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Priest’s phenomenological model (Mol. Cryst. Liq. Cryst. 60 (1980) 167.) on one- and two-component PC bilayers is 
extended here. We constructed a new excess free energy trnn in the state function to describe the thermodynamic properties of 
the two-component phospholipid bilayers where the chain lengths and the polar heads of the components can be different 
simultaneously. By means of this generalized state function, we can calculatr the phase diagrams of DPPC/DPPE. 
DMPC/DMPE. DMPC/DPPE, DPPC/DMPE and DSPC/DMPE mixrures. Wc obtainrd complete miscibility both in the 
liquid crysralline and in the gel phase if the chain lengths of the components were the sarnc. If the chain length of thr PE 
component was longer than that of the PC component, we obtained a peritectic system. A eutectic system was obtained in the 
reverse case. The results of the model were compared with the experimental data available. Applying thr quasichrmical 
approximation, we determined the moieculnr meaning of the phcnomenotogical model pammrters. Namely. c and y arc 
proportional to the sublimation heat of the CH, group in the long-chain alkanes and to the hydrogen-bonding energy between 
the polar heads of the ethanolamines; otherwise the model resulted in - 1.94 kcal/mol per CH, for thr sublimntion heht and 
- 1.4 kcal/mol for the hydrogen-bond energy. 

1. Introduction 

Within the past few years, the approach of the 
complexity of the lipid matrix of biological mem- 
branes to the experimental work in model mem- 
branes has progressed from the investigation stage 
of one-component lipid bilayers to the study of 
two-component ones [I-S]. 

Statistical-mechanical and thermodynamic 

Abbreviations: DPPC. r-a-dipahnitoylphospharidylcholine; 
DMPC, t_-a-dimyrisfoylphosphatidylcholine, DSPC. r-a-diste- 
aroylphosphatidylcholine; DPPE_ t_-a-dipalmitoyiphosphatidyl- 
ethanolamine; DMPE t_-a-dimyristoylphosphatidylethanola- 
mine; PC. phosphatidylcholine: PE phosphatidylethanolamine. 

models have been construc?ed to give a theoretical 
basis for the experimentally obtained phase di- 
agrams [3.9- 131. 

The main efforts were made to explain the 
experimentally well documented phase diagrams 
of the PC hornologues when the lipid components 
have the same head gror?ps but differ in chain 
length. 

On the basis of the Landau phenomenological 
theory of phase transitions, Priest [12] has devel- 
oped probably the simplest model of these binary 
mixtures. The model contains only two model 
parameters which can be fitted independently from 
each other and which results in all of the phase 
diagrams of PC mixtures in good agreement with 
the experimental data. 
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In this paper. our aim is to extend the Priest 
model to cases where not only the chain lengths of 
the lipid components but also the type of the polar 
heads differ. First. we determine the parameters of 
the Priest model for one-component bilayers of PE 
hnmologurs. Taking into consideration the hydro- 
gen bonding between the polar heads of PE mo!e- 
cules. we construct a new excess free energy term 
in the state function of binary mixtures_ By means 
of this generalized state function. we calculate the 
phase diagrams of binary mixtures of DP- 
PC/DPPE DMPC/DMPE, DPPC/DMPE. 
DSPC/DMPE and DMPC/DPPE. In the appen- 
dix. applying the quasichemical approximation. we 
determine the molecular meaning of the phenome- 
nological model parameters. The calculated phase 
diagrams and the experimental data available are 
compared. 

2. The model 

.?. J. One-componetlr hikyers of PE homologlres 

Recently. Priest [12] has worked out probably 
the simplest phenomeno!ogical model of one-com- 
ponent PC membranes describing the phase transi- 
tion properties of these systems. According to this 
model. the free energy per mole of hydrocarbon 
chains (two hydrocarbon chains belong to one 
molecule and one chain consists of L CH, units) is 
given by: 

F __=- 
‘RT 

~;(L-3)s-_(L-L’) 

x [It.(S-o.39)‘-~(S-o.39)3 

- w(o.39)=- 2(0.39f]/ 

RT-(L-2)24%(S-SJ”) Clt S>O. 

E:/2RT=r ntS<O. (1) 

vvhere S is the order parameter (the fraction of 
C-C bonds in the hydrocarbon chain tails which 
are in the gauche conformation), E, (= 500 
cal/mol = 2.1 kJ/mol) the energy associated with 
the rruns-gauche energy difference. R the universal 
gas constant and T the absolute temperature. L*. 

II-/R and Z/R are the fitted model parameters 

and 0.39 the value predicted for S at the melting 
point of extended chain conformation (ECC) poly- 
ethylene. The first term of eq. 1 is associated with 
the intramolecular conformation of molecules_ The 
second contribution is due to the change in the 
optimal vaIue of the density connected with the 
changes in S, i.e., to the change of intermolecular 
conformation. The third one is the entropy term. 

In his original paper. Priest determined the 
model parameters for PC homologues, namely. 
WC/R = - 1085 K, Z,--R = -275.1 K and I_: = 
6.4 but the parameter-fitting procedure is applica- 
ble in the case of other lipid homologues as wel!. 

Since we would like to determine the phase 
diagrams of PC/PE mixtures, as a first step. it is 
necessary to obtain the model parameters for one- 
component PE bilayers. 

According to DSC measurements [14]. the 
first-order phase transition of PE homologues turns 
into a second-order one where the chain length, L, 

is about ten. Using L = 10 in eqs. 16 and 17 of ref. 
12 and seeking the best fit to the L, vs. T,, (chain 
length vs. phase transition temperature) diagram. 
we obtain the following parameters for PE homo- 
logues: Z&R = - 188.31 K, WJR = - 1117.76 

K and LE = 5.4. 
Substituting these model parameters into eq. 1, 

the free energy functions of PE homologues are 
determined. Similarly to the free energy functions 
of PC membranes. they have two local minima, a 

Fig. 1. Transition properties of one-component PE bilayers. 
Left hand scaie: latent heat as a function of chain length. Right 
hand scale: transition temperature as a function of chain 
Imgth. Solid curves are model results. Dots are experimental 
data from ref. 14. 



cusp-like minimum at S= 0 and another one at 
higher S (< 0.39). The deeper minimum de- 
termines the equilibrium state of the membrane. 
When the global minimum belongs to S = 0. the 
membrane is in the gel phase; and when it belongs 
to S < 0.39. it is in the liquid crystalline phase. 

At a given chain length (Ln) one can find a 
temperature, the phase transition temperature 
( TpE), where the locai minima of the free energy 
function become global ones, i.e.. the gel and 
liquid crystalline phases coexist. 

In fig. 1. the calculated phase transition temper- 
atures and enthalpies of PE homologues are plotted 
as a function of chain length. 

The enthalpy changes were calculated by means 
of eqn. 14 in ref. 12. 

11 Two-component biIa_vers of PC/ PE hornohgues 

Similarly to the free energy function of two- 
component PC bilayers (see eq. IS in ref. 12). the 
free energy function of PC/PE binary mixtures is: 

G(X,-S) f%(S) G(S) 
2RT =XE2R7*(‘-%4 2RT 

(2) 

where X, is the mole fraction of PE component 
and dL= L,-- L,. The first two terms are the 
free energy functions of the one-component FE 
and PC bilayers. respectively. The next two terms 
denote the mixing entropy. The fifth term is con- 
nected with the difference in the chemical poten- 
tial (LIU) between the two components of the 
mixture. These terms are practically identical with 
those of the Priest model. 

The last term. the excess free energy represent- 
ing the non-ideal effects, however, differs by a new 
y term from the respective term of the PC mix- 
tures_ This is the simplest way to consider the 
experimental fact that PC/PE mixtures of the 
same chain length are not ideal. i.e.. the excess free 
energy cannot vanish when L, - L, = 0. 

According to the quasichemical approximation 
(see the appendix). the excess free energy reflects 

the difference of the nearest-neighbour interaction 
energies between the same and different compo- 
nents. 

olAL[(+ - S) and y($- S) represent the inter- 
action energy differences as a consequence of the 
different chain lengths and that of the different 
polar heads, respectively_ Namely c relates to the 
suhfimation heat of a CH, group of long-chain 
polyethylene. and y to the energy of a hydrogen 
bond between the polar heads of the PE molecules 
(see the appendix). In both cases, the interaction 
energy differences vanish in a maximally dis- 
ordered system (at S = l/2 1121) and they have a 
maximum in she gel state (at S = 0). We note here 
that Eibl and Woolley [15], according to their 
experimental results on PE bilayers. also con- 
cluded that during the phase transition (i.e., with 
increasing S) the loosening of the hydrogen bonds 
between the polar heads took place. 

By means of this state function. similarly to the 
procedure in the Priest model 112]. one can de- 
termine the phase diagrams of different PC/PE 
mixtures. Namely. one has to determine the value 
or values of 4U where two or three minima of the 
state function become global ones to obtain the 
points of the solidus and Iiquidus curves at a given 
temperature, and the Xn values belongin? to these 
minima determine ihe points of the phase dia- 
gram. 

Considering the general physical meaning of 
model parameter CJ. we can use o/R = 125 K 
determined by Priest. The only model parameter 
to be fitted is y/R_ We obtained the best fit to the 
experimentally determined PC/PE phase dia- 
grams at y/R = 500 K, 

3. Result ‘; 

In the cases of DPPC/DPPE and DMPC/ 
DMPE mixtures, i.e., when L, = Lc. there are two 
important local minima of G( Xa, S). One is at 
S = 0 and a larger value of Xn (= X8): this is the 
PE-rich gel minimum. The other minimum is at a 
&quid crystalline vaIue of S( = St,) and a sma!ler 
value of X, (= Xl=): this is the PC-rich Iiquid 
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Fig. 1. Phase dia_eram for DPPC/DPPE mixture in the temper- 
arurr-mole fraction of DPPE and in the order paramrrcr-mole 

fraction planes. Solid curves arc‘ the model resu11s. (0) DSC 
dnr:r from ref. X. (I) ESR data from ref. 6. (x) fluorescence 
data from ref. 7. (0) DSC data from ref. 4. 

crystalline minimum. (The global minimum of G is 
the free energy of the system for given dU and T.) 

As a function of dU and T. the equilibrium 
values of X,.. and S correspond t6 the global 
minimum of G( X,. S). At a given temperature. 
between the melting temperatures of the pure PE 
and PC membranes. one can find a critical value 
of X/ ( = AU,) where both local minima are global 
minima of G( X,,. S). On the phase diagrams (see 
figs. 2 and 3). the pairs of X, values belonging to 
these double global minima are plotted against the 
temperature. On the upper part of these figures, 
the order parameters belonging to one of these 
double minima. namely. to the PC-rich liquid 
c~stalline minimum. are plotted as a function of 
the mixing rate, X,. The upper curves of the phase 
diagrams are the so-called liquidus and the lower 
ones the solidus curves. The liquid crystalline phase 
(L) is above the liquidus curve and the gel phase 
(G) below the solidus curve. Between these curves 
there is the mixed-phase region (M) where the 
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Fig. 3. Phase diagram for DMPC/DMPE mixture in the tem- 
prrarure-mole fraction of DMPE and in the order pnramrter- 
mote fraaion planes. Solid cuncs are the model results. (0) 

DSC data from ref. 5. 

PC-rich liquid crystalline phase coexists in equi- 
librium with the PE-rich gel phase. 

Comparisons with the experimentally deter- 
mined phase diagrams [3-S] show that the theo- 
retical liquidus curve .I C-ts quite well. but a large 
discrepancy is shown in the case of the solidus 
curves. The results of the calorimetric measure- 
ments come closest to the calculated solidus curve. 
At the same time. we note that the solidus curves 
themselves are subjected to the greatest experi- 
mental uncertainty [I]. 

The calculated phase diagrams of DPPC/DPPE 
and DMPC/DMPE systems show that a complete 
miscibility occurs both in the liquid crystalline and 
in the gel phase. 

3.2. DMPC/ DPPE mixrure 

The situation for the DMPC/DPPE mixture is 
more complex. For L, > L,, there are three im- 
portant local minima of G in the X,-S plane. 
These can be classified as a liquid crystalline 
minimum, a PC-rich gel minimum and a PE-rich 
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Fig. 4. Phase diagram for DMPC/DPPE mixture in the tem- 

prrarure-mole fraction of DPPE and in the order parameter- 
mole fraction planes. Solid curers are the model results. (I) 

ESR dam from ref. 6, ( x ) fluorescence data from ref. 7. 

gel minimum. At a certain value of T (= T, = 
27°C - peritectic temperature) and AU, all the 
three local minima are global minima of G. Here 
all the three phases coexist in equilibrium (see fig. 
4). At a given temperature, T, between Tp and 
T pE, similarly to the DPPC/DPPE system, there is 
only one critical value of AU when two of the local 
minima are global. In the T,,-T, temperature 
interval, however, at a given temperature there are 
two critical values of AU(AU,, AU,). At AU, the 
PE-rich gel minimum and PC-rich gel minimum 
are global minima of G and, at AU,, the PC-rich 
liquid crystalline and PC-rich gel minima are 
global. In the region labelled MG (mixed gel) the 
two gel phases coexist in equilibrium. In the region 
labelled M, a PC-rich liquid crystalline phase 
coexists with a PE-rich gel phase. The region 
labelled M2 is quite small and may be difficult to 
detect experimentally. In this region a PC-rich 
liquid crystalline phase coexists with a PC-rich gel 
phase. In fig. 4 the ESR data are also shown [5]. 
Similarly to the case of the DPPC/DPPE mixture, 
the agreement with the theoretical results is quite 

good for the liquidus curve but there is again a 
discrepancy for the solidus curve from X, = 0.5. 

Nevertheless, one certainly can reckon on a 
better agreement in the case of calorimetric data. 
In general, the calorimetrically determined solidus 
curves go to higher mixing rates than the solidus 
curves obtained by other methods. e.g., ESR. flu- 
orescence spectroscopy (see experimental data in 
fig. 2). 

According to the theoretical model. the 
DMPC/DPPE mixture is. after all. a peritectic 
system with a peritectic point. P, at X,, = 0.13 and 
T, = 27°C. 

3.3. DPPC/DMPE and DSPC/ DMPE misture.x 

For cases where L, < L,, there are three im- 
portant local minima of G again. Their classifica- 
tion agrees with those of the minima in the L, > L, 
case. At a certain value of T (= T, - eutectic 
temperature) and AU, all the three local minima 
are glcbal minima of G (see figs. 5 and 6). At a 

given temperature below T, one can find only one 
critical value of AU wnen two of local minima (the 
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Fig. 5. Phase diagram for DPPC/DMPE mixture in the tem- 
perature-mole fraction of DMPE and in the order parameter- 
mole fraction planes. (0) DSC data from ref. 4. 
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PC-rich and P&rich gcf minima) become global. 
At a certain temperature above Tzl, there are two 
criticnf vafues of -1zI. At JU,. the PC-rich gel and 
the firfuid crystalline minima are the global ones 
and. at -\U,. tile PE-rich gel and the liquid crystaf- 
line minima are tile global ones. At a given tem- 
pcraturc in the T;,,.-T,,,, t~IllptXi~tlire interval, there 
is only one critical value of JW where the PE-rich 
gel and liquid erystailinc minima are global. The 
coordinates of the eutcctic points are T8.. = 38.6”C 
and S,. = 0.33 for the DPPC/DMPE system and 
7; = Jh°C and .Y, = 0.73 for the DSPC/DMPE 
.svatcn1. 

Ah ;I qttalil:rtive comparison with the cxfwri- 
maltsi rcsufts. w-z note tfmt i3futnc and Acker- 
mann f4]. anafysing tficir calorimetric data. afso 
cclncfudcd that I>PP(‘/DMPE and DSPC/DMPE 
zystt’ma arc cutcctic mixtures. 

‘f‘fie Landau tfteory of phase transitions of hi- 
n:trx mixtures of PC/PE hilayers was constructed 

by simply extending the Priest model [ 125 
The results obtained indicate that. depending 

on the chain fength differences, three types of 
PC/PE mixed systems can be differentiated. 

At L,: = L,. a complete miscibility occurs both 
in the liquid crystalline and in the gel phase. When 
L,i ) &. and L, < L,. peritectic and eurectic sys- 

tems are obtained. respectively. 
The comparison with the available experimental 

data shows that the cnfcufated iiquidus curves fit 
quite well. In the case of the solidus curves. the 
agreement is acceptable only for calorimetric data. 

The phase diagrams of PC/PE mixtures are 
cafcuiated by means of a general free energy func- 
tion G( X,;. S). being the result of an extended 
version of the Priest phenomenofogical membrane 
model. Model parameters u and y introduced into 
the excess free energy term of the free energy 
function can be interpreted physically. For the 
difference of tfle interaction energies between PE- 
PE and PC-PC head groups we obtain from ey_ 
A9: 

U,? - U‘h = - 69X cal/nwl (3) 

The interaction energies differ basically due to 
the formation of intcrmolccuiar hydrogen bonds 
f>etween the NH,’ protons of the PE head group 
and to the neighbouring phosphate oxygens [ 161. 

Considering that in the gel phase three hydro- 
gen bonds helong to one head group in a PE 
men~hrane. the hydrogen-bond energy is estitllatcd 
to be: 

I:,, = +( u:l - Q!‘) = - t A katl,‘n~ot. (4) 

where Z (= 6) is the coordinate number [ZO]. 
Kanchisa and Ikegnmi [ 171 obtained cxuctfy the 
same: value for hydrogen-bond energy in globular 
proteins. 

Substituting eq. 4 into cq. A10 we obtain the 
following formula: 

Y = 3( h - ; ) E,, (5) 

i.e.. the y parameter is proportional to the hydro- 
gen-bond energy between the polar heads of II 
pure one-component PE membrane in the gel 
phnsc. At the same time, according to eq. Al 1. the 
u parameter is proportional to the sublimation 



heat of the CH2 group of long-chain polyethylene, 
AH>. From eq. AI2 the calculated value of AH, is 
- 1.94 kcal/mol per CH, group. Salem [ 181 ob- 
tained practically the same value. The given value 
was smaller than ours by 100 cal. 

Using the fitted values of y (= 1000 cal/mol) 
and r~ (= 250 cal/mol) model parameters. eqs. 5 

and Al 1 result in the following values for the 
asymmetry parameters of intermolecular poten- 
tials: a = 0.43 and b = 0.26. The deviations of these 
parameters from 0.5 show the degree of asymme- 
try. The large asymmetry at 6 reflects that, due to 

the lack of hydrogen bonds, the interaction of 
PE-PC polar heads is much closer to the PC-PC 
interaction than to the PE-PE one. 

The order parameter curves in figs. 2-6 show 
that the order parameters (guttclte number) of the 
two-component PC/PE bilayers are significantly 
higher than those of the one-component systems. 
Therefore. the mixing results in a more flcxiblc 
and more pcrmcablc membrane. Thesr arc char- 
acteristic fcaturcs for the biologically active mcm- 
brunrs as well. making the very quick adaptation 
of the mcmbranc function to the cxtcrnnl condi- 
tions possible. 

The advantage of our model as compared with 
the works of Lee [3.21) and Cheng [ I1 ] is that a 
scrics of the phase diagrams can bc gcncratcd if wc 
determine the parameters only for one kind of 
mixture. The diffcrcnt types of phnsc diagrams 
obtained (pcritcctic, cutcctic. etc.) arc direct consc- 
qucnccs of the same model and not of the paramc- 
ter-fitting proccdurr. Furthermore. by means of 
the quasichctnicztl approximation the physical 
rnuunings of the model parttttlctcrs arc itIs0 dc- 
tcrmincd. 

WC wish to thank Mr. C. Marzagorn for com- 
puting assistance. and Professors I. Tarj!m and G. 
Rontb for their stimulating support. This work 
was developed in the frame of the Italian- 
Hungarian Technical and Scientific Cooperation 
and was supported in part by an Italian CNR 
Public Hcnlth Project. 

Appendix 

Here we construct the excess free energy term 
(nonideality term) on the basis of a molecular 
theory. i.e.. on the basis oi the quasichemical ap- 
proximation [ 191. After this derivation we make a 
comparison between this result and the excess free 

energy of our phenomenological model (see the 
last term of eq. 2). giving molecular meaning to the 
phenomenological model parameters in eq. 2. 

According to the quasichemical approximation, 
the excess free energy can bc written as 

(i,. -z[u,~,.-(u,,+u,.)/2]x,:~~. (Al) 

whcrs U,:. U,. and ff,:(. arc the PE-PE, PC-PC and 
PE-PC nearest-neighbour interaction encrgics. re- 
spcctivcly. Z is the value of the first coordinate 
number. For a one-component lipid bilaycr. Z = 6 
[20]. A mixture of two kinds of molcculcs can also 

bc packl:d in the same way as each of the single 
components, since wc are conccrncd with the mix- 
turcs of two very similar lipids. X,: and X,. (= I - 

AT,,) arc the rcspcctivc mixing KItCS. One cm scp- 
arutc each intrraction cncrgy into the following 
terms: 

v, -y’+ u,“+u;(.s)+u,“(s) (AZ) 

whcrc U,’ is the interaction cncrgy bctwccn the 
hydrocarbon chains of i components. U,” the intcr- 
action cncrgy bctwcon the polar heads of i compo- 
IlCIltS in the gel St:ItI! (i.c.. S = 0), illltl U,‘(S) ilIld 

U,“(S) dcnotc chain conformation- 
dcpcndent parts 

state arc: 

u,u, - +A II. u;. _ +,I. 

A I/, is the sublimation Cl-f, group 
of long-chain polycthylcne. 

We use the intcrmolccular cncrgy term of the 
free energy function of the one-component system 
(see second 



x{rr;(s-S,)“- 2E(s-so)3- rv& - z&} 

=ti;;(S)ifJ,h(S) 

G(S) 

=~2L,-(l(;.(s-s”)~-zz,(s-s”)3-ly,s:-z2,s~) 

-~2L:(~(c(s-s~)~-z,(s-s”)3-ly,s~-z~s~} 

= L?( S)i L!<b( S) < tA4) 

where the intermolecular energies are separated 
into chain-chain and head-head interaction parts. 

Obviously. terms in eqs. A4. being proportional 
to the chain lengths. are connected with the 
chain-chain interaction and the others with the 
head-head interaction. 

In order to construct the U,,. interaction term 
WC assume that it also can be separated into 
head-head and chain-chain interaction terms: 

L’,.,. = U,“,. * UC., . (As) 

Considering that the energy term of the lateral 
interaction is proportional to the membrane den- 
sity [12], U,, can be estimated by the following 
formula: 

where M and V are the specific mass and volume. 
respectively. In our case I’, = V,.. therefore 

(.\I,: + M‘.)/( c; + Lk-) - Afr(0.5+ 6,)/l’, + ‘cfc(o.5-~cz)/l/, 

and consequently 

lvhere 

This formula can be used well especially for de- 
termining lJ&.. U&-. however. deviates strongly 
from the mean value of Ut and i$‘. reflecting the 
asymmetry in the interactions, i.e.. in contrast with 
the PE-PE interaction neither PC-PC nor PE-PC 
interactions contain hydrogen bonds. After all. we 
can assume that U&. and U& interaction terms 
are the linear combinations of the (I: and UG. and 
UC and U$ terms. respectively: 

Substituting eqs. A2-A6 into eq. Al. we obtain: 

+T={(b-;)(U;- u,” +[u:(s)-ws)l) 

c(u-:)(cI~--~+[LI~(s)--~(~)I)) 

x Z‘u,& 
2RT (A7) 

2( u - :)an,lL, - Lcl I + -- 
RT 2 

(Gfc--L,/E)s 
dK(L,- Lc) I 

+ higher order terms in S 

I 

(AS) 

where 

f, = -2rys, -3z,s,z 

and numerically: 

Jc- = R x 971 .S [caI/moI], YE = R x 957.8 [cal/moI]. 

The chain length mismatch between the PE and 
PC molecules results in incomplete van der Waals 
bonds. independently of the sign of L., - L,. 
Therefore. 1 L, - L,[ is used in the second term of 
eq. Ag. 

Discarding the second- and third-order terms in 
S. one can make a comparison with the phenom- 
enological excess free energy term (see the last 
term of eq. 2): 

(A9) 

Z(b-;)(U:-U$)=y. 

2(u-;)AH,=a. 

LC-/C - LEfE ( L, - LE)fC + LE(fC -IF_) 

AH,(L,-L,) = Affs(L, - Lc) 

(AlO) 

(All) 

where the approximation in eq. Al2 is valid, since 
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