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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
Department of Theoretical Physics, Odessa National University, 2 Dvoryanskaya, 270100 Odessa, Ukraine
(Received 21 February 2002; revised manuscript received 15 August 2002; published 7 Janupry 2003

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 Huckel (DH) [8] and Bjerrum[9] theory of association or
mean spherical approximatiqiMSA) [10], taking into ac-

The critical behavior of systems with direct Coulombic count the association and various effective interactions. For
interaction attracts much attention because of its significancée reviews of the results see Reff3,11-14.
both for theoretical understanding and for possible applica- The location of the critical point for the RPM varies de-
tions. One obvious example of such systems is liquid metalg?e€nding on the interactions included in the free energy. It is
Here the electronic subsystem effectively screens out inter@ccepted that the following dimensionless parameters for the
onic Coulombic interaction, giving rise to a short-ranged!®mperaturel, particle number density, and pressur® are

pseudopotential. It is well known that the liquid-vapor criti- YS€d:
cal point for such systems is of the Ising universality class.
Moreover, a simple van der Waa(sdW) theory for such TH=—2_  p*=nad, P*= (1)
systems is as good a mean field approximation as for mo- g¥a’ ’ g¥a*’
lecular liquids[1,2]. On the other hand, pure molecular lig-
uids such as kD and HgCj} become ionized in the higher- wherea is the diameter of an ion arglis the absolute value
density region above the critical poifi8,4], therefore the of the charge. The characteristic value Tigf takes the val-
internal degrees of freedom of the molecules should be takenes in the interval 0.05T <0.08. The situation with the
into consideration. In Ref5] it was proposed that satisfac- critical densityp,. is less definite. Its value varies frop,
tory predictions of the vdW model for liquid metals and the =0.02 top.=0.08. It should be noted that most of the ana-
similarity of the compressibility factor critical valu&€. lytical results predict a low-densityp{=0.026) and “high-
=P./p.T, for liquid metals and alkali-metal halides allow temperature” Tz =0.06—0.08) critical point. It cannot be
us to apply the vdW model for the description of the critical excluded that such a low value fp{ is connected with the
behavior of ionic liquids. Additionally, in Ref[5] it was  small association taken into account with the help of the
noted that the assumption about complete association belothermodynamic perturbation theory. However the reliability
the critical point for alkali-metal halidedNaCl,KCI) gives a  of such estimates is not quite clear. The Monte C&Ki)
more adequate description of the experimental data on birsimulation studie$15—-17 performed in recent years give a
odal obtained in Refl6]. high-density p.=0.07-0.08) and low-temperatureTy
There is the strong indication for the existence of the=0.04-0.05) critical point. Despite the 100% uncertainty in
liquid-gas critical point in ionic liquids such as molten NaCl. the value of the critical density for the RPM, the compress-
The main model for such systems is called the primitiveibility factor takes the value between 0.2 and 0.3, which is
model or its restricted versiofRPM), where the character- quite reasonable in view of the vdW valde= 0.375 of this
istics (mass, diameter, ejcof the opposite charges are the parameter. Therefore, the development of the alternative ap-
same. Because of the formation of associated ionic pairs, theroach based on the dipole fluid model seems to be expedi-
derivation of the mean field equation of state in the rigorousent,
thermodynamic approach is yet unsolved. The existence of In the present paper we estimate the coordinates of the
additional constraints, the so-called sum rylés makes the  critical point. We will also show that the change of molecular
problem of finding thermodynamically consistent mean fieldparameters due to rotations influences essentially the location
theory difficult compared to the molecular liquid case. Vari- of the critical point of the ionic molten salt in the framework
ous approaches have been proposed recently for the derivef the dipole fluid approach.
tion of equation of statéEOS for the RPM. Mostly they are
based either on the improvements of the classical Debye-
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I. QUALITATIVE ANALYSIS OF THE CRITICAL
BEHAVIOR OF THE DIPOLE LIQUID

*Electronic address: koul@paco.net NaCl is the simplest example of an ionic liquid. In solid
"Electronic address: mnp@ukr.net state it is an ionic crystal. Above the melting point the posi-
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tions of ions become unfixed, but this liquid remains stronglysecond order leads to the attractive®1potential. In fact
dissociated. Due to thermal expansion at increasing temperaéoth procedures are equivalent to the usage of the isotropic
ture, the dissociation degree diminishes and the molten saffotential

becomes a dipole liquid. At further increasing temperature

and decreasing density of the molten salt the dissociation 6

degree grows again and the molten salt becomes a com- U(rlz):<u(l’2)>:UW(rlZ)_Ud(r_lz) ' ®)
pletely ionized system. Thus, at some temperatdrg T,)

and density Q1,n,) intervals, molten NaCl can be consid- 2 {({(d?))?

ered as a dipole liquid. Also, additional arguments for this Ud=§ﬂ 256

assumption will be given.
Let us consider the general properties of this liquid and, ir]—|erecr~a ta ~2a a. anda_ are the diameters of ions
particular, its main critical parameters: the critical tempera—N g o .

. . L T ) a and CI correspondingly and for simplicity we pat.
ture and density. The interparticle interaction in the dipole_ a_, ((---)) denotes the average with the quasiclassical
system takes the form

internal partition function of a pairl8],
U(1,2=U,(1,2+Ugq4(1,2), 2) a [ "@2(r)exi] - BU L (1) ]r2dr
()= —

where the first term describes the van der Waals interaction E(T*,R)
between molecules and

where 2(T*,R) is the internal partition function of a pair,
which is chosen to be proportional to the partition function

(dy-110)(dp-T1) of the isolated pair. Due to the mass action law, it determines
Ugg=—75| d1-d2—3 > (3)  the association constait(T) which governs the ionization
€12 M2 equilibrium. The electronic degrees of freedom of the ions do

not contribute to thermodynamics because the characteristic
energies are out of the thermodynamic domain of interest.

the proper dipole-dipole interaction;,=|r;—r,| is the in- - o ; ) .
terparticle spacing. Note that the dipole moment of a pair iSThus the partition function in the quasiclassical approxima-

some function of the equilibrium distance between ions in dion reads as
pair:

R
E(T*,R)=47Tf exd — BUe(r)Irdr, (6)
0
rQ)—r®
di=d(rmn;, Ny == whereU; is the effective internal energy of a pair. Its ex-
= plicit form will be discussed below.

The integrand in Eq(6) tends to infinity atr —«, be-
i=1,2, € is the dielectric permittivity. causeUq¢— 0. Therefore, the integration region should be
It is easy to check that the inequalityl,(r )] bou'nded from aboye by some val&e The approximati.on
<Uy(a/r,,)® takes place at all,,. Therefore in the follow- (6) is adequate untiR remains less than the average inter-
ing, the contributior{U,,| will be ignored molecular distance. The appearance of such a cutoff in Eq.

1 W -

Because the dipole-dipole interactions are relatively(6) is inevitable for any _realistic interionic potential and
weak, the angular distribution of dipole momediss close shoy\{s _the only shortcoming of the model Of. th_e C.he”!'ca'
to the isotropic one. More exactly, we assume that the twoeauilibrium used to calculate the degree of ionization in a

article distribution functiorg(d,,d,) can be approximated system. . . . . .
Ey the first two terms in threg(exl|3ar21)sion' PP Note that in the two-dimension&D) case the situation is

opposite:(1) the logarithmic growth of the electrostatic po-
tential allows us to puR=; and(2) to prevent the annihi-
1 lation of a pair in Ref.[19] the big positive value of the
9(dy,dp)=1-BUqg(1,2+---, B=3—=. (4  chemical potential was included Iy.
B It is essential that the averaging procedure restricts the
applicability region of the potentidb) by interparticle spac-
The approximation of such a kind allows us to exclude thengs o<r,, which gives the size of the “averaged” dipole
orientational degrees of freedom in the configurational inte-of order 2a. The value ofc may be slightly less than&
gral with the help of the perturbation theory. Another way issince rotating dipoles are not the same as hard spheres of
to use the analog of the standard quantum mechanical derdiameter . It is quite clear in view of the scattering cross
vation of van der Vaals potential for the case of two mol-section for the hard rotating dumbbells. At this lewel
ecules. Here the averaging over rotational degrees of freeshould be considered as the paraméiemgeneral, tempera-
dom for both molecules leads to the vanishing of theture dependehf the dipole-dipole potential. The procedure
interaction in the first order of perturbation theory. Then theof its fixing in the critical point will be discussed later.
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To describe the properties of molten NaCl within the in-  Equation(8) leads to the following equations for the criti-
terval, where it can be considered as a dipole liquid, we cacal temperature and densifpiote thatng=n/2, wheren is

use the hard wall potential: the total number density
<
o, <o —_ 2\/§r2 . _ 1 (13
(7) ¢ 9g3 a P mad

6
U(I'12)= U ( U) o=l
—Uyl—| , o=rp.

2
The estimates for these parameters are straightforward if we

Such a potential leads to the van der Waals equation gbut =2 and take into account that due to the small dipole

state moment of NaCly4=1 (in units ofa):
NgkeT 2 V2 1 V2
= —A(T)n s 8 * == e =~ B
T—ngp AN @ 1= 35 =004 pf=5_—~004, P{=o—~3x10"
where (14)
- 3 Pe
= — 2 :K :2—71- 3 Z = ¢ :_%0.19
A(T) rrLU(r)r dr 3 Ug, b 37 9 c T 16 ,

andny is the pair number density. Therefore the overall denwhich are in satisfactory agreement with the values
sity isn=2ny. In dimensionless form, Eq§3) and(9), read

as T*=0.055, p¥=0.026, P*=3.6x10% (15
. p* T* A(T*) p .2 (10) ZC=025
2-bp* 4 obtained within the extended Debye-¢kel-Bjerrum theory
and [12] augmented with the ion-dipole interaction. Our value of

the critical density is greater due to neglecting the dissocia-
5 tion of the dipole pairs.
A(T*)= ré. (12) Now we need to consider the dipole pair by itself, since
9T* o3 the parameters of the potentidle) actually are the averages

over the internal partition function of a pair and, therefore,
Here all spatial parameters are given in units of a hard-corgre temperature-dependent functions.

diametera. The parametery determines the square of spac-

ing between the effective charges in the dipole pair: Il. THE ROTATION OF DIPOLES
2_<<d2(f)>> In the preceding section the model of an undissociated
- P ionic liquid consisting of rotating dipoles has been intro-

duced. Here we investigate the internal structure of the

The value of parametary depends on the internal structure bound pair of ions. We take into account the fact that the
of the pair, which is determined by the standard quantunenergy of interaction of a pair should include centrifugal en-
mechanical methodsee, e.g., Ref.20]). ergy together with the Coulombic potential, as in the stan-

Though by the order of magnitudg~1, from Ref.[21]  dard problem of two bodies interacting via a central field.
it follows that the characteristic values of dipole momentsFirst we consider the structure of the dipole within the RPM
correspond tory<1. In fact this is because the effective model, i.e., the ions are modeled by the hard charged
charge of the ion in a pair is less then the charge of a freépheres. In other words the effective potential energy of in-
ion. teraction between the nuclei is

Sinceo is connected with the size of the pair, we model
its temperature dependence via the relation “, r<i

fLL (16

T=r40, (12 Uerr) = I P

whereé is the fitting parameter.

Note thato is temperature dependent, which we assumét includes the Coulombic interaction and centrifugal energy,
the same as that for;. Note that the vapor phase in contact w=(m,m_)/(m, +m_) is the reduced mass. The hard-core
with the liquid one is the gas of dipole molecules. The vandiameter is taken as unity and describes the impenetrability
der Waals EOS is an appropriate approximation for the EO®f inner electronic shells.
for such vapor phase. Thus we can get the critical parameters Let us consider the question of the size of a pair within
of this system using the van der Waals theory of the criticathe picture formulated above. We note that for the specific
point. systems of interesf[/(%2%/2ur?)=10* (for NaCl the rota-
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tional quantum#?/2ur? corresponds to temperatufg . To define the size .of a pair f(_)llowing Bjerrum, we inves-
—0.31 K), and therefore the rotational degrees of freedonfigate the extreme points of the integrand in &). They are
can be treated classically:
o 1=V1-16T*\ oo 1HY1-16T*A
Eror=((L%(2ur?)))=KT. an RA(T )—T, R(T )—T,
The equilibrium distance between ions in a pair caused only (19
by thg Coulombic and centrifugal forces is determined by theWhere the coefficient is
equation
@ L2 - L2/(2ua®)
Uidr)=———5=0. - 2
From here it follows that and will be chosen below. _ N
HereR. is the solution of the Bjerrum typeninimum of
L2 the integrand in Eq(6)]:
r = —
N ng? 1
.. . ) — _ * + *
and at the conditiori17), we obtain R+(T%) 21—*[1 ANTE+0(T)], (20
2 2kT 1 which, as has been said above, is inappropriate. Since a pair
_ 2 2 —- ' ’ .
((Ureg)= q2<<L 1(2ur))) 9 = (e is a bound state, the centrifugal energy is less than the po-
tential one, therefora <1.
If the oscillations of nuclei within a pair are ignored, then  Another solution,
finally we get
R_(T*)=2\[1+4NT*+0(T*)], (21
1
<<req>>:2_|_* : corresponds to the maximum of the integrand and is caused

by the appearance of the minimum for the effective potential.
The obtained result is validr {;>1) only if T*<1/2. This This. means thaR_. determ_ines th(_a most probable value of
result exactly coincides with the Bjerrum size of a piit the mtemuclear distance in a pair. It is easy to check that
(see also Ref12]), asymptotically, for low vaIue; of the temperatuTé, the
value of K(T*) is formed mainly by the very maximum of
1 the integrand. From the physical point of view it is natural
. . T*=<1/2 that in the limitT* —0 a pair is in hard-core contact con-
RY=4 2T* (18)  figuration and has the size(in dimensionless unijs Since
1, T*>1/2. R_ has quite reasonable values and correct behavior at low
T*, we should put\ =1/2. This value of\ is also in full
The choice of Eq(18) as the size of the ionic pair is inap- accordance with the virial theorem, according to which for
propriate from the physical point of view at low temperaturesthe Coulomb interaction the average value of the kinetic en-
T*<1 [12]. It is natural that with lowerindl the size of a ergy equals the opposite one-half of the average potential
pair should become smaller tending to the close contaatnergy[18].
valuea at T—0. That is why Eq(18) is used as the size of All these facts confirm that we can treat the quanity
a pair for 1T*=2 only. Within the picture of rotating di- as the size of the pair up to the temperatufés<0.1. In
poles such a behavior is quite clear. addition,R_ never exceeds &see Fig. 1, i.e., the interpar-
The question about the size of an ionic pair is very im-ticle distance when the influence of other pairs and charges
portant because it is determinative for the consideration obn the effective potential can be treated as the external field.
ionization equilibrium. For the Coulomb potential there is noSo we putR_ as the physical cutoff for Eq6):
explicit border between the bound states and those of scat-
tering. Note that the problem of the rigorous physical crite- R=R_(T*).
rion of a pair arises even in the quantum mechanical ap-
proach, which takes into account the internal degrees of dhe existence of a length scale that is much shorter than the
bound state of two ions. Here the division of the discreteBjerrum length was noted in Refl12] based on the numeri-
spectrum of the two-particle Hamiltonian into strongly andcal analysis of the functioiK(T*,R)/K(T*,RB}), though
weakly bounded states is usg2P]. This is analogous to the only the Coulomb potential was included in the Boltzmann
introduction of an upper cutoff in the classical partition func- factor. This heuristic scale gives the point near which
tion of a molecule, Eq(6). Therefore within the proposed K(T*,R) grows very rapidly approaching its plateau value
model, we will include the rotational energy in the associa{12]. In our case we find the same behaviorkgfT*,R) at
tion constant. small temperatured;* <0.04 (see Fig. 2 The function
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24 T
2] 224 E
1.8 2.08 8
R_(T*
16 192 i
R_
176 T
1.4
16 0 0,(I)35 O,(I)71 O.Ill 0.I14 0.18
1.2 T*
: . ‘ . . ‘ FIG. 3. The temperature dependenceRoffor U, of the type
002 004 006, 008 01 012 given by Eq.(23); Up=10, n=12.
FIG. 1. The temperature dependenceRof. singular behavior. This fact directly follows from the dimen-
_ sionality reasons. Indeed, the polarizabilityin our picture
K(R,T*)=K(T*,R,)/K(T*,R), R=R_(T*)é is proportional toR_(T*)3. Therefore
is close to 1 aff*<0.04 andé>1.2. .
The formulas(19) are applicable if da(T*) -

x .

L dT* (T~ T*
T*< 3 (22 o _ _
In other words the temperature derivative of the dielectric

. . . ermittivity e is singular but not the dielectric permittivity
We can consider this temperature interval as the one wher . : : I e
. , . itself in such a picture where the dissociation-association
the dipole fluid exists as the stable phase.

It is surprising that the simple model of dipole fluid con- transition is sharp because of neglecting the influence of

. e other pairs and charges.
idl%egez\?ggs clgﬁgﬁc:%gth:n dsri]r?srglaﬁgzsf)hgggzmggjrﬁtthi Th_e anglysis of_r_eliability of this inferenC(_e needs fgrther
point of view there is some similarity with the traﬁsition in é_on5|derat!on. Add_|t|onal support for th? conjecture of Inten-
. . . sive breaking of dipole pairs at the critical point is provided
the 2D Kosterlitz-Thoules&T) model. This analogy is not by the results of numerical experimerits]
occasional since within the KT model the chemical potential The physical status of the siZR_(T*) 'becomes more
prevents the annihilation of opposite charges and can be inc'lear if we interchange the hard core by some regular repul-
terchanged with the centrifugal energy for the rotating pair'sive potential function, e.g
In this case as it can be shown by arguments similar to those T
of Ref. [19], that the value of the temperature for the KT
transition remains invariable. Yo
Note that the temperaturgj, .= 1/8 reminds us that for Urep(r)= o
Kosterlitz-Thouless transition in 2D case and corresponds to
dissociation-association transition in low-density approxima- e . . . _
. . . . _where the potential is dimensionless and given in units of
tion. However, in contrast to 2D case in 3D case there is n

) . : . L %zla In this case a deep minimum of the effective energy
divergence in the size of the pair and therefore in its polar-' "

izability. The derivative of the latter on the temperature hast?k%iairstjzgnﬁgeﬁjggft%rge?eigigﬁi gisfrce::: 1rr/125hould be

The extrema of the integrand in E@) are given by the
equation

(23

K(T*, R Y/K(T*, 6R_)
104

ZT* —rUéff(r)ZO,

so that afT* =0 the only root is the minimum of the effec-
tive energy caused by the repulsive and the Coulombic po-
tentials. AtT* # 0 exactly,R_(T*) corresponds to this mini-
mum, while the Bjerrum length has quite another meaning. It
) . is clear that the softening of a hard core shifts the distance of

T* 0 e 18 T 5 maximal probabilityR_(T*) to higher valuegsee Fig. 3.

Let us consider the role of oscillations within the adia-
FIG. 2. The ratick =K (T*,R,)/K(T*,6R_) as a function of  batic approximatiorisee, e.g., Ref20]). For the oscillation

andT*. energy, the following estimate takes plade<(1, kg=1):
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E//(R) 1 \/E 0.12
wo= =—"\/—. L

0 w Mo “ 0.11
0.09
Since the energy of the electronic tefnis proportional to 0.075 -

m, and internuclear spacing~ 1/m, we obtain *

le 0.06 [

1 = 0.045
wo Me 045

— e\ —= 24
Taiss n 30 9 0.03 -
The depth of the minimum determines the dissociation tem- 0015
1 1 1 1 1 1 1 1 1

perature of a molecule itself, which is rather higor NacCl
Tq4iss=46 000 K). This is typical for molecules with ionic
bonding[2]. Taking into account Eq(24), in dimensional P
units the formula(22) can be represented as the following:

0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08
*

FIG. 4. The density dependence Tfis..
2

q
Taiss< g7 =(3-4wo. £O=y_(r)

Therefore the domain of existence of the dipole fluid coversand treat,, as the fluctuational part of the energy due to the
the region where the dissociation due to the excitation ofurroundings. Within the thermodynamic approach it deter-
vibrational modes occurs. mines the accuracy of determination of the energy level of a
It should be noted also that the effective charge of ions irPalr interacting with the surrounding as a thermostat.
a bound state is less than their chagge a free state dueto ~ To estimate the influence of the surroundings on the dis-
the distribution of charge determined by the wave function ofintegration of a dipole pair one can use the following rea-
the external electron. That is why the effective charge of arfons. Due to dipole-dipole interaction, the internal energetic
ion in a pairg, is not equal to the charge of a free ignlt levels of a molecule broaden. The width of this broadening is

is also confirmed by the experimental data on the dipolés follows:

moment of NaC[21]:
|AE|=2(Ugq), (25)
d=q,ry=(5-10x10"18 esucm, _ , _ _ _ _
whereU 44 is the energy of dipole-dipole interacti@®), z is
wherer, is the equilibrium distance between nuclei for athe number of nearest neighbors. For the estimation we take

given electronic term. Actuallg, also depends on, since  that(1/R},)~p*. Then Eq.(25) reads
the electronic term is determined by the internuclear dis- )2

tance. For example, for NaCl in the dissociated state it is |AE|=2p*((r?)), (26)
clear thatq, =1. Using the datdsee, e.g., Refl21]), we

obtain where for the 3D system we pat=6.

Taking into account that the thermal and dipole-dipole
q, /e~0.4-0.9. channels of broadening the levels act together, we can write
* the equation for the density dependence of the temperature of

From here it follows thafl ;s reduces to valudy.<(1  dissociation:

—2) wg.
Jwo |AE[+T* =~ ((Ueqy). @7
lIl. DISINTEGRATION OF AN IONIC PAIR AND This dependence is shown in Fig. 4. From the results ob-
DIELECTRIC PROPERTIES tained above we can conclude that the dipole fluid of rotating

The behavior of a bounded pair in the condensed state i Ipoles exists at low densitieg {0.085) and temperatures
<0.1). These results depend mri.e., the structure factor

determined by its surrounding. It changes the spectrum o

. : : f the phase. Note that qualitatively the results obtained
energy of a pair acting as an external field. The spectrum of s ) . i
. . — e above within the model of the dipole fluid are in good agree-
states is determined by the two-particle Hamiltonian ment with the results of the MC simulation of the RFIA].

The manifestation of the dipole-dipole mechanism in the
broadening of spectral lines in nuclear magnetic resonance is

whereA(© is the Hamiltonian of an isolated pair ahti,, is discussed in Re{.23].

. . Let us consider the behavior of the dielectric permittivity
the part due to the action of the surrounding. Thus for tWo'neu’:lr the critical point. To describe the dielectric permittivity,
particle energy we have

we use its canonical forrsee details in Ref.24]):

H(r)=HO(r)+Hin(r),

(28)

eI+

E=(H(r)=£0+¢&,,. 1 ( rﬁ)
o

— % *
6P

We put €+2 3T*
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With good accuracyy, can be evaluated as the sum of elec-of Eq. (32) corresponds to the maximum of the free energy
tronic polarizabilities for Ar and Ndsee, e.g., Ref[25]), and is similar to the Bjerrum length. Using Eq83) and
which have similar inner electronic shell structures. The es{28) the self-consistent equation for the dielectric permittiv-
timates show that this contribution is negligibly small in ity can be obtained. This question will be considered else-
comparison with the second one. where.

As was noted above, the value rf is less than the geo- In the 2D case of point charges of low density, E8Q)
metric distance between ions. In accordance with R&f]  gives the following. If the short range repulsive potential
rq takes values 0.5-1. For dipole fluids such as KCI andJ, is less singular than IR at R— 0, then forT*>1/2 the
NaCl near their critical points, this leads to the values ofdipole pair is unstabléfree charges dominatesince the free
dielectric permittivitye~1.2—1.3. The electronic terms of a energy(29) has no minimum. Foff* <1/2 the dipoles are
molecule are functions of the temperature due to the interistable. In the low-density limit it clearly corresponds to the
onic spacingR_(T*). Therefore the peculiarities of the tem- equation of state of the 2D Coulombic gas obtained in Ref.
perature dependence of the dielectric permittivity are ex{26] (see also Ref27]).
pected on the lind ;. (p*), where intensive breaking of the Finally we estimate the Ginzburg number by the formula
dipoles occurs. If this line is assumed to intersect with theused for the molecular liquidsi8]:
binodal then the corresponding behavioreo$hould be ob-
served near the critical point, since the derivativédT has
a maximum alongT}i{p*) and diverges at the critical
point. We believe that this behavior was observed in numeri-
cal simulationd15,16. wherery=((r))~a is the interparticle spacing within the

To give the additional arguments in favor of the dipoleionic pair and¢, is the amplitude of the correlation length
fluid model, let us study the minimum of the free energyfor density fluctuations. Since the density fluctuations are
f(T*,p*,r) per pair as a function of the spacing between theconnected with those for dipole pairs we set it §eo.
ions in a pair. The free energy has the structure Using the parameters of the dipole fluid model, from Eq.

(35) we get the estimate:

6
Gi=(—) , (35

f(T*,p*,r)=U(T*,p*,r)—T*S, (29
Gi<0.04. (36)
where
DISCUSSION
U(T*,p*,1)=Uo(T*,p*) +Urep(r) — P (30 The ionic and dipole liquids form two natural approxima-

tions to describe the critical properties of the systems similar
is the internal energy of a paitJy is the contribution inde- t0 molten NaCl. In our paper we have estimated the main

pendent of the distance between the joasd critical parameters for the liquid with a hard dipole as well as
considered the influence of the effects arising due to the soft-
S=In(r¥a%) (31)  ness of a dipole molecule. In particular, the latter is very

important for describing the dielectric properties of a system
is the simplest approximation for its entropy. Within the pro-near the critical point.

posed dipole model, the repulsive pakt, can be modeled Here we should emphasize that the rotation of molecules
as the centrifugal energy. The dielectric permittivityis ~ Plays the key role in the behavior of molten NaCl in the
given by Eq.(28). critical region. The rotational motion at some temperature
The equilibrium size of a pair is the solution of the equa- Tdiss leads to the disintegration of molecules in the low-
tion density vapor phase. Due to dipole-dipole interactions be-
tween molecules, the value @f;;ss decreases with the den-
of sity. In this way, the region of stability of such a dipole phase
o =0, (32 of molten salts such as NaCl can be established. At the same
T* p* time dipole-dipole interactions form the deep minimum for

the effective intermolecular potential, determining the equa-
tion of state of NaCl vapor. The position of the critical point
obtained from this equation of state falls into the region of
eq_ 1 e stability of the dipole phase. Since the effective sizef the
re q)_66-|-* (1-v1-12T"¢€). (33 molecules and the depth of the potential well depends on the
temperature, the position of the critical point and the charac-
teristics of the rotational motion should be studied in the
self-consistent way. It was shown that the coordinates of the
critical point for a fluid of rotating dipoles are of the same
1 magnitudes as those obtained for the models of the RPM
(1+ m) (34) type. Alsq |t.was noticed that the critical temperature for the
6eT* dipole fluid is of the same order as tfg;ss for molecular

and is given by

Thus the equilibrium size of a pair does not exceed(ix
dimensionless unijsThe second root

r+:

011501-7



V. L. KULINSKII AND N. P. MALOMUZH PHYSICAL REVIEW E 67, 011501 (2003

alkali-metal halides. Such a proximity explains the abruptestimate for the Ginzburg temperature and have shown that it
change in the degree of dissociation observed in numericas less than 1 for the simple liquid by a factor of 70-10" 1.
experiments. The approximation of the dipole liquid allows us to analyze
It is not excluded that the quantum corrections to internain an evident form the contribution of the polarizational ef-
states of the dipole pairs will also slightly change the estifects[28]. One can show that these effects lead to the further
mates. In particular, the temperature dependence of the veonsiderable decrease of the Ginzburg temperature.
brational contributions to the heat capacity can also be stud- Note also the possibility for the appearance of an inhomo-
ied. The following step is to construct the equation of stategeneous phase near the critical point of ionic liquids. Since
for small “soft” dipole molecules and to take into account the dissociation temperatuil; is nearT., the system can
the dissociation process with the help of perturbation theorydisintegrate in the regions with essentially different values of
The combination of such an approach with that developed ithe ionization degred: the drops of ionic and dipole lig-
Ref.[28] on the basis of the ionic liquid allows us to narrow uids. As a consequence, the region with the Ising-like behav-
the region of the most probable values for the critical paramior cannot be reached. Thorough investigation of this sce-
eters. nario is needed. These and other questions will be the subject
Our estimate for the critical temperature correlates withof further work.
the known analytical results. Note that most of the analytical

approaches are based on the EOS for low-density Coulombic ACKNOWLEDGMENT
systems(DH, MSA, etc), where the dissociation is taken
into account perturbatively. The authors cordially thank Professor V. M. Adamyan for

Within the dipole liquid approach we have obtained thethe discussion of the obtained results.
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