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Phase separation in an exactly solvable model binary solution with three-body interactions
and intermolecular bonding
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A model is presented in which the bonds of a honeycomb lattice are covered by rodlike molecules of types

AA and BB, molecular ends near a common site having both three-body interactions and orientation-dependent
bonding between two A molecular ends and between an A and a B molecular end. Phase diagrams correspond-
ing to the separation into AA-rich and BB-rich phases are calculated exactly. Depending on the relative
strengths of the interactions, one of several qualitatively different types of phase diagrams can result, including
diagrams containing phenomena such as a double critical point or two separate asymmetric closed loops. The

model is essentially a limiting case of a previously considered ternary solution model, and it is equivalent to a
two-component system of interacting A and B molecules on the sites of a kagomé lattice.
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I. INTRODUCTION

Statistical-mechanical lattice models have been used for
many years to model phase transitions in binary and ternary
liquid systems. One particularly interesting type of phase
diagram, the closed-loop phase diagram, results if the com-
ponents of a binary liquid system are completely miscible at
low temperatures, separate into two phases at moderate tem-
peratures, and are again completely miscible at sufficiently
high temperatures. The low-temperature miscibility is usu-
ally due to the energetic favorableness of directional inter-
molecular bonding interactions between unlike molecules,
the separation at moderate temperatures is then due to the
increasing entropic importance of the large number of inter-
molecular orientations associated with repulsive interactions
rather than bonding, and thermal mixing finally occurs at
sufficiently high temperatures.

A closed-loop diagram contains both an upper and a lower
critical point, and if the amount of an added third component
is varied, the two critical points become lines on a coexist-
ence surface that can coincide at a double critical point. The
presence of three-body interactions can cause other interest-
ing effects, including asymmetries in the shape of coexist-
ence surfaces. Exactly solvable models are extremely valu-
able for studying these types of systems, for the shapes of the
resulting phase diagrams can be accurately obtained, even in
the neighborhood of critical points.

We recently constructed and studied an exactly solvable
model of a ternary solution containing three-body interac-
tions that exhibits closed-loop phase diagrams and double
critical points [1]. The model is a generalization of a ternary
solution model introduced by Wheeler and Widom [2], in
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which the links of a honeycomb lattice are occupied by bi-
functional rodlike molecules with ends of type A or B. The
model includes three-body interactions between a triangle of
neighboring molecular ends, including state-dependent bond-
ing interactions between neighboring pairs of molecular ends
in the triangle.

In the model originally studied by Wheeler and Widom
[2], unlike ends near a common site experience infinite re-
pulsion, and the model is isomorphic to a standard spin-1/2
Ising model on the lattice, its ferromagmetic transition cor-
responding to phase separation in the ternary solution. For
several generalizations of the Wheeler-Widom model on the
honeycomb, square, or Bethe lattices, the coexistence surface
for separation into AA-rich and BB-rich phases has been cal-
culated exactly. These generalizations include the introduc-
tion first of finite two-body interactions between pairs of
molecular ends near a common site [3-6], followed by the
generalization of the model to incorporate three-body inter-
actions [7,8]. Another generalization involved the inclusion
of bonding and nonbonding states at the molecular ends to
describe orientation-dependent hydrogen bonding, first by
considering only two-body interactions [9,10] and then by
considering three-body interactions [1]. In these cases two-
phase coexistence surfaces that contain double critical points
were calculated exactly. In addition to AA-rich and BB-rich
phases, the model can also have ordered AB-rich phases, and
this aspect has been studied with infinite repulsion between
unlike neighboring ends [2,11], with generalizations of this
restricted version [12-14], with finite two-body interactions
[15], and with four types of molecular ends [16—18]. The
model has also been used to calculate the spinodal curve
[19].

In Sec. II of the present paper we construct a generalized
Wheeler-Widom molecular model for a binary solution that
contains molecules of types AA and BB on a honeycomb
lattice. The model can also be formulated as a ternary solu-
tion model, with the binary solution resulting as a limiting
case. The present model is similar to the binary solution limit
of the model considered in Ref. [1], but it differs in two
aspects. First, it is generalized energetically to incorporate
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FIG. 1. A configuration of molecules on the honeycomb lattice,
where molecular ends of type A are depicted as white disks and
those of type B as black disks.

more types of intermolecular bonding interactions, resulting
in a richer variety of possible phase diagrams, including ones
that contain one or both of a low-temperature coexistence
curve and an intermediate-temperature closed loop, or even
two closed loops. Second, in the present model the internal
states, or orientations, are considered and counted as being
associated with each portion of a molecular end that faces a
neighboring end [9,10], whereas in Ref. [1] the internal
states are associated with the entire molecular end. In addi-
tion to containing many interesting types of coexistence
curves, the temperature-composition phase diagrams of the
binary solution model are two dimensional and are thus more
convenient to study than would be the three-dimensional
phase diagrams of the corresponding ternary solution model
that also contains molecules of type AB.

In Sec. IIT exact equations are obtained for the two-phase
coexistence diagrams in temperature-composition space.
Since the generalized binary solution model contains 20 pa-
rameters, it is difficult to study in detail; for this reason, in
Sec. IV we consider a simplified version of the generalized
model that has only six effective adjustable parameters, each
having a physical meaning. Then, by fixing four of the pa-
rameters and varying the other two, we calculated exact
phase diagrams that contain the full variety of possible fea-
tures.

II. THE MODEL

In the following we consider a binary solution, composed
of rodlike molecules of types AA and BB, and described by a
lattice model which can be considered a generalized
Wheeler-Widom molecular model.

The model is based on the following assumptions.

(A1) Every link connecting two neighboring sites of a
honeycomb lattice is occupied by one rodlike molecule of
type AA or BB. Illustrated in Fig. 1 is a portion of the hon-
eycomb lattice having molecules on the links.

(A2) The triangle of molecular ends X, Y, and Z (this
means AAA, BBB, ABA, or BAB) near a lattice site of the
honeycomb lattice experiences state-dependent three-body
interactions. The portion of molecular end X that faces mo-
lecular end Y can be in any one of gy states (representing
local orientations), one of which is a bonding state. If the
portion of molecular end Y that faces X is also in a bonding
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TABLE 1. Weights for an XXX triangle.

Weight Bonds
0 1)3
cg&x (1—q—§() Noknds
() _3(_1L XX
oo (1= ) —
() 1 2XX
EXxXx= 4 (]_t&) _
(B _3 3XX
XXX~ 4%

state, a bond forms between X and Y. There are thus gyqy
pair states associated with the pair of ends X and Y (and
similarly for the pair X and Z and the pair ¥ and Z), one of
which is bonding, the other gygy—1 of which are free states
(nonbonding). If bonding is considered to be forbidden be-
tween two specific types of neighboring ends, this case can
be considered as a special case of the above in which the
bond contributes no energy.

If we denote by zﬁ(’;Z the number of states for an XYZ

triangle with bonding of type r, then zyy,= E’ZXYZ qiqiqé is
the total number of possible states for the triangle. Then
cgg,z—zgzl Zyyz 18 the weight of states with bonding of type
r. The weights for the XXX triangles (AAA or BBB) are given
in Table I, and the weights for the XYX triangles (ABA or
BAB) are given in Table II.

The three-body energy associated with a triangle of mo-
lecular ends X, Y, and Z, having bonding of type r, will be
denoted 8;3’2' For convenience, we classify the set of states
of a triangle as being pure states if no bonds are present and
as being bonding states if one or more bonds are present. We

can then decompose the energy sg,z into the energy 8;}),2 of
a pure state and the supplementary energy 58X;,Z due to the

bonds as

(r) (0)

Exyz=8&xyzt 53xyz (2.1)

In addition, we use the following completely equivalent two-
body-like representation for the three-body energies of the
free states:

TABLE II. Weights for an XYX triangle.

Weight Bonds
(0) 1 12
Cxyx= (] __7)(1 - qqu) Noknds
(IXX) (1_;)2 XX
XYX T 9xqy -
(1:xY) _ _2 1 1 XY
o =g =) 1-20) o
(2:XX.XY) _ _2 (1_;) XX+XY
Xrx ~ aday axqy _
@xy)_ 2 (; 1 2XY
Cxrx qiq;(l ‘Ix) -
3 1 2XY+XX
3) _
XX~ gigp
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FIG. 2. The kagomé lattice, obtained by shrinking the molecules
to points; the A molecules are depicted as white disks and the B
molecules as black disks.

for an AAA or BBB triangle,
ng = €yx+ 2€xy for an ABA or BAB triangle.
(2.2)

0
ng)zvX =3 Exy

(In the limiting case of two-body interactions, exy and eyy
=e€yy become the interaction energies between XX and XY
molecular ends.)

The average energy €xy, of a bonding state for an XYZ
triangle is then defined by

= (r)
e Poxvz= 3 ) ePexvz, (2.3)

where B8=1/(kgT), with kz being Boltzmann’s constant and
T being the temperature. Using the decomposition of the en-
ergies expressed by Eq. (2.1), we factor the bonding contri-
bution in the average energy,

_ 0
e Pexvz = wXYZe‘ﬁsg())fz, (2.4)
where the characteristic function wyy, is given as
(r)
wxyz= 2 ng,ze‘ﬁ&xyz. (2.5)
r

The finite honeycomb lattice with periodic boundaries,
having N, sites (where 27 is the minimum length of a cycle
that is not homotopic to a point), is denoted as G,; in addi-
tion, we introduce the associated kagomé lattice, denoted as
A,, which has vertices at the positions of the centers of mol-
ecules [20,21]; thus, the kagomé lattice is covered by Cj
graphs (the triangles). The kagomé lattice is illustrated in
Fig. 2.

A microscopic configuration of the whole molecular sys-
tem, ¢, is completely specified by the configuration of the
molecular ends (defined by the set of occupancy numbers
{P} on all the sites of A,) and the set of the internal state
types {a} for all the triangles. Then, the grand-canonical
Hamiltonian for the generalized model on A,, having the
configuration &, is
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Had)= 2 e PIPIP— 2 Pl
X,Y.Ze{A,B} Xe{A,B}
(i,j.k)CCq ieh,

(2.6)
where Pi( is an occupation number defined as [7]

1, ifonj e A,is an X-type end in &,
PY(§) = { 0 '

The corresponding grand-canonical partition function is then
obtained by summing over all possible configurations:

EAt = E e_BHAr(g) .
13

otherwise.

(2.7)

We note that, in order to avoid the contribution of configu-
rations containing vacancies, we shall consider the limit of
infinite chemical potentials (w4 —© and ugg— ), but
with the restriction that their difference remain finite.

In order to obtain the correspondence between the grand-
canonical partition function of the molecular system and the
canonical partition function of a simple Ising model, we re-
alize in succession the following steps.

(a) First we perform the summations over internal states,
and it results in a grand-canonical partition function, which
is formally the same as that for a molecular model without
internal states but with temperature-dependent energies,

Er=2 PN,
{P}

(2.8)
where H At{P} is the averaged grand-canonical Hamiltonian:

- 1
HAI{P} = E |:§XYZ_ E IH(ZXYZ):|P‘1XPJ)./P%

X.Y.Ze{A,B}
(i,j,k)CCs

- 2 MxxP f(
Xe{A,B}
iel,

(b) Since in Egs. (2.8) and (2.9) we have formally no
internal states, we can use the spin representation of the oc-
cupancy numbers P?/B=(1J_rSj)/2, where S;==1 if site j
e A, is occupied by an A/B-type molecular end; then, the
grand-canonical partition function of the molecular model
(E4,) becomes proportional to the canonical partition func-
tion of the Ising model on the kagomé lattice (ZAI):

(2.9)

Ex=e Pz, (2.10)
where
ZA,(R3,R,h)= E exp{R3 E S:S ;S
{Sitica, (i.,j,kYCCy
+R 2 S,-Sj+h2 S,} (2.11)
(i,j))CCs iel,

and the reduced Ising parameters, together with the constant
K;, are given by
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Ry = §(3§ABA —3&pap— Eaan+ Eppp)> (2.12)
R= g(EABA + Epap — Eann — Epgp)» (2.13)
=g [(= &apa + Epap — Eana + Egpp)
qa
+2(pap — ppp) ] + 1H(q—>, (2.14)
B

I _ _ _ _
K;= {g(sAAA + Eppp + 3Ep4 + 3Epap)

1 3
- E(MAA + ) — 5 ln(quB)}B‘Nt. (2.15)

We present some necessary comments concerning the previ-
ous results.

(1) The constant K; is independent of the spin configura-
tion and therefore has no contribution to the description of a
phase transition.

(2) Using Eq. (2.4), we obtain the decompositions of the
Ising parameters R; and R into pure-state contributions
(common to all the models for bonding) and the supplemen-
tary bonding contributions:

1 3
Ry= 53(@,3— &)+ 1n[“’*‘L‘”§“], (2.16)

WpRRWARA
B WAAAWBBB
R=Z(eAB+EBA_6AA_€BB)+_ln|: .
WABAWBAB
(2.17)

(3) Equations (2.16), (2.17), and (2.5) lead to a dimen-
sionless form of the whole problem if we choose as a stan-
dard energy the quantity €,= €, 5+ €ps—€s4—€pp and then
define the reduced temperature (7) and the reduced energetic

parameters A and {k)_}, as

XYz
4
Bey=—, (2.18)
T
3 —
A= (€ap EBA)’ (2.19)
€
_ 5 (r)
P —— <7 (2.20)

€

(for physical bonding, 5s§g,z< 0, resulting in k;g,z> 0).
Then, the dimensionless form of the Ising parameters for the

model is

A 1
Ry==+=2 x;In(w)), (2.21)
T 8 ]
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I 1
=~ + 22 (o), (2.22)
T 8%

where the summations imply j € {AAA,BBB,ABA,BAB} and
the coefficients are Xuua=—Xzpe=1, Xap=—Xapa=3, and
Yaaa=Yeee=—"Yapa=—7Ypap=1; also, the characteristic func-
tion of the triangle, in dimensionless form, is

(r)
Wyyy = E cgg/ze“kXYZ/T. (2.23)

r

(We note that for pure states wyy,=1.)

(4) If we denote the maximum reduced energetic param-
eter as k;” Emax,(k;’)) and the corresponding weight as c_;” ,
the asymptotic behaviors of R;(7) and R(7) follow and at low
temperatures are given by

1| 1 1
Ry(n) = —| A+ =2 k! [+ -2 x;In(c}), (2.24)
7| 2j 8j

1 1
R(D=~—| 1+-2 vk |+ -2 ¥ In(c!)  (2.25)
2 7 J 8 7 J J
and at high temperatures are given by

i 1
Ry(n=~—| A+ 52 X2 cjf)kj.’)} , (2.26)
L J r

1T

(2.27)

1 1
RA= 1141353 c;.’)k](.’)}
L J r

1T

(c) The partition function of the Ising model on the
kagomé lattice, ZA[(R3,R ,h), can be related to the partition
function of an equivalent Ising model on the honeycomb
lattice, ZG,(K ,H) using two successive transformations: the
first one is an inverse star-triangle transformation [7], and the
second is a single decoration-iteration transformation [22].
As a result of these transformations, we obtain the propor-
tionality relation

[B(Ll,hz)]w‘/z

ALy AT (2.28)

ZA’(R:;aR’h) = ZG’(KvH)’

where the partition function of the simple Ising model on the
honeycomb lattice is

Z(K.H) = > exp{K > SS;+HY S,}.

Silieq, (i)CCy ieG,

(2.29)

For the first transformation, we obtained the following rela-
tions between the parameters [7,8,1]:
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FIG. 3. Domains corresponding to different types of phase dia-
grams are shown as functions of «; and «,, with ¢,=30, gp=3,
A=0.5, and %#=0.8. The curves separating domains are denoted as
the loop separation, the AA vanish, AB vanish, and 7-low curves.

R4
cosh(2L,) = ¢ , (2.30)
5 \/1 sinh(2R;) |?
| sinh(2R) |
1| sinh(2R;) |*e®F + 3
h(2h) =31+~
cosh(2hy) { Z[Sinh(ZR) AR

inh(2R 21-3/2
«| 1 _ | Sinh(Rs) . (231)
sinh(2R)
1 — cosh(2h;)/cosh(2L,) + 2 cosh(2L, = 2h,) ¢,
= e

" 1-cosh(2h,)/cosh(2L,) + 2 cosh(2L, + 2h,)
(2.32)

o8h

A% =2%cosh(6L,) + cosh(2h;)][cosh(2L,) + cosh(2h;)]?,
(2.33)

and the parameters corresponding to the second transforma-
tion satisfy the relations

2
tanh[g(H—h])}

tanh(2h,) =
anh(2hy) == L)

, (2.34)

2
cosh[g(H— hl)]

2K =
cosh(2L,)

, (2.35)

B*=16 cosh(2L, + 2h,) cosh(2L, — 2h,)[cosh(2h,) ]*.
(2.36)

The present model can be extended to describe ternary
solutions, in a similar manner as in previous models [1,7];
however, since in the three-component systems there are also
AB molecules, there are some differences.
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FIG. 4. (a) The phase diagram for x;=1.2 and k,=1.2, corre-
sponding to region cO; the compound curve has an upper critical
point ¢ at 7,=1.85021, M, =0.101919. (b) The plots for R(7) and
R(7); at low temperatures R(7) > R,,,(7), and there is only one in-
tersection, corresponding to the upper critical point; also at 7=0.5
the two curves are very close to each other, indicating the narrow
part of the phase diagram.

(1) The Hamiltonians, expressed by Egs. (2.6) and (2.9),
are similar, but defined on a 3-12 lattice, and the chemical
potential u,p is now included.

(2) The constant K; in Eq. (2.10) is different.

(3) The exponential in Eq. (2.11) contains a supplemen-
tary term L jcc,SiSj, where L=pB(upa+ppp—2map)/4,
and the corresponding Ising model is defined on a 3-12 lat-
tice.

(4) The first transformation of the Ising model (the inverse
star-triangle transformation) is the same for both two-
component and three-component systems, giving the rela-
tions expressed by Egs. (2.30)—(2.33). However, the second
transformation is now a double decoration-iteration transfor-
mation and the corresponding new relations between param-
eters are formally identical with those obtained for the pre-
vious models [1,7]; therefore, now the quantity z=e 2K is an
independent variable, in contrast to the two-component sys-
tem, when z satisfies Eq. (2.35).

It is important to observe that all the results for the two-
component system can be formally obtained from the corre-
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FIG. 5. (a) The phase diagram for x;=1.2 and
K,=1.7, corresponding to region cl; the com-
1 1 1 I pound closed loop has an upper critical point cﬁB
0 05 1 1.5 2 at 7,=1.8695, M,=0.10091 and a lower critical
T point ¢ at 79=0.18861, M)=0.383488. (b) The
plots for R(7) and R (7); at low temperatures
2 T T T "Rt R(7) <R,(7), showing no phase coexistence. The
Rm§~gg .......... two curves intersect at the lower and upper criti-
cal points; also at 7=~0.45 the two curves are
very close to each other, corresponding to the
15| ‘ 7 narrow part of the phase diagram.
= |
£
=1t
O
jony
05
O 1 1 1
0 05 1 15 2
T
sponding results for the three-component system in the limit 9 InZ,
L—o, M, =— lim : (3.3)
* Jdhn—» 3N, RyR
III. EQUATIONS FOR THE PHASE DIAGRAMS
Q =my(7) + m(1)og_(2(7) +m, (Mg (2(7)), (3.4)

The mole fractions of the binary solution (X,, and Xzp)
satisfy the conservation equation

XAA+XBB=1’

(3.1)

and their difference is related to the magnetization of the

equivalent Ising model on the A, lattice in the thermody-
namic limit [3,7]:

Xaa—Xpp=M, = <Si>ie/\w' (3.2)
In a manner similar to that used in previous papers [1,7,10]
for the three-component system, we can express M,  in
terms of the magnetization M_ and the spin-spin correlation

function o¢_ of the simple Ising model on the honeycomb
lattice:

where the coefficients m, m,, and m,, can be expressed in
terms of a=cosh(2L,) and bEcosh[2/3(H—h1)]:

:l(alnB> (&_hz) 1 /1—1/b2(b_2+1)
2o )\ an )k 2N T-u\@ )

(3.5)

10K\ {[on, 1 [1-1/b*b?
my= —\| —— - = \7 2 —2—1 s
2\0hy/p \ oh ) g x 2 V1=1/a*\a

(3.6)

1{ oH dh, 1 b?
m,= —|\ i :,——2 1——2 . (3.7)
3 &hz Ll‘hl ﬁ/’l RS’R \Jl —_ l/a a

021508-6



PHASE SEPARATION IN AN EXACTLY SOLVABLE...

PHYSICAL REVIEW E 73, 021508 (2006)

1 T r T
05 t .
AB
&8 “ + AB
x rCy
) ot ]
<
<
x
-05 .
FIG. 6. (a) The phase diagram for x;=1.3 and
K,=2.0, corresponding to region ul; here there is
1 1 1 I only an upper closed loop, having an upper criti-
0 0.5 1 1.5 2 cal point ¢® at 7,=1.79912, M,=0.104692
T and a lower critical point C?B at 7,=0.761058,
M;=0.225536. (b) The plots for R(7) and R, (7),
2 T T "Rt showing that R(7) has a dominant contribution
Rm§~cg .......... from the AB bonds, which is in accordance with
the absence of a lower closed loop; the two
curves intersect at the lower and upper critical
151 4 7 points.
G }
3 \
e N -
jony
05 e
0
0 2
T
The simple Ising model on the honeycomb lattice has a b(7)
ferromagnetic phase transition (when K> 0) only at zero ex- z(7) = a(?) = Zes (3.8)

ternal field and for sufficiently large values of the coupling
constant (z=e 2K <z,=2-13), so in order to study the phase
transition of the binary solution it is necessary to consider
only the limit H=0. We emphasize that the expressions for
the spin-spin correlation function o;_and the magnetization
Mg_ for the simple Ising model on the honeycomb lattice at
zero external field are well known [23,24], being presented
also in our previous papers [1,7,8], so we omit them here.

Using Egs. (2.30) and (2.31), we observe that @ and b in
the limit H=0 are dependent only on the Ising parameters R5
and R and thus are functions of the temperature, but these
functions depend on the actual model of bonding. Since for
some models R;(7) and R(7) become infinite at low tempera-
ture, it is necessary to extract the divergent part from the
coefficients of the magnetization (m,m;,m,,) and also from
z, in order to obtain well-defined quantities that characterize
the phase transition at the zero-temperature limit (when the
system has phase coexistence in this limit).

The domain of temperatures where phase separation oc-
curs is obtained from the condition

and for each temperature inside this domain the phase dia-
gram in the plane (X44—Xgg,7) has two branches: one cor-
responding to an AA-rich phase (when M_ is positive), the
other to a BB-rich phase (when M _is negative), described
by Eq. (3.4), and the limiting values z=z, give the critical
points, where the two branches coincide, since M _(z.)=0.

Because the analytical form of the function z(7) is very
complicated, it is more convenient to transform the condition
(3.8); if we consider R>0 (this is a necessary condition) and
also R;>0 (since for R; <0 we get similar results), Eq. (3.8)
leads to the equivalent condition

R(7) = R, (7), (3.9)

where the minimum value for R, R,,(7), can be given in
parametric form:
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FIG. 7. (a) The phase diagram for x;=1.3
and k,=1.2, corresponding to region 0. There

is an upper closed loop with the critical points
2 A% and ¢! at 7,=1.80775, M,=0.104213 and
7,=0.671191, M,=0.248104; also there is a low-
temperature open curve with the upper critical

point ¢ at 79=0.355836, M°=0.350507. (b)
Plots showing R(7) >R,,(7) at low and interme-
diate temperatures, corresponding to the two fea-
tures of the phase diagram, and three intersec-
tions corresponding to the three critical points.

1 \ T ﬁ F T
05 | 1
coA
o ci® -
< rCy
) ok 4
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M = 1t f) +F () + 2/ (),
4R, (7)

(3.10)

=X,
where f(x,,) is defined as

(t = Dz (o + 1) + 1P z.(x, + 1) - 2]
2x,[(1 = 3z)x% +3(1 +2,)]

If we consider the case when R;(7) — + for 7— 0, then by
using the asymptotic behavior, expressed by Egs. (2.24) and
(2.26), and using the notation C3EA+%E -Xjk’iw, we obtain
the general asymptotic behavior of the function R,,(7): (a) at
large 7 (when R;—0), R,,(7) decreases to the limiting value
R&:ln(x?n)/4, where x?n=2/zc—1, and (b) at low 7 (when
Ry=C;/ 71— ), R,(7) is also divergent: R,(7) = C;/(37).

The last asymptotic result, together with Eq. (2.24), shows
that the phase transition can occur at low temperatures only
if R(7) is divergent [i.e., it has the form R(7)=~C/7] and
moreover C3<3C.

The above results for the two-component system are the
same as the results for the corresponding ternary solution

flxm) =

(containing AA, BB, and AB molecules) in the limiting case
of null values for the mole fraction of AB molecules; in this
case, the intersection of the two-phase coexistence surface
(in the space {7,M,X,z}) with the plane X,5=0 is identical
with the phase diagram of the binary solution.

IV. PHASE DIAGRAMS FOR A SIMPLIFIED
VERSION OF THE MODEL

The general model contains 16 parameters associated with
bonding (the set k;g,z): 3 for each AAA and BBB triangle and
5 for each ABA and BAB triangle; also, there are 4 additional
parameters: the number of internal states g, and g, the en-
ergy €, and the asymmetric parameter A. Although calcula-
tions can be performed with the general model for fixed val-
ues of the 20 parameters, we shall instead consider a
simplified version of the model that has fewer parameters,
but that incorporates the effects of both AA and AB bonding.
The simplifications that define this simplified version of the
general model are the following.

(S.1) There are no BB bonding states; thus, wggp=1.
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FIG. 8. (a) The phase diagram for x;=1.3 and
k,=1.7, corresponding to region tl. There are two

5 closed loops, the upper loop having critical points
AP and o at 7,=1.84347, M,=0.102277
and 7,=0.581536, M,=0.274169 and the lower

u
loop having critical points cﬁA and c‘l‘m at
7=0.337958, M%=0.356078 and 7.=0.189678,
M9=0.383431. (b) Plots showing that R(7)
>R, (7) in the domains of temperatures corre-
i sponding to the two loops.
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(S.2) AB bonding ener 1es are the same both in the ABA
and BAB triangles SO eAB_EBA__GOKl (for a single AB
bond) and € 1(92/2— —€y0 (for the interaction between two
AB bond&

(S.3) AA bonds have only two-body interactions; thus, we
neglect the interaction energy between two AA bonds (in
AAA triangles) and neglect also the interaction energy be-
tween an AA and a AB bond (in ABA triangles); in addition,
we consider the energy corresponding to an AA bond to be
the same in AAA and in ABA triangles: €44=—€y7.

Using (S.1)—(S.3) and the expressions of the weights
given in Tables I and II, we obtain the characteristic function
wyyz for an XYZ triangle as follows.

In AAA triangles, since there are no interactions between
AA bonds, the bonding energies are se! " A——eon, 5e'? e

-2€ym, and 5e®) AAa="3€7; thus, the contribution of the AAA
triangles, according to Eq. (2.5),

1 1 3

Wppp = [(l - —2) + _26477/7:| = [a0+ a; e’
qa qa

(4.1)

In BAB triangles, since there are only AB bonds (single
and double), we can write 58gXB=—60K1 and 58](;3‘32
—€y(2k;+ 6). Then the contribution of the BAB triangles is

1 : 2 1 diylT
WpAB = 1 - + 1 - el
el qa4B qa4B

1
+
(gaqp)°

e4(2K|+5)/T =

CO+C1€4K1/T+ C2e4K2/T,

(4.2)

where k,=2k+ 6.

In ABA triangles, since the AA A bonding energy is the same
as in the AAA triangle and the AB bonding energles are the
same as in the BAB triangle, we obtain e ABA )=—€07] (for an
AA bond), S AIB*/:B =—¢gk; (for an AB B bond), Je (ZAAAB) _
—€y(n+x;) (for one AA and one AB bond) 8323133)—
—€)(2k;+6) (for two AB bonds), and 58ABA —ey(m+2k
+06) (for an AA bond and two AB bonds); thus, using Eq.
(2.5), we obtain
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FIG. 9. (a) The phase diagram for x;=1.5 and

K,=1.2, corresponding to region ol; here there is
2 only a lower open curve with critical point cﬁA at
7=0.141884, M"=0.384762. (b) Plots showing
that at low temperatures, R(7)>R(7), which

gives the open curve of the phase diagram. At 7
~(.4 the two curves are very close to each other,
associated with the collapse of an upper closed
loop.
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wapa = (ag+a,e*")(co+ ¢V + c,e* 7). (4.3)

In this case, according to Egs. (2.21) and (2.22), we obtain
the following expressions for the Ising parameters:

A
Ry(1)=—, (4.4)
T
1 1 ay+aet””
R()=—+-1In yym T |- (4.5)
T 4 co+cre T+ cre™™?

From Egs. (4.4) and (4.5), we note that the simplified
model has six adjustable parameters: g, and % associated
with AA bonding, gz, k|, and k, associated with AB bonding,
and A (together with 6=k,—2x,) associated with three-body
effects. The effects of AA bonding and AB bonding on the
features of the phase diagram can be investigated by varying
the associated parameters. The coexistence curves in a phase
diagram can either be open curves ending at 7=0 or closed
loops at intermediate temperatures.

To determine whether or not phase separation occurs as
7—0, we note that Eq. (4.5) implies R(7) tends to zero at
high temperatures and at low temperatures

1+ 7n- 1
R(7) = MJr—m(ﬂ), (4.6)
<1 T 4 Cu
where
Ky = max(ky, ky) (4.7)

and c,, is the coefficient associated with «;,. The asymptotic
behavior of R,,(7), derived in Sec. III, together with Eq.
(4.4), implies that at low temperatures R, (7)=~A/(37).
Equation (3.9) then implies (for R;>0) that phase separation
occurs at low temperatures if

0=

< 1+ 75— ky. (4.8)

3

In order to have dominant contributions at low tempera-
tures from the AA bonds and for the AB bonds to become
important at higher temperatures, we must consider g, > ¢qp

021508-10



PHASE SEPARATION IN AN EXACTLY SOLVABLE...

PHYSICAL REVIEW E 73, 021508 (2006)

1 ( \ T T T

05 r|.AA

chA
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FIG. 10. (a) The phase diagram for x;=1.5
and k,=1.65, corresponding to region lI; here the

2 low-temperature part of the phase diagram be-
comes a closed loop, having critical points c’;‘A

and ¢ at 70=0.124333, M"=0.384863 and at

7'=0.046858, M!=0.3849. (b) Plots showing that
R(7)>R_,(7) only for 7-?< < Tg. At 7=1.5 the
two curves are very close to each other, indicat-
. ing the collapse of an upper closed loop.

15

and 7<«k,,. Depending on the choice of parameters, the sim-
plified model can exhibit a variety of qualitatively different
phase diagrams. In this section we shall illustrate the pos-
sible forms of the phase diagrams by considering the follow-
ing fixed values of the four parameters, g,=30, gz=3, A
=0.5, and 7=0.8 (these values have been chosen because
they produce all the qualitatively different types of phase
diagrams), and by varying only the parameters related to the
AB bonds (k; and k), considering only values greater than
unity since lower values do not produce any qualitatively
new situations. For our choice of parameters the limiting
value for ky,, given by Eq. (4.8), is ky=1+7-A/3=1.633,
when

R(7) = Rp(7) = 0,

7—0

resulting in a critical point at zero temperature.

With the above choice of parameters g4, g, A, and 7, the
phase diagrams can be one of several qualitatively different
types. The regions corresponding to each type are illustrated
in Fig. 3, and these regions are defined using four curves: the

loop separation, where the parts of the phase diagram pro-
duced by the AA bonds and AB bonds have a common point
(the double critical point); the AA vanish, where the lower
closed loop, produced by the AA bonding, collapses to a
point; the AB vanish, where the upper closed loop, produced
by the AB bonding, collapses to a point; and the mlow, where
the lower closed loop has the lower critical point at zero
temperature.

In Figs. 4-10 we illustrate examples from each of the
eight regions, depicted in Fig. 3, that produce qualitatively
different types of phase diagrams. In Figs. 11 and 12 we
illustrate two interesting limiting cases of the previous re-
gions.

In order to have a better understanding of the nature of the
phase diagrams, we also present plots of R(7) and R,,(7).
Equation (3.9) implies that phase transitions occur only when
R(7)>R,,(7) and the collapse of a closed loop corresponds
to a double root of the equation R(7)=R,(7). Since R,,(7)
depends only on A and R(7) is dependent on 7, k;, and k,, in
the displayed plots R,,(7) is the same, but R(7) differs from
plot to plot.
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FIG. 11. (a) The phase diagram for «
-1 =1.2485 and k,=1.2, corresponding to case SO.
0 0.5 1 1.5 2 o .
The upper closed loop has an upper critical point
T A8 at 7,=1.84776, M,=0.102049, and it meets
5 . i the lower open curve at a double critical point ¢,
RRYC; E— at 7,=0.4849, M,=0.30605. (b) Plots showing
mi® o that R(7) > R, (7) for 7<<t, and that at 7= 17, there
4 1 is a degenerate intersection.
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(a) Region co (compound open), bordered by the loop
separation and the 7low curves; the phase diagram has a
compound open curve with two branches, starting from zero
temperature and ending at the upper critical point, as repre-
sented in Fig. 4.

(b) Region cl (compound loop), bordered by the loop
separation (until it reaches the AA vanish curve) and the
7-low curves, but without a well-defined border with region
ul. Here the phase diagram has a compound closed loop,
showing a lower and an upper critical point, as is illustrated
in Fig. 5.

(c) Region ul (upper loop), having as borders the AA van-
ish and AB vanish curves, but without a well-defined border
with region cl. The phase diagram contains only the upper
closed loop, as is represented in Fig. 6.

(d) Region lo (loop open), bordered by the loop separa-
tion, the AB vanish and 7-low curves. The phase diagram has
two parts, an upper closed loop and a lower open curve, as is
shown in Fig. 7.

(e) Region tl (two loops), bordered by the loop separation,
the AA vanish and 7-low curves. The phase diagram has two
closed loops, as is illustrated in Fig. 8.

(f) Region ol (open low), bordered by the AB vanish and
7-low curves. Here the phase diagram contains only a lower
open curve, as is shown in Fig. 9.

(g) Region Il (loop low), bordered by the AA vanish, AB
vanish, and mlow curves. The phase diagram contains only a
lower closed loop, as is illustrated in Fig. 10.

(h) Region n (no phase transition), bordered by the AA
vanish, AB vanish, and 7-low curves (for great values of «;
and k,). Here there is no phase separation.

In addition, we observe the following two nontrivial lim-
iting cases of the previous regions.

(i) Case soO (separation open), along the loop separation
curve with small values for «, (the frontier between regions
co and lo), where the upper closed loop and the low-
temperature open curve meet at a double critical point, as is
shown in Fig. 11.

(j) Case sl (separation loops), along the loop separation
curve with greater values for «, (the frontier between regions
cl and tl), where the two loops meet at a double critical
point, as is illustrated in Fig. 12.

There are also some trivial cases, corresponding to the AA
vanish and AB vanish curves, where one closed loop col-
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FIG. 12. (a) The phase diagram for «

0 0.5 1 1.5

=1.2119 and «,=1.7, corresponding to case Sl.
2 There are two closed loops that meet at a double
critical point ¢, at 7,=0.441, M,=0.3221. Also,
the upper critical point cﬁB is at 7,=1.86893,

M,=0.1000939 and the lower critical point ¢/ is
at 77=0.188626, M!=0.383487. (b) Plots show-
ing that R(7)>R(7) for 7-?< 7<7, and that at
. 7=1, there is a degenerate intersection.

chB
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lapses to a point, or for «,,=1.633, when there is a lower
critical point at zero temperature.

We can follow the evolution of the phase diagram,
through the different types of domains of phase transitions,
by considering some representative fixed values of «; and
varying k, (or by fixing «, and varying «;).

Taking into account that at low values of «, (which means
K, = 1) the curves in Fig. 3 have all almost constant values of
k; (for the loop separation curve k= 1.25, for the AB van-
ish curve k=~ 1.49, and for the mlow curve k,;=1.633), we
shall vary «, for four representative values of «;.

(a) If K, has a value less than that corresponding to the
loop separation curve (we have chosen k;=1.2), then for
Kk, <<1.633 the phase diagram is an open compound curve
corresponding to region co (see Fig. 4). For x,=1.633 a
compound closed loop appears with a lower critical point at
zero temperature. For 1.633 <k, <<1.72 there is a compound
closed loop corresponding to region cl (see Fig. 5); then,
increasing «, causes the lower loop (produced by the AA
bonds) to disappear, and for greater values of «, only the
upper closed loop remains, corresponding to region ul. Fi-

nally, this closed loop (caused by AB bonding) shrinks to a
point at «,=3.2243.

(b) If «, has a value corresponding to the loop separation
curve (this means ;= 1.25), then for x,<1.63 the phase
diagram has an upper closed loop and a lower open curve
that touch at a double critical point, corresponding to the
limiting case so (see Fig. 11). For x,=1.633 a lower closed
loop appears with the lower critical point at zero tempera-
ture. For 1.633 < k,<<1.72 there are two closed loops with a
common double critical point, corresponding to the limiting
case sl (see Fig. 12); then, as «, increases, the lower closed
loop (produced by the AA bonds) disappears, and for greater
values of «, only the upper closed loop corresponding to
region ul remains. Finally, this closed loop (due to AB bond-
ing) shrinks to a point at k,=3.25.

(c) If «, has a value between those corresponding to the
loop separation curve and the AB vanish curve (we have
chosen k;=1.3), then for low values of «, (x,<<1.633) the
phase diagram has an upper closed loop and a lower open
curve, corresponding to region lo (see Fig. 7). For «,
=1.633 a lower closed loop appears with a lower critical
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point at zero temperature. For 1.633 <k, <1.72 there are
two closed loops, corresponding to region tl (see Fig. 8).
Then, as k, increases, the lower open curve (produced by AA
bonds) disappears. For greater values of x, only the upper
closed loop, corresponding to region ul, remains (see Fig. 6).
Finally, the closed loop decreases and shrinks to a point at
K,=3.08 (corresponding to the collapse of the AB loop).

(d) If k, has a value greater than that corresponding to the
AB vanish curve (at low values of k,), but less than that
corresponding to the 7-low curve (we have chosen x;=1.5),
then for x,<<1.63 the phase diagram contains only a lower
open curve corresponding to region ol (see Fig. 9). For «,
=1.633 a closed loop appears with a lower critical point at
zero temperature, and for 1.633<k,<<1.7 there is a lower
closed loop corresponding to region Il (see Fig. 10). Finally,
the closed loop shrinks to a point at k,=1.71, corresponding
to the collapse of the loop caused by AA bonds.

We can also vary «; for 2 representative values of «, that
are separated by the value corresponding to the mlow curve
(this value is k,=1.633), as is seen in Fig. 3.

(a) If k,=1.2, for k; <1.24 the phase diagram is an open
compound curve corresponding to region co (see Fig. 4). For
x1=1.24 (corresponding to the loop separation curve) an up-
per closed loop forms, joined to the open curve at a double
critical point (see Fig. 11). For 1.24<x;<1.49 there is an
upper closed loop and a lower open curve, corresponding to
region lo (see Fig. 7). Then, at «;=1.49, the upper closed

PHYSICAL REVIEW E 73, 021508 (2006)

loop (produced by AB bonds) shrinks to a point. For greater
values of k; only the lower open curve corresponding to
region ol remains (see Fig. 9), and this closed-loop (caused
by AA bonding) shrinks to a point at x;=1.633.

(b) If k,=1.7, for x;<1.25 (this value of k; corresponds
to the loop separation curve) the phase diagram has a com-
pound closed loop, corresponding to region cl (see Fig. 5).
For «;=1.25 loop separation occurs at a double critical point
(see Fig. 12). For 1.25<k;<1.49 there are two closed
loops, corresponding to region tl (see Fig. 8). At x;=1.49
(corresponding to the AB vanish curve) the upper closed loop
(produced by the AB bonds) shrinks to a point, and for
greater values of «; only the lower closed loop correspond-
ing to region Il remains (see Fig. 10). This closed loop
(caused by AA bonding) decreases and shrinks to a point at
Kk;=1.633.

Thus the simplified version of the model exhibits a rich
variety of phase diagrams, containing such features as a
double critical point, either one or both of a low-temperature
coexistence curve and an intermediate-temperature closed
loop, or even two separated closed loops.
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