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Abstract

The phospholipid adsorption and surface pressure—molecular area isotherms at interfaces are interpreted theoretically from
two-dimensional (2D) lattice and real gas models that incorporate a minimum number of adjustable parameters. The first model
is based on the lattice statistics of binary solutions and the molecular parameters introduced are the energy changes involved in
the mixing process of the phospholipid and organic solvent molecules and the effective phospholipid head area. The surface
pressure is interpreted in terms of the difference between the two liquid surface tensions. The second model makes use of (i) a
non-localised adsorption model with a square-well potential energy term for the calculation of the surface concentration of the
phospholipids at the interface as a function of the volume concentration of the phospholipids in the organic solvent phase, and
(i1) a 2D hard disc gas model with a mean-field term accounting for the attractive interactions between the tails of the adsorbed
phospholipids. The molecular parameters introduced in this model are the interfacial phospholipid adsorption energy, the effective
hard disc diameter of the phospholipid head and the interaction energy between the phospholipid tails. The surface pressure is
interpreted in terms of a 2D gas pressure in this model. The theoretical results obtained are compared with experimental data for
the water | 1,2-dichloroethane and water | air interfaces. The two models predict correctly the typical order of magnitude for
surface concentration and pressure values, as well as some qualitative features of the experimental isotherms, for low phospholipid
surface concentrations. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ion transfer across phospholipid monolayers formed
at the interface between two immiscible electrolyte solu-
tions (ITIES) is regarded as a promising model to
elucidate the permeability properties of lipid mem-
branes [1]. Basically, two experimental developments
have been followed in the study of phospholipid films
at water | air and water | oil interfaces [1,2]. Since phos-
pholipids are, in general, highly soluble in some organic
solvents (e.g. 1,2-dichloroethane (DCE) and nitroben-
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zene), the most common method for monolayer forma-
tion is adsorption from the solution to the interface [3].
The other approach utilises the fact that a phospholipid
solution spreads at the water | air or water | oil interface
to form thin films of molecular dimensions.

When modelling biomembranes, it is important to
know the state of the phospholipid monolayer [4].
According to the literature, the state of adsorbed
monolayers seems to be dependent on the organic
phase; Wandlowski et al. [5,6] and Kakiuchi et al.
[7-11] have noted a strong adsorption of different
lipids with some lateral interaction at the wa-
ter | nitrobenzene interface, while Thoma et al. [12,13]
reported domains of lipids at water | hydrocarbon inter-

0022-0728/98/$ - see front matter © 1998 Elsevier Science S.A. All rights reserved.

PI1 S0022-0728(98)00296-4



156 S. Mafé et al. /Journal of Electroanalytical Chemistry 457 (1998) 155-162

faces. Furthermore, Grandell and Murtomaéki [14] have
recently shown, by applying the Langmuir technique to
the water | DCE interface, that the lipids behaved like a
two-dimensional (2D) gas at low surface concentration,
though they appear to deviate from this behaviour for
high surface concentrations.

Many theoretical models and computer simulations
(see [15,16] and references therein) have been devoted
to the modelling of monolayers at interfaces. As a
preliminary contribution to the study of the ion transfer
across phospholipid monolayers formed at the interface
between two immiscible solutions, we have modelled
here the state of the adsorbed monolayer using two
simple molecular approaches for phospholipid adsorp-
tion and surface pressure—molecular area isotherms on
the basis of previous experimental data [14,17] for the
water | DCE and water | air interfaces.

The first model is based on the lattice theory of
binary solutions and the molecular parameters intro-
duced are the energy change involved in the mixing of
phospholipid and solvent molecules, and the phospho-
lipid head effective area. The second model makes use
of: (1) a non-localised adsorption model with a square-
well potential energy term for the calculation of the
surface concentration of the phospholipids at the inter-
face as a function of the volume concentration of the
phospholipids in the organic solvent phase, and (ii) a
2D hard disc gas model, with a mean-field term ac-
counting for the attractive interactions between the tails
of the adsorbed phospholipids, for the calculation of
the surface pressure of the gas as a function of the
surface concentration. These theoretical approaches re-
produce the qualitative features shown by the experi-
mental isotherms with very few adjustable parameters.

2. Theory
2.1. Pressure—area isotherms from a lattice model

Since the phospholipids are amphiphiles, they tend to
be found at interfaces such as water | oil, or water | air
interfaces. The Gibbs equation then implies that the
surface tension of the interface is lowered by the pres-
ence of the phospholipids, namely from y, to y. The
decrease in interfacial tension may be considered as a
2D gas pressure’ exerted by the phospholipid mono-
layer due to the translational energy of the molecules
[18]. Although this interpretation might seem rather
strange (there is no ‘gas’ but a condensed system), it
constitutes a useful analogy in many cases [18], and has
also been invoked for the osmotic pressure of dilute
liquid solutions [19].

The study of pressure as a function of the amount of
phospholipids at the interface requires first a descrip-
tion of the interface. The classical Good-Fowkes model

for calculating the interfacial tension of a liquid | liquid
interface [18,20] considers implicitly a molecularly
sharp interface. However, the sharpness of the lig-
uid | liquid interface has been the subject of recent
discussions in relation to electrochemical studies. While
Girault and Schiffrin [21] proposed a model with a
mixed solvent layer, the capacitance analysis by Wand-
lowski et al. [22] is more consistent with a molecularly
sharp interface. Monte Carlo and molecular dynamic
calculations of the density profile of liquid | liquid
model interfaces show that the thickness of the transi-
tion region at the interface is of the order of 10 A, with
capillary wavelike distortions [23-25].

In addition to the difficulties in describing the struc-
ture of the water \ oil interface, the behaviour of phos-
pholipid monolayers is dictated also by the fact that the
polar heads (and the first one or two hydrocarbon
groups [26]) are immersed in the substrate water inter-
acting strongly with the water molecules, while the
nonpolar tails also interact attractively with each other
and their cohesion is reduced by the organic solvent
molecules. The theoretical modelling then requires iden-
tification of the main contributions that are responsible
for the monolayer behaviour. In particular, the equa-
tion of state at low densities and the transition to
liquid-like states can be described by considering the
phospholipid monolayer as a 2D fluid of interacting
phospholipids (p) in a medium of solvent molecules (0).

We adopt a 2D lattice model [19] in which each
phospholipid molecule is localised on one of N, avail-
able sites in a plane parallel to the interface and derive
the equation of state from a statistical thermodynamics
approach. In particular, we aim to evaluate the de-
crease of the interfacial tension 7 =y, —y due to the
presence of the phospholipids as a function of the
molecular area a = A/N,, where A4 is the film area and
N, the number of phospholipid molecules. The film
area 4 is N, a, being the area of every cell in the
lattice. The solvent particles occupy the remaining sites,
N,= N;— N,, and we assume implicitly that the effec-
tive areas of the solvent and the phospholipid molecules
are equal, so that they are interchangeable in the lattice.
The coordination number of the lattice, i.e. the number
of nearest neighbours to a given site, is denoted by n.

Assuming that only nearest-neighbour interactions
are significant, the change in surface energy due to the
presence of phospholipids can be estimated as

E,=E—E, =W, ,Noo+WopNop + Wop,Nop — WooN; - (1)

pp* ¥ pp
where N, is the number of interactions between
molecules 7 and j, and w; denotes the respective pair
interaction energy. The term E, in expression (1) repre-
sents the energy associated with molecular interactions
at the interface in the absence of phospholipids, and
therefore is evaluated as the interaction energy w,,

times the total number of pairwise interactions, N, =

1
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nNy/2. Note that N,,+ N, + N,,=nNy2 is also sa-
tisfied. Eq. (1) can be transformed with the help of
relations

Noo + Nyp/2 =nN,/2 (2a)
Nyp+ Nop/2=nN,/2 (2b)
to give

E, =Wy, — Weo)nN, /2 + AWN,,,/2 3)

where Aw = 2w, — w,, — w,, is the energy change asso-
ciated with the mixing of molecules [27]. Energetically
the mixing is favoured when Aw <0 and prevented
when Aw > 0.

The mixing process is affected also by entropic con-
siderations so that the equilibrium number of o—p
interactions, N, is given by the minimisation of the

op.eq?
Helmholtz energy
F=E—-TS=E—kT In g(N,, N,, N,,) 4

where k is Boltzmann’s constant, 7" is the temperature
and g(N,, N,, N,,) denotes the number of possible ar-
rangements of the molecules in the lattice with specified
values of N,, N, and N, Using the quasi-chemical
approximation [19] this number can be evaluated as

NO!Np!>” -1 N,
N Noo! N M[(Nop/ 2P

The use of Stirling’s formula and subsequent minimi-
sation of Eq. (4) with respect to N,, leads to the result

g(No, Ny, Nop) = < ©)

K= ewa/kT: (‘Nop,eq/z)2 (6)
NOO,Cqup,Cq

which gives the name to the approximation. Egs. (2)

and (6) then allow us to evaluate the equilibrium frac-

tion X, eq = Nopeq/V; Of 0—p interactions for a given

fraction x,= N,/N; of surface coverage by phospho-

lipids. This has been represented in Fig. 1 for different
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Fig. 1. Fraction of o—p interactions against the surface coverage
X, = N,/N; by phospholipids for different values of the ratio Aw/kT.
The phospholipid molecular area can be evaluated as a = a,/x,,.

values of Aw/kT. The central curve in this plot corre-
sponds to Aw =0, i.e. to a situation where o and p
molecules like the opposite species as well as their own
species from the energetic viewpoint. The distribution
of molecules in the film is then random and the fraction
of o—p interactions iS X,, randgom = 2XoXp, Which corre-
sponds to the Bragg—Williams approximation [19,27].

It is very difficult to solve exactly two or three-di-
mensional lattice statistical problems. Approximate
methods are usually employed. In the Bragg—Williams
approximation for a lattice gas with nearest-neighbour
interactions, both the configurational degeneration and
the average interaction energy are evaluated on the
basis of a random distribution of molecules among
sites. This only remains true at high temperatures. The
quasi-chemical approximation is significantly better
than the Bragg—Williams approximation but still not of
unreasonable complexity. The main point of this ap-
proximation is that pairs of neighbouring sites are
treated as independent of each other. The qualitative
behaviour of the two approximations is, however, the

same [19].
The film pressure 7 can now be evaluated as
nzyo—y=—<Fp’e‘*> =—1<8F"> ™)
04 Np ds aNO Np:N o5 eq
where F, ., is the value of F,=E,— TS when the
number of o—p interactions takes the equilibrium value
Nopeq- The minimum condition for F,., (0F,/

ONopn,, N, = 0, has been used in the last step. Thus, the
equation of state takes the form

kT n
= a—s |:(n —Dlnx, — 3 In xoo’eq}
kT 1—(1—4 112
_ as{(n “Dlnx,— g 1n|:x0 _ 1=t 2lfx°xp) ]}

@®)

where f=1—e2 " and the equilibrium fraction of
0-o0 interactions x,,, is obtained from Egs. (2a), (2b)
and (6). To first order in Aw/kT, Eq. (8) simplifies to

kT
nz(—lnxo+’;ﬁx§>

x KT (g 4y A e
T a, 2kT a?

which constitutes the result given by the Bragg—
William approximation [19]. Both Egs. (8) and (9) yield
the correct ‘ideal gas’ limiting case 7 = N kT /A =kT/a
for very dilute solutions (x, <« 1), and diverge logarith-
mically when a —a (i.e. x,— 1), as should be expected
for a model where the phospholipids are constrained to
remain at the interface.

More elaborate lattice models have been put forward
previously (see [3,15,16,18] and references therein). In
particular, Bell et al. [28] presented a lattice model to

©)
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account for second-order phase transitions in phospho-
lipid monolayers, as opposed to the first-order transi-
tions described by the above theoretical modelling. The
nature of the transition, however, is still under discus-
sion [29].

2.2. Pressure—area isotherms from a 2D real gas model

The gas model considers the monomolecular film as a
system of N, phospholipid molecules that are restricted
to move in a plane of area 4 with a 2D translational
kinetic energy that produces the surface pressure z [18].
This spatial restriction is incorporated in the model by
assuming that the phospholipids are within a square
well of the potential energy—u, . The model should not
be applied to phospholipid molecular areas a close to
that corresponding to the monolayer collapse [14], since
in this case translation is greatly impeded. The short-
range interaction between the phospholipids is de-
scribed in the mean-field approximation by using an
effective potential energy u. that accounts for the at-
tractive van der Waals interactions between the phos-
pholipid tails. The partition function of the 2D system
is then given by [31,32]

Z=:z"0N, (10)
where
z=(1/A7) (A — A.) exp (— ue/kT) exp (yq/kT) (1)

is the partition function of one phospholipid and 4 =
h/Q2emkT)'? is the thermal de Broglie wavelength; m
denotes the phospholipid mass. Note that Eq. (11)
omits the contributions to Z from degrees of freedom
other than the translational.

In Eq. (11), A, is the surface area excluded by the
phospholipid heads (assumed to behave as uncharged
hard discs). At low surface concentrations (dilute gas
limit), 4., can be estimated by considering that the
presence of a central molecule of radius r makes a
circular area of radius ¢ = 2r inaccessible to a second
molecule centre. Thus, we can write [20,30]

Ay = Nyno?2 = Nya,, (12)

where the factor 1/2 comes from the fact that the
excluded area mo? corresponds to a pair of molecules.
Although Eq. (12) is not correct for high surface con-
centrations, it can be used as a first approximation [20].

Following similar arguments, the mean-field energy
u.e seen by a molecule can be calculated as

1 [e’e}
U= Nyilf2, ii= =1 J u(r)2nr dr (13)

[

In particular, for the short-range, weakly-attracting
hard disc potential [30]

w, r<o
“”:{—%wﬁﬁ r>o (s>2)° (9
Eq. (13) yields
U= — 2u0aex/a(s - 2) (15)

where a = A/N,, is the molecular area, and parameter s
can be set equal to six [32]. Eq. (11) is obtained by
focusing our attention on a single molecule that moves
in the effective potential of Egs. (13)—(15) produced by
the other molecules. This physical procedure is crude
but it does not assume specifically that the gas is of low
density. Therefore, the equations derived could be qual-
itatively valid to describe condensed systems provided
that the translational kinetic energy of the molecules is
still important.

From Egs. (10)—(15) and s = 6, the surface pressure
of the phospholipid gas can be calculated as [30]

T olnZ kT 1 Lo a2,
T = S |
0A N, aq \1 —aja,, 2kT a®

) (16)
The molecular area per phospholipid, g, can be varied
by the compression of the monolayer. It is assumed
that when compression proceeds, some solvent
molecules are squeezed out of the monolayer [14], and
then both the total surface area 4 and the molecular
area a decrease.

Eq. (16) constitutes the surface pressure—molecular
area isotherm of the 2D real gas model and plays a role
analogous to Eq. (9) in the lattice model. However, the
interpretation of = is now different. The physical origin
of the surface pressure in Eq. (16) is not the difference
between the surface tensions (see Eq. (7)) but the
translational kinetic energy of the adsorbed phospho-
lipids. The first term of Eq. (16) gives the ideal gas
pressure corrected for the hard disc’s excluded area.
The second term decreases 7 with respect to the case of
the absence of interaction (¢, = 0) because the attractive
interaction between the tails of the adsorbed phospho-
lipids makes the molecular translation more difficult.
From a phenomenological viewpoint, Eq. (16) can be
regarded as a van der Waals (vdW) fluid equation
[18,19] where the two usual empirical constants have
now been expressed in terms of the molecular parame-
ters o and u,.

2.3. Adsorption isotherms from the 2D real gas model

The isothermal adsorption process that leads the
phospholipids from the organic solution to the interfa-
cial region under a thermodynamic equilibrium is ruled
by the equality of the chemical potentials of the phos-
pholipids in these two regions. This equilibrium condi-
tion allows one to determine the phospholipid
molecular area in the monolayer @ = N,/A4 as a function
of the phospholipid molar concentration ¢ in the or-
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ganic subphase. The gas model is suitable for the
description of this adsorption process. In particular,
since the adsorbed phospholipids have been considered
free to move within a square well of the potential
energy—u,q,, this results in a non-localised adsorption
molecular model [31].

The chemical potential of the phospholipid real ‘gas’
at the interface can be obtained from Egs. (10)—(15) as

T dlnZ
Hop = aNp .

z
—lenﬁ—l—uef—l-kT

p

A
= 17
A— A, a7

2

In the organic solution, given the relatively low val-
ues of the phospholipid molar concentration usually
employed (¢ ~ 10 pmol 1= [6,17]), the phospholipids
can be treated as a 3D ideal gas and their chemical
potential then becomes [30]

u=p’+kThnce=kTIn (N4> + kT Inc (18)

where N, is Avogadro’s constant. Note that Eq. (18)
does not take into account the solvent explicitly, i.e. the
solvent is assumed to be an incompressible fluid that
provides a suspension medium for the phospholipids.

The equality of the right hand side terms of Eqgs. (17)
and (18) yields the adsorption isotherm

Uy e o
—o exp< O+ > = Bc (19)

where B = Nja., A exp(u,q/kT) and @ = a_/a denotes
the surface coverage. Note that @ has the same mean-
ing as x, in the lattice model. Since the Frumkin
isotherm is often used in experimental studies of phos-
pholipid monolayers at water | oil interfaces [3,6,29,33],
we should explain the differences between Eq. (19) and
the Frumkin isotherm. The isothermal adsorption de-
scribed by the Frumkin equation corresponds to lo-
calised adsorption with interacting adsorbates. This
interaction is treated in the Frumkin isotherm using a
mean-field, Bragg—Williams approximation, e.g. local
fluctuations are neglected in the calculation of the
averages over all available sites and an energetically
uniform site distribution is assumed.

The Frumkin equation can then be derived from a
lattice model for the phospholipid monolayer [3]. On
the contrary, the gas model employed in the derivation
of the adsorption isotherm allows for translation of the
adsorbates and, therefore, corresponds to non-localised
adsorption with interacting adsorbates. Furthermore,
the empirical constants in the Frumkin isotherm have
been evaluated in terms of molecular parameters. The
difference between localised and non-localised adsorp-
tion is given by the factor exp(®/1 — @) that appears
in the left hand side of Eq. (19) but not in the Frumkin
isotherm. This factor was previously found by Lyklema
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Fig. 2. Theoretical isotherms calculated from the 2D lattice model
(see Eq. (8)) for n =4 and the values of Aw/kT shown on the curves.
The critical behaviour is observed when Aw/kT = 1.385.

in his studies of adsorption of small ions at solid | liquid
interfaces [34].

3. Results and discussion

Fig. 2 shows the pressure—area isotherms given by
Eq. (8) for different values of Aw/kT. Note that the
mixing process is energetically unfavourable when
Aw >0, and then there is a tendency for phase separa-
tion. In particular, the critical behaviour is obtained in
the quasi-chemical approximation when Aw/kT =
1.385. The S-shaped region of the theoretical isotherm
with Aw/kT < 1.385 corresponds to a phase transition
[19] of the monolayer. This behaviour could be inter-
preted as a transition from a disordered fluid phase to
another more ordered phase [15,18], although it is well
known that monolayer isotherms can show many dif-
ferent phases [16,20]. The S-shaped region is a theoreti-
cal artefact of the quasi-chemical approximation that
becomes a plateau region when exact calculations are
carried out [19,35]. Also, the exact critical value for the
ratio Aw/kT obtained for a square lattice without using
the quasi-chemical approximation differs from that in
Fig. 2 [19]. In spite of these facts, the results shown in
Fig. 2 are qualitatively valid [15,16,18,20].

Fig. 2 also exhibits reasonable results in quantitative
terms. From an effective radius in the range r =2.5-4
A for the phospholipid heads and organic solvent
molecules, the site area a, can be estimated to be
between 20 and 50 A2 [14,18,36]. Taking into account
the energetics of the organic solvent and phospholipid
molecular interactions, we could assume that Aw >0
with nAw of the order of a few kT units [18,32]. Thus,
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the calculated surface pressure values at 25°C are of the
same order of magnitude as the experimental values
(m~10 mN m~'=10 dyn cm~' [14-16,18,20,32,37]).

Fig. 3 gives the theoretical surface pressure—molecu-
lar area isotherms obtained with the 2D real gas model
(see Eq. (16)) for different values of uy/kT. The n values
calculated from this model agree also with those ob-
served experimentally [16,20]. Again, the phase transi-
tion is not shown as a horizontal (plateau) region but in
the form of an S-shaped region. The hard disc exclusion
area a., that appears in Fig. 3 can be estimated to be of
the order of 57 A% if we take r=3 A (¢ =6 A) for the
phospholipid effective head radius. However, this ex-
cluded area could be significantly lower for high phos-
pholipid surface concentrations because of the hard disc
overlapping effect ignored in Eq. (12). Finally, the
energy u, can be estimated to be of the order of a few
kT units [32] since the presence of the organic solvent
reduces the interactions between phospholipid tails con-
siderably when compared with those characteristic of
the water | air interface [14,18].

Eq. (16) can also be used to calculate the surface
pressure—molecular area isotherms of different 2D gas
models. Fig. 4 shows such calculations and compares
the theoretical results with measured values. As ex-
pected, all gas models give the ideal gas behaviour in
the limit of low surface concentration [14,16,20]. The
S-shaped region (see inset) of the isotherm could be
interpreted in this model as a phase transition of the
phospholipid monolayer from a ‘gas’ state to a more
condensed ‘liquid’ state, and is a theoretical artefact of
the mean-field approximation introduced in Egs. (10)—
(15) [19,35]. As in the case of the lattice model, this
S-shaped region becomes a plateau region when exact
calculations are carried out, though the results of Fig. 4
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(thin dashed line) vdW gas with ¢ =5 A and uy/kT =3, and (thick
dashed line) vdW gas with ¢ =35 A and uy/kT ="7. The symbols
represent the experimental data in Grandell and Murtomaiki [14] for
the water | DCE (O) and water | air (®) interfaces. The vertical line
corresponds to the hard disc exclusion area, and denotes the onset of
the monolayer collapse [14]. The inset zooms the theoretical isotherm
for the vdW gas with ¢ =5 A and ug/kT =1.

are sufficient for qualitative purposes [19,35]. The ex-
perimental nature of phase transitions in monolayers is
still under discussion [38,39]. First and second-order
transitions have been reported. The quasi-chemical ap-
proximation for a lattice gas and the van der Waals
model used here lead to first-order phase transitions.

The symbols in Fig. 4 represent experimental data
obtained by Grandell and Murtoméki [14] for the wa-
ter | DCE and water | air interfaces. The phospholipid
employed in these measurements is distearoyl phos-
phatidylcholine (DSPC). We have assumed the hard
disc exclusion area a., ~ 40 A? in the theoretical calcu-
lations. The vertical line in Fig. 4 corresponds to this
exclusion area, and gives the onset of the monolayer
collapse in the isotherm [14]. The experimental results
shown are those of DSPC with phosphate buffer (pH
7.6) [14]. For this pH value, both the acid group (whose
pK, is ca. 2 [14]) and the basic group (whose pK, is ca.
11-12 [40,41]) are charged, so that the phospholipid
head has no net electrical charge. We have thus consid-
ered only the phospholipid tail interactions in the
model and ignored the head group interactions. Note
also that because these groups are embedded in the
water volume phase, the latter interactions should be
partly screened.

The experimental results of Fig. 4 show a marked
plateau region in the water | air isotherm that is absent
in the case of the water | DCE isotherm. This plateau
region could be due to the significant van der Waals
hydrophobic interactions between the hydrocarbon
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chains at the water|air interface. The interactions
should be partly screened by the organic solvent
molecules, since these molecules can penetrate the phos-
pholipid monolayer structure in the case of the wa-
ter | DCE interface [14,18,20], which gives a less defined
isotherm. Apparently, we could simulate the above
effects in the vdW gas model by assuming different
values for the interaction energy i, in Eq. (14) (see Fig.
4).

The calculations of Fig. 4 show also that the vdW
gas model can explain some qualitative aspects of the
experimental isotherms for relatively low molecular ar-
eas (a=50-100 AZ), which is not the case of the ideal
[14] and hard discs models. Modified vdW gas models
have usually proved useful to analyse monolayers at
air | water interfaces [18,20,37]. However, all the gas
models considered here fail badly when a <a,.,, where
the collapse of the phospholipid monolayer begins. This
is also the case of the lattice model (see Figs. 2 and 4),
since in this model multilayer occupation [14] is also
not allowed.

The final results to be presented refer to the adsorp-
tion isotherm given by Eq. (19). Apart from parameters
u, and a,, that have already been discussed, this expres-
sion incorporates the microscopic parameters u,,, and
m (the phospholipid molecular mass that determines the
thermal de Broglie wavelength). For the latter, mN, ~
800 g mol~! can be considered as a typical value
[14,17]. The adsorption energy can be roughly esti-
mated from the Born solvation equation [42]

2 1 1
Uygs = ‘ < - > (20)
Amegr \&o  Erm

since we have considered that the adsorbed phospho-
lipid head is directed to the aqueous phase. In Eq. (20),
e 1s the electron charge, ¢ is the vacuum electrical
permittivity, and ¢, = 10.2 and ¢, = 79 are the dielec-
tric constants of the organic solvent (DCE in this
estimation) and water, respectively. If we assume r =3
A (6=6 A) for the phospholipid effective head radius,
then u,, ~ 16kT~40 kJ mol ' and a,, ~ 57 A2 Al-
though this value for u,,, might seem reasonable, it
must be emphasised that Eq. (20) constitutes an over-
simplification, and more elaborate models for u,y,
should be used for quantitative purposes.

Fig. 5 gives the calculated phospholipid surface cov-
erage @ as a function of the phospholipid volume
concentration ¢ in the organic solution (see Eq. (19))
for different values of the ratios uy/kT and u,4,/kT. This
figure shows that the attractive intermolecular interac-
tion (u4,=2kT) increases the surface coverage with
respect to the case of absence of interaction (¢, = 0). To
differentiate between Eq. (19) and the Frumkin
isotherm, a dotted curve has also been included in Fig.
5. This curve corresponds to the adsorption isotherm of
Eq. (19) without the exp(@/1 — @) factor. The asymp-

totic approach to saturation is slower in the case of Eq.
(19) than in the case of the Frumkin isotherm. The
adsorption isotherms shown in Fig. 5 are in qualitative
agreement with experimental observations [6] and lead
to phospholipid surface concentrations of the same
order of magnitude (@ /Naa., ~1 pmol m—2) as those
reported in the literature [17].

4. Summary

As a preliminary contribution to the study of the ion
transfer across phospholipid monolayers formed at the
interface between two immiscible solutions, we have
modelled the state of the adsorbed monolayer using
two simple molecular approaches for the phospholipid
adsorption and surface pressure—molecular area
isotherms. These theoretical approaches are modellistic
in the sense that they invoke extrathermodynamic con-
cepts such as a ‘lattice of sites’ for which surface
tension decreases because of a ‘mixing process’ and a
2D molecular gas’ of phospholipids with ‘translational
kinetic energies’ to explain the observed surface pres-
sure [18]. The molecular parameters introduced in the
models have been assigned reasonable values and the
theoretical results have been compared qualitatively
with experimental data. Despite their simplicity and
different physical nature, both models appear to predict
correctly the typical order of magnitude values ob-
served for the surface concentration and pressure of
phospholipid monolayers. Also, they reproduce some of
the qualitative features shown by the experimental
isotherms for not too high phospholipid surface con-
centrations. Given the considerable uncertainties in
both the monolayer physical structure and the molecu-
lar parameters used, a quantitative comparison between

0.8
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Fig. 5. Adsorption isotherms calculated from Eq. (19) with u,/kT =0
(solid line) and uy/kT =2 (dashed line), and the values of the ratio
u,qs/kT shown in the figure. The dotted line is intended to represent
a Frumkin-like isotherm and has been computed from Eq. (19) with
uo/kT =2, u,4/kT =20 and omitting the factor exp(@/1 — @) in the
left hand side of this equation.
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the results of the two models and experiments is not
warranted at this preliminary stage.
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