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Abstract In this work, we analyse 
theoretically the hypothesis that 
zwitterionic lipids form dimers in 
adsorption monolayers on water/ 
hydrocarbon phase boundary. 
A dimer can be modelled as a couple 
of lipid molecules whose headgroup 
lateral dipole moments have 
antiparallel orientation. Properties 
including surface pressure, chemical 
potentials and activity coefficients are 
deduced from a general expression for 
the free energy of the monolayer. The 
theoretical model is in a good 
agreement with experimental data for 
surface pressure and surface potential 
of lipid monolayers. The results 

favour the hypothesis about 
formation of dimers in equilibrium 
with monomers, with the amount of 
the species depending on the area per 
molecule and temperature, The 
reaction of dimerisation turns out to 
be exothermic with a heat of about 
2.5 kT per dimer. The results may be 
applied to the molecular models of 
membrane structures and 
mechanisms. 
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Introduction 

The lipid bilayers are constituent material of the biomem- 
branes in every living cell. The study of their structure 
and properties provokes a permanent research interest. 
A deeper understanding in this field can be achieved by 
a comparative study of a simpler system- the lipid adsorp- 
tion monolayers. 

A comprehensive experimental investigation of phos- 
pholipid adsorption monolayers at oil/water interface has 
been published in Refs. [1-7], including H(a) isotherms (H 
is surface pressure and a is area per lipid molecule), and 
A V-potential measurements. An important conclusion 
from these experiments is that the surface pressure is 
affected neither by the length of the hydrophobic chains 
(below any surface phase transition), nor by the electrolyte 

concentration [7]. In addition, the data show large devi- 
ations from the ideal value Ha/(kT)= 1 (k is the Bol- 
tzmann constant and T is temperature), which are inde- 
pendent of the chain length in the C1~ to C22 range. This 
implies that the lipid hydrocarbon chains do not contrib- 
ute to the nonideality of H. The latter therefore depends 
only on the lateral headgroup interactions [7], which in 
turn are determined by the magnitude and orientation of 
the dipole moments of the zwitterionic headgroups. 

As discussed in refs. [8] and [9], x-ray crystallography 
and neutron scattering experiments show that the head- 
groups of phosphatidylcholines and phosphatidylethanol- 
amines have similar orientations, essentially parallel to the 
plane of the interface (see Fig. la). In addition, it has 
been recognised that the lipid headgroup possesses a 
significant lateral dipole moment, which is parallel to the 
surface [10-12]. There is also non-zero normal resultant of 
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Fig. 1 Sketch of two lipid molecules adsorbed on hydrocarbon- 
water interface: a) Real scale drawing; b) The polar heads are 
modelled to have net normal and lateral dipole moments 

the headgroup dipole moment which is directed toward 
the water phase but is smaller in magnitude than the 
contrariwise oriented dipole moment coming from the 
water molecules which surround the polar head [12]. 
Surface potential measurements gave evidence for the lat- 
ter fact [-10-12]; it is virtually impossible to calculate the 
lateral dipole-dipole interactions by using only structure 
data for the lipid molecules. 

An admissible theoretical model focused on the major 
features of the headgroup structure is to ascribe the total 
interaction to net lateral and normal dipole moments 
resulting from a superposition of different factors. In the 
framework of this model we sketch a lipid molecule like 
a weather-cock (Fig. lb) built up from the normal and 
lateral dipole moments. These dipole moments can be 
determined by comparing the predictions of the model 
with the experiment. 

One can expect that the normal dipole moments of two 
adsorbed lipids (Fig. 1) will always repel each other, being 
parallel, whereas the lateral dipole moments will tend to 
acquire antiparallel orientation which corresponds to at- 
traction. If at small lipid-lipid separations the attraction 
prevails over the repulsion, the two lipid molecules will 
join together to form a dimer. This hypothesis is verified in 

the next section of this article, where experimental H(a)- 
isotherms from refs. [-1] and [-7] are analysed by means of 
the two-dimensional van der Waals equation of state. We 
note in advance that the results provide a clear indication 
about the dimer formation in relatively concentratedlipid 
monolayers (area per molecule between 75 and 250 A2). 

Next, we extend the van der Waals approach to more 
diluted monolayers, which are treated as binary mixtures 
of monomers and dimers. Expressions for the chemical 
potentials and activity coefficients of the lipid monomers 
and dimers are derived from the concentration dependence 
of the monolayer free energy. Then by using the mass 
action law the molar fractions of monomers and dimers 
are determined as functions of the surface concentration. 
By fitting the experimental H(a) data we obtain values for 
the parameters of the system, including the energy (heat) of 
dimer formation and the interaction parameter for two 
monomers. 

We should say from the very beginning that our rela- 
tively simple theoretical model is not able to explain the 
behaviour of the lipid monolayers for all surface concen- 
trations, and especially the phase transition which has 
been observed experimentally in concentrated monolayers 
[-1]. Indeed, the validity of the two-dimensional van der 
Waals equation of state is restricted to areas per molecule 
for which the lipids can be regarded as interactin9 hard 
discs in thermal motion, modelling essentially the lipid 
headgroups (but not the hydrocarbon tails). Therefore, one 
should not expect this equation to be able to describe the 
phase transition at high surface concentrations. The latter 
is most probably due to structural changes in the hydro- 
carbon chain region of the lipid monolayer, which may he 
also accompanied by some changes in the structure of the 
zwitterionic hydration shells. The van der Waals approach 
and our theoretical model are supposed to be valid when 
the lipid-lipid interactions are dominated by the head- 
group-headgroup interactions without changes in the mo- 
lecular structure. As shown below, such turns out to be the 
case of lipid dimerisation. 

Concentrated lipid monolayers 

Our first step is to verify the hypothesis about the forma- 
tion of lipid dimers in adsorption monolayers by interpret- 
ing data from refs. [1, 7] for the surface pressure of concen- 
trated lipid monolayers (area per molecule between 75 and 
250A2), below the surface phase transition to closely 
packed monolayer. On that purpose we will make use of 
the two-dimensional van der Waals equation [,13, 14] 

(c) I I  + - ~  (a -- fl) = k T  . (1.1) 
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Fig. 2 Plot of Ha/(kT) vs. a -~ 
for 1,2-distearoyl lecithin at the 
n-heptane/aqueous NaC1 
solution interface, at three 
different temperatures (/7 is 
surface pressure and a is area 
per molecule). The symbols 
denote experimental data, 
taken from Fig. 1 in ref. [1] and 
from Figs. 9 and 10 in ref. [7] 
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Here, c~ = va is the area per aggregate (v = 1 for mono- 
mers, v = 2 for dimers, etc.);/? = vb is the excluded area per 
aggregate with b being the excluded area per monomer; 
c accounts for the interaggregate interactions (repulsive 
and attractive). As demonstrated by Landau and Lifshitz 
[131, the van der Waals equation, Eq. (1.1), is a successful 
interpolation formula, which behaves correctly for both 
low and high concentrations. Moreover, the parameters 
fl and c can be expressed through integrals of the interac- 
tion energy between the aggregates, u(r), [131: 

f l = ~ i ( 1 - - e - ~ k ( ~ )  

C= - -~zkT  1 - - e  kS r d r ~  -- lr  Su(r)rdr,  (1.2) 
re t% 

where rc is the interparticle center-to-center distance at 
contact, i.e., u(r) --+ oo for r < ro. 

The expansion of Eq. (1.1) in series for e>>fl yields 

Ha 1 _ ~ (  1 ,  c ) 1  b(~7) 
k T  - v v b k r  -a + 0 . (1.3) 

From the intercept of the plot of 1-1a/(kT) vs. 1/a one can 
determine v. 

Figure 2 represents the plot of H a / ( k T )  vs. 1/a for 
1,2-distearoyl lecithin at n-heptane/aqueous NaC1 solution 
interface in the range of a from 250 to 75 A2; the data are 
taken from Fig. 1 in ref [11 and from Figs. 9 and 10 in ref. 
[71. The straight lines are drawn in accordance with Eq. 
(l.3) by means of the least squares method. The calculated 
values of the line intercepts, slopes, their standard devi- 
ations and the correlation coefficients are listed in Table 1. 
One sees that for all temperatures the intercept is close to 
0.5 as it is expected for dimers (for monomers the intercept 

Table 1 Da ta  for the slope, intercept and the correlat ion coefficient 
of the linear plots of Fla/(kT) vs. 1/a at different temperatures,  see 
Fig. 2. 

Temperature  Intercept  Slope Correlat ion 
~ x 1014, cmz Coefficient 

10 0.541 + 0.034 3.480 _+ 0.041 0.9988 
20 0.513 _+ 0.029 3.948 _+ 0.035 ,0.9994 
30 0.524 +_ 0.088 4.556 _+ 0.088 0.9980 

must be equal to 1). Without being a direct proof, this 
finding favours the hypothesis that the concentrated lipid 
monolayers (and possibly bilayers) are composed of lipid 
dimers. Moreover, below we demonstrate that the deter- 
mined values of the slope (Table 1) are also consonant with 
this hypothesis. 

Let us first estimate the excluded area per lipid molecu- 
le, b, which takes part in the expression for the slope, see 
Eq. (1.3). One can expect that the excluded area per mol- 
ecule is equal to the partial molecular area for the bilayer 
in its most condensed liquid state, which is about 40 A 2 for 
all temperatures studied [11. With b = 40 ~2 and v = 2 
from the slope of the respective line one estimates 

c = - 6.0x 1 0 - 3 4 J ' c m  2 (T = 20~ . (1.4) 

On the other hand, considering the dimers as mutually 
parallel dipoles of dipole moment Pd one has u(r )=  
p2/(er3), which after substitution in Eq. (1.2) yields 

~zp 2 -- e 
C = - -  - -  ere - -4~rc (aA V) 2 (1.5) 

where e is dielectric permittivity. At the last step we 
connected the dipole moment of the adsorbed molecules 
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with the surface (Volta) potential produced by them: 
A V = (4rcpa)/(sc~); note that c~ = 2a. The surface potential 
A V is liable to a direct measurement. The experiments 
[5-7] show that the product aA V is almost constant (inde- 
pendent of a) for a lipid monolayer at a given temperature. 
Thus for T = 20~ the experiment yields a A V  = 
2.34 x 10- is V- cm 2. The substitution of the latter value in 

o 

Eq. (1.5), along with s = 78 and rc ~ (4b/~c) 1/2 = 7.1 A, 
gives c = - 5.3 x 10- 34 j .  cm 2, which is close to the ex- 
perimental value, see Eq. (1.4) above. (Note that A V in Eq. 
(1.5) is expressed in CGSE units, i.e. the value of A V  in 
volts must be divided by 300.) 

One can conclude that the values of the slope and 
intercept of the lines in Fig. 1 (see also Table 1) are in 
agreement with the hypothesis that the lipid molecules in 
relatively concentrated monolayers exist in the form of 
dimers. This finding encourages us to extend the study to 
the case of more diluted monolayers, in which a coexist- 
ence of lipid monomers and dimers is to be expected. 

Theoretical model of lipid monolayers 

Below we treat a lipid monolayer as a binary mixture of 
monomers and dimers. Our final goal is to determine the 
dimer surface concentration as a function of the total lipid 
surface concentration, and to calculate the heat (energy) of 
dimer formation. With this end in view let us first consider 
a diluted binary mixture. 

For low lipid surface concentration one can use the 
virial expansion for the free energy F. By using the stan- 
dard methods of statistical mechanics [13-15] one can 
derive 

k T  
F = Fia + -~- [Na~Bll(T)  + 2 N I N 2 B 1 2 ( T )  

+ N2B22(T)]  + ... (2.1) 

- see also Eq. (11.30) in ref. [16]. Here, F is the free energy 
of the lipid monolayer, which is treated as a two-dimen- 
sional binary mixture of monomers and dimers; A is the 
area of the monolayer; N1 and N2 arc the numbers of 
monomers and dimers, respectively; B, j (T)  are the second 
virial coefficients [14]: 

Bij = ~ ! 1 - -  e -k2~ rdr, i,j = 1, 2 (2.2) 

uij(r) is the interaction energy of a molecule of component 
i with a molecule of component j separated at a distance r. 
(uij is an angle averaged free energy in accordance with the 
potential distribution theorem [17].) Fia in Eq. (2.1) stands 
for the free energy of an ideal two-dimensional binary 

mixture [14]: 

Fia - k T I N l l n  ( AA@N~ ) (AA2~N~) 1 = + Nz in , (2.3) 

where Ai = h/(2rcmlkT) 1/2 for a particle of mass mi; h is the 
Planck constant, e is the base of the natural logarithm. 
Further, we assume that each adsorbed particle of a given 
kind (monomer or dimer) excludes some area, i.e. 

ui3= + oo for r < r o ,  i , j = l , 2 ,  (2.4) 

where rij is the interparticle center-to-center distance at 
contact. Then, following the classical van der Waals ap- 
proach, one can separate the contributions of the area 
exclusion and the long-range forces (electrostatic, van der 
Waals, etc.) in the virial coefficients [13, 14]: 

cij i , j  = 1,2, (2.5) Bij = bij k T  ' 

where 

bij = rc ! 1 - -  e-k 2~ rdr = ~ r 2 (2.6) 

e 

r l j  r i j  

The substitution of Eq. (2.5) into Eq. (2.1) yields 

N 2 
F = Fia + - ~  (bkT - c) ,  (2.8) 

where 

b = x21blt + 2XlX2b12 + x2zb22 (2.9) 

C = X 2 1 C l l  -}- 2XlN2C12 -}- X 2 C 2 2  , (2.10) 

with x,  and x2 being the molar fractions of the two 
components: 

N1 N 2  
xl - N ' X2 -- N ' N ~ N 1 -4- N 2 . (2.11) 

Equation (2.8) is analogous to Eq. (76.3) in ref. [13]. Then, 
following the heuristic scheme proposed by Landau and 
Lifshitz [ 13], we obtain a counterpart of their Eq. (76.6) for 
a two-dimensional binary mixture: 

In fact, Eq. (2.12) is an interpolation formula which con- 
nects the limiting cases of diluted monolayer (A >> Nb) and 
condensed monolayer (A --+ Nb). Indeed, for a diluted 
monolayer one can easily deduce Eq. (2.8) from Eq. (2.12). 
On the other hand, for condensed monolayer (A --+ Nb) 
the logarithmic term in Eq. (2.12) infinitely increases, 
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which is an indication for the finite compressibility of the 
mixture [13]. 

The surface pressure,/7, can be calculated by differenti- 
ating the free energy [-14] 

1I = - . (2.13) 
T, NI, N 2 

From Eqs. (2.3), (2.12) and (2.13) one derives 

NZc)  (A - Nb) = N k T  (2.14) n 

which is a two-dimensional version of the van der Waals 
equation of state. The fact that we deal with a binary 
mixture is accounted for by the dependence of b and c on 
the composition, see Eqs. (2.9) and (2.10). Disregarding the 
latter dependence, Eq. (2.14) is known in the literature 
[14]. Therefore, it might seem that we arrived at a trivial 
result. However, as demonstrated below, from the more 
general expression for the free energy, Eq. (2.12), one can 
deduce quite nontrivial results for the concentration de- 
pendencies of the properties of the system. In particular, 
expressions for the activity coefficients of the species can be 
derived, which give the key to a quantitative description of 
the monomer-dimer equilibrium. 

Activity coefficients of lipids in adsorption monolayer 

The chemical potentials of the species can be calculated by 
differentiation of the free energy: 

/~1 = , #z = (3.1) 
T,A,N~ T,A, Nx 

As usual, the subscripts 1 and 2 denote monomers and 
dimers, respectively. The differentiation of Eq. (2.12), along 
with Eqs. (2.9)-(2.11), yields 

#1 = #lo(T) + kTln( f~71) ,  #2 = #2o (T)  q- kTln(F272) 

(3.2) 

where 

r l  = N1/A  and F2 = N2/A (3.3) 

are the surface concentrations (adsorptions) of the two 
components and 

Fb) -1 exp I ~ - - ~  (2xlbii + 2xjbji - b) (1 7i 

2 (r~c. + rjcj,)] (3.4) 
kT  J 

i , j  = 1,2, j @ i  

are the activity coefficients; F = F1 + / ' 2  is the total ad- 
sorption, #~o and #20 are standard chemical potentials, 
which are independent of F1 and F2; besides, bzl = ba2 
and c21 = c12 by definition. If equilibrium between mono- 
mers and dimers is established, one can write [-14] 

#2 = 2#1 �9 (3.5) 

The substitution of Eq. (3.2) into Eq. (3.5) yields 

 36, = K ( T )  =- exp 
F171 

where K is the reaction constant (function of temperature 
only). 

In the experiments the dependence of the surface pres- 
sure/7 on the average area per lipid molecule, a, is deter- 
mined. As the adsorbed lipids are supposed to exist in the 
form of monomers and dimers, a can be expressed in the 
form 

a = 1/(1"1 + 2F2), (3.7) 

Note that Eqs. (3.6), (3.7) and (3.4) (for i = 1, 2) provide a set 
of four equations determining the values of the four vari- 
ables F1, F2, 71 and 72 for each given value of a, if only the 
parameters b11, b12, b22, c11, c12, c22 and K are known for 
the respective temperature. Then from the van der Waals 
equation, Eq. (2.14), which can be transformed to read 

Ha_kr 1 +lx2 1 - r b  -UT r (1 +xa)a 

(x2 = F2/F), one can calculate the theoretical dependence 
/7 vs. a. The next section is devoted to the determination of 
the parameters of the model. 

When solving the problem numerically we met a com- 
putational difficulty, viz., the substitution of Eqs. (3.4) and 
(3.7) into Eq. (3.6) leads to an implicit equation for x2 
having several roots in the interval 0 _< x2 _< 1. Then the 
problem of which root is physical arises. To circumvent 
this problem we used series expansions for large values of 
a, which provide explicit expressions for F and x2: 

F = Fo)a -1 + F(2)a -2 + F(3)a -3 + .-. (3.9) 

x2 = y la  -1 + y2 a-2 + y3a -3 + "- (3.10) 

The coefficients F(i) and Yi (i = 1, 2, 3) are determined and 
listed in the Appendix. Series expansions can be derived 
also for the activity coefficients. In particular, in first ap- 
proximation one has 

2 ( c11"] 0(a72); 
71 = l +=a b l l - - k T J  + 

7 2 = 1  +-a b 1 2 - - ~  ~"0(  ) .  
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The substitution of the expansions, Eqs. (3.9) and (3.10), 
into Eq. (3.8), along with Eqs. (2.9) and (2.10), determines 
explicitly the theoretical dependence of /7  vs. a. Of course, 
these expansions cannot be applied for high surface con- 
centrations. However, the experimental data interpreted 
below (Fig. 5) are measured within a range of a that allows 
the expansions to be used. 

T>/ 
Fig. 3 Sketch of a lateral dipole moment of a lipid molecule (p(1)) and 
a neighbouring normal dipole moment of a dimer (p(2)) 

Determining the parameters of the model 

So far, we have seven unknown parameters: bl l  , b12, b22, 
c11, c~2, c22, and the equilibrium constant K(T). They are 
too many for all of them to be treated as adjustable 
parameters. Fortunately, some physical considerations 
presented below allow us to estimate (more or less accu- 
rately) 4 of these parameters. 

In the van der Waals approach blz is the minimum 
possible area per lipid molecule. In the most condensed 
state of the monoolayers studied in ref. [1] the area per 
molecule was 40 A 2 irrespective of the temperature. There- 
fore, as before, we assume 

bll  = 40 ~2 (4.1) 

for lecithin. On the same grounds it is natural to adopt 

b22 = 2bll  = 80 ?t 2 (4.2) 

for the minimum area occupied by a dimer. Further, in the 
van der Waals model bij is identified as rcr2/2, which is half 
the area of a disk of diameter rij, cf. Eq. (2.6). Then it is 
usually supposed that r12 = (rll + r22)/2 (see ref. [14], 
section 15.3), and consequently 

hi2 = (x/-b~l 1 + x~22)  = 58.3 ~ 2 .  (4.3) 

We should note that below we deal with areas per molecu- 
le varying between 200 and 1000 A 2, i.e. with a>>b~ 1. For  
this reason, we can expect that the results are not so 
sensitive with respect to the values of the parameters bit ,  
b12 and b22. 

Since the normal dipole moments of two lipids coupled 
in a dimer are assumed to be parallel, whereas the lateral 
dipole moments - to be antiparallel, one can expect that 
the dimer-dimer interaction is dominated by the repulsion 
between the two couples of parallel normal dipole mo- 
ments, i.e. 1222 = (2p)2/(er 3) [-18]. Here, p is the normal 
resultant of the dipole moment per lipid monomer; e is 
dielectric permittivity. With this expression for uz2, from 
Eq. (2.7), one estimates 

4zcp 2 
c22 = - - - -  (4.4) 

~'22 

Next we consider the monomer-d imer  interaction.The 
normal dipole moment of a dimer interacts with both the 
normal and the lateral dipole moments of a monomer. In 
general, the energy of interaction of two point dipoles of 
moments p(1) and p(2) is given by the expression [18] 

up = - -  p(1). p(2) _ (p(1). r) (p(2). r) (4.5) 
8r3 

where r is the vector connecting the positions of the two 
dipoles. If p(1) is the monomer lateral dipole moment and 
p(2) is the dimer normal dipole moment, the sketch in Fig. 
3 shows that p(1).p(a)= 0 and p(2).r = 0. Then Eq. (4.5) 
yields Up = 0. Of course, the lipid dipoles are not point 
dipoles, and their positions might be somewhat different 
from those depicted in Fig. 3. Nevertheless, the above 
considerations show that the lateral-normal dipole inter- 
action can be expected to be much weaker compared to 
the normal-normal  dipole interaction. Then one can esti- 
mate clz similarly to c22, viz. 

2rcp 2 
q 2  - ( 4 . 6 )  

~;F12 

From Eqs. (2.6), (4.4) and (4.6) one derives 

/ b22 C22 (4.7) 1 
c12 = ~ ~/ba2 " 

Finally, let us consider the monomer-monomer  interac- 
tion. One can foresee that both normal-normal  and lat- 
eral-lateral dipole-dipole interactions will be important. 
The contribution of the normal-normal  interaction in cl 1 
can be estimated with an expression of the type of Eq. (4.4) 
or (4.6). However, it is not easy to evaluate the lat- 
eral-lateral dipole interaction. Indeed, for large inter- 
molecular separation one can expect correlation between 
the two Brownian rotators (the two "weather-cocks" 
sketched in Fig. lb); this would yield an interaction energy 
decaying as r -6, as it is for the Keesom interaction [17]. 
However, at close approach the two lateral dipoles will 
tend to form an antiparallel pair since their thermal rota- 
tion will be hindered by steric effects; in this case strong 
Coulomb attraction has to be expected. At intermediate 
distances some transition from Coulomb to Keesom 
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interaction should take place. This qualitative picture does 
not allow a quantitative estimate of cl 1. That is why we 
treat cl l  as an adjustable parameter, whose value is ob- 
tained by comparing theory with experiment. The values 
of p and e in Eqs. (4.4) and (4.6) are not accurately known 
too. For that reason, we treat also e2z as an adjustable 
parameter, whereas c12 is calculated by means of Eq. (4.7). 

In summary, we use three adjustable parameters, 
K(T) ,  cl t and c22, with the other four model parameters, 
b11, b22, b~2, and c12, being determined by Eqs. (4.1), (4.2), 
(4.3) and (4.7), respectively. 

To find K(T) ,  Cll and cz2 for a given temperature we 
used the least squares method, i.e. we minimised numer- 
ically the function 

~(c11, c22, K) = ~ [ I I , -  H(an;Cll,c22, K)32 , (4.8) 
n 

where (an, Hn), n = 1, 2, 3, . . . ,  are the points of the experi- 
mental H(a)-isotherm and the theoretical function 
H(a; cl 1, c22, K)  is given by Eqs. (3.8)-(3.10). 

Before presenting the numerical results let us discuss 
briefly our expectations. Figure 4 presents schematically 
the expected dependence of the energy of interaction be- 
tween two lipid molecules (like those depicted in Fig. 1) as 
a function of the intermolecular separation, r (averaging 
over the angular coordinates is assumed). Of course, the 
lipid-lipid interaction energy, u~(r), cannot be directly 
extracted from experimental fl(a) isotherms. We can de- 
termine A E, which characterises the depth of the minimum 
of ul 1, and cl 1, which is proportional to an integral of ul 1, 
see Eq. (2.7). The positive total value of the hatched area in 
Fig. 4 gives an indication that the contribution of repul- 
sion in cl t prevails over the contribution of attraction. 

At large distances the repulsion between the normal 
dipoles decays as 1/r 3, whereas the attraction between the 
lateral dipole moments involved in Brownian rotation 
decays faster, as 1/r 6 (the Keesom interaction). Hence, one 

Fig. 4 Schematic plot of the energy of interaction between two lipid 
molecules 

ulI(min) [ ~ E=uH (min)-u~(r--+~~ 

can expect that c~1 is dominated by the repulsion. On the 
other hand, we cannot anticipate in advance whether AE is 
positive or negative. 

Negative AE corresponding to the configuration 
depicted in Fig. 4 would mean that the dimerisation 
is an exothermic reaction, i.e., the lipid dimer is a 
stable formation present even at low surface concentra- 
tions. 

On the contrary, positive AE (the value of ull  at the 
minimum is positive) would mean that the dimerisation is 
an endothermic reaction, and that the lipid dimer is a meta- 
stable formation which can appear only when the surface 
concentration is high enough. 

The answers of these and other questions, as well as 
our conclusions about the reliability of the hypothesis for 
lipid dimerisation, can be found below. 

Comparison of theory and experiment 

We fit the Fl(a) data for di-Cls-lecithin at the n-hep- 
tane/aqueous NaC1 interface, published in ref. [2] (Fig. 
5 therein). The area per lipid molecule, a, ranges from 
about 200 to 1000 A 2, which justifies the application of 
series expansions at small a -1, see above. Experimental 
results for five different temperatures, 5, 10, 15, 20 and 
25 ~ were processed. For each temperature we performed 
a three parameter minimisation using the downhill 
simplex method [19]. The standard deviation, defined as 

x/(b/~nFl 2 x 100, was always less than 0.5%. The fits are 
presented in Fig. 5, plotted in the same coordinates as in 
ref. [2 I. 

The obtained values of the equilibrium constant of 
dimerisation, K(T) ,  are shown in Table 2, where we give 
also the standard free energy of dimerisation, AF~ 

AF ~ = ]220 - -  2#1o = - k T l n K ( T ) ,  (5.1) 

cf. Eq. (3.6). As known [16], from the temperature depend- 
ence of K one can determine the standard energy (heat) of 
the reaction, using van't Hoff relation 

d l n K ( T )  
AE ~ - (5.2) 

d(1/kT) 

Table 2 Calculated values of 
the equilibrium constant of 
dimerisation, K(T), and the free 
energy of dimerisation, AF ~ 

T, ~ K(T), nm 2 AF ~ kJ/mol 

5 2.850 -- 2.421 
10 2.710 -- 2.346 
15 2.600 --2.290 
20 2.509 --2.242 
25 2.378 -- 2.146 
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Fig. 5 Plots of the product (Ha) 
vs./7 for different temperatures. 
The symbols denote 
experimental data, taken fi'om 
Fig. 5 in ref. [2], for di-Cls- 
lecithin at the n- 
heptane/aqueous NaC1 
interface. The theoretical curves 
are drawn in accordance with 
Eq. (3.8) 
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Fig. 6 Temperature dependence of the equilibrium constant of 
dimerisation, plotted in accordance with the van't Heft equation, Eq. 
(5.2) 

In Fig, 6 the data from Table 2 are presented in appropri- 
ate coordinates. The points lie on a straight line, which 
indicates that in the temperature interval under considera- 
tion the heat of dimerisation is constant. From the slope 
we find 

AE ~ = -- 1.0 x 1 0  - 1 3  erg/molecule = - 6.0 kJ /mo l .  (5.3) 

The process of  dimer formation turns out to be slightly 
exothermic, with the heat being of the order of 2.5 k T  per 
one pair of  molecules. This  finding supports the assump- 
tion put forward above concerning the shape of the poten- 
tial curve of interaction between two lipid molecules 
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Fig. 7 Temperature dependence of the parameters characterising the 
monomer-monomer (c 1 i) and dimer-dimer (c 22) interactions 

(Fig. 4). The depth of the minimum in Fig. 4 can be 
identified as AE ~ 

Figure 7 shows the results for the two interaction 
parameters, c1~ and c22. Both are negative, which points 
to the dominating role of the repulsion in the integral 
interaction, see Fig. 4 and Eq. (2.7). Such repulsion be- 
tween the normal components  of  neighbouring dipoles 
was found to have a considerable impact on the shape of 
condensed phase domains in lipid monolayers  [20]. From 
Fig. 7 both c~ ~ and c2z are seen to increase by absolute 
value with raising temperature. Qualitatively, this effect 
may be connected with the temperature dependence of the 
dielectric constant, cf. Eq. (4.4), as ~ is known to fall down 
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with increasing T. However, one should keep in mind that 
the net normal dipole moment can also vary due to confor- 
mational or other structural (in particular, hydration) 
changes in the monolayer. 

It is interesting to compare the magnitudes of cli  and 
czz.  If the normal dipole repulsion were the only source of 
interaction between lipids, and if the normal dipole mo- 
ment of a dimer was exactly twice that of a monomer, then 
cll  would be given by expression analogous to Eq. (4.4), 
cl  1 = - rcP2/(erl 1). Combining with Eq. (2.6), one would 
have obtained 

C 2 2  = 2x/2 cli �9 (5.4) 

From the data in Fig. 7 it follows that c22 is slightly 
lower by absolute value than predicted by Eq. (5.4). This 
observation can be attributed to a normal dipole moment 
of dimers smaller than 2p. Indeed, as mentioned above, 
a substantial part of the normal dipole moment is believed 
to be due to the oriented water molecules in the hydration 
shell around the lipid polar heads [12 I. Then, it is natural 
to expect that the dipole moment originating from hy- 
dration of dimers should be a bit less than twice that which 
corresponds to monomers. Nevertheless, especially at 
higher temperature, the observed c22 is close to Eq. (5.4). 
We can consider this fact as an indication that assuming 
the dimer normal dipole moment to be of the order of 2p is 
qualitatively plausible. We used this assumption to deter- 
mine caz through Eq. (4.7). 

Let us now discuss the composition of the monolayer, 
regarded as a mixture of monomers and dimers. Figure 
8 presents the results for the molar fraction of dimers, x2, 
calculated by means of Eqs. (3.10), (A4) and (A5). It is seen 
from Fig. 8 that even for fairly diluted monolayers the 

dimer content is appreciable. As the monolayer is com- 
pressed, x2 generally increases. One can also consider the 
temperature dependence of x2 at fixed area. The mono- 
layer is insoluble and the total number of adsorbed lipid 
molecules, N1 + 2N2, is constant. That is why fixed 
a means also A = const., cf. Eqs. (3.3) and (3.7). In these 
conditions the increased temperature favours dimerisation 
(Fig. 8). On the other hand, we found that the dimer 
formation is an exothermic process, Eq. (5.3). Conse- 
quently, one would expect dissociation of dimers with 
raising temperature. As shown below, the explanation of 
the observed reverse behaviour of x2 is connected with the 
interactions in the monolayer. 

It is known from thermodynamics (ref. [16], section 
7.8) that the s t a n d a r d  heat A E  ~ and the corresponding 
K (T), defined in terms of the standard chemical potentials, 
Eqs. (3.6) and (5.2), refer to an ideal  system. In our case the 
equilibrium "constant", relevant for the real system with 
interactions between the particles, is represented by the 
quantity K ( T )  7~/72" 

_ _  X2(1 -}- X2) 
K ( T )  y} = a (5.5) 

72 (1 - x2) 2 ' 

cf. Eqs. (3.6) and (3.8). In Fig. 9 we plot K72/72 a s  a func- 
tion of a for different temperatures. 7, and 72 are given by 
Eq. (3.4). The data show that both compression of the 
monolayer at constant T, and increasing temperature at 
fixed a, favour dimerisation. Now the peculiar behaviour 
of the data for 5 ~ in Fig. 8, which lie on a monotonic 
convex curve in Fig. 9, can be explained as influenced by 
the interactions. To understand physically the temperature 
dependence of x2 we first note that, in general, the popula- 
tion of dimers increases when the magnitude of the energy 

Fig. 8 Mole fraction of dimers 
in the lipid monolayer, x2, 
calculated from Eqs. (3.10), (A4) 
and (A5), vs. the mean area per 
lipid molecule, a 
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Fig. 9 Plot of the parameter 
K (T) ~/72, characterising the 
chemical equilibrium in the real 
monolayer with interactions 
between the particles 
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of dimer formation, IAu[, increases. At a finite area per 
molecule, a, this energy can be estimated as IAu[ 
u l l (x / - a ) -  ul l  (min), where x/a  is of the order of the 
average distance between two monomers, see Fig. 4. 
As mentioned above (see the discussion about Fig. 7), 
the long-range lipid-lipid repulsion (and consequently, 

ul 1 (x/-a)) increases with the increase of temperature. Then 
]Au] and x2 will also increase with T for fixed a. 

Finally, we calculate the real heat of dimerisation in the 
monolayer, AE (a, T), accounting for the interparticle in- 
teractions. Thermodynamics gives us (ref. [16], Eq. (7.76)) 

(01n72~ 
AE(a, T) = AE ~ - k r  2 ( •r /~NI, N2 

{Oln?l )  
+ 2kr2 " (5.6) 

It is possible to apply Eq. (3.4), which yields 

AE(a, T ) =  AE~ + 2kT 2 {/'2 [ ~  \kT](ca2~ _ 2 -~d \kTJj{c'2~] 

+ r ,   \kT 

Note that the deviation from ideality is due only to the 
long-range interaction accounted for by c~j (bij a r e  sup- 
posed to be temperature independent). The right hand side 
of Eq. (5.7) is calculated by using the results for xz and F, 
Eqs. (3.9), (3.10), (A2), (A4) and (A5). From Fig. 7, one 
obtains 

d--T \ k T ]  = -- 0.09728 nm2/K,  

dT \ k T ]  - 0.3490 nm2/K (5.8) 

and Eq. (4.7) gives 

\ k T ]  = - 0.2044 nm2/K.  (5.9) 

The resulting values of AE(a, T) calculated according to 
Eq. (5.7) are plotted in Fig. 10 and compared with the heat 
of dimerisation in an ideal monolayer, A E ~ In general, the 
repulsion between the particles decreases the exothermic 
heat effect of the reaction. As can be expected, the more 
compressed the monolayer, the higher the deviations from 
ideality. The energy of dimerisation in the real monolayer 
even changes sign and becomes positive (endothermic pro- 
cess) at low area per molecule and at higher temperature. 
At such conditions the heat effect of the long-range repul- 
sion prevails over that of the reaction itself. 

Concluding remarks 

The lipid monolayers, when compressed, are known to 
form condensed phases with different organisation and 
structure [20, 21]. Before this happens, i.e. at relatively 
large area per molecule, it is likely that some small aggre- 
gates begin to form. Our work is devoted to investigation 
of this possibility. First we found out a clear indication 
that the relatively concentrated monolayers are built up 
from lipid dimers, see Fig. 2 and Table 1. In particular, the 
results show that the van der Waals equation can be used 
up to the very phase transition, which commences at 
a = 75 - 100 A z depending on the temperature [1]. 
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Fig. 10 Heat of dimerisation in 
a lipid monolayer with account 
for the interparticle 
interactions, A E ( a ,  T ) ,  vs. the 
mean area per lipid molecule, a; 
A E  ~ is the heat of dimerisation 
in an ideal monolayer 
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Then we examined more diluted monolayers, for area 
per molecule between 1000 and 200 A 2. We developed 
a theoretical model regarding the monolayer as an equilib- 
rium mixture of monomers and dimers, and accounting for 
the long-range interactions between the species. The model 
is based on the van der Waals equation of state, with the 
overall interaction constants b and c being composition 
dependent, see Eqs. (2.8)-(2.10). Statistical thermo- 
dynamics allows us to write expressions for the free energy 
and for the chemical potentials of the components. There- 
by we find the amount  of monomers and dimers in the 
layer and the corresponding activity coefficients. The 
model contains three adjustable parameters: the equilib- 
rium constant of dimerisation and two interaction con- 
stants of type monomer-monomer  and dimer-dimer. The 
model parameters are determined by fitting experimental 
//(a) isotherms for five different temperatures. From the 
values of the reaction constant we conclude that the pro- 
cess of dimerisation is slightly exothermic, with a heat of 
the order of 2.5 kT per one dimer. In addition, it is 
interesting to note that the dimerisation starts at very low 
surface concentrations, see Fig. 8. 

Even without molecular interpretation the thermody- 
namic considerations are straightforward. However, one 
can go further and try to qualitatively rationalise the 
results in terms of the lipid structure. A simple molecular 
model (Fig. lb) assigns net normal and lateral dipole 
moments to the lipid polar heads. The normal dipoles 
always repel each other giving rise to predominant overall 
repulsion (negative interaction constants cij in the equa- 
tion of state). The lateral dipoles of the monomers suppos- 
edly rotate and only at close approach they can align 
antiparallel. The latter process leads to attraction and 
a dimer forms. This qualitative picture is consistent with 

our findings for the heat of dimerisation and for the inter- 
action parameters. 

We are aware of the fact that our treatment is indirect 
and, to some extent, model dependent. Nevertheless, we 
believe it reflects realistically the behaviour of the lipid 
monolayers. In addition, our results can help to distin- 
guish the role of head-head and tail-tail interactions for 
the phase transition. The knowledge that the lipid molecu- 
les are coupled to form dimers may lead to a better 
understanding of the properties of condensed monolayers 
and lipid bilayers. 
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Appendix 

Series expansions at low surface concentrations 

The relation between the lipid total adsorption, F, and the 
average area per lipid molecule, a, reads 

a -1 = (1 + X2)/" (A1) 

cf. Eq. (3.8). By substituting the expansions, Eqs. (3.9) and 
(3.10), into the right-hand side of Eq. (A1) and by compar- 
ing the coefficients that multiply identical powers of a-1 
one derives 

r (1 )  = 1, F(z )  = - Y l ,  r (3 )  = y 2  _ y 2  . . . .  (A2) 
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Then the problem is reduced to finding the coefficients Yl, 
Y2, Y3 . . . .  O n  that  purpose  it is convenient  to represent 
the mass act ion law, Eq. (3.6), in the form 

K F ( 1  - x2)2 72(1 - F b )  = (1 - / ' b ) 7 2  x 2 (13) 

By using Eqs. (2.9), (2.10), (3.4), (3.9) and (3.10) we 
expand 71, ( 1 - F b ) 7 l  and ( 1 - / ' b ) 7 2  in series for 
small a - 1  and substitute the results in Eq. (A3). The 
compar i son  of  the coefficients at equal powers of a - 1  
yields 

Yl = K, 

Y2 = Kl-4(bll  - c11) - 2(b12 - c12) - 3K]  , (A4) 

f 
= K J 1 3 K  2 + K [ - -  32(bll  - c11) Y3 

t 

+ 20(b12  - c l z )  - 2(b22 - c22)]  

+ 212(b1~ - c t l )  - (b12 - ~12)] 2 

7 } 
+ ~ b~a - 2btlbaz (A5)  

w h e r e  

cij = ci~/(k T )  �9 

Equat ions  (A2), (14) and (A5) determine the coefficients in 
Eqs. (3.9) and (3.10), which in turn allows the calculation 
of the I I (a )  isotherm by means of Eq. (3.8). 
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