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ON THE SURFACE TENSIONS OF BINARY MIXTURES

JEAN RUIZ

ABSTRACT. For binary mixtures with fixed concentrations of the species, various rela-
tionships between the surface tensions and the concentrations are briefly reviewed.
Key Words: Surface tensions, binary mixtures, interfaces, regular and ideal solutions,
Ising and SOS models

PACS numbers : 05.20.-y,68.10.Cr,05.50.4-q

Preprint CPT-2004/P.059

When we consider a binary mixture of two chemical species 1 and 2, in equilibrium
with its vapor, one of the problems, experimentally as well as theoretically, is to predict
how the corresponding surface tension depends on the composition of the mixture. Some
relationship is expected which would give this surface tension, as an interpolation between
the surface tensions of the two species when they are chemically pure. In this note, we
briefly discuss various relation-ships based on thermodynamical considerations as well as
other ones obtained more recently in the frame of Solid-On-Solid models of interfaces [l
and bulk statistical mechanical models of binary mixtures [J.

Thermodynamical semi-empirical equations

Let us use 7(1 9)p to denote the surface tension of a mixture of two species 1 and 2
and let 719 and 759 be the surface tensions of each species. In this section, we present
several equations which have been derived, according to different assumptions, by using
thermodynamical considerations.

For ideal or nearly ideal solutions, a fairly simple treatment, due to Guggenheim [f],
leads to the following equation

e~ BaT )0 — 616*507'1\0 + C2e*ﬁa7'2\0 (1)

where ¢; is the fixed molar fraction of species 1 in the (1,2) mixture, co = 1 — ¢y, the
fixed molar fraction of species 2, a is the mean surface area per molecule, and § = 1/kT
is the inverse temperature.

A very simple relationship for the so called regular solutions comes from Prigogine and
Defay [@], who proposed the equation

T(1,2)j0 = C1T1jo + C2Toj0 — Kcico (2)

with K a semiempirical constant.
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2 JEAN RUIZ

A simple treatment due to Eberhart [[] assumes that the surface tension of a binary
solution is linear in the surface composition, that is

T(1,2)l0 = CiT1j0 + 320 (3)
where the ¢, 7 = 1,2, denote the mole fraction near the surface of phase separation, and
that the ratio ¢f/c; is proportional to the ratio ¢§/co.

Finally, when the surface tensions 7yq and 7y differ appreciably, a semiempirical
equation attributed to Szyszkowsky ([, [[]) gives:

T &

I 1B (1+2) (4)
A
where two characteristic constants A and B of the compounds have been used, and ¢y is
the concentration of the species with the smaller surface tension.

We refer the reader to Adamson’s book [§] (Chapter III, Section 4), and references
therein, for a detailed discussion of the above equations.

Let us also mention that an extensive development for various types of non ideal
solutions has been made by Defay, Prigogine and co-workers: see the monography [].

Solid-On-Solid (SOS) models

Let us first consider the SOS model in dimension d = 2. We let hg,...,hy € R be a
collection of heights describing an interface. For simplicity, we assume that the energetic
cost of the interface is proportional to its length, namely given by

T1)0

N—1
H(Jasho-hn) = Jo > [1+[hiy1 — hil] (5)
i=0
where J, represents the energetic cost per unit length for the interface. The associated
density of free-energy or interfacial tension is then defined by

1 . 1
7(BJa) = 3 Jim I Z(N, 5 (6)
where Z(N, 3J,) is the following partition function

“+oo “+o00

Z(N,BJs) = / dho- - / dhye PHashohn)§(hy — 0)§(hy — 0)
—0o0 — 0o

The quantities 7(5.J1) and 7(5.J2) will represent the surface tensions of two species 1, and

2.

To model the interface for binary mixtures, we will use the disordered generalization
of the SOS model. Namely, we consider that the coupling per unit length is no more a
constant but a random variable J. This variable may take two values J; and Jy with
probabilities ¢; and ¢o = 1 — ¢q, where ¢; is physically the mole fraction of particles 1 in
the bulk of the (1,2) mixture. This allows us to represent the interface by two sets of
independent random variables {hg, ..., hy}and {J°, ..., JN=1}. In this way, the interface
can adjust its height h and, by moving or not molecules, also the corresponding energetic
cost J taking into account the fixed concentration. In this approach the molecules of
the mixture are not distinguishable and have similar size. Each site ¢ is occupied by one
molecule. The energetic cost of this interface is given by the Hamiltonian

N-1
H(J - JN " hg - hy) = Y T+ [higy — hil] (7)
i=0
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where J* may take the value J; or Jo with probability ¢; or co =1 — ¢;. The associated
partition function is given by

Zn(J0 . gV = +Oodh +Oodh —BH(JOIN"YhohN) 5B NS (R
N ) = 0 Ne (ho)d(hn)

—00 — 00

It is well known that random systems are often related to disordered systems for which
one has introduced the notion of quenched and annealed disorder. For the annealed case,
the couplings are considered to be random and will be treated in the same way than the
heights. For the quenched disorder, the couplings are frozen in a given configuration.
There are then two ways to define the associated free energy density

uenched 1 3 L 0 N-1
T2 =  Ba i (InZy (7 SR ®
and
sannealed i lim i1I1<ZN(JO-"JNil» (9)
(2o Ba N N

where the average ( - ) has to be taken with respect to the coupling distribution.

Using quenched disorder to compute the free energy, we obtain the following equation
to express the surface tension of the mixture like a convex combination of the pure
component surface tensions

T((lllj;;llcohed = c17(B8J1) + caT(BJ2)

This kind of formula is therefore valid when the system finds its equilibrium position
within the configurations for a given set of couplings.
The other approach, i.e. if we use the annealed disorder, leads to :

e AT — cre” TN 4 oy e=BT(B2)

Here, the variables J* and h; are treated on an equal basis. This implies that the molecules
at the interface are sufficiently mobile to allow the interface to adjust itself, both in heights
and in composition.

Bulk model of binary mixture

This Section is devoted to a discussion of the problem within a lattice bulk statistical
mechanical model describing the binary mixture in equilibrium with its vapor. Studies
of various models of binary lattice gases can be found in Refs. [I, [L1].

Here, we consider a lattice gas system with two kinds of particles, where each lattice
site can be in one of the three states, 0, 1,2, interpreted, respectively, as an empty site, a
site occupied by a particle of the first kind of the model, and a site occupied by a particle
of the second kind. Whenever the particles 2 are not allowed the system reduces to the
usual Ising model, in its lattice gas version, with coupling constant J; /2, and analogously,
when particles 1 are not allowed, it reduces to the Ising model with coupling constant
Jo/2. Namely, to each site z € Z%, d = 2,3, we associate a variable s, taking values in
the set Q = {0,1,2}. We will say that the site = is empty when s, = 0 and that it is
occupied otherwise. The energy of a configuration sy = {s;},., in a finite box A C z4
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is defined by
Ha(sn) = ) Elsz,sy)

(z,y)CA
Els2,55) = J1 [6(52,1)8(55 0) + 6(52,0)3(s,, 1)
+J2 [0(82,2)0(8y,0) 4+ 0(5z,0)d(sy,2)]
where (z,y) denote nearest neighbour pairs, ¢ is the usual Kronecker symbol (s, s’) =1
if s =" and d(s,s’) = 0 otherwise; J; and Jy are positive constants. Notice that the
bond energy satisfies:
E(0,0) = E(1,1) = E(2,2) = E(1,2) = E(2,1) =0
E(0,1) = E(1,0) = J;,E(0,2) = E(2,0) = J,
Fixed densities of the three species are introduced through the canonical Gibbs ensem-
ble of configurations sy such that

> 6(s2,0) = No, > 6(sa,1) = N1, 8(s2,2) = N
zeEA zeEA zeEA

where the sum Ny + N7 + Ny equals the number of sites of A. The associated partition
functions with boundary condition bc are given by

ZbC(A; Nl,Ng) = Z eiﬁHA(SA)(S <Z 5(53:, 1)5N1> 0 (Z 5(81,2),]\72) Xbc(SA)

spAEQA z€A zeEA

where x%(sp) is a characteristic function standing for the boundary condition be. We
shall be interested in particular to the following boundary conditions:

e the empty boundary condition: x*™P(sp) = [ cqn 0(52,0)

e the mixture boundary condition: x™**(sy) = [T,con(1 — 6(sz,0))

e the free boundary condition: y(sy) =1
where hereafter, the boundary OA of the box A is the set of sites of A that have a nearest
neighbour in A¢ = Z%\ A.

The free energy per site corresponding to the above ensemble as a function of the

densities p; and po of the particles 1 and 2 is

1
o) = lim ———In Zyo(A: [p1|A[l, [pa|A 10
Flpr p2) = limm, aa be(A; [p1[AJ], [p2|Al]) (10)
where [ -] denotes the integer part and the thermodynamic limit A T Z? is taken in the

van Hoove sense [[J].
It is convenient to consider also a grand canonical Gibbs ensemble, which is conjugate
to the previous ensemble, and whose partition function, in the box A is given by

Soe(As i, o) = Z e BHA(SA) 11 Y pen 6(s2,1) 412D e p 0(s2,2) (11)
SAEQA

where the real numbers p; and ps replace as thermodynamic parameters the densities py
and po. The corresponding specific free energy, the pressure, is the limit

!
p(p1, p2) = lim —

InZpe(A; g, 12
A A be(As i1, pi2) (12)
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Limits ([[0)) and ([d), which define the above free energies, exist. They are convex func-
tions of their parameters and are related by the Legendre transformations

p(p1, p2) = sup [p1p1 + pap2 — Bf (1, p2)] (13)
P1,P2

Bf(p1,p2) = sup [u1p1 + pap2 — p(p, p2)] (14)
H1,H12

Finally we introduce the finite volume Gibbs measures (a specification) associated with

the second ensemble: }
e*,@HA(SA)XbC(SA)

]P)bc sp) = —
Alsa) Epe(As pas p2)
where Ha(sp) = Ha(sp) — B> wen0(s2,1) — 13 32 en 0(52,2). r{_1hey determine by the
Dobrushin-Landford-Ruelle equations the set of Gibbs states Gg(H) on 7% corresponding

to the Hamiltonian H at inverse temperature (3 (see e.g. [[J]). A Gibbs state P € Gs(H)
which equal the limit lim 474 ]P’i’\c(-), is called Gibbs state with boundary condition b.c.

(15)

Ground states and low temperature analysis
In the zero temperature limit the Gibbs state with empty boundary condition is con-
centrated on the configuration with empty sites:

Jim P(empy) =1 (16)

where emp, is the configuration where all the sites of A are empty, and this limit vanishes
for any other configuration. Gibbs states at 3 = oo are called ground states.

Let, Ry (c) = {s c MV e, s, /&O}, be the restricted ensemble of configurations
in A with non empty sites, and R} (c), 0 < ¢ < 1 the subset of configurations of Ry™
with exactly [c|A|] = N sites occupied by a particle of the specie 1 (and |A| — [c|A] sites
occupied by a particle of the specie 2).

With the mixture boundary conditions one gets by by Stirling’s approximation and
the principle of maximal term that

Jim PR(RE (@) — 1 (17)

ﬁ. This means that the ground state with mixt boundary conditions is

concentrated on the restricted ensemble Rmixt(c¢) of configurations of non empty sites
with concentration ¢ of particles 1 and concentration 1 — ¢ of particles 2.

With free boundary conditions, one has for ¢ = ﬁ

lim P{"(emp,) = 1/2, lim P{"(Rp>=(c 1/2
5HooA( iy /ﬁﬂooA(A())Ajid/

for ¢ =

Thus, with the above considerations, we get that for e#! 4+e#2 = 1, the configuration with
empty sites coexists with the restricted ensemble Rmixt(c).

This analysis can be extend to the Gibbs states at low temperatures by using Pirogov-
Sinai theory [[[4]. Actually, this theory allows to show that the low temperature phase
diagram of the model is a small perturbation of the diagram of ground states the coexis-
tence line given by the equation

1n(e‘ff + eué) — M —2dBJ1 | o5 —2d5T2

B (euyfﬂ@‘fure#’éfﬁ"z)?d o —(2d+1)8J
(eu’{ +eu§)2d+1 (6 )

where J = min{Ji, Jo}.
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In particular, introducing the infinite volume expectation (- )P°(u1, i) associated to
the Gibbs measure ([), (- )" (p1, p2) = limy 174 D sncQh PR¢(sp), we have for any t > 0:

(0(s0: 1) + 8(50, 2))™ (uf +t,p3 +1) 2 10 (e—QdﬁJ>
(02, 1) +0(s2, 2)) P (1 =ty — 1) < O (672%])

showing that the model exhibits at low temperature a first order phase transition at the
coexistence line where the pressure is discontinuous.

Surface tensions
To introduce the surface tension between the mixture and the vapor, we consider the
parallelepipedic box:

V=Viu= {(:Ul,..,xd) ez lo;| < Lyji=1,...,d—1;—M < x4 §M—1}

and let 04V (respectively 0_V') be the set of sites of OV with x4 > 0 (respectively x4 < 0).
The boundary condition, x™*“*™P(sy) =[], .o 1/ (1 — 6(s4,0)) [1.co,v 0(s2,0), enforces
the existence of an interface between the mixture and the vapor and the interfacial tension
between the mixture and the vapor is defined by the limit

1 In Emixt,emp(v; /[L :U'S)
Q2L+ 1)1 (Bt (V3 15 115) Bemp (V' 15, p13)) /2
As mentioned previously, whenever either the particles 1 or the particles 2 are not allowed
the system reduces to the usual Ising model in its lattice gas version. Thus, to define

the surface tensions between each species of the mixture and the vapor, we introduce the
configurations ny € {0, 1}V of the lattice gas and the following partition functions

Qu(V)= > BIa Y (g v [ne(1=ny)+(1-na)ny e

li

T =—= lim

ny€{0,1}" zcdV
Qap(v) = Z eﬁ‘]aZ(%m)cV[”z(lfny)Jr(l*"z)ny} H (1—ny) H ng
nae{0,1}V z€d_V z€dLV

for « = 1 and o = 2. The interfacial tension between the species o = 1,2, and the vapor

is the limit ([T3, [[))

Ta.0 = lim lim ﬂ
’ L—oo M—oo (2L =+ 1)d_1

where F, (V) = —% In %”sz%) It is well known that the ratio Qq,0(V)/Qq(V) can be
expressed as a sum over interfaces which in this case are connected set of bonds or
plaquettes of the dual lattice [, [[§]. Extracting the energy of the flat interface, the
system can be written as a gas of excitations leading to F,,(V) = J,(2L+ 1)1+ FX(V).
In two dimensions, F* is the free energy of the gas of jumps of the Gallavotti’s line [[L].
In three dimensions, F3* is the free energy of the gas of walls of the Dobrushin’s interface
[§]. In both cases these free energies can be analyzed by cluster expansion techniques at
low temperatures. Namely, the specific free energies F, = limy, o F(V) /(2L + 1)%1

exist and are given by convergent expansions in term of the activities e %72 giving

Ta,0 = Jo + Fa (18)
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In addition
— BFn = 2P 4 0(e) for d=2 (19)
—BF, = 248 Ja + 0(6_66‘]“) for d=3 (20)

Furthermore, in two dimensions the surface tension defined above is known to coincide
with the one computed by Onsager [[5]. We thus have an exact expression for 7,9, and

for F,, namely, 3F, = Intanh(B3.J,/2)for B.J, larger than the critical value In(1 + v/2).

Main result
The above surface tensions 7(; 20, 71,0 and T2, are proved to satisfy, whenever j is
large enough, the equation [J:

e Blra—F) — 0*1‘6—5(71\0—7:1) + 056—5(72\0—]:2) (21)

The quantity F is the specific free energy (which can be expressed as a convergent series at
low temperatures) of a gas of some geometrical objects called aggregates. In dimension
d = 2, those aggregates are the natural generalizations to our model of the jumps of
Gallavotti’s line and the leading term of the series giving this free energy F is
2 cie 2P 4 chem2072
B cie BN 4 e P2
In dimension d = 3, they are the natural generalizations of the walls of the Dobrushin’s
interface and then the leading term of the series is
_lcTe—SﬁJl + 036_55‘]2 B l (CTG—ZﬁJl + 656_26‘]2)4
B e BN+ cse=Bl2 B (cte Bt + cjeFl2)4
The coefficients ¢ and ¢ are related to the concentrations c¢; and cp of the particles 1
and the particles 2 through the equation

* * % .
¢ = et p(upug),z =1,2
This equation gives at low temperatures:

2d 2d—1
= ¢ [1 — <01€76J1 + cze*ﬁ‘]2> — 2dcie™Pi <01€76J1 + cze*ﬁ‘]2>

2 .
—2(d+1)¢; <C1e_5‘]1 + cze‘ﬁ‘b) +0 <e_(2d+1)ﬁmm{‘]l"h})] (22)
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