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Effect of Electric Field Gradients on Lipid Monolayer Membranes

Ka Yee C. Lee and Harden M. McConnell
Department of Chemistry, Stanford University, Stanford, California 94305-5080 USA

ABSTRACT Externally applied nonuniform electric fields can strongly affect thermodynamic phases in a lipid monolayer when
applied under conditions of temperature, pressure, and composition that are near phase boundaries. Under such conditions
nonuniform applied fields can produce or suppress phase separations. Field-induced phase-separated domains have sizes that
are in good agreement with calculations. Field gradients can also produce large concentration gradients in binary mixtures just
above their critical points. The present work elaborates our earlier studies of these field effects using thermodynamic models
of the phase behavior of two-component liquid mixtures. The calculations are of interest in connection with biological membranes

that, at the growth temperature, are in a liquid state close to a phase boundary.

INTRODUCTION

Epifluorescence microscopy has been used to observe co-
existing two-dimensional liquid phases in binary mixtures of
phospholipids and steroids at the air—water interface (Hir-
shfeld and Seul, 1990; Knobler and Desai, 1992; McConnell,
1991; Mohwald, 1990; Rice and McConnell, 1989; Seul and
Sammon, 1990; Subramaniam and McConnell, 1987). Our
monolayer studies were initially stimulated by evidence for
coexisting liquid phases in bilayers composed of such binary
mixtures (Recktenwald and McConnell, 1981; Vist and
Davis, 1990) and by the possibility that the coexisting phases
might be significant for the structure and function of bio-
logical membranes (Linden et al., 1973; Wisnieski and Fox,
1976). Recently, we have used an inhomogeneous electric
field to manipulate lipid monolayer domains (Klingler and
McConnell, 1993; Lee and McConnell, 1993). This has led
to the discovery that modest electrical potentials can give rise
to substantial lateral concentration gradients and phase sepa-
rations in lipid monolayers with compositions and properties
that potentially mimic some biological membranes (Lee et
al., 1994).

The system under investigation is a binary mixture of di-
hydrocholesterol (DChol) and dimyristoylphosphatidylcho-
line (DMPC). This mixture forms two immiscible liquid
phases at convenient temperatures and pressures and exhibits
a mixing—demixing critical point (Benvegnu and McConnell,
1993). Fig. 1 shows the phase diagram of the DChol-DMPC
system recently obtained in this laboratory (Benvegnu and
McConnell, 1993; J. P. Hagen and H. M. McConnell, un-
published observations). At a critical composition of ~30%
DChol, the two liquid phases, one rich in DChol and the other
rich in DMPC, merge into a single phase of uniform com-
position at the critical point upon increase in lateral pressure.
DChol is less susceptible to air oxidation than cholesterol,
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but the phase behavior is very similar (Hirshfeld and Seul,
1990; Subramaniam and McConnell, 1987).

The domain sizes and shapes in the liquid-liquid coex-
istence region have been interpreted phenomenologically in
terms of a competition between line tension at the domain
boundary and dipole—dipole electrostatic repulsion between
molecules within and between the domains (McConnell,
1991). Because of the difference in dipole moment density
between the coexisting phases, an electric field gradient
tends to separate the phases.

It is important to distinguish carefully between electrical-
field-induced phase separations and electric-field-induced
separation of phases. For example, in a number of studies it
has been shown that inhomogeneous electric fields can be
used to electrophorese lipid domains at the air-water inter-
face (Heckl et al., 1988; Klinglet and McConnell, 1993; Lee
and McConnell, 1993). This electrophoresis thus produces a
separation of previously existing phases in a monolayer. An
early study of the effects of electrical fields on monolayers
by Middleton and Pethica (1981) may have also involved this
separation of previously existing phases. In our earlier study
(Lee et al., 1994), and in the present work, we are concerned
primarily with the effect of an electrical field in producing
a phase separation, that is, the induction of a phase separation
in a system that is microscopically homogeneous in the ab-
sence of the applied field. Our experimental results are in-
terpreted in terms of the thermodynamic properties of the two
liquid phases as well as their interactions with the applied
field.

EXPERIMENTAL RESULTS

The previous experimental results on electric-field-induced
concentration gradients in lipid monolayers are briefly sum-
marized here (Lee et al., 1994).

Binary mixtures of DChol and DMPC with an added 1
mol. % of the dye N-(Texas Red sulfonyl)dipalmitoyl-L-c-
phosphatidylethanolamine were spread on a microfluores-
cence film balance with a 2-mmol KCl subphase (Benvegnu
and McConnell, 1993; Klingler and McConnell, 1993). The
dye, which preferentially associates with DMPC, provides
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FIGURE 1 Phase diagram for a binary mixture of DChol and DMPC.
Pressure I1 is measured in units of the critical pressure I1, and x, is the mole
fraction of DChol. Data are taken from Hagen and McConnell (unpublished)
(O) and Benvegnu and McConnell (1993) (). The solid curve is a rough
fit to the data. The upper portion of the curve conforms to the functional form
1x® — xP1/2x,, = F(II, - )P, where x® and x® are the mole fraction of
DChol in the two coexisting phases, the mole fraction of DChol of the
critical mixture x,, = 0.26, the critical pressure I, = 10.2 mN/m, and the
adjustable parameter F = 1.1282. The rectilinear rule is used in sketching
the rest of the curve (King, 1969).

the phase contrast. A glass capillary insulated tungsten wire
(6 pm in diameter) with a total diameter of ~20 um poked
through the monolayer from the subphase and acted as an
electrode. An electrical potential V,, was applied between the
electrode and the subphase, establishing an inhomogeneous
electric field é(r) at the air—water interface. A molecule in
the monolayer at a distance r away from the electrode feels
a force proportional to its dipole moment and the field gra-
dient 3%€/dr. Whether the force is attractive or repulsive de-
pends on the polarity of V, and the dipole orientation (Kling-
ler and McConnell, 1993). All experiments were performed
at room temperature and at various surface pressures. (See
Fig. 2.)

When the monolayer has a composition in the two-phase
coexistence region and is held at a surface pressure well
below the mixing—demixing line, it consists of small domains
of dark DChol-rich phase, interspersed uniformly through a
bright DMPC-rich phase, or vice versa. Application of a
negative potential to the electrode leads to the attraction and
fusion of dark domains around the electrode (Heckl et al.,
1988; Klingler and McConnell, 1993; Lee and McConnell,
1993). The fused domain grows in size as a function of time
until a steady state is reached where the attraction experi-
enced by the small domains from the applied field is balanced
by the repulsion from the large fused domain (see Fig. 3 a).

For a surface pressure and composition such that the
monolayer is in the single-phase region above the
mixing—-demixing line but below the critical pressure, the
film is homogeneous in the fluorescence microscope. Ap-
plication of a negative potential to the electrode leads to
the formation of a dark domain with a sharp edge around
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FIGURE 2 Schematic for the setup of an inhomogeneous electric field at
the air—water interface. An electric potential Vj, is applied to an insulated
tungsten wire, creating an inhomogeneous electric field 4(r) at the air—water
interface that exerts a force on molecular dipoles. The radius of the insulated
electrode is a, which is ~6 um.

the electrode. The dark domain grows in size until equi-
librium is reached (see Fig. 3 b). This large dark domain
is not formed by fusion of small domains, because they
are not present in the homogeneous state. If the polarity
of the potential is reversed quickly, the domain around the
electrode “explodes,” forming little fragments with sharp
edges (see Fig. 3 ¢). These fragments drift away from the
electrode and disappear within 30 s. The monolayer re-
verts to its initial homogeneous state.

When the monolayer has a critical composition and is held
just above the critical pressure, it is also homogeneous in the
fluorescence microscope. Unlike in the previous case where
phase separation with a sharp boundary is formed, the ap-
plication of a negative potential to the electrode gives rise to
a brightness gradient, from dark around the electrode, to
bright at large distances (see Fig. 3 d). The concentration
gradient is continuous and shows no distinct boundary. Upon
rapid reversal of the potential, diffuse dark regions are ex-
pelled from the electrode (see Fig. 3 ¢) and quickly disappear.
If the reversed polarity is sustained, a diffuse bright ring is
formed around the electrode (see Fig. 3 f).

THERMODYNAMIC MODELS OF BINARY
LIQUID MIXTURES

We model the effect of an externally applied inhomogeneous
electric field on the monolayer by using equilibrium chemi-
cal thermodynamics. Four different cases are considered: (1)
regular solutions with symmetric phase diagrams, (2) regular
solutions with asymmetric phase diagrams, (3) nonideal mix-
ing with symmetric phase diagrams, and (4) real solutions
with asymmetric phase diagrams. Nonlocal chemical poten-
tials due to internal electric fields within the monolayer are
discussed later.



1742 Biophysical Journal

Volume 68 May 1995

FIGURE 3 Fluorescence micrographs of DChol-DMPC monolayers in the presence of an inhomogeneous electric field. (a) Fusion of domains in the
two-phase coexistence region with a negative potential (V, = -13 V) applied; Il = 3.0 mN/m. (b) Formation of a domain with a sharp edge for a system
that is in the homogeneous region below the critical pressure in the absence of the field. A negative potential (V, = —100 V) was applied; II = 8.6 mN/m.
(c) Same experiment as in (») 100 ms after reversing the potential to positive. The previously formed domain explodes into smaller fragments, which quickly
disappear. (d) Steady-state concentration gradient formed above the critical pressure with a negative potential applied (V, = -208 V); IT = 10.3 mN/m.
(e) Same experiment as in (d) 100 ms after reversing the potential to positive. Dark, diffuse regions are expelled from the electrode. (f) Steady-state

concentration gradient formed using a positive potential.

Case (1): Regular solution with symmetric
phase diagrams

The simplest possible model is an ideal binary mixture whose
phase diagram is symmetric about the critical composition of
X = x5, = 0.5, where x, and x,_ are the critical mole frac-
tions of components 1 and 2 (see Fig. 4 a). For this mixture,

the relative proportions of the two phases remain constant as
the temperature 7 is increased toward the critical temperature
T,, at which point the two phases merge to form a homo-
geneous single phase. In the case of experiments where tem-
perature is held constant at room temperature and surface
pressure I1 is varied, the homogeneous phase is found when
the critical surface pressure II_is reached.
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Composition gradients of the two components are set up
around the electrode in Fig. 2. The mole fractions x, and x,
become functions of position r. Incorporating the contribu-
tion of the electric field €(r), the chemical potentials of the
two components, w, and u,, are assumed to be (Kirkwood
and Oppenheim, 1961)

p, (IL + ) )
=pO(Il) + RTInx, + A, 7 + ax? — m,A4(r),
u,(IT + )
i @

= uP) + RTInx, + A, 7 + ax? — m,A,%(r),

where p{® (IT) and u® (I1) are the chemical potentials of
pure liquids 1 and 2, respectively, R is the universal gas
constant, T is the temperature, I1 is the surface pressure of
the system a large distance away from the electrode, 7 is the
surface pressure change induced by the presence of the field
and varies with distance from the electrode, and m,, m, and
A,, A, are the dipole moment densities and partial molar areas
of the two components, respectively. Here we use the sign
convention of both positive € and m pointing into the sub-
phase. When € = 7 = 0 the mixing—demixing parameter a
is related to the critical temperature of the system by a =
2RT.,.
The molar area of a binary mixture A is related to the
partial molar areas of its two constituents, A, and A, by

A =xA, + x4, @)

In this ideal case there is neither contraction nor expansion
upon mixing, and the resulting molar area A® =
HAD + x,AP; AD and A are the molar areas of pure
liquids 1 and 2. For the mixing of regular solutions, it can be
assumed that the partial molar volume of each component is
equal to that of its corresponding pure liquid (4, =
AP A, = AD); thus A = A® (Kirkwood and Oppenheim,
1961).
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At equilibrium, the chemical potential gradients are zero:

o _RTox, . om ax, 0 aE
y_x, 6r+A1 ar+2ax2 ar mA; ar_o’ )
ou, RTox, _ om ax, |

e _ = o __ 1 _ 0 __— —

or x, or +A2 ar + 200, or A2 ar 0. ©

Combining Eqgs. 4 and 5, we see that the pressure gradient
and the electric field gradient are related:

o 3¢
A0 ___ — pg0) __—
A or M ar’ ©

where M® = xm A? + x,m,AQ is the ideal case of the
molar dipole moment of the binary mixture M defined more
generally as

M=xmA, + x,mA,. @)
Substituting Eq. 7 into Eq. 4, we find

ox, x,%,APA0(m, — m,) ¢ g
ar  (5AQ + L AD)RT - 2ax,x,) or’ ®)

For the special case where the molar areas of the two
components of the mixture are identical (A® = AQ® =
A®), Eq. 8 can be solved by separation of variables, and the
position-dependent composition is found to vary with the
field as

IEEATE SN
" x, Txlw—

where [f(n)], = f(r) — f(); x,(r) refers to the mole fraction of
component 1 at a distance r from the electrode and x,() the
composition at large distances away from the electrode.

Fig. 5 plots the solutions to Eq. 9 and shows how x, varies
with field strength for different initial compositions. For ex-
ample, when the system is at its critical composition and held

A©
——R—T(m1 - my)ér), (9
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a
100 7]
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-
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FIGURE 4 Reduced phase diagrams of 7/T, versus x, rl
for various values of B, and C,. (@) B, = &, C, = 0; (b) 085 1 I
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FIGURE 5 Composition variations for component 1 in a binary mixture
of regular solutions with symmetric phase diagram (see Fig. 4 a) as a func-
tion of the electric field strength at various temperatures: (a) T = 1.0T, (b)
T = 0957, (c) T = 0.97,. The shaded area denotes the two-phase coex-
istence region. Three curves are shown for each temperature. The middle
curve has a composition corresponding to a point on the phase boundary in
the absence of any external field, while the other two have initial compo-
sitions in the single-phase homogeneous regions that differ by the same
amount on either side of the phase diagram. Parameters for model calcu-
lations: T, = 414 K, m = -0.65 D/nm?, A = A, = 4, = 1 nm¥molecule.

close to its critical temperature, x,() = 1/2 and T ~ T, (see
the middle curve in Fig. 5 a), a positive or negative electrode
with a relatively low field strongly alters the concentration
of component one around it. When x, (<) is outside the two-
phase coexistence region to the left of the phase boundary for
some T < T, (see the lower curve in Fig. 5 b or ¢), an in-
creasing negative field (decreasing r for a negative electrode)
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leads to a change in composition until the phase boundary is
reached. At this point, field-induced phase separation occurs.
For still smaller values of r only one phase is present. The
composition of the phase surrounding the electrode then var-
ies as indicated. Similar phase separations take place when
a positive field is applied to a system with x,() outside the
two-phase coexistence region to the right of the phase bound-
ary (see the upper curve in Fig. 5 b or ¢). Note that the
€-versus-x; curves in the two-phase region describe meta-
stable and unstable states where the maxima and minima
define the spinodal.

Case (2): Regular solution with asymmetric
phase diagrams

Now consider binary mixtures corresponding to regular so-
lutions with asymmetric phase diagrams. In this case, the
chemical potentials of components 1 and 2 are

p, (I + @) = pO ) + RTIn x,

(10)
+ Am+ Bixi + Cix3 — mA,%(r) + O(x3),
(1 + m) = p® () + RTInx, an

+ A, + Byxl + C,x3 — myA,%8(r) + O(x?%).

Again we assume that A, = A® and A, = A for regular
solutions. It can be shown that in this case B, B,, C;, and C,
are constants not dependent on II and that they are related
to one another by B, = B, + 1.5C, and C, = -C, (Kirkwood
and Oppenheim, 1961). Case (1) above is a special case of
the present Case (2) where B, = a and C, = 0. The panels
in Fig. 3 show how one can alter the shape of the phase
diagram as well as the critical composition of the system by
varying the values of B, and C,.

At equilibrium, the position-independent chemical poten-
tials of the two components yield the following equations:

dx, ox

RTE 4+ 2 A0 27 4 28 5 3, 22
ar TV or 1172 g
(12)
ax, _ 9%
+ 3C1x1x§5 - mx, AP > -0
ax, _ 0T ax,
RT; + sz(ZO)E + (2B, + 3C1)x1x25
13)
ax _ 98
- 3Cuxin 5 - muAP — =0

The combination of Egs. 12 and 13 gives a relation iden-
tical to that in Eq. 6. The composition gradients and the field
gradient are related by

ox; xl'xiA(IO)A(ZO)(ml —m,) 14
ar (AP + x,AO)RT — 2B, x,x, — 3C,x,x3) ar’ 14
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ax,

ar (15)
— 0 0APAP(m, — m,) ﬁ

A9 + x,ADRT — 2B, + 3C))x,x, + 3Cyxix,] or’

For the special case of identical molar areas, the position-
dependent compositions are

[1 (1—Jcl)+21!31+3c1 3 . 2]’
n X{ ~ Apr X
RT v 2RT !
X ® (16)
A_(O)

= _ﬁ(ml - mz)cg(r),

=%y _2B 3 L)
My RT™ ~ 2RT 2|
(17)

A©

= —ﬁ(m1 — my)é(r).

Equation 16 reduces to Eq. 9 when B, equals a and C, is zero.

The panels in Fig. 6 show how the different initial com-
positions at different temperatures change with field strength
for a system where B, = 2RT_and C, = RT,; T s the critical
temperature for Case (1). The phase diagram of this system
is shown in Fig. 4 c. Like the solutions to Eq. 9 in Fig. 5, the
variations of composition show similar qualitative behavior
in response to positive and negative electric fields for all
temperatures at and below the critical temperature. Unlike in
the former case, however, the shapes of the curves are no
longer “symmetric” about midcomposition but vary with dif-
ferent values of B, and C,.

Case (3): Nonideal mixing with symmetric
phase diagrams

Area expansion or contraction usually occurs upon mixing.
Consider the case of nonideal mixing where the partial molar
areas of the two components are given by

A, = A0 + Ax2, (18)
A, = A0 + Ax2. (19)

Here A is the expansion/contraction (positive/negative) pa-
rameter for mixing. When Eqs. 18 and 19 are substituted into
3, the molar area of the mixture is then

A =xA0 + LA + Ax,x,. (20)

With a non-zero expansion/contraction parameter, the di-
pole moment densities m, and m, are no longer constants but
vary with position r. We shall assume that the molar dipole
densities M, = m A, and M, = m,A, are constant. This is a
physically plausible assumption for the coexisting liquid
phases that we are considering but would certainly not be a
plausible assumption for coexisting liquid and gas phases.
For a gas phase the dipole density that appears in the theory
is doubtless dominated by water molecules.
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FIGURE 6 Composition variations for component 1 in a binary mixture
of regular solutions with an asymmetric phase diagram (see Fig. 4 c) as a
function of the electric field strength at various temperatures: (a) T = 1.1T;
(b) T = 1.25T; (c) T = 1.395T. The mixing—demixing parameters are given
by B, = 2RT_ and C, = RT_ The middle curve has a composition corre-
sponding to a point on the phase boundary in the absence of any external
field, while the other two have initial compositions in the single-phase ho-
mogeneous regions that differ by the same amount on either side of the phase
diagram. Parameters for model calculations: T, = 414 K, m = -0.65 D/nm?,
A = A, = A, = 1 nm¥molecule.

To study the effect of area expansion or contraction on the
composition gradient in the presence of electric field, we
return to a model similar to that of Case (1), where the phase
diagram of the binary mixture is symmetric but the mixing
is nonideal. When we use Eqs. 18 and 19, the chemical po-
tentials are then given by
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= uO) + RTInx, + AQ7 + (@ + Am)x2 — M, %(r),
w1+ m 22)
= pO@) + RTInx, + A%7 + (a + Am)x? — M,B(r).

Carrying out the same analysis as before, we find that the
surface pressure gradient and the field gradient are related by
om Mo

or A ar

where M = x,M, + x,M, and A is given by Eq. 20. The
composition gradient is then related to the field gradient by

(23)

ox, _ x,x%(A,M, — A\M,) € ”

ar  (5A, + 5,A)RT — 2(a + Am)x,x,] or 24)

Comparing Egs. 21 and 22 with Egs. 1 and 2, and Eq. 24

with Eq. 8, we see that the area expansion/contraction pa-

rameter modifies the mixing—demixing parameter of the sys-
tem, making it explicitly dependent on pressure.

Case (4): Real solutions with asymmetric
phase diagrams

Figure 1 shows the asymmetric phase diagram of DChol and

_ _ (9B,
(M, + x,M,)| ——
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but are now functions of surface pressure, and the area
expansion/contraction effect is now included in these co-
efficients.

The zero chemical potential gradients at equilibrium yield
the relations

RT%+x a—a— + 2B x;x, — 8%, + xx 4 9C, 9™
or 29w or "2 9r % ow or
(27)
+3C 2 %% o a—" L
XX or 2 4 x,A¢ xM, Fo 0,
RTax2 + 22 ( aB, L3 3 acl)
or 2 2 om
ax, ,. 9C om
+ (2B, + 3C, )xlxzy BRI e (28)
_ d¢

—3Cx2x%+x1§(°)a—w—xM—=O.
1128" 24322 ar 2 26’.

The sum of the two gives
aB, x\oC, _ |om _ o€
[xlx2 o T x1x2<1 - é) a—ﬂ_l + A“”:I ol M—. (29)

The composition gradients for the two components are

C -
x,x2 + — x,x3 + x, AP

ox; 1 " om om 3 (30)
ar  RT — 2B,x;x, — 3Cxx | 771 ™ 3B, aC, x £ o0 | O
gxlxz + Exlxz 1- 5 + x, AV + x,Af
ox, 1
dr  RT — (2B, + 3C,)x,x, + 3C,x%x, 31)
oB 38C, aC -
i (M, + x,M, )[( S+ 2 3m )xzx2 - a—q_:x?xz +x2A(20)] 2

xM, — 3B,

om

DMPC. The work of Phillips gives area contraction for cho-
lesterol and phospholipid upon mixing (Phillips, 1972). From
the analysis in the previous case, we have shown that the area
expansion/contraction parameter alters the mixing—demixing
parameter of the system. Therefore, the simplest model for
the monolayer has the chemical potentials

 (IT + )
= pPII) + RTInx, + AQ7w + B, + w, D)x2  (25)
+ G L+ m T)x3 — M%(r) + 9(x3),
w1 + )
= wO() + RTInx, + APm + B,(Il + m, Tx?  (26)
+ C,(T + m, T)x; — M,%(r) + 3(x?).

The coefficients B, B,, C,, and C,, though still related by
the equations shown in Case (2), are no longer constants

X%, +

aC x - - or
a—ﬂlxlx2<1 - ?1) + 5, A0 + ,AP

If there is no contraction upon mixing, which corresponds to
constant B,, C,, m,, m,, Egs. 30 and 31 reduce to Egs. 14 and
15 as in Case (2). This in turn leads to the solutions given in Egs.
16 and 17 for the special case of equal molar areas. Equations
30 and 31 as they stand cannot be solved analytically.

DISCUSSION
Comparison with experimental results

An important quantitative experimental result is that for the
case of field-induced phase separation, the domain gathered
around the electrode reaches an equilibrium size with a given
potential (see Figs. 3 b and 7). The edge of the domain sig-
nifies the location where the local composition matches that
at the two-phase coexistence boundary. In the analysis of
Cases (1) and (2) where there is no area contraction, the
composition at the phase boundary is independent on the
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FIGURE 7 Equilibrium radii at the perimeter of field-induced domains
versus applied potential: experimental results ((J); theoretical calculations
(—). Parameters for model calculations: IT = 8.6 mN/m, T = 295 K, x,(«)
= 0.10035, and x, (phase boundary) i4_, = 0.1006.

applied field. The edge of the gathered domain therefore
experiences a field given by the intersection of the sigmoid
composition variation curve and the straight phase boundary
line as shown in Figs. 5 b and ¢ and 6 b and c. However, for
the case of real solutions where the system contracts or ex-
pands upon mixing, the thermodynamic parameters are func-
tions of surface pressure, which in turn changes with the
applied field according to Eq. 29. In order to see how closely
the model approximates our experimental results on equi-
librium domain size, we solve Egs. 29-31 numerically under
the conditions given in the Experimental Results section.
Approximate dipole moment densities and molar areas can
be obtained from the literature (Benvegnu and McConnell,
1993; Phillips, 1972). The mixing parameters B, and C,, their
variations with respect to surface pressure, and the variation
of the electric field with distance are also necessary for these
numerical calculations.

In the absence of the external electric field, the system has the
phase diagram of Fig. 1. For a binary mixture in the two-phase
coexistence region to be at equilibrium, the chemical potentials
for each component in the two phases are equal:

RTInx® + B, x&" + C,x{" 32)
= RTInx® + B x®" + C;x%”,

3
RTInx® + (B1 +5G >x(l“)2 - Cpx®»
(33)

3
=RTInx® + (Bl +5G )x(lb)z - Cx®,

RT[ln P — Inx® +
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FIGURE 8 Surface pressure dependence of coefficients B, and C, ob-
tained from solving Eqs. 34 and 35 for the phase diagram in Fig. 1. The
vertical axis is expressed in units of 100 X R, where R is the universal gas
constant (8.314 J/mol K).

where x{ is the mole fraction of component i in phase j.
With the knowledge of the compositions at both sides of
the mixing—-demixing curve for a given surface pressure,
the coefficients B, and C, can be calculated by use of the
following equations:

_ RT(In x® — InxP) + (x§ —
P~

x$*)C,

> (349

1

Using the phase diagram in Fig. 1, we have obtained values
for the mixing—demixing parameters for different surface
pressures. The surface pressure dependence of these two co-
efficients is shown in Fig. 8, from which 8B,/dw and oC /o7
can be determined.

@2 __ (b
X1 *1
e

C, =
3
[5 (@ — xP%) — x@ + x4+

. 35
(x(la)z — _xgb)l)(x(zm)3 — x(zb)3) ( )
x(zb)2 — x(za)z
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Next we need to find the distance variation of the electric
field. For the geometry depicted in Fig. 2 it has been shown
that the electrode produces a field in the monolayer plane
given by

E = (0,0,%), (36)

2y, [T Kk

Er) = - 0 K, (ka) dk, (37)
where r is the distance from the center of the electrode, a is
the radius of the electrode, V,, is the potential applied, and K|,
is the zeroth-order modified Bessel function of the second
kind. The electric field gradient is

3%é(r) _ 2V, uk, (u)
o a2 (T)du, (38)
0 K, ;u

where K| is the first-order modified Bessel function of the
second kind. (Note that in Klingler and McConnell (1993)
there is a typographical omission of a factor of « under the
integral, which subsequently led to the erroneous conclusion
in Lee et al. (1994) that the field-induced phase separated
domains grow until the field gradient reaches a critical value.
Our calculations show that the domains grow until a critical
value for the field, not for the field gradient, is attained.)

Using the above information, we can numerically calcu-
late the variation of electric field, surface pressure, local
composition, and phase boundary with distance from the
electrode for any given potential, initial surface pressure, and
composition. The calculations have been carried out for I =
8.6 mN/m, T = 295K, 80 V =< V, < 200 V, A /N = 40 A?,
AN = 80 A% where N is Avogadro’s number. The initial
composition, x,(®) = 0.10035, is chosen so that it is close
to one end of the phase boundary at zero field, which is at
x, = 0.1006 under the above conditions.

At large distances away from the electrode, both the field
and the field-induced pressure change are zero (¢ = 7 = 0).
As the distance from the electrode decreases, these values
become nonzero and vary with distance 7. At any given point
r from the electrode, the electric field €(r) induces a surface
pressure change 7(r) on the system. This in turn alters the
phase boundary composition, rendering it position depend-
ent. The dotted curve (a) in Fig. 9 shows how the compo-
sition at the phase boundary varies with distance.

The local composition of the binary mixture also varies
with distance from the electrode when a potential is applied.
At large distances, the system maintains its initial compo-
sition. As the electrode is approached, the local composition
varies with the field, whose magnitude increases with de-
creasing distance from the electrode. The solid curve (b) in
Fig. 9 shows how the local composition of component 1
varies with distance. As we move from infinity toward the
electrode, the local composition passes through one point
where the chemical potentials of the two components (Egs.
25 and 26) in the two phases are simultaneously satisfied.
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FIGURE 9 Distance variation of (a) the phase boundary composition
(- - -) and (b) the local composition (—), calculated by solving Egs. 29, 30,
and 38. Parameters for model calculations: IT = 8.6 mN/m, T = 295K, V,
= -100V, a = 10 pm, x,(«) = 0.10035, and x, (phase boundary) | 4., =
0.1006. The dotted-dashed portion of the local composition (-.-.-) signifies
the metastable and spinodal part of the curve within the coexistence region.

This point is the intersection point between the local com-
position line and the phase boundary line as shown in Fig.
9. The dotted portion of the local composition signifies the
metastable and spinodal part of the coexistence region. The
intersection point also marks the location of the domain edge:
for distances larger than that corresponding to the intersec-
tion point, no phase separation should occur. The calculated
equilibrium domain sizes for different potentials are plotted
in Fig. 7 along with experimental data for comparison. It can
be seen that the theoretical work models experimental results
semiquantitatively. The close quantitative correspondence
between theory and experiment is due to the ad hoc choice
of the initial composition x,.

Area expansion or contraction upon mixing

In the section on Case (4), we noted that area expansion or
contraction occurs upon mixing together real solutions. In-
formation regarding this change in area is embedded in the
phase diagram of the system and can be extracted from it. The
total area after mixing is

i 0 Opt,
A=x Fym + x, o 39)
Using Eqs. 25 and 26, we find that
- 0B aC _
A= x1<a—ﬂ_1x§ + a—ﬂ_lxg + A(lo))
(40)

aB;, 39C, aC, -
+ it W Wbt U IO St RO ©
wf (S350 - ey |

Fig. 10 shows the area deviation from ideality when dif-
ferent compositions of DChol and DMPC are mixed at vari-
ous pressures. The curves at low surface pressures agree
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FIGURE 10 Area deviation from ideality at II/IT, = 0.3 (O); IVII, = 0.5
(+); T, = 0.65 ), II/I1, = 0.843 (X).

semiquantitatively with those of Phillips (1972). At higher
pressures, the curves show both contraction and expansion
at different compositions. It should be noted that the results
obtained here is sensitive to the phase boundary (see Eqgs. 34,
35, and 40) of the diagram shown in Fig. 1, which is fit to
an ad hoc curve. Any deviation of the fitted phase boundary
from the true curve can affect the area contraction or ex-
pansion both quantitatively and qualitatively.

Contribution from electrostatic self energy

In previous sections, the only electrostatic energy explicitly
incorporated in the model is due to the externally applied
field. However, there are other contributions, namely, the
electrostatic self-energy of the domain (McConnell and Moy,
1988). There are three electrostatic self-energy contributions.
One is proportional to the domain area, one is proportional
to the domain perimeter, and the third has the form of the
self-induction energy of a current loop. The first term is the
largest and is implicitly incorporated in the chemical poten-
tials we have used and need not be considered further. The
second term contributed to the interdomain line tension, and
the third term is discussed further below.

As noted earlier, because of the dipole density difference
between the two components in the binary mixture the ap-
plication of an electric field leads to the attraction or repul-
sion of one component over the other. When the temperature
(or surface pressure) is below its critical value, one of the two
phases is preferentially attracted and fused around the elec-
trode (see Fig. 3 a and b); Fig. 11 a shows schematically a
single circular torus domain A with radii r,, r, and area A,
gathered around the electrode W. The electrostatic self-
energy of the torus E, is given by the expression

m? 1
Ey= €y — > j f 53 dAudAs, (41)

where €, is the electrostatic energy per unit area for a domain
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FIGURE 11 Schematics of (a) a single domain with a sharp edge gathered
around the electrode, (b) a set of “infinite” torus shells, each with constant
dipole moment density, depicting a concentration gradient set up around the
electrode.

of infinite size with dipole density m,, p = (Ir, - r, 1% +
A" is the distance between two points of integration, a and
b,and A_is a cutoff that prevents the dipolar interaction from
diverging when Ir, ~ ry| = 0. The area integral gives the
dipole repulsion between all dipoles within the area A, and
all dipoles exterior to it in area A

This constitutes the shape-dependent portion of the elec-
trostatic self-energy of domain A, which we denote as
E$!. This area integral can be expressed as a double line
integral plus a correction term that equals the perimeter of the
domain (McConnell and de Koker, 1992):

1 1
fijAMB= —§§ —dr, - dry + 2P,,, (42)
p AJB P

where P, , represents the perimeter of domain A. In the case
of the torus in Fig. 11 g, this includes both the inner (#,,) and
the outer (P,,) perimeters of the domain. Inasmuch as the
outer perimeter of B extends to infinity, the line integral
around it can be neglected because 1/p — 0. Using the con-
vention that the material to be integrated lies to the left of the
direction of the line integration, the line integrals over the
inner perimeter of B and the outer perimeter of A are in
opposite directions (Kaplan, 1984). However, because they
overlap on the same path [2], it is convenient to let them be
in the same direction. Denoting $$,(1/p)drdr; over the in-
tegral paths i and j (which both point in the same direction)
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by 1ijl, we can express E as
ma

Ef= -7

43)
(1111 — 1121 — 1211 + 1221) — mi(P,, + Py,).

For the circular torus-shaped domain shown in Fig. 11 q,
the shape-dependent electrostatic self energy is found to be

87“"”?\('}"(:)1/2

Ex= —2mmi(ri+r)+—,

[1 — 0.5k%)K — E]
(44

, . (€A , . (€A
+ 2ar,m5 In B + 2mr,m2 In & )

i [J

where k2 = 4r;r /(r, + r,)* and K and E are elliptic integrals of
the first and second kind, respectively.

For a binary mixture with an upper consolute point, no
phase separation takes place when the temperature (or sur-
face pressure) is above its critical value. Instead, a concen-
tration gradient is created around the electrode. This can be
modeled by having concentric circular torus shells, each of
a constant but slightly different dipole moment density, ra-
diating from the electrode as shown in Fig. 11 b. In this case,
the total electrostatic self-energy includes the contributions
from the individual tori as well as from the interaction en-
ergies among them. To simplify, consider a system with only
torus-shaped domains A, B, and C. The electrostatic self-
energy E,p of this system is

E pc = €,A, + €A + €Ac
2

my

—T(Illl — 1121 — 1211 + 1221)
mi

——2(I22I — 1231 — 1321 + 1331)

m2
—7c(|33| — 1341 — 1431 + 1441)
45)
+ mumg(— 1121 + 1131 + 1221 — 1231)
+ mymc(— 1131 + 1141 + 1231 — 1241)
+ mgme(— 1231 + 1241 + 1331 — 1341)
— mi Py — miP, — (mi+ mi — 2m,my)P,,
— (m3 + m2 — 2mpym)P,,.

Equation 45 can be extended for systems with any arbitrary
number of torus shells.

To see how significant this contribution is compared
with that of the applied electric field, we carried out cal-
culations for both the single-torus case and the case of
“infinite” torus shells. For the single-torus case, we let the
radius of the electrode r, = 10 um and allow the domain
(DChol) to grow to a radius r, = 50 um. We estimate m
to be of the order of -1 D/nm? (Benvegnu and McConnell,
1993) and the applied electric field to be €(r) = (2/m)-
(V,/r) for the geometry shown in Fig. 4 and for the size
given above. From Eq. 44, we find that the self-energy
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contribution E$¢ = -4.3 X 1076 J, which is small com-
pared with that of the applied field

To 2 V
E¥= — m, ——22mrdr ~ =53 X 10"%J
A Amr

obtained by using a nominal applied voltage of V, =
-100 V.

The conclusion that these local electrostatic fields are neg-
ligible in our experiments can also be seen by simply com-
paring the applied field strength ~(2/m)(V,/r) with the elec-
tric field at the edge of a single domain, when the dipole
density difference is m. The latter is (m/R)In(8R/eA) when
R, is the domain radius (H. M. McConnell, unpublished cal-
culations). For m of the order of -1 D/nm? R, = 10 pm, and
A ~ 10 A, we see that an applied voltage of 10-100 V will
produce a much larger field intensity at the edge of a domain
for any domain with a radius of experimental interest, 10—
100 pm.

For the case of the “infinite” torus shells, we set up a
dipole density gradient for the critical composition (x; =
0.26; x, = 0.74), using the knowledge of the dipole den-
sities of the two components, the 1/r falloff of the electric
field, and the fact that the monolayer is at its critical
composition at distances far away from the electrode. For
shells extending from 10 to 100 pm, each of 1-pm thick-
ness, and each having its own constant dipole density
obtained by averaging over the strip, we find the elec-
trostatic self energy to be =1.6 X 1071 J, which is 2 orders
of magnitudes smaller than that of the applied field. From
the above results, we can see that the omission of this
special self-energy contribution in our equilibrium
chemical potential calculations is justifiable.

Uniform Fields

For comparison, we briefly consider the effects of uniform
electric fields on the phase behavior of monolayer mem-
branes. First, consider a monolayer of one chemical com-
ponent and two phases that are in equilibrium at temperature
T and pressure II. When a uniform field of strength € is
applied and the temperature is kept constant, the pressure
changes from II to I1+ . The surface pressure change can
be expressed as

(Ml - Mz)('g
TTA 4 (49
where M, and M, are the molar dipole moments in phases 1
and 2, respectively, and A, and A, are the molar areas. Barring
accidental cancellations, for € ~ -10” V/m, (M, - M,)/N ~
-1 D/molecule, and (4, - A,)/N ~ 50 A2, where N is the
Avogadro number, we obtain 7 ~ 0.067 mN/m. This is far
too small to affect significantly the monolayers studied under
the usual conditions.

If the pressure is kept constant and the temperature is
changed from T to T+t to maintain equilibrium in the pres-
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ence of an applied field of strength E, then

TV, — M,)%
Hl - I_{z ’

= C)
where H, and H, are the molar enthalpy of the two phases.
For H, - H, ~ 2.6 X 10* J/mol, we obtain ¢ ~ 10~ deg, again
a negligible change under most experimental conditions.

For a two-phase system corresponding to Case (1) above,
a uniform field again yields the pressure change given in Eq.
46. If there is an area contraction as in Case (4), this pressure
change will yield a change of critical temperature of the order
of Am/2R, ~ 1073 deg, again negligible for most experimental
conditions.

Biological Membranes

The fundamental scaffolding of most biological membranes
is the lipid bilayer. There is some evidence that, at the growth
temperature, both prokaryotic and eukaryotic cell mem-
branes are close to phase boundaries corresponding to lipid
phase separations (Behan-Martin et al., 1993; Linden and
Fox, 1975; Linden et al., 1973). One may consider the ques-
tions as to whether nonuniform electric fields exist in bio-
logical membranes and whether such fields can give rise to
concentration gradients (or phase separations) of the sort dis-
cussed above.

Both the sign and the magnitude of the dipole densities in
lipid monolayers are the same as those expected from the
terminal methyl groups of lipids (Vogel and Mdbius, 1988).
Thus, it is plausible to assume that nonuniform fields acting
in the center of the bilayers can give rise to composition
gradients of lipid molecules. Such nonuniform fields could
arise from point charges within a bilayer where electrostatic
screening is weak. For example, a single electronic charge in
a bilayer produces a field of the order of 1.44 X 107 V/m at
a distance of 100 A. From our earlier discussion, this field
strength is certainly adequate to yield a microscopic phase
separation around the point charge, involving on the order of
100 molecules.

Externally applied fields that give rise to nonuniform
transmembrane potentials may also produce significant lipid
concentration gradients in biological membranes. These con-
centration gradients may be particularly large if, as we sus-
pect, biological membranes under physiological growth con-
ditions maintain their lipid compositions so as to be close to
phase boundaries. Field-induced phase separations might
well produce functional responses if they lead to receptor
aggregation, for example.
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