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In a lysophospholipid binary mixture, there are three ways of association between the 
mixture components of single-chain amphiphiles: (a) between two identical molecules each 
of the first and second component (self-association process) and (b) between two different 
molecules (cross-association process). Association probabilities for three binary mixtures 
were analysed as functions depending on the electric dipole moments of the polar head 
groups. A 3-D view representation is most suitable for this analysis. The most important 
finding is that for certain values of the electric dipole moments there are molecular couples 
which have a maximum stability to the changes in the external electrolytic medium. This fact 
confirms the formation of clusters and their stability, which is equivalent to the existence of 
micro-heterogeneities within the lipid bilayers. On the other hand, there are unstable 
molecular associations, and this fact influences the appearance of some phase transitions. 
Generally, the increase of the electric dipole moment or the increase of the acyl-chain 
length of one component from a binary lipid mixture decreases the self-association probabil- 
ity between its own molecules, but it increases the self-association probability of the other 
mixture components. Furthermore, the cross-association probability has high values for any 
binary lipid mixture of single-chain amphiphiles. �9 1997 Society for Mathematical Biology 
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1. Introduction. Experimental studies concerning the properties of binary 
mixtures of phospholipids using differential scanning calorimetry (DSC), 
X-ray diffraction and electronic microscopy have been frequently per- 
formed during the last years and some of their results are particularly 
important. First, it was found that the molecular clusters occur in synthe- 
sized lipid bi-layers formed by binary mixtures (Jain, 1983). In some binary 
lipid mixtures, there is a phase separation of the molecular species, depend- 
ing on the chain structure and the polar headgroups (Jorgensen et al., 1993; 
Huang and Feigenson, 1993; Popescu, 1993). A unique phase transition was 
found using X-ray scattering on mono-layers composed of one single-chain 
amphiphile species (Helm et al., 1991), whereas the DSC thermograms for 
various lipid binary mixtures show that at least one secondary transition 
appears additionally to the main transition (Huang and Mason, 1986). 

Phase transition temperatures depend on the nature of mixture compo- 
nents, especially on the length of hydrophobic chains (Phillips et al., 1970; 
Jain et al., 1980; Huang and Feigenson, 1993). These phase transitions have 
been associated with the transitions between different organization pat- 
terns, which are characteristic for the liquid crystals (Huang and Mason, 
1986). We were focused on finding those features of the cross-association 
probabilities that might be related to the typical states of binary mixtures 
(stable or unstable states). There is also a selective association process of 
the components in the lysophospholipid binary mixtures (Popescu, 1993, 
1994; Movileanu and Popescu, 1995a, b, 1996). Biomembranes and lipid 
bi-layers are not static entities and their interfaces are not smooth (Hladky 
and Gruen, 1982; Miller, 1984; Popescu et al., 1991). Lipid molecules 
perform lateral and perpendicular movements on the bi-layer surfaces. 

Collective motions in lipid bilayers have been revealed by nuclear mag- 
netic resonance (NMR) measurements (Stohrer et al., 1991). This late 
result relates the selective association processes with the existence of 
clusters and the dynamic features of the lipid bi-layer structure. Data 
concerning the dependence of the association probabilities on some param- 
eters of the binary mixture have been reported (Popescu, 1994; Movileanu 
and Popescu, 1995a, b). An analytic description of the association probabili- 
ties as a function of the two electric dipole moments (Pl and P2) would be 
more useful toward the understanding of these biological phenomena. This 
is the main purpose of the present paper, representing a mathematical 
extension of the previous ones. 

2. Association Probabilities. A binary mixture of amphiphile molecules 
with linear saturated chain can be characterized by the length of the 
hydrophobic chains (N 1, N:), the cross-section area of the polar headgroups 
(a 1, aa), the electric dipole moments of the polar headgroups (Pl ,  P2) and 
the mole fraction x I (or x 2 = 1 - x  1) of one of the mixture components. 
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The length of the hydrophobic chain has been given by the number of 
methylene groups. The parameters concerning the short-chain component 
will be denoted by the index "1" and those concerning the long-chain 
component by the index "2". In a binary mixture organized as a mono-layer, 
two identical molecules can associate themselves with the association 
probabilities Pn and P22, respectively, and two different molecules with the 
probability P12. These association probabilities can be calculated using the 
following system (Popescu and Victor, 1990): 

Pll Xl exp[-(U12 U~)/RT], 
P12 X2 

P22 x 2 
~'12 = x~- exp[-( / . /12- U22)/RT], 

Pn + P12 +/922 = 1. 

(1) 

(2) 

(3) 

Solving this system, we have obtained the appropriate relation for the three 
association probabilities: 

ell =x21eal(x2el +x2e2 +xlx2), 

el2 =XlX21(x2ex + x2e2 + xax2), 

P22 = x2e2/(x2ea + x2e2 + xlx2), 

(4) 

(5) 

(6) 

where we used the following notations: 

e, = exp[ -  (U12 - UI~)/RT], 

e 2 = exp[ -  ( U12 - u22 )/RT], 

U l l  ~ - -  ] 4rre(2ra)3 + W n , 

U 1 2  ~ - -  
PlP2NA +W12 ] 

47r~(r 1 + r2 )3 

- 4rre(2r2 )3 + Wz2 , 

(7) 

(7') 

(8) 

(9) 

(10) 
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with Pl, rl and P2, r2 denoting the electric dipole moment and the radius of 
the polar headgroup of the amphiphile molecule from the first and second 
species, respectively. In these equations, NA, R, T and e denote the 
Avogadro's number, the gas constant, the absolute temperature and the 
dielectric constant of water, respectively. Ull, U12, U22 are coupling interac- 
tion energies between two identical neighbouring molecules (Un, Uzz) or 
different ones (U12). The first term in equations (8)-(10) accounts for the 
interactions between the electric dipole moments. Since the electric dipole 
moments of lysophospholipids have no sterical restrictions, they are parallel 
to the mono-layer surface and can couple themselves in the most favourable 
energetic state. The second term in equations (8)-(10) is due to the van der 
Waals dispersion forces between hydrophobic chains. They are given by the 
following expressions (Movileanu and Popescu, 1995b): 

Ul A 
Wll = ~ (11) 

i,k=l [ 4 r 2 + ( i - k ) 2 A 2 1 3 '  

N1 N2 

w12=E E 
i=1k=1  

A 

(r I + r2)2 + (i - k)2A2] 3' 
(12) 

N~ A 
(13) 

i,k=l [4r~+ ( i -k)eA2] 3' 

where A = 1.27 A is the length of the covalent bond C - - C ,  which is 
perpendicularly projected to the mono-layer. 

At low temperatures, the mono-layer is in gel phase and the lipid 
molecules are close enough so that it is right to suppose that the hydropho- 
bic chains are parallel and all the covalent bonds are in trans-conformation. 
For the calculation of the van der Waals-London interaction energy, the 
assumption that each saturated hydrophobic chain is constituted by attrac- 
tion centres localized on the acyl-chain axis has been made. Hamacker's 
constant was calculated so that each attraction centre is equivalent to a 
methylene group and is laid on the chain axis. Within the limits of the 
second-order perturbation theory, the hypothesis of local additivity of the 
dispersion energies is accepted (Salem, 1962). In the case of cylinders of 
uniform polarizability and non-zero radius, the adequate formula has been 
given by Langbein (1976). Using the more accurate formula of Langbein in 
the calculation of the van der Waals-London dispersion energy, we have a 
numerical effect of about 4% (an increase), in comparison with the value 
obtained by Salem's formula (Nagle and Wilkinson, 1978). Moreover, 
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because the difference between the cross-pair formation energy and the 
like-pair formation energy appears in the computation of the association 
probabilities, the effect of this approximation on the association probabili- 
ties might be neglected. Therefore, we can assume the validity of the 
conclusions concerning the association probabilities, even though the non- 
additivity of the dispersion forces was not considered. The distance between 

O 

any two attraction centres is less than 1000 A, so that the retardation 
effects have not been considered here (Langbein, 1976). At the same time, 
the distance between the nearest attraction centres (about 7.14 ,~) is much 
higher when compared with the dimensions of the attraction entities 
(atoms, covalent bonds), and the London's law ( W = - A / d  6) is valid, 
where A = 5.6 * 103 ~k 6 J mol- 1. 

3. Results and Discussion. Association probabilities have been calculated 
for 36 binary lysophospholipid mixtures of single-chain amphiphile 
molecules and they can be displayed in a triangular matrix. Each element 
of the triangular matrix contains hydrophobic chain lengths of the two 
components. The elements of the matrix are: (N1, N 2) with N 1 
[8,10 ... .  ,22]; N a < N 2 < 24, N 2 ~ [N 1 + 2, 24]. Some of these considerations 
were presented in previous papers (Popescu 1993, 1994, Movileanu and 
Popescu, 1995a, b). The cross-section area for the polar headgroUPo of the 
first component is a I = 40 ,~2, and the second one is a 2 = 60 /~2. We 
imagined a general procedure for the calculation of the optimal surface 
area of amphiphile molecules by using the hard-core method (Popescu and 
Victor, 1991). Values of 5, 10, 15,..., 45 D were selected for the electric 
dipole moment for each component (1 D = 1 Debye = 3.33564 • 10 -3o cm). 

Generally, the electric dipole moment of amphiphile molecules depends 
strongly on the external aqueous medium that can modify both fixed 
effective electrical charges of the electric dipole moment and the distance 
between them (Movileanu and Popescu, 1995b). For this reason, a set of 
values for the electric dipole moments was chosen so that the real values of 
the lipid molecules fall in this interval. For instance, lysophosphatidyl- 
choline has an electric dipole moment higher than 35 D. 

A 3-D representation of the association probabilities as a function of the 
electric dipole moments of the mixture components (Pl and P2) gives an 
overall view of the influences on the association process. Of the 36 binary 
mixtures investigated, only three have been selected, in order to emphasize 
the specific influence of hydrophobic chains on the three association 
probabilities. These binary mixtures are (C08:C10), (C08:C24) and 
(C22 : C24). 

3.1. Cross-association probability. By analysing the results obtained for 
all the binary mixtures, we found that the cross-association probability had 
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a special behaviour with respect to the electric dipole moment and the 
length of the hydrophobic chain of each component. For this reason, we 
have decided to carry out both a theoretical study and a 3-D view on the 
cross-association probability as a function of the electric dipole moments of 
mixed amphiphile molecules. 

First, we focused our attention on finding an easier way to describe the 
important features of the cross-association probability for all the single- 
chain binary mixtures. Since the cross-association probability depends on 
both electric dipole moments Pl and P2, we have successively analysed its 
dependence only on one electric dipole moment (considered as a variable), 
while the other one was considered a parameter, whose values were 
maintained constantly. Therefore, whenever pl is a variable, P2 is a 
parameter, and vice versa. In order to find out the extreme values of P12, it 
is necessary to solve the equation that derives from the annulment of its 
first-order differential equation with respect to the variable electric dipole 
moment ( d P 1 2 / d  p = 0).  

Following this procedure, we obtained the equations: 

2a l  Pl 

ao P2 

2a2 Pl 

ao  P2 

1 = e x p (  a , p  2 - a 2 p  ~ - 70) 

for the variable electric dipole moment p~, (14) 

1 = exp( a z p  2 - a l p  2 + Yo) 

for the variable electric dipole moment P2, (15) 

where the constants have the following meaning: 

a I = N A / ( 4 z r e ( 2 r a ) 3 ) ;  a 2 = N A / ( 4 z r e ( 2 r 2 ) 3 ) ,  (16) 

a o = N z / ( a z r e ( r  1 + r2)3); /3 = 1 / R T ,  (17) 

Vl = / 3 ( W 1 2  - W l l ) ;  V2 = /3(14122 -- Wa2); 3+0 --/3(W22 - Wll). (18) 

These equations have been derived by retaining the first three terms in the 
Taylor's series. As far as the dependence of the cross-association probabil- 
ity on the variable electric dipole moment Pl or P2 is concerned, there are 
three distinct cases. To prevent a very long discussion, we arranged these 
distinct situations in Table 1. 
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T a b l e  1. T h e  d e p e n d e n c e  cases of  the  c ross -assoc ia t ion  p robab i l i ty  P12 o n  each  of  t he  two 
e lect r ic  d ipole  m o m e n t s  w h e n  the  o t h e r  is c o n s i d e r e d  as a p a r a m e t e r .  In  each  case,  

the  e q u a t i o n s  for  the  ca lcu la t ion  of  t he  cri t ical  va lues  a re  g iven  

(a) D e p e n d e n c e  o n  Pa; p a r a m e t e r :  P2 
01 = u /a2 ;  D1 = 211 + exp (y  o) - 2u*exp(3 'o)])  

(b)  D e p e n d e n c e  o n  P2;  p a r a m e t e r  P l  
( t  2 = U/Otl; 
D 2 = 211 + e x p ( -  3'0) - 2 u * e x p ( -  3'0)]) 

Case 1 
Case 2 

Case 3 

Yo > - ln (2u  - 1) 
- ln [2(2u  - 1)] < 3"0 < - l n (2u  - 1) 

P'2c = [tl  exp(3 'o ) / (1  + D]/2)] 1/2 
P~c = [t t  exp(3"o/(1 - D~/2)I w2 
3" < - ln[2(2u - 1)] 
P2c = [tl exp (Yo) / (1  + D]/2)I ~/2 

Yo < ln (2u  - 1) 
l n (2u  - 1) < 3'o < ln[2(2u  - 1)] 
P'lc = [t2 exp( - -  3"0)/(1 + 01/2)] 1/2 
P'ic = [ t2 e x p ( -  3,o)/(1 - D1/ 2 )] 1/2 
3'o > ln[2(2u - 1)] 
Pl~ = [t2 exp( - y o ) / ( 1  + D1/2)] 1/2 

In this paper, the above-mentioned mixed molecules possess the follow- 
ing parameters: 

a 1 = 7.1947 D -2", a 2 = 3.9163 D -z', a 0 = 5.2271 D - 2 .  

The constants 3q, "~2 and Y0 are given in Table 2. 
The inclusion of a certain binary mixture in one of the three cases is 

determined by 3'0, i.e. by the difference between the van der Waals 
interaction energies of like-pair formation. In other words, the hydrophobic 
chain lengths of the two components define the case where their binary 
mixture belongs. In the first case, there are two values of the variable 
electric dipole moment for which the cross-association probability P12 
shows a minimum and a maximum regardless of the value of the parameter 
electric dipole moment. If Y0 fulfils the condition for the second case 
(Table 1), then the parameter electric dipole moment takes two "critical" 
values (P'c and p"). These values define the dependence ways of the 
cross-association P12 on the variable electric dipole moment. Therefore, if 
the parameter electric dipole moment (pl,  for example) takes values 
ranging within the interval [P'c,P"], then the cross-association probability 
P12 is a decreasing function on the variable electric dipole moment (P2, in 
this situation). Finally, in the third case, the parameter electric dipole 
moment has only a "critical" value (Pc). The cross-association probability 

T a b l e  2. T h e  va lues  of  some  p a r a m e t e r s  ca lcu la ted  for  the  t h r e e  b ina ry  mix tu res  used  in this  
work .  P ~ ,  P~z a n d  P~2 a re  t he  m e a n  assoc ia t ion  p robab i l i t i e s  

ove r  b o t h  e lect r ic  d ipo le  m o m e n t s  

Binary  mix tu re  P ~  P1'~ P~2 3'1 3'2 3"3 

(208 :C10  0.2119 0.3529 0.4351 - 0.3051 - 0.1499 - 0.4550 
C08" C24 0.2731 0.4460 0.2810 - 0.2616 - 0.5344 - 0.2728 
C22:1224 0.0851 0.3158 0.5986 - 1.1354 - 0.6003 - 1.7357 
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P12 decreases whether the parameter electric dipole moment takes higher 
values than its critical value and extreme values whether the parameter is 
less than Pc. The higher critical value decreases and the lower one 
increases when 3'0 decreases (the difference between the hydrophobic 
chain length is reduced). 

On the other hand, both abscissas of the extreme values increase and 
move toward one another when the parameter takes increasing values. For 
this reason, it is possible for the electric dipole moment values selected in 
this paper (that cover the range [5, 45] D) to fall inside or outside the range 
[Pm,PM]" The term Pm is the electric dipole moment that corresponds to 
the minimum cross-association probability, and PM is the electric dipole 
moment that corresponds to the maximum cross-association probability. 
For this reason, the function P12 = f ( P l )  has an inverse behaviour for lower 
values of P2 than for its high values with respect to the monotony (Fig. 1A). 
In Fig. 1A, we observe that P12 =f(P2)  behaves in the same way. For 
instance, when Pl = 5 D, then P~2 =f(P2)  increases rapidly from 0.3450 
and 0.4288, whereas for Pl = 45 D, the cross-association probability PI2 
decreases from 0.2012 to 0.1585. For the same reason, the cross-association 
Pa2 may have only a minimum or only a maximum value on our plots, even 
though 3'0 obeys Case 2 (Table 1). Looking at Fig. 1A-C we observe that 
the 3-D view of the cross-association probability P12 as a function of both 
dipole moments is a surface resembling a square sheet folded approxi- 
mately along one of its diagonals. This diagonal corresponds to equal dipole 
moments (P2-P2)-  For all three mixtures chosen in this paper, the valley 
has a tendency from low values toward high values of the electric dipole 
moments. Its position and slope change with respect to the binary mixture. 
Actually, the projection of the valley background on the plane of the 
electric dipole moments (Pl, P2) is a straight line: 

Pl  = (U + gr~u 2 -  1 )Pc ,  (19) 

with 

u --- - -  = 1.0155. 
O/0 

Additionally, a more detailed analysis was necessary to present the data 
(Fig. 1A-C) so that the curves connect points having the same probability 
magnitude (iso-probability curves), similar to the way isobars are plotted to 
create a synoptic map, and referred to as the "contour" of the data, or, 
simply, "the contour map". To meet the cases previously discussed in this 
paper, we should analyse in detail the 3-D view representations (or simply, 
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(a) 
Figure 1. 3-D view representation of cross-association probability P12 as a 
function of electric dipole moments of both mixed components for following 
binary mixtures: (A) C08 : C10, (B) C08 : C24; (C) C22 : C24. For each 3-D view, 
iso-probability contour map was appended: (a) C08:C10. P12 varies between 
63.25 and 85.92 with step equal to 1; (b) C08: C24. P12 varies between 84.21 and 
110.55 with step equal to 1; (c) C22: C24. P12 varies between 49.11 and 93.98 
with step equal to 2. Electric dipole moments are given in Debye. Cross-associa- 
tion probabilities are multiplied by 200. 
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Figure 1. (Continued).  
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Figure 1. (Continued). 
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the 3-D view) and the appended contour maps for all binary mixture 
systems (Fig. 1A-C and a-c). 

Looking at the three 3-D views of the cross-association probability P12, 
we can easily find that the surface P12(Pl, P2) modifies strongly whether the 
hydrophobic chain lengths are changed into a binary mixture. In Fig. 1A, 
the case when the first mixture component is comparable with the 
second one is shown ( N  l = 8, N 2 = 10). The cross-association probability 
P12 is a maximum for pl  = 5 D and 1o 2 = 45 D. At the same time, P12 
reaches higher values for a large electric dipole moment of the first mixture 
component and a small electric dipole moment of the second mixture 
component, or vice versa. Accordingly, the cross-association probability P~z 
is increased whether the difference between the electric dipole moments of 
the two mixture components is higher. 

In the case of the binary mixture C08 : C10, the cross-association proba- 
bility P12, as a function depending on the electric dipole moment Pl, 
increases (but very slowly) if P2 < 14 D; this function exhibits a very flat 
minimum if 14 D <P2 < 18.13 D; the cross-association probability PI2 
shows a minimum and a maximum if 18.13 D < p 2 <  19.43 D, and it 
decreases if P2 >- 19.43 D (Fig. 1A and a). Taking into account the value ot 0 
for this binary mixture, then it falls in Case 2a (Table 1). Critical values of 
the parameter P2 are P~c = 0.3485 D and p'~c = 0.9888 D. For the binary 
mixture C08 : C24 (Fig. 1B and b), if P2 < 14 D, then the cross-association 
probability has a steep increase, whereas in the range 14 D -<P2 < 37.8 D, it 
has a minimum with an abscissa increasing with P2 (it obeys approximately 
the law P~m = 2.85 + 20p2/37). For P2 > 37.8 D, P12 shows a minimum 
value as well as a maximum value. This dependence is described by Case la  
(Table 1). The valley background is nearly parallel to the horizontal plane 
(Fig. 1B), as we can see from our contour map (Fig. lb). Therefore, the 
cross-association probability P12 has the same minimum value for the 
values of p~ and P2 that obey the above equation. The last binary 
lysophospholipid mixture C22 : C24 relates to the condition of Case 3a. The 
critical value P2 equals Pz~ = 0.5927 D. Therefore, for the electric dipole 
moment magnitudes pl selected here, the cross-association probability Pa2 
decreases for all fixed values of the parameter electric dipole moment P2. 
Regarding the dependence of the cross-association probability P~2 on the 
electric dipole moment P2 (Pl is a parameter in this situation), this has a 
minimum value whatever the fixed value of the dipole moment Pa for the 
mixtures C08:C10 and C22:C24 (Case lb). The abscissa magnitude Pz,n 
increases with Pv The valley orientation for the binary mixture C22:C24 
(Fig. 1C and c) is on the other part of the diagonal by comparison with its 
orientation for the binary mixture C08:C10 (Fig. 1A and a). The cross-as- 
sociation probability P12 has a minimum value if p~ _< 30.8 D and increases 
for the other values of pl  in the case of binary mixture C08 : C24 (Case 2b). 
Critical values of the parameters Pl are P'~c = 0.2547 D and P';c = 0.5589 D. 
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3.2. Self-association probability. The surfaces representing the self- 
association probability Pll on both electric dipole moments p~ and P2 for 
all homologous binary lipid mixtures are nearly like those from Fig. 2 
(plotted for the binary mixture C08 : C24). It means that the lengths of the 
hydrophobic chains have a weak influence on the way Pl l  depends on the 
electric dipole moments. The self-association probability surfaces Pll for 
the homologous binary mixtures are shifted to one another with an additive 
quantity. The shift depends on the hydrophobic chain lengths. The above 
observations are available for the self-association probability surface P22 as 
well. For these reasons, we have presented here a 3-D plot for the 
self-association probability for only a binary mixture. 

A surface describing the dependence of self-association probability on 
the electric dipole moments consists of two domains: 

(a) a planar zone, corresponding to the almost straight lines in the 
contour map (Figs. 2a and 3a); 

(b) a curved zone, corresponding to the curved lines in the contour map 
that shows the appearance of a peak (Figs. 2a and 3a). 

For an easier analysis of the self-association probabilities on the electric 
dipole moments, we describe equations (4) and (6) in the following way 
(with the condition x~ = x 2 = 0.5): 

Pll = Plzex; P22 = Pl2e2 (20) 

The plots from Figs. 2 and 3 together with the corresponding contour 
maps show us that an increase of the electric dipole moment promotes the 
self-association of the other component molecules (whatever their electric 
dipole moment is) and inhibits the self-association of lipid molecules in its 
own phase for any binary mixture. For instance, the self-association proba- 
bility Pal is an increasing function of P2 for any constant value Pa as well 
as of P2 (as a function depending on Pl). If we study the association 
probability of two identical molecules as a function of their own electric 
dipole moment, then the following conclusion should arise: for a certain 
magnitude of the electric dipole moment of amphiphile molecules belong- 
ing to one phase, their self-association probability could have a maximum 
value. For instance, for Pa < 10 D, the self-association PII, as a function 
depending on p~, has a maximum value (Fig. 2), whereas P22 has a 
maximum value as a function depending on P2 (Pc < 25 D, Fig. 3). Let us 
compare the iso-probability maps for Pll with the one for P22 for each 
binary lipid mixture: Fig. 2a with Fig. 3a. The places of the iso-probability 
lines corresponding to the planar region (nearly straight lines on the 
contour map) and those of the curved region (parabolic lines) appear 
interchanged on the P~a chart compared to Pzz. This is an effect of the 
association probability symmetry with respect to the electric dipole mo- 
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Figure 2. 3-D view representation of self-association probability of shorter 
hydrophobic chain molecules P~I versus both their electric dipole moments for 
binary mixtures: (A) C08:C10. For this surface, we showed iso-probability 
contour map (a), Pll varies between 10.12 and 74.20 with step equal to 3. 
Electric dipole moments are given in Debye. Self-association probabilities of 
shorter hydrophobic chain molecules are multiplied by 200. 



AGGREGATION OF SINGLE-CHAIN AMPHIPHILES 57 

45  

(A) 

( 

'i i 

5 

15 25 35 45 

P2 
(a) 

Figure 3. 3-D view representation of self-association probability P22 of longer 
hydrophobic chain molecules versus both their electric dipole moments for 
binary mixtures: CA) C08 : C10 and its corresponding contour map (a). P22 varies 
between 41.03 and 120.3 with step equal to 5. Electric dipo|e moments are given 
in Debye. Self-association probabilities of longer hydrophobic chain molecules 
are multiplied by 200. 
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ments p~ and P2. Because the two mixture components are different from 
each other by their acyl-chain length and the size of the polar headgroups, 
the symmetry is compared to the line separating the two types of iso-prob- 
ability. Actually, for each binary lipid mixture, this line does not change its 
place on the contour maps of the self-association probabilities Pll and P22. 

3.3. Hydrophobic chain effect. These three binary mixtures were also 
selected in order to emphasize the hydrophobic chain influence on the 
association probabilities. In this respect, we have paid attention to the 
change and the shift of each surface. The mean association probabilities 
(PIT, i,j = 1,2) for each of the three binary mixtures have been evaluated 
as well (Table 2). The mean association probability is, actually, the mean 
distance from the respective surface to the horizontal plane of the electric 
dipole moments (Pl,P2) (for instance, see the 3-D views). Making a 
comparison between the results regarding the mean association probabili- 
ties for the binary mixtures C08:C10 and C08:C24, we can see the effect 
of the increase of the longer hydrophobic chain. As far as an analysis of the 
binary mixtures C08:C24 and C22:C24 is concerned, we pursue the effect 
of the increase of the shorter hydrophobic chain. Comparing the surfaces 
for different binary mixtures (Figs. 1A-C, 2A and 3A, as well as the 
corresponding contour maps) and P,.~' from Table 2, and taking into 
account the scale factor introduced by the computer program, we find the 
same remark as in the case of the mean association probabilities: the 
increase of the longer hydrophobic chain from 10 to 24 methylene groups 
promotes an increase of the association probabilities PH and Pa2 and a 
decrease of the association probabilities Pee; the increase of the shorter 
h~cdrophobic chain from 8 to 22 methylene groups has an opposite effect on 
each association probability compared with the increase of the longer 
hydrophobic chain. Some observations should be made: (1) the self-associa- 
tion probability P~I is drastically diminished by the increase of the longer 
hydrophobic chain; (2) the dispersion forces strongly affect the dependence 
of the cross-association probability P12 on the electric dipole moments of 
each component by comparing the dependence of the self-association 
probabilities Pn and P2z on the electric dipole moments. 

4. Concluding Remarks. By analyzing formulas (4)-(10) we observe that 
the amphiphile molecule association processes by one of the three ways 
(Pro P12 and P2z) is determined by the relative magnitude of the interac- 
tion energy between the two different molecules (P12) and between the two 
identical molecules, and not by the absolute value of the interaction energy 
between two molecules in each of the possible pairs. In other words, 
neither the dipole-dipole interaction energy nor the interaction energy 
through dispersion forces between two different or identical molecules play 
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the leading role in the association processes. Obviously, Yl and -72  have 
opposite signs and they increase as the difference between the hydrophobic 
chain lengths increases. In the present stochastic inter-molecular interac- 
tion model, we have not introduced the energy term that comes from the 
mismatch in the hydrophobic chain lengths (Sperotto and Mouritsen, 1991; 
Fattal and Ben-Shaul, 1993; Jorgensen et al., 1993). It is reasonable to 
understand that the non-ideality of mixing increases with the increase of 
the chain length difference of the two lipid components. Very recently, 
Nibu et al. (1995) showed that the mixing behaviour of homologous phos- 
pholipids might be understood in terms of the polar headgroup contribu- 
tion to the overall inter-molecular interaction. However, the non-ideal 
nature of mixing for different phospholipids due to the mismatch in the 
hydrophobic lengths could lead to a progressively increasing local ordering, 
while the acyl-chain length difference is increased (Jorgensen et al., 1993). 
If the difference between the hydrophobic chain lengths is constant, then 
y~ and Y2 increase with the increasing value of the hydrophobic chain 
lengths. If the electric dipole moments Pl and P2 are equal, then the 
differences between the dipole-dipole interaction energies are small, but 
not zero, since the cross-section areas of the polar headgroups are differ- 
ent. Taking into account these remarks and the relations (4)-(6) with 
respect to the electric dipole moments, then the slope of the surface in Fig. 
3A might be easily explained. For steeply different electric dipole moments, 
the dipole influence largely exceeds the dispersive influence. The formulas 
(4)-(6) for the association probabilities are symmetrical to the electric 
dipole moment interchanges. By comparing the iso-probability plots from 
Figs. 2a and 3a, we found that the places of the iso-probability lines 
corresponding to the planar region (nearly straight lines) and those of the 
curved region (parabolic lines) appear interchanged on plot P22 compared 
with plot Pll" There are the electric dipole moment values (those for which 
an association probability points to the maximum or minimum magnitude) 
for which the associated amphiphiles are stable to the changes of the 
electric dipole moments. At the same time, there are electric dipole 
moment values (the abscissas of the inflexion point) for which the associa- 
tion processes are very sensitive to any change of the electric dipole 
moments. Taking into account that the electric dipole moment magnitude 
of the polar headgroup may be influenced by the external aqueous medium 
(Movileanu and Popescu, 1995b), we conclude that, in certain conditions, 
the internal bi-layer dynamics should be correlated with the molecular 
dynamics of the external aqueous medium. A mixture of fatty acid and 
lysophosphatidylcholine forms planar bi-layers, even though the separate 
components form micelles (Jain et al., 1980). Therefore, it is clear that a 
mixture of lysophospholipids, the formed pairs are similar to double-chain 
phospholipids having a double polar headgroup, which have a good fit to 
the outside mono-layer of liposomes. Phospholipids represent the major 
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component of the biological membranes. We have dealt with the associa- 
tion probability model for binary mixtures, since an association of three 
mixture components from a ternary system is not probable (Popescu and 
Victor, 1991). 

The selective association processes have multiple biological implications. 
The association processes of lysophospholipids account for the appearance 
of micro-clusters separated by micro-interfaces (Jain, 1983; Popescu, 1993, 
1994; Jorgensen et al., 1993). The authors think that the differential 
scanning calorimetry (DSC) traces of a single-chain binary mixture should 
contain four endothermic peaks (one of them due to the dipole-dipole 
interaction) and their position is strongly dependent on the nature of the 
mixture components. Each of the other three peaks is necessary to corre- 
spond to one of the three association ways of mixed single-chain lipids. The 
increase of the hydrophobic chain length of one component from a binary 
mixture promotes shifting the two peaks toward the higher temperatures. 
On the other hand, the selective association processes might stimulate the 
appearance of phospholipid domains into bi-layer membranes. Different 
classes of phospholipids can accumulate into bi-layers due to the specific 
interactions between them. Phospholipid domains modulate the spatial 
organization patterns into biological membranes (Norris, 1992). Some mem- 
brane phenomena may be influenced by this mechanism of association, as 
in the flip-flop diffusion of phospholipids through bi-layer lipid membranes 
(Norris, 1989; Movileanu et al., 1996) or cell cycle events (Norris, 1992). At 
a critical packing density of phospholipids, the appearance of the internal 
defects of the bi-layer, or even the breakdown of the lipid bi-layer, is very 
probable. 
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