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Effect of intermonolayer coupling on the phase behavior of lipid bilayers
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A statistical-mechanical lattice model is proposed to describe the acyl-chain main phase transition
in a hydrated lipid bilayer. The model is built on a two-dimensional multistate lattice model to de-
scribe the intramonolayer interactions within the two separate lipid monolayers of the bilayer. The
coupling between the two monolayers is modeled both indirectly by hydrophobic acyl-chain mismatch
interactions that ensure compatibility between the two monolayers, and by a direct intermonolayer
attractive dispersion force. The nature of the phase transition is studied by computer-simulation
methods involving standard Monte Carlo simulation, as well as the extrapolation method of Fer-
renberg and Swendsen [Phys. Rev. Lett. 61, 2635 (1988)] and the Lee-Kosterlitz technique [Phys.
Rev. Lett. 65, 137 (1990); Phys. Rev. B 43, 3265 (1991)]. It is found that the absence of a phase
transition in a set of uncoupled monolayers is restored by a weak intermonolayer interaction. The bi-
layer properties in the transition region are described with particular emphasis on the lateral density
fluctuations and the resulting dynamic bilayer heterogeneity. The theoretical results are discussed
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in relation to experimental data.
Pacs Number(s): 64.60.Cn, 87.22.Bt

I. INTRODUCTION

Lipid molecules are basic components of biological
membranes [1]. When these molecules are dissolved in
water at sufficiently high concentrations and the mixture
is then vortexed, the lipid molecules self-organize to form
soft multilamellar structures in which each lamellar sheet
is a hydrated lipid bilayer. These systems are known as
liposomes or multilamellar vesicles. If these vesicles are
subjected to further treatment, for example by irradi-
ation with ultrasound, small and eventually large unil-
amellar vesicles are formed. Large unilamellar vesicles
are regarded as models for biological membranes and can,
for example, be reconstituted with membrane-bound pro-
teins, thereby allowing a detailed study of the structure
and function of such proteins. Pure lipid bilayers exhibit
a considerable degree of polymorphism and their phase
behavior has been subject to intensive research activity
in recent years, which has led to an understanding of the
material properties of lipid membranes in terms of fun-
damental molecular interactions between the membrane
components [2]. In this paper we concentrate on a theo-
retical description of the main phase transition [3] in pure
fully hydrated bilayers composed of saturated phospho-
lipids which are the most common lipid molecules used
in experimental studies of model membranes [1].

The main phase transition of lipid bilayers is a struc-
tural phase transition in which the bilayer passes from
a gel or quasi-two-dimensional solid phase to a liquid-
crystalline or quasi-two-dimensional fluid phase [3]. In
the gel phase the acyl chains of the lipid molecules
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are rigid and form a crystalline lattice, whereas the
chains become comformationally disordered in the liquid-
crystalline phase which is characterized by fast lateral dif-
fusion of the lipid molecules. It is found experimentally
that the conformational order of the acyl chains changes
abruptly at the transition temperature T;,, which is sig-
naled by a sharp peak in the thermal response functions,
such as the specific heat.

The structure and dynamics of lipid bilayers have
been studied using a number of different microscopic in-
teraction models. Considerable insight into details of
acyl-chain order and dynamics has been obtained away
from the transition region using three-dimensional mod-
els with model potentials characterized by a high degree
of realism [4]. However, due to the complexity of the
interactions it is only feasible to study a small number
(~ 10%) of molecules with these very realistic models.
Since the main transition is associated with strong fluc-
tuations this limits the information obtained to a region
away from the transition. It is therefore necessary to in-
troduce simplifications in the models in order to permit
a study of large assemblies of molecules comprising at
least 103-10° molecules. Reduction to two-dimensional
models is an obvious first simplification [5]. In particular,
two-dimensional multistate statistical-mechanical lattice
models have been very useful in describing the character-
istics of the main phase transition [3, 5]. In these models
the states represent the conformations of the acyl chains.
The models are usually constructed under the assump-
tion that (i) the main phase transition is entropically
driven by the change in acyl-chain order and (ii) the two
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monolayers of the bilayer are essentially independent and
noninteracting. The next level of simplification would
involve taking into account the interactions between the
two monolayers of the lipid bilayer thereby moving into
the third dimension. This is the level we are going to
approach in the present work.

The lattice model used in the present paper is built on
a ten-state conformational lattice model due to Pink [6,
7). In the Pink model, a single monolayer of the bilayer
is represented by a triangular lattice in which each site
is occupied by an acyl chain. The model, which is de-
scribed in Sec. II, has previously been examined in de-
tail both in the mean-field approximation and by exten-
sive Monte Carlo simulations (3, 5]. The mean-field cal-
culations were used to obtain values for the model pa-
rameters by fitting to thermodynamic data for saturated
lecithins [diacyl lipids with phosphatidylcholine (PC) po-
lar heads]. Using these fitted parameters the mean-field
solution to the model then predicted sharp first-order
phase transitions for saturated lecithin bilayers with acyl-
chain lengths ranging from 12 to 22 carbon atoms. The
numerical simulations for the Pink model were performed
using these fitted parameters for acyl chains with 14, 16,
and 18 carbon atoms [8]. The simulation results showed
that the transition appears in the model as continuous
but abrupt with a sharp peak in the specific heat. The
monolayer was found to be spatially and dynamically het-
erogeneous in the neighborhood of the transition. Fur-
thermore, Ipsen, Jgrgensen, and Mouritsen [8] showed
that the lateral density fluctuations could be character-
ized by a finite length scale and behaved in a pseudo-
critical manner characteristic of a weak first-order phase
transition near a critical point. They also found that
the specific heat sharpened with increasing chain length.
Recently, Corvera, Laradji, and Zuckermann [9] used the
finite-size-scaling method of Lee and Kosterlitz [10,11] to
show that a phase transition in the ten-state Pink model
is in fact absent for lipid chains with up to 18 carbon
atoms and that the dynamic heterogeneity of the system
is due to short-range-order effects close to but beyond a
critical end point. In an attempt to determine the ef-
fects on the phase behavior of interactions left out in the
simple ten-state Pink model, Zhang et al. [12] recently ex-
tended the Pink model for a single monolayer by includ-
ing hydrophobic intralayer mismatch interactions [13, 14]
between the acyl-chain conformational states of the Pink
model. These mismatch interactions mimick in an in-
direct fashion the constraints placed on each monolayer
in forming a bilayer. Zhang et al. [12] found that even
a rather weak mismatch interaction is sufficient to take
the system below the critical end point and to induce a
first-order phase transition.

The model and work reported in the present paper
are extensions of the work on the model with intralayer
mismatch interactions [12] in an attempt to include the
forces between the two monolayers of the bilayer. In con-
trast to our earlier work [12], in which only a finite-size
scaling analysis was presented to reveal the nature of the
transition, in the present paper we present the results
of a finite-size scaling analysis, together with the physi-
cal properties of the system for particular values of the

model parameters. We concentrate on the case where
these parameters lead to a weak first-order phase transi-
tion in the thermodynamic limit, as suggested by recent
experiments [15, 16], and examine the heterogeneous na-
ture of the bilayer in the neighborhood of this transition.
We then compare these results with those obtained for a
single monolayer which in our model has no phase transi-
tion in the thermodynamic limit but is close to a critical
point.

Models describing the complete bilayer as a system of
interacting monolayers are useful since they can be ex-
tended to include and distinguish between peripheral and
integral membrane-bound proteins. Furthermore, they
allow us to model monomer-dimer dissociations for cer-
tain integral proteins. The first interacting lattice model
of a complete bilayer is due to Georgallas et al. [17] who
used the two-state lattice model due to Doniach [7, 18]
for each monolayer and then combined the monolayers by
making each lattice site of one monolayer an interstitial
site of the other monolayer. Weak nearest-neighbor inter-
actions on the composite lattice represent intermonolayer
interactions, whereas next-nearest-neighbor interactions
represent the usual intramonolayer interactions between
acyl chains. It was shown by both analytical and simula-
tion methods [17] that even a weak intermonolayer inter-
action is sufficient to change the critical point dramati-
cally. Georgallas et al. [17] used the model to explain
the absence of a pressure-induced transition in dipalmi-
toyl phosphatidylcholine (DPPC) monolayers at 41 °C in
contrast to the existence of the main phase transition of
DPPC bilayers which takes place at this temperature for
the corresponding value of the internal pressure.

In the model proposed in the present paper, each
monolayer of the lipid bilayer is described by a ten-
state Pink model and the bilayer is constructed by di-
rectly matching lattice sites in each monolayer. An in-
terlayer mismatch interaction between different confor-
mational chain states is now imposed across the bilayer
together with a single-site van der Waals interaction be-
tween chains belonging to different monolayers. The
model is presented in Sec. II. The calculational tech-
niques are described in Sec. III and the results of nu-
merical simulations for the bilayer model are presented
in Sec. IV. Finally, the results are discussed in Sec. V,
which contains a summary of extensions to lipid-protein
interactions and concludes the paper.

II. MICROSCOPIC MODEL

The Hamiltonian for the model used in this paper de-
scribes both monolayers of a bilayer and allows for inter-
actions between the monolayers. The principal term in
the Hamiltonian describing a single monolayer is the ten-
state lattice model due to Pink (6, 7]. The Pink model
takes into account the acyl-chain conformational statis-
tics and the van der Waals interactions between vari-
ous conformers in a detailed manner, while the excluded-
volume effect is partially accounted for by assigning each
lipid chain to a single site of a triangular lattice. The
acyl-chain conformations are represented by ten single-
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chain states, @ = 1,...,10, each described by a cross-
sectional area A, an internal energy E,, and an internal
degeneracy D,. The nine lower states are characteristic
of the gel phase and the tenth state is typical of the fluid
phase. Of the nine gel states, the lowest state is the
all-trans ground state and the eight remaining states are
low-lying conformational excitations of the ground state.
The Hamiltonian for two noninteracting monolayers can
be written as follows:

2 10
Ho= (E D (Ba+ ALY
1

n=1 i a=

J 10
_702 Z IaI,,.cg,,.Lg,j>, 1)

(4,3) a,f=1

where (i,j) are nearest-neighbor indices. Jp is the
strength of the van der Waals interaction. L7 ; is an
occupation variable which is unity when the ith chain
of the nth monolayer is in the ath conformational state
and zero otherwise. I, is a product of a term related
|
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to the van der Waals interaction between chains and a
phenomenological expression for the shape-dependent ne-
matic order parameter due to Seelig [19]. II represents
the effective lateral pressure exerted on a lipid bilayer due
to interfacial effects (hydration, polar head interactions,
etc.). The parameters Jy and II were found by fitting
to experimental values for the transition temperatures
and transition enthalpies of pure saturated PC bilayers.
The values found for dipalmitoyl phospatidylcholine are
Jo =~ 0.71 x 10713 erg and IT = 30 dyn/cm [5]. It turns
out that with these parameter values the model is very
close to a critical point on the side where there is no tran-
sition. This is consistent with the interpretation of the
most accurate thermodynamic data available [15].

The Hamiltonian H,,, which describes the mismatch
interaction between different conformational states of the
acyl chains across the bilayer and hence accounts for in-
termonolayer coupling in an indirect way, is assumed, by
analogy with the case of lipid-protein interactions [14],
to have the following form:

Hm = j%li Z Z E |da1 + dp1 — daz — dﬂ2|£¢111,¢£%1,i£c112,j5%2,j, 2)

(i,j) 1,81 2,82

where d, is the hydrocarbon chain length for the ath
conformational state, which is reciprocally related to the
value of A, since the volume of an acyl chain is assumed
invariant under temperature changes. The parameter
“mis is related to the hydrophobic effect.

Finally, we consider a Hamiltonian H; which repre-
sents a direct contribution from the interlayer coupling.
We assume that every acyl chain interacts with its near-
est neighbors in the opposite monolayer in a pairwise
manner with an energy —J22,3, where 2, are state-
dependent parameters. In the fluid phase the acyl chains
are disordered and the lateral diffusion coefficient is at
least two orders of magnitude greater than in the gel
phase [17]. This implies that the interlayer coupling be-
tween the chains in the gel state is much greater than
that in fluid state. We therefore take ; = 1, Q10 = 0
and chose 92’3’4 = %, 95,6,7 = %, and Qg,g = % H, can
be written as follows:

Hi=J2) Y QuQpll L3, 3)

i a,p
The total Hamiltonian of the model used here is therefore
H=Ho+ Hm + H;. 4)

The particular system considered here is a single
DPPC bilayer. With appropriate scaling according to
acyl-chain length, the results presented should be ap-
plicable to other phosphatidylcholine bilayers [8]. The
values used for the coupling constants of the mismatch
interaction and the interlayer coupling are given below.

III. CALCULATIONAL TECHNIQUES
AND PHYSICAL QUANTITIES

In this section we describe the numerical techniques
used to identify the nature of the transition and the phys-

[
ical quantities calculated in the neighborhood of the tran-
sition. We begin with an analysis of first-order transitions
which are characterized by discontinuities in the first
derivatives of the free energy. Specifically, a é-function
singularity occurs in specific heat C(T') at the transition
in the thermodynamics limit. In a finite system, however,
the transition region is broadened and the peak in C(T)
as well as in the isothermal compressibility x(7) has a
finite intensity which increases with increasing linear lat-
tice size L. Furthermore, the location of the maximum
varies in a size-dependent manner. The maximum grows
as L% in d dimensions and the é-function limit is obtained
because the width decreases simultaneously as L—¢. The
maximum value of C(T') for a finite lattice is

CP** = g + bL?, (5)

where a and b are the size-independent parameters char-
acteristic of the specific system [20]. A similar scaling
form holds for the maximum value of the isothermal com-
pressibility x**. C(T') and x(T') are calculated from the
fluctuation-dissipation theorem

X(T) = (A7) - (47)/L4, ©

C(T) = o (7) = ()24, @
where

A= AoLa. (8)

The phase behavior of the Pink model of Eq. (1) was
previously examined by the standard Metropolis Monte
Carlo method with importance sampling and Glauber dy-
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namics [5]. This method is used here in conjunction with
the Monte Carlo extrapolation method of Ferrenberg and
Swendsen [21] and the finite-size scaling method due to
Lee and Kosterlitz [10, 11] to examine the nature of the
phase transition for the model in Eq. (4). The Lee and
Kosterlitz method consists of calculating the free energy
as a function of the order parameter at the transition
using the probability distribution of the order parameter
at the temperature where the specific heat peak occurs.
For the present model we use the average area (A) per
lipid chain as the order parameter since (A) is coupled
to the internal lateral pressure II [see Eq. (1)] [9,12]. At
a first-order transition, the bulk free energy F(A, L) has
pronounced double minima corresponding to two coex-
isting phases at A = A; separated by a maximum at
Amax corresponding to a domain wall between the two
phases. The maximum height is

AF(L) = F(Amax, L) — F(A1, L) ~ L1, (9)

At a first-order transition, AF(L) increases monotoni-
cally with L [12].

The above method was used in our earlier work [12] to
examine the phase behavior of an extended Pink model
for a single monolayer with intramonolayer mismatch in-
teractions. Here we apply this method to the full bilayer
model and furthermore examine the state of the bilayer
in detail near the transition. For this purpose we inves-
tigate cluster-formation phenomena [5] and calculate the
chain orientational order parameter in the neighborhood
of the transition. The clusters can be described by a
size-distribution function n}(T) which gives the number
of clusters of type p with £ lipid chains. Here p refers to
the fluid chain state if T' < T, or the gel and intermedi-
ate chain states if T' > Ty, [5]. The clusters are defined
via a nearest-neighbor connectivity criterion dictated by
the interaction range. The average cluster size is then

§T) =) enf(T) / PLAE (10)
14 £

where the summation is restricted by a lower cutoff in
the value of £ (corresponding to three acyl chains in our
case) in order to exclude local fluctuations controlled by
the Glauber dynamics. We analyze the spatial pattern of
the lipid clusters by dividing each monolayer into three
regions [5]: the background phase (bulk b), the clusters
(c), and the interface (i) between the clusters and the
bulk. The interfacial region is composed of those acyl
chains which have nearest-neighbor bonds to the cluster
boundary. The spatial pattern is then described in terms
of the corresponding fractional areas of the membrane,
ap, ac, and a;, and the relative occurrences of acyl-chain
states in the different regions.

The chain orientational order parameter S is calculated
as follows:

2 10
S=L723 3> (WA AT +w)Lh ), (11)
n=1 1 a=1

where w; = 1.8 and wy; = —0.8 [5]. Equation (11) is de-
rived on the basis of geometrical considerations involv-
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ing the embedding of the acyl chains on a triangular lat-
tice [19]. In order to obtain values of S for a large system
over a wide temperature range, we computed this quan-
tity by using the standard Monte Carlo method without
using the Ferrenberg-Swendsen method.

IV. RESULTS

In this section we present simulation results for the
model of a bilayer consisting of two interacting monolay-
ers as described by the Hamiltonian of Egs. (1) to (4).
The results are derived from simulations using several
different lattice sizes, L x L, subject to periodic bound-
ary conditions. Very long simulations were performed
at the transition temperature in order to obtain good
statistics {10, 20]. The temperatures at which the sim-
ulations are performed were chosen as close as possible
to the transition temperature T, (L). It was found that
2 x 10® Monte Carlo steps per site (MCS) were sufficient
to obtain the required accuracy.

The temperature at which a finite system undergoes a
first-order phase transition usually depends on the size
of the system. This transition temperature 7, (L) is de-
fined by requiring F(A;, L) = F(A2, L), where F(A;, L)
and F(As, L) are the free energies of the gel and fluid
phases, respectively. The free energies are first calcu-
lated for varying values of the mismatch parameter ;s
and for a fixed value of the interlayer coupling J; in order
to examine the phase behavior of the system and to find
the critical point. A value of J; = 0.04Jy was chosen
in accordance with earlier work on intermonolayer cou-
pling [17]. We found that the system did not exhibit a
phase transition for values of ymis below 3 x 10716 erg/A
for Jo = 0.04J;. In the subsequent calculations, we then
chose a value of 4 x 10716 erg/A for vmis at which the
system exhibits a weak first-order phase transition. This
is illustrated in Fig. 1 which gives the free energy as a
function of area per lipid chain for these parameters in
the case of several lattice sizes varying from L=8 to 24.

_13erg)

F (10
(o]
T

-'h:-- L . l-...l | '-r..-
44 48 52 56 60 6 68
<A> area per molecule (A7)

FIG. 1. Free energy F(Tm(L)) as a function of order pa-
rameter (A) for lattice sizes L x L, L = 8,12, 16, 20,24 from
bottom to top, for Ymis = 4 x 107 erg/A, and J2/Jo = 0.04.
Tm(L) refers to the transition temperature for a system of
linear size L.
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FIG. 2. Variation of the specific-heat maximum with L2
for L = 8,12, 16,20, 24.

This figure shows that there is a finite-size effect for the
smaller lattice sizes, i.e., an additional well is present be-
cause the monolayers are in different phases, one being
in a gel phase and the other in a fluid phase. Hence in
this case, the weak coupling between the finite-size mono-
layers is overcome by strong lateral fluctuations within
the monolayers. Figure 1 also shows that the additional
well disappears as the size of system increases, since the
interlayer coupling then ensures that the entire bilayer
is in either the gel phase or in the fluid phase at any
given temperature. It can be seen from the figure that
the two phases are separated by an energy barrier whose
height increases with increasing L. This indicates that
the system undergoes a first-order phase transition in the
thermodynamic limit [10]. The variation of the specific
heat and the susceptibility maxima with L are shown for
several lattice sizes in Figs. 2 and 3, respectively. These
figures show that both response functions are linear in
L?, as expected for a first-order transition (see [20] and
Eq. (5)).

In the rest of this section we describe the effect of in-
terlayer interactions on the dynamic heterogeneity of the
bilayer. For this purpose we perform a series of calcula-
tions in the neighborhood of the specific-heat peak using
the Ferrenberg-Swendsen extrapolation method (see [21]

3.5 T L T T T T

10—5 (Cmax
T A
o W o w o

T T T T T
1 1 1 1 1

o

2
7
!

0.0 1 1 1 1 A 1
0 200 400 600
L2

FIG. 3. Variation of the susceptibility maximum with L?
for L = 8,12, 16, 20, 24.

FIG. 4. Average domain size (number of chains), £(T’) in
Eq. (10), as a function of temperature for the Pink model
(dashed line) and the model with intermonolayer interac-
tions (solid line), respectively. The curves are obtained from
Ferrenberg-Swendsen simulations on a 24 x 24 lattice. The
lower cutoff cluster size is taken to be three acyl chains.

and Sec. III) for a 24 x 24 lattice both in the presence
and absence of these additional interactions. Note that
the absence of the additional interactions corresponds to
the case of an isolated DPPC monolayer which for our
parameters does not exhibit a phase transition in the
thermodynamic limit, but remains close to the critical
point. Figure 4 shows the average linear dimension, &
in Eq. (10), of the fluctuating clusters of the minority
phase as a function of temperature for both cases. It
is seen that £ is considerably reduced at any given tem-
perature in the presence of the additional interactions,
implying that the transition region has been consider-
ably narrowed and that the “wings” of the transition are
confined to a much narrower temperature range. This is
understandable because of the high energy barrier for the
formation of cluster interfaces in a first-order transition.

Figure 5 shows that the fraction of the membrane area
in the clusters and in the interfaces is considerably lower

1.0 T T T T

a(C)J
®

20.6+ b y
N

1)
«© N
3 h

v <
:04’— V4 \\,’ N
S AN VA
bt / NS4

’ b N

e

0. : L L L
812 313 314 315 316 317

T (K)

FIG. 5. Temperature dependence of the fractional areas
a(T) in the bulk (b), in the clusters (c), and in the first
interfacial layer (i) for the Pink model (dashed lines) and
for the model with interlayer interactions (solid lines). Both
sets of results are obtained from a 24 x 24 lattice using the
Ferrenberg-Swendsen method.



6712 ZHANG, ZUCKERMANN, AND MOURITSEN 46

—
o

o
@
T

©
o
T

o
IS
T
L]

I
[
T

1st interface relative occurrence

f R
0812 313 314 315 316 317
T (K)

FIG. 6. Relative occurrence of gel (g), intermediate (2),
and fluid (f) acyl-chain conformational states in the first in-
terfacial layer of lipids chains for the Pink model (dashed
lines) and for the model with interlayer interactions (solid
lines). The results are obtained from a 24 x 24 lattice using
the Ferrenberg-Swendsen method.

in the case of a first-order phase transition induced by the
intermonolayer interactions. This figure also shows that
the fractional areas of the bulk, interface, and cluster re-
gions are similar close to T, in the absence of a phase
transition, whereas in the case of a first-order transition
the bulk dominates in this temperature range. The inter-
facial regions can be probed by calculating the relative
occurrence of the acyl-chain conformational states in the
first interfacial layer between the clusters and the bulk.
This layer is defined as the set of acyl chains which are
connected by nearest-neighbor lattice bonds to the clus-
ter boundary. Figure 6 shows the relative occurrence of
the all-trans, the intermediate, and the fluid states in
the first interfacial layer. The same quantities are given
for the bulk in Fig. 7. A comparison of Figs. 6 and 7
demonstrates that the first interfacial layer is dominated
by chains in intermediate conformational states. A soft
interface of this kind in a biological lipid bilayer could

0.4

bulk relative occurrence

1 1 = 1L
0‘812 313 314 315 316 317
T (K)

FIG. 7. Relative occurrence of gel (g), intermediate (i),
and fluid (f) acyl-chain conformational states in the bulk for
the Pink model (dashed lines) and for the model with inter-
layer interactions (solid lines). The results are obtained from
a 24 x 24 lattice using the Ferrenberg-Swendsen method.

1.0 v T T T T T
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FIG. 8. Acyl-chain orientational order parameter S as a
function of temperature. Theoretical results, Eq. (11), are
shown as obtained from model simulations on a 60 X 60 bi-
layer for the Pink model (O) and for the model with interlayer
interactions (e). Experimental data (o) are shown for com-
parison as obtained from the first moment of the quadrupolar
nuclear magnetic resonance spectrum of dg2-DPPC lipid bi-
layers (Ref. [22]).

very well have some biological significance [5]. These fig-
ures also show that the variation with temperature in
the neighborhood of T, of the relative occurrences of
the different chain states are similar in the absence and
in the presence of a first-order phase transition, although
considerably sharper in the latter case.

We have checked the validity of the application of the
Ferrenberg-Swendsen method to examine the bilayer het-
erogeneity near 7T,, by performing standard Metropo-
lis Monte Carlo simulations for the quantities shown
in Figs. 5-7 in the case of a first-order phase transi-
tion. The results obtained show that there is good agree-
ment between the two methods except at T),. This mi-
nor disagreement is due to hysteresis effects which are
present near the first-order phase transition in our stan-
dard Monte Carlo calculations due to limited statistics.

In Fig. 8 we present the results of the acyl-chain ori-
entational order parameter S, which is calculated from
Eq. (11) both in the absence and presence of a first-order
phase transition. We also show the experimental data of
Davis [22] for S obtained from the first moment of the
quadrupolar nuclear magnetic resonance spectrum of dgs-
DPPC bilayers. The experimental order-parameter data
exhibit a sharp variation in the transition region. The
model results for S found by including interlayer interac-
tions also exhibit a sharp jump at T,,, which, however,
is in closer agreement with the experimental results. In
contrast, the single monolayer model gives a curve for S
which is much smoother than the experimental results.
The reason for the difference in the value of T, between
the experimental and theoretical results is trivially re-
lated to the fact that the experiments were performed
on fully deuterated chains whereas the theory applies to
fully protonated chains for which T}, is higher. The dif-
ference in the theoretical and experimental variation of
S with temperatures below T}, is due to the fact that the
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pretransition of DPPC bilayers has not been considered
in the theoretical analysis, whereas it clearly affects the
experimental results.

V. CONCLUSION

We have proposed and examined a bilayer model com-
posed of two monolayers each of which is modeled by
the ten-state Pink Hamiltonian of Eq. (1). We also in-
cluded interlayer interactions between the two monolay-
ers, Egs. (2) and (3). The intermonolayer interactions
included both a mismatch term which assured compati-
bility of the monolayers as well as a term which coupled
directly the two monolayers. The strength of the inter-
monolayer interaction was chosen in such a way that the
bilayer would not have a phase transition in the thermo-
dynamic limit in the absence of interlayer coupling but
was extremely close to a critical endpoint [12]. In order to
observe a first-order phase transition, a nonzero value of
the interlayer coupling constant is required. Both parts of
the intermonolayer coupling tends to drive the transition
first order but the mismatch interaction is the more ef-
fective one. The Ferrenberg-Swendsen method was then
used to examine the bilayer heterogeneity near the phase-
transition temperature. The results were compared with
the case where the interlayer coupling are absent. In
this case there is no phase transition in the thermody-
namic limit and the critical fluctuations are present in
the form of fluctuating clusters of the minority phase in
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the majority phase, leading to a considerable dynamic
heterogeneity. The first-order phase transition induced
by the interlayer coupling results in a more homogeneous
bilayer with a much narrower transition region, a con-
siderable reduction of the “wings” of the transition, and
much reduced fluctuating clusters at any given tempera-
ture. Furthermore, the orientational order parameter S
has in the case of the first-order transition a very abrupt
decrease at Ty, in agreement with experiment. A direct
experimental determination of the pseudocritical fluctu-
ations in lipid bilayers close to T;, would therefore be
of great help in probing the nature of the main phase
transition.

The bilayer model presented in this paper should be
of use in further studies of lipid membranes where the
transmonolayer coupling is of crucial importance. Exam-
ples include the phase behavior of asymmetric bilayers, as
well as the behavior of transmembrane integral proteins,
polypeptides, and ion channels.
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