first normal water
(termed, at atmospheric pressure, phase B in Ref. [15]) is
encountered. We apply this nomenclature also for water under
external pressure applied. Next, going to higher values of σ
along any isobar at 293 K under pressures 10−4–0.05 GPa
applied, one faces the first-order phase transition. We have
already considered a similar 1st order transition [14,15] for
temperatures in the range 273<T<313 K; it was positively
related to a thermal effect found in literature [1,2]. Herein, it is
found that the transition extends to higher pressures applied.
This phenomenon is bounded from above by the electric critical
pressure Pc

E (0.05<Pc
E <0.06 GPa) at 293 K. An experimental

check could rely upon finding a related thermal effect, like that
found in Ref. [1,2], but observed under pressure. On going
further to the right (higher σ values) the contour seen in Figs. 4
and 5 is crossed (or circumvented, if above the critical point C,
where the phases B and A merge) and the phase A is entered.
When one continues towards higher σ (or electric field) values,
one reaches an abrupt change in slope of the isobar, seen in
Figs. 4 and 8. This abrupt change (cf. the data in Table 2)
indicates the second order phase transition from phase A to
phase OR characterized by high values of the coefficient γ, non-
zero values of the order parameter hcoshi (Fig. 10), and able to
be easily compressed by the electric field and thus to attain
higher and higher mass densities (Fig. 13).

We conclude with indicating that we have attained two goals.
Firstly, we have predicted two phase transitions of water in a
high electric field: a discontinuous one and, at higher electric
fields, a continuous one. The latter occurs at a threshold value of
the electric field and leads to a dense phase of thin layers of
water (below 1 nm) with oriented dipoles. Secondly, we predict
what will happen to these phase transitions of H2O in high
electric field under externally applied pressure. In particular, the
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first order phase transition will vanish at a certain critical value
of external pressure Pc

E. The second order phase transition
persists at all pressures considered if the permittivity of H2O
reaches the value ϵ=25.

The results give account of different thermal and scattering
experiments on thin layers of water in very high electric fields, as
encountered in many physical and biological systems. Analo-
gous experiments performed under pressure would be welcome.

Appendix A

In this Appendix we provide some details of the calculation of
the lhs of Eq. (18), which is the same as the rhs of Eq. (10). The
first factor in the form of a derivative on the rhs of Eq. (10) is

Af
AY

¼ r
e
: ðA:1Þ

With the value of σ taken from Eq. (3) one obtains:

Af
AY

¼ q
4pex2

¼ qX
4pe

; ðA:2Þ

where X=x−2. The second factor can be written as

AY
Ae

¼ q
4p

AX
Ae

� �
1−

1
e

� �
þ X
e2

� �
: ðA:3Þ

The derivatives: the third factor (∂ϵ/∂N) in Eq. (10) and (∂X/
∂ϵ) in Eq. (A.3) will be calculated in a way similar to that
explained in Ref. [15]. From an expression obtained in Ref. [17]
for permittivity ϵ as a function of the field strength E and
temperature T (cf. Eq. (B.4) below) we obtain the derivatives
occurring in Eqs. (10) and (A.3):
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The quantities A (cf. Eq. (13)), B (cf. Eq. (B.5)) and the
refraction index n are temperature dependent and found with the
help of the data collected in [15], Table 2 therein.
Appendix B

In this Appendix it will be shown how to calculate the
values of the mean cosine hcoshi within our temperature
interpolation scheme (cf. Ref. [17]). For small values of the
argument Ξ the function BI(Ξ) (Eq. (11)) can be expanded
into the power series:

BI Nð Þ ¼ I þ 1
3ðI−1ÞN−

I4−1
45ðI−1Þ4 N

3

þ : : :ub Ið ÞN−c Ið ÞN3 þ : : : ðB:1Þ

The coefficient b(I) and the mean number of orientations I of
the dipole moment are interrelated as (cf. Eq. (B.1))

b Ið Þ ¼ I þ 1
3ðI−1Þ ; ðB:2Þ

or inversely

I ¼ 3bþ 1
3bþ 1

: ðB:3Þ

The relation between the permittivity ϵ and the electric field
strength is, according to the Onsager field model [43],
expressed as (cf. Ref. [15]):

e−n2

e
¼ B

VX
hcoshi; ðB:4Þ

where

B ¼ 4pNlðn2 þ 2Þ
3q

m kmol−1 ðB:5Þ

and

hcoshi ¼ BI ðNÞ: ðB:6Þ
In order to find the values of the permittivity ϵ in the high

electric field Ewe look for hcoshi ¼ BI ðNÞ. To this aim, first the
numerical value of b(I) (Eqs. (B.1), (B.2), (B.3)) should be
found in the linearized version of the Onsager approximation
(cf. Ref. [17], Eq. (19) therein):

3ðe−n2Þð2eþ n2Þ
eðn2 þ 2Þ2 ¼ b Ið Þ l

2No

eovkT
ðB:7Þ

provided that the (field-independent) dielectric constant ϵ at a
given temperature T and pressure Po is known from experiment.
In this way, the values of b(I) are found at a given T (Table 1 in
Ref. [17] and Table 1 in Ref. [18]). Subsequently, following Eq.
(B.3) the values of I= I(T) are found (cf. Table 1 in Ref. [17] and
Table 1 in Ref. [18]). With the known values of I(T), one finds
BI(Ξ) with the help of Eq. (B.1).
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