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Molecular Distributions in Interphases: Statistical Mechanical Theory
Combined with Molecular Dynamics Simulation of a Model Lipid Bilayer

Tian-xiang Xiang and Bradley D. Anderson
Department of Pharmaceutics and Pharmaceutical Chemistry, University of Utah, Salt Lake City, Utah, USA

ABSTRACT A mean-field statistical mechanical theory has been developed to describe molecular distributions in interphases.
The excluded volume interaction has been modeled in terms of a reversible work that is required to create a cavity of the solute
size against a pressure tensor exerted by the surrounding interphase molecules. The free energy change associated with this
compression process includes the configurational entropy as well as the change in conformational energy of the surrounding
chain molecules. The lateral pressure profile in a model lipid bilayer (30.5 A2/chain molecule) has been calculated as a function
of depth in the bilayer interior by molecular dynamics simulation. The lateral pressure has a plateau value of 309 ± 48 bar in
the highly ordered region and decreases abruptly in the center of the bilayer. Model calculations have shown that for solute
molecules with ellipsoidal symmetry, the orientational order increases with the ratio of the long to short molecular axes at a given
solute volume and increases with solute volume at a given axial ratio, in accordance with recent experimental data. Increased
lateral pressure (P±) results in higher local order and exclusion of solute from the interphase, in parallel with the effect of surface
density on the partitioning and local order. The logarithm of the interphase/water partition coefficient for spherical solutes
decreases linearly with solute volume. This is also an excellent approximation for elongated solutes because of the relatively
weak dependence of solute partitioning on molecular shape. The slope is equal to (2pI - pl)/3kBT, where p, is the normal
pressure component, and different from that predicted by the mean-field lattice theory. Finally, the lattice theory has been
extended herein to incorporate an additional constraint on chain packing in the interphase and to account for the effect of solute
size on partitioning.

INTRODUCTION

The properties of the interfacial region separating two bulk
phases may differ substantially from those of the bulk phases
themselves. Common to many of these interfacial regions are
domains, termed "interphases" (Dill and Flory, 1980;
Naghizadeh and Dill, 1991), which can be modeled as an
ensemble of hydrophobic chain molecules having one end
restrained or anchored to a surface. Interphase properties
govern a multitude of processes involving biological mem-
branes; surfactant films; micelles and other amphiphilic ag-
gregates, adhesives, lubricants; and the stationary phases
used in reversed-phase liquid chromatography. Solute dis-
tributions in interphases have particular importance. For ex-
ample, the therapeutic potency and toxicity of drug mol-
ecules (e.g., anesthetics) are closely related to their partition
coefficients between an aqueous solution and the interior of
a biological membrane (Davis et al., 1974). Retention vol-
umes in reversed-phase liquid chromatography are propor-
tional to the partition coefficients of analytes between the
mobile phase and the stationary phase, which consists of
alkyl chains grafted onto silica surfaces (Dill, 1987).

Constraints imposed by interfacial forces result in partial
chain ordering and a variation in molecular organization with
depth from the surface in interphases (Dill and Flory, 1981;
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Seelig and Seelig, 1974). Solute partitioning into interphases
is closely related to this local chain ordering and anisotropy,
and differs from partitioning into bulk fluid phases in several
important respects. First, the distribution of solute within an
interphase is not uniform, reflecting the variation in local
chain order. Solute concentrations are highest in the more
disordered regions which, in bilayers, are in the vicinity of
the bilayer midplane (White et al., 1981). Second, relative to
bulk fluid phases of the same chemical character, solute par-
titioning into interphases is less favorable (Dill et al., 1988)
and highly selective to solute size and shape, as evident in
the high resolution attainable in chromatographic separations
on the basis of size and shape differences (Wise et al., 1981).
Similarly, permeabilities in lipid bilayer membranes exhibit
an unusually high selectivity of the membrane to permeant
size (Lieb and Stein, 1986; Xiang and Anderson, submitted
for publication) consistent with recent observations in this
laboratory that the barrier domain in lecithin/decane bilayers
resides in the highly ordered hydrocarbon chain region
(Xiang and Anderson, submitted for publication; Xiang et al.,
1992). Finally, partition coefficients decrease significantly
with increasing surface density, as demonstrated in both lipid
bilayer partitioning studies (DeYoung and Dill, 1988, 1990)
and in reversed-phase chromatography (Wise and May,
1983). Selectivity to solute size and shape increases with
increasing surface density in reversed-phase liquid chroma-
tography (Wise and May, 1983).

Several statistical mechanical theories based on lattice
models or a unified model of a variational theory have been
developed to describe the distributions of molecules in in-
terphases (Ben-Shaul et al., 1984; Viovy et al., 1987; Dill and
Flory, 1981; Scheutjens and Fleer, 1979; Theodorou, 1988).
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In the theory of Marqusee and Dill (1986), the interphase
interior is represented by a cubic lattice with each chain mol-
ecule occupying contiguous sites on the lattice. The chain
configurational entropy is calculated subject to packing con-
straints which arise from the requirement that all lattice sites
be occupied. Lattice theory predicts gradients of solute con-
centration at equilibrium due to the variation of chain or-
ganization with depth. However, the simplified representa-
tion of chain molecules in the lattice models and the fact that
the packing constraints imposed may not be complete may
limit the utility of mean-field lattice theory for predicting
molecular distributions in real interphases.
A statistical mechanical theory based on the concept of

free volume has been proposed for the steric partition be-
havior of molecules in both random and ordered membrane
structures (Giddings et al., 1968; Ogston, 1958; Schnitzer,
1988), but solutions can be obtained only for certain geom-
etries (e.g., a uniform meshwork of cylindrical fibers). For
a partially ordered interphase, the free volume does not have
a uniform geometry or orientation profile, nor is it expo-
nentially distributed (Xiang, 1993). Thus it is not reasonable
to assume a priori that the partition coefficient for a solute
of finite size should be either linearly or exponentially de-
pendent on solute volume.

In spite of progress on both the experimental and theo-
retical fronts, a simple yet predictive general theory is still
lacking that is capable of describing molecular distributions,
including orientational and conformational distributions in

real interphases, and is applicable to a wide range of solute
molecules once the interphase thermodynamic state is
characterized by a few well-defined physical quantities. In
particular, detailed theories that can account for the effect
of molecular size and shape on partitioning are not yet
available.

In this paper, we develop a statistical mechanical theory
for molecular distributions in interphases that has the afore-
mentioned features. First, we formulate the theory in the
framework of the mean-field approximation. Next, the lateral
pressure distribution in a model lipid bilayer is calculated via
molecular dynamics (MD) simulation. Orientational distri-
butions and relative partition coefficients are obtained as a
function of lateral pressure and solute size and shape by solv-
ing numerically the relevant equations derived herein. Fi-
nally, the mean-field lattice theory developed previously
(Marqusee and Dill, 1986) is extended to include the effects
of solute size and an additional constraint on partitioning into
interphases and compared with our present theory.

STATISTICAL MECHANICAL THEORY

Consider an interphase space V that consists of Nc chain
molecules. A Cartesian coordinate system (x, y, z) is defined
in the interphase with its z-axis normal to the interface as
shown in Fig. 1 for a model lipid bilayer obtained in our
presentMD simulation (vide supra). In the formulation ofthe
theory we shall need the generic molecular distribution func-

x
FIGURE 1 Cartesian coordinate system defined in a model lipid bilayer interphase. The bilayer interphase structure with a surface density of 30.5 A2/chain
was obtained by a MD simulation. It consists of 2 X 100 chain molecules; each chain molecule has 14 methylenes, one methyl, and one head group (red
sphere) and is subject to forces restricting bond stretching, bending, and torsional motions.

562 Biophysical Journal



Molecular Distributions in lnterphases: Theory and Simulation

tion for a solute molecule in the interphase. If there are N.
solute molecules in the interphase, the probability density of
finding a solute molecule, say the first solute molecule with
a set of coordinates R1, can be exactly expressed as

fVdR2 ... f dRN+Ne - U(RI ..,RNp+N,)/kB T
p(Rj) = QQ(Ns,NC,V,T) (1)

where kB is the Boltzmann constant and T is the absolute
temperature. (R1, . . ., RN5) and (RNs+1 *... RN8+Nc) are sets of
coordinates for solute and interphase chain molecules, re-
spectively, and Ri itself is a set of coordinates that defines the
internal and overall degrees of freedom in molecule i. Q(Nr,
NC, V, T) is the canonical partition function of the overall
system. The overall system energy U(R1, . .. , RNs+Nc) can be
written as

U(Rj, ..* *RNs+N) U(R29 . . . 9RNs+N) (2)

+ U(R1IR2, . . . ,RN,+N) + Uinti(Sl)
where U(R2, . .., RN+N,) is the overall energy of the sub-
system (2, . . .* NS; 1, ... , N), U(R1 R2, ..., RNS+N) is the
interaction energy between solute 1 and all the other mol-
ecules in the system and uintl(si) is the internal energy of
solute 1, with ;, denoting its internal conformation. Fur-
thermore, it is assumed that U(R R2,I.. RN,+NC) can be
separated into an attractive interaction energy and a repulsive
interaction energy

U(R R2 ... ,RN,+NC) = Uaft(RI R2,. . .XRN,+N,)
+ Urep(Ri R21 ..* ,RN,+Nr)'

The space occupied by molecule 1 depends on the location
of its geometrical center (R) and on its configuration ()
including internal conformation (s, which becomes a mo-
lecular shape parameter for rigid body solutes) and overall
orientation (a, 1). For the sake of clarity, the subscript 1 is
omitted in the following derivation. Since the interphase is
symmetric in the (x, y) domain, any translation of the sol-
ute perpendicular to the z-axis does not change the thermo-
dynamic state of the subsystem (NS-1, N). Therefore, the
probability density, p(R), for molecule 1 is a function of
its position along the z-axis (Z) and its configuration (4i),
and the multiple integration in Eq. 4 becomes the partition
function for the subsystem confined in the space bounded
by the walls of the box and the surface of molecule 1,
Q(NS_1, NC, V - V(Z, 0f), T)

P(Z, Op) (5)

= e [Utt(Z,a, )+ Ud(9)]IkBT Q(Ns- 1, Nc, V- V(Z, qi), T)

Q(Ns NcV1T

This thermodynamic state can be reached from a state in
which the subsystem (N-1, Nj) is contained only by the walls
of the box at the same temperature by creating reversibly and
isothermally an excluded volume V(Z, 1i) in the subsystem.
The Helmholtz free energy for the final state is thus a sum
of the initial free energy and the reversible work (W) required
to create the free volume against a pressure tensor exerted by
surrounding molecules

(3)

Before continuing our formulation, two basic assumptions
are made: (a) The attractive energy Uatt(Ri R2, * * *,
RN+N) is less sensitive to the coordinates of the surrounding
molecules in thermodynamic equilibrium and is thus re-
placed by an average attractive energy Uat(Ri) depending
only on the coordinates of molecule 1, and (b) the repulsive
energy Urep(RI R2,..., RN+N) is replaced by a hard-core
interaction energy, i.e., the overlap of any atom in the sub-
system with V(R1) leads to Urep = mo. Although this assump-
tion is not exact, it is justified by the large slope of the re-
pulsive interaction over a narrow range of interatomic
distance. This discontinuous energy acts to constrain the mo-
tions of the subsystem (2,..., NS; 1,..., NC) within the
subspace V - V(R1), where V(R1) is the space occupied by
molecule 1. Eq. 1 can then be written as

A
1 Q(Ns,Nc,V,T) (4)

where

-4 = e -[u (R )+uit(al)]kBT r dR2 I . .I

V-V(RI) - V(RI)

e- U(R2 RN,+Nc)IkbT.

-kBTln Q(NS- 1,N,V- V(Z, q), )

= -kBTln Q(NS- 1,Nc, V, 7) + W(Z,q).
(6)

From the first and second thermodynamic laws, the
reversible work associated with this compression pro-
cess arises from both entropy and energy contributions,
W =AU - TAS. For chain molecule interphases, the en-
ergy term is associated, in part, with the bending of
roughly parallel chain molecules in the neighborhood of
molecule 1 in order to avoid passing over the excluded
volume (Pace and Datyner, 1979). The entropy term arises
from more restricted motions of molecules in the sub-
system (N.-1, Nc) as a result of the compression. Because
the entropy change associated with translational motions is
relatively small (vide supra) in comparison with those as-
sociated with conformational degrees of freedom, this
entropy term is often called the chain configurational
entropy (Marqusee and Dill, 1986).
To formulate the reversible work W, we refer, in Fig. 2,

to a coordinate system defined in the interphase with its
origin located at the geometrical center of molecule 1.
Consider an infinitesimal surface element within the space
V(Z, qi), dS. Its normal direction is n (= rir), where r is
the vector connecting the location of dS and the origin.
The reversible work required to displace this surface ele-
ment by dr is dr- P * dS, where P is the pressure tensor
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Substituting Eq. 6 and the following relationship for the
chemical potential of solute in the interphase, p.,

YI

= kBT(a ln Q(Ns; Nc, V, )VT

=kBTln[Q(N,,NC,V,T)/Q(Ns- l,N,,V,T)]
into Eq. 5, we have

P,(Z, qi) = e-[utt(Z, a,f)+uim()+s+W(Z,'p)/kBT

(10)

(11)

This equation is general in that it applies to the distributions
of both solute molecules and molecules composing the in-
terphase. At equilibrium, p,u is independent of position in the
interphase and is equal to the chemical potential of the same
species in an adjacent phase, e.g., an aqueous phase,

AS= ,(aq) = tO(aq) + kBTln p,(aq), (12)

FIGURE 2 Schematic diagram illustrating the rotational transformation
of the Cartesian coordinate system defined in the interphase to the Carte-
sian coordinate system defined in the molecular frame with its z-axis co-

incident with the molecular long principal axis. The infinitesimal revers-

ible work is to move a surface element dS over a displacement dr, njP-n
drdS.

(also called stress tensor) (Buff, 1952) exerted by the sur-

rounding interphase molecules. Integrating this work ele-
ment over the entire volume V(Z, qi) leads to the total re-

versible work W(Z, it)

W(Z, = dr P*dS = nPndV. (7)
v(z*) v(z,

In an interphase, the tangential (parallel with the interface)
component of the pressure tensor P may differ from its
normal component. Mechanical stability requires that the
gradient of this tensor is zero everywhere in the interphase,
or

V * P =O (8)

and the symmetry of the interphase requires that the tensor
is diagonal with P Py= y = p, at any given location. Com-
bining these two conditions, we have

0

Pi
0

(9)

Since the normal stress component Pll in a planar inter-
phase has the same value irrespective of position and is
equal to the pressure of a neighboring bulk phase, it is de-
noted simply by p.

where ,u°(aq) and p5(aq) are the standard chemical potential
and the probability density of finding the solute species in the
aqueous phase, respectively. The standard chemical potential
for the solute in the aqueous phase is composed of three
components: j,u(aq) = uatt(aq) + uint&(;) + pV,, where
ju,cont(aq) is the contact-free interaction energy between the
solute molecule and its surrounding solvent molecules,
uintl(s) is the internal energy of the solute, andpV, is the work
required to create a cavity of size equal to the solute volume
in the aqueous phase. At an ordinary pressure (p) of 1 bar
and temperature of 298 K, the ratio between the workpV, and
the thermal energy kBT is 2.4 X 10-5Vs (A3). Thus, one can

safely neglect the effect of this work on the solubility of
small- and medium-sized solutes in bulk phases.

Substituting Eq. 12 into Eq. 11 and summing the resulting
expression over the configurational space of molecule 1, we
have the partition coefficient (molar concentration units) of
solute between the interphase and a neighboring aqueous

phase

Kzlaq = E P(Z, tp)/ps(aq)

(13)
= e-[W(Z, o)-pVs+uatt(Z, a, 1)-pcoot(aq)]/kB T

Many molecular species, notably fluorescent probes,
DNAs, and proteins, can be described as rigid bodies that
lack internal degrees of freedom. For these solutes, Eq. 13
reduces to

Kziaq = (14)

J7r 2ir

e-[W(Z a 3-pV +un (Zc,o-t(aq)]/kBT sin a da d,

where the integration is over all orientations of molecule 1
in the interphase. Because of the symmetry of the interphase,
the orientation of the solute molecule is uniquely specified
by two Euler angles (a, 13) involving a rotation in two suc-

cessive steps as shown in Fig. 2. The first is a rotation of the
molecular long axis about the y-axis through an angle a and

Interface
_Z

xI
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the second is a rotation about the new z-axis (molecular long
axis) through an angle (.
From Eq. 11, one can obtain the probability density

of finding the solute molecule in an orientation state (a, 13)
as

(x" = x'/aD, y" = y'/a, z' = z'/az) and using a spherical
coordinate system for the variables (x, y'" z), we have

uv = axayaz (20)

e -[W(Z, a, ,) +ua (Z, a,(3)]kBT
p(Z, a, 13) = f TfJ2re -[W(Z,a,)+un (Z,a,t/ckT sin a da do3

(15)

We now consider a general case in which the solute mol-
ecule is an ellipsoid characterized by the lengths of the prin-
cipal axes (a., a., a_). The rotation matrix that transforms the
coordinate system defined in the interphase frame (x, y, z) (cf.
Fig. 2) to the coordinate system defined in the molecular
frame, (x', y', z'), is

.11 1 ~~AVaIau"V sin O'Ado" 4' e.2 dr".JJ J a 2x2 + a2yr2 + a2'2

Since the lateral pressure P± is a function of depth in the
interphase, z, we express z and therefore p(z) in terms of
the new coordinate variables (O", ', ri) and the orienta-
tional parameters (a, 13)

z = (-sin a cos 13 sin C" cos 4)"ax

+ sin a sin 1 sin C' sin 'ay
/ cos acos13 sin 3

M = -cos a sin 13 cos 13
sina 0

-sin a cos 13 \
sin a sin 13 J.

cos a /
(16)

Since the volume element dV does not vary upon rotational
transformation, the reversible work Win Eq. 7 can be written
in the molecular frame as

W(a, 3, Z)= n' MPM-1 n'dV'=d IUV (17)
u,v=x,y,z

where

uv
IV JfAuv(a, ,pIxp 2 +y'2 +zI2d' dy' dz'. (18)

(21)
+ cos a cos O'az)r" + Z

where Z denotes the location of the geometrical center of
the solute, and substitute it into Eq. 20.

If we assume an effective P± which is constant over the
solute dimensions,p1 is dependent only on the positionZ and
the integrand in Eq. 20 is independent of the integration vari-
able r'. Thus, we have

(22)
where

B8~of a2X,C+ a2,,2 + a2Zr2sin 0" do" do'

(23)
Both IU,, and AU,, are symmetric with respect to the ex-
change of u and v, where u, v = x', y', or z'. The param-
eters AUV are functions of solute orientation (a, 13) and
the pressure components P± and p in the interphase.
Their analytical forms are listed in Table 1. The inte-
gration space in the above equation is confined within the
surface

x 2 yf2 zP2
a2 + a2 +a2 = 1. (19)

Transforming the variables (x', y', z') to the new ones

TABLE 1 Analytical forms for all the components of the
orientation parameters A*V

A. = p1 -Sin2a cos2,(p_- p)

A = p1-S in2a Sin2f(p -p)

Azz =P -cos2a(p - p)

Ae = sin2a sinD cosf3(p1-p)
A,z = sin a cos a cos 3(p1-p)

A = -sin a cos a sin 3(p1-p)

* A., = A,..

and the solute volume V. is equal to 4/31raAay,. Substituting
Eq. 22 into Eq. 17 yields

W(a,13,Z,a, a, a,)
= VS xAuv(a, y, Z)Puv(axlayz axlaz).

U,V=X, y,Z

(24)

Equation 24, in combination with Eqs. 14 and 15, gives the
analytical forms for the dependence ofmolecular distribution
in an interphase on various solute dimension and orientation
parameters.

For a spherical solute, Eq. 24 reduces to

W(Z) = ½/3(p + 2pI(Z))Vs
which, upon substitution into Eq. 14, gives

Kz2aq = e 3)(P'(z)-p) Vs+ua(Z)-ucont(aq)]/kBT

(25)

(26)
This result shows that the bulk solvent/interphase partition
coefficient is an exponential function of solute volume.
Since, as to be shown below, the effect of molecular shape
on partitioning into an interphase is relatively weak, Eq. 26
provides a simple and reasonably accurate expression for the
effect of solute size on partitioning even though the solute
may be elongated.

For a solute molecule with arbitrary shape and flexibility
such as a chain molecule at a given conformation, an exact
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evaluation of the reversible work in Eq. 7 can be undertaken
by the following numerical procedure. First, a rectangular
cell having the minimum area necessary to envelope the sol-
ute molecule is created by sorting atom by atom the locations
of atoms that have the largest absolute displacements from
the geometrical center of the solute molecule in the x, y, or
z direction. Once the box is set up, a sufficiently large number
of random number arrays {xi, yi, zi, i = 1, 2, . . . , N} are
generated to uniformly select locations in the box. If a lo-
cation is occupied by an atom in the molecule, the unit vector
(n) that joins this position and the geometrical center of the
molecule are determined and used to calculate the quantity
n * P * n. The reversible W then becomes

W = N° I ni - Pt * nt (27)

where VO is the volume of the cell enclosing the solute
molecule.

Regardless of the complexity of the solute molecule, the
only physical parameter required for a quantitative prediction
of solute distribution in an interphase is the lateral pressure
profile in the interphase. This quantity can be obtained
through the following two approaches: (a) a full-scale MD
simulation of the interphase or (b) a self-consistent statistical
mechanical calculation in which various molecular confor-
mations for flexible chain molecules or overall orientations
for rigid-body molecules are sampled by a Monte Carlo
method as lateral pressure is varied. Overall or local seg-
mental order parameters calculated using the equations de-
rived above are then compared with deuterium magnetic
resonance, anisotropic fluorescence, and other experimental
measurements to determine the lateral pressure yielding the
experimental order parameters (Mulders et al., 1986; Seelig
and Seelig, 1974). The first approach is used in the following
section to estimate the lateral pressure profile in a model lipid
bilayer.

Lateral pressure as a function of depth in a
model lipid bilayer-MD simulation

If the nonbond intermolecular interaction is pairwise, the
lateral pressure distribution in a planar interphase can be
calculated from a formula derived by Kirkwood and Buff
(1949) and Harasima (1958),

1 du x.+y2\
) _J ii

4V(Z) Kic(z-8z2,z+z/2) j drij rij (28)

kBTN(Z)
V(z)'

where N(z) and V(z) (= A6z, A is the total area of the in-
terphase in the plane parallel with the interface and 8z is the
increment along the z-axis) are the number of molecules and
volume increment at position z in the interphase, respec-
tively. The angled brackets stand for an ensemble average,
which will be replaced by an average over time taking the

Eq. 28 use has been made of the relation that the lateral
pressure P± is the negative of the tangential component of
the pressure tensor, -PT, as defined in the literature
(Rowlinson and Widom, 1982).
The lateral pressure profile in a model lipid bilayer is cal-

culated using the above equation and a given microstructure
(a set of Cartesian coordinates for all the chain segments) of
the bilayer, which was obtained from MD simulation. A de-
tailed description of the simulation procedure has been pub-
lished elsewhere (Xiang, 1993). In brief, a large bilayer as-
sembly with 2 X 100 lipid molecules was simulated, in which
the bilayer was confined in a unit box with periodic boundary
conditions in the x-y domain. Each chain molecule had 14
methylene, one methyl, and one head group. All groups were
treated as single spheres and were subject to the forces re-
stricting bond stretching, bending, and torsional motions
(Xiang et al., 1991). The Rychaert-Bellemans potential
(Rychaert and Bellemans, 1975) was used for torsional mo-
tions of the C-C-C-C linkages (4). The Lennard-Jones
(12-6) potential was employed for intermolecular interac-
tions and for interactions between segments separated by
more than three bonds in the same molecule. The surface
density (30.5 A2/chain molecule) was chosen such that the
segmental order parameters calculated were in close agree-
ment with experimental values for dipalmitoyl phosphati-
dylcholine bilayers at 323 K (Seelig and Seelig, 1974). The
head group, the same size as a carboxylate group, was an-
chored to a mobile plane by a harmonic force. This simpli-
fication substantially reduced the CPU time expended on
head groups and the neighboring water phase. The force con-
stant for the anchoring of the head groups was 4.5 kJ/mol A2.
A pressure of 1 bar was exerted on the head groups normal
to the bilayer interface. The equations of motion were inte-
grated by using the Verlet algorithm and a time step of 2 fs.
A snapshot of the bilayer structure is shown in Fig. 1.

Since the attractive and repulsive components of the L-J
(12-6) force are additive, we can explore their relative con-
tributions to the overall lateral pressure. Fig. 3 shows the
three components (pressure due to kinetic motion, intermo-
lecular attractive force, and intermolecular repulsive force)
of the lateral pressure distribution in the model lipid bilayer
versus the distance from the center of the bilayer (Z = 0). The
overall lateral pressure in the bilayer is plotted in Fig. 4.
Because of the large statistical fluctuations in lateral pressure
obtained from a single microstructure, the reported lateral
pressure is an average over 200 microstructures separated
from one another by 0.2 ps. Several important results are
noted. First, the repulsive and attractive contributions to the
lateral pressure are both very large and roughly equal in mag-
nitude but opposite in direction. The slight dominance of
attractive over repulsive forces is responsible for the cohe-
sion and stability of the lipid bilayer. Second, the lateral
pressure has a plateau value of 309 ± 48 bar in the highly
ordered region and decreases abruptly near the center of
the bilayer. The drastic difference between the lateral pres-
sure in the highly ordered region and the pressure of 1 bar
normal to the bilayer interface is in accordance with the
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0 s000 00

midplane of the bilayer (Z = 0), we discarded the two data
points near the interface, averaged the data points at the sym-
metric positions in each monolayer, and fit the resulting data
points to several model equations using the method of least
squares. The best model, as described by Eq. 29,

p,(Z) = al(l - e-a2z2) + a3

FIGURE 3 The three components, n
molecular attractive force (0), and inter
lateral pressure distribution in the mo
from the center of the bilayer. The mia
of the chain segments in the bilayer) of
from the present MD simulation.

(29)

0 0 0 was chosen based on a modified Akaike Information Crite-
000 rion, which places a burden on the model with more param-

° 0 o o o eters. The results for the three adjustable parameters, a,, a2,
afi ° | and a3, were a, = 347 ± 25 bar, a2 = 0.26 ± 0.06 A-2, and
0 5 10 15 ° a3 = -38 ± 23 bar with a correlation coefficient of 0.99. In

Z (A) Eq. 29, a3 is the lateral pressure in the center of the bilayer,

nolecular kinetic motion (, inter- and a, + a3 is the lateral pressure in the highly ordered

molecular repulsive force (0), of the plateau region. a2 measures the steepness of the change in
del lipid bilayer versus the distance lateral pressure from the midplane toward the interface re-
crostructures (Cartesian coordinates gion in the bilayer.
the bilayer assembly were obtained The lateral pressure is related to the surface tension, y, in

the bilayer by the following expression (Rowlinson and
Widom, 1982),

fZi

ly = J[p,(Z) -p] dZ
0

(30)
sooF

0

000 0 0 * - -

0 0

0

4500 F

-1000

-150

0
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FIGURE 4 The overall lateral pressure in the X
the distance from the center of the bilayer.

where zi is the location of the monolayer interface. From the
lateral pressure profile calculated above we obtain yhc = 27.6
dyn/cm, a value that is very close to the surface tension of

* 27.3 dyn/cm in the hydrocarbon chain region in a dipalmitoyl
phosphatidylcholine lipid bilayer used by Gruen (1980) in a

statistical mechanical calculation to fit experimental order
parameters (Seelig and Seelig, 1974).

In the following two sections, the effects of excluded vol-
5 10 15 20 ume interactions, as expressed by the reversible work, on the

orientational distribution and relative partition coefficient of
model lipid bilayer versus solute in an interphase are examined as the anisotropy of the

mean attractive interaction energy plays a somewhat sec-

ondary role (Meraldi and Schlitter, 1981; Warner, 1980).

physical intuition that there is a much higher probability
for a chain segment to be located adjacent to a neighboring
chain segment belonging to a different chain molecule in
the (x, y) domain than along the z direction in the highly
ordered chain region. In the regions very close to the inter-
faces, the lateral pressure declines sharply, becoming nega-

tive. While it is likely that the head groups do exert a con-

siderable negative lateral pressure (Gruen, 1980), taking
into account interactions between head groups and head
group-water interactions is extremely difficult. A full ac-

count should include interactions between head groups

(e.g., electrostatic and hydrogen bonding), increased pack-
ing density, increased ordering of water molecules in the
interface due to interactions with head groups, and repul-
sive interactions among molecules in the interface. The
present model did not take these factors into account, and
therefore the negative lateral pressures obtained are purely
boundary artifacts.

Since the lateral pressure near the interface is ill deter-
mined, and the distribution is symmetric with respect to the

Outcomes of statistical mechanical theory

Orientational distribution

We now consider the effect of excluded volume interactions
on the orientational distribution of rodlike molecules (e.g.,
chain molecules having close to an all-trans conformation)
in an interphase. These molecules can be modeled as ellip-
soids with ax = ay. Thus, only one Euler angle, a, the angle
between the z-axis in the interphase coordinate system and
the principal axis, az, defined in the solute molecule, uniquely
defines its orientation in the interphase (cf. Fig. 2). Fig. 5
shows the probability density for the orientation angle a ver-

sus the second Legendre polynomial, (3 cos2a - 1)/2, at
several values of lateral pressure. The solute molecule has a

volume of 100A in Fig. 5 a and 300 A3 in Fig. 5 b. The axial
ratio aJar for the solute is fixed at 3.0 in both figures. As
noted, in all the situations the most favorable orientation is
at a = 00, i.e., when the molecular long axis aligns normal
to the interface. The log probability density increases linearly
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FIGURE 5 The probability density for the
orientation angle a between the molecular long
axis and the normal to the interface versus the
orientational order, (3 cos2a - 1)/2, at several
values of the lateral pressure (shown in the fig-
ures in a unit of bar). The solute molecule has
a volume of 100 A3 in (a) and 300 A3 in (b).
The axial ratio aJa/ for the solute is fixed at 3.0
in both figures.
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with the orientational order with a slope proportional to two-
thirds of the lateral pressure p±. The selected values of the
lateral pressure are realistic as shown in our MD simulation
(cf. Fig. 4) along with the fact that the surface tension varies
substantially with surface density (White and King, 1985). At
a lateral pressure of 1 bar, which corresponds to an isotropic
bulk phase, the probability density becomes independent of
molecular orientation.
The average molecular orientation in an interphase can be

characterized by the order parameter Sa

(31)

2 (3 fcos aP(a)sin ada -1)

The effect of molecular shape on solute orientation in an
interphase is illustrated in Fig. 6, where the order parameters
for solutes with a fixed volume of Vs = 100 or 300 A3 are
plotted as a function of axial ratio, aJar, at several lateral
pressures. Order parameters increase with both the axial ratio
and the lateral pressure in the interphase. The trends shown
in Fig. 6 are more pronounced for larger solute molecules,
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FIGURE 6 The order parameter for solute with a fixed volume of V. =
100 A3(a) and 300 A3 (b), respectively, versus its axial ratio, aJar, at several
values of the lateral pressure (shown in the figures in the unit of bar).

consistent with the experimental findings that the larger fluo-
rescent probe, 1-[4-(trimethylammonium)phenyl]-6-phenyl-
1,2,5-hexatriene, has a greater orientational order than the
smaller molecule, 1,6-diphenyl-1,3,5-hexatriene, in phos-
pholipid bilayers above their phase transitions (Mulders
et al., 1986). Deuterium nuclear magnetic resonance mea-
surements (Pope et al., 1984) have also shown that chain
molecules (n-alkanes and n-alkanols) dissolved in phospho-
lipid bilayers have order parameters corresponding to their
favorable alignment along the normal to the interface, with
the order parameter for n-dodecane (0.14) being greater than
those for n-octane (0.11) and n-hexane (0.09), both having
smaller volumes and axial ratios than n-dodecane.

Partition coefficients

An expression similar to Eq. 14 can be derived for the par-
tition coefficient of solute between an organic solvent and an
aqueous solution, which, upon substitution into Eq. 16, gives

Kz/aq = Korg/aq (32)

where

C = e [uatt(Z) ut(org)/LBT

x f e-[W(Z,a,-pVs]/kIBTsin a da df3

(33)

In Eq. 33, lcont(org), the contact energy for the solute in the
organic solvent, is independent of solute orientation due
to the isotropic nature of the bulk organic phase. IUatt(Z) -

jLcont(org) accounts for the difference of chemical microen-
vironment between the interphase at Z and the bulk organic
solvent. If the organic solvent chosen closely mimics the
microenvironment of the interphase, Eqs. 32-33 predict that
the interphase/water partition coefficients for a series of sol-
utes having similar molecular dimensions would correlate
approximately linearly with their organic solvent/water par-

tition coefficients. This idea has been utilized in experiments
to explore the polarity of the transport barrier domain in lipid
bilayers (Xiang and Anderson, submitted for publication;
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Xiang et al., 1992). However, even when the interphase is
composed of hydrocarbon chains and a hydrocarbon solvent
is used as a reference organic phase, pUcont(Z) may differ from
ILcont(org) in two respects. First, MD simulations of a model
lipid bilayer (Xiang, 1993) have shown that local segmental
density varies with depth in the bilayer. Since the vdW dis-
persion energy depends on average molecular separation
d (cc lid5) (Salem, 1962), Uatt(Z) may also change with dis-
tance from the interface. Secondly, Uatt(Z) is likely to be
altered by the significant dipole potential that exists across
the hydrophobic interior of bilayers due to the partial charge
distribution in the polar regions (Flewelling and Hubbell,
1986; Zheng and Vanderkooi, 1992).
The steric partitioning behavior of solutes in interphases

is investigated in Figs. 7 and 8. Fig. 7 shows that the partition
coefficients of spherical solutes decrease exponentially with
solute volume. The slope of the log partition coefficient ver-
sus molecular volume plot is proportional to two-thirds of the
lateral pressure, in contrast to the direct proportionality
previously suggested (Carignano and Szleifer, 1993). The
decrease in partition coefficient with increasing lateral
pressure is in accordance with the observation that increas-
ing surface density leads to expulsion of solute from lipid
bilayers (DeYoung and Dill, 1988, 1990).

Fig. 8 shows the relative partition coefficient versus the
solute axial ratio at several lateral pressures, for a solute
having a fixed volume of 300 A3. The relative partition co-
efficient increases with the axial ratio at a constant volume,
indicating that the interphase exhibits an extra discrimination
against branched solutes over straight-chain homologues
having the same chemical nature. This is consistent with
experimental observations for the partitioning of branched
versus straight-chain alkanols in lecithin bilayers (Diamond
and Katz, 1974). It should be noted, however, that compared
with the effect of solute volume on partitioning into the in-
terphase, molecular shape effects play a minor role. This can
be rationalized by the fact that even though the energetics of
the system and the configurational entropy of the surround-
ing molecules favor the orientation of a solute with its long
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FIGURE 7 The relative steric partition coefficient for spherical solute
into an interphase versus its molecular volume at several values of the lateral
pressure (shown in the figure in the unit of bar).
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FIGURE 8 The relative partition coefficient versus the axial ratio of the
solute at several values of the lateral pressure (shown in the figure in the
unit of bar), given that the solute has a fixed volume of 300 Al.

axis aligned normal to the surface, as shown in Figs. 5 and
6, it is unfavorable in terms of orientational entropy of the
solute molecule itself because the orientational space ap-
proaches zero when the solute aligns normal to the interface.
We have recently explored experimentally the physico-

chemical nature of transport barriers and the relationship be-
tween permeability and solute size in egg PC bilayer mem-
branes (Xiang et al., 1992; Xiang and Anderson, submitted
for publication). It has been found that the highly ordered
hydrocarbon chain region is the rate-limiting domain resem-
bling the microenvironment of 1,9-decadiene bulk solvent,
and the permeability coefficients, being proportional to the
product of the diffusion coefficients in and the partition co-
efficients into the barrier domain in the bilayer, can be mod-
eled by an equation that combines an empirical relationship
for size selectivity of diffusion, 1/V", and Eq. 28 for size
selectivity of partitioning. The lateral pressure of 300 ± 100
bar was obtained from the data analysis (Xiang and Ander-
son, submitted for publication), which is in close agreement
with the lateral pressure in the highly ordered region in our
model lipid bilayer, 309 ± 48 bar. The egg lecithin bilayer
has an average chain length of 17.8 carbons and the same
surface density as the simulated bilayer (Fettiplace et al.,
1971).
Using the lateral pressure profile obtained in the present

MD simulation, we calculated relative partition coefficients
for n-hexane in the hydrocarbon chain region of our model
bilayer as a function of distance from the center of the bi-
layer. The results are shown in Fig. 9. Since, as shown in
Fig. 8, the membrane partition coefficient is only weakly
dependent on solute shape, n-hexane was modeled as an el-
lipsoid with a volume of 113 A3 and an axial ratio of 2.5
(approximating an all-trans conformation). The volume was
estimated by the atomic increment method (Edward, 1970),
and the axial ratio was estimated with the aid of a molecular
graphics program (InsightII 2.2.2; Biosym Technologies,
San Diego, CA). The results in Fig. 9 correctly predict that
hexane is more concentrated in the center of the bilayer, as
small-angle neutron scattering experiments by White et al.
(1981) have confirmed.

1Xi 1 .
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Comparison with lattice theory

Equation 26 for partitioning of globular molecules into in-
terphases is formally analogous to the expression developed
by Marqusee and Dill (1986) in the framework of a mean-
field lattice theory

Kiiaq = e Ai -[ua(i)- pont(aq)]/kBT (34)

where A, (i = 1, 2, . . . , L) is a Lagrange multiplier at layer
i. In their analysis, the solute was assumed to have the same
size as a lattice site. The Lagrange multiplier A, was related
to the lateral pressure at layer i by Ai = pi V/kBT (Carignano
and Szleifer, 1993), where V, is the volume of a lattice site.
The fundamental difference between our present formulation
in the limit of spherical solutes and Eq. 34 is the presence of
a factor of 2/3 in Eq. 26. The physical implication of this factor
is that the lateral pressure is defined and thereby acts only on
a two-dimensional space. Since the lateral pressure is usually
much greater than the normal pressure component (e.g., 1
bar), Eq. 34 would overestimate substantially the effect of
interphase chain packing on solute distributions in inter-
phases. The discrepancy may arise from the fact that in the
derivation of Eq. 34, only space-filling constraints in the
(x, y) domain have been considered.
We now extend Dill's lattice model to account for the

effects of solute size on solute partitioning into an interphase.
The planar interphase consists ofN, hydrocarbon chain mol-
ecules and is modeled as a cubic lattice divided into L layers
parallel with the interface. Each chain is composed of n lat-
tice segments occupying contiguous sites on the lattice. The
linear dimension of each lattice site is equal to 3.6 methylene
groups, which corresponds to the width of the chain and a
volume of Vc = 97.3 3 for each lattice site. The first seg-
ment of a chain molecule is anchored at the first layer. The
chemical potential for a solute in the interphase at layer i,
ls(i), can be written as

Rs(i) = pP°(i) + Ij(i) + kBT ln ps(i) (35)

where ,u(i) includes the mean interaction energy between
the solute at layer i and its surroundings and pi is the molar
concentration of the solute in layer i. The third term arises
from the entropy of mixing and is derived in the framework
of the Flory-Huggins (FH) theory (Flory, 1942; Huggins,
1942). For mixtures of global molecules with chain mol-
ecules, the FH theory is appropriate (Flory, 1970; Rowlinson,
1970). The second term is an extra entropy due to the per-
turbation of chain conformations in the interphase in the pres-
ence of solute. The conformational entropy Sc associated
with this effect can be expressed as
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FIGURE 9 The relative partition coefficient distribution for n-hexane in
a model lipid bilayer. The bilayer microstructure was obtained by means of
MD simulation. The partition coefficient in the center of the bilayer is
assumed to be 1.

all the space of the interphase, and thus P(O) must meet the
packing constraints

No = I ni(lP() (37)

where i = 1, 2, . .. , L, and the following two conservation
conditions

E ni(lP(l) = 1 n

Y, P(l) = 1

(38)

(39)

where N. is the number of sites in each layer and nQ) is the
number of segments in the layer i when the chain has the
conformation 1. Eq. 38 is not redundant because it constrains
the total number of layersL in each monolayer in the bilayer.

Maximizing the conformational entropy Sc in Eq. 36 sub-
ject to the above constraints and assuming that there are n,(i)
solutes in layer i, which occupy approximately V5nr(i)lIc
lattice sites in layer i, we have (Marqusee and Dill, 1986)

No- Vsns(i)/Vc aaln Q
Nc axi (40)

and

0No-Vsns(i)/Vc _ a ln Q
i Nc K

(41)

where

L

Q = g(l) H e nil(A,+K)

where I = (11, 12, . . . , 4,) is a sequence of layers in which the
chain segments {k = 1, 2, . . ., n} occur. P(1) is the prob-
ability for the conformation I and g(l) is the degeneracy of
the conformation 1. The chain molecules are assumed to fill

and Ai and K are the Lagrange multipliers. Since Ai and K are

conjugate variables ofN. and L, from dimensional analysis,
Ai is proportional to the lateral pressure whereas K is pro-
portional to the normal pressure in the interphase. Moreover,

(36)
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because of the mechanical stability of the interphase, K iS
independent of location in the interphase. Eq. 36 can then be
written as

k =ClnQ -(No- V (Ax+ K) (43)kB C O V /i

The contribution of the configurational entropy (Sc) to the
chemical potential of solute in the interphase can be written
as

I.C(i = T ( n,I)S

5( (44)ands(i)) TN,NCN, n,(j i )

which, combining with Eqs. 40-43, yields (Marqusee and
Dill, 1986)

lc(i) -(Ai + K)VS/VC. (45)
Following the same procedure from Eq. 11 to Eq. 13, we

can express the partition coefficient between the aqueous
phase and layer i in the interphase as

Kzaq = e -[;Vs/Vc+(uatt(i)-pcont(aq)//eBT] (46)

where A = Ai + K. Ai is identical to the A, values previously
evaluated (Marqusee and Dill, 1986) provided that the total
number of layers in a monolayer is chosen to satisfy the
constraint Eq. 38. It is noted, however, that most of the Ai
values listed in Table I in Marqusee and Dill (1986) are
determined under conditions that do not satisfy Eq. 38. We
calculate A, versus i at several surface densities and find that
their values vary significantly with the total number of layers
in the monolayer L and thereby with whether or not the
constraint Eq. 38 is imposed on the calculation. When the
total number of layers is greater than what is required to
fill all the lattice sites, larger values of A, (lateral pres-
sures) are obtained.

It is important to be aware of the assumptions made in
the above analysis, which may limit the degree to which
lattice theory can be applied to problems involving real in-
terphases. First, the lattice site length is equal to 3.6
methylene segments in a chain molecule, and thus the
chain conformations are restricted to those that fully oc-
cupy contiguous lattice sites. Only bond angles of 0, Tr/2,
and ir with respect to the interphase normal are allowed.
Second, the density throughout the interphase is assumed
to be a constant. This condition is necessary to establish
the space-filling constraints (i.e., Eqs. 37 and 38) on the
basis of which various interphase properties can be calcu-
lated. In this approximation, the total volume for each
layer is determined solely by the geometrical factor of the
interphase. However, this approximation is valid only for
interphases with very high surface density (Murat and
Grest, 1989). For lipid bilayers at lower surface densities
of biological relevance, our recent studies have revealed
that the segmental density (or free volume fraction) varies
roughly parabolically with distance from the surface
(Xiang, 1993). Similar results have been obtained in

grafted polymer systems (Murat and Grest, 1989), and a
variable-density lattice theory for polymer melt/solid inter-
faces has recently been developed (Theodorou, 1989).
Third, the binding energy associated with each chain con-
formation is either discarded or incorporated into the
model in a phenomenological manner. Moreover, the iden-
tification of 3.6 chain segments as a lattice cell unit causes
difficulty in relating binding energy to experimental quan-
tities. Finally, the first segment of each chain molecule in
the lattice is anchored to the surface. In real bilayer inter-
phases, the position of the first segment may fluctuate per-
pendicularly to the bilayer surface with a width on the or-
der of 4 A (Wiener and White, 1992). Artificially high
apparent chain ordering may result from neglecting interfa-
cial fluctuations (unpublished result).

CONCLUSIONS

A statistical mechanical theory has been proposed that re-
lates explicitly various distribution properties of solute
within an interphase (including the interphase molecule it-
self) to molecular structure of solute as characterized by
size, shape, orientation and other internal degrees of free-
dom and to the interphase structure as characterized by its
lateral pressure as a function of depth. Once a solute or in-
terphase molecule is chosen, lateral pressure as obtained
from MD simulations and the solute-solvent interaction
constants (e.g., the Flory (1953) interaction parameter) are
the few parameters required to calculate various distribu-
tions in the interphase. The driving forces for solute distri-
bution in an interphase include the interaction energy be-
tween the solute and its surrounding molecules, and the
reversible work required to create a cavity of size equal to
the solute volume, which includes the configurational en-
tropy and the binding energy of the surrounding interphase
molecules. The reversible work for cavity formation is
governed by the lateral pressure in an interphase, which
may be substantially higher than that in bulk phases. Com-
pared with the mean-field lattice theory, our present theory
has several major advantages. First, the theory is general
and applicable to real physical systems. Second, not only
size but shape effects on solute partitioning, orientation,
and other physical properties as a function of depth into an
interphase can be explored.
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