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The differential scanning calorimetry (DSC) traces for binary mixtures of single
chain amphiphiles present more than one transition temperature, while the traces for
pure single chain amphiphiles have a single (or at most two) transition temperature(s).
These secondary transition temperatures can appear owing to the selective association
processes between the components of the lipid mixtures.

This paper presents an attempt to examine theoretically the association of single
chain amphiphiles between (a) two identical molecules (self-association) and (b) two
different molecules (cross-association). Association probabilities, the mean
association probabilities and the overall ratio of efficiency, were evaluated for 36
binary mixtures of single chain amphiphiles. A test system for evaluation of
differential effects of the hydrophobic chain length on the mean association
probabilities was considered. Self-association of longer hydrophobic chains and
cross-association phenomena show a high probability compared with the
self-association of shorter hydrophobic chains. We found that “the efficacious length
of association” in a binary mixture of single chain amphiphiles is 8 methylene groups.

Computer simulations regarding lipid-lipid
interaction in lipid monolayers consisting of
more than one type of lipid molecules approxi-
mate rather closely natural systems and should
give information on the effect of these interac-
tions in monolayers. With the exception of bac-
terial cell membranes, biological membranes
contain the sterol, cholesterol, and the studies
on theoretical approaches to mixed monolayers
of phospholipids have been very actively pur-
sued [1]. The behavior of lipid monolayers at
the air-water interface is closely similar to that
of the bilayers formed in aqueous dispersions

of lipids. It has been reported that molecular
clusters occur in lipid bilayers formed by bi-
nary mixtures [2].

In some binary lipid mixtures there occurs a
separation of the molecular species, depending
on the structure of the chains and the polar
head groups. A unique phase transition was
found by X-ray scattering on monolayers com-
posed of one smg]e chain amphiphile species
[3], whereas DSC' thermograms for various
lipid binary mixtures show that at least one
secondary transition appears in addition to the
main transition [4]. High-sensitivity DSC ther-
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Ahbrewahonﬁ DSC, differential scanning colorimetry; PC, phosphatidylcholine.
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mograms have revealed that some of the mixed
acyl phosphatidylcholines display main transi-
tion profiles which are actually consist of at
least two individual transition peaks. This phe-
nomenon has been observed with C(14):C(18)-
PC, C(12):C(18)-PC, C(10):C(18)-PC, and
C(14):C(16)-PC [4]. It has been suggested that
these multiple peaks can arise from segregation
of the bilayer into domains of randomly packed
acyl chains or from packing of the hydrophobic
chains into more than one interdigitated con-
formation within the gel state of these phos-
phatidylcholines.

Phase transition temperatures depend on the
nature of the mixture components, especially
on the length of hydrophobic chains [5-8].
These phase transitions are associated with
transitions between different organization pat-
terns, characteristic for liquid crystals [9]. There
is no doubt that these phenomena are related to
a selective association process of the compo-
nents in binary phospholipid mixtures [10, 11].
In consequence they define the dynamic pro-
perties of monolayers and bilayers, especially
the thickness fluctuations and appearance of
the statistical pores [12-14]. Lipid molecules
perform lateral and perpendicular movements
on the bilayer surfaces. This points to a relation
between the association processes and the ex-
istence of clusters and the dynamic features of
lipid bilayer structure.

COMPUTING STRATEGY

Obviously, a binary mixture of single chain
amphiphiles is characterized by the physical
properties of its components: the length of hy-
drophobic chains (N1,N), the cross section
areas (ay,ap), the electric dipole moments of the
polar head groups (p;,p2), and the mole frac-
tion x; (or X3, X1 + X3 = 1) of one of the compo-
nents. The length of hydrophobic chains is
given by the number of its C—C covalent bonds
(number of methylene groups). The parameters
concerning the shorter chain component will be
denoted by index “1” and those concerning the
longer chain component by index “2”, In a
binary mixture organized as a monolayer, two
identical molecules can associate with the prob-
abilities Py and Pp; (self-association prob-
abilities), respectively, and two different
molecules with the probability Py; (cross-asso-

ciation probability). These association prob-
abilities can be calculated using the following
model [10]:

P11 = xje1/(xGe; + xdes + x1x2) (1)
P12 = x1%2/ (xJey + x3es + x1x2 ) 2)
P22 = x3e/ {X%E1 + xzzez + X1X2 ) (3)

where the following notations are used:
e; = expl- (Uj2— Uy1)/RT];

ey = expl- (Ujp—Uyp) /RT] (4)
Up=- (P%NA}’ (41‘tE{2r1}3)+W11} (5)
Uiz == (p1p2Na/ (4ne(ry +r3)3]+W12) (6)
Usa = = (p3N o/ (47e(2rp)®) +Woy) 7)

where p1, r1 and pa, r2 are the electric dipole
momentand the radius of the polar head group
of the amphiphiles from the shorter and the
longer species, respectively. R is the gas con-
stant and T is the absolute temperature. Also,
U11, Uiz, U2z are the mole interaction energies
between two neighbouring molecules that are
identical (U1, U22) or different (U12). These
values determine the selective association be-
tween single chain amphiphiles, which results
finally in the formation of structural inhomoge-
neities within thelipid aggregate. The first term
in equations (5-7) accounts for the interaction
between electric dipole moments; as dipole mo-
ments of lysophospholipids have no sterical
restrictions, they are parallel to the surface of
monolayer and can couple themselves in the
most favourable energetic state. The second
term in equations (5-7) is due to the van der
Waals dispersion forces between hydrophobic
chains.

These terms are given by the following formu-
las:

N,
A
w =
H i,kz-l[‘h% + i{i—lt:.)'zl".2 ]3 (8)
A
W= :
Fz-ué [(r; + 2) " + [iﬂ—k]zlz ]3 (9)
N,
A
Waa =
i_E‘l[‘lr%Hi-k)zlz r (10)

where A = 1.27 A is the length of the C—C cova-
lent bond normally projected to bilayer.
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At low temperatures, the monolayer is in the
gel phase and the molecules are close enough
so that it is correct to suppose that hydrophobic
chains are parallel and all covalent bonds are in
trans conformation. The calculus of van der
Waals-London interaction energy was based on
the assumption that each saturated hydro-
phobic chain consists of attraction centres lo-
cated on the axis of the chain. Hamacker’s
constant was calculated in such a way that each
attraction centre is equivalent to a methylene
group. Within the limits of the second order
perturbation theory, the hypothesis of local ad-
ditivity of dispersion forces energies has been
accepted [15]. In the case of cylinders of uni-
form polarizability and non-zero radius the ap-
proximate formula was given by Langbein [16].
Using this formula in the calculation of van der
Waals-London dispersion energy, we have ob-
tained the numerical result by about 4% higher
than the value obtained from the Salem formu-
la [15]. Moreover, since the difference between
the cross molecule pair formation energy and
the identical molecule pair formation energy
appears incomputation of the association prob-
abilities, the effect of this approximation on the
association probabilities will be considerably
diminished. Therefore, we can assume that the
conclusions concerning the association prob-
abilities are valid even if the nonadditivity of
dispersion forces is not considered.

The distance between any two attraction cen-
tres (the methylene group near the polar head
group and the methyl end on the longer chain)
is less than 1000 A, therefore the retardation
effects have not been considered [16]. At the
same time, the distance ‘gemreen the nearest
attraction centres (= 7.14 A) is far greater than
the dimensions of attraction entities (atoms,
covalent bonds), and London's law (W = -A/
/d®) is valid, where A = 5.6 x 10° A% ] mol™.. In
this paper all our computations have been
made on the assumption of equimolar ratios of
single chain amphiphiles (x; = xo = 1/2).

RESULTS

Association probabilities were calculated for
36 binary mixtures of single chain amphiphile
molecules and are displayed in a triangular
matrix. Each element of the triangular matrix
contains hydrophobic chain length of the two

components. The elements of the matrix are:
(N7, Np) with Ng <N, <24, Nig [8, 10,..., 22);
Nse [Ny+ 2, 24]. All binary mixtures consist of
an even number of carbon atoms. Cross section
area uf the first component polar group is a; =
40 A and that of the second component is az =
60 A% The cross section area of the polar head
groups can be evaluated for particular physical
conditions [17]. Polar head groups are electri-
cally neutral. Values of 5,10 ,15 ..., 45 D were
selected for the electric dipole moment of each
component.

Generally, the electric dipole moment of am-
phiphile molecules depends strongly on the
aqueous medium composition which can mod-
ify both the fixed effective electrical charges of
the electric dipole moments and the distance
between them. For this reason, a set of values
for the electric dipole moments was chosen so
that the real values for particular molecules fall
within this interval.

A simple transition from two-dimensional
handling of theoretical data to three dimen-
sions could uncover some interesting relation-
ships between the probability of association
and the length of the hydrophobic chain.
Figures 1-3 show the self-association prob-
ability of the shorter acyl chain, the longer acyl
chain and the cross-association probability in
the case when p; =5 D and p; = 5 D. For
constant N the increase in the longer acyl chain
has an opposite effect on either of the two self-
-association probabilities (P increases and Py,
decreases), while the cross-association prob-
ability varies in the same sense as Py;. The
increase in the length of the shorter acyl chain
(when Nj is constant) can be favourable to the
self-association of the longer chain (Fig. 3), but
not for that of the shorter component (Fig. 2).
In this situation the cross-association prob-
ability varies in the same way as that of the
shorter hydrophobic chain. These findings are
relevant and show an interesting aspect of the
selective association within a binary mixture:
insertion of a methylene group into the shorter
hydrocarbonic chain has opposite effects on
each of the three association probabilities, Py,
P12 and Py; as compared with the insertion of a
methylene group into the longer hydrocar-
bonic chain. Another prominent feature is that
for a given set (N, N3} the cross-association
probability (Py2) and the self-association prob-
ability of the longer acyl chain (P;;) have high
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Fig. 1. A three dimensional view of the cross-associ-
ation probability P12 as a function of the hydro-
phobic chain length of the two components of a
binary lipid mixture.

The electric dipole moments of the polar head groups
were: p1=5D, p2=5D, The cross-association probabilities
were multiplied by 200.

values compared with the self-association
probability of the shorter acyl chain (Pyy).

Two possibilities compete to moving the effec-
tive electrical charges of the electric dipole mo-
ments: (a) the electric dipole moment is made
up by a succession of covalent bonds and (b)
the appearance of a screening effect of the elec-
tric charges produced by other molecules from
the neighboring medium, Animmediate conse-
quence would be that the electric dipole mo-
ments of the two components in a given
mixture cannot be taken as a constant. There-
fore, a more adequate parameter describing
appropriately enough the selective processes of
association in a single chain binary lipid mix-
ture is the mean association probability over
the electric dipole moments of the two mole-
cules as variables.

Table 1 lists the mean probabilities of self-as-
sociation (hy; and hyy) and cross-association
(hy2) for some binary mixtures. They are given
by the formula:

45 45

ijideIdPZ
<35 .

j 35 45

_[ deIdPZ

5 5 (11)
Most of single chain amphiphiles possess an
electric dipole moment of the polar head group
ranging between 5 D and 45 D [10, 11]. There-

Fig. 2. A three dimensional view of the self-associ-
ation probability P11 of the shorter component as a
function of the hydrophobic chain length of the two

components of a binary lipid mixture.
Other conditions as in Fig.1.

Fig. 3. A three dimensional view of the self-associ-
ation probability P22 of the longer component as a
function of the hydrophobic chain length of the two

components of a binary lipid mixture.
Other conditions as in Fig.1.

fore, we considered it appropriate to calculate
the above parameter integrating formula (11)
between 5 D and 45 D.

From the data presented in Table 1 we can
easily see the relationships between mean asso-
ciation probabilities:
hy1(Ny,Np) = hy1(N; + 2, Ny + 8) (12)

where N1 and N2 are the number of carbon
atoms of the shorter and the longer component,
respectively. The data point to the existence of
an equivalence between the increase in the
shorter chain length by one methylene group
and the increase by four methylene groups of
the longer chain length. Similarly, for the mean
self-association probability h2a we have found
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Table 1

Mean association probabilities for 21 binary mixtures.

The upper, middle and lower rows denole, respectively, h11, hi2 and h22 (for example, 8:10 is the binary lipid mixture

for which N1 = 8 and Nz = 10).

8:10 812 8:14 8:16 8:18 8:20 8:22 824 |
0.2119 0.2234 0.2318 0.2402 0.2495 0.2577 0.2654 0.2731
0.3529 0.3630 0.3756 0.3898 0.4043 0.4186 0.4324 0.4450

| 0.4351 0.4153 0.3928 0.3687 0.3459 03236 0.3018 0.2810

10:12 10:14 10:16 10:18 10:20 10:22 10:24 | ]
0.1884 0.1987 0.2076 0.2161 0.2243 0.2323 0.2401
0.3513 0.3618 0.3758 0.3910 0.4064 0.4214 0.4365
0.4602 0.4393 0.4164 0.3927 0.3691 0.3460 0.3235
12:14 12:16 12:18 _12:20 12:22 12:24
0.1666 0.1762 0.1849 0.1928 0.2006 0.2079
0.3483 0.3595 0.3743 0.3903 (.4068 0.4355
0.4345 0.4642 0.4409 0.4166 0.35925 0.3687

some equivalence between different single thgm = hp2(N1,Nz + 2) = hpa(N,N3) (16)

chain binary mixtures:
hzz{N],Nz] = hzz{N-[ + 2,N2 + 4} {13)

The above relationships suggest that the ad-
dition of one methylene group to the first com-
ponent corresponds to the addition of two such
groups to the second component to produce
the same effect of the mean self-association
probability of the longer chain. As concerns the
mean cross-association probability hj2 we have
oblained a similar effect on identical enlarge-
ment of both the shorter and the longer acyl
chain.

If we define the overall ratio of efficiency as
the ratio between the number of carbon atoms
added to the short hydrophobic chain (DNy)
and the number of carbon atoms added to the
long hydrophobic chain (DN;) that modifies
the mean association probability to the same
extent we can conclude that the values of this
parameter are as follows:

Kij DNy I3 i, =2
_.—"—= = ori=1, ]I
DN2 115 fori=j=2 (14)

In order to get appropriate information on
effectiveness of the selectivity between hydro-
phobic chains we have investigated the dif-
ferential mean association probabilities by
adding two methylene groups to either the
short acyl chain or the long acy! chain. For the
reason of simplicity we have accepted the fol-
lowing notation:

Dhos!? = hoo(N; + 2No) —hpa(Np,Np)  (15)

It is more suitable to express the differential
mean self-association probabilities of the lon-
ger hydrophobic chain (that have a higher va-
lue) as a function of the length of one of the acyl
chains or the difference between them. Figure
4 shows the deferenhal self-association prob-
ability (Dh22') of the longer chain for a group
of binary mixtures. The abscissa represents the
length of the shorter I'Bdmphuhlc chain, The
positive values of Dh2z2"" suggest that the addi-
tion of a methylene group to the shorter hy-
drophobic chain is energetically favourable for
association of two longer hydrophobic chains.
The highest probability of such a process is
reached for the binary lipid mixture
C(12):C(20) and the behaviour of the curves is
biphasic. A more interesting aspect of Dh22'%is
that the maximum value for a given length of
the longer hydrophobic chain (N2) respects the
following rule: DN = N2 — N = 8§, the only
exception being the mixture C(14):C(24). In a
binary mixture the self-association of the lon-
ger chains is a process which occurs with high
probability and this is most favourable for “ef-
ficacious length of association” of van der Wa-
als dispersion forces, On increasing the longer
h}rdmphnblc chain we will obtain an opposite
effect [thz 1y, Therefore, the self-association
of the longer hydrophobic chain is made im-
possible by insertion of two methylene groups
to the longer chain. In Fig. 5 we can find DN =
Nz = N1 = 6 methylene groups as the “critical
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Fig. 4. Differential mean self-association prob-
abilities Dh2a™” for insertion of two methylene
groups to the shorter hydrophobic chain versus the
length of the shorter component of a binary lipid
mixture.

length of dispersion” of van der Waals disper-
sion forces for a single chain amphiphile. Here,
dispersion means the “non-association pro-
cess” and not the London’s component of the
van der Waals forces. On comparing Fig. 4 and
Fig. 5 we can see that the effect of the methylene
addition to the shorter acyl chain on the mean
self-association probability ha2 (Dhzz'” ~ 0.045)
is higher than the effect of methylene addition
to the longer acyl chain on the [mean self-asso-
ciation probability hz2 (Dhz2”* ~ 0.023). This
finding is obviously correlated with formula
(11). Therefore, the change of the energy inter-
acting through van der Waals dispersion forces
between two components of different length is
more affected when a CHz-group is added to
the shorter hydrophobic chain than when it is
added to the longer one.

We found that the simultaneous insertion of
two methylene groups to either of the two hy-
drophobic chains results in an increase of the
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Fig. 5. Differential mean self-association prob-
abilities Dh2”" for insertion of two methylene
groups to the longer hydrophobic chain versus the
length difference between the two components (DN
=Nz2-Ni).

self-association of the longer hydrophobic
chain and a decrease in the self-association of
the shorter hydrophobic chain. The binary mix-
tures C(8):C(14), C(10):C(16), C(12):C(18) and
C(14):C(20) have this property to oppose with
the highest probability for the self-association
process of the longer chain by increasing the
second component.

DISCUSSION

We have seen that there are three possibilities
of association between components of a binary
lipid mixture consisting of single chain amphi-
philes: (a) between two identical molecules of
either the first or the second component (self-
association) and (b) between two different
molecules (cross-association). The association
probabilities for 36 binary mixtures were ana-
lysed with respect to the acyl chain length. A
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three dimensional representation was found to
be most suitable for this analysis. The most
important conclusion is that for certain values
of the electric dipole moments there are mole-
cular couples which have a maximum stability
with respect to the changes in the external elec-
trolytic medium, This fact confirms cluster for-
mation and stability, equivalent to the existence
of micrononhomogeneities within lipid bi-
layers [10]. On the other hand, there are very
unstable molecular associations, and this af-
fects the reproductibility of some phase transi-
tions measurements [4]. Generally, an increase
of the electric dipole moment or the chain
length of one component of a binary lipid mix-
ture diminishes the self-association probability
between the molecules of that component, but
increases the self-association probability for the
other. Moreover, the cross-association prob-
ability is high for any binary mixture of single
chain amphiphiles.

The association processes of two single chain
amphiphiles may be considered as formation of
special double-chain lipid with a large head-
group and a dipole moment which, sometimes,
can be much smaller than either of the two
individual electrical dipole moments. Even
when both chains of a phospholipid molecule
are of equal length the molecule can adopt such
a conformation that its chains appear to be
unequal. This is often observed in the crystal-
line state of the phospholipid bilayers using
X-ray diffraction [9]. Therefore, the process of
selective association of single chain amphi-
philes in a binary mixture could explain some
problems regarding the aggregation of the lipid
molecules into supermolecular structures:
either micelles or planar and spherical bilayers.

As concluding remarks we can say that the
selective association of single chain amphi-
philes is characterized by the following fea-
tures:
~i. addition of a methylene group o the shorter

component has an opposite effect on each of

the three association probabilities (P11, P12
and I"22) then has the addition of a methylene
group to the longer component;

—ii. the mean cross-association probabilities
(h12) and the mean self-association prob-
abilities of the longer hydrophobic chain (hz2)
have high values. We consider that the self-as-
sociation of the longer chain and cross-asso-

ciation phenomena are most probably re-

sponsible for the secondary phase transitions

of the binary lipid mixtures;

—iii. the effect of the methylene group of the
shorter hydrophobic chain on the mean self-
association probabilities hi11 and hgg, is four
times and twice more as large, respectively, as
the effect of a methylene group of the longer
hydrophobic chain;

—iv. self-association of the longer hydrophobic
chain is favoured by the increase of the shor-
ter hydrophobic chain. The maximum points
for the binary mixtures C(10):C(18); C(12):C
(20) or C(14):C(22) points to the difference of
8 methylene groups as “efficacious length of
association” given by the van der Waals di-
spersion forces for single chain amphiphiles;

~v. the critical length of dispersion for the self-

-association process of the longer hydropho-

bic chain is 6 methylene groups.

It should be added that: (a) the association
probability Pyq is drastically diminished by the
increase in the longer hydrocarbonic chain; (b)
the dispersion forces affect much more the de-
pendence of P13 on the electric dipole moment
of each component than in the case of self-asso-
ciation probabilities.

On analysing formulas (1-7) we can observe
that the amphiphile molecule association by
one of the three ways discussed is determined
by the relative magnitude of the interaction
energy between two different molecules, and
between two identical molecules, and not by
the absolute value of interacion energy be-
tween two molecules in each of the possible
pairs. In other words, neither the dipole inter-
action energy, nor the interaction energy
through dispersion forces between two differ-
ent or identical molecules play the leading role
in the association processes. Unfortunately,
there is a lack of experimental results concern-
ing the characteristics of binary lipid mixtures
consisting of single chain amphiphiles, espe-
cially those related to the electric dipole mo-
ment of the mixed components. Since the
effective electric charges of single chain amphi-
philes and the distance between them are deter-
mined by the properties of external aqueous
medium we think that the mean association
probabilities describe appropriately enough
the selective association from lipid mixtures.

There are some dipole moment values (those
for which an association probability gives the
maximum or minimum value) for which the
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associated amphiphiles are resistant to changes
of the dipole moments. At the same time there
are dipole moment values for which the associ-
ation process is very sensitive to any change of
them. Taking into account that the magnitude
of the electric dipole moment of polar head
group may be influenced by the external
aqueous medium, it follows that, in some
physical conditions, the internal bilayer dyna-
mics must be correlated with the molecular
dynamics of the external aqueous medium. A
mixture of fatty acid and lysophosphati-
dylcholine forms planar bilayers even though
the separate components form micelles [6]. An
immediate consequence is that, in a mixture of
lysophospholipids, the pairs formed are likely
to consist of two phospholipid chains with a
double polar head group, which are fitted for
the outside monolayer of liposomes.

REFERENCES

1. Jones, M.N. (1975) Biological interfaces. An
introduction to the surface and colloid science of
biochemical and biological systems. Elsevier
Scientific Publishing Company, Amsterdam.

2. Jain, M.K. (1982) Nonrandom lateral organi-
zation in bilayers and biomembranes; in
Membrane Fluidity (Aloia, R., ed.) vol. 1,
Academic Press, London.

3. Helm, C.A,, Tippman-Krayer, P, Mohwald, H.,
Nielsen, J.A. & Kjaer, K. (1991) Phases of phos-
phatidyl ethanolamine monolayers studied by
synchrotron X-ray scattering. Biophys. ]. 60,
1457-1476.

4. Huang, C. & Mason, |.T. (1986) Struclure and
properties of mixed-chain phospholipid
assemblies. Biochim. Biophys. Acta 864, 423-470.

5. Phillips, M.C., Ladbrooke, B.D. & Chapman, D.
(1970) Molecular interactions in mixed lecithins
systems. Biochim. Bic phys. Acta 196, 3544,

6. Jain, M.K., Van Echteld, C.J.A., Ramirez, F, de
Gier, ]., de Haas, G.H. & Van Deenen, L.L.M.
(1980) Association of lysophosphatidylcholine
with falty acids in aqueous phase to form
bilayers. Nafure (London) 284, 486487,

7. Pink, D.A., Green, T.]. & Chapman, D. (1980)
Raman scattering in bilayers of saturated phos-
phatidylcholines. Experiment and theory.
Biochemistry 19, 349-356.

8. Lookman, T., Pink, D.A., Grundke, E.W.,
Zuckermann, M.]. & de Verteuil, F. (1982) Phase
separation in lipid bilayers containing integral

10.

11.

12,

13.

14,

15.

16.

17.

proteins. Computer simulation studies. Bioche-
mistry 21, 5593-5601.

Marcelja, 5. (1974} Chain ordering in liquid
crystals II. Structure of bilayer membranes.
Biochim. Biophys. Acta 367, 165-176.

Popescu, D. & Victor, G. (1990) Association
probabilities between the single chain amphi-
philes into a binary mixture in planar mong-
layers (I). Biochim, Biophys. Acta 1030, 238-250.

Popescu, D. (1993) Association probabilities
between the single chain amphiphiles into a
binary mixture in planar monolayers (II).
Biochim. Biophys. Acta 1152, 35-43.

Hladky, 5.B. & Gruen, D.W.R. (1982) Thickness
fluctuations in black lipid membranes. Biophys.
J. 38, 251-258.

Miller, LR. (1984) Energetics of fluctuation in
lipid bilayer thickness. Biophys. |. 45, 643-644.
Popescu, D, Rucareanu, C. & Victor, G. (1991) A
model for the appearance of statistical pores in
membranes due to selfoscillations. Bicelectro-
chem. Bioenerg. 25, 91-103.

Salem, L. (1962) Altractive forces between long
saturated chains at short distances. |, Chem.
Phys. 37, 2100-2113.

Langbein, D. (1976) Springer Tracts in Modern
Physics. Springer Verlag, Berlin-Heidelberg.

Popescu, D. & Victor, G. (1991) Calculation of
the optimal surface area for amphiphile mole-

cules using the hard core method. Biophys. Chem.
39, 283-286.



