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Decoupling of crystailine and conformational degrees of freedom
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A theoretical study is performed on a microscopic interaction model which describes the
transitions between liguid and solid phases of lipid monolayers spread on air/water interfaces.
The model accounts for condensation in terms of acyl-chain conformational degrees of
freedom as well as in terms of variables which describe the orientations of crystalline domains
in the solid. The phase behavior of the model as a function of temperature and lateral pressure
is explored using mean-field theory and computer-simulation technigues. Attention is paid to
the particular interplay between the two types of condensation processes and effects on the
phase behavior due to decoupling of crystalline and conformational order parameters. In the
case of decoupling, the model predicts that the high-pressure solid-conformationally ordered
phase is separated from the low-pressure liquid-conformationally disordered phase by 2 liquid-
conformationally ordered phase. This prediction is consistent with synchrotron x-ray
experimments which show that the chain-crdering transition and the crystallization process need
not take place at the same lateral pressure. A characterization is provided of the
noneguilibrivm effects and pattern-formation processes chserved along the isotherms in the
phase diagram spanned by lateral pressure and area. A description is given of the kinetics of
the nonequilibrium phase transitions and the concomitant heterogeneous microstructure of the
monolayer. This leads to an explanation of the peculiarities of the experimentally observed
isotherms of lipid monolayer phase behavior. It is pointed out that cholesterol, which promotes
lipid-chain conformational order, has a unigue capacity of acting as a ‘cryvstal breaker’ in the
solid monolayer phases and therefore provides a molecular mechanism for decoupling
crystalline and conformational order in lipid monolayers containing cholesterol. The phase
diagram of mixed cholesterol-lipid monolayers is derived and discussed in relation to

monolayer experiments.

kL IRTRODUCTION

Lipid monolayers spread on an air—water interface and
the cooperative phencomena they display have been the sub-
ject of a vast number of experimental investigations since the
pioneering work of Adam.' The predominant experimental
technigue was for a long time the measurement of lateral
pressure (II)-surface area {4) isotherms using 2 Langmuir
trough.? A detailed analysis of the isotherms indicates that
lipid monotayers exhibit a varied phase behavior.? There are
in fact several related phase transitions and the most signifi-
cant of these are (i) the transition of the monolayer from a
liguid-expanded (LE) phase to a liguid condensed (LC)
phase at I, and {ii) a solid-solid transition between the LC
phase and a highly condensed solid phase at [T, which ap-
pears as a sharp shoulder in the monolayer isotherm at high
lateral pressure. The LC/LE phase transition has been re-
garded as an analog to the main gel-to-fluid (liguid crystal-
iine) phase transition of lipid bilayers® with the following
phase correspondence. The bifaver fluid phase and the mon-
olayer LE phase have both been considered as liquid phases
in which the acyl chains of the lipid molecules are in a con-
formationally disordered state having several gauche bonds.

Chem. Phys. 8% gg 1 August 1988
192.38.67.11

89  (021-9608/88/151
. Redistribution subject to AIP lic

The bilayer gel phase and the monolayer L.C phase are both
characierized in terms of straight acyl chains in a conforma-
tionally ordered state, but the positional order of these
phases is not equivalent in that the acyl chains of a bilayer in
the gel phase lie on a two-dimensional crystalline lattice,>®
whereas recent experiments show that the monolayer LC
phase has at best long-range bond-orientational order and
short-range positional order.” There is now experimental
evidence to show that a monolayer phase with long-range
positional order and conformationally ordered chains exists
at high lateral pressures.” This implies that the degrees of
freedom associated with the positional (crystalline) order
and the conformational states of the chains are not coupled
in some pure lipid monolayers whereas they are coupled in
pure lipid bilayers.

The experimental methods which give a detailed picture
of monolayer structure are of three types. The first method
involves electron microscopy on frozen Langmuir-Blodgett
films which are deposited on a solid substate'™!' and the
second method is fluorescence microscopy on i sifu mono-
layers doped with dye molecules.’*"” The third method is
used by Kjaer ez al.” who made the first successful study of in
situ monolayers of dimyristoyl phosphatidic acid (DMPA)
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on an air-water interface using the new technigue of synch-
rotron x-ray diffraction. This study led to the identification
of the solid-solid transition as a first-order phase transition
to a crystalline monolayer phase at high lateral pressures. A
subsequent study by Hebm ef al.® combined this technique
with fluorescence microscopy and data from lateral pres-
sure-area isotherms to show that the L.C phase has bond-
orientational order over tens of micrometers whereas the
positional correlations have a range of the order of nano-
meters only. A reflectivity study by the same authors'®led to
the conciusion that the acyl chains in the crystalline phase of
dipalmitoyl phosphatidylcholine (DPPC) is close packed
but that the chains are tilted with respect to the interfacial
normal. Furthermore, optical second-harmonic generation
has shown the molecules to reorient upon compression'’ and
more recently vibrational spectroscopy indicated that the
molecules in the LC phase are extended and oriented normai
to the interface.'®

The purpose of this article is to present and analyze a
theoretical model which considers both the crystalline and
conformational degrees of freedom. Previous theoretical
analysis of the LC/LE transition concentrated on the con-
formational degrees of freedom only.'*2* The most recent of
these theories is an examination of monolayer phase equili-
bria by the present authors™ in which the phase equilibria of
the monolaver are described in terms of a ten-state confor-
maticnal model due to Pink®® and the monolayer properties
were obtained by means of a numerical simulation using a
Monte Carlo importance-sampling technique. The results
showed that the Pink model led to an understanding of the
nonhorizontal nature of the rnonolayer isotherms at the LC/
LE transition in terms of nonequilibrium effects involving
strong lateral density fluctuations.®® This is consistent with
the recent equilibriom experiments of Pallas and Pethica®
which led to horizontal isotherms indicating that the LC/
LE transition is a well-defined first-order phase transition.
Even though the calculated isotherms gave a good fit to ex-
perimental results, the theory was not able to give an under-
standing of the positional degrees of freedom in mono-
layers.?* In this paper we present an extension of the lattice
model of Ref. 24 with the following features: (i) the confor-
mational states of the acyl chains are described by Pink’s ten-
state model, {ii) the positional degrees of freedom zre repre-
sented by crystal orientational varisbles by a high-(-state
Potts model, and (iii) the effects of intrinsic impurities, e.g.,
cholesterol, on both the positional and conformational de-
grees of freedom are explicitly included. This model was pre-
viously applied to the related problem of crystatlisation and
acyl-chain ordering in lipid bilayers.® Furthermore, a con-
densed version of some of the work reported here has already
appeared in letter form.”

The strategy adopted in Ref. 24 involved the use of com-
puter simulation technigues to study the effect of density
fluctuations related to changes in conformation of the acyl
chains on: the monolayer isotherms. In this paper the same
simulation techniques are used to derive the statistical me-
chanical and thermodynamic properties of the model de-
scribed by (i)—(iii) above which incorporates both confor-
mational and positional degrees of freedom. These methods

of calculation, which are in principle exact, are supplement-
ed by calculations based on the mean-field approximation.
The model on which we have based our study is a lattice
model neglecting true translational variables and it cannot
account for two-dimensional hexatic phases.”® The strength
of the lattice-model approach is that it permits a detailed
study of the phase behavior, even in the presence of foreign
molecules such as cholesterol. A couple of computer-simula-
tion studies based on molecular dynamics methods have re-
cently been reported.?®?° These studies which incorporate
chain conformational as well as true positional variables give
detailed information about conformational changes and
packing properties but are not abie to treat sufficiently large
systems to approach the phase transitions.

The paper is arranged as follows. In Sec. II we present
the microscopic interaction model for lipid monolayer phase
transitions in terms of two Hamiltonians, one for the confor-
mational states of the acy! chains and the other for the g-
state Potts model which we use to model the crystalline de-
grees of freedom. Section 11 contains a detailed description
of the mean-field approximation and presents the mean-field
phase diagram for this nrodel. We continue in Sec. IV with a
brief description of the numerical methods used to simulate
the model. We then present the phase diagram, the iso-
therms, and the physical properties of the monclayers result-
ing from numerical data obtained by these simulations. Par-
ticular attention is paid to noneguilibrium phenomena and
pattern-formation processes such as crystallization and
grain growth in the neighborhood of the high-pressure tran-
sition. Section V gives a comparison of the theoretical results
with experimental data for pure lipid monolayers. Section
VI contains a description of the effect of cholesterol on the
phase behavior of lipid monolayers and a modification of the
Hamiltonian of the model for pure lipid monolayers so as to
inchude cholesterci. A discussion of the manner in which the
mean-field phase diagram for lipid—cholesterol monolayers
can be calculated is presented in this section. The paper is
concluded in Sec. VIL

il. MICROSCOPIC MODEL

The calculations presented below are based on the ten-
state conformational model of Pink,? which describes chain
melting in lipid monolayers and bilayers, combined with a
multistate Potts model which is used to treat the transla-
tional degrees of freedom in an approxzimate manner. The
ten-state model has been described in great detail in previous
publications'®?® and requires at most a brief introduction.
This model is 2 two-dimensional friangular lattice model
which accounts for the intrachain conformational energy,
the rotational isomerism of the chains, and the van der
Waals interaction between chains. The ten chain conforma-
tions allowed for in the model include an all-frany ground
state, eight gel-like excited states and 2 highly excited state of
fow conformational order characteristic of the LE phase.
Each conformational state is characterized by a cross-sec-
tional area per molecule 4,,, an internal conformational en-
ergy E _, which is refated to the number of gauche defects,
and a degeneracy D, , which can be regarded as a single-
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chain density of states. The ten-state model on its own de-
scribes a phase transition from a conformationally ordered
to a conformationally disordered phase which is driven by
the difference between the high conformational entropy of
the excited state and the considerably lower conformational
entropies of the gel-like states.

The multistate Potts model used here is a modification
of the standard high-Q-state Potts model which has had
some success in the description of grain growth in polycrys-
talline aggregates.®! The standard Potts model accounts for
the energy of the grain boundaries of a metastable distribu-
tion of crystailine domains, each of which is characterized by
a Potts state. In the modified Potts model used below, each
lattice site represents an acyl chain of the lipid molecule and
carries two independent sets of states, i.e., § Potts states and
ten configurational states. The Potts variables describe the
orientation of the crystalline domain with which the chain
on the lattice site is associated. Since the crystaifine domains
can be formed in a very large number of orientaticns,  has
to be a large number. We have chosen @ = 30 which is
known to be 2 good representation of the large-Q Emit.>”!
The domain-boundary energy is modeled by allowing neigh-
boring acyl chains to interact with an energy J, > 0 if they
are in different Potts states and if ar the same time each of the
interacting chains is in one of the nine gel-like states. Gther-
wise the interaction is zero. This is reascnable since the tenth
conformational state ie representative of the LE phase which
is fluid and which therefore cannot have 2 granular nature.
The modified Potts model therefore in 2 very approximate
manner accounts for the translational degrees of freedom of
the solid phase. It cannot account for more involved effects
such as for example bond-orientational order.

The ten-state model and the -state Potts model each
govern their own first-order phase transition in terms of
their respective variables. In the combined model, these twe
transitions can be either coupled or uncoupled.

The total Hamiltonian of the monolayer can now be
written as follows:

"?f:}tct = %lconf + ‘2’/}1‘? ( 1)

where #° ¢ is the Hamiltonian of the ten-state Pink model
for the conformational states of the chains and can be written

in the following form

10
H cont = X ¢ + A oe + 11 Z Z Ay L (2

{ n-=1

In Eq. (2) 11 is the lateral external pressure exerted on the
monclayer, 7 is a site index for the lattice, and %", is a state
occupation variable which is unity when the ith chain is in
the nth conformational state and zerc otherwise. ¥ - is the
Hamiltonian for the intrachain energies given by

0

C%[/C = Z Z' En ’*g‘[)in' (3)

I
H o is the Hamiltonian for the effective van der Waals in-
teraction between neighboring chains and is written as fol-
fows:

10
He= —RF T LLTL 0L (4)

{ify muon =1

where 7 and j are nearest-peighbor indices, J; is the coupling
constant of the van der Waals interaction between acyl
chains in the all-trans state and 7, depends on 4,,. A de-
tailed expression for /,, can be found in Ref. 25. The values
of all parameters pertaining to ., except J, are those
which were previously determined from applications to the
chain melting transition of lipid bilayers.”

' p 1s the Hamiltonian for the modified O-state Potts
model and is written as follows:

) 5 [ ©Q ) v
Fp =L ; S Y (1-8,)L0 L8 LT
2 of) mp =1 pg=—1 (5)

Jp is the coupling constant of the Potts interaction and .%,
is an occupation variable which is unity when the chain on
the ith lattice site is associated with the pth Potts state.

i MEAN-FIELD CALCULATIONS
A. Mean-field theory

In this section we examine the model of the previous
section in the mean-field approximation. The resulting
mean-field phase diagram and isotherms are described in
Sec. HI B.

The Gibbs free energy can in general be written in the
form

G(TH) = () — TS, (6}
where (%) is the expression for the internal energy as the

thermal average of the Hamiltonian and § is the entropy of
the systern which is generally written

S= —kyT{lnpg}. {7
o is the eguilibrium distribation function. In the mean-field

approximation the sites of the lattice are treated as statisti-
cally independent, and g can therefore be written

N
p=Fir (8

where p; is the distribution function at site 4, and &V is the
number of lattice sites. Further, since the Hamiltonian for
the pure monolayer is transiationally invariant, p, takes on
the same value g at every site /. From Egs. {7) and (8), the
entropy now becomes

S/N= —k,T (np). (9

The internal energy, {(#°, », for pure lipid monolayers can
be written as follows in the mean-field approximation

{3
(Hay/N =3 (E, +T4,){(.7 )

n=1

10

z . Py
—Jo3 3 LIAL (L)
5 o
+ Jp— S (18,
a1 ga ~ 1

X (Jf i ) (f;’ L ) (1)
z1s the coordination number for the lattice, z = 6. The mean-

field equilibrium distribution function is obtained from min-
imizing the Gibbs free energy of Eq. (6} with respect to 5.

J. Chem. Phys., Vol. 91, No. 3, t August 1989
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The following equation for j is then obtained from Eqgs. (6),
(9}, and (10)

exp] —h/(kzT}]

7 = , {(11)
Tr{exp[ — A/ (kg T2 1}
where
h:w. (12}
&p

Use of Eq. (11) leads tc a set of self-consistent nonlinear
eguations involving mean values of occupation variables and
their combinations, e.g.,

D, exp[ — E,,/(kzT)]

(.f,, fﬁ;): Z {13}
forn=1,.,%¢g=1,. 0, and
(F :DmQCXP[ - El()/(kﬂT)}c (14)

Z
Z is the single-site partition function which is given by

Z = ZDzexp[_Enq/(k 1]

=1

+ @Dy explEio/ (ks TH], (15}
where
E, =E, +l4, —z/], z L2y
e
+zJp il((i’”.) — AL L), {16)
n=1,..,%¢9= l,f.,j_Q, and
Eo=FE; o+ H4,,—z/0 ﬁlfw”} (17}

Equations (13)~(17) are solved numerically yielding values
for the occupation variables.

Since the mean-field theory only yields eguilibrium
states of the system it cannot be used to describe the nonequi-
librium properties of lipid monolayers, particularly their
granular nature as observed in the high-pressure phases.
This is the task of the numerical simulations which are de-
scribed in Sec. IV.

B. Mean-field phase diagrams and isctherms

The mean-fieid equations of Sec. IIT A are used {o ob-
taip the phase diagram at a fixed temperature in terms of
lateral pressure and strength of the Potts interaction J,. The
results presented in this section are obtained for a set of mod-
el parameters for the conformational part of the Hamilto-
nian, Eq. (2), which is pertinent to phospholipids with satu-
rated chains of 16 carbon atoms, e.g., DPPC. In Fig. 1 are
shown the phase diagrams for three selected temperatures.
Figure i shows that the phase diagram has a region where
the two phase transitions of the model are coupled as well as
a region where they are decoupled. The decoupling gives rise
to a triple point for a particular value J, = J%. For J, > J &
there are two phases separated by one phase boundary. The
phase at low lateral pressures is characterised by Potts disor-
der and conformationally disordered chains, i.e., acyl chains

00— T z s
7[[ cmw } MEAN FIELD
T=40°C
/4 T=3OQC

o) LL T=20°C
/ i Ad
b 1 j !
0.4 .6 ¢.8 . 1.0
Jphﬁ %rg

FIG. 1. Mean-field phase diagrams, viz. lateral pressure I vs Potts coupling
constant Jp, for three different temperatures. All phase lines are of first
order and the three phases are denoted lo (liquid ordered), so (solid or-
dered), and Ié (liquid disordered). The three phase kincs meet in a triple
point. The horizontal line denotes a scan through the phase diagram at
Jp = 0.491 X 107 erg with results as given in Fig. 3.

in the tenth conformational state. We identify this phase
with the LE monolayer phase and we will refer to it as the
liquid disordered (Id) phase in accordance with Refs. 27 and
33, The phase at high lateral pressures is characterised by
Potts order and conformationally ordered chains, i.e., acyl
chains in one of the gel-like conformational states. We iden-
tify this phase with the crystaliine phase of the monolayer
and we will refer to it as the solid ordered (se) phase. For
Jp <J % a second phase boundary appears and results in the
presence of an intermediate phase which is characterized by
conformationally ordered chains and Potts disorder. We
identify this phase with the LC monolayer phase and we will
refer to it as the liquid ordered (o) phase. Figure 2 shows
that in the case of coupled transitions, the so-Id phase line is
slightly sensitive to the value of J,.

A striking feature of the phase diagram in Fig. 1 is the
very steep phase line separating the lo and so phases. The
steepness of this line reflects the fact that the lateral pressure

) 50 " MEAN FIELD
Tl-2|
4Gt g
20r .
Q £ i
1.10 1.20 1.30 3 1.40
Jo|10 erg

FIG. 2. Variation of mean-field main transition pressure [f,, with van der
Waals interaction constant J,,, for different values of the Po‘cts coupling con-
stant in the case of coupled transitions.
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becomes 2 weak thermodynamic variable once the acyl
chains have undergone their conformational ordering transi-
tion. The physical reason for this, in terms of our model, is
that [T acts on the Potts variabies only via the fluid confor-
mational state. The position of the triple point moves up in
pressure and towards higher values of J,, as the temperature
is raised. The consequence of this is that if the system is close
to the triple point, slight changes in temperature can switch
the coupling of the two transitions on and off leading to
dramatic changes in the phase behavior.

The effects of coupling and decoupling strongly mani-
fest themseives on the isotherms. A series of mean-field iso-
therms in the case of J, = 0.491 X 10~ ergis given in Fig. 3
for several temperatures. For 7> 25 °C, the two transifions
are decoupled, cf. Fig. 1, and the two separate transitions are
signafled by horizontal portions of the isotherm. Only at
3G °Cis the high-I] transition seen on the scale of Fig. 3. For
T <25 °C, the two transitions are coupled. An approximate
linear variation of the main transition pressure [1,, with tem-
perature is observed in the region of coupled transitions.

The mean-field results presented in this section were ob-
tained for acyl-chain lengths of 16 carbon atoms. On the
basis of knowledge of the variation of the parameters of the
conformational Hamiltonian'? we expect that the splitting
between the two transitions will increase when the chain
fength is increased.

V. COMPUTER SIMULATIONS
A, Numerical technigues

The computer simulations are carried out by means of a
Metropolis Monte Carlo method® for the constant-7 con-
stant-FT ensemble. The excitation scheme follows that of sin-
gle-site Glauber dynamics® for which each trial move corre-
sponds to a random assignment of 2 conformational siate
and simultanecusly a Potts state if the conformational state
chosen is among the nine gel-like states. The simulations are
performed on finite iattices of different sizes subject fo toroi-
dai periodic boundary conditions. The major part of the re-
sults presented below is obtained for a system with
&N = 100 x 100 chains (or 3000 lipid moleculies ). Systematic
finite-size studies show that the 100 X 100 system represents
the thermodynamic limit as far as the properties considered

180 I .
RN TN MEAN FIELD
¢ \,
12@—-‘\\ N T=100°C -
| ST T
‘\\\ . T:SQOC \\
80|l N i

~. \
\ T T T TN
aok|\ ,_,ﬁ_\\“ -

&0 A[AZI 70

FIG. 3. Mean-field isotherms at J, = 0.491 X107 erg, of. Fig. {, fora
series of temperatures corresponding to coupled as well as decoupled transi-
fions.

in this paper are concerned. The calculations are carried out
for series of both increasing and decreasing lateral pressures
in order to examine hysteresis effects. The number of Monte
Carlo steps (MCS/S) generated per site is 8 measure of the
statistics and is furthermore, via a master-equation interpre-
tation,* taken to be a time parameter in terms of which
nonequilibrium effects and the dynamics of ordering pro-
cesses may be studied.>

We have calculated the total internal energy and the
average cross-sectional area per molecule. We have further-
more derived the isothermal specific heat and the area com-
pressibility by means of the fluctuation—dissipation theorem.
Phase transitions and phase boundaries are located by ob-
serving anomalies in the response functions. Due to the ex-
tensive demands in computer time for simulating the present
model, we have restricted the numerical simulations to a
single temperature, 7 = 30°C, with a set of model param-
eters pertinent to DPPC. The value of J, is taken 1o be the
same as that used for the mean-field calculations in Sec.
HIB.

B. Phase diagram

The computer-simulation resuits for the (I-J,) phase
diagram for J, = 1.28 X 10~ *? erg and 7 = 30 °C are shown
in Fig. 4. All phase boundaries correspond to first order
transitions. It is seen that the Monte Carlo phase diagram
has the same topology as the mean-field phase diagram in
Fig. | with a triple point below which the lo phase becomes
stable. The lo-s¢ and so-id phase lines are associated with
pronounced hysteresis effects and they have been deter-
mined by using mainly small lattices in order to observe the
relaxation out of the metastable states within 2 reasonable
time. In particular, the steep boundary between the lo and so
phases is difficult to determine accurately in a constant-Jf,
calculation. Direct comparison between Figs. 1 and 4 shows
that the neglect of fluctuations in the mean-field calculation
leads to a suppression of the phase boundaries in terms of
both I and J,, as expected.

100G ] T i i
e MONTE CARLO
504 \ -
F
# Ad

QF i .

§ 1 i1 !

0.4 0.6 0.8 1.0
Jp |16 erg]

FIG. 4. Monte Carlo phase diagram, viz. lateral pressure [ vs Potts cou-
pling constant J,, at 7 == 30°C. All phase lines arc of first order and the
three phases are denoted 1o (liguid ordered), so (solid ordered), and id
(liguid disordered ). The three phase lines mees in a triple point. The hori-
zontal line denotes a scan through the phase diagram st J, == 0.55x 10~
erg with results as given in Figs. 5-8.

J. Chem, Phys., Vol. 91, No. 3, 1 August 1988
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C. isotherms

We have studied in detail the ordering phenomena along
a single isotherm at 7" = 30 *Cin the case of decoupled tran-
sitions, J, = 0.55X 10" ** erg, i.e., below the triple point in
Fig. 4. At present, there seems no direct way of relating the
value of J, 1o molecular properties of a given lipid mono-
layer. J, is therefore here considered to be an unknown mod-
el parameter. The thermally driven ordering processes in the
case of coupled transitions have previcusly been extensively
studied in the context of lipid bilayer models.®® These pre-
vious studies revealed the interesting phenomenon of non-
equilibrium interfacial melting when the system was pre-
pared in a metastable polycrystaliine aggregate and
subsequently heated through the transition.

In Fig. 5 is shown the computer simulation data for the
30 *Cisotherm. The main branch of the isotherm (solid line)
is obtained from 2 series of increasing lateral pressures start-
ing from the I phase. Each point is equilibrated 4000 MCS/
S. For this equilibration time the isotherm is almost reversi-
ble in the fo and Id phases with only a slight hysteresis
around the ld-fo transition. The relaxation in the transition
region is very slow causing the isotherm to be nonhorizon-
tal.?* In the so phase, however, the ordering kinetics is ex-
tremely slow and the equilibrium state cannot be attained for
the 100X 100 system within the maximum observation time
(#8000 MCS/S). For a smaller system, & = 30X 30, it is
possible to make the system go into the stable uniformly
ordered Potts phase at high pressures. This is iltustrated by
the dotted line on Fig. 5. The calculations show that the lo-
g0 transition is associated with a discontinuity in molecular
area of approximately A4, ., ~0.8 A2 The remaining
branch on Fig. 5 (the dashed line) corresponds to an isother-
mal scan performed by starting from a high-pressure uni-

T '
60 & —(n FMONTE CARLO
dyn
o) T=30°C
40 i
20+ i
o l B
40 S 60

AlA%

FIG. 5. Monte Carlo isotherm, viz. lateral pressure I vs cross-sectional
area per molecule, in the case of deconpled transitions, of. Fig. 4. The results
are obtained from Monte Carlo calculations on systems with 5000 (8) and
450 (@) lipid molecules, respectively. The solid line denotes an isotherm
which at high pressures corresponds to a nonequilibrium monolayer with a
domain structure. The dotted line refers to an equilibrium situation also at
high pressures. The dashed line denotes at low pressures a metastable mono-
{ayer with a single uniformly Potts ordered crystalline domain. Points (2)-
(h) on the isotherm refer to the microconfigurations in Fig. 6.

formly ordered Potts phase. It turns out to be impossible to
make the system enter the Potts disordered phase s for any
positive lateral pressure, even for the smaliest system stud-
ied, N = 30X 30. Hence, the entire low-II part of this branch
corresponds to a metastable situation. The lateral pressure is
simply a thermodynamic variable which is too weak to affect
the ordering dynamics appreciably within a reasonable time.
This is in fact a general statement which also applies to meta-
stable glassy phases of for example Lennard-Jones matter
which is very difficult to anneal by hydrostatic pressure
alone.””

From these observations we conclude thai the high-I1
shoulder of the monolayer isotherm is sirongly dependent on
noneguilibrium effects. The longer the system is allowed to
equilibriate in this region of the phase diagram, the less
rounded the high-Il shoulder will be. As pointed out in Sec.
IV D, the time evolution of this rounding may be interpreted
in terms of a grain-growth process.

D. Microscopic pattern formation: Noneguilibrium
crystallization and grain growth

The microscopic phenomena underlying the various or-
dering processes as the monclayer is taken along the iso-
therm are illustrated in Fig. 6. Snapshots of direct represen-
tations of microconfigurations characteristic of selected
lateral pressures are shown in this figure. For pressures be-
low the lo-so transition, these snapshots are typical of equi-
Iibrium. In contrast, the snapshots at higher pressures char-
acterize nonequilibrium configurations for a system with a
lateral-pressure history corresponding to 4000 MCS/S at
each successive pressure of an increasing series as given in
Fig. 5. For increasing i, the microconfigurations reflect the
dramatic compression at the Ié-lo transition where the acyl
chains undergo the conformational ordering transition into
the Potts disordered solid state lo. Upon further increase in
pressure the system contracts only very slightly. The ap-
proach to the se phase is signalled by the appearance of clus-
ters of chains in the same Potts state. These clusters are akin
to density finctuations. The cluster dynamics is very slow as
the pressure changes.

32 {d)

28 (c}

ZGn =iz ()

e
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|eni=3s (e} 50 (9} 60 (h}

FIG. 6. Snapshots of microconfigurations for the points (a)-(h) on the
isotherm of Fig. 5. The configurations are obtained from Monte Carlo simu-
lations on a lattice with 100 100 acyi chains. White areas indicate fluid
domains and symbols indicate acyl chains in gel-like conformations, with
each symbol labeling a crystal-orientational state (Potis state) of the acyl
chain. The lattice parameter has been scaled so as to display the lateral com-
pression of the monolayer as the pressure is increased from (a) to (h}. Each
configuration is typical for a relaxation time of 7 = 4000 MCS/S.
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FIG. 7. Suapshots of the time evolution of micraconfigurations on the iso-
therm of Fig. § for [ = 50 dyn/cm. The notation is as in Fig. 6.

When the lo-so phase line is crossed, these clusters grow
persistently and eventually at long times or high pressures
form the pattern of a polycrysialline aggregate characterized
by a random network of grain boundaries separating com-
peting domains with different Potts states. Due to the high
degeneracy of the 30-state Potts model, the grains are com-
pact.’! The domain pattern anneals extremely siowly in
time, cf. Fig. 7. This is due to the fact that the lateral pressure
only couples to the Potts ordering via the fluid states which
have aimaost disappeared in the highly condensed lo and se
phases. As seen in Fig. 7, there are even domains of the lo
phase which are intercalated between Potis ordered grains.
Moreover, the boundaries between the various ordered
grains are typicaily widened (softened) by an interfacial re-
gion of Potts disorder. This disordered interfacial network
screens the interaction between the ordered domains, lowers
the driving force for grain growth, and conseguently slows
down the growth kinetics. Hence we have not found it possi-
ble within the available time span to study the late-time
growth regime which we expect to be governed by the Lif-
shitz—Allen—Cahn growth law® for curvatore-driven
growih and nonconserved order parameter. The situation is
quite different for quenches in temperature where the late-
time asymptotic growth law can easily be probed.*®

E. lsothermal area compressibility

The iscthermal area compressibility «{4) is derived
from the fuctuation—dissipation theorem
K(A) = ————= (kg TAY '({47) — (4)%). (18)
The simulation resuits for (4 ) vs reciprocal area per mole-
cule { ~area density) are given in Fig. 8 which corresponds
to the 30 °C isotherm in Fig. 5. The compressibility is given
for the main branch of the isotherm (the solid line}, cf. Fig.
5, as well as for the branch which corresponds to data ob-
tained by initiating the system in & uniformly ordered Potts
phase characteristic of the so phase.

The area compressibility displayed in Fig. 8 has two dis-
tinct features which will prove of interest in connection with
experimental cbservations. First, the lo-so transition is sig-
naled by a shoulder in 4(4). Second, the compressibility of
the uniformly ordered Potts phase is considerably lower
than that of the softer metastable grain structure, of. Fig. 7.

Y. COMPARISON WITH EXPERIMENTS ON PURE LIPID
MONOLAYERS

Before comparing the results of the present theoretical
model study with experimental investigations of lipid mono-
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FEG. 8. Isothermal srea compressibility k(4 ) vs inverse cross-sectional area
per lipid molecule { ~ area density) along the isotherm of Fig. 3. The data
are obtained from Monte Carlo calculations on systems with 5000 (&) and
450 (@) lipid molecules. The solid and dashed lines refer to the correspond-
ing branches of the isotherm in Fig. 5.

layers we wish to emphasize that any such comparison
should not be taken beyond a gualitative level. First, whereas
we expect the model to provide a reliable representation of
the acyi-chain conformational degrees of freedom, the fact
that it is a lattice model excludes a faithful representation of
transiational degrees of freedom. Hence, the model is unable
to describe two-dimensional hexatic phases with only long-
range bond-orientational order.”® However, since the Potts
variables, properly interpreted as crystal-orientation vari-
ables, may account for some of the topological conseguences
of crystallization, we suggest that the model put forward in
this paper is usefu! for examining experimental observations
within a framework of coupled and decoupled order param-
eters for the two sets of degrees of freedom. This is in particu-
lar true regarding the nonequilibriuvm properties which we
believe to be of major importance for an understanding of
lipid monolayer phase behavior. Second, since we are mainly
interested in the general consequences of decoupling of order
parameters, we have made no attempt to fit the various mod-
el parameters to a specific lipid system. For convenience we
have used a set of parameters which, as far as the conforma-
tional stetistics of the lipid chains and the van der Waals
interactions are concerned, will be pertinent to acyl chains
with 156 monomers. In this respect, we mode! lipid mono-
layers of DPPC neglecting special effects such as chain tilt-
ing and detatis of molecular packing and defects. We expect,
hawever, that the general findings of our study are valid fora
larger class of lipid monolayers.

A comparison with experimental resulis for lipid mono-
layers wiil be made on the following points: (i} general phase
behavior, (ii) nature of the phase transition, (iii) shape of
isotherms, and (iv}) isothermal area compressibility.

(i) The experimental phase behavior of pure lipid mon-
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olayers is a highly controversial issue.® In particular, the
nature of the solid phases has been intensively discussed and
several different suggestions have been made.>"** The best
understood system at the moment is probably the dimyris-
toy! phosphatidic acid (DMPA) monclayer which is the
only monolayer for which in-piane structural information
exists for the in situ state.”® By combining the information
obtained from synchrotron-x-ray scattering’® with that
from fluorescence microscopy,”® the following picture
emerges: Upon compression of the monolayer through the
main transition at I, , solid domains are formed with a cor-
relation length of the order of 10° A. These domains are not
crystailine but have long-range bond-crientational order.®?
Hence, it has been suggested®>® that this phase may be a
candidate for a hexatic phase peculiar to two-dimensional
systems. As the pressure is further increased above I, small
crystalline regions are found to form with a coherence length
of no more than 10° A.”® The experimental findings for
DMPA monolayers of an intermediate noncrystailine highly
condensed phase are consistent with our theoretical predic-
tions provided J, is below its value at the triple point, cf. Fig.
i, and the two transitions therefore are decoupled. Mono-
iayers of polymerizable lipids could be candidates for sys-
tems with coupled transitions.’

(ii) It has been proposed that the transition at If, is
continuous or of weakly first order.>*? Gur model study pre-
dicts a first-order transition at If, but at the same time the
computer-simmulation results suggest that in the case of de-
coupled transitions, the ordering kinetics for the crystalline
phase is extremely slow and may lead to a continucus smear-
ing of the first-order transition, cf. Fig. 5. This is a possible
interpretation of the experimental resuits. Furthermore, the
typical grain sizes seen above i, in the computer simula-
tions have linear dimensions comparable to those inferred
from the synchrotron x-ray experiments. Furthermore, the
change in area at [, obtrained from the equilibrium simula-
tions, A4, ., is very similar to that derived from the synch-
rotron x-ray data for the change in the molecular nearest-
neighbor distance parameter.® The theoretical findings for
decoupled transitions of an extremely steep phase line for the
lo~so transition, cf. Figs. 1 and 4, lead to the conclusion that
[ is a weak thermodynamic variable in this regime. We
therefore surmise that only for Hpid monolayers with special
values of material constants, such as J,, isit possible to find a
thermodynamic stable crystalline phase at realistic lateral
pressures. Furthermore, the region of stability of such &
phase will be extremely sensitive to temperature, as suggest-
ed by the theoretical data of Fig. 1.

(iii) Due to the very siow grain growth of the so phase
both in the case of coupled and decoupled transitions, non-
equilibrium effects will have a dramatic effect on the shape of
the isotherms. Not only will long-lived thermal density fiuc-
tuations, which are kinetically stabilized near 1i,,, produce
nonhorizontal isotherms at the chain-ordering transiticns,”*
but also the slow grain-growth kinetics near the lo—-so phase
boundary, cf. Fig. 7, will broaden the high-1! shoulder of the
isotherm. This is invariably observed experimentally, even in
the most careful monolayer studies on ultrahigh purity fipids
involving very precise pressure measurements and a high

standard of humidity control.”® In these experiments, the
isotherm at I, is fully horizontal, but the broad high-I}
shoulder remains.

(iv) By comparing the macroscopic area compressibili-
ty obtained from the isotherms of DMPA and the corre-
sponding microscopic compressibility obtained from the
pressure variation of the crystal lattice parameter obtained
from the synchrotron x-ray studies the striking results were
found® that the macroscopic compressibility is 2-3 times
larger than the microscopic compressibility. Helm er al®
concluded that this difference is due to a possible influence
on the macroscopic compressibility of defect annealing,
merging, and deformation of solid domains. This conclusion
is in excellent accordance with our computer simulation re-
sults, cf. Fig. 6. Moreover, it is consistent with the numerical
data for the compressibility in Fig. 8 if we take the compress-
ibility of the branch corresponding to the homogeneously
ordered Potts phase as that of microscopic crystalline do-
mains and take the metastable branch corresponding to the
soft polydomain Potts state with glassy domain walls (cf.
Fig. 7} as that of macroscopic polycrystalline aggregates.
Two comments should be made regarding a more detailed
comparison between Fig. 8 and the corresponding experi-
mental compressibility taking DPPC as an example.® First,
the low-density compressibility is unrealistically small since
the present model is not designed to describe the low-density
phases of Iipid monolayers. Second, the high-density com-
pressibility of the model may also be too small due to the
neglect of lipid—molecule tili-degrees of freedom and defects
in the head-group region.” Despite these shortcomings of
our modei, the overall shape of x(4) vs 4 ', Fig. 8, is very
simiiar to the experimental data.

Vi EFFECTS OF CHOLESTEROL
A. Chotesterol as a crystal breaker

The advantage of the model for pure lipid monolayers
described in Sec. I of this paper is that it gives 2 description
of lipid monolayers based on two sets of two degrees of free-
dom, i.e., one for the chain conformations in terms of rota-
tional isomerism and the other for the positional order in
terms of the Potts variables. This description is particularly
advantageous for mixed monolayers containing intrinsic im-
purities since a suitably extended model allows the impurity
to affect both degrees of freedom differently. Cholesterol, for
exampie, can be regarded as a crystal breaker from the point
of view of the positional degrees of freedom and a rigidifier of
the acyl chains relative to the conformational degrees of free-
dom. A model along these lines has previously been pro-
posed to describe the phase behavior of lipid bilayers con-
taining intrinsic cholesterol molecules.’® In that model the
cryetal-breaking properties of cholesterol are accounted for
by decoupling the Potts interaction between nearest-neigh-
bor sites whenever a cholesterol molecule is involved. The
hydrophobic interaction between cholestero! and another
molecuie is modelled in the spirit of lipid chain—chain inter-
actions through a shape factor 7, which is 2 constant corre-
sponding to the stiff cholesterol molecule. This requires the
addition of the following two terms into the Hamiltonian of
Sec. II:
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Here 7, is the Hamiltonian representing the interaction
between two neighboring cholesterol molecules and 7 is the
strength of this interaction relative to J,. #° . is the interac-
tion between a lipid acyl chain and a neighboring cholestercl
molecule, In this work we assume that 7, =72, ., is the
site occupation variable for a cholesterc! molecule.

The mean-field eguations of Sec. fII A can easily be ad-
justed to include a concentration of cholestero! molecules in
the monolayer. First, the average value of .7, is related to
the molar fraction of cholestercl, x = (¥ ¥/ (2 — (&)}
Next, the free energy of Eg. (6) is now a function of both x
and 7 and the tota! entropy must include a mixing entropy
term. Phase diagrams for lipid monolayers containing cho-
lesterol can now be constructed using standard mathemat-
ical techniques.™

8. Experimenial resutts for lipid-cholesteral
monolayers

Lipid—cholesterol monclayers spread on air-water in-
terfaces have been the subject of several experimental stud-
ies. Lateral pressure-surface area isotherms for these sys-
tems were obtained by Miiller-Landau and Cadenhead®’ and
Albrecht et al*! In addition, Albrecht ef al. constructed a
tentative phase diagram for DPPC-cholesterol monolayers
containing several possible coexistence regions. One of these
regions gave an indication of phase separation between two
liguid phases, an almost pure lipid phase and a cholestercl-
rich phase. Subramaniam and McConnell*? verified the oc-
currence of liguid-liquid phase separation in their study of
critical mixing of dimiristoyl phosphatidylchcline mono-
layers using fiuorescence microscopy. Furthermore, they

50
T[]
40
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FIG. 9. Mean-field phase diagram, transition pressure vs cholesterol con-
centration x, for lipid~cholesterol monolayers in the case of decoupled tran-
sitions at x = 0.

showed that the two-phase coexistence disappears at a later-
al pressure of about 10 dyn/cm for concentrations of 14-30
mol % cholesterol. Above this pressure the monolayers re-
main optically homogeneous for lateral pressures of up to 40
dyn/cm. Epifluorescence studies’®* of lipid—cholestero}
monolayers were used to investigate the LC/LE coexistence
region at low cholesterol concentrations. These studies
showed that the LC phase grows in the form of spiral do-
mains in the coexistence region implying that the cholesterol
molecules lie in the interface between the LC and LE phases
and are responsible for the curvature.

C. Theoretical phase diagram for lipld-cholesterol
monolayers

The phase disgram appropriate for lipid-cholesterol
monolayers is calculated in the mean-field approximation in
the case of coupled as well as uncoupled transitions at zero
cholestercl concentration. In the uncoupled case, the param-
eters chosen are J,= 1.28X107" ergs and
Jo = 0.491 X 107 " ergs. As can be seen in Fig. 3, these val-
ues lead to a transition from the Id to the lo phase at |l = 18
dyn/cm and a transition from the lo to the so phase at about
Il = 35 dyn/cm. Figure 9 gives the mean-field phase dia-
gram for lipid—cholesterol monociayers which is calculated
using the above parameters. The phase transition at low lat-
eral pressure broadens into a phase coexistence loop signal-
ing a phase separation between the ld and lo phases. Part of
the phase diagram found by Albrecht ef ¢l*' for DPPC-
cholesterol monolayers can be interpreted in terms of the
upper portion of the coexistence loop and the experimental
results of Subramaniam and McConnell*® imply the exis-
tence of the lower critical point of the phase coexistence re-
gion. The lateral pressure at which the upper transition oc-
curs increases dramatically with increasing cholesterol
concentration with only a very narrow stable region for the
so phase. The upper transition takes place at a very high
lateral pressure which is a consequence of the weak depen-
dence of the boundary between the lo and so on lateral pres-
sure in the phase diagram of Fig. 1 for the pure lipid mono-
layer. The experimental resulis of Albrecht er al.* exhibit a

miaz | O _
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FIG. 10. Mean-field phase diagram, transition pressure vs cholesterol con-
centration x, for lipid—cholesterol monolayers in the case of coupled transi-
tions at x = 0.
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high-pressure phase boundary for DPPC-cholestercl mono-
layers but the behavior of this phase boundary is consider-
ably different from our results.

Figure 10 gives a mean-fieid phase diagram for lipid-
cholesterol monolayers in the case where there is only one
phase transition in the pure monolayer from the so to the id
phase. The values of the parameters were the same as those
used for the calculation of the phase diagram appropriate
for lipid—cholesterol bilayers®® with the exception of the
internal lateral pressure (J,=1.28X10"" erg and
Jo =0.525X107"* erg). The resultant monolayer phase
diagram is essentially the inverse of the bilayer phase dia-
gram™ in terms of its shape and it is completely different
from the phase diagram shown in Fig. 9. While there is at
present no experimental evidence for such a phase diagram,
it is not inconceivable that there are pure lipid monolayers
exhibiting only one se-id phase transition. As previously
pointed out, possible candidates for a single so—1d transition
are monolayers of polymerizable lipids.”

Clearly our model in its present form can shed no light
on the formation of spiral domains.*** However, it clarifies
certain aspects of the experimental phase diagrams of lipid-
cholesterol monolayers and it predicts the occurrence of a
liguid-tiquid phase separation as found by Subramaniam
and McConnell.*> A more complete experimental phase dia-
gram for lipid—cholesterol monolayers is required before a
more detailed theoretical analysis is warranted and a proper
assessment can be made of the theoretical model proposed in
the present paper.

Vit. COMCLUSIONS

In this paper we have presented a theoretical model
study of the phase behavior of lipid monolayers spread on
the air/water interface. The study focuses attention on con-
sequences of the fact that lipid monolayers are a unigue class
of physical systems which possess two different mechanisms
for ordering, one being the conformational ordering of the
acyl lipid chains via rotational isomerism, and the other be-
ing crystallization of the monolayer involving the transla-
tional degrees of freedom. The latter mechanism leads to
formation of crystalline domains with a large number of dif-
ferent orientations. The main emphasis of the paper has been
to determine the influence on the phase behavior of decou-
pling of the two ordering mechanisms, with particular em-
phasis on the nonequilibrium behavior.

It is pointed out that decoupiing of conformational or-
denng and crystallization is experimentaily observed in cer-
tain lipid monolayers”® and it is suggested that the cbserved
lack of long-range crystallinity at high pressures may be due
to a particularly slow kinetics of the pressure-driven crystal-
lization process. Similarly, an interpretation is given of the
commonly observed nonhorizontal isotherms and rounded
high-pressure shoulders of the isotherms as being due to a
slow nonequilibrium grain-growth process.

Cholesterol is shown, in accordance with experi-
ments,**~* 1o possess a unigue capacity for providing a mo-
lecular mechanism for decoupling acyi-chain ordering pro-
cesses and crystallization leading to the peculiar phase
behavior of lipid monolayers containing cholesterol.

The results of the present study also have relevance for
the phase behavior of lipid bilayers®’® which are believed to
represent the case of coupled ordering mechanisms in the
absence of cholestercl. In particular, it was recently demon-
strated experimentally,*** and subsequently interpreted
theoretically,> that cholesterol in lipid bilayers acis as a
crystal breaker which decouples the two ordering mecha-
nisms. At high cholesterol concentrations this decoupling
leads to a peculiar homogeneous phase which, from the point
of view of bulk mechanical properties, is a liquid*® but which
at the same time has a high degree of acyl-chain ordering and
cohesive strength. It is likely that cholesterol as a decoupler
in this respect is 2 unigue molecule of nature and an indis-
pensible prerequisite for imparting to biological membranes
their peculiar physical properties.*’
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