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Dipole fluid as a basic model for the equation of state of ionic liquids in the vicinity
of their critical point

V. L. Kulinskii * and N. P. Malomuzh†
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A model of dipole fluid for ionic liquids similar to molten NaCl is proposed. The estimates for the critical
parameters are obtained with the help of the van der Waals equation of state. The influence of the rotation on
the characteristics of a dipole pair and the location of the critical point is discussed. The dissociation of such
a fluid near the critical point is considered.
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INTRODUCTION

The critical behavior of systems with direct Coulomb
interaction attracts much attention because of its significa
both for theoretical understanding and for possible appl
tions. One obvious example of such systems is liquid met
Here the electronic subsystem effectively screens out in
onic Coulombic interaction, giving rise to a short-rang
pseudopotential. It is well known that the liquid-vapor cri
cal point for such systems is of the Ising universality cla
Moreover, a simple van der Waals~vdW! theory for such
systems is as good a mean field approximation as for
lecular liquids@1,2#. On the other hand, pure molecular liq
uids such as H2O and HgCl2 become ionized in the higher
density region above the critical point@3,4#, therefore the
internal degrees of freedom of the molecules should be ta
into consideration. In Ref.@5# it was proposed that satisfac
tory predictions of the vdW model for liquid metals and t
similarity of the compressibility factor critical valueZc

5Pc /rcTc for liquid metals and alkali-metal halides allo
us to apply the vdW model for the description of the critic
behavior of ionic liquids. Additionally, in Ref.@5# it was
noted that the assumption about complete association b
the critical point for alkali-metal halides~NaCl,KCl! gives a
more adequate description of the experimental data on
odal obtained in Ref.@6#.

There is the strong indication for the existence of t
liquid-gas critical point in ionic liquids such as molten NaC
The main model for such systems is called the primit
model or its restricted version~RPM!, where the character
istics ~mass, diameter, etc.! of the opposite charges are th
same. Because of the formation of associated ionic pairs
derivation of the mean field equation of state in the rigoro
thermodynamic approach is yet unsolved. The existenc
additional constraints, the so-called sum rules@7#, makes the
problem of finding thermodynamically consistent mean fi
theory difficult compared to the molecular liquid case. Va
ous approaches have been proposed recently for the de
tion of equation of state~EOS! for the RPM. Mostly they are
based either on the improvements of the classical Deb
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Hückel ~DH! @8# and Bjerrum@9# theory of association or
mean spherical approximation~MSA! @10#, taking into ac-
count the association and various effective interactions.
the reviews of the results see Refs.@3,11–14#.

The location of the critical point for the RPM varies d
pending on the interactions included in the free energy. I
accepted that the following dimensionless parameters for
temperatureT, particle number densityn, and pressureP are
used:

T* 5
kBT

q2/a
, r* 5na3, P* 5

P

q2/a4
, ~1!

wherea is the diameter of an ion andq is the absolute value
of the charge. The characteristic value forTc* takes the val-
ues in the interval 0.05<Tc* <0.08. The situation with the
critical densityrc is less definite. Its value varies fromrc
50.02 torc50.08. It should be noted that most of the an
lytical results predict a low-density (rc50.026) and ‘‘high-
temperature’’ (Tc* 50.06–0.08) critical point. It cannot be
excluded that such a low value forrc* is connected with the
small association taken into account with the help of
thermodynamic perturbation theory. However the reliabil
of such estimates is not quite clear. The Monte Carlo~MC!
simulation studies@15–17# performed in recent years give
high-density (rc50.07–0.08) and low-temperature (Tc*
50.04–0.05) critical point. Despite the 100% uncertainty
the value of the critical density for the RPM, the compre
ibility factor takes the value between 0.2 and 0.3, which
quite reasonable in view of the vdW valueZc50.375 of this
parameter. Therefore, the development of the alternative
proach based on the dipole fluid model seems to be exp
ent.

In the present paper we estimate the coordinates of
critical point. We will also show that the change of molecu
parameters due to rotations influences essentially the loca
of the critical point of the ionic molten salt in the framewo
of the dipole fluid approach.

I. QUALITATIVE ANALYSIS OF THE CRITICAL
BEHAVIOR OF THE DIPOLE LIQUID

NaCl is the simplest example of an ionic liquid. In sol
state it is an ionic crystal. Above the melting point the po
©2003 The American Physical Society01-1
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tions of ions become unfixed, but this liquid remains stron
dissociated. Due to thermal expansion at increasing temp
ture, the dissociation degree diminishes and the molten
becomes a dipole liquid. At further increasing temperat
and decreasing density of the molten salt the dissocia
degree grows again and the molten salt becomes a c
pletely ionized system. Thus, at some temperature (T1 ,T2)
and density (n1 ,n2) intervals, molten NaCl can be consid
ered as a dipole liquid. Also, additional arguments for t
assumption will be given.

Let us consider the general properties of this liquid and
particular, its main critical parameters: the critical tempe
ture and density. The interparticle interaction in the dip
system takes the form

U~1,2!5Uw~1,2!1Udd~1,2!, ~2!

where the first term describes the van der Waals interac
between molecules and

Udd5
1

er 12
3 S d1•d223

~d1•r12!~d2•r12!

r 12
2 D ~3!

the proper dipole-dipole interaction,r 125ur12r2u is the in-
terparticle spacing. Note that the dipole moment of a pai
some function of the equilibrium distance between ions i
pair:

di5d~r 12!ni , n15
r1

( i )2r2
( i )

ur1
( i )2r2

( i )u
,

i 51,2, e is the dielectric permittivity.
It is easy to check that the inequalityuUw(r 12)u

!Ud(s/r 12)
6 takes place at allr 12. Therefore in the follow-

ing, the contributionuUwu will be ignored.
Because the dipole-dipole interactions are relativ

weak, the angular distribution of dipole momentsdi is close
to the isotropic one. More exactly, we assume that the t
particle distribution functiong(d1 ,d2) can be approximated
by the first two terms in the expansion:

g~d1 ,d2!512bUdd~1,2!1•••, b5
1

kBT
. ~4!

The approximation of such a kind allows us to exclude
orientational degrees of freedom in the configurational in
gral with the help of the perturbation theory. Another way
to use the analog of the standard quantum mechanical
vation of van der Vaals potential for the case of two m
ecules. Here the averaging over rotational degrees of f
dom for both molecules leads to the vanishing of t
interaction in the first order of perturbation theory. Then t
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second order leads to the attractive 1/r 6 potential. In fact
both procedures are equivalent to the usage of the isotr
potential

U~r 12!5^U~1,2!&5Uw~r 12!2UdS s

r 12
D 6

, ~5!

Ud5
2

3
b

^^d2&&2

e2s6
.

Heres'a11a2'2a, a1 anda2 are the diameters of ion
Na and Cl correspondingly and for simplicity we puta1

5a2 , ^^•••&& denotes the average with the quasiclassi
internal partition function of a pair@18#,

^^d2&&5

4pE
0

R

d2~r !exp@2bUe f f~r !#r 2dr

J~T* ,R!
,

whereJ(T* ,R) is the internal partition function of a pair
which is chosen to be proportional to the partition functi
of the isolated pair. Due to the mass action law, it determi
the association constantK(T) which governs the ionization
equilibrium. The electronic degrees of freedom of the ions
not contribute to thermodynamics because the character
energies are out of the thermodynamic domain of inter
Thus the partition function in the quasiclassical approxim
tion reads as

J~T* ,R!54pE
0

R

exp@2bUe f f~r !#r 2 dr, ~6!

whereUe f f is the effective internal energy of a pair. Its e
plicit form will be discussed below.

The integrand in Eq.~6! tends to infinity atr→`, be-
causeUe f f→0. Therefore, the integration region should
bounded from above by some valueR. The approximation
~6! is adequate untilR remains less than the average inte
molecular distance. The appearance of such a cutoff in
~6! is inevitable for any realistic interionic potential an
shows the only shortcoming of the model of the chemi
equilibrium used to calculate the degree of ionization in
system.

Note that in the two-dimensional~2D! case the situation is
opposite:~1! the logarithmic growth of the electrostatic po
tential allows us to putR5`; and~2! to prevent the annihi-
lation of a pair in Ref.@19# the big positive value of the
chemical potential was included inUe f f .

It is essential that the averaging procedure restricts
applicability region of the potential~5! by interparticle spac-
ings s<r 12, which gives the size of the ‘‘averaged’’ dipol
of order 2a. The value ofs may be slightly less than 2a
since rotating dipoles are not the same as hard sphere
diameter 2a. It is quite clear in view of the scattering cros
section for the hard rotating dumbbells. At this levels
should be considered as the parameter~in general, tempera-
ture dependent! of the dipole-dipole potential. The procedu
of its fixing in the critical point will be discussed later.
1-2
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To describe the properties of molten NaCl within the
terval, where it can be considered as a dipole liquid, we
use the hard wall potential:

U~r 12!5H `, r 12,s

2UdS s

r 12
D 6

, s<r 12.
~7!

Such a potential leads to the van der Waals equation
state

P5
ndkBT

12ndb
2A~T!nd

2 , ~8!

where

A~T!52pE
s

`

U~r !r 2dr5
ps3

3
Ud , b5

2p

3
s3, ~9!

andnd is the pair number density. Therefore the overall de
sity is n52nd . In dimensionless form, Eqs.~8! and~9!, read
as

P* 5
r* T*

22br*
2

Ã~T* !

4
r*

2
~10!

and

Ã~T* !5
2p

9T* s3
r d

4 . ~11!

Here all spatial parameters are given in units of a hard-c
diametera. The parameterr d determines the square of spa
ing between the effective charges in the dipole pair:

r d
25

^^d2~r !&&

q2
.

The value of parameterr d depends on the internal structu
of the pair, which is determined by the standard quant
mechanical methods~see, e.g., Ref.@20#!.

Though by the order of magnituder d'1, from Ref.@21#
it follows that the characteristic values of dipole mome
correspond tor d,1. In fact this is because the effectiv
charge of the ion in a pair is less then the charge of a
ion.

Sinces is connected with the size of the pair, we mod
its temperature dependence via the relation

s5r dd, ~12!

whered is the fitting parameter.
Note thats is temperature dependent, which we assu

the same as that forr d . Note that the vapor phase in conta
with the liquid one is the gas of dipole molecules. The v
der Waals EOS is an appropriate approximation for the E
for such vapor phase. Thus we can get the critical parame
of this system using the van der Waals theory of the criti
point.
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Equation~8! leads to the following equations for the crit
cal temperature and density~note thatnd5n/2, wheren is
the total number density!:

Tc* 5
2A2

9s3
r d

2 , rc* 5
1

ps3
. ~13!

The estimates for these parameters are straightforward i
put s52 and take into account that due to the small dip
moment of NaCl,r d51 ~in units of a):

Tc* 5
A2

36
'0.04, rc* 5

1

8p
'0.04, Pc* 5

A2

1536p
'331024,

~14!

Zc5
Pc*

rc* Tc*
5

3

16
'0.19,

which are in satisfactory agreement with the values

Tc* 50.055, rc* 50.026, Pc* 53.631024, ~15!

Zc50.25

obtained within the extended Debye-Hu¨ckel-Bjerrum theory
@12# augmented with the ion-dipole interaction. Our value
the critical density is greater due to neglecting the disso
tion of the dipole pairs.

Now we need to consider the dipole pair by itself, sin
the parameters of the potential~16! actually are the average
over the internal partition function of a pair and, therefo
are temperature-dependent functions.

II. THE ROTATION OF DIPOLES

In the preceding section the model of an undissocia
ionic liquid consisting of rotating dipoles has been intr
duced. Here we investigate the internal structure of
bound pair of ions. We take into account the fact that
energy of interaction of a pair should include centrifugal e
ergy together with the Coulombic potential, as in the sta
dard problem of two bodies interacting via a central fie
First we consider the structure of the dipole within the RP
model, i.e., the ions are modeled by the hard char
spheres. In other words the effective potential energy of
teraction between the nuclei is

Ue f f~r !5H `, r ,1

2
q2

r
1

L2

2mr 2
, 1<r .

~16!

It includes the Coulombic interaction and centrifugal ener
m5(m1m2)/(m11m2) is the reduced mass. The hard-co
diameter is taken as unity and describes the impenetrab
of inner electronic shells.

Let us consider the question of the size of a pair with
the picture formulated above. We note that for the spec
systems of interest,T/(\2/2mr 2).104 ~for NaCl the rota-
1-3
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tional quantum\2/2mr 2 corresponds to temperatureTrot

50.31 K), and therefore the rotational degrees of freed
can be treated classically:

Erot5^^L2/~2mr 2!&&5kT. ~17!

The equilibrium distance between ions in a pair caused o
by the Coulombic and centrifugal forces is determined by
equation

Ue f f8 ~r !5
q2

r eq
2

2
L2

mr eq
3

50.

From here it follows that

r eq5
L2

mq2

and at the condition~17!, we obtain

^^1/r eq&&5
2

q2
^^L2/~2mr 2!&&5

2kT

q2
>

1

^^r eq&&
.

If the oscillations of nuclei within a pair are ignored, the
finally we get

^^r eq&&5
1

2T*
.

The obtained result is valid (r eq.1) only if T* ,1/2. This
result exactly coincides with the Bjerrum size of a pair@9#
~see also Ref.@12#!,

RB j5H 1

2T*
, T* <1/2

1, T* .1/2.

~18!

The choice of Eq.~18! as the size of the ionic pair is inap
propriate from the physical point of view at low temperatur
T* !1 @12#. It is natural that with loweringT the size of a
pair should become smaller tending to the close con
valuea at T→0. That is why Eq.~18! is used as the size o
a pair for 1/T* >2 only. Within the picture of rotating di-
poles such a behavior is quite clear.

The question about the size of an ionic pair is very i
portant because it is determinative for the consideration
ionization equilibrium. For the Coulomb potential there is
explicit border between the bound states and those of s
tering. Note that the problem of the rigorous physical cri
rion of a pair arises even in the quantum mechanical
proach, which takes into account the internal degrees
bound state of two ions. Here the division of the discr
spectrum of the two-particle Hamiltonian into strongly a
weakly bounded states is used@22#. This is analogous to the
introduction of an upper cutoff in the classical partition fun
tion of a molecule, Eq.~6!. Therefore within the propose
model, we will include the rotational energy in the assoc
tion constant.
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To define the size of a pair following Bjerrum, we inve
tigate the extreme points of the integrand in Eq.~6!. They are

R2~T* !5
12A1216T* l

4T*
, R1~T* !5

11A1216T* l

4T*
,

~19!

where the coefficientl is

l5
L2/~2ma2!

q2/a

and will be chosen below.
HereR1 is the solution of the Bjerrum type@minimum of

the integrand in Eq.~6!#:

R1~T* !5
1

2T*
@124lT* 1o~T* !#, ~20!

which, as has been said above, is inappropriate. Since a
is a bound state, the centrifugal energy is less than the
tential one, thereforel,1.

Another solution,

R2~T* !52l@114lT* 1o~T* !#, ~21!

corresponds to the maximum of the integrand and is cau
by the appearance of the minimum for the effective potent
This means thatR2 determines the most probable value
the internuclear distance in a pair. It is easy to check t
asymptotically, for low values of the temperatureT* , the
value ofK(T* ) is formed mainly by the very maximum o
the integrand. From the physical point of view it is natur
that in the limit T* →0 a pair is in hard-core contact con
figuration and has the size 1~in dimensionless units!. Since
R2 has quite reasonable values and correct behavior at
T* , we should putl51/2. This value ofl is also in full
accordance with the virial theorem, according to which
the Coulomb interaction the average value of the kinetic
ergy equals the opposite one-half of the average poten
energy@18#.

All these facts confirm that we can treat the quantityR2

as the size of the pair up to the temperaturesT* <0.1. In
addition,R2 never exceeds 2~see Fig. 1!, i.e., the interpar-
ticle distance when the influence of other pairs and char
on the effective potential can be treated as the external fi
So we putR2 as the physical cutoff for Eq.~6!:

R5R2~T* !.

The existence of a length scale that is much shorter than
Bjerrum length was noted in Ref.@12# based on the numeri
cal analysis of the functionK(T* ,R)/K(T* ,RB j), though
only the Coulomb potential was included in the Boltzma
factor. This heuristic scale gives the point near whi
K(T* ,R) grows very rapidly approaching its plateau val
@12#. In our case we find the same behavior ofK(T* ,R) at
small temperatures,T* ,0.04 ~see Fig. 2!. The function
1-4
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K̃~R,T* !5K~T* ,R1!/K~T* ,R!, R5R2~T* !d

is close to 1 atT* ,0.04 andd.1.2.
The formulas~19! are applicable if

T* <
1

8
. ~22!

We can consider this temperature interval as the one w
the dipole fluid exists as the stable phase.

It is surprising that the simple model of dipole fluid co
sidered above leads to the sharp phase transition atT*
51/8 between conducting and insulating phases. From
point of view there is some similarity with the transition
the 2D Kosterlitz-Thouless~KT! model. This analogy is no
occasional since within the KT model the chemical poten
prevents the annihilation of opposite charges and can be
terchanged with the centrifugal energy for the rotating p
In this case as it can be shown by arguments similar to th
of Ref. @19#, that the value of the temperature for the K
transition remains invariable.

Note that the temperatureTdiss* 51/8 reminds us that for
Kosterlitz-Thouless transition in 2D case and correspond
dissociation-association transition in low-density approxim
tion. However, in contrast to 2D case in 3D case there is
divergence in the size of the pair and therefore in its po
izability. The derivative of the latter on the temperature h

FIG. 1. The temperature dependence ofR2 .

FIG. 2. The ratioK̃5K(T* ,R1)/K(T* ,dR2) as a function ofd
andT* .
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singular behavior. This fact directly follows from the dime
sionality reasons. Indeed, the polarizabilitya in our picture
is proportional toR2(T* )3. Therefore

da~T* !

dT*
}

1

ATdiss* 2T*
.

In other words the temperature derivative of the dielec
permittivity e is singular but not the dielectric permittivity
itself in such a picture where the dissociation-associat
transition is sharp because of neglecting the influence
other pairs and charges.

The analysis of reliability of this inference needs furth
consideration. Additional support for the conjecture of inte
sive breaking of dipole pairs at the critical point is provid
by the results of numerical experiments@15#.

The physical status of the sizeR2(T* ) becomes more
clear if we interchange the hard core by some regular re
sive potential function, e.g.,

Urep~r !5
U0

r n
, ~23!

where the potential is dimensionless and given in units
q2/a. In this case a deep minimum of the effective ener
appears and the oscillatory degrees of freedom should
taken into consideration. Therefore in this casel,1/2.

The extrema of the integrand in Eq.~6! are given by the
equation

2T* 2rU e f f8 ~r !50,

so that atT* 50 the only root is the minimum of the effec
tive energy caused by the repulsive and the Coulombic
tentials. AtT* Þ0 exactly,R2(T* ) corresponds to this mini-
mum, while the Bjerrum length has quite another meaning
is clear that the softening of a hard core shifts the distanc
maximal probabilityR2(T* ) to higher values~see Fig. 3!.

Let us consider the role of oscillations within the adi
batic approximation~see, e.g., Ref.@20#!. For the oscillation
energy, the following estimate takes place (\51, kB51):

FIG. 3. The temperature dependence ofR2 for Urep of the type
given by Eq.~23!; U0510, n512.
1-5
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v05AE9~R!

m
.

1

r 0
AE

m
.

Since the energy of the electronic termE is proportional to
me and internuclear spacingr 0;1/me we obtain

v0

Tdiss
;Ame

m
.

1

30
. ~24!

The depth of the minimum determines the dissociation te
perature of a molecule itself, which is rather high~for NaCl
Tdiss.46 000 K). This is typical for molecules with ioni
bonding @2#. Taking into account Eq.~24!, in dimensional
units the formula~22! can be represented as the following

Tdiss<
q2

8 a
.~3 –4!v0 .

Therefore the domain of existence of the dipole fluid cov
the region where the dissociation due to the excitation
vibrational modes occurs.

It should be noted also that the effective charge of ions
a bound state is less than their chargeq in a free state due to
the distribution of charge determined by the wave function
the external electron. That is why the effective charge of
ion in a pairq* is not equal to the charge of a free ionq. It
is also confirmed by the experimental data on the dip
moment of NaCl@21#:

d5q* r 0.~5 –10!310218 esu cm,

where r 0 is the equilibrium distance between nuclei for
given electronic term. Actuallyq* also depends onr 0 since
the electronic term is determined by the internuclear d
tance. For example, for NaCl in the dissociated state i
clear thatq* 51. Using the data~see, e.g., Ref.@21#!, we
obtain

q* /e'0.4–0.9.

From here it follows thatTdiss reduces to valueTdiss<(1
22) v0.

III. DISINTEGRATION OF AN IONIC PAIR AND
DIELECTRIC PROPERTIES

The behavior of a bounded pair in the condensed sta
determined by its surrounding. It changes the spectrum
energy of a pair acting as an external field. The spectrum
states is determined by the two-particle Hamiltonian

Ĥ~r !5Ĥ (0)~r !1Ĥ int~r !,

whereĤ (0) is the Hamiltonian of an isolated pair andĤ int is
the part due to the action of the surrounding. Thus for tw
particle energy we have

E5^Ĥ~r !&5E (0)1Eint .

We put
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E (0)5Ue f f~r !

and treatEint as the fluctuational part of the energy due to t
surroundings. Within the thermodynamic approach it de
mines the accuracy of determination of the energy level o
pair interacting with the surrounding as a thermostat.

To estimate the influence of the surroundings on the d
integration of a dipole pair one can use the following re
sons. Due to dipole-dipole interaction, the internal energ
levels of a molecule broaden. The width of this broadening
as follows:

uDEu5zA^Udd
2 &, ~25!

whereUdd is the energy of dipole-dipole interaction~3!, z is
the number of nearest neighbors. For the estimation we
that ^1/R12

3 &;r* . Then Eq.~25! reads

uDEu.zr* ^^r 2&&, ~26!

where for the 3D system we putz56.
Taking into account that the thermal and dipole-dipo

channels of broadening the levels act together, we can w
the equation for the density dependence of the temperatu
dissociation:

uDEu1T* 52^^Ue f f&&. ~27!

This dependence is shown in Fig. 4. From the results
tained above we can conclude that the dipole fluid of rotat
dipoles exists at low densities (r,0.085) and temperature
(T,0.1). These results depend onz, i.e., the structure facto
of the phase. Note that qualitatively the results obtain
above within the model of the dipole fluid are in good agre
ment with the results of the MC simulation of the RPM@15#.
The manifestation of the dipole-dipole mechanism in t
broadening of spectral lines in nuclear magnetic resonanc
discussed in Ref.@23#.

Let us consider the behavior of the dielectric permittiv
near the critical point. To describe the dielectric permittivi
we use its canonical form~see details in Ref.@24#!:

e21

e12
5

p

6
r* S ael* 1

r d
2

3T*
D . ~28!

FIG. 4. The density dependence ofTdiss* .
1-6
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With good accuracyael can be evaluated as the sum of ele
tronic polarizabilities for Ar and Ne~see, e.g., Ref.@25#!,
which have similar inner electronic shell structures. The
timates show that this contribution is negligibly small
comparison with the second one.

As was noted above, the value ofr d is less than the geo
metric distance between ions. In accordance with Ref.@21#
r d takes values 0.5–1. For dipole fluids such as KCl a
NaCl near their critical points, this leads to the values
dielectric permittivitye'1.2–1.3. The electronic terms of
molecule are functions of the temperature due to the int
onic spacingR2(T* ). Therefore the peculiarities of the tem
perature dependence of the dielectric permittivity are
pected on the lineTdiss* (r* ), where intensive breaking of th
dipoles occurs. If this line is assumed to intersect with
binodal then the corresponding behavior ofe should be ob-
served near the critical point, since the derivative]e/]T has
a maximum alongTdiss* (r* ) and diverges at the critica
point. We believe that this behavior was observed in num
cal simulations@15,16#.

To give the additional arguments in favor of the dipo
fluid model, let us study the minimum of the free ener
f (T* ,r* ,r ) per pair as a function of the spacing between
ions in a pair. The free energy has the structure

f ~T* ,r* ,r !5U~T* ,r* ,r !2T* S, ~29!

where

U~T* ,r* ,r !5U0~T* ,r* !1Urep~r !2
1

er
~30!

is the internal energy of a pair (U0 is the contribution inde-
pendent of the distance between the ions! and

S5 ln~r 3/s3! ~31!

is the simplest approximation for its entropy. Within the pr
posed dipole model, the repulsive partUrep can be modeled
as the centrifugal energy. The dielectric permittivitye is
given by Eq.~28!.

The equilibrium size of a pair is the solution of the equ
tion

] f

]r U
T* ,r*

50, ~32!

and is given by

r 2
(eq)5

1

6eT*
~12A1212T* e2!. ~33!

Thus the equilibrium size of a pair does not exceed 2e ~in
dimensionless units!. The second root

r 15
1

6eT*
~11A1212T* e2! ~34!
01150
-

-

d
f

i-

-

e

i-

e

-

-

of Eq. ~32! corresponds to the maximum of the free ener
and is similar to the Bjerrum length. Using Eqs.~33! and
~28! the self-consistent equation for the dielectric permitt
ity can be obtained. This question will be considered el
where.

In the 2D case of point charges of low density, Eq.~32!
gives the following. If the short range repulsive potent
Urep is less singular than lnR at R→0, then forT* .1/2 the
dipole pair is unstable~free charges dominate!, since the free
energy~29! has no minimum. ForT* ,1/2 the dipoles are
stable. In the low-density limit it clearly corresponds to t
equation of state of the 2D Coulombic gas obtained in R
@26# ~see also Ref.@27#!.

Finally we estimate the Ginzburg number by the formu
used for the molecular liquids@18#:

Gi5S r 0

j0
D 6

, ~35!

where r 05^^r &&'a is the interparticle spacing within th
ionic pair andj0 is the amplitude of the correlation lengt
for density fluctuations. Since the density fluctuations
connected with those for dipole pairs we set it toj>s.
Using the parameters of the dipole fluid model, from E
~35! we get the estimate:

Gi<0.04. ~36!

DISCUSSION

The ionic and dipole liquids form two natural approxim
tions to describe the critical properties of the systems sim
to molten NaCl. In our paper we have estimated the m
critical parameters for the liquid with a hard dipole as well
considered the influence of the effects arising due to the s
ness of a dipole molecule. In particular, the latter is ve
important for describing the dielectric properties of a syst
near the critical point.

Here we should emphasize that the rotation of molecu
plays the key role in the behavior of molten NaCl in th
critical region. The rotational motion at some temperatu
Tdiss leads to the disintegration of molecules in the lo
density vapor phase. Due to dipole-dipole interactions
tween molecules, the value ofTdiss decreases with the den
sity. In this way, the region of stability of such a dipole pha
of molten salts such as NaCl can be established. At the s
time dipole-dipole interactions form the deep minimum f
the effective intermolecular potential, determining the eq
tion of state of NaCl vapor. The position of the critical poi
obtained from this equation of state falls into the region
stability of the dipole phase. Since the effective sizes of the
molecules and the depth of the potential well depends on
temperature, the position of the critical point and the char
teristics of the rotational motion should be studied in t
self-consistent way. It was shown that the coordinates of
critical point for a fluid of rotating dipoles are of the sam
magnitudes as those obtained for the models of the R
type. Also it was noticed that the critical temperature for t
dipole fluid is of the same order as theTdiss for molecular
1-7
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alkali-metal halides. Such a proximity explains the abru
change in the degree of dissociation observed in nume
experiments.

It is not excluded that the quantum corrections to inter
states of the dipole pairs will also slightly change the e
mates. In particular, the temperature dependence of the
brational contributions to the heat capacity can also be s
ied. The following step is to construct the equation of st
for small ‘‘soft’’ dipole molecules and to take into accou
the dissociation process with the help of perturbation the
The combination of such an approach with that develope
Ref. @28# on the basis of the ionic liquid allows us to narro
the region of the most probable values for the critical para
eters.

Our estimate for the critical temperature correlates w
the known analytical results. Note that most of the analyti
approaches are based on the EOS for low-density Coulom
systems~DH, MSA, etc.!, where the dissociation is take
into account perturbatively.

Within the dipole liquid approach we have obtained t
-

V.

-

01150
t
al

l
i-
vi-
d-
e

y.
in

-

h
l
ic

estimate for the Ginzburg temperature and have shown th
is less than 1 for the simple liquid by a factor of 1022–1021.
The approximation of the dipole liquid allows us to analy
in an evident form the contribution of the polarizational e
fects@28#. One can show that these effects lead to the furt
considerable decrease of the Ginzburg temperature.

Note also the possibility for the appearance of an inhom
geneous phase near the critical point of ionic liquids. Sin
the dissociation temperatureTd is nearTc , the system can
disintegrate in the regions with essentially different values
the ionization degreeD: the drops of ionic and dipole liq-
uids. As a consequence, the region with the Ising-like beh
ior cannot be reached. Thorough investigation of this s
nario is needed. These and other questions will be the sub
of further work.
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