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1. Introduction

Understanding the phase behaviour of water in high electric
fields still seems to be an open question in physics.[1] Recently,
by using the off-specular X-ray scattering technique, it has
been possible to reveal phase transitions attributed to a high
electric field in a few molecular H2O layers compressed vertical-
ly to the surface of a RuO2 charged electrode.[2] Independently,
a theoretical approach to the problem of phase transitions in
water under the effect of an electric field has been pro-
posed.[3,4] The approach is based on the equation of state, and
follows a thermodynamic law describing the equilibrium state
of water placed in a local high electric field of strength E and
forming a common system with the remaining water localized
outside the field. This equation belongs to the class of so-
called rigorous (thermodynamic) equations of state.[5, 6]

Some features predicted earlier within the framework of this
approach and in agreement with experiment are:

1. In the layers of H2O at the Ru2O electrode, a phase transi-
tion: normal water (B) ! orientationally ordered H2O phase
(A), which was independently predicted by theory,[3,4] has
been reported[2] to occur at ambient conditions. Note that
some intuition concerning possibly different water phases
in high electric fields at ambient conditions seems to have
existed for more than a decade: a “solid water layer” at the
highly polar TiO2 surface was first reported in 1989.[7]

2. The phase transition B ! A (see Table 1) predicted by the
theory should occur with a field discontinuity at about
109 Vm�1 (this discontinuity concerns E(P) as a thermody-
namic variable depending on the electrostriction pressure
P—see Section 3). This value coincides with that observed
in experiment.[2, 8]

3. The predicted changes in entropy DS[3] and heat capacity
DCP (ref. [9] and the current paper) at the transitions are of
the same order of magnitude as those found by Benderskii
et al.[8] using the laser temperature-jump method at a Hg/
aqueous electrolyte interface at a field of strength
�109 Vm�1.

Yet another aspect of this phase transition is the relation to
the hydrogen bonding (HB) energy. The energy of the electric
dipole m=6B10�30 Cm of the H2O molecule in the field E=
109 Vm�1 characteristic of the transition amounts to mE=6B
10�21 J. In other words, this energy is �4 kJmole�1 of dipoles.
The latter quantity should be compared with that of HB
energy (20–25 kJmole�1). Thus, the phase transition considered
occurs for a value of the local field E in which a dipole has an
energy not much below that of the HB energy.
The transition B ! A is not accompanied by a density dis-

continuity. However, with a further rise in E, phase A becomes
compressed more and more and acquires large density values
(twice those of normal water or more).[10]

In an earlier paper,[4] on the basis of the equation of state,
we predicted a phase transition in H2O induced by electrostric-
tion pressure Pt under ambient conditions. The phase transi-
tion occurs between partly orientationally ordered water
(termed phase B) and a different phase A of H2O, which is ori-
entationally ordered and compressed. In a preliminary short ac-
count,[9] we presented theoretical evidence for a phase transi-
tion of water in a high field at an electrode at temperature T in
the range 273<T<303 K and discussed it in the context of
the thermal phenomena observed at a Hg electrode.[8] In that
account, the calculations led to the finding of discontinuities in
the surface charge density s at a range of temperatures, thus
providing evidence for phase transitions from phase B to

The equation of state of an open system containing water in an
electric field of strength E greater than 108 V m�1 leads to a
phase diagram with two-phase and single-phase regions in the
P,E,T coordinates (P=electrostriction pressure). The phases differ
by their degree of orientation of H2O molecules in the field. The
phase transition is discontinuous with respect to E. The calcula-

tion shows that the discontinuity vanishes at the critical point :
Pc�0.2 GPa, Ec�109 V m�1 and TEc below 313 K. The thermal
effect of the transition is calculated and compared with an ex-
periment at the Hg/aqueous electrolyte interface found in the lit-
erature.
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phase A of H2O in the field. No discontinuity has been found
above the critical temperature TE

c=308�5 K.
Herein, we ask the question: what happens to the phase

transition B ! A in H2O induced by an electrostriction pres-
sure Pt

[4] in the wider temperature range 273<T<373 K? The
ability to answer this question is possible thanks to our earlier
calculated permittivity e of water as a function of field E and
temperature T.[11] With respect to the preliminary short account,
additional theoretical evidence is presented here; the disconti-
nuities in permittivity e, local electric field E and distance x
from the centre of an ion at the transition are discussed. The
calculations are presented in some detail to make the paper
self-contained. The critical point Pc,Ec,T

E
c is found in the phase

diagram of water in the (P,E,T) variables, where P is the local
electrostriction pressure.
Note that on the basis of the thermodynamics only, one

cannot decide whether the dense orientationally ordered
phase A of water is solid or liquid. If the orientationally ordered
and compressed phase A of H2O was liquid, the present sub-
ject would belong to a broader theme of the physics and
chemistry of liquids, namely the phase transitions wholly
within the liquid state.[1] It is well-known that 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 local coordination number across these bounda-
ries.[1] Herein, it is shown that in an open system of water in a
high electric field characterized by a finite change in local per-
mittivity e across phase boundaries in the (P,T) plane there
exists an “electric” critical point (Pc,T

E
c).

Besides those in refs. [2, 8] , other experiments have been re-
ported that can now be interpreted in the light of the current
work as concerning the dense, orientationally ordered phase A
of water. The specular X-ray scattering investigation[12] of water
at the Ag charged electrode has revealed water layers polar-
ized and compressed to a density as high as twice the normal
one, in fields that can now be characterized as higher than
those needed for the phase transition under discussion to
occur. Its compression has been explained qualitatively by the
authors[12] and later quantitatively by others[10] as due to elec-
trostriction.

2. Method

In this section, the model applied in the current work is de-
fined and the equation of state of water in a high electric field
in the range of temperatures considered is derived. These pa-
rameters form the basis for further calculations of the electric-

field-induced phase transitions, or strictly speaking those in-
duced by the electrostriction pressure. For the sake of com-
pleteness, some details of derivations appearing in our previ-
ous work (see ref. [13] for a review) are re-derived in a form
suitable for discussing the whole range of temperatures where
H2O is a liquid under atmospheric pressure.

2.1. Equilibrium Condition

Water placed in a local high electric field of strength E>
108 Vm�1 is encountered in hydration shells of ions, hydration
shells around biomolecules and in the double layers at electro-
des. It forms a common system with the remaining water local-
ized in a weak field or outside the field. The thermodynamic
law describing the state of this system is the equilibrium con-
dition with respect to the mass transport between the regions
within and outside the field. The above follows from the condi-
tion of equality of the chemical potentials z given by Equa-
tion (1):

zi ¼ zo ð1Þ

where the superscripts i and o mark the quantities inside and
outside the field, respectively. The chemical potential of the
water molecule placed in a high electric field is reduced by zW

due to the work done by the electric field reorienting the elec-
tric dipole. To attain an equilibrium, the chemical potential gra-
dient thus created induces the pull of the dipoles into the field
and thus produces a compression. We shall deal with a new
equilibrium state with water density increased in the high field
due to this process. The work L related to water compression
in the field—the electrostriction work—enhances the chemical
potential of water by zL. After reaching the equilibrium, the
latter compensates the negative increment zW according to
Equation (2):

�zW ¼ zL ð2Þ

Herein, it will be shown that the phase transition under am-
bient conditions described earlier[4] also occurs in the range
273<T<303 K. As before, the question of the transition is
considered at the atmospheric pressure (Po=105 Pa). At T=
313 K and higher temperatures, the present approach does
not predict any phase transition of the kind: normal water !
orientationally ordered H2O (B ! A).

Table 1. The transition electrostriction pressure Pt, discontinuities in the electric field strength DE, surface charge density Ds, permittivity De and reduced
distance from the centre of an ion Dx accompanying the B ! A transitions at four temperatures T.

T
[K]

Pt

[GPa]
DE
[109 Vm�1]

Ds

[Cm�2]
Ds

[qN�2]
De Dx

[N]

273 0.1714 0.9254/1.0830 0.2662/0.2702 0.0166/0.0169 32.49/28.18 2.187/2.171
283 0.1781 0.9742/1.1347 0.2666/0.2705 0.0167/0.0169 30.91/26.92 2.185/2.170
293 0.1854 1.0253/1.1667 0.2675/0.2708 0.0167/0.0169 29.47/26.22 2.182/2.168
303 0.1940 1.0819/1.1732 0.2692/0.2713 0.0168/0.0170 28.10/26.12 2.175/2.166
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2.2. The Equation of State of H2O Expressed in
the Variables P, E, T

The change in the chemical potential zW is calculated in a way
similar to that described earlier.[4,10, 13] In the immediate neigh-
bourhood of the electrode (first layer of water molecules—
Helmholtz layer) the field strength E is described by Equa-
tion (3):

E ¼ s0

e0
¼ s

ee0
ð3Þ

where s0 is the surface charge density on the electrode, e is
the permittivity and e0 is the permittivity of a vacuum. Similar-
ly, the strength E of the field around the ions (Coulomb field)
is given by Equation (3), where [Eq. (4)]:

s ¼ q
4px2

ð4Þ

and q is the elementary charge, x is a reduced distance from
the centre of the ion x= rB jZ j �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 given by Equation (5):[10,13]

W ¼ V
e0

Zy

0

s

e
dy ð5Þ

where y=s

�
1�

1
e

�
, V=constant is the volume of the system

and Vdy is the increment of the polarization of the whole
system. The increment of the grand potential W is given by
Equation (6):

dW ¼ �SdT þ EVdy�NdzL ð6Þ

where N is the number of molecules in the volume V.
Let us introduce the notation [Eq. (7)]:

f ¼
Zy

0

s

e
dy ð7Þ

The work W performed leads to a change DW in the value
of the grand potential W of water given by Equation (8):

ðDWÞT ,V ,zL
¼ V

e0
f ð8Þ

For zW, the change in z as a result of the work W, one ob-
tains Equation (9):

zW ¼
�
@W

@N

�
T ,V ,zL

ð9Þ

The increment is [Eq. (10)]:

zW ¼ voNo

e0

�
@f
@N

�
zL

ð10Þ

where vo=V/No and No is the Avogadro number. It follows
from Equation (10) that [Eq. (11)]:

zW

vo ¼ 1
e0

��
@f
@y

��
@y
@e

��
zL

No

�
@e

@N

�
y

ð11Þ

Now, we shall provide some details of the calculation of the
right-hand side of Equation (11). The first factor in the form of
a derivative is given by Equation (12):

@f
@y

¼ s

e
¼ q
4pex2

¼ qX
4pe

ð12Þ

where X=x�2. The second factor can be written as shown in
Equation (13):

@y
@e

¼ q
4p

��
@X
@e

��
1� 1

e

�
þ X
e2

�
ð13Þ

The third factor (@e/@N) in Equation (11) and (@X/@e) in Equa-
tion (13) will be calculated in a way similar to that explained
previously.[4, 14] From an expression obtained in ref. [11] for per-
mittivity e as a function of the field strength E and tempera-
ture T (see Equation (23) below), we obtain these derivatives as
given by Equations (14):

No

�
@e

@N

�
y

¼

B
VXðI�1Þ

�
Icoth

IX
I�1�coth

X

I�1

�

n2

e2�
BA

VTðI�1Þ2ðeþn2=2Þ2
�

I2
�
sinh

IX
I�1

��2

�
�
sinh

X

I�1

��2�

ð14Þ

and (15):

@X
@e

¼ X2

�
VðI�1Þn2

Be2
� A

TðI�1Þðeþ n2=2Þ2
�

I2
�
sinh

IX
I�1

��2

�
�
sinh

X

I�1

��2����
coth

X

I�1�Icoth
IX

I�1

�

þ AX
TðI�1Þðeþ n2=2Þ

��
sinh

X

I�1

��2

�I2
�
sinh

IX
I�1

��2���1

ð15Þ

where A is given by Equation (16):

A ¼ mqðn2 þ 2Þ
8pke0

m2 K ð16Þ

in which k is the Boltzmann constant, n is the refractive index
and B is given by Equation (17):
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B ¼ 4pNmðn2 þ 2Þ
3q

mkmole�1 ð17Þ

The quantities A and B and the refractive index n are tem-
perature-dependent and found with the help of the data col-
lected in Table 2.
The mean cosine hcosqi of the angle q between the direc-

tion of the external field E and the electric dipole moment m of
the water molecule for an arbitrary number I of allowed orien-
tations of a dipole is expressed by the Brillouin function[18,19]

shown in Equation (18):

BIðXÞ ¼
I

I�1 coth
IX

I�1�
1

I�1 coth
X

I�1
ð18Þ

where X is defined as [Eq. (19)]:

X ¼ AX
Tðeþ n2=2Þ ð19Þ

In the framework of our approach[11] the reorientations of di-
poles responsible for the high dielectric constant of water can
be conceived as due to simultaneous shifts of the proton posi-
tions. The structure of the neighbourhood of a hydrogen-
bonded molecule, be it traditional fourfold coordinated or, ac-
cording to a recent study, rather forming chains (twofold
strongly bonded coordination),[20] plays a secondary role. In the
range 273<T<373 K, the hydrogen-bond energy (20–
25 kJmole�1) exceeds the thermal energy RT (�2–3 kJmole�1)
by a factor of about ten. Hence, the very concept of two possi-
ble orientations (I=2) of water dipoles under ambient condi-
tions seems to be justified. At very high temperatures, in
which the thermal energy becomes comparable to the hydro-
gen-bond energy (T�3000 K, RT�25 kJmole�1), most of the
hydrogen bonds should be broken and the dipoles should be
able to rotate freely (I=1), which induces a behaviour de-
scribed by the Langevin function L(X). In this context it is natu-
ral to look for an interpolation scheme between the two ex-
tremes of tanh(X), corresponding to I=2, and L(X), corre-
sponding to I=1, which represent the upper and lower

bounds of hcosqi, respectively. One of the possible interpola-
tion schemes goes as follows. It is conceivable that in the inter-
mediate temperature range part of the hydrogen bond is dis-
rupted, which implies an intermediate number I of probable
directions of the dipole moments lying between two extremes:
2< I<1. The form of L(X) is obtained from the Brillouin func-
tion BI(X) in the limit (I!1). For small values of the parameter
X the function BI(X) [Eq. (18)] can be expanded into the power
series shown in Equation (20):

BIðXÞ ¼
I þ 1
3ðI�1ÞX�

I4�1
45ðI�1Þ4 X

3 þ . . . 
 bðIÞX�cðIÞX3 þ . . .

ð20Þ

The coefficient b(I) and the mean number of orientations I of
the dipole moment are interrelated as shown in Equation (21):

bðIÞ ¼ I þ 1
3ðI�1Þ ð21Þ

or inversely as [Eq. (22)]:

I ¼ 3b þ 1
3b�1

ð22Þ

The relation between the permittivity e and the electric field
strength is, according to the Onsager field model,[21] expressed
as Equation (23):

e�n2

e
¼ B

VX
hcosqi ð23Þ

and Equation (24):

hcosqi ¼ BIðXÞ ð24Þ

To find the values of the permittivity e in the high electric
field E we look for hcosqi=BI(X). To this end, first the numeri-
cal value of b(I) [Eqs. (20), (21), (22)] should be found in the lin-
earized version of the Onsager approximation (see ref. [11],

Table 2. Values of the mean number I of allowed orientations of H2O dipoles at temperature T and other quantities entering Equations (23) and (30). nT
D is

the refractive index of water,[15, 16] v is the molar volume of water[16] and e the dielectric constant of water;[17] A is defined in Equation (16) and B in Equa-
tion (17).

T
[K]

nT
D v

[m3kmole�1]
e I A

[1015 m2K]
B
[10�17 mkmole�1]

273 1.33395 0.0180182 87.9 2.000 1.18696 3.59355
283 1.33369 0.0180207 83.96 2.010 1.18674 3.59290
293 1.33299 0.0180477 80.20 2.024 1.18615 3.59112
303 1.33192 0.0180940 76.60 2.038 1.18526 3.58841
313 1.33051 0.0181566 73.17 2.052 1.18408 3.58484
323 1.32894 0.0182334 69.88 2.066 1.18277 3.58087
333 1.32718 0.0183231 66.73 2.080 1.18130 3.57642
343 1.32511 0.0184249 63.73 2.095 1.17957 3.57120
353 1.32287 0.0185381 60.86 2.120 1.17771 3.56556
363 1.32050 0.0186625 58.12 2.125 1.17574 3.55961
373 1.31783 0.0187980 55.51 2.140 1.17353 3.55291
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Eq. (19) therein) with the help of Equation (25):

3ðe�n2Þð2eþ n2Þ
eðn2 þ 2Þ2 ¼ bðIÞ m

2No

e0vkT
ð25Þ

provided that the (field-independent) dielectric constant e at a
given temperature T is known from experiment. In this way,
the values of b(I) are found at a given T (Table 2). Subsequently,
by following Equation (22) the values of I= I(T) are found (see
Table 2). With the known values of I(T), one finds BI(X) with the
help of Equation (18).
Let us now consider the change in the chemical potential zL

due to the compression work L which, according to Equa-
tion (2), will compensate zW. The compression work L is calcu-
lated, similarly as in refs. [10, 22] , by integrating the area under
the isotherm V=V(P) where P is pressure on the basis of Equa-
tion (26):

L ¼
ZPi

Po

VðPÞdP ð26Þ

The change in the chemical potential zL due to this work is
given by Equation (27):

zL ¼
@

@N

ZPi

Po

VðPÞdP ¼
ZPi

Po

vðPÞdP ð27Þ

where Po denotes the atmospheric pressure. One can rewrite
Equation (2) in the form [Eq. (28)]:

� zW

vo ¼ zL

vo
ð28Þ

which, by taking into account Equations (11) and (27), is the
same as [Eq. (29)]:

�No

e0

��
@f
@y

��
@y
@e

��
zL

�
@e

@N

�
y

¼ 1
vo

ZPi

Po

vðPÞdP ð29Þ

The integrals on the right-hand sides of Equations (27) and
(29) have been found by substituting the isotherms[23] v=v(P)
of water in the liquid state under pressure P in the absence of
a field. Of course, the use of the data measured in the absence
of the field introduces an approximation. Its validity can only
be judged subsequently, as has been done with a positive
result in ref. [10] . The upper integral limit [Pi, see Eq. (27)] was
matched so as to fulfil Equation (29), which is equivalent to
putting the pressure value Pi in the field equal to the local
electrostriction pressure value P [Eq. (30)]:

�No

e0

��
@f
@y

��
@y
@e

��
zL

�
@e

@N

�
y

¼ 1
vo

ZP

Po

vðPÞdP ð30Þ

This is the same as saying that the external pressure applied
without an electric field would produce water compression
comparable to that due to the local electrostriction pressure.
Note that a similar position has also been adopted by other
authors, e.g. a neutron scattering experiment with isotopic
substitution on a 10m NaOH solution was interpreted to “indi-
cate that ions in aqueous solutions induce a change in water
structure equivalent to the application of high pressure”.[24]

Equation (30) represents the equation of state of H2O in im-
plicit variables P, E and T. The dependence on temperature is
present through the relation e=e(T) as expressed in Equa-
tion (23) and through introduction into Equation (30) of the
isotherm v=v(P) for the same temperature T for which e is cal-
culated. The dependence on the electric field strength E is
present through f and y [see Eqs. (3)–(7)] .
Now, we shall provide some details of the calculation of the

right-hand side of the equation-of-state Equation (30). To find
its value, the compressibility isotherms every 10 K for T=273–
373 K were taken from ref. [23] . These data have been plotted
(not shown). The plots of Equation (31):

d�1 ¼ d�1ðPÞ ð31Þ

where d�1 denotes the relative specific volume v/vo, were fitted
with fourth-order polynomials [Eq. (32)]:

d�1 ¼ a þ bP þ cP2 þ gP3 þ eP4 ð32Þ

where the coefficients of the powers of P are given in Table 3.
The integral on the right-hand side of Equation (30) can be
written as [Eq. (33)]:

ZP

Po

d�1ðPÞdP ð33Þ

The polynomials in P (see Equation (32) and Table 3) have
been integrated. In this way, the values of zL/v

o [Eq. (28)] as a
function of electrostriction pressure P (and, formally, the at-
mospheric pressure Po=const.) have been obtained. We in-
tended to find the only unknown quantity in Equation (30) for
any given (calculated) value of �zW/v

o=zL/v
o, namely the elec-

trostriction pressure P—the upper limit of the integral on the
right-hand side. To this aim, the inverted plots of P versus zL/
vo have been drawn, and yet other polynomials have been
fitted to these plots [Eq. (34)]:

P ¼ G þ H
zL

vo þ K

�
zL

vo

�2

ð34Þ

where the coefficients are given in (Table 4). Equation (34) ena-
bles one to find the value of P for any given value of �zW/
vo=zL/v

o at a given temperature as intended.
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3. Phase Transition in H2O Induced by an
Electrostriction Pressure Pt : The Critical Point

As already shown,[4,13] under ambient conditions the values of
E, s, x and e show discontinuities at the phase transition from
phase B to phase A. We shall discuss what happens to this
transition when the temperature is varied while the external
pressure remains equal to the atmospheric pressure (Po). Equa-
tion (30) is solved with P as the unknown. The P,E isotherms
obtained on the basis of Equation (30) show discontinuities
along the E axis (Figure 1) for 273–303 K, whereas in the range
313–373 K the P,E isotherms show no discontinuities.
Let us briefly comment upon this discontinuity. By definition,

a first-order transition is characterized by a finite discontinuity
in a first derivative of the grand potential W [see Eq. (6)] . In
our case, one should expect discontinuities in the following
derivatives of W [Eq. (35)]:

1
V

�
@W

@y

�
T ,V ,zL

¼ E,

�
@W

@T

�
V ,zL ,y

¼ �S ð35Þ

corresponding to the electric field strength (considered as a
thermodynamic variable) and entropy. The plateau of the line
P(E) at P=Pt in Figure 1 may, by a simple interchange of the
axis P and E, be transformed from a horizontal segment into a
vertical one, whose length corresponds to the value of the dis-
continuity of E. Of course, this discontinuity as a function of P

has nothing to do with a con-
cept of an eventual discontinuity
of E in space, which could violate
the Gauss law.
The P isotherms can also be

drawn as a function of the varia-
ble s (Figure 2), which is conven-
ient when dealing with charged
electrodes or large biomolecules.
The additional upper abscissa
axis in Figure 2 defines s in units
commonly used in biophysics:
elementary charge q per N2

(qN�2). The variable x is practical when discussing the phenom-
ena in the neighbourhood of small, nearly spherical ions
(Figure 3). Finally, P isotherms are also drawn as a function of
permittivity e (Figure 4).

Table 3. Coefficients occurring in Equation (32) for pressures from P � 10�4 GPa to those indicated in the last column of this table.

T
[K]

a b
[GPa�1]

c
[GPa�2]

g
[GPa�3]

e
[GPa�4]

P
[GPa]

273 0.999732 �0.489379 0.64005 �0.417001 0 P � 0.6
283 0.999886 �0.454715 0.528748 �0.31063 0 P � 0.7
293 1.00102 �0.4286 0.445462 �0.230999 0 P � 0.8
303 1.00313 �0.403163 0.350594 �0.143041 0 P � 1.0
313 1.00657 �0.399506 0.343901 �0.139399 0 P � 1.0
323 1.01069 �0.399554 0.343116 �0.138654 0 P � 1.0
333 1.0163 �0.423661 0.454488 �0.31266 0.0853151 P � 1.5
343 1.02189 �0.42902 0.459036 �0.312511 0.0844686 P � 1.5
353 1.02733 �0.414078 0.368372 �0.189092 0.0373318 P � 2.0
363 1.03508 �0.432433 0.398789 �0.208805 0.0415854 P � 2.0
373 1.04153 �0.437349 0.401307 �0.208891 0.0413332 P � 2.0

Table 4. Coefficients in Equation (34).

T
[K]

G
[109 Pa]

H
[109 m2]

K
[109 m5 J�1]

273 �0.000333117 1.01479 0.164139
283 �0.000378811 1.01485 0.154672
293 �0.000471958 1.0146 0.146068
303 �0.000780551 1.01625 0.135133
313 �0.000763445 1.01238 0.133147
323 �0.000879593 1.00894 0.130785
333 �0.00186867 1.01581 0.113863
343 �0.00193153 1.01109 0.112625
353 �0.00377021 1.01793 0.0994629
363 �0.004417 1.01392 0.09833
373 �0.00400114 1.00684 0.098708

Figure 1. Eleven isotherms of electrostriction pressure P [GPa] as a function
of electric field E [109 Vm�1] plotted every 10 K for temperatures 273–373 K.
The apparent straight segments parallel to the E axis correspond to a con-
stant value P=Pt characteristic of the coexistence of phases A and B. The
long-dashed line separates the two-phase region from the single-phase
region.
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In all the Figures 1–4, for 273–303 K there are apparent
straight horizontal segments, characteristic of a domain of co-
existence of phases. Along these segments the electrostriction
pressure P maintains a constant value P=Pt, the transition
electrostriction pressure.
In Figure 5 the part of the 273 K isotherm of Figure 1 show-

ing discontinuity is plotted on a very extended scale. On that

scale one can notice that the segment LZ actually shows a
maximum and a minimum. The states corresponding to the
portions LM and WZ of the wavy curve are metastable, which
is analogous to the situation encountered for van der Waals
isotherms. The portion MW of the curve represents unstable
states with (@P/@E)T<0, which are not physical because they
violate the thermodynamic stability conditions. For the system
discussed herein, the thermodynamic stability condition is of
the form of inequality [Eq. (36)]:

�
@P

@E

�
T

> 0 ð36Þ

since the electrostriction pressure P rises with growing electric
field strength E. The lengths of the horizontal segments P=Pt

of the isotherms are equal to the values of the discontinuities

Figure 2. Eleven isotherms of electrostriction pressure P [GPa] as a function
of surface charge density s [Cm�2] plotted every 10 K for temperatures 273–
373 K. The additional upper abscissa axis defines s in units of elementary
charge q per N2 [qN�2] . The long-dashed line separates a single-phase
region from a two-phase region. Within the latter, the values of the electro-
striction pressure at straight horizontal segments correspond to a constant
value P=Pt.

Figure 3. Eleven isotherms of electrostriction pressure P [GPa] as a function
of the reduced distance x [N] from the centre of an ion plotted every 10 K
for temperatures 273–373 K. The long-dashed line separates a single-phase
region from a two-phase region. Within the latter, the values of the electro-
striction pressure at straight horizontal segments correspond to a constant
value P=Pt.

Figure 4. Eleven isotherms of electrostriction pressure P [GPa] as a function
of permittivity e plotted every 10 K for temperatures 273–373 K. The long-
dashed line separates a single-phase region from a two-phase region. Within
the latter, the values of the electrostriction pressure at straight horizontal
segments correspond to a constant value P=Pt.

Figure 5. Part of the 273 K isotherm of Figure 1 plotted on an extended
scale (a). The portion MW of the isotherm describes a non-physical state,
and the portions LM and WZ metastable states. The straight horizontal seg-
ment L–Z replacing the wavy LMWZ line describes the thermodynamically
stable state with two coexistent phases A and B.
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of the electric field DE (Figure 1), surface charge density Ds

(Figure 2), reduced distance Dx from the centre of an ion
(Figure 3), or permittivity De (Figure 4, see also Table 1). These
horizontal segments shorten with rising temperature: the
shortest ones are seen at T=303 K, and at T � 313 K neither
of them is noticeable any more. Above T=303 K an extrapolat-
ed line joining the left-hand and the right-hand envelopes of
the region of phase coexistence has been drawn. In this way, a
line separating the single-phase region from the two-phase
region is obtained. The T coordinate of the highest (extrapo-
lated) point of this line corresponds to the critical temperature
TE
c lying in the range 303<TE

c<313 K. Due to the lack of de-
tailed experimental data it was not possible to fix TE

c more pre-
cisely. This “electric” critical temperature TE

c should be dis-
cerned from the usual critical temperature Tc=647.069 K of the
liquid–vapour H2O system in the P,V,T coordinates. The region
of coexistence of phases is plotted on an expanded scale in
Figure 6. Five electrostriction pressure P isotherms are plotted

every 10 K at temperatures ranging from 273 up to 313 K as a
function of E. The point TE

c lies on the extrapolated long-
dashed line (Figure 6) joining the centres of the straight seg-
ments (with P=Pt) of the isotherms for four temperatures
(see Table 1). On extrapolating this long-dashed line up to the
isotherm (P,E) for T2=313 K, one finds the point of intersection
with the coordinates: P2=0.198 GPa and E2=1.14B109 Vm�1.
They bound the coordinates of the “electric” critical point from
above. The coordinates of the centre of the straight segment
for T1=303 K (P1=0.194 GPa, E1=1.12B109 Vm�1) bound the
critical point from below.
The parameters defining the position of the “electric” critical

point Pc,Ec,T
E
c are bounded according to the set of inequalities

shown in Equation (37):

0:194 < Pc < 0:198GPa

1:12 < Ec < 1:14� 109 Vm�1

303 < T E
c < 313 K

ð37Þ

3.1. A Comment on the Numerical Agreement
with Previous Work

Note that in ref. [4] the calculated electrostriction pressure at
the transition amounted to Pt=0.21 GPa at ambient condi-
tions. This represents a value higher than not only the value
Pt=0.1854 GPa (Table 1, column 2) calculated herein at ambi-
ent conditions, but also (paradoxically) higher than the highest
limit of the transition electrostriction pressure—the upper limit
of the critical electrostriction pressure Pc=0.198 GPa, also
found herein. The cause of this discrepancy lies in the slightly
different model assumptions in ref. [4] and in the current
paper. According to the earlier proposed simpler model,[4]

there were only two possible directions (I=2, see Table 2,
column 5) of the dipole moments.
Herein, the same slightly modified model admits a small

temperature-dependent fraction of dipole moments pointing
to other directions [see text following Eq. (19)] , which results
in slightly different values of the permittivity e at ambient and
other conditions.

4. Change in Heat Capacity DCP at the Phase
Transition: Calculated Values and Comparison
with Experiment

Thermal phenomena have been observed at the mercury/
aqueous electrolyte interface by the laser temperature-jump
method.[8,25] They were reported as accompanying a phase
transition in the field of strength of 109 Vm�1. Values of DCP

equivalent to several Jmole�1K�1 have been found. We shall
now calculate DCP within our approach and compare it with
the above-mentioned experiment. To this aim, the coexistence
line of the phases A and B will be plotted, its tangent found
and a formula analogous to the Clausius–Clapeyron law ap-
plied. To obtain the coexistence line, the region (P,s,T) of coex-
istence of phases A and B (Figure 7) was projected onto the
(P,T) plane. The coexistence line is plotted as a full line in
Figure 8.
The ordinates of the four points (full symbols) marked on

this line correspond to the values of Pt (see Table 1) at temper-
atures 273, 283, 293 and 303 K. The “electric” critical point
(Pc,T

E
c) is situated at the end of the coexistence line, within the

rectangle C with the corners at the points (P1,T1), (P1,T2),
(P2,T2) and (P2,T1) (see Figure 8). The change in heat capacity
DCP at the transition between the phases B and A was calculat-
ed by following the Clausius–Clapeyron-like Equation (38):

dP
dT

¼ DS
Dv

ð38Þ

Figure 6. Five isotherms of electrostriction pressure P [GPa] as a function of
electric field E [109 Vm�1] . The isotherms are represented by dashed lines in
the single-phase regions and have the form of straight horizontal solid seg-
ments in the two-phase region. A long-dashed line going through the cen-
tres of these segments is extrapolated up to its intersection with the 313 K
isotherm. The two-phase and single-phase regions are separated by a solid
line.
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where the electrostriction pressure P replaces the common
mechanical pressure P. For the phase transition calculated
herein, Dv=0 (see ref. [13]). Under adiabatic conditions, by
making use of the well-known thermodynamic identities be-
tween partial differential coefficients,[26] Equation (38) can be
expressed as Equation (39) (see ref. [27] , Chap. 4, §4):

DCP ¼
dP
dT

TvðDaÞ ð39Þ

where Da is the change in the coefficient of thermal expan-
sion at the transition. We will calculate DCP for two tempera-
tures: 293 and 303 K. From the equation of the second-order
polynomial (shown in Figure 8) fitted to the four points in
Figure 8, the values of dP/dT were calculated from Equa-
tions (40):

�
dP
dT

�
293

¼ 8:2� 10�4 GPa K�1 ð40Þ

and (41):

�
dP
dT

�
303

¼ 9:4� 10�4 GPa K�1 ð41Þ

Now, it will be shown how to estimate the values of v(Da)
in Equation (39). The relations v=v(T) (Figure 9) were plotted
on the basis of the data of ref. [23] for P=0.18 and 0.20 GPa.
These are the closest values of pressure P with respect to the
values of the electrostriction pressures Pt=0.1854 and
0.1940 GPa (see Table 1) for which experimental data of v=v(T)
are available. From the slope differences of the pairs of lines
(see Figure 9), the values of v(Da) in Equations (42) and (43)
have been found:

½vðDaÞ�293 ¼ 0:23� 10�6 m3 kg�1 K�1 ð42Þ

Figure 7. The region of coexistence of phases in three dimensions: P, s and
T. The additional upper abscissa axis defines s in units qN�2. The solid line
separates a single-phase region from a region in which the phases A and B
of H2O coexist. There are apparent isotherms containing straight horizontal
segments at P=Pt. The highest temperature at which such a straight seg-
ment can be noticed is T=303 K; for T=313 K it is not apparent.

Figure 8. Coexistence line of phases A and B. The critical point Pc,T
E
c is situ-

ated at the end of the coexistence line, within the rectangle C drawn be-
tween 303 and 313 K, as well as between electrostriction pressures 0.194
and 0.198 GPa. The second-order equation fitted to the coexistence line is
written in the figure.

Figure 9. The specific volume V [10�3 m3kg�1] as a function of temperature T
plotted on the basis of the data of ref. [23] for pressure P=0.18 GPa (upper
line) and 0.20 GPa (lower line). For P=0.18 GPa, in the range 263<T<293 K
the relation V=V(T) has been approximated by a straight line fitted to the
empty circles, and in the range 293<T<413 K by another one fitted to the
crosses (B ). For P=0.20 GPa, in the range 263<T<293 K the relation
V=V(T) has been approximated by another straight line fitted to the (+ )
signs, and in the range 293<T<413 K by yet another line fitted to the
empty triangles. The equations V=V(T) shown in the figure are the equa-
tions of these lines.
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and:

½vðDaÞ�303 ¼ 0:15� 10�6 m3 kg�1 K�1 ð43Þ

We found from Equation (39) [Eqs. (44) and (45)]:

ðDCPÞ293 ¼ 1:0 Jmole�1 K�1 ð44Þ

and

ðDCPÞ303 ¼ 0:8 Jmole�1 K�1 ð45Þ

Note that with temperatures approaching TE
c from below,

the above changes in heat capacity DCP at constant pressures
[see Eqs. (44) and (45)] at the transitions diminish and should
vanish above TE

c since there are no more transitions at such
temperatures. Indeed, Benderskii et al.[8] observed vanishing of
DCP at a temperature of about 323 K, which is only slightly
higher than the upper limit T E

c=308+5 K of the critical tem-
perature found herein with uncertainty taken into account.
The above values of DCP are comparable (on the order of mag-
nitude) to the changes in heat capacity at constant pressure
that were found by Benderskii et al.[8]

Let us recall that our approach concerns water. This means
that the present results, including the value of the critical tem-
perature TE

c, should essentially remain unaffected by the choice
of the aqueous electrolyte and electrode material. Testing of
this prediction, e.g. by extending the experiments of Benderskii
et al.[8] on Hg/aqueous NaF electrolyte interfaces to other sys-
tems, would be welcome. Care should be taken, however, to
assure the appropriate values of the electric field within the
double layer.

5. Discussion and Conclusions

A model approach to water in a high electric field has recently
led to a prediction of a phase transition in H2O in a local field
strength of �109 Vm�1 at ambient conditions [3,4] that was
found to be in agreement with experiment.[2, 8] Herein, we have
studied this phase transition with the previous approach ex-
tended to cover the whole temperature range of H2O existence
as a liquid. We have found that the phase transition related to
the electric quantities (E, s, x, e) previously found at ambient
temperature actually occurs in the range of 273�T�303 K.
The existence of an entropy discontinuity at the transition
(latent heat at ambient temperature) was found in our previ-
ous work. The existence of the transition has been corroborat-
ed herein in another way, namely from a Clapeyron–Clausius-
like equation giving the increment DCP. We have presented
theoretical evidence of an “electric” critical temperature TE

c=

308�5 K at which the borderline of the two-phase region
reaches its highest point. The experimental evidence of the
upper bound of the phase transition at TE

c can be seen as a
vanishing at about 323 K of the transition thermal effect ob-
served in ref. [8] .
Earlier, we published results concerning permittivity in the

field above 108 Vm�1 in the whole temperature range of H2O

existence as a liquid, and found in an abrupt fall of e at E
�109 Vm�1 leading, with further rising field, to the tempera-
ture-independent state of dielectric saturation.[11] If the electro-
striction pressure P (see Figure 4) is plotted as a function of
permittivity e, we find a jump (discontinuity) in e for a transi-
tion value Pt of the electrostriction pressure corresponding to
the field E�109 Vm�1 (see Table 1). Our present analysis shows
that this feature persists up to the critical temperature T E

c and
vanishes above it (see Figure 4).
The very existence of the “electric” critical point (Pc,Ec,T

E
c)

leads immediately to the asking of a basic question concerning
the nature of the phases A and B between which the transition
occurs. We have already noted in the Introduction that within
our purely thermodynamic approach on basic grounds one
can say nothing on the structure of the phases taking part in
the transition. Also, experimental evidence has been cited
which speaks in favour of the idea that one of the phases (A)
might be solid. However, this leads to yet another question of
how to conceive the nature of H2O above TE

c, where one
cannot discern between the two phases any more. The answer
requires further study.

Keywords: electrochemistry · liquids · phase diagrams ·
thermodynamics · water chemistry
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