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ABSTRACT Basic relationships between the phase diagrams, previously considered independent of each other, are
described. Phase diagrams of two-component phosphatidylcholine/phosphatidylcholine (PC/PC), phosphatidylethanol-
amine/phosphatidylethanolamine (PE/PE), and PC/PE lipid membranes are systematically investigated by means of
the Landau theory. While gradually changing the chain length of one of the components, a characteristic
peritectic-miscible-azeotropic-semiazeotropic-eutectic (P-M-A-S-E) series of the phase diagram was found in the
PC/PE system and a peritectic-miscible-one-component-miscible-peritectic (P-M-O-M-P) series was found in the
PC/PC and PE/PE systems. These serial catastrophic changes in the phase diagrams could be explained by the fusion
and birth of the mixed phase regions in the phase diagram. Finally when we constructed the superdiagrams, we obtained
all of the possible series of the phase diagrams in a wide class of the two-component mixtures. Moreover, one can predict
the type of the phase diagram when the components r and p contain equal-length saturated hydrocarbon chains.
Depending on the relationships between the chain lengths (L,, L;) and that on the phase transition temperatures of the
pure components (7T, T), the system is: miscible (M), if 0 < T,(L) — T,(L) < 5°Cand L, — L, = 0, azeotropic (A), if
0<T(L) — T(L) <5°Cand L, — L, <0, peritectic (P), if T(L) — T, (L) > 40°Cand L, — L, = 0, eutectic (E), if T,
(L) - T(L)>40°Cand L, — L, <0, whileitisMor Pif 5°C < T(L) — T(L) <40°Cand L, — L,=0,and E, S,or A
if S°C < T(L) — T(L) <40°Cand L, — L, <O.

INTRODUCTION

It is well known that the type of phase diagram exhibited
by a binary mixture depends upon the nature of the
components. The various types of phase diagrams have
been known for many years (1). The relationships between
the types of diagrams, however, are not clear because it is
difficult to vary by small increments the physical proper-
ties of the two components of the mixture when simple
substances, such as C, Fe, Cu, etc., are used. However, if
the components are members of a homologous series, it is
relatively easy to vary the physical properties by forming
binary mixtures of the homologous components. This has
been done in recent liquid-crystal and model membrane
studies by using phospholipid pairs in which each member
of the pair has a different acyl chain composition. Thus,
Mabrey and Sturtevant (2) have demonstrated that a
miscible system (M) consisting of two phosphatidylcholine
(PC)' becomes peritectic (P) when the hydrocarbon chain-

! Abbreviations used in this paper: M, miscible system; A, azeotropic
system; S, semiazeotropic system; P, peritectic system, E, eutectic system;
O, one-component system; A point, azeotropic point; PE, phosphatidyl-
ethanolamine; PC, phosphatidylcholines; D12PC:L-« dilauroylphosphati-
dylcholine (DLPC), D14PC:L-a dimiristoylphosphatidylcholine
(DMPC), DI16PC:L-a dipalmitoylphosphatidylcholine (DPPC),
D18PC:L-« distearoylphosphatidylcholine (DSPC).
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length difference between the components exceeds a criti-
cal value. Moreover, binary mixtures of different homo-
logues such as PC with phosphatidylethanolamines (PE)
gives a series of different phase diagrams (3, 4, 5, 6). We
review briefly the basic types of phase diagrams in Appen-
dix A.

Here the Landau theory is used to examine the proper-
ties of binary mixtures as a function of the composition and
the temperature homologous molecules of PC/PC, PE/
PE, and PC/PE. An examination of the phase diagrams
thus reveals the basic principles of the catastrophic conver-
sion of one type of phase diagram with another.

MODEL

Experimental determination of a detailed phase diagram or simply the
deduction of the type of diagram is difficult. Wilkinson and Nagle (7)
have discussed the distinction between the M and P systems in relation to
the DMPC/DSPC and DMPC/D20PC mixtures. The main problem is
the extremely slow rate of equilibration in the gel phase.

On the basis of the Landau theory, a model was recently constructed
(3, 8) from which we can derive different types of phase diagrams of any
PC/PC or PC/PE mixtures. Aside from its simplicity, the main advan-
tage of this model is that the diagrams are obtained from the same
thermodynamic state function without the usual subsequent parameter
fitting procedures (9). Moreover, by continuously changing the acyl chain
length of one component, one can observe the transformation process from
one type of the phase diagram to another. A brief description of the model
is given in Appendix B.
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RESULTS

By using the model, we can determine the types of phase
diagrams for each PC/PC, PE/PE, and PC/PE mixture
using the two homologous series of saturated diacyl com-
pounds. The results are shown in Table I. Mixtures
appearing in the boxes have been experimentally examined
previously. Their phase diagrams are in agreement with
our model results (see references 3 and 8). Obviously, in
mixing the elements of one homologous series (see the
sections PC/PC and PE/PE mixtures of Table I) the
resulting matrix of the phase diagrams have to be symmet-
ric about the main diagonal. This symmetry generally does
not hold for the other diagonal, the subdiagonal. On one
side of the subdiagonal the mixtures of the shorter chain
components are plotted, while on the other side the longer
chain components are plotted. Because the chain length
differences, together with the absolute chain lengths,
determine the phase transition properties of the mixtures
(see Eqgs. Bl and B2), the matrix of the phase diagrams
cannot be symmetric about the subdiagonal.

An interesting feature of the phase diagram matrices in
Table I is that a gradual change in the chain length of one
component results in the typical sequences of catastrophic
changes in the phase diagrams. Thus, in PC/PC systems
the complete sequence of the changes is P-M-O-M-P,
whereas in PC/PE systems the sequence is P-M-A-E,
except for the first three rows of the matrix in the PE/PC
mixture section of Table I. What is the reason for these
favored sequences? Can the exceptions be explained?

DISCUSSION

To understand the reason for the serial catastrophic
changes in the phase diagrams we continuously changed
the chain length of the PC component Lpc( = L,) in the
model, while keeping the chain length of the other compo-
nent the same Lpg( = L, = 14). Fig. 1 shows the typical
stages in the process of catastrophic changes. Obviously,
these changes occur when there are relative changes in the

position of the mixed phase regions in the phase diagrams.
That is, a catastrophic change takes place when (a) the
separated mixed phase regions fuse with each other or vice
versa, or (b) a new mixed phase region appears or disap-

pears.

Fusion and Separation of the Mixed Phase
Regions

Almost every change in the type of phase diagram can be
explained by the fusion and separation of the mixed phase
regions. When the mixed gel phase region, MG, fuses with
the mixed liquid crystalline-gel phase region, M1, of the M
system, a miscible — peritectic (M — P) change takes
place (see the upper diagrams in Fig. 1). Only this type of
catastrophic change occurs in the PC/PC and PE/PE
mixtures. In A systems, fusion of the MG region with the
M1 region results in the azeotropic — semiazeotropic
(A — S) change, while further fusion of MG with the M2
region produces a semiazeotropic — eutectic (S — E)
change (see the lower three diagrams in Fig. 1).

The relative position of the MG region is very important
in determining the type of phase diagram. The position of
MG region is characterized by the temperature, T,, at the
top of the MG region

T~ (o - |AL| + v)/2R, 1

where ¢ and y are model parameters and |AL| is the
absolute acyl chain-length difference of the components.
This equation is derived in Appendix C. Comparing this
equation with the state function for the mixtures given by
Eq. B, it is apparent that RT, is proportional to the excess
free-energy term and, consequently, is a measure of the
nonideality of the mixture. According to the statistical
mechanical interpretation of these parameters:

o|AL|~|Ug - Ut |and vy ~ U3, — UL,

where U and U are the nearest neighbor interaction
energies in the gel phase between the acyl chains and the

TABLE 1
PHASE DIAGRAM MATRICES OF THE TWO-COMPONENT PHOSPHOLIPID MEMBRANES

Components from the same homologue series

Components from different homologue series

PC/PC mixtures PE/PE mixtures PE/PC mixtures
L, L, L(=Lec)
L {12 13 14 15 16 17 18 L |12 13 14 15 16 17 18 (Lee=)L, |12 13 14 15 16 17 18
rj{o M M M @ P @ 120 M M M M P P 12|!M E E E E E E
13|M O M M M B3|M O MM MM M 3{P M E E E E E
4|M M O M Lg] M @ “4{M M O MMM M 14| P P @ S lg E @
I5|M M M O M I5/|!M M M O M M M 15| P P M E
16 Eﬂ M @ M O MM I6lM M M M O M M 16 | P P [i;] P @ A E
17 M M M OM I7|P M MMM O M 17| P P P M A
18 @ P @ M M M O 18]P M M M M M O 18| P P P P P M M
The boxed-in phase diagrams were also experimentally determined (see references 2, 4, 5,6, 7, 9).
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FIGURE 1 Typical stages in the transition processes of the phase diagrams when the chain length of PC component Ly and consequently Lec
— Lpg(= AL) changes continuously in the model while the reference PE component remains constant, Lpg = 14 (DMPE). (¢) AL = 0,an M
system; (b) AL = —0.7, a P system; (c) AL = —2, a P system; (d) AL = 0.8, an A system; (¢) AL = 1, a S system; (/) AL = 2, an E system.
Solid lines, calculated phase diagrams. Dashed lines, metastable phase lines of the mixed gel, MG region. MG, M1, M2, M3: different mixed
phase regions. Xpg, mole fraction of the reference PE component in the mixture. T(°K): absolute temperature.

polar heads of the same components, respectively (3). v
therefore vanishes when each component has the same
head group. The possible types of phase diagrams can be
predicted using Eq. 1. Let T, be the temperature of the
solidus curve at X, = 0.5. If T, < T,, the mixed phase
regions are separated and the system is M or A, while it is
P, E, or S if T, > T,. Usually T, can be approximated
simply by the smaller phase transition temperature of the

pure components: T, = min {7,, T,} As an example in
DMPE/DPPC system, T, = Tpppc = 314.5°K and T, -
375°K at /R = 125°K, v/R = 500°K (see Appendix B)
and |AL| = 2. Consequently, the system is P, S, or E. We
know from the experiments or from the PC/PE mixtures
section of Table I that this system is E.

In Fig. 2 a, b the fusion lines show the critical values of
L, (where T, = T,) as a function of the reference chain
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FIGURE2 Superdiagrams of two-component phospholipid membranes. (a) Components from the same homologue series. Solid lines, PC/PC
mixtures. Dot-dash lines, PE/PE mixtures. (b) Components from different homologue series. Solid lines, PC/PE mixtures. Dot-dash lines,
mixtures of PC homologues with the elements of a hypothetical homologue series, characterized by y/R = 250°K, L* = 59, Z/R ~
-231.6°K, W/R = —1,100.8°K. M, A, P, O, E represent the zones of the miscible, azeotropic, peritectic, one-component, and eutectic
systems, respectively. The dashed lines frame the zone of the biologically important chain lengths (10). L, and L, are the chain lengths of the p
and r components, respectively. In PC/PE mixtures L, = Lpc and L, = Lpg. Arrows at Lpg = 10 and Lpc = 11 mark the validity limit of the
model and the superdiagrams. The analytical continuations of the fusion and birth lines are also calculated outside the range of validity.
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length, L,. These kinds of fusion lines exist always when the
pure components show single phase transitions and the
phase transition temperatures are monotonically increas-
ing functions of the acyl chain length. We note here that
the validity limits of the applied model are at Ly = 10 and
Lpc = 11, where the respective phase transition enthalpies
of the pure components are zero (3, 8). In spite of these
limitations, the analytical continuations of the fusion lines
are shown for Lyz < 10and Ly < 11 in Fig. 2 a, b.

Birth and Death of a Mixed Phase Region

The two branches of the catastrophic changes generated by
fusions: M — P and A—S — E can be connected by
means of the M — A change. This change from M to A is
the consequence of the birth of a new mixed phase region
(see Fig. 1 a,d). Let us follow the details of this birth
process in the case of PC/PE mixtures. At AL ( = Lyc —
Lpg) = 0, the PC/PE mixtures create M systems. Here the
MG and M1 regions are well separated (see Fig. 1 a).
When AL is increased nonideality starts to increase, i.e.,
the MG region moves upwards and the M1 region starts
broadening (Figs. 1 a, d). As AL increases, the transition
temperature difference of the pure components, Tpez — Tpc,
decreases. This and the broadening of M1 region causes
the beginning slope of the solidus curve at Xpg = X, = 0 to
become zero (see Fig. 1 d). At this critical value of AL, a
new mixed phase region is born and the phase diagram
changes from M to A or from P to S depending upon
whether MG is separated or fused, respectively. The new
mixed phase, M2, and the old, M1, are separated by the A
point (azeotropic point). Further increasing AL causes this
point to move towards larger mole fractions and thus the
proportion of M2 increases (see Figs. 1 4, e). Finally, at
AL = 10, the A point disappears at Xpg = 1 resulting in an
E — P change. However, at this large value of AL,
presumably the bilayer structure of the mixture itself is
unstable and two different structures may coexist in the
membrane: noninterdigitated bilayer for the shorter chain
molecules and interdigitated bilayer for the longer chain
molecules.

We note here that the birth of a new phase is necessary
when the slope of the solidus curve becomes zero, otherwise
a further increase in AL would cause the same solidus
curve to contain a minimum near Xpg = 0. This would
create an impossible mixed phase region containing gel-gel
clusters below Tpc and gel-liquid crystalline clusters above
it.

Solving a system of implicit equations (see Eqs. D3 and
D4 in Appendix D) the critical values Lpc( = L;), where
the A point appears, can be determined at different
reference chain lengths Lpg(= L,). In Fig. 2 b the critical
Lpc values, where the fusion and birth of the mixed phases
take place, are plotted as a function of L,. The (L, L,)
plane of this diagram is divided into four zones by fusion
and birth lines (see solid lines in Fig. 2 b). Every zone
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corresponds to one type of phase diagram. The region of
the S systems (not shown in Fig. 2 b) is a very thin zone
along the border line of the E zone. While different phases
belong to the different regions of the phase diagrams, in the
zones of these more abstract diagrams there are different
kinds of phase diagrams. For this reason these diagrams
are referred to as superdiagrams.

The experimentally realizable mixtures are situated in
the integer points of the (L, L,) plane. Obviously the phase
diagram matrices in Table I or the possible sequences of
the phase diagrams can be determined by means of these
superdiagrams. According to this, the previously noted
P-M-A-E sequence of the PC/PE phase diagrams exists if
Lpg = 15, otherwise different sequences are obtained
because the zones of A and M systems become narrow and
disappear.

General Properties of the Superdiagrams

In the previous sections, special well-defined systems were
treated. We can, however, generalize our results. In all
cases where the components have saturated hydrocarbon
chains of equal length, we can use the same form of the
state function (Eq. B1) with different values for the model
parameters and obtain qualitatively similar superdia-
grams. Let us consider, for example, a mixture in which
one of the components is PC. Let the interaction between
the polar heads of the other hypothetical component be
weaker than that of the PE polar heads and stronger than
that of the PC polar heads. Thus, in these mixtures the
polar heads of the components are more similar energeti-
cally than in the PC/PE system. Because of this similarity,
the respective phase transition temperatures of the pure
components T,(L) and T,(L) are closer to each other. In
Fig. 2 b the dashed lines show the superdiagram of this
hypothetical system. The model parameters of the hypo-
thetical component were chosen to be the averages of the
PC, PE model parameters (y/R = 250°K, L* = 5.9,
Z/R = -231.6°K, W/R = —1,100.8°K). Apparently, if
the polar heads become energetically more similar, the M
and A zones of the superdiagram become broader and the
birth line moves closer to the 45° diagonal from the
abscissa. At the same time in the zone of biologically
important chain lengths (see the framed part in Fig. 2 b)
the proportions of the M and A systems increase while that
of the P and E systems decrease. Because the difference in
the interaction energies between the polar heads can be
characterized by T,(L) — T,(L), we can use a more exact
rule to predict the type of the phase diagram. That is, when
the components contain equal-length saturated chains, the
systemis: M, if0 < T(L) — T,(L) <5°Cand L, — L, = 0;
A if0 < T(L) — T(L) <5°Cand L, - L, < O; P, if
T(L) - T(L)>40°Cand L, — L, = O; E, if T(L) —
T(L) > 40°Cand L, — L, < 0; while it is M or P if 5°C <
T(L) - T(L) <40°Cand L, — L,=0,and E, S, or A if
5°C<T(L) - T(L)<40°Cand L, — L, < 0.
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The two types of the superdiagrams obtained (see Figs.
2 q, b) are fundamentally general. The following state-
ments are valid for bilayer membranes and for any other
system in which the organization of the molecules in the
pure-component systems correspond to the organization in
the respective mixed systems.

These kinds of fusion lines in Fig. 2 always exist if the
pure-component systems show single phase transitions and
T, and T, are monotonically increasing functions of the
number of homologue units, L. The birth line always
appears to cross the fusion line when the components of the
mixtures belong to different homologue series. The chemi-
cal or qualitative difference between the components is
reflected in the asymmetry of the superdiagram (see Fig.
2 b). The line system of the superdiagram will be almost
symmetric about the 45° diagonal from the abscissa if the
parameters, characterizing the two homologue series, are
very close together, however, the arrangement of the zones
still remains asymmetric (see the solid and dashed lines in
Fig. 2b). When the parameters become equal, i.e., the
homologues become equivalent chemically, the superdia-
gram will be completely symmetric. The A, E, and S zones
disappear and at the place of the birth line the O line will
appear as the symmetry axis of the superdiagram. This
dramatic change takes place because a qualitative differ-
ence, like a chemical difference, cannot vanish gradually.

In the symmetric superdiagrams, A, E, and S zones
never appear. The A system and its consequences, the S
and E systems, appear if the solidus line is horizontal at X
=OoratX = 1,and| T, — T,|decreases with increasing| L,
~ L,| At the O line, the phase diagrams are horizontal
lines and{AL| = 0,| AT| = 0. Consequently, close to the O
line |A T| cannot decrease with increasing |A L|. In addi-
tion, an A zone cannot appear far from the O line, since the
symmetric superdiagram does not contain a birth line
where the M — A change would take place.

Consequently, the sequences of the phase diagrams
belonging to these two basic types of superdiagrams are
also general. Namely, binary mixtures of different homo-
logues result in P-S-E, P-M-P-S-E, or P-M-A-S-E
sequences depending on the reference component, while
mixtures belonging to the same homologue series produce
P-M-O-M-P or P-O-P sequences.

APPENDIX A

Some Important Types of Phase Diagrams
of Two-Component Mixtures

M System. This simplest phase diagram contains two sepa-
rated mixed phase regions (see Fig. 1 ). In the M1 region, clusters
coexist in the gel phase and in the liquid crystalline phase. At a given
temperature T, the solidus line of M1 shows the mixing composition of the
gel clusters, X,, and the liquidus line shows the liquid crystalline clusters,
Xic. In the MG region p-component-rich gel clusters and r-component—
rich gel clusters coexist. In contrast with these mixed phase regions, the
components are distributed homogeneously both in the liquid crystalline,
L, and in the gel phase, G, regions.
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A System. Except for the separated MG region, this dia-
gram contains two connected mixed phase regions, M1 and M2 (see Fig.
1 d). The common point of four different phases is the A point (azeotropic
point). In M1 region p-component-rich liquid crystalline clusters and
r-component-rich gel clusters coexist, while in M2 the opposite is true.

P System. Three mixed phase regions (M1, M2, and MG)
are connected with each other (see Fig. 1 b, ¢). M2 and MG are below a
horizontal three-phase line and they are connected at a four-phase point,
called the P point (peritectic point).

E System. Three mixed phase regions (M1, M2, and MG)
are connected again but now M1 and M2 are above the horizontal
three-phase line (see Fig. 1 /). M1 and M2 are connected at the E point
(eutectic point), which is four-phase point.

S System. Four mixed phase regions (M1, M2, M3, and
MG) are connected (see Fig. 1 ). Three of them (M1, M3, and MG)
form a quasi-P system with a quasi-P point between M3 and MG. M2 and
M3 are connected in a quasi-A point.

APPENDIX B

The state function of two-component PC/PC, PE/PE, and PC/PE
membranes in RT units (R is the universal gas constant and T is the
absolute temperature) is

G(X.. S)/RT = X,FAS)/RT + (1 — X)F,(S)/RT
+ XInX, + (1 — X)In(1 - X)) + AU - X,

+ 20 - |AL| + ¥)(0.5 — S)X.(1 — X,)/RT,
(B1)

where X, is the mole fraction of r (the reference) component; S is the
disorder parameter, the fraction of C—C bonds in the hydrocarbon
chains that is in the gauche conformation. L, and L, are the numbers of
the C atoms in each acyl chain of the respective components. AL = L, —
L, is the chain-length difference.

The first two terms in Eq. Bl are the linear combination of the
free-energy functions of the pure components (one-component mem-
branes of p and r). The next two terms denote the mixing entropy. The
fifth term depends on the difference in the chemical potentials (AU) of
the components. The last term, the excess free-energy term, is a measure
of the nonideality of the mixture.

The free-energy function for a one-component bilayer F(S) in RT units
is

F(S)/RT = 2E(L — 3)S/RT + 2(L — L*) [W(S — 0.39)*
— Z(S — 0.39)° — W(0.39)* — Z(0.39)’]/RT
—(L~-2)4V2(S-5%) atS=0and
F(S)/RT ==  atS<0O. (B2)

Here the first term is associated with the intramolecular energy, the
second term is the intermolecular energy term, and the third describes the
configurational entropy of the hydrocarbon chains. The following model
parameters are used: the trans-gauche energy difference E, - 500
cal/mol, ¢/R = 125°K, /R = 500°K for PC/PE mixtures, and zero for
PC/PC and PE/PE systems; for PC homologues: W/R = —1,085°K,
Z/R = -2715°K, L* = 6.4; for PE homologues: W/R = —1,117.8%K,
Z/R = —188.3°K, L* = 5.4. The physical meaning and the determina-
tion of these parameters can be found in references 3 and 8.

The state function G(X, S) is used to determine the phase diagrams by
determining the value or values of AU where two or three minima of the
state function become global ones at a given temperature T. The
compositions belonging to these minima determine the points of the phase
lines of the diagram at T.
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APPENDIX C

Position of the Mixed Gel Region

At a given T the values of the compositions X,, and X,; in the gel clusters
of the MG phase are determined by the minima of the state function
G(X,S) at S = 0. Consequently, G(X, 0) has one maximum and two
inflection points within the (X,,, X,,} interval. The places of the inflection
points are the solutions of the following second-order polynomial

#G(X,0)/0X? =
—2(c|AL| + ¥) + RT/[X(1 — X)] =0. (C1)
The solutions are symmetric with respect to X = 1,2
X2 =0.5[1 £ VT — 2RT/(e[AL[+ 1] (€2)

The inflection points coincide at the top of the MG phase at T = T, In this
case the discriminant becomes zero in Eq. C2, thus

T, = (o -|AL| + ¥)/2R. (€3)

APPENDIX D

Birth of the A Point

The characteristic feature of the A point is that the two global minima of
G(X,, S) are at the same X,( = X,) composition. Therefore, at the A
point, the following equations exist:

6 96 %G 0
ax, ax, as
Xr"XA Xr=XA Xr'XA
§=0 S =S, S=8,. (D1)
are the minimum conditions and
G(X,, 0) = G(X,, Sa) (D2)

is the equilibrium condition. The values of the disorder parameter at the
minima are zero and S,.

Now, at a given reference chain length, L,, what is the value of L, where
the A point appears? If T,(L) > T,(L), then the A point appears at X, = 0
(= X,) and at T = T,( = T,) (see Fig. | 4). With these two additional
conditions, Egs. D1 and D2 reduce into the system of two nonlinear
equations:

(3BX(A, — A,)/(16A42) — 3B,(B, — B,)/(84,) + C, — C,}]
x R(e|L, — L|+~)"'=T;" (D3)
3B%/(16 A,) = C,, (D4)
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where A, B, C, are the coefficients of the third-order polynomial of the
free-energy function of ith component:

F(S:L, T,)/(2 RT,] = 4,S*/3 - BS*/2+ G. (D9)
Comparing Eq. B2 with Eq. D5 one can obtain coefficients that are
functions of T, and L;. At a given L, by means of Eq. D3 and Eq. D4, one
can determine the unknown values of T, and L, where the A point
appears.
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