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ABSTRACT: The Edmond—Ogston model for phase separation a(mol/m’)
is extended to ternary polymer mixtures in a common solvent (de

facto a quaternary mixture). The model assumes a truncated virial

expansion of the Helmholtz free energy up to the second-order  Gibbs triangle:
terms in the concentration of the polymers, and the second virial ~ &*&*es=
coefficients (B}, By, Bss, Biy, Bis, By) are the six parameters of 1.325 {mol/rm?)
the model. New results from this model are presented in relation to
earlier work on binary mixtures: a necessary condition for the virial
coeflicients for the occurrence of phase separation in two or three
phases, an analysis of the different regions of (local) thermody-
namic instability using the Descartes sign rule, an expression for
the critical curves, a relation between the tangents in points along
the critical curve, a relation between the concentration of
components in the different phases according to the so-called Lambert-W function, and a consistency check for the composition
of coexisting phases in ternary mixtures. The obtained results are evaluated in the maximally symmetric version of the model, where
(B11, By Bi3) are equal and (By,, B3, Bys) are equal, which leads to two remarkable observations: the concentration range over
which two phases are formed is relatively narrow; not all phase separation occurs within a Gibbs triangle, but also, “out-of-Gibbs-
triangle” binodals are observed. These results lead to a deeper insight into the phase behavior of ternary mixtures and show promise
as a stepping stone toward modeling phase separation in mixtures with many components.
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B INTRODUCTION with shared components can be used to determine the virial
coeflicients in a consistent way.13

Binary phase diagrams should be considered as an
idealization of the real complex situation at hand, as most
real-life mixtures contain multiple components and are
polydisperse. It is therefore of interest to extend the
Edmond—Ogston model to polydisperse, multicomponent
mixtures. As a first step, the present paper aims to generalize
this model to ternary mixtures. Historically, Edmond and
Ogston themselves made the first attempt,'* but without
making general predictions on phase behavior. Ternary
mixtures also provide a natural system to test the
determination of virial coefficients from phase diagrams for
mixtures with shared components.'® In general, work on phase
behavior of multicomponent polymer mixtures is limited. Mace
et al. presented an experimentally obtained database for
multicomponent systems ranging from two to five phases.’
Phase separation of ternary mixtures without a common
solvent was studied by Huang et al."> Zhou et al. investigated

Phase separation is a phenomenon where multiple components
in solution do not fully mix at a molecular scale. It occurs when
the concentrations of the components are too high to ignore
their interactions, eventually leading to liquid—liquid phase
separation. Phase separation has applications in fields as
diverse as archaeology, forensics, hematology, wastewater
treatment, food technology, and cell biology.l_6 The present
paper will specifically consider situations where the compo-
nents are polymers, even though the formalism will be
applicable more generally.

In previous work,”~'' phase separation in binary polymer
mixtures was investigated in terms of the mean-field Edmond—
Ogston model,"” which is based on a virial expansion of the
Helmholtz free energy up to the second order in concen-
tration. It should be stressed that “binary” refers here to the
number of polymers involved and that these mixtures would be
considered as ternary mixtures if the common solvent was
counted as a component too. The Edmond—Ogston model
allows one to make a fair prediction of the experimentally
observed segregative phase behavior of a mixture while needing Received:  April 16, 2023
only three (positive) virial coefficients as input parameters in Accepted: June 30, 2023
the case of a binary mixture. As part of that previous work, a Published: July 26, 2023
number of analytical expressions were derived for binary
mixtures, e.g., for the coordinates of the critical point. It was .
shown that larger sets of experimental binary phase diagrams
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the kinetics of the phase separation for polymer/colloid
mixtures in a common solvent.' Mao et al. calculated the
phase behavior of multicomponent liquid mixtures.'” Poly-
disperse systems were discussed by Warren,'® Sear and
Frenkel,"” Sollich,”® Edelman et al,*' and Sturtewagen and
van der Linden.””*’

Here, the theory will be presented for systems with three
components (N = 3) in a common solvent forming one, two,
or three phases (P = 1, 2, or 3), where the common solvent is
not explicitly counted as a component. It is noted that this
makes these systems de facto quaternary mixtures. An explicit
criterion is derived for the occurrence of phase separation in
two or three phases in terms of the virial coeflicients. Also,
analytical expressions for the spinodal surfaces are obtained,
and a simple relation for the critical curve in terms of the
tangents along the critical curve is derived. Explicit expressions
for binodal surfaces are obtained in some special cases. Several
numerical results are included for the so-called (maximally)
symmetric mixtures where (B;;, B,,, and Bj;) are equal and
(Biy B3, and B,3) are equal. A mapping is obtained between
the parameters of the Edmond—Ogston and Flory—Huggins—
de Gennes models for ternary mixtures in the limit of
(maximally) symmetric mixtures. The line of thought is
presented in the main text, and the mathematical details of the
derivations are given in Appendices A.1-6.

B METHODS: THEORY

Expressions for the Helmholtz Energy, Chemical
Potentials, and Osmotic Pressure. The starting point for
this work is an expression for the Helmholtz free energy F for a
three-component mixture (not counting the solvent) where
only terms up to the second order in concentration are taken
into account

—— = ¢ln(¢) + ¢,In(c,) + c;In(cy) + B,¢; + B,,c
RTV In(c;) ,In(c,) 3 (3) 1161 262

+ Byscs + 2Bjycic, + 2Byyecy + 2B,0c; (1)

with T (K) the absolute temperature, R (J/(K - mol)) the gas
constant, V (m®) the total volume of the system, ¢; (mol/m?)
the concentration of polymer i (i=1,2, or 3) in molar units,
B;; (m*/mol) the second virial coefficient of polymer i (i = 1, 2,
or 3), and B; the second cross-virial coefficient for polymers i
and j (ij = 1, 2, or 3; i # j). The analysis is limited to phase
separation where all second virial coefficients B; (ij=1,2, or
3) are positive. The formal definition for the virial coefficients
involves an averaging of the interaction potentials between the
different components where the contributions of the solvent
molecules are integrated out and can be found, e.g,, in the work
of McMillan and Mayer.”* It should be noted that therefore,
second virial coefficients in the Edmond—Ogston model
include the interaction of the polymer with the solvent
(which differs from, e.g, Flory—Huggins theory, where this
interaction is captured in a separate parameter). From eq 1
expressions for the osmotic pressure II and chemical potential
U; of component i can be derived as

I _ _L(a_F)
RT  RT\oV

=c¢+cte+ Bucl2 + Bncz2 + B33c32 + 2B;,¢cy

T,ny,ny,n3

+ 2Bj5cic5 + 2B,50504 )

Ao 1| 9F
RT  RT\on
T,V

) Viyligty
=In ¢, + 2B, ;¢; + 2B),¢, + 2Bj5c; + 1 (3)
o _ 1| OF
RT  RT|on,
T,V,ny,ny
=Inc, + 2B,,c, + 2B, + 2By3c; + 1 (4)
Hs L[
RT  RT|on,
T,V,ny,n,
=In ¢y + 2By5c; + 2Bj5¢; + 2By, + 1 ()

where n; (mol) is the number of moles of component i and ¢; =
n;/V the molar concentration. Note that eq 2 is related to the
expression for the chemical potential of the solvent, through
the relation p, = — oJl, with v, the partial volume of the
solvent. These equations form the basis of the thermodynamic
description of phase equilibria and can be used to describe
one-phase, two-phase, and three-phase systems. If N is the
number of components and P the number of phases, two cases
are of particular interest here: two-phase (N = 3, P = 2) and
three-phase (N = 3, P = 3) ternary systems.

Hessian Matrix M;. To analyze the local stability of the
mixture against phase separation, it is convenient to introduce
the so-called Hessian matrix M; with matrix elements M, (i, j).
The Hessian matrix characterizes the local curvature of the
Helmholtz free energy surface. The matrix elements are

defined as

o|lo( F 5
M, j) = |— —(—) = — + 2B,
o, ac,. ¢
T,V,ck#]
T,V,ck#,

(6)
where J;; corresponds to the Kronecker delta (6:=1, ;=0 for
i # j). In the above equations, i, j, and k = 1, 2, or 3. Since the
Helmholtz free energy F is a state variable, the Hessian matrix
M, fulfills the symmetry relation M, (i, j) = M,(j, i) (ie., the
Maxwell relations). In matrix notation, M, reads

1
— +2B, 2B, 2B,
5t
1
M=| 2B, —+2B, 2B,
2
1
2B, 2B, — + 2B;;
3 (7)

Since the matrix M, reflects the local curvature of the free
energy surface, it relates to the local stability against phase
separation.

Stability Criteria. Since the matrix M, is symmetric and all
its elements are real, it can be diagonalized in terms of its
eigenvalues and eigenvectors. Each of the three eigenvalues
reflects the local curvature of the surface: positive eigenvalues
indicate a convex curvature and negative eigenvalues indicate a
concave curvature. Convex surfaces are associated with regions
in the phase diagram that are locally stable against phase
separation, and the opposite is valid for concave surfaces. The

https://doi.org/10.1021/acsomega.3c02604
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eigenvalues A and associated eigenvectors can be determined
by the so-called characteristic equation

Det(M, — AI) =0 (8)

where I represents the unit matrix. Furthermore, since matrix
M, is real and symmetric, it follows that Det(M;) = 1,4,4,,
where 4, 4,, and A; are three real eigenvalues. In case all three
eigenvalues are positive, the system is locally stable against
concentration fluctuations, the system will not phase separate,
and Det(M,) > 0. However, the system can still be metastable
against concentration fluctuations that are large enough. If one
of the eigenvalues is negative, the system is unstable against
concentration fluctuations and Det(M;) < 0. If two of the
eigenvalues are negative, the system is unstable against
concentration fluctuations and Det(M;) > 0. It will be
shown later that for the present model, it is impossible to
have three negative eigenvalues. The requirement from eq 8 in
terms of 1 is obtained as

ci6,63Det(M; — AI)

= c162c3/13 — {(1 + 2B jc))coe3 + (1 + 2Byyc,)eicq
+ (1 + 2By63)cpe334° + {(1 + 2By 1c))
1+ 232262)c3 + (1 + 2B;;c)(1 + 2B33c3)c2
+ (1 + 2Byyc,)(1 + 2By;c3)c; — 4(Bys” + By3”
+ Blzz)clczc3}/1 + 4B23262(Z3(1 + 2B,¢;)
+ 4B;7c65(1 + 2Byyc,) + 4B, ci0,(1 + 2Byscy)
— 16B,,B,3Bysc165¢; — (1 + 2B,;¢;)(1 + 2B,,¢5)
1+ 2333c3)

=0 9)

Using the sign rule of Descartes, it is possible to identify the
maximum number of positive and negative roots for the
characteristic polynomial (eq 9) for positive virial coefficients.
It is noted, that since all roots are real, the maximum number
of roots equals the actual number of roots. In Table 1 the

Table 1. The Number of Positive (+) and Negative (—)
Roots for a;A* + a,A* + a;A + a, = 0 (Equation 9) According
to the Descartes Sign Rule

sign a; + + + +
sign a, - - - -

sign a,

sign ag
number of sign changes

number of positive roots

—- NN+ +
S W W
=N+
N = =

number of negative roots

numbers of positive and negative roots are listed for the
possible combinations of the signs of the coefficients of the
characteristic polynomial. It is noted that this approach can be
readily generalized for mixtures with more than three
components since it is not needed to explicitly determine the
roots of the characteristic equation to find the respective
regions of instability.

When coefficients a; < 0 A a; > 0, all three A are positive,
when a, > 0, there is one negative 4, and when a;, < 0 A a; < 0,
there are two negative A.

The requirement for a, > 0 (one negative 1) reads

ay = 4B, c,c5(1 + 2Byj¢;) + 4B, cic5(1 + 2Byyc,y)
+ 4B, %cc5(1 + 2Bysc;) — 16B),B3Bysci0505
— (1 + 2By1¢))(1 + 2By,6,)(1 + 2By5c3)
>0 (10)

The two requirements that ay < 0 A a; < 0 (two negative 1)
read

ay = 4B, °c,c5(1 + 2Byy¢;) + 4B, cic5(1 + 2Byyc,)
+ 4B, "c)(1 + 2Bysc;) — 16B1,By3B,sciencs
— (1 + 2B,,¢)(1 + 2B1,c,) (1 + 2Byycy)
<0 (11)
and
a; = (1 + 2B;¢;))(1 + 2B,yc5)c; + (1 + 2B;i¢))

(1 + 2Bysc3)c, + (1 + 2By,c,)(1 + 2Byscy)g
— 4(B,;” + Bj3* + By, )eieycs
<0 (12)

It is stressed that phase separation may still occur outside
the unstable regions since there are metastable regions in the
phase diagram. Such metastable regions are located between
the so-called spinodal and binodal surfaces. The binodal
surface will be discussed later but consists of all possible
coexisting phases and can obtained by solving the coexistence
equations (eqs 37—40). The spinodal surface separates the
unstable and (meta-)stable regions in the phase diagram. In the
unstable region, phase separation takes place spontaneously by
spinodal decomposition, where concentration fluctuations
grow unhindered. In the metastable region, there is a free
energy barrier against phase separation, which takes place only
when the concentration fluctuations are large enough,
following a nucleation and growth mechanism.

Spinodal Surface. The spinodal surface can be calculated
from Det M, = 0 (i.e., eq 8 with A = 0), which can be written as

ci6,6;Det My = (1 + 2By ;c){(1 + 2B,,c,)(1 + 2By5¢;)
— 4B,;%cyc5) + (1 + 2Byscy)
{(1 4 2B;;¢,)(1 + 2Byc,) - 43122‘5152}
+ (1 4 2B,,c,)){(1 + 2B;;¢;)(1 + 2B;3¢;)
- 4Bl32clc3} + 16B,,B,3B,5¢10,5¢5
— 2(1 + 2B;;¢))(1 + 2B,,c,)(1 + 2By;c,)
(13)

where it should be noted that all spinodals satisfy eq 13, but
not all solutions to eq 13 are spinodals because solutions to eq
13 sometimes separate two unstable regions.”> Note that the
right-hand side of this expression is equal to the coefficient a,
in eq 10 and reduces to the expression for the spinodal for a
binary polymer mixture”® when setting ¢; = 0 in eq 13

4(By;By, — BIZZ)CICZ + 2Bjjc; + 2By, +1=0 (14)

and similar limits are obtained for ¢; = 0 or ¢, = 0. It can be
shown that the points on the spinodal surface can be written in
the form

https://doi.org/10.1021/acsomega.3c02604
ACS Omega 2023, 8, 28387—-28408
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1
Clspr Cops € = )
( b 3'Sp) (Z(Bllssp,Zl + BISSsp,31 - Bn)
1
)
2(312Ssp,12 + B23Ssp,32 - Bzz)

1
2(B13Ssp,13 + By3Sp 3 — B33)] (15)

by substitution of eq 15 into eq 13. Note that it may be
necessary to multiply the numerator and denominator by a
factor S, ; if S, ; goes to infinity. The S, ;
minus the tangent to the spinodal surface parallel to the (c, cj)—

can be interpreted as

plane,'” and the range of the Sepii
requirement that the coordinates in eq 15 are all real and
positive. Alternatively, eq 15 can be considered to be a

parametrization of the spinodal surface in terms of the

’s is determined by the

parameters S, .. There are only three independent values for

spiij

S, since the following relations hold
1 1
8= ———— = —
SpicSp ki Sepji (16)

with k # i,j since the Sepi
parallel to the (¢, ¢;)-plane. Equation 15 is a natural extension
of the use of tangents to the spinodal in the case for binary
mixtures (ref 10; eq 33 in combination with the procedure
followed in Appendix III of that paper). Note that by
definition, S, ; = — 1.

Critical Curves. The critical points (sometimes also

referred to as plait points) defining the critical curve can be
26-29

’s are tangent to the spinodal surface,

calculated from the following two conditions.

DetM;, =0 (17)

Det M, = 0 (18)

where the matrix M, can be obtained by replacing any of the
rows in matrix M, by the row vector

9 (Dt M) L (Det M) 2 (DetM,)
oc, oc, Oc, (19)

For example, the 3x3 matrix M, in which the third row is
substituted by eq 19 (referred to as Mj') reads

1
— +2B, 2B, 2B,
‘
M/// — 1
2 2B, — + 2B,, 2B,;
)

M3, 1) My(3,2) M), 3)

with M;"'(3, j) = {4qu2 - szm(i + ZBkk) } L with p,q =
7

1,2,3 but p,q # j. The explicit expressions for the three versions
of the determinant of matrix M, where different rows of matrix
M, are replaced are given by

clzczzchetl\'Ii” = ( 4B,,B,5cc5 — 2323c3(1 + 2By¢;) )
(4B,37cic3 — (1 + 2By5¢))(1 + 2By5c5))
— (4B, e, — (14 2Byc)
(1 + 2By,c,)) (4B, e, — (1 + 2By,¢))
(1 +2Byy¢,)) + (4B},B,50505
— 2B365(1 + 2Byyc5) )

(4B,3 coc; — (1 + 2B,yc,)(1 + 2Byscy))
(20)

where DetM;, DetM;, and DetM;’ refer to the matrices with
substitution in the first, second, and third row, respectively
(where expressions for DetM; and DetM; are given in
Appendix A.2). These three determinants are not the same
but identical under cyclic permutation of their indices. It is
noteworthy that the determinants for the ternary polymer
mixtures contain the expression for the spinodal for the binary
polymer mixtures (cf. Figure 1 in ref 8).

It is convenient to introduce the orientation of the tangent
plane to the spinodal surface in the critical points (¢, ¢, c3,)
in terms of the tangents S_,, and S_3; to the (¢, c,)-plane and
(c1, ¢3)-plane, respectively.

The points on the critical curve must take the form of eq 15
since they need to fulfill eq 17 for the spinodal surface

1
Z(Blzsc,u + B13Sc,31 - Bn)

(Cl,c' C2,c’ C3,c) =

1
Z(BIZSC,IZ + stsc,sz - Bzz)

1
2(By3S,15 + BysS 5 — Bss)) (21)

The other requirement for points on the critical curve is given
by eq 18 and can be expressed as (Appendix A.2)

3 3 3
Sc,ll Sc,Zl Sc,31

2 2 > =0
Cl,c CZ,C C3,c (22)

By substituting eq 21 into eq 22 and using the equivalent of eq
16 for the relation between the S_;’s, it is found that
2
(Bllsc,Zl + B13Sc,31 - BII) - Sc,Zl
2
(B, = BysSe31 — BuSp)” — S
2
(B13 - Bz3sc,21 - B33Sc,31)
=0 (23)

Equations 22 and 23 are generalizations of eq 3 in ref 11.

Figure 1 shows possible combinations of S5, and S, 3, for
an arbitrary set of virial coefficients. The black dotted regions
correspond to combinations of tangents that give rise to
physical solutions (i.e, positive concentrations) for the
spinodal surface, using

B3Sy1 + Bi3Sp a1 — By > 0 (24)
Bp3Syp12 + By3Sp 3 — By > 0 (25)
By38p,13 + By3Sy 03 — B33 > 0 (26)

https://doi.org/10.1021/acsomega.3c02604
ACS Omega 2023, 8, 28387—-28408
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02 0 02 04 06 08
Sz,21 )

Figure 1. Regions indicating the physical relevant solutions for the
spinodal and critical coordinates in terms of the tangents S, ,, and S, 3,
(with z = sp, ¢ or m, where m will be introduced later in this paper)
and the relations between the critical tangents S_,; and S_3,. ( — ):
relation between S, and S_3; according to eq 22/23; (dotted
region): physically relevant solutions, i.e., positive coordinates for the
critical point or the spinodal surface (or the coordinates in eqs
46—48). The white regions indicate the parameter space where not all
three critical point coordinates are positive, and where concentrations
are unphysical; (...): bounds to the physically relevant regions
representing ¢; , > 0 (eq 24), ¢; . > 0 (eq 25), and ¢; . > 0 (eq 26);
(@) the (physical and unphysical) solutions for binary mixtures (for
S.21 = 0.253,0.636,0.969 or S_;; = 0.331,1.21,6.00), that are located
on the gray dash-dotted line that represent either S_3; =0 or S_,, = 0.
The plot was generated for an asymmetric ternary mixture with B, =
143, By, = 3.62, By = 092, By, = 2.5, Byy = 1.77, By; = 3.45 (m®/
mol).

1 1
where S, ,, = ——— =
P32 Ssp,llssp,l3 Ssp,23

. It can be easily shown that the

boundary of the area with physical solutions (eqs 24—26)
consists of lines. Figure 1 also shows the combinations of S ,;
and S5, that fulfill eq 23 (solid black curves). The parts where
the black curves cross the black dotted areas correspond to
physical solutions for the critical point (eq 21). Black solid
circles indicate the (physical and unphysical) solutions for
binary mixtures, when either S_,, or S ; are zero and eq 22
reduces to eq 3 in ref 11. All the coordinates for the spinodal
surface and critical curve can be obtained by substituting valid
combinations of S,,,jand S, 3; or S.5; and S_3; in egs 1S5 and
21, respectively.

Necessary Conditions for the Virial Coefficients for
Phase Formation. The criterion for the virial coeflicients
allowing for two negative eigenvalues at sufficiently high
concentrations (i.e., ¢}, ¢,, ¢; = 00) can be derived from eqs 11
and 12, although it should be stressed that the metastable
region may extend over a much wider range than the unstable
region.”” These two negative eigenvalues require that a, < 0
and a; < 0. The criterion for a, in eq 11 can be rewritten as

1 1
43232[— + 2311] + 43132(— + 21322]
51 €

1
+ 43122(7 + 2333] — 16B,B,3B,;
3

1 1 1
—|= +2B, || = + 2B, || — + 2B,
o1 ) 3

<0 (27)

Taking the limit for infinitely high concentrations ¢, ¢, ¢; =
oo leads to

2 2 2
B23 Bll + B13 B22 + B12 B33 - 2‘BIZB13B23 - B11322B33
<0 (28)

which can be rewritten as
2 2 2
(BL_lJ_F[BB _1]4_{&_1]
B1By, By1Bs; B;,Bs3

By, By By
VBB, \/ By,B33 \/ By,B33 (29)

Analogously, the criterion for 4, in eq 12 can be written as

1 1 N
— + 2B || — + 2By, | — 4B},
1 )
1 1 5
+ | — + 2B, || — + 2B3;| — 4By,
G G
1 1
+ {{— + 2322][— + 2333] - 43232}
%) 3

=0 (30)

Taking the limit for infinitely high concentrations ¢;, ¢), ¢; =
oo results in

2 2 2
{Bi,” — B;iBy} + {By;” — By By} + {By” — ByBis}
>0 (31)

In Appendix A.3, it is shown that criteria of eqs 29 and 31
imply that two negative eigenvalues can occur only if

B, I B,
(L>1]A[L>I]A[L>l
By,B,, By,B3; ByyBs; (32)

ie, each of the binary mixtures is able to phase separate
individually (cf. refs 10 and 31).

The criterion for the virial coefficients allowing for one
negative eigenvalue at sufficiently high concentrations (i.e., cj,
¢y, ¢3 = 0) can be derived from eq 10, again stressing that the
metastable region may extend over a much wider range than
the unstable region. One or two of the criteria in eq 32 need to
be satisfied simultaneously, but not all three

B 2 B 2 B 2
[L>1]V[L>I]V(L>l
Bl 1B22 BllB33 BZZB33
B,,? B, B,
A ﬂ[L>1)A(L>1]A[L>1
BIIBZZ BllB33 BZZB33

(33)

The formation of three phases is not predicted by having two
negative eigenvalues (although two negative eigenvalues always
coincide with the occurrence of three phases). Three phases
are obtained if there are at least two (intersecting) binodals in
the three-dimensional phase diagram. In that case, there are
pairs of concentrations of coexisting phases on each of the two
binodals, where one of the concentrations is shared. As a
consequence, there are three coexisting phases in equilibrium if
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at least two out of three components of the mixture satisfy the
binary phase separation criterion:

B,,? B,,? B,.’
[L>1}/\[1—3>1]/\(i>1
B11B22 B11B33 BZZB33

B,,> B,.”
vIiI[—=2— > 1A —2—>1

BllBZZ BllB33

B,,> B,.?
vIiI[—=2—>1|{aA|—2—>1

BIIBZZ BZZB33

B,.’ B,.”
V[ > 1A =2 >1

By,B3; By,B3 (34)

Coexistence Equations for N = 3 and P = 2. In the case
of two phases, I and II, the osmotic pressure and all three
chemical potentials need to be the same in each phase

HI HH

RT RT (39)
1 II

Heo K

RT RT (36)

with i = 1, 2, or 3. This gives in total 4 equations with 6
unknowns, and the requirement of mass balance adds another
3 equations with 1 unknown (the ratio of the two phase
volumes), leading to a total of 7 equations with 7 unknowns.
Using eqs 2—35, the explicit expressions for osmotic pressure
and chemical potentials are

I 1 1 12 12 12 1.1

¢t ¢, +c3+ By + Bye, + Byyey + 2Bjyee,
+ 2B, .cicl + 2B,.clcd
136163 236203

I

I I II 12 II
=¢ +¢c, +c5 + B + By,

2 2
+ Bjsc,

I I I
+ 2By,c ¢, + 2Bisc ¢ + 2By, cq (37)

In(c)) + 2B,,¢; + 2B,y + 2Bj5c; + 1

= ln(cln) + ZBMCIH + ZBlzcgI + 2B13c3II +1 (38)

In(c,) + 2Byycy + 2Bpyc) + 2Byscs + 1

= In(c,") + 2B,,¢) + 2Bj,¢; + 2Byses + 1 (39)

In(c;) + 2By;c; + 2B5¢) + 2Byyc, + 1
= In(c;) + 2By3¢; + 2Bjsef + 2Bysey + 1 (40)
Solving the above equations will give all pairs (¢}, ¢, ¢3) and
(i, &5, c}) of coexisting phases that together define the binodal
surface. Similar to an earlier approach,'® it is convenient to

introduce the following definitions for the minus the slope of
the tie-lines

- 1

“n
I
|
I
|
I

1
m,ij o _ 1
G =G SmikSmki Smji (41)

with k # ij, and ¢ and ' represent the concentration of

component i in coexisting phases and I and II. Because of S, ;
= — 1 and eq 41, there are only two independent S, ;.
Substituting the above expressions into the coexistence

equations (eqs 37—40) results in

(Sp2iBis + S,3B13 — B)(c) + ¢)
= +Sm,21(Sm,1zB12 + Sm,32B23 - Bzz)(cé + Cf)
+ 8,031(S,13B13 + S 23B23 — By)(c; + 3

+(1 - St — Sm,31) (42)

ln(ﬁl) +2(B;, — Bi3Su01 — B13Sm,3l)ClI

= ln(Clu) + 2(B;;, — Bi3S,01 — Bl3sm,3l)clu (43)

ln(czl) +2(By, — BiyS,1n — BZSSm,SZ)CZI

I I
=1In(c,) + 2(By, — Bi3Su1n — BZSSm,32)CZ (44)

ln(C3I) + 2(B33 = By3S,,15 — stsm,z3)C3I
1 1
=1In(c;) + 2(By; — Bi3S, 15 — B23Sm,23)c3 (45)

Defining the auxiliary constants ¢;; (with i = 1, 2, or 3) as

1
Cl,s =
Z(Blzsm,Zl + Bi3S,31 — By,) (46)
- 1
25 =
’ 2(B1zsm,1z + By3S, 3 — B,,) (47)
1
=
* 2(Bi3Sy13 + BsSpas — Biz) (48)

(again noting that it may be necessary to multiply the
numerator and denominator by a factor S, ; if S,,; goes to
infinity). The structure of eqs 46—47 is the same as eqs 15 and
21. This allows rewriting eq 42 as

I I
U I I U
Cl,s Cl,s
‘) 5
=Sm,21 — - 1l{+]—=—-1
C2,s CZ,S

CI CH
+ S| = -1+ -1
Cas 3, (49)

and eqs 43—45 as

I I II 1T
VT () R B D
Cis Cis Ciys Cis (50)

(i =1, 2, or 3), which have the so-called Lambert-W function
as solutions.”'”** This expression links the concentration of
each individual component in phase I to that in phase IL
Generally, the concentrations can be on the same branch of the
Lambert-W function (i.e., the component is evenly distributed
over both phases), or they can be on separate branches (i.e.,
the component has a high concentration in one phase and a
low concentration in the other). The c;, should be positive to
warrant real values in eq 50, setting a range for S, ; that is
identical to the range for S, ; in Figure 1. To find additional
conditions needed to calculate the coexisting phases, eq 41 can
be rewritten as
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CiI 1 CiH 1 (ij = 1,2, or 3; i # j) and can be combined with eq 49. After
Ci,s Ci,s
L " some rearrangement, eqs 49 and 51 can be combined in matrix
¢ | ¢ c:
=g Pl L _ 1]l -|L =
= Sm'i] nie 1 - 1
AN s (s1) notation
L4 Swat o Suat
i s G35 28m,21/cl,s 2‘Sm,31/cl,s
Sy S S S S f
CII (L "‘_'2‘+i) (L_i_i_i_ '3‘) (L+i+i) ClH
— =1 Cls Cos €36 Cls Cs €35 Cls Cys €35 — =1
Cl,s > Cl,s
I L Sy S 1l
) = ZSm,u/Cz,s Cls Cos Cas _zsm,zlsm,Byl/CZ,s G 1
¢ - S S Son S Sn S| | €
2s 1 4 w2y T3l 1 4 2l Tl 1 4 w2y Tmdl 2s
I Cis Cas €3 Cls Cos C3s CLs Cas G35 I
[ I
C_ -1 1 + Sri,zl Sr2n,31 C_ -1
s Zsm,3l/ C3s _Zsm,usm,sl/ G35 Cus Cos G35 s
[L ﬁ_,_&) (L_F&_,_&) (L_F&_,_&)
Cls Cys €3 Cls Cs €35 Cls Cys €35 (52)
From eq 50 it fo‘llows that all the column vectc?rs in eq 50 [Biicy + /Byc, + Byycs = ¢ (55)
can be expressed in terms of Lambert-W functions of the
concentrations in phase I (cf. eq 52 for binary mixtures in ref with the parameter ¢, 3> 0 (mol'/2/m!/2). It is noted that this
10). This implies that instead of six concentration coordinates, expression does not contain the cross-virial coeflicients, as was
there are only three of them in this problem. to be expected because three phases consist of essentially pure
Coexistence Equations for N = 3 and P = 3. In the case components 1, 2, or 3 in this limit. Furthermore, this plane has
of thr.ee phases, .I, II, and III, the osmotic pressure and all three the normal vector (\/B_ll) \/B_zzi \/3_33), which differs from the
chemical potentials need to be the same in each phase. . . .
normal vector (1, 1, 1) of the Gibbs triangle. This illustrates
| G ¥ L ) that representation in terms of Gibbs triangles is optimal only
RT RT  RT (53) in the case of symmetric n'lixtures. Equation S5 is strictly vali_d
only for large concentrations, where ¢, ¢, ¢; = oo, but is
/,tiI /,tiH /,tim expected to be a reasonable approximation also at lower
RT _RT _ RT (54) concentrations (cf. eq 66 in ref 10.). ) )
Consistency Check for Coexisting Phases in Ternary
with i = 1, 2, or 3. This gives in total 8 equations with 9 Mixtures. Following a similar approach as in previous work on
unknowns, Wthh are similar in structure to EqS 37—40 (addlng binary mi_xtures’ll it can be Shown that the coexistence
the equations for phase III). The requirement of mass balance equations can be simply combined in expressions that solely
adds another 3 equations with 2 unknowns (the ratio of the depend on the concentrations of the coexisting phases and that
two phase volumes), leading to a total of 11 equations with 11 do not contain the virial coefficients anymore (see Appendix
unknowns. Solving the above equations will give all triplets (c, A.6). Forcase N=3,P =2
&5, 63), (cfy &, c4), and (¢, ¢, §') of coexisting phases that
together define the binodal surface. The coexistence equations 1 Al
e o . I 10 I Uyl &
to be solved are in principle similar to eq 52, but with a second (51 -0 ) + (Cz - Cz) + (Cs - Cs) + E(Cl + ¢ )In -
matrix to relate the concentrations in phase I to those in phase “
III. The increased number of phases makes this calculation 1 I 1 A
. . 2+ Myl 2 L4 oyl &
numerically more challenging. + 5 (e, +¢,)ln |t 5 (c3+¢3)In I
However, for large concentrations, the problem simplifies © =
again, and for the remainder of this paragraph, we limit -0 (56)
ourselves to this case. For binary mixtures composed of
components 1 and 2, it was found that the slope Seop1 of the and for case N=3,P =3
tie-li hes —./B,;/B,,."" For t ixt
1'e -1lnes appr(?ac e; " llg ” h Zr erilfazrl le}lllI'eS, ) n
similar expressions hold for an . ree phases 11 11 11 1, 1 1
*p o 00,31 00,23 <1 p (=) +(g—c)+(g—c)+=(q+c)n—
are formed, the coexisting phases are positioned in a plane. At 2 ¢
large concentrations, this plane extends to the ¢; = 0 (i = 1, 2, - I
. . . 1 C 1 C
or3) axes, afld therefore, tbe slopes in these intersections need 4 _(CZI " CZH)ln eI _(CSI + C3H)1n =N
to be identical to those in the binary planes. From these 2 P 2 c
requirements, one can conclude that the three phases can be
found in the plane =0 (87)
28393 https://doi.org/10.1021/acsomega.3c02604
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= 3 - 3
C\o=1-1 mol/m (a) C\o=1-3 mol/m (b)

- 3 = 3
Cyo=1-35 mol/m () C\=1-3728 mol/m (d)

= 3 = 3
Cyo=1-5 mol/m (e) Cyo=1:6 mol/m (f)

%, (%) X, (%)

Figure 2. Examples of phase diagrams for ¢, = 1.1, 1.3, 1.35, 1.3728..,, 1.5 and 1.6 mol/m® for the symmetric ternary mixture with B = 1 m*/mol, C
=2 m®/mol. At ¢, = 1.1 mol/m?>, the binodal for phase separation for binary mixtures starts to extend in the three-component region, but the three
regions are still quite distinct. At ¢, = 1.3 mol/m?, the spinodal curves separating the regions with zero and one negative eigenvalues are lines. The
graph also shows the critical curve, where open green circles indicate critical points above the plane of constant ¢, and solid green circles critical
points below the plane of constant ¢, (the short green solid lines indicate the projection of the tangent to the critical surface to the Gibbs triangle
according to Appendix A.5). At ¢, = 1.35 mol/m?, the dark gray region becomes continuous. At ¢, = 1.3728... mol/m?, the binodals touch and a
three-phase equilibrium appears. At ¢, = 1.5 mol/m?, the tops of the binodals meet in the center of the triangle and a minimum in the free energy
start to develop near to the vertices leading to a three-phase equilibrium. At ¢, = 1.6 mol/m? the overlapping binodals give rise to a region with
two negative eigenvalues. Yellow lines: triangle with three phases in equilibrium; Cyan solid lines: binodals; Cyan dotted lines: tie-lines; Light gray:
two negative eigenvalues; Dark gray: one negative eigenvalue; Black region: zero negative eigenvalues. Note that a more extensive sequence of
phase diagrams as a function of ¢ is available in the Supporting Information, Figures S3-S22.

1 The ab ti 1 f the th ist
1 1 1 1, m e above equation can replace any of the three coexistence
(q-a)+(-—g)+(G—g)+(q+e) . " »rep v o
2 equations without affecting the solutions. As such, it is a
c 1,0 me [ 1.1 uw necessary but insufficient condition to determine the coexisting
In T + ;(Cz tc )In T + E(Cs %) ) phases: all solutions to the coexistence equation fulfill eqs 56
! 2 (P =2) or 57 and 58 (P = 3) but not the other way around.
In £ —0 Even stronger, a combination of (c}, ¢, ¢}, cf, 3, c§) that does
c31 (s3) not fulfill eq 56 for P = 2 or (¢}, &, ¢, ¢l &, c5, e, &L &) that

does not fullfil eqs 57 and 58 for P = 3 will not be a solution to
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the coexistence equations for any combination of virial
coeflicients.

B RESULTS: EXAMPLE FOR THE (MAXIMALLY)
SYMMETRIC TERNARY MIXTURE (B = B,; = By, =
Bss; C = By = By3 = By3)

The starting point for this discussion is the simplest condition

for the symmetric ternary mixture, in which B = B;; = B,, = B3

and C = By, = Bj3 = B,;. The features of the ternary phase
diagram will be discussed as a function of increasing total
concentration. The discussion here will focus mainly on the
physical aspects of the phase diagram, whereas the technical
aspects of calculating the solutions will be dealt with in the

Appendices.

The solutions to the coexisting equations for the symmetric
ternary mixture have three symmetry planes, ¢; = G (ij=1,2,
or 3, with i # j). It is noted that the coexistence equations (eqs
35—38) for (in-Gibbs-triangle) maximally symmetric mixtures
can be written in terms of (C — B)c; (see Appendix A.4).

In order to represent the three-dimensional (¢, ¢,, ;) phase
diagram in two dimensions, the phase diagrams for these
symmetric mixtures will be mostly represented using the so-
called Gibbs triangles™ (and the plane in which the Gibbs
triangles lie will be referred to as “in-Gibbs-triangle” here).
These are cross sections of the three-dimensional phase
diagram with the plane

Cot =€ T+ G (59)

with the total molar concentration ¢, acting as a parameter.
Next x; for i = 1, 2, or 3 can be defined as the molar fraction of
each component

Gi
X = —

Y G (60)

The variables x; are used to plot the Gibbs triangles at a fixed
Cor- Due to the symmetry of the mathematical problem, the
phase diagram presented in the Gibbs triangles should be
invariant under a 27/3 rotation. Figure 2 shows the phase
diagram for different ¢, for B = 1 m*/mol and C = 2 m*/mol.
Figure 2 is also available in the form of a short movie in the
Supporting Information, featuring much smaller steps in

concentration c;.

. . 1
One-Phase Region. At concentrations ¢, < ——, all
Cc-B

components are miscible because for the binary symmetric
mixture, any plane with ¢, < ﬁ will lay below any of the

ﬁ, ﬁ, 0) (cf. refs 8 and
10. The ¢; = 0 planes correspond to the sides of the Gibbs
triangle. At c,=1 mol/m? where the critical points for the
binary mixture just appear as indicated by the solid green
circles in the middle of the sides of the Gibbs triangle (see
Supporting Information, Figure S4). The open green circles
will be discussed later. All eigenvalues A > 0, represented by the
black background, correspond to a region that is stable or
metastable against concentration fluctuations. In this particular
case, the black region in the Gibbs triangle refers to a stable
region because the binodal was determined explicitly.

. 1 3B+ 5C
Two-Phase Region. For — < ¢, < 2531 0)

Appendix A.4 for the explanation of the upper limit), the two-
phase regions are bound by three binodals that develop as the
semimoonlike features from the sides of the triangle (cf. refs 15

three critical points, e.g., (

(see

and 34), and the black region is continuous (see Figure 2a for
o= 1.1 mol/m® and the Supporting Information for some
additional ¢, values, Figures SS—S9). The three binodals lay in
the Gibbs triangle, where ¢, is constant, and were calculated
analytically (see Appendix A.4) and confirmed by solving eqs
37—40 numerically. It was found that for each of these
binodals, one of the three components is evenly distributed
over both phases, which is also reflected in eqs 95 and 96 in
Appendix A4. The tops of the three binodals in Figure 2a
move toward the center of the Gibbs triangle with increasing
Cwor The tie-lines in the semimoonlike features run parallel to
the sides of the Gibbs triangle. The region indicated by the
dark gray background and corresponds to a concave region in
the free energy that is unstable against one type of
concentration fluctuation (one A < 0), so that phase separation
will occur. This case corresponds with the following equation

(cf. eq 10)

(C - B)(—16Czclc2c3 + 4(C + B)(cicy + cyc5 + ¢1c3))
—2B(c;+ ¢+ ¢) — 1
>0 (61)

The curve separating the black and dark gray regions
corresponds to the spinodal. It is also of importance to note
that the critical curve starts to intersect with the Gibbs triangle
in this concentration range, as shown by the open green circles
(above the Gibbs triangle) changing in solid green circles
(below the Gibbs triangle). The significance of the critical
curve will be discussed later in this section. An interesting
situation occurs at

3B + 5C
4C* — 2B(B + C) (62)

Crot

(see Figure 2b for c,=1.3 mol/m?), which shows straight
spinodals at mole fractions

_ B+C
3B + 5C (63)

X;
for which the sum of the other two mole fractions x; + x4, = 1 —
x; is constant (x;= 3/13 in Figure 2b). This can be verified by
substituting eq 63 in expression 10 for a,. For a more detailed

discussion, see Appendix A.4.
3B +5C <

3

For 4C*—2B(B+C) < Crot 2(C-B)’
black regions become isolated features, and the unstable dark
gray regions become interconnected (see Figure 2c,d for
Co=1.35 and 1.3728... mol/m? and diagrams for a number of
additional concentrations in the Supporting Information,
Figures S11—-S15).

Three-Phase Region. A special case is shown in Figure 2d
(at o= 1.3728... mol/m®) where adjacent binodals meet in
three points leading to three local minima in the free energy
surface (see Appendix A.4). These three local minima can be
connected to form a triangle (yellow triangle in Figure 2d—f)
in which any mixture will separate in three phases with a
composition corresponding to the vertices of this triangle. The
black region inside this triangle is metastable against phase
separation, while the dark gray region represents an unstable
region. Both regions will eventually phase separate, and
therefore, the details of the local stability analysis are
superfluous. However, the kinetics of phase separation may

the stable/metastable
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reflect some aspects of the local stability landscape (Zhou et
al.’®).
The black

Ctot = Cl,c + CZ,c + C3,c =

region when

disappears

3 . . _
0= (see Figure 2e with co=1.5

mol/m?), where the tops of the three binodals coincide in one
point. Previously, it was demonstrated that critical points of the
form of eq 21 always satisfy the requirements that Det(M,) = 0
and Det(M,) = 0, provided that eq 23 applies (Appendix A.2).
For the symmetric mixture, the requirement in eq 23 for the
critical curve can be shown to result in the relation S_,, + S, 3,
= 1 (see Appendix A.4), which has multiple solutions and
therefore does not represent a single tie-line but a plane in the
(cy, ¢y ¢3)-space. Since the normal vector to this plane is
unique, it is more convenient to characterize the plane by the
normal vector.

Next, the critical curve is discussed, which is represented as
open or filled green circles in Figure 2. For both regions,

1 3B+5C 3B+ 5C 3
C-B < ot < 4C*-2B(B+C) 4C*—2B(B+C) < ot < 2(C—-B)
, €q 23 can be written as
2 2
(B - CSC,ZI - CSC,31) - SC,ZI(C - BSC,ZI - CSC,31)

- Sc,31(c - CSC,ZI - BSC,31)2

= —B*(S.,° + S.3°) — (C* + 2BC)
(S021°S.31 + S.218.317) + (C* + 2BC)
(Soa” + S.5170) + (2C* + 2BC)S, 5,8, 5,
- (C*+2BC)(S. 51+ S.5) + B
=0 (64)

In Figure 3 solutions to eq 23 are plotted, where the black solid
lines represent valid combinations for the critical tangents S,
and S_;;. The intersection of the solid black line with the gray
dash-dotted lines features the solutions for the binary polymer
mixture (black solid circles). The black dotted lines and gray
dash-dotted lines demarcate boundaries where ¢, , ¢,,, and ¢;,
switch signs (according to eqs 24—26) and S_,; = 0 and/or
S.31 = 0, respectively). Physical solutions indicated by black
dotted regions occur when ¢, , ¢, ¢; all are positive, which is
determined by the position of black dotted lines. Note that
only a part of the (S,,,,S.3,) range is shown. These (S,,,,S.3;)
combinations give rise to points on the critical curve shown in
Figure 2 as green circles (open symbols: above the ¢, plane;
filled symbols: below the c,,, plane). Points on the critical curve
with a negative S indicate associative phase separation.

This critical curve also explains the dark gray regions of
instability outside the semimoonlike in-Gibbs-triangle binodals
in Figure 2b. The points on this critical curve are associated
with out-of-Gibbs-triangle spinodals (and binodals) (see
Appendix A.S). An example is shown in Figure 4, which can
be found in the (c;, ¢;)-plane, and similar solutions can be
found in the (¢, ¢,) and (¢ c¢;)-planes. Numerically, the
solutions are found to converge slower than the in-Gibbs-
triangle solutions because the free energy surface is almost
completely flat in this region. Note that the binodal and
spinodal are located slightly below the solid gray line at
concentrations just below the critical point because the slopes
of the tie-lines are not parallel to the Gibbs triangles.
Consequently, the spinodal and binodal may appear at lower
Cot than the critical point itself.

Sz,31 )

S,210)

Figure 3. Regions indicating the physical relevant concentrations for
the spinodal and critical coordinates in terms of the tangents S, ,; and
S.31 (with z = sp, ¢ or m) and the relations between the critical
tangents S.,, and S.3. ( — ): relation between S, and S, ;
according to eq 22/23; (dotted region): physically relevant solutions,
i.e., positive coordinates for the critical point or the spinodal surface
(or the coordinates in eqs 46—48). The white regions indicate the
parameter space where not all three critical point coordinates are
positive, and where solutions are unphysical; (....): bounds to the
physically relevant regions representing ¢, . > 0 (eq 24), ¢, . > 0 (eq
25),and ¢; > 0 (eq 26); (@) the (physical and unphysical) solutions
for binary mixtures (for S ,; = 0.146,1,6.85 or S ;; = 0.146,1,6.85),
which can be found on the gray dash-dotted line that represent either
S,31 =0 or S 5 = 0. The plot was generated for maximally symmetric
ternary mixture with pure virial coefficients B = B; = 1 (m®/mol), and
cross virial coefficients C = B;; = 2 (m®/mol).

2

N
S}

molar concentration c, (mollm3)
o
S -

0
0 0.2 0.4 0.6 0.8 1
molar concentration c, (mollm3)

Figure 4. Out-of-plane binodal in the (c;, ¢;)-plane (or ¢, = ¢, plane)
for the symmetric ternary mixture with pure virial coeflicients B = B;
=1 m%/mol, and cross virial coefficients C = B;=2 m®/mol: (gray ...
lines) tie-lines; (*) end points of tie-lines at the binodal; (O)
intersection of the binodal with the Gibbs triangle for ¢,,,=1.325 mol/
m?; (black and gray - - - line) spinodal, except for the vertical part of
this curve; (gray -.-- line) tangent to the spinodal and binodal in the
critical point; (@) critical point; (gray — line) intersection with a
Gibbs triangle through the critical point at ¢=1.3 mol/m* The
slopes of the tie-lines are not parallel to the Gibbs triangles. Therefore,
the binodal and spinodal may appear at lower ¢, than represented by
the solid gray line.

3
P leads to the

appearance of a white region (see Figure 2f with ¢,,=1.6 mol/
m® and Supporting Information, Figures S17—S22), which
corresponds to the case where two A < 0 is given by the
inequalities (cf. eqs 11 and 12)

Increasing the concentration ¢, >
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(C — B)(=16C%¢;coc; + 4(C + B)(cyey + ¢y¢5 + ¢65))
—2B(e;+ ¢+ ¢y) — 1
<0 (65)

and

—12(C* = B*)ciy6s + 4B(cic, + 3 + €i63)
+ (e + ¢+ ¢)
<0 (66)

corresponds to the white region that is unstable against two
types of concentration fluctuations.

A stability analysis for a comparable model was published by
Heidemann,”* resulting in qualitatively similar figures (but
without tie-lines): the above Figure 2a and the diagram for ¢y,
= 1.25 mol/m* (see Supporting Information, Figure S9) are
comparable to Figures 1 and 2 by Heidemann (using
Cor = V@/C)>* With C = 2 m*/mol and a= 2.5 and 3.5
mol/m?, this leads to ¢= 1.1 (Heidemann’s Figure 1) and
1.32 mol/m® (Heidemann’s Figure 2), respectively. These
conditions compare to Figure 2a and a situation in-between
Figure 2b and c in the present paper. Note that Figure 2c
illustrates the topic of the discussion by Beegle et al.”> and
Heidemann®* that in general the local curvature of the free
energy surface is insufficient to predict global stability of the
system. This is echoing statements made during the develop-
ment of the theory of phase separation in the early 1900s.>”

Huang et al." also presented a phase diagram for a ternary
mixture based on the Flory—Huggins—de Gennes mean-field
theory. By comparing this model to the Edmond—Ogston
model and equating the parameters for the critical point, the
following relation is found

_ Ny
~ 2(C-B) (67)

CtOt
linking the parameters for both models. Substituting eq 67 in
their eq II.1b leads to a result identical to eq 1 for B=0 and C
=1 (m*/mol), leading to c,,, = Ny/2 (Appendix A.1). It was
found that the “large” triangle for the three-phase equilibrium
appeared for both models at ¢, = 1.3728...(see Appendix A4
in the present paper and Huang’s Figure le that can be
compared to the diagram at ¢, = 1.25 mol/m?) (see
Supporting Information, Figure S9).

This is in accordance with the calculation that the minimum
of free energy coincides with the location where the binodals
meet in the symmetric system (see Appendix A.4). The
spinodals are straight lines for the present model for ¢,,, = 13/
10 (Figure 2b) and for Ny/2 = 4/3 in their model (Huang’s
Figure 1c), which is not the same but close. The existence of
the proposed three-phase equilibria for the “small” triangles
(see Huang’s Figure b—d) was not supported by our work, as
no local minima in the free energy surface were found.
Unfortunately, neither Heidemann™ nor Huang et al.'’
discussed the technical details of their calculations.

In the symmetric case, the coordinates ¢ in eqs 44—46
coincide with the critical point coordinates

1
“c = 2(C = B) (68)

as was previously shown for binary mixtures.”'? This leads to
solutions for the three phase systems that are very similar
compared to those for the binary mixtures

C'K C~K K
= _I/VZ L e /e
Ci,c Ci,c (69)

with K= II, or Ill and i = 1, 2, or 3 and z = —1 or 0. Equation
67 is solved in terms of the so-called Lambert-W function.”” By
convention, the phase rich in component 1 will be called phase
I, the one rich in component 2 will be called phase II, and the
one rich in component 3 will be called phase IIL. The phase
rich in component i is represented by the z = —1 branch, and
the phases depleted in component i are represented by the z =
0 branch of the Lambert-W function.

B DISCUSSION

The current work can be extended in various directions. First,
one could consider ternary mixtures where the virial
coeflicients for the pure components are identical, but the
cross-virial coeflicients differ. It is expected that in such
systems, many of the features observed in the (maximally)
symmetric ternary mixture are maintained qualitatively (e.g.,
semimoonlike regions, out-of-Gibbs-triangle binodals). Sec-
ond, one could consider asymmetric mixtures, where all six
virial coeflicients differ. For such systems, the unstable and
metastable regions can still be represented in terms of Gibbs
triangles using eqs 10—12. The representation of the tie-lines,
however, cannot simply be given by a set of stacked Gibbs
triangles each characterized by a specific constant ¢, because
the tie-lines will be out-of-Gibbs-triangle. For ¢, ¢,, and c; large
enough (formally ¢y, ¢, c; & o), the three coexisting phases
will be all located in a plane defined by eq 55. Third, one could
consider including third-order virial coefficients in the
expressions for the Helmholtz free energy (eq 1), something
that could be essential for some cases.’® Fourth, the current
work may be extended to cover examples of associative phase
behavior for cases where one of the cross-virial coefficients is
negative (and the related tangent is positive). Lastly, some of
the results might be generalized to mixtures of N components
(expression for the critical point, relation between the tangents
to the critical curve, stability criteria using the Descartes rule of
signs, and relation between the concentration of individual
components in the different phases satisfying the Lambert-W
function). That would make the present work useful as a
stepping stone toward describing polydisperse and multi-
component mixtures. This would be relevant for describing
phase separation phenomena in complex systems.

Bl CONCLUSIONS

In this paper, an extension of the Edmond—Ogston theory
describing phase separation in ternary polymer mixtures in a
common solvent was considered. De facto, this makes these
systems quaternary mixtures. Stacked Gibbs triangles can be
used to represent the phase diagrams for the symmetric
mixture, where the total polymer concentration serves as a
parameter labeling the different Gibbs triangles. Ternary
mixtures can also be considered as ideal examples for the
case of three binary mixtures with shared components, as
addressed in earlier work."’

Various novel analytical expressions were derived for the
Edmond—Ogston model for ternary mixtures. A necessary
condition for the virial coeflicients for the occurrence of phase
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separation in two or three phases was identified. An analytical
expression was obtained to describe the relation between the
tangents of the plane to the binodal and spinodal surface for
each point on the critical curve. The Descartes sign rule was
successfully applied to identify different regions of (local)
thermodynamic instability. Similarly, as for binary mixtures, the
Lambert-W functions were also found to play a central role in
the description of the concentrations of the components in the
coexisting phases of ternary mixtures. In addition, the tie-lines
that connect the compositions of the coexisting phases are
explicitly shown in our diagrams.

For maximally symmetric mixtures with C > B > 0, three
regions in terms of phase behavior can be identified as a
function of increasing total concentration. Typically, at low
total concentrations, the three components are completely
mixed. At intermediate total concentrations, two-phase systems
will develop that are each equally enriched in the third
component. At the highest concentrations, three-phase systems
will develop that are each enriched in one of the components.
For the maximally symmetric case, we have a mixed system for

1 1 13728...

Cot < g two-phase systems for g <G < 50 d
13728... .

three-phase systems for ¢, > Z_B . This means that the

two-phase region for maximal symmetric mixtures occurs only

. 03728....
over a narrow concentration range of the range of 0

which seems smaller than one might intuitively have expected.
Qualitatively, this observation is expected to hold for other
mixtures too (including asymmetric mixtures), though
quantitatively, there will still be differences.

The expressions were numerically evaluated for symmetric
mixtures, where the virial coeflicients of the three pure
components as well as the cross-virial coeflicients are identical.
The advantage of symmetric mixtures is that most, but not all,
of the phase separation takes place in the plane of constant
polymer concentration (referred to as “in-Gibbs-triangle”),
thereby facilitating visualization. Analytical expressions were
obtained for the binodals in these planes.

Surprisingly, not all phase separation phenomena take place
in-Gibbs-triangle for maximally symmetric mixtures, as some of
the tie-lines intersect the planes of constant concentration.
This out-of-Gibbs-triangle behavior is found in a distinct
region between the in-Gibbs-triangle binodals. The in-Gibbs-
triangle binodals represent segregative phase separation,
whereas the out-of-Gibbs-triangle binodals represent solutions
where two components show associative and the third
segregative phase separation. It appears that this partial
associative phase separation has not been reported earlier.

B A. APPENDICES

A.1. Comparison of Edmond—Ogston and
Flory—Huggins—de Gennes for a Ternary Mixture in the
Context of the Calculations by Huang et al.

The Edmond—Ogston model starts from the following
expression for the Helmholtz free energy

—— = ¢In(c)) + ¢,In(c,) + ¢;ln(cy) + Byyel + Byyes

+ B33c32 + 2Bj,cic; + 2By3065 + 2Bysc40, (70)

where the Flory—Huggins—de Gennes free energy model'’

reads

NF _ @ln(p) @ln(e)  oln(e)  Neoo
RTV ~ N/N N,/N N;/N 12712
+ N30, + Ny 0,05 (71)

where terms involving concentration gradients are ignored. N;
is the degree of polymerization of component i (and N = N, =
N, = Nj in the calculations of Huang et al.””), ¢, is the (local)
composition of component i, and y; is the interaction

Table 2. Matching of Terms for the Edmond—Ogston and
Flory—Huggins—de Gennes Models

Edmond—Ogston Flory—Huggins—de Gennes

Bt 731
B =B, = B,, = By 0
2C = 2B, =2Bj; = 2By, Ny =Ny, = Nyis = Nyas

parameter between components i and j. Table 2 shows the
matching of terms for the Edmond—Ogston and Flory—
Huggins—de Gennes models.

To compare the calculations of Huang et al.'® (Huang’s
Figure 1) directly to the present results (Figure 2), it is noted
that there are two parameters here (C and c,.,), and only one in
the work of Huang et al. (Ny).

For most cases, the identification c,,, = Ny/2 seems to give a
fair match with the phase diagrams, although there is no formal
justification for this. The minimal concentration ¢, = 1.3728...
mol/m® to get three phases (yellow triangle) is the same
between both models (Figure 2d in the present paper vs
Huang’s Figure le). Huang’s Figure 1f and Figure 2e in the
present paper are presented at the same concentration ¢, = 1.5
mol/m?, where Figure 2e provides more details on the local
stability.

For the straight spinodals (Huang’s Figure 1c), the relation
ot = Ny/2 does not seems to hold. In Huang’s calculation,
straight spinodals (Huang’s Figure 1c) are found for Ny = 8/3,
corresponding to B = 0 m’/mol and C = 4/3 m?/mol.
According to eq 62, straight spinodals occur for ¢, = 15/16
mol/m? instead of 4/3 mol/m°.

A.2. Determinants for M; and M, along the Critical Curve
Determinant M, (eq 7) along the critical curve (eq 21) can be
evaluated as

2 lesc,il 2‘B12 2‘B13
i=2,3
Det M; = Det| 2By, 2,‘:21 3321‘5;,12 2By,

2By, 2By; 2 leBaiSc,G
i=1,

= 8{312231355,13 + B122BZSSE,23 = B1yBi3By; + B232BIZSE,21

+ Bi3"BpS, 1o — BpyBisBy; + Bi’BysS, 5 + ByyBisS, 5 — Bi’BysS, s
- BIZZBZSSC,ZS + BpyBi3By; — Bz3zBlzsc,21 - BISZBIZSC,IZ + B1yBy;3By;
- BISZBZSSC,SZ - BZ3ZBISSC,31} =0 (72)

confirming that Det M; = 0 for every point along the critical
curve. For Det My = 0 along the critical curve, one has
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2B,S. 21+ 2B13S 51 2By, 2B;5
2B, 2B,S 1 + 2By3S 5 2B,3
Det M, = Det|

"

where the expression for DetM; is given in eq 20, and for
DetM; and DetM; as

clcsc3DetMy = (4B,3B,,¢,¢; — 2B15¢,(1 + 2Byyc,) )
(4B, %y, — (1 + 2Byyc,)(1 + 2B,,¢)))
— (4By37cyc; — (1 + 2B,y0,)
(1 + 2By;¢3))(4By°cyc, — (1 + 2B,5¢,)
(1 + 2Bj3c3)) + (4By3Bi5e6
— 2B,¢(1 + 2By5¢;) )
(4B)5°cye; — (1 + 2By305)(1 + 2Byicy))
(73)
cic;¢; DetMy = (4B,3Byyeic, — 2B1y05(1 + 2Byscy) )
(4B, cse, — (1 + 2B33¢5)(1 + 2Byyc,))
— (4Bj3%cse; — (1 + 2Byyc3) (1 + 2By ¢)))
(4By37cse; — (1 + 2Byy¢)(1 + 2B, ,¢)))
+ (4By3Biycicy — 2Byy05(1 + 2Byycy)

(4B, cic, — (1 +2B1,6)(1 + 2Byyc5))
(74)
Consciously not substituting the explicit expressions for all

critical coordinates on the bottom row, the above equation can
be written in the same way as

3 3 3
Sc,ll Sc,21 Sc,31

2 2 2
Cl,c C2,c C3,c
85178 31
__ 21 2,31 _DetM,
16{312]513 - B12B23Sc,21 - 313B23Sc,31}
S 1S40
- _ c,21%,31 2Deth,,
16{B},B,3 — B};B,35, 51 = B13B33S, 51}
S.,.%S
- _ c,21 “¢,31 zDetMéﬁ =0
16{B,,B,3 — B1;B,35, 51 = B13B53S, 51}
(75)
Note that S,;; = — 1. The expressions in terms of DetM,

and DetM; are given in eq 75 to demonstrate that eqs 20, 73,
and 74 eventually lead to the same relation.

A.3. Criterion for the Virial Coefficients for the Occurrence
of Two Negative Eigenvalues Anywhere in the Phase
Diagram

Introducing

2 2 2
b = B, b = B~ b, — B,;
= ;013 = i U3 =
BBy, B, B33 B,,Bs3 (76)

Equations 29 and 31 can be written as

4 2 4 2 4 2
2{323 - ( 2 BZiSc,[Z](‘ B3[Sc,[3]} 2 {Bm - ( z Busc,fl][ B3[Sc,[3]} z{BLZ - [ z Busc,u][, z BZiSc,[Z)}
Cl,c =13 i=12 CZ,c i=2,3 i=12 c3"f i=2,3 i=1,3

by® + by + bys® < 2bybyshyy + 1 (77)

and
By By, {by,* — 1} + By Bys{byy> — 1} + By,Bys{by,” — 1)
>0 (78)

Equation 77 can be rewritten as

b232 - 2'1’121’131’23 + b122b132 < b122b132 - b122 - b132 +1
(79)
leading to
(bys — b12b13)2 < (b," - 1)(b132 - 1) (80)
and also
b12b13 - \/(b122 - 1)(b132 - 1)
< by,
< bpby; + \/(b122 - 1)(1’132 -1 (81)

Two cases can be identified: case 1 where (b;, > 1) A (by; >
1) A (by;> 1) and case 2 where (0 < b, < 1) A(0<b3<1) A
(0 < by, < 1). Note that we exclude the cases where (b, > 1) A
(0 <b3<1)or(0<by<1)A (b3 > 1), which give rise to
imaginary solutions to b,;. Furthermore, the cases where (b, <
0) and/or (b3 < 0) are excluded because all virial coefficients
are assumed to be positive. Also note that by, = bj3 = b3 = 1is
not a solution because of the inequality in eq 77.

In case 1, if (b, > 1) A (by; > 1), it follows that (b,; > 1).
For this, the following needs to be proven for the lower limit of
eq 81:

by > biobys — |/ (b,> = D(b> — 1) > 1 (82)
The right-hand side of this equation can be simplified to

bb; — 12 \/(blzz - 1)(by" - 1) (83)
or

(biobis = 1) 2 (b," = D)(by3" = 1) (84)
eventually leading to the true statement

(b, = b3)* 20 (85)

proving the right-hand side of eq 82. By extension, this also
proves that b,; > 1 in the left-hand side of eq 82.

In case 2, if (0 < by, < 1) A (0 < by3 < 1), it follows that (0 <
b,; < 1). For this, the following needs to be proven for the
upper limit of eq 81:

by < bybys + \/(b122 - 1)(b132 -1) <1 (86)
The right-hand side of this equation can be simplified to
bpbi; — 1< _\/(b122 - 1)(b132 -1) (87)
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C. =1.2 molim?
tot

C. =1.8 molim®
tot

X, (%) X, (%)

Figure 5. White dotted lines: Examples of the iso-osmotic pressure contours in phase diagrams for ¢, = 1.2 and 1.8 mol/m> and B = 1 m*/mol, C =
2 m*/mol. Open green circles: critical points above the plane of constant c,,. Solid green circles: critical points below the plane of constant cy.
Short green solid lines: projection of the tangent to the critical plane to the Gibbs triangle according to Appendix A.S). Yellow lines: triangle with
three phases in equilibrium; Cyan solid lines: binodals; Cyan dotted lines: tie-lines; Light gray: two negative eigenvalues; Dark gray: one negative

eigenvalue; Black region: zero negative eigenvalues.

(b12b13 - 1)2 2 (b122 - 1)(b132 -1) (88)

The sign of the inequality changes because both terms in eq 87
are negative for (0 < b;; < 1) A (0 < b3 < 1), eventually
leading to the true statement

(b, — b13)2 20 (89)

proving the right-hand side of eq 86. By extension, this also
proves that b,; < 1 in the left-hand side of eq 86.

It is noted that although eq 77 is satisfied in cases 1 and 2,
the inequality in eq 78 is never satisfied in case 2. Therefore,
two negative eigenvalues can only occur in case 1, when (b, >
1) A (bys > 1) A (bys > 1).

Alternatively, if we have the requirement that a4, > 0, it
implies that not all three criteria (b, > 1), (by3 > 1), and (b,; >
1) can be satisfied simultaneously.

A.4. Expressions for the In-Gibbs-Triangle Binodals
(Maximally Symmetric Mixture)

(a) Expressions for the in-Gibbs-triangle binodals for N = 3
and P =2
The full expressions for the osmotic pressure IT and
chemical potential y; of component i = 1, 2, or 3 for the
maximally symmetric mixture can be written as

AT _ _L(a_F)
RT  RT\oV

T,ny,ny,ny

(B - C)(Clz + 622 + 632) + (Cctot + l)ctot
(90)

1

bo_ (o
RT RT\ on,
T,V,n;,n,

=lInc + 2(B — C)¢; + 2Cc, + 1 (91)

where ¢, = ¢; + ¢, + ¢5. The last two terms in the above
equations are constant for fixed ¢, and can be ignored,
when discussing the coexisting phases, where they
cancel. Equation 90 indicates that all compositions
with the same osmotic pressure can be found on a circle
within the Gibbs triangle (see Figure 5). For constant
Cov

2 2 2 2 2 2
clI + czI + c3I = c1H + cgl + 53H (92)

Equation 91 indicates that phase compositions with
the same chemical potential need to satisfy the equality

In¢' —2(C —=B)¢/ =In¢" — 2(C - B) (93)

which gives rise to solutions in terms of Lambert-W
functions. It follows from eq 93 that

W(=(cl/e,0) /) = W(=(c"/e,) e4/9)
(94)
with Ce = 2 E) (cl—B) , where the appropriate branch of the
Lambert-W should be chosen. Note here that the
concentrations can be on the same branch of the
Lambert-W function (i.e, the component is evenly
distributed over both phases), or they can be on separate
branches (i.e., the component has a high concentration

in one phase and a low concentration in the other).
We can check now whether the equation that we
derived using heuristic arguments fits the equation.
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Consider the binodal emerging from the ¢; = 0 axis while
considering that ¢, = ¢,, = c¢;, for the maximally
symmetric case. The in-Gibbs-triangle binodal coordi-
nates for the maximally symmetric ternary mixture are as
follows:

For the left branch (for ¢,;; > ¢,,, phase I),

2 bi o G2/ O _ “2,bi e G2/ O

I/Vb —(:Z’CW_1
CZ,c Cl,c
Chr s
2,bi —¢, . /c
» Ctot — _CZ,CW—I ———e e
CZ,C
% Zb‘ —Czhl/fzz
C
2,c (95)
For the right branch (for ¢,;, < ¢,,, phase II),
C .
2,bi —¢,,./c 2b1 —,; Jc
— —_— 2,bi/ L2, —_— 2,bi/ L2,
cZ,CW_1 e ¢ 0, Wl — i1
CZ,C CZ,c
C .
2,bi —¢ .
» Ctot — _CZ,CW—I e
CZ,c
m) Zb‘ —Czbl/fzc
C
2,¢ (96)
Filling in these coordinates in eq 92 leads to
2
€2,bi
_ _ Y /e,
Cz,cWo e ¢
CZ,c
2
+ =, W_|- 2bi ¢,/
,C
CZ,c
2,bi —¢, /¢
— 2,b 2,
+ Ctot ) cW—l v
CZ,C
2
2,bi o C /c
R 174 2,6/ €2,
2,c"'0
Coc
= || -2l
o =
+ [ =c, W - Zl" e i/ Cac
,C
€2,bi
_ _ Y i,
+ | Cot Cz,cW—1 e ¢
CZ,c
2
C .
— CZ,CVVO _2_'ble_52,1ﬂ/52.c
[
2,¢c (97)

which is true. Therefore, the expression for the binodal is
exact for the binodal on the ¢;; + ¢y} + €34 = Cior plane,
originating from the ¢; = 0 axis.

Simplifying the notation of eqs 95 and 96 leads to

28401

I

(511) Czli 53{) = (xlly x5, 1 — '

I
X = %))Ceor (98)

(51 ) Cz ) Cs) = (x2, xll 1 - xII - x;)ctot (99)

with x\ the mole fraction of component i in phase K (= I
or 1I) and where 0 < x, < é and where the other two

pairs of coexisting phases can be found under cyclic
permutation of the concentrations. As a result, eq 93
reduces into a single equation

1 xll
T rin| —
Z(xl - xz) X

from which the two coexisting phases can be determined
as a function of c,y. To follow the perpendicular bisector
from the center of the Gibbs triangle toward the
midpoint of one of its sides (i.e., x} = & and &} = 0), one

(C = B)ey =
(100)

takes x; — % Using L’'Hopital’s rule, one finds
.t _1
A (1-x)
(C =By = lim ————— =
xf—)l/z —4 (101)
leading to
no I 11
(Cl) sz C3) = (Cl 16y G )= (Er X 0 Jctor
1 1
2(C-B) 2(C-B) (102)

These concentrations correspond to the critical point for
binary symmetric mixtures (Dewi et al.>”).
Composition of coexisting phases for the binary mixtures
at Cyo

The intersection of the binodal with the sides of the
Gibbs triangle can be calculated as

(b)

Ch 1:
2,bi —¢,, /c
— —_ 2,bi’ L2,

o, W _y e ‘

Ctot —
CZ, c

c .
2bi —¢,,./c
- LN N
&, W e biTae

Cz,c

=0 (103)

as follows directly from setting c; ;; = 0 in eq 95 or 96.
Straight spinodal lines in the phase diagram for the
maximally symmetric mixture (cf. Figure 2b)

Starting from the expression for the spinodal, eqs 10
and 11 (but not expressed as an inequality) and
assuming the conditions for the maximally symmetric
model (B = B;; = By, = By; and C = B}, = Bj; = B,;)
result in

(c)

ay = 4C%,c,(1 + 2Bc)) + 4C%cic5(1 + 2Bc,)
+ 4C%0,(1 + 2Bc;) — 16C7c ey,
— (1 + 2B¢,)(1 + 2Bc,)(1 + 2Bc,)
-0 (104)

Converting the molar concentrations ¢; to molar
fractions x;
G = XiCot (105)
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(d)

and introducing the following simplifications and
substitutions

X+, Fay=1 (106)

xy=aorx,+x,+a=1lorx,=((1—-a)—x)
(107)
lead to a polynomial in x;

4(B — C){[— + 2aB](B + C) — 4aC }xl

Ctot

-mf@w-@“—+mﬂw+o

Ctot
1 —a)(B* = C? B
— 4aC? x1—4“( a)( ) —2=
Crot Crot
1
-—=0
Crot (108)

which should be true for all values of x;; so, a = 1 and ¢,
= 0 are not acceptable solutions, and B = C does not
satisfy the phase separation criterion. Therefore, the
coeflicients of the polynomial should be zero. So, for the
coeflicients of the first two terms of the polynomial,

[L + ZaB)(B +C) —4aC*=0

Crot

(109)
or

_ (B+ C) 1

T 4C — 2B(B+ C) ¢y, (110)

Filling in a in the coeflicient for the third term of the
polynomial (which also should be zero) leads to

3B + SC
Cot = )
4C” — 2B(B + C) (111)
and
_ B+C
3B + 5C (112)

It is noted that it is not possible to write eq 111 only in
terms of (B — C), as is the case for the coexistence
equation. Although all binodals are identical for (C — B)
= constant, the spinodal surfaces differ.

Conditions for the formation of three phases (in-Gibbs-
triangle binodals, N = 3 and P = 3)

For the in-Gibbs-triangle solutions for N = 3 and P =
3, we conjecture a solution for the concentrations in
phases I, II, and III, inspired by the symmetry of the
problem of the form

(Cl, Cz; ) = (xzx x;r - 2'xg)ctot (113)

(51 ) Cz ’ Cs) = (xp - 2le» xZI)Ctot (114)

III III III) — (1

I 1 1
€y 6 2y, X5, %) Coot (115)

where 0 < x% < é Using this form, the requirement for

the osmotic pressure is automatically fulfilled. For the
chemical potentials, one needs to fulfill eq 3, leading to a
single expression

1 —2x)
(C = B)ey, = —— 1{ fﬂ

(2 — 6xy) X, (116)

In Figure 6, (C — B)c,, is plotted against x5. At x} =
0.2076..., there is a local minimum at (C — B)c,, =

3

0 0.1 0.2 0.3

I
)

Figure 6. Plot of (—) (C — B)c as a function of x}, showing a local

minimum at &} = 0.2076 where (C — B)c,, = 1.3728 and at x) = é,

(C = B)eye = % . Furthermore, (C — B)c,, — 0, when «} | 0. For

1.3728 < (C = B) ¢, < % there are two possible «} values that
corresponding to a certain (C — B) ¢, where the lowest x}-value
corresponds to the lowest free energy; (—--) horizontal line with (C —

B)cior =1.3728; (....) horizontal line with (C — B)c, =1.5.

1.3728..., expressing a necessary condition for the
formation of three phases. For

1.3728... £ (C — B)cy, < %, there are two possible x}

values that correspond to a certain (C — B)c,,. This is
also reflected in Figure 2d, where the binodals intersect
each other in two points for ¢ (C — B) > 1.3728....
Here, the smallest x} of the possible «} values should be
chosen since this x; value corresponds to the lowest
Helmholtz free energy of the two. With each «} value,
three coexisting phases are associated, forming the
corners of a triangle within the Gibbs triangle that
defines the three-phase area. Using L'Hopital’s rule, one

can establish the following limit for x; — %

1 1— 2!
(C B)Ctot In [ Ixz)

s (2 — 6x,) %,
i ( 250
_ x2—>1/3 (- 2x2)x2 _ l 1 _ E
lim (-6) 6(1—2x)x, 2
—>1/3
(117)

where all three phases collapse in a single point

( ) _ (1 1 1
‘v €2 3) =\ 37 3 ) ot

_ 1 1 1
- (2(C—B)’ 2(C-B)’ 2(C—B)>

However, this point corresponds to a local maximum
in the free energy.

The solutions above are the consequence of
intersections of the in-Gibbs-triangle binodals. From
the discussion above, it can be concluded that there are
generally zero, one, or two solutions: zero if the binodals
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_ 3
Cm—1 .2 mol/m

C. =1.8 molim®
tot

X, (%) X, (%)

Figure 7. White dotted lines: Examples of the iso-free energy contours in phase diagrams for ¢, = 1.2 and 1.8 mol/m® and B = 1 m*/mol, C = 2
m®/mol. Open green circles: critical points above the plane of constant ¢, Solid green circles: critical points below the plane of constant .. Short
green solid lines: projection of the tangent to the critical plane to the Gibbs triangle according to Appendix A.S). Yellow lines: triangle with three
phases in equilibrium; Cyan solid lines: binodals; Cyan dotted lines: tie-lines; Light gray: two negative eigenvalues; Dark gray: one negative
eigenvalue; Black region: zero negative eigenvalues.

do not intersect, one if they merely touch, and two if
they fully intersect. In the case of two solutions, the
largest solution for c, ; of the pair is the one needed (the
other describes the solution for the intersection closer to
the center of the Gibbs triangle).

An example of the free energy surface is shown in
Figure 7. The dashed white lines represent the contour
lines of the free energy surface. At ., = 1.2 mol/m?, the
free energy varies relatively smoothly (featuring a
concave area in the spinodal area), whereas at ¢,,=1.8
mol/m?® pronounced minima can be observed at the
vertices of the Gibbs triangle.

A special case occurs when ¢, is chosen such that eq
125 has a single solution (cf. Figure 2d).

Ch1:
-W |- 2,bi e_cz,bi/cz,z

Ctot = CZ,C
&)

,C
— 2W. _%e_cl,bi/cl,c
0|
¢ (118)

When two binodals intersect (previous section), a
different pair of intersections will be found for each
value of ¢, Moving to lower ¢, will give a curve of
intersections, with two branches merging in a point (and
Cor) where only a single intersection exists. This

intersection is characterized by the criterion
dey, 1 deg, . . .
e — St = 0 (see Figure 6). This point can be

1
dCz, bi Crot dxy

found by solving

dW 1( _ ﬂe_cz,bi/cz,c)

dctot _ 2,
dCZ,bz 2 d - ﬂe_fz,bx/cz,c
Cc
Cobi —c, 4./ C Cobi —c, 4. /C
d —2—'6 2,6/ €2c AW — 22 e b/ e
Cc 0 Cc
d -2 Cobi _—cypi/cy
ot d - 2o
€
d _ﬂe_cz,bx/cz,c
Coc
dey
w L _ﬁe_cz,bi/cz,c
- Cac
1+ M}'_1 _ﬂe_cz,bx/cz,z
€
T/VO _ﬂe_cz,bx/cz,z
€2 1 _. /c
-2 e an/a | = 0
1+ W, _ G2k eyl eae C2c
€
(119)

where the identity dW,(z)/dz = W(2)/(z(1 + W(z)))
was used.

Another case occurs when ¢, is chosen such that eq
125 has two solutions (cf. Figure 2e and beyond). If the
(3,1 < ¢3, ) branch of the binodal originating from the
¢; = 0 axis intersects the (¢, > ¢, ) branch of the

binodal originating from the ¢; = 0 axis (right bottom
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corner of the Gibbs triangle), it is found that for ¢, ; >

CZ, c

Ch 1.;
2,bi —¢,,/c
—_ | — |/|7 — 2,bi/ 2,
Ctot CZ,c -1 e ' ‘
CZ,c

C .
2,bi —¢,,./c
— —_ 2,b 2, J—
3 Wy e el —cy W_,
CZ,C

CH 1 Cy i
2,bi —¢ bl € 2,bi —¢ e
— e “2bi/ P2 R _CZ,CVVO — e “2bi/ "2
C2,c C2,c
(120)

and for ¢, ;, > ¢, . (cf. eq 95)

CH 1, CH 1,
W, 2bi —cypilc, w 2bi —cypilc,
—Cy, WMol — e e, e W — e
CZ,c CZ,c

Co s
2,bi —c,,./c

— w,| —— ,bil ©2,

Cz,c 0 e v
Cz,c

» Crot —

Cobi —
— oW - c Lo Cah 2
2c (121)

This leads to the conditions for the intersection

Ch 1:

2,bi —¢,, /c

— | = 1474 o 2,bi/ €2,

Ctot CZ,c -1 € v
C2,c

Ch1:
2bi ¢, /¢,

— o My — e
CZ,c

[
2,bi —cy il €
= —c, Wy| - e/

Coc (122)
C .
2bi —c, /¢,
=y W_y| ———e
C2,c
C .
— 2bi —c /e
== W_j| ———e 7

CZ,c (123)

= Cot

Cobi —
- W_, P/ o
€2, (124)

Here, eq 123 is always true, and eqs 122 and 124 lead to

the same expression.

Cot — Coc _W—l -

=0 (125)

which is the same as ¢, = ZCIZ, bi + clzl‘ pi OF Ciop = cIII i
cg i + 5131’ pi for the coordinates in the point where the
binodals intersect. Figure 2d indicates that this is the
requirement for the yellow triangle, if the phase with ¢,
< ¢, is labeled I and ¢, ; > ¢, . is labeled II.

Figure 8 shows the Helmholtz free energy F/(RTV)
along the bisector from one of its vertices to the center

w

N

.
”

N

¥

0.1 0.2 0.3

X.
i

Helmholtz free energy F/(RTV) (mol/m3)
&

-
o

Figure 8. Normalized Helmholtz free energy F/(RTV) as a function
of the molar fracttion x; for ¢,,= 1.5, 1.3728..., 1.25 mol/m? (from top
to bottom) following the bisector from one of its vertices to the center
of the Gibbs triangle. Here B = 1 m?3/mol andC = 2 m?/mol.

of the Gibbs triangle. It is observed that the curve for ¢y,
= 1.5 mol/m? has a minimum in free energy, whereas the
curve for ¢,= 1.25 mol/m? is monotonically decreasing
(and does not have a minimum, therefore). For ¢, =
1.3728... mol/m?, a transition takes place between both
cases.

(e) Point at the common top of the in-Gibbs-triangle
binodals

The critical curve, eq 22, is a ringlike structure for symmetric
mixtures, which typically has two intersections with a plane like
¢, = ¢3. So for

(Cl,cf Cz,c’ C3,c)

1 1
2’(C(S(:,Zl + Sc,31) - B), Z(CSC,IZ(]' - SC,SI) - B)

1
’ 2(CS,,15(1 = S, 51) — B) (126)
The condition ¢, = ¢;, implies
1 B 1
2(CS, 15(1 = S.5) —B)  2(CS,15(1 = S.) — B)

(127)

or
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Sl = 85) =831 = S35) 128
K o o o ( ) M yitical plane — (ncritical plane'ncml plane)nGibbs plane
There are two solutions 1
_ 1
So1 = S5 (129) 1 R
= c,21
1 1
and L+ 55221 * sc2,3| 1
Su=1-84 (130) €31
1
(or generally, S_,, + S,3; = 1). The solution related to eq 129 is 1
out-of-Gibbs-triangle and will be discussed in Appendix A.S. 1 - — (Y|t
Here, we will consider the situation associated with eq 130: it - - - o2 [ALffH]
can be easily seen that substituting eq 130 into eq 126 leads to SV o + sall 2 1)1
. . 1
critical coordinates of ¢; . = ¢, = ¢;3 = PR e,31
1

A.5. Some Expressions for the Out-of-Gibbs-Triangle
Binodals (Maximally Symmetric Mixture)

(a) Demonstration that the out-of-Gibbs-triangle binodals
do not lay in the Gibbs triangle
The tangent plane to a critical point on the critical

curve (eq 22) is

(51 - Cl,c)

)

1 1
- —(—)——(3-¢)=0
Sc,21 ¢ Sc,31 a

(131)

The problem involves two planes (Gibbs triangle and

the tangent plane), with normalized normal vectors

1
L 1|and
NGibbs plane = and fyic,| plane
3
V3 1
1
1
1 -
= SC,21
1 1
1+ +
Siu 5::31 _ 1
Sc,31 (132)
Note that by definition, S.;; = — 1; so, the critical

plane normal vector on the right can be written in a form
in which all coordinates are treated equivalently.
We would like to calculate the (length of the)

projection of the normal n on the plane ¢; + ¢, +

critical plane
€3 = ¢yt (ice., the rejection of ncl:itical plane O MGibbs plane)' If
the tangent plane is parallel to the Gibbs triangle, the
length of the projection is 0. If the tangent plane is
perpendicular to the Gibbs triangle, the length of the
projection is 1, with the direction of the projection being
perpendicular to the intersection of both planes. Any
length smaller than unity suggests that the coexisting
phases can be found “out of plane” above and below the
Gibbs triangle.

The projection of n on the plane with the

critical plane
normal Vector figpps pne is given by (using that the

normal vectors have been normalized)

= 2 2 2 2
3'\/Sc,2lsc,31 + Sz:,ll + Sc,31
ZSC,ZISC,M + Sc,21 + Sc,3l
- Sc,llsc,3l + Sc,21 - 286,31

- 85,2185,31 - 28:,21 + Sc,31

(133)

where the tangents in eq 133 should satisfy eq 23. The
conclusion of this equation is that the projection of

esitical plane ON the plane with the normal vector n._ e

does not always have the same length, and therefore, the
critical plane does not always coincide with the ¢, (or
Gibbs) plane. The projections are plotted in Figure 2a—
f.

(b) Out-of-Gibbs-triangle binodal for ¢, = c;

In Appendix A.4, we identified a solution to the critical
coordinates in eq 126 for the condition S,,; = S, 3, (eq 129). In
the following section, it will be shown that this solution leads
to out-of-Gibbs-triangle binodals. Equation 23 can be written
in the maximally symmetric case as

(ZCSc,u - B)Z - ZS£,21(C - (B + C)Sc,m)z =0 (134)

or
3 cC(B+20C). , C(2B+C)
21 2 2 “c,21 2 “¢,21
(B+ Q) B+ Q)
1 B
- = 0
2(B+C) (135)

For B = 1 and C = 2 m®/mol, the relevant Sea1 s
{40 + 8+/46 cos((tan™'(405\/191 /8267) + 2kx)/3)}/54

~ 0.4197
for k = 2. The associated coordinates are ¢; . = 0.7366, ¢, . =
0.2832, and ¢; . = 0.2832 mol/m3; so, the maximum of the
critical curve can be found at ¢,,, = 1.3031 mol/m°.

Under the assumption ¢, = c¢; i.e. associative phase
separation between two of the components, we can write for
eqs S1
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s CI CH
= =S, = -1 % -1
Cs\\ €25 Ca,s (136)

(137)
! M
IS I e S|
C2,s CZ,s

¢ ! I
= =S, — -1 -|=-1
Cos\\ Cus Cls (138)

Equation 137 is always true, and eqs 136 and 138 are identical
and therefore the only equation that we need to use going
forward in this derivation. Combined with eq 49, we have

CI CH
ISR I ot
Cl,s Cl,s

CI CH
:28m,21_2_1+i_1
CZ,S CZ,s (139)

1 I
1 ¢ c c
= — BETE | RS I B
St s (| €a6 Ca,s (140)

By subtraction and addition, expressions can be obtained for

I I H
[
4 _1) and (2 — 1), each in terms of [ — 1) and
Cs Cos Cls
o . . .
o= 1 ). The result in matrix notation is
2
1
S 1
C],s
1
S 1
CZ,s
2015 1 [eas 23
S s 1 s
( 21 r Sim,21 \/ 261,;] 4 20
205 1 [cys 205 1 [es
(Sm.Zl o oo \// 2%) (Sm,zl\/?s + S\ 20,
ﬂ Sm . 2q, '1 [€2s
> , s Sm,21 \/ 2y
251'5 1 s Zfl,s 1 [
(Sm,zl o + St \/ Zq,s] (Sm,zl s + Sma1 | 261,
I
a _ 1
Cl,s
I
S _ 1
Co (141)

The tie-lines are not quite parallel, but S,,,; — S_,, when the
tie-lines are near the critical point.

A.6. Consistency Check for Coexisting Phases in Ternary
Mixtures

In previous work on binary polymer mixtures, a consistency
relation was obtained, which was formulated exclusively in
terms of the concentrations of the coexisting phases but
without any of the virial coefficients (eq 105 in ref 8. It was
later shown that this relation can be obtained directly from the
coexistence equation (eq 11. Here, the previous approach is
applied to the coexistence equations for N = 3 and P = 2 (eqs
37—40), which can be rearranged as

(51 -4 ) + (Cz - Cz) + (53 - C3H) + Bll(cl + C1)

(c1 -q ) + B22(62 + CZI)(CZ

+ B33(c3 + C3I)(c3 - c3) + 2B12(c1c2 - CIHCZH
+ 2B 3(c1c3 C1HC3H) + 2B23(czc3 célcgl
=0 (142)

I

c
2Bu(ClI - CIH) = ln[%

¢

] - 2312(52I -
2313(53 53 (143)

I

ZBzz(C; ) =In [ 1] - 2312(51I -q

)

2323(C3 C3 (144)

I

c
2B33(53I — 5311) = ln[il] — 2B13(c1I — I

]

— 2By3(c; — ¢ (145)

Subsequently substituting eqs 143—145 into eq 142

(cl—c1)+(c2—c2)+(c3—c3)+ ( +c)

1
c
ln(#] - ZBIZ(CZI c2 2313(63
1

N ( N H) (CH

)

) 2B12(Cl - Cl

1

- 2B23(c3 - c3 + 5(63 + c3)

I

e
In| = 2]513(51 - 2323(52 - Cz

C3
+ ZBIZ(CICZ - CIHCZH) + 2313(c1c3 - CIHC3H)

I 1
+ 2323(c2c3 6)
=0 (146)

This can be simplified by canceling terms as
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il
1
ety - - ) s S 4
G
1 A 1 B
+ —(czI + czn)ln il + —(631 + C3H)ln il
2 c, 2 (o

=0 (147)

The same approach can be taken in the case of N=3 and P =
3, which yields an additional equivalent relation linking the
concentrations in phases I and III. Combining this additional
equation with eq 146 links the concentrations in phases II and
III in a similar way.
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