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Abstract

According to extensive experimental findings, the Ginzburg temperature ¢ for ionic fluids differs
substantially from that of nonionic fluids [Schréer W., Weigartner H. 2004 Pure Appl. Chem. 76
19]. A theoretical investigation of this outcome is proposed here by a mean field analysis of the
interplay of short and long range interactions on the value of tg. We consider a quite general
continuous charge-asymmetric model made of charged hard spheres with additional short-range
interactions (without electrostatic interactions the model belongs to the same universality class
as the 3D Ising model). The effective Landau-Ginzburg Hamiltonian of the full system near its
gas-liquid critical point is derived from which the Ginzburg temperature is calculated as a function
of the ionicity. The results obtained in this way for t{g are in good qualitative and sufficient

quantitative agreement with available experimental data.



I. INTRODUCTION

It is known that electrostatic forces determine the properties of various systems: phys-
ical as well as chemical or biological. In particular, the Coulomb interactions are of great
importance when dealing with ionic fluids i.e., fluids consisting of dissociated cations and
ions. In most cases the Coulomb interaction is the dominant interaction and due to its
long-range character can substantially affect the critical properties and the phase behavior
of ionic systems. Thus, the investigations concerning these issues are of great fundamental
interest and practical importance.

Over the last ten years, both the phase diagrams and the critical behavior of ionic solu-
tions have been intensively studied using both experimental and theoretical methods. These
studies were stimulated by controversial experimental results, demonstrating the three types
of the critical behavior in electrolytes solutions: (i) classical (or mean-field) and (ii) Ising-like
behavior as well as (iii) crossover between the two [, B, B, i, B, B]. In accordance with these
peculiarities, ionic solutions were conventionally divided into two classes, namely: “solvo-
phobic” systems with Ising-like critical behavior in which Coulomb forces are not supposed
to play a major role (the solvent is generally characterized by high dielectric constant) and
“Coulombic” systems in which the phase separation is primarily driven by Coulomb in-
teractions (the solvent is characterized by low dielectric constant). Hence the criticality
of the Coulombic systems became a challenge for theory and experiment. A theoretical
model which demonstrates the phase separation driven exclusively by Coulombic forces is
a restricted primitive model (RPM) [, §. In this model the ionic fluid is described as
an electroneutral binary mixture of charged hard spheres of equal diameter immersed in a
structureless dielectric continuum. Early studies [{, [[0, [[1] established that the model has a
gas-liquid phase transition. A reasonable theoretical description of the critical point in the
RPM was accomplished at a mean-field (MF) level using integral equation methods [§, [J]
and Debye-Hiickel theory [[3]. Due to controversial experimental findings, the critical be-
havior of the RPM has been under active debates [[4, [3, [4, [, [§, [9, T, BT, B2, B3] and

strong evidence for an Ising universal class has been found by recent simulations [21], 4, BF]
and theoretical [26, P71, B§, P9 studies.
In spite of significant progress in this field, the criticality of ionic systems are far from

being completely understood. The investigation of more complex models is very important



in understanding the nature of critical behavior of real ionic fluids demonstrating both the
charge and size asymmetry as well as other complexities such as short-range attraction. A
description of a crossover region when the critical point is approached is of particular interest
for such models. Based on the experimental findings one can suggest that in ionic fluids
the temperature interval of crossover regime, characterized by the Ginzburg temperature,
is much smaller than observed in nonionic systems [[J]. In particular, a sharp crossover was
reported for the systems Na — NH3 [B{] (see also B, B2, BJ]). The analysis of experimental
data for various ionic solutions confirmed that such systems generally exhibit crossover
or, at least a tendency to crossover from the Ising behavior asymptotically close to the
critical point, to the mean-field behavior upon increasing distance from the critical point
B4]. Moreover, the systematic experimental investigations of the ionic systems such as tetra-
n-butylammonium picrate, BuyNPic, (for tetra-n-butylammonium picrate we will follow the
notations from [[, f]) in long chain n-alkanols with dielectric constant ranging from 3.6 for
1-tetradecanol to 16.8 for 2-propanol suggest an increasing tendency for crossover to the
mean-field behavior when the Coulomb contribution becomes essential [B, B, BJ]. They also
indicate that the ”Coulomb limit” reduced temperature of the RPM T, ~ 0.05 is valid for
the almost non-polar long chain alkanols [f, BY]. It has been stressed [BY] that for solutions
of BuyNPic in 1-alkanols, the upper critical solution points are found to increase linearly
with the chain length of the alcohols (that corresponds to the decrease of dielectric constant
of the solvent). The experimental data for the critical points and the dielectric permittivities
for solutions of BuyNPic in 1-alkanols are given in Table 1 [B3].

Theoretically the crossover behavior in ionic systems was firstly studied for the RPM
[L4, I3, [d]. The results obtained for the Ginzburg temperature were similar to those found
for simple fluids in comparable fashion that is in variance to what is expected from the ex-
periments [f], [i]. Nearly at the same time in [Bg| the crossover behavior of the lattice version
of a fluid exhibiting the Ising behavior was studied as additional symmetrical electrostatic
interactions were turned on. Based on the microscopic ground, the effective Hamiltonian
in terms of the fluctuating field conjugate to the number density was derived in this work.
Then, the crossover between the mean-field and Ising-like behavior was estimated using the
Ginzburg criterion. The resulting crossover temperature calculated as function of the ionicity
7, which defines the strength of the Coulomb interaction relative to the short-range inter-

action, indicates its weak dependence but with the trends correlating with those observed



TABLE I: The experimental parameters of the critical points (critical temperature T, critical mass

fraction w,) and the corresponding dielectric constants e for solutions of BuyNPic in 1-alkanols [@]

Solvent  |e(T,)|T./K | w.

1-oktanol 9.5 |298.55| 0.336

1-nonanol 7.9 1308.64| 0.325

1-decanol 6.4 [318.29(0.3152

1-undecanol | 5.4 [326.98| 0.303

1-dodecanol | 4.7 |335.91|0.2951

1-tridecanol | 4.3 |342.35| 0.284

1-tetradecanol| 3.6 |351.09|0.2721

experimentally.

In this paper we are also interested in the critical behavior of ionic fluids. In particular, we
study the effect of the interplay of short-range and long-range interactions on the crossover
behavior in such systems. We consider a continuous version of the charge-asymmetric ionic
fluid in which both the long-range Coulomb and short-range van-der Waals-like interactions

are included. Following [Bd] we introduce the ionicity

1 |C_11€]2|
T=—= 1
B*  kgTeo’ (1)

where ¢; is the charge on ion ¢, kg is the Boltzmann constant, 7' is the temperature, o is
collision diameter and € is the dielectric constant. Then we derive the effective Hamiltonian
of the charge-asymmetric model in the vicinity of the gas-liquid critical point. As in [Bq],
the coefficients obtained for the effective Hamiltoninan have the forms of expansions in the
ionicity but with new terms that appear in this case. Based on this Hamiltonian we estimate
the Ginzburg temperatures as functions of the ionicity.

The layout of the paper is as follows. In Section 2 we introduce a continuous charge-
asymmetric model with additional short-range attractive interactions included. We derive
here the functional representation of the grand partition function of the model in terms of the
fluctuating fields ¢y and ¢ conjugate to the total density and charge density, respectively.

Section 3 is devoted to the derivation of the effective GLW Hamiltonian in the vicinity of



the critical point. In Section 4 we calculate the Ginzburg temperature as a function of the

ionicity for different values of the range of the attractive potential. We conclude in Section 5.

II. BACKGROUND
A. Model

Let us start with a general case of a classical charge-asymmetric two-component system
consisting of N particles among which there are N; particles of species 1 and N, particles

of species 2. The pair interaction potential is assumed to be of the following form:

Uag(r) = ¢ag () + das (1) + 655(r), (2)

where fﬁs (r) is the interaction potential between the two additive hard spheres of diameters
0, and oz. We call the two-component hard sphere system a reference system. Thermody-
namic and structural properties of the reference system are assumed to be known. qbgg(r)
is the potential of the short-range (van-der-Waals-like ) attraction. ¢55(r) is the Coulomb
potential: ¢55(r) = qaqsd®(r)/e, where ¢“(r) = 1/r and € is the dielectric constant. The
solution is made of both positive and negative ions so that the electroneutrality condition
is satisfied,i.e. Ei:1 JaCa = 0, where ¢, is the concentration of the species a, ¢, = N,/N.
The ions of the species a = 1 are characterized by their hard sphere diameter ¢; and their
electrostatic charge +qy and those of species o = 2, characterized by diameter o, bear
opposite charge —zqg (qo is elementary charge and z is the parameter of charge asymmetry).
In general, the two-component system of hard spheres interacting via the potential gg(r)
can exhibit both the gas-liquid and demixion critical points which belong to the 3D Ising
model universal class.

We consider the grand partition function (GPF) of the system which can be written as
follows:

=l = > 3 ] %/(dp) exp [-%ZZUW(%)] . (3)
N1 >0 N2>0 a=1,2 aB  ij

Here the following notations are used: v, is the dimensionless chemical potential, v, =
Bie —3In A, i, is the chemical potential of the ath species, [ is the reciprocal temperature,
A™! = (2mma 571 /h?)Y? is the inverse de Broglie thermal wavelength; (dT') is the element
of configurational space of the particles: (dI') =[], dl's, dI'y = drdrg ... drg .

bt



Let us introduce the operators py and pP

pk - Zpka ﬁE = Z qouékpm

which are combinations of the Fourier transforms of the microscopic number density of the
species a: P o =y, exp(—ikr$). In this case the part of the Boltzmann factor entering eq.

(B) which does not include hard sphere interactions can be presented as follows:

exp ——ZZ s (Tij) aﬁ (Tw))

af  4,j

+opp (k)b o7 + 20sp (k) prp”y) + ZN Z (k) + q20° (k ))] (4)

(¢Ss( )Ph’ 1

R Y

where
7 1 [ 27SR TSR 7SR
Gss(h) = Ty |OM) + 2208 (k) + 63 (B)|
7 1 [ 7SR TSR TSR 7
Gon(k) = s |9 R) = 20K + 63| +6°h)
7 1 7SR TSR TSR
Gso(k) = o gyp (0N ) + (1= 2)3'(h) — 63 (h)| (5)

with gzgfﬁ(k) being a Fourier transform of the corresponding interaction potential defined by

Bl )= [ a0 espl-ike), 425 () = 3 32 8% () explk)
Now we simplify our model assuming that

e The hard spheres will all be of the same diameter o, = 0.

o OE(K) = 630 (k) = G5 (K) = 69 (k).

With these restrictions the uncharged system can only exhibit a gas-liquid critical point and
a possible demixion is ruled out.

Taking into account the assumptions mentioned above we thus have

dss(k) = "R (k) <0, dpp(k) =¢“(k) >0, ¢sp(k)=0

Finally it will be convenient to introduce the effective range bgg of short-range interactions

through the relations

¢ (k) = ¢°R(0) (1 — (bsr k)*) + O(k*) . (6)



B. Functional representation of the grand partition function of an ionic model

Let us take advantage of the properties of Gaussian functional integrals to rewrite
1 ’Vk,ASAS _1 dS _1 ~k:715’5
exp | 5> ws(k)pp’y | = N [ (de7)exp 5 > (s (k)] ol
k ws

k
+zm) |
k

DO | —

> lwe(k)] T ele”,

1 _ . 1
exp | =5 S o0ty ) = 1 [Py e -
2 4 Nue
+iZﬁE¢E),
k

with
1 ~ _
Nus = /(dws) exp <—§ ; [@s (k)] s@is@i)
1 ~ _
Nue = / (d®) exp <—§ ; [@e (k)] ™ o ka> :
and ) )
(de?) = [ [deic = [ [dRe)d(Swi),  A=5.D.
k k
In the above equations we also introduced the notations @ws(k) = —Bdss(k)/V and

Wo(k) = ¢C(k)/V.

As a result, we can rewrite Z[v,| in the form of a functional integral

=) = = [ (495 exp (Ml 7). g

where the action H reads as

Hlva, o, 07) = 5 S @] eieSict 3 S [0k oReP

2
—InZps[vs + ¢°, 7p + 16207, (8)
z 1 1
v 7 U, Up = 7y — ). 9
Vs 1T 1+1—|—zV2’ D q(1+z)<1 ) 9)



where the "renormalized” chemical potentials 7, are defined as
St 3 3 () ET), =2 (10

Let us define Av® = Ug—5 and @ = Avo+ ¢y with 5 chosen as the chemical potential
of the hard spheres. This leads to the relation

Us+ ¢ =5 +5°. (11)

Now we present InZpg|. . ] in the form of a cumulant expansion

ln~—*HS Z Z Z m (po,ﬁp;kfl,...,kn]afl...611,3%

n>0 T in>1ky,...,

Pies, ., - &in5k1+...+kn, (12)
where im,(f")[%s ,Up; ki, ..., k,] is the nth cumulant (or the nth order truncated correlation
function) defined by

o lnEHs[. . ]
Mmiin) R [ — S— |55 13
(20,73 s 03T, ... 0G0 07y, oG e (13)
In particular it follows from ([[3) that
E)ﬁ(()o) =In EHs[QOg,ﬁD]. (14)

The expressions for the cumulants of higher order (for i, < 4) are given in Appendix A.
It should be noted that, contrary to [Bd], ([3J) includes all powers (even and odd) of the
field ) conjugate to the total number density. It should be clear that the coefficients in the

cumulant expansion (12) depend on the chemical potential (or, equivalently, on the density).

III. EFFECTIVE HAMILTONIAN IN THE VICINITY OF THE CRITICAL
POINT

Taking into account ([J) we can rewrite ([f)-(§) as follows

=i = 3o (F) / (A5%) exp (—i > (s (k) E

k

O] AE + 3 2 ATl -

n>1

.....

X0k 4.k ) VIBK), (15)



where

77— % [@s(0)] " (Av%)? — In Zgglid],

VIR = 37 / (d3”) exp (—%ch(k)] 'GP+ 5 Zam(z DG,

k

1 2 N~D ~D ~
+3 > m§)¢k1¢k290k35k1+k2+k3+— > M e, G, B,
k1,ko k3 ki,...kq

~ 1 3)~D ~D ~D ~
X(’O1€45k1+---+k4 _'_ 6 Z ml(l )¢51g01?2¢1?3g01€45k1+---+k4 + o ) N (16)

It is worth noting here that unlike to the case considered in [Bf] we obtain in ([[d) terms
proportional to (@S )2 (@D )2 and $° (QZD )3. While the former is connected with an absence
of a lattice symmetry, the the latter stems from charge asymmetry.

Our aim now is to derive the effective Landau-Ginzburg (LG) Hamiltonian. Since we are
interested in the gas-liquid critical point, this Hamiltonian should be written in terms of
fields @} conjugate to the fluctuation modes of the total number density.

To this end we integrate out @2 in ([[§) using a Gaussian measure. As a result, we can

present V[5}] as follows:

Nwe
Nue

Yz = [1+<A> A+ A+ } (17)

where (...)¢ means

(..)e= Ni/c /(de) ... €Xp (-%zk:wc(kﬁﬂf@[)k)

with Wc(k) given by

We(k) = [we (k)] ™" + y*G, (18)

and y? being the ionicity introduced by (): y*> =T
Taking into account ([l) and the recurrence formulas of Appendix A A may be written

as a formal expansion in terms of 1>

2

~ 2 =~
A = —% Z GQ(kl, k2 + k3)¢£¢i¢535k1+k2+k3 - yz Z G3<k17 k27 k?’ + k4)

ki,ka,ks ki,....ka
03
ly (1—2) ~
6 \/z ki,...ka
X Pl P Py PreaObcr 4. 4kes + - -+ (19)



In (I3)-(I) the “tilde” over ¢ %) was omitted for the sake of simplicity.
It should be mentioned that the dependence of én(kl, ks, ..., k) on the k; is very compli-
cated. Since we consider here the behavior of the system near the critical point the limiting

case of k; = 0 is of particular interest. Therefore, we substitute in ([[7)

Gulky, ko, .. k) =Ga(0,..)  n>3

and
Ga(k) = G2(0)(1 + ¢°K?), (20)
with N
2 G2(0) 0*Ga(k)
g9 = 262(0)’ G22( ) = o2 |k=0- (21)

Having integrated out eq. ([7) Z[v,] takes the form:

Zlva] = /\/ [T+ N>Hs@c(k))_1/(d<ps)e><p (=R %)

ws k

H (" an Z an‘Pkl---@En‘skﬁ--*kn’ (22)

ay = —H, (23)

a = (N)ps + [@s(0)] " Av® — ZA % (36?,(0) G Zi —2
%G (0)) ZA , (24)
ay = —[Ws(k)] ™" + Ga(k) ——Gg ZA ZA A(lk+ql), (25)
az = G5(0 ZA + 2;/ Ga(0 ZN (26)
ay = Ga(0 ——G5 ZA ( [G5(0)]2 + 4G (0 )ZA? (27)

and the propagator &(q) is written as

Rg) = Blasy?) = To(@)] ! = ——pocl®)____ (28)

10



Coefficients (23)-(27) have the form of a formal expansion in terms of the ionicity Z = y2.
In our study all terms which do not exceed the fourth order of y are kept. The ionicity is
small enough for large values of the dielectric constant and increases with its decrease. From
this point of view we can consider the expansions in (PJ)-(27) for large values of 32 only as
formal ones. It should be also noted that A(q) ~ 1/y2 (see (])) for large values of 3.

Let us introduce

~ _ T-—T.
rsr = [G2(0)ws(0)] ! — 1= ——==, (29)
c,0
where T, = T.(Z = 0) is the mean-field critical temperature of the uncharged system.
Taking into account (PJ) we can rewrite —H®// as follows:
_ | R - 1 5
~ M) = —5 [@s (O] (Av®)’ + nEaslef] — 5 Y (ro + 70k%) B
Kk
Vo _S 5 — Ug —§ —S§ —8 —
_5 Z SOEI gpig ¢£35k1+k2+k3 - E Z gpil 305230533054
ki.ka,ks ki.ka,ks,ka
><51(1-1-1(2-1-1(3-!—1(4 - h@ga (30)
where 7} = éQ(O)QOE and the following notations were introduced:
2 4
y° G3(0) X Yy =~ A2
ro = rsp+ ——= A(q) — =G5(0 A*(q 31
o = ot LS K0 - L0 5 &
4
y ~
7 = e SGa(0) Y A3 g) (32)
q

v = ——— (& _%294(0)g&wﬁlégm)z&?(q)), (33)

X [3[@,(0] +4G2(0)G4(0)} , (34)
e [(Nas F[@sOIAS oyt [ Ga(0)
ho [G2(0)] < 0 5 zq:A(qH g 362(0)

)
+(1 — 2,2;2 — 22] [Z A(q)] ’ (35)

W here
2 2 Z_%R ( )



with b2, = b ,ws(0) and A® (q) = 92A(| k + q |)/Ok2|s—.
Finally, we present (B{) as follows:

1. _ 1
—HY[P%] = —é[wS(O)] H(AVT)? + InEgsef] 521(: (r+7°K*) @
u
1/2 Z ¢k1¢k2¢k35k1+k2+k3 - <N> Z gpkl ¢k2¢k3¢k4
(N)HS 1, 1o ks HS 3k
1/2—8
X5k1+k2+k3+k4 - h’<N>HSSOO7 (37>
with
. D) Vo 1/2 U . —1/2
r=ro, T =179, U—§<N>HS _E<N>H57 h_h0<N>HS .

At the critical point the following equalities hold

which give the equations for the critical parameters i.e., the temperature, the density and
the chemical potential at the critical point.

Equation (B7) gives the effective GLW Hamiltonian of the system (B) in the vicinity of
the critical point. We are now in position to extract from eq. (B7) the Ginzburg temperature
as a function of the ionicity.

Now let us specify the short-range attraction, ¢°f(r), in the form of the square-well

potential
0, 0<r<o
¢SR(T) =4 —¢, oc<r<io .
0, r> Ao

It is worth noting here that the system of hard spheres interacting through the potential
¢3%(r) with A\ = 1.4 — 1.7 reasonably models most simple fluids [B7]. The Fourier transform
of ¢°f(r) for the case of the Weeks-Chandler-Andersen (WCA) regularization inside the
hard core [BY has the form:

6°" (k) = ¢¥(0)

o) [—Az cos(Ax) + sin(Az)], (38)

where z = ko and ¢SE(0) = —e03 N3,
To be consistent we also use the WCA regularization scheme for the Coulomb potential
which yields
¢° () = 4msin(x) /2. (39)

12



IV. GINZBURG TEMPERATURE

Following [Bd] we can present the Ginzburg temperature by

18 u’(y)
72 L+ to(y)]75(y)’

but in our case all quantities u, ty and 72 should be estimated at critical density n.(y):

tane(y),y] =~ (40)

u(y) =u(ne(y),y),  toy) =to(ne(y).y),  T(y) =7(ne(y),y)-

The density 1 enters the expressions for u, t; and 72 through the structure factors S.. A

well-known criterium by Ginzburg predicts that the mean-field theory is valid only when

T—Te(y
Te(y)

te <<| t | where t = ) and T.(y) are the mean-field reduced temperature and the
mean-field critical temperature of the charged system at 1 = n.(y), respectively.
In (EQ) to(y) measures the increase of the mean-field temperature of the charged system

in respect to the uncharged system

1 (41)

which, for the model under consideration has the form:

to<y)=—%g328;¥ﬁ + Y 02 ZN (42)

Taking into account that

- -1 T
C0)Te0)] =7,
and equation (f]), we can rewrite () as follows:
2 bsr
—mir = 9"+ = (L to(y). (43)

wc(O)
For the uncharged model the Ginzburg temperature reduces to
1 S

=)= o Sren@ = 0

where S, is given by () and 755(Z = 0) = 75(to = 0).

First we calculate the critical density from the equation v = 0. To this end we take into
account (B3), (BY) and the formulas of Appendix D. As a result, we obtain the dependence
of the dimensionless critical density 7. (1 = mpa?®/6) on the ionicity Z = y? (see Fig. 1).

13
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FIG. 1: Critical density as a function of 7.

In order to calculate the chemical potential at the critical point we introduce Av =

AvS — v3, g, where

Virr = —(N)usws(0)
is the mean-field value of the chemical potential 7g(0). Av, is obtained from the condition
h = 0; taking into account (BY) it yields :

2

Av, = %2§2 zq: Alq) — %4 [33’3 + W@;} zq: Alg)] (44)
where
gn(%; 0) = én/<N>HS (45>

is the nth particle structure factor at the critical density 7.(Z) when k; = 0. In Fig. 2 Av,
is displayed as a function of the ionicity for different values of the parameter z.

Now we calculate 72, u, to and tg at n = 7. using (B2), (B4), (B)-(BY), ((2) and formulas
from Appendices B-D.

The dependence of 72 on Z at different values of the parameter ) is plotted in Fig. 3.
The explicit formula for 725 is given in Appendix C. The coefficient u and the shift in the
mean-field critical temperature, ¢y, as functions of Z are plotted in Figs. 4 and 5. As is seen,
quantities 72, to and w are increasing functions of Z in the whole region under consideration

and their dependencies of Z are at variance with those obtained in [B] for the lattice model.

14
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FIG. 2: Av, as a function of Z calculated from ({4) for different values of z (n = n.). The inset

depicts the behavior of Av, close to the origin.

FIG. 3: The dependence of 72 on the ionicity for different A (n = 7).

Despite this fact, the behavior of the Ginzburg temperature as a function of Z calculated
in this work is qualitatively similar to that found in [Bf] (see Figs. 6-8). Moreover, as in
[Bd], the behavior of t(Z) becomes nonmonotonic starting with some value of the attraction
potential range (A in our case). One can see in Fig. 7 that, for A = 2, ¢4 first drop off (at

very small values of the ionicity) then increases slightly and at Z ~ 1.23 again starts to

15
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FIG. 4: The dependence of u on the ionicity Z (n = ).

t,(D

FIG. 5: The reduced shift of the mean-field critical temperature, tg, as a function of Z at n = ..

decrease. In Fig. 8 the ratio of reduced Ginzburg temperatures, t(Z)/t:(0), is shown at
different values of \. It is worth noting that the non-monotonic behavior of t5(Z) becomes
more pronounced as A increases.

In Table 2 we compare our results for the ionicity dependence of the Ginzburg temper-
ature (at A = 1.5) with the results obtained in [Bg] for the lattice model as well as with
experimental data for the crossover temperatures t, (data for Z and ¢y are taken from
BAd]). The systems (b)-(d) correspond to the same ionic species BuyNPic within solvents of

different dielectric constant. As is seen, in this case our results are in good agreement (qual-

16
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FIG. 6: The reduced Ginzburg temperature, ¢, as a function of Z at A = 1.5 (n = 7n.). The inset

depicts the behavior of t;(Z) close to the origin.
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FIG. 7: The same as in Fig. 6 but at A = 2.

itative and quantitative) with the experimental findings. The system (d) is Na in NH3 and,
of course, might be described by the potential ¢ #(r) with the different attraction range \.
For instance, for A = 2 we obtain t¢(Z = 6.97) = 0.8 x 1072 (see Fig. 7) that correlates with

the experimental value ¢, = 0.6 x 1072
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FIG. 8: The ratio t¢(I)/tc(0) as a function of the ionicity at different values of A (n = 7.).

TABLE II: Experimentally assessed crossover temperature, ty, taken from [Bf]: (a) tetra-n-
butylammonium picrate (BuyNPic) in 1-tridecanol; (b) BuyNPic in 1-dodecanol; (¢) BuyNPic in
75% 1-dodecanol plus 25% 1,4-butanediol; (d) Na in NHs; (e) tetra-n-pentylammonium bromide

in water and the reduced Ginzburg temperature, t¢, found theoretically in [B(] and in this work.

System Tonicity,Z tx te (BA)|te (this work)
uncharged fluid 0 O) 1 ~ 0.09
(a) 17.9 ~1073 |~0.712| 2.7x 1073
(b) 16.8 |~ 0.9 x1072|~ 0.717| 0.38 x 1072
(c) 8.9 ~3x1072 |~ 0.777| 2.5 x 1072
(d) 6.97 |~ 0.6 x 1072~ 0.807| 3.7 x 1072
(e) ~ 1.4 O(T) 1 ~ 0.09

V. SUMMARY

In this paper we study the reduced Ginzburg temperature as a function of the interplay
between the short- and long-range interactions. The ionic fluid is modelled as a charge
asymmetric continuous system that includes additional short-range attractions. The model

without Coulomb interactions exhibits a gas-liquid critical point belonging to the Ising class
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of criticality. We derive an effective GLW Hamiltonian for the model whose coefficients have
the form of an expansion in powers of the ionicity. Using these coefficients we calculate
a Ginzburg temperature depending on the ionicity. To this end we introduce a specific
model which consists of charged hard spheres of the same diameter interacting through the
additional square-well potentials. To study the effect of the interplay between short- and
long-range interactions we change, besides the ionicity, the range of the square-well potential.

As a result, we obtain the similar tendency for the reduced Ginzburg temperature as in
Bd] when the region of the short-range attraction increases i.e., its nonmonotonic charac-
ter but with different numerical characteristics. However, our results demonstrate a much
faster decrease of the Ginzburg temperature when the ionicity increases. We found a good
qualitative and sufficient quantitative agreement with the experimental findings for BuyNPic
in n-alkanols. This confirms the experimental observations that an interplay between the
solvophobic and Coulomb interactions alters the temperature region of the crossover regime
i.e., the increase of the ionicity that can be related to the decrease of dielectric constant
leads to the decrease of the crossover region. We suggest that the quantitative discrepancy
of the results for g obtained in [Bf] and in this work could be due to the fact, besides
the difference in the symmetry of the two models, that the chemical potential (or density)
dependence of the Hamiltonian coefficients was taken into account explicitly in our case.

It should be noted that in the approximation considered in this paper only the critical
chemical potential depends explicitly on the charge magnitude. In order to obtain the charge
dependence of the other quantities terms of order higher than 32 should be taken into account
into the effective Hamiltonian. Finally, we emphasize that the functional representation ([f)-
(B) allows to consider more complicated models in particular models including charge and

size asymmetry.
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VI. APPENDICES

A. Recurrence formulas for the cumulants Fourier space.

== Gn(kl, ]{ZQ, ey kn)
=0

= (1)3 ﬁs/zqzlcaéan(kla k27 ey ‘kn72 + knfl + kn‘)
= ()" 2 {8 [a2ca)” Coalhr Fizs o [Kns 4 Ky + K

+ (abea =3 [@2ca]”) Goslhr Jon o, s+ Ka) |

( k)
( kn)
M (ky, ks, . k) = (1) BG2CaGnoi1(ki, ko, . .. Koot + k)
( k)
( kn)

where én(lﬁ,k@, ..., k) is the Fourier transform of the m-particle truncated correlation
function [BY of a one-component hard sphere system and summation over repeated indices

1S meant.

B. The nth-particle structure factors of a one component hard sphere systems in

the Percus-Yevick approximation

20 = ((11;72?37))42 (46)

s,00) = L= ?7)(71(1+—2;>r;5— 61). -
10 2 3 4

s,(0) = L= 1= 30?1++821:)8+ 1407 + 609") )

S5(0) = (1 —n)3(1 — 851 + 9571 —(1136;777;”11— 3500n* — 294057 — 8401°) o

C. Explicit expression for Té R

Let us write the Ornstein-Zernike equation in the Fourier space

~ 1
Sy(k) = = pelk)
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where ¢(k) is the Fourier transform of the Ornstein-Zernike direct correlation function [A(]

We have for ¢(k) in the Percus-Yevick approximation [[I]

pc(k) = —24n (ak®(sin(k) — kcos(k)) + Bk*(2k sin(k) — (k* — 2) cos(k) — 2)

+%na((4k3 — 24k) sin(k) — (k* — 12k* + 24) cos(k) + 24)) /KO, (51)
where ( )
~ (1429)? (1 gm)?
Taogr T Ay

From (B0) and (F1)) we get for g*

o, Ga(0) . (405 — 271° + 84n* — 14613 + 14472 — 751 + 16)

A TRT R (1+2n)*(1 —n)*

Taking into account (B§) we have b%,/ws(0) = 0.1\%. As a result, 724 is as follows

(4n® — 27n° + 84n* — 1467 + 144n* — 75n + 16)
(1+2n)*(1 = n)*

T2, = —0.05 (n + 223 (1 + to(y))) . (52)

where to(y) is given by (A2).

D. Explicit expressions for the integrals used in equations (BI])-(B5)

Using >, = (2%)3 [ (dk) we can present

SOAw) = % /0 " Ao 2B (2), (53)
~ 2 48n > 2 (s 2
; (A(k:)) = s /0 dz2? (A(r))?, (54)
RWAD(R) = 5217 [ 4 A )+ folx
SAWEW = 1 [ araB ) @A)+ afi(a), (59)
where the following notations are introduced:

A(r) = sin(z) (z* + £ sin (x))fl, (56)
fi(z) = (2% (cos (z) z — 3 sin (z))) (2° + 2 k*22® sin (z) + ** — k™ cos? (a:))_1 (57)

fo(z) = —z (2°sin (z) + 22K 4 k*22% cos? (x) + 6 cos (z) 2t — 6 £*%x sin (2) cos (z)

—122%sin (z) + 6 K™ — 6 K™ cos? (z)) (=" +3 r*%28 sin (z) + 3 k*2?

—3 k2% cos® (z) + k™% sin (z) — £*%sin (2) cos? (z)) - (58)
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with © = ko and k* = kpo = /24y?n being the reduced Debye number.
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