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A theoretical model has been developed in order to describe the organization of acyl chains in phospholipid 
bilayers. Since the model is intended to reproduce highly quantitative experimental results such as the deuterium 
magnetic resonance (NMR) data and to supplement the experimental information, all the rotameric degrees of 
freedom, the excluded volume interactions and the van der Waals interactions have been considered. The model is 
a direct extension of a generalized van der Waals theory of nematic liquid crystals to flexible molecules. In this 
picture, the anisotropy of the short-range repulsive forces which are treated by a hard core potential is introduced 
as the dominant factor governing intrinsic order among the chains. The anisotropy of the attractive forces, which 
are approximated by a molecular field, plays a somewhat secondary role. The dependence of the energy of inter- 
action on the relative chain conformations is approximated by two order parameters reflecting respectively the 
'average shape' of the molecules and the 'average shape' in a 'mean orientation'. The influence of the interactions 
in the polar region on the lateral chain area is accounted for by an effective lateral pressure. In certain aspects the 
model has features in common with the Mar6elja theory. 

Introduction 

Pure phospholipid bilayers can be considered the 
simplest model of biological membranes, and for this 
reason they have been the object of many physical 
studies during the last few years. The most dramatic 
effect occurring in a membrane, the gel to liquid- 
crystal transition, has been widely documented by 
calorimetry [1], dilatometry [2] and various other 
methods (see references cited in Refs. 2 and 3). 
Many investigators using very different techniques 
have attempted to characterize the physical state of 
the acyl chains in both phases. Of all the methods, 
deuterium magnetic resonance (2H-NMR) [4] using 
selectively deuterated phospholipid molecules has 

provided a unique and detailed picture of the acyl 
chains above the phase transition. A recent improve- 
ment of 2H-NMR using the quadrupolar spin-echo 
technique [5] may provide similar data below the 
transition temperature [6]. 2H-NMR, by using non- 
perturbing and specific probes, has the advantage that 
the signal can easily be assigned. Moreover, neutron 
diffraction [7] of selectively deuterated lamellar 
samples has been used to complement-the NMR 
results. An exact description of the state of the chains 
in terms of the most probable spectrum of chain seg- 
ment conformations or in terms of mean spatial 
occupancy is still not fully possible. This situation has 
lead to some controversy regarding the interpretation 
of 2H-NMR data [4,8]. 
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In order to understand the dynamic and conforma- 
tional meaning of these physical studies, several theo- 
retical approaches have been devised. The large numer 
of theoretical models for a lipid bilayer [3,9-28] is 
symptomatic of the complexity of the physical situa- 
tion. As an exact theoretical solution to this problem 
is not yet possible, two main lines of approximate solu- 
tions are considered. One approach is to simplify the 
actual physical situation into one that can be solved 
exactly or by controlled approximations [29]. It is 
considered the most rigorous and has the most physi- 
cal meaning. Another approach is phenomenological 
in nature. It tries to solve the general model by resort- 
ing to approximations that may, in part, lose physical 
meaning. The success of the model along with the 
approximations canr/ot be used to justify the model 
itself. However, we have deliberately chosen the 
second alternative. The use of mathematical approxi- 
mations can be applied directly to monitor the physi- 
cal data as it provides a means to reproduce exactly 
these data. Presently, the more rigorous approach 
resulting from the simplification of the molecular 
situation does not share this capability. Therefore the 
choice here of a particular type of model results from 
the practical necessities of reproducing the experi- 
mental data and should not be regarded as a perma- 
nent alternative to other useful theoretical 
approaches. As will be shown in the accompanying 
paper [36], the analysis which follows does indeed 
reproduce the experimental results with accuracy and 
most of all, it is only because of this accuracy that 
the basis of specific experimental data can be under- 
stood. 

The Margelja theoretical approach, which involves 
the computation of each chain conformation, is a 
model which has been really directed toward the 
accurate reproduction of highly specific experimental 
data such as the 2H-NMR results. A previous work 
[30] using 2H-NMR data from bilayers of dipalmi- 
toyl-3-sn-phosphatidylcholine illustrated the applica- 
bility of the Margelja model. The model discussed in 
this report represents an attempt to improve the 
Margelja theory with regard to the following points. 
(a) As an extension to flexible molecules of the Maier 
and Saupe theory for a nematic liquid crystal [31] 
Margelja's theory suffers from the same lack of con- 
sideration of the effect of the short-range repulsions 
between the molecules on the order of the system 

[32]. (b) The molecular field expression, which for 
obvious reasons is not the same as for rod-like mole- 
cules, is successful only through the insertion of an ad 
hoc phenomenological parameter. 

In recent works, Cotter [33,34] and Gelbart and 
Baron [35], in complementary but independent 
efforts, have described a generalized van der Waals 
theory of a nematic liquid crystal which considers 
both the strong short-range repulsions and weak 
longer-range attractions between rigid rod4ike mole- 
cules. Interestingly, their theories introduce explicity 
the molecular shape dependence in the energy of 
interaction. In the present model we follow directly 
the derivations of these authors and adapt them to 
the complex case of flexible molecules by means of 
some approximations. The anisotropy of short-range 
intermolecular repulsion and the overall strength of 
the intermolecular attraction are introduced as the 
dominant factors governing intrinsic order among the 
chains, while the anisotropy of the attractive forces 
plays a somewhat secondary role. 

Although our main goal is to produce a theoretical 
tool for the practical computation of all the statistical 
quantities describing the mean state of an acyl chain 
in a bilayer, we restrict ourselves in this paper to the 
theoretical derivation of the model. In a subsequent 
paper we shall present a thorough application of the 
theory to practical examples [36]. 

Theory 

The organization of phospholipid molecules in 
bilayer leaflets exhibits a pattern which is closely 
analogous to the situation found in thermotropic 
liquid crystals of the smectic class [37]. Since our 
main concern is to describe the actual state of the 
acyl chains, we shall ignore the overall structure and 
limit ourselves to the approximation of a bilayer com- 
posed of two independent monolayers [3,9-28].  The 
important features are as follows: the interactions 
between polar head groups and the surrounding water 
and other polar head groups, which provide the 
energy responsible for maintaining the bilayer, modu- 
late indirectly the interactions between the chains 
and will be accounted for by an effective lateral pres- 
sure, whereas the geometry of the monolayer gives 
rise to boundary conditions for the chain conforma- 
tions. Hence the model system to be considered con- 
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sists of N interacting chain molecules, each containing 
N s segments subject to a lateral pressure and boun- 
dary conditions. The intermolecular interaction can 
be separated into two components: a repulsive force 
which will be treated as arising from core exclusions, 
and an attractive van der Waals force described by a 
mean field in which each molecule is assumed to 
interact with its neighbours. 

When the average separation between the mole- 
cules due to the density of the system becomes com- 
parable to the molecular dimensions, the internal 
molecular structure as well as the geometry of the 
molecules become important for the mutual inter- 
actions [38]. Hence, in a bilayer both the intermole- 
cular and intramolecular energy are determined b y  
the respective conformations of the chains. Therefore 
it is necessary to specify exactly the concept of con- 
formation in this model. 

The conformational states of the hydrocarbon 
chains can be adequately described by the arrange- 
ment of trans and gauche configurations along the 
chain [39]. For simplicity however, each CH2 chain 
monomer is approximated by a chain segment which 
is represented by a vector connecting the midpoint of 
two consecutive C-C bonds [3,18,23]. In this seg- 
mental representation, the conformation of a chain is 
completely described by the polar angle with respect 
to the bilayer normal and the rotameric state of each 
segment. The all-trans conformation, which corre- 
sponds to all parallel segments is assumed to exist 
only parallel to the bilayer normal. Finally, the 
hydrocarbon chains can only occupy the space 
bounded on one side by the polar head groups and 
water. 

In a nematic liquid crystal the anisotropy arises 
because of the tendency of the rod-like molecules in 
the fluid to align their long axis parallel to the direc- 
tor defined here as d. At finite temperatures, the 
thermal motion of the molecules prevent perfect 
alignment with d. The angular orientations of the 
molecules varies but the most probable direction is 
parallel to d. Clearly, ordering in the polar angle 
distinguishes the nematic structure from the isotropic 
liquid [40]. Thus in analogy to the orientational 
order exhibited by nematic liquid crystals, it appears 
quite natural to characterize the most probable state 
of the acyl chains by a tendency for the chains to 
assume the all-trans conformation and to get aligned 

parallel to the normal to the bllayer. Considering the 
definition of the all-trans conformation in this model 
the last condition is fulfilled by definition. Formally 
this implies the use of a variable conformation to 
describe the state of a chain and is analogous to the 
use of a polar angle to describe the orientational 
state of rod-like molecule. 

On the practical side, however, such a conforma- 
tional variable is rather cumbersome and has to be 
approximated by one or several other variables which 
can be handled more easily mathematically. More- 
over, these new variables should (a) lead to order 
parameters sensitive to the thermal phase transition 
and (b) be appropriate for mean field treatment 
reflecting the symmetry as well as typical forces felt 
by a molecule, actually two aspects of the same 
phenomenom [40]. The afore-mentioned order 
parameters are quantities which characterize the sys- 
tem unequivocally both above and below the phase 
transition. Finally, to be exact in the formulation of 
this model, we note that any correlation between the 
rotational and translational states and the conforma- 
tional states of a chain will be ignored. 

First the theory of a nematic liquid crystal by 
Cotter [33,34] and by Gelbart and Baron [35] is 
extended to the case of flexible chains. Apart from 
the kinetic energy contribution, the configuration 
partition function for the system of N chains in a 
volume V is: 

1 

where 13 = 1/kt. Since a conformation is made of a 
particular sequence of the trans, gauche + and gauche- 
orientations along the chain [39], in our case the con- 
formation c i appears naturally as a discrete variable 
in contrast to the orientation of hard rods. The inter- 
action potential, UN, depends on both the conforma- 
tions c~ ...CN and the positions rl...rN of the chains. If 
we assume that a chain can take n different confor- 
mations, we can perform the sum over the conforma- 
tions in Eqn. 1 in close analogy with a method first 
developed by Onsager [41]. We introduce the number 
N c of chains in the conformation c and rewrite 
Eqn. 1 

N! f dr3N exp[--(3UN(r 3N, {Nc})] 
1 ~ !..2Vn! 

Q =-~-.~ {lVc) NI (2) 
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The sum is over all conformational distributions (Arc} = 
{N1, ..-Nn} with ZoNe = N. In the maximum term 
approximation one retains only the term with the 
distribution {Nc}ma x giving the maximal contribution 

UN(F 3N, CI...CN) : U ~ ( F  3N, CI...CN) + U(~r) (f 3N, CI...CN) 

= q )  
I<~i<]<~N 

Q = Arc!  r3Nexp[--~UN(r 31v, {Arc} max)] 
(3) 

Taking the natural logarithm and introducing the 
quantities 

Pc = N¢/N  and p = N / V  (4) 

we get the result 

N -a In Q = 1 - in p -  ~ pc In pc 
,2=1 

+ ~ u2(r)(yi] ", ci, c]) (8) 
l <~i <]<~N 

Following the generalized van der Waals method 
[34,35] we extract for the given distribution Pc, the 
attractive part UN (a) (r 3N, C, ..., CN) of  the total 
interaction UN (r 3N, C . . . .  CN) by approximating 
UN (a) by its average value and obtain from the last 
term of  Eqn. 5 

--3U~) f d  ~int er = - k T  In (e ({Pc})V - N  r 3N 

X exp[-~U}~)(r 3N, {Pc))]) (9) 

+ N -  1 In [ V N f d r3N  exp  [--(JUN(r 3N, {Pc})] 
(5) 

The configurational free energy F then takes the form 

~3N-XF = - N  -1 In Q 

n 

= -1  4 In P + ~ Pc in Pc - (3N-lePN({Pc}) 
c=1 (6) 

Here n -NkEc=I  poln Pc is the mixing entropy of  the 
chains which are distinguishable because of  their dif- 
ferent conformations, q5 N is the excess free energy 
due to the elasticity of the chains and to their mutual 
interactions and is considered to be the sum of two 
terms. The first contribution, the intramolecular 
energy is given by 

n 

~bintr a = N ~ pcEint(C) = N(Eint) (7) 
¢=1 

where Eint.(¢ ) is the internal energy of a chain with 
the conformation c. 

The intermolecular energy will be considered as a 
pair potential split into a long-range attractive and a 
short-range repulsive part, both depending on the dis- 
tance vector ri/ and the conformations ci and c i. 

UN (a) is approximated by means of a pair distribution 
function [42] where the pair correlation function 
itself for two chains of fixed conformations is 
approximated by the repulsive interaction alone, so 
that 

N 2 
q}inter =~-~-e~c, PcPc' fdar@)(r, c, c') 

X exp [-/3u~r)(r, c, c')l - k T  In V -N J d r  3N 

X exp[-~U(~)(r 3N, (Pc})] : ~b (a) + ~(r) (10) 

At this point, the free energy is a sum of the mixing 
entropy, the internal energy ~intra,  the attractive po- 
tential energy q5 (a) and a contribution from the repul- 
sion, ~(r). If UN (r) is expressed by a hard core poten- 
tial, then ~(r) corresponds to a packing entropy, 
which is of importance for flexible chains packed in a 
bilayer. 

4) (r) has been investigated for liquid crystals of 
rod4ike molecules by a scaled particle theory [33,43] 
and for liquid crystals of slightly non-spherical mole- 
cules by a perturbation theory [44]. Both methods 
actually are designed to overcome the difficult prob- 
lem of  the evaluation of  the pair correlation function. 
The common result is that q~(r) has the general form 

q•(r) h.r. ~ aa(P, D) - az(p, D)(P2(cos 0)) 2 (11) 



where h.r. stands for hard rod. In the case of hard rod 
molecules the term (P2(cos 0)) 2 is obtained [33] by 
approximating the following integral 

((]sin(~ - i2')])) = fflsin(S~ • gl')}f(t2), f(gl') d~  d~2' 

by ( l l a )  

(( I sin((f2 • f2') I)) ~_n _ (5n/32)(P2 cos 0) 2 
4 

where ~2 and £2' are the sets of Euler angles and f (~ )  
the orientational distribution function. In Eqn. 1 la, 
(~2-  ~2) is the angle between the long axis of two 
molecules with orientations and respectively. The set 
of variables (0, O, D) for ¢(hr.)r. illustrates the depen- 
dence upon the polar angle with the director axis 0, 
the macroscopic density p, and the dimensions and 
shape of the molecules globally expressed here by D. 
The symbols a~ and a2 are two functions of the den- 
sity and molecular shapes and (P2(cos 0)) is the ther- 
modynamic average of the second Legendre polyno- 
mial. The main problem, and it will become the 
central assumption of the theory, is to 'translate' the 
general form of Eqn. 11 into a semi-empirical expres- 
sion for flexible chains. First of all we note in Eqn. 11 
the dependence upon the shape and upon the orienta- 
tion relative to the director axis. Hence we assume 
that the conformational dependence of the interac- 
tion between chain molecules may be reduced to a 
shape and an orientational problem. To obtain an 
expression similar to Eqn. 11, it is important to note 
that, in contrast to rigid molecules, the molecular 
shapes must be thermodynamically distributed. Ob- 
serving in addition that a2 (P, D) has to vanish for 
hard spheres, we replace the shape function with a 
stretching factor o(c). Parenthetically de Gennes [45] 
and J~ihnig [3,2] also used a similar concept to 
describe the state of a chain, but with a different 
physical meaning. Here o describes, in the interchain 
interactions, the ordering effect due only to the shape 
anisotropy of the respective conformations. It does 
not account for a unidirectional constraint as in Refs. 
3, 23, 45. o(c) in 0 for coiled conformations (to be 
defined later on) and 1 for fully extended chains. For 
the orientation of the overall chain, the mean value 

Ns 
1 Z;&(cos 0';) P:(cos Oc) = Ns j=l  

187 

(first introduced by MarSelja [ 18]) is summed over all 
segments. Here 0k denotes the angle between the 
bilayer normal and the normal to the plane spanned 
by the C]-H bonds. This expression implies that an 
effective axial symmetry is assumed for the molecules 
as a whole. In analogy to Eqn. 11 we make the 
assumption that ¢(r) has the form 

4~(r) = N k T ( R o ( o )  2 - R2Ns(off2) 2) (12) 

It is quite dear that in comparison to Eqn. 11. Eqn. 
12 is less informative since now the constants Ro and 
RE are free parameters to be fitted from the experi- 
mental data, whereas al(P, D) and a2(,o , D) are analyt- 
ical functions [33]. 

To specify more closely the stretching factor for 
any conformation we proceed by some heuristic con- 
siderations. For example, the fully extended chain 
(all-trans conformation) gives the largest repulsive 
contribution in stabilizing conformational order. We 
can, therefore, correlate the shape contribution to the 
anisotropy of the short-range intermolecular repul- 
sion with the degree of extension of the chain. A 
chain conformation having no two adjacent segments 
with the same orientation is assumed not to stabilize 
conformational order. With this definition the 
stretching factor becomes 

Nt, 
o(c) - (13) 

Us 

where Ntr  is the number of segments in the trans 
state. The factor Ntr /Ns  was first introduced by 
Mar&lja [18]. The analytical expression proposed for 
o(c) is based on rather empirical considerations and 
other forms are conceivable. For example, we could 
assume that the hydrocarbon chains in the bilayer fill 
cylindrical volumes V(c) = constant, with a height Lc, 
which becomes Lma x for the fully extended confor- 
mation. For a critical height L o = 3x/4V/n the shape 
becomes more sphere-like, since the height and diam- 
eter are equal. This leads to the alternative definition. 

Lc - LD 
o(c) - (14) 

Lmax - LD 

Actually a decision on favouring one expression over 
another can be based on a comparison with the 
experimental data. The important point, however, is 



188 

to note that an unequivocal description of the inter- 
action between two chains may not be reduced to a 
simple orientational formulation. Similar considera- 
tions apply to the attractive interaction. Let us first 
reconsider the free energy pertaining to this interac- 
tion (Eqn. 10) 

~(a) = [Np ~ PePc' fd3rU~a)( r, c, e') 
C , ¢  t 

X exp [-t3U2(r)(r, c, c')] (15) 

It is clear from Eqn. 15 that the average of the attrac- 
tive interaction introduced in Eqn. 9 is equivalent to 
considering that the chains are moving in a spatially 
uniform one particle potential (mean) field as 
described by Cotter [34] 

uta)( ) : o pc, f d3rV ")(r, 
C ~ 

X exp [-~3u~r)(r, c, c')] 

=P ~ P c '  f d3rU~a)(r,c,c') (16) 
c' S(c, c') 

where the hard core repulsion confines the range of 
the separation vector r to lie outside the surface S (c, 
e') of the excluded volume and hence depends on the 
conformation of both molecules. For hard rods a 
simplified form for the dispersion interaction yields 

[351 

(a) ul,h.r.(0,.)=o fda.f(ai) f darij 
s(i,j) 

 ,so  : co 0,j 1 
r 6. rij = 

= -P[bo + b2P2(cos Oi)(P2) + ...] (17) 

the effective potential felt by a single molecule would 
be orientation dependent. This is because the hard 
rod repulsions 'build in' short-range correlation 
between rij and the angle Oi]. We cannot explicity per- 
form the integration for flexible chains, but we argue 
that the mean attractive field must, to lowest order 
and apart from a constant, be proportional to our 
stretching factor o(c). Replacing again P2(cos Oi) by 
the a v e r a g e ~  over all segments, we obtain 

V 

ut") (c) : - p  [ ,oO(C)< O> 

+ B~o(e) ~ e2(cos 0~)<of2 (18) 
j=l 

One might argue that for sphere-like molecules, where 
(c) ~ 0, and which are still optically anisotropic, the 
one particle potential must reduce to a term propor- 
tional to E)~] P2(cos 0{)' (P2) as known from the 
Maier and Saupe theory. It is, however, an important 
result of Gelbart and Baron [35] and Gelbart and 
Gelbart [46] that the term Canis o COS 0ij in the inter- 
action (Eqn. 17) which produces the Maier-Saupe 
field, contributes only negligibly to the anisotropy of 
the total mean field for rod4ike molecules. The same 
conclusion is also reached by Wulf [32.47]. It may 
play a certain role for extremely coiled chains. How- 
ever, these are not likely to occur for several energetic 
considerations. 

Moreover, we can hope that the mean attractive 
f ield (Eqn. 18) describes additional effects such as a 
possible loss of polarizability for non-parallel neigh- 
bouring segments inside the chain. The loss of polari- 
zability may cause a deviation from the additivity 
[48] and decrease the mean field. The additivity is 
implicitly assumed for the segment-segment interac- 
tion when the arithmetic mean P2(cos Oc) is used. 

The attractive free energy using Eqns. 16, 18 and 
19 is 

Oij is the angle between the two molecular axes, f(~2j) 
the singlet orientational distribution function, and 0i 
the angle between the molecular long axis and the 
nematic director, The striking result is that b2 and b0 
are dominated by the shape-dependent integral over 
the isotropic term, Ciso/rii 6 [35,46]. Thus, even if the 
intermolecular attractions were completely isotropic, 

4) (a) = -~Np [Bo(o') 2 + NsB2(oP2) 2 ] 09) 

The energy is determined by the same order param- 
eters (o) and (aP2) as the repulsion term 0 (r), Eqn. 
12. Again the positive constants Bo and B2 must be 
determined from experimental data. The total free 
energy, Eqn. 6, now can be written as 



13N-1F = ~ P c  In Pc + 3(Eint) 
C 

+ (Ro{o) 2 - % R 2 ( o P 2 7 )  

- 3p{(Bo(o)  2 +NsB2(of f2)  2) + In O - 1 
(20) 

So far we have not considered the fact that the elec- 
trostatic interactions between the polar head groups 
and between the head groups and water are stabilizing 
the layer structure. They tend to minimize the effec- 
tive area, A(c), occupied by the flexible molecule in 
the conformation c. Therefore we introduce an effec- 
tive lateral pressure rr and add to F a 'volume' energy 
shown by the product 7r(A). Eqn. 20 then becomes 
the free enthalpy G by the relationship 

3 N-1G = ~ P c  In Pc + 3(Eint) 
c 

+ (Ro(O) 2 - NsR2 (oe2)2) 

- ½193(Bo(O) 2 + % B 2 ( o P = ? )  

+{hr(A)+ln19-  1 (21) 

To be complete we should include in Eqn. 21 a head 
group free energy term. However, interactions 
between head groups, and head groups and water are 
rather complex and would require the introduction of 
further assumptions and free parameters. Since the 
head groups at the phase transition contribute little 
to the transition enthalpy [2] any additional free 
energy terms can be neglected in a first approxima- 
tion. 

In order to extract Pc, the conformational one- 
particle distribution function, we have to minimize 
N-13G(Pc) subject to the normalization condition 
ZcPc = 1. This is done by solving the variational 
equation 

°I 
= 0 (22) 

OPc 

where X is a Lagrange parameter. This yields 

Pc = ~ exp - 2Ro - 3PBo) o(c)(o) - (2Rz + 3PB2) 
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X O(C)C-P2(COS 0/c)(Off2) + ~Eint (¢) + ~lrA(c 
/=1 

(23) 

where Z is the normalization constant. The self-con- 
sistent equations for the order parameters, i.e., for 
the molecular fields, are 

{ o> = ~ 3 p c o ( c )  
C 

(aft2) = ~PcO(e) P2(cos 02) (24) 
C 

Introducing Eqn. 23 into Eqn. 21 the free enthalpy 
is explicitly 

f l N - 1 G  = - In  Z - (Ro - ½[319Bo)(O) 2 

+ (R2 + {3pB2) Ns(ofi2) 2 + In t9 (25) 

In Eqn. 25 the factor -1  of Eqn. 21 has been 
dropped as it is of no consequence. Eqns. 24 can be 
solved simultaneously and iteratively. Since the func- 
tions exhibits continuous loops in the neighbourhood 
of the phase transition, three solutions are found; two 
stable and one unstable. The first-order phase transi- 
tion or the so-called order-to-disorder transition is 
obtained for two stable solutions, fulfilling the ther- 
modynamic requirement G(gel) = G(liquid crystal- 
line). For the purpose of simplicity we shall always 
set the density equal to 1 and ignore any changes at 
the phase transition. This assumption is largely sup- 
ported by recent density measurements on lipid 
bilayers [2]. Using the same property and in agree- 
ment with Mar6elja [18], we shall defined (A) = 
AoLo/(L(c)), where (L(c)) and Lo are respectively the 
mean and maximal chain length projections on the 
bilayer normal and Ao is the cross-sectional area of 
the fully extended chain. Again for simplicity no PV 
term in Eqn. 21 will be considered. With these simpli- 
fications we can compute the following thermody- 
namical functions: the internal energy U, the mixing 
entropy SM, the packing entropy Se and the total 
entropy S. 

N-1 U = -½ (Be (o) 2 + NsB2 (off2)2) + (Ein t ) 
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N-1SM=klnZ + 2kRo-- fBo  (o) 2 

2kR2 1 1 - + - ~ 2 )  Ns~oF~) 2 +~si.t) 

1 
+ -  rr(A) 

T 

N-1Sp = -k(Ro(o) 2 - NsR2 (aft2)2) 

N-1S = k ln Z + (kRo -1Bo)(O)2 

_(kR2 +lB2)Ns(Ctff2)2 1 + -~ (Eint) 

1 
+ --  zr(A ) 

T 
(26) 

D i s c u s s i o n  

As noted earlier, the application of the model to 
experimental data as well as a comparison with the 
Mar6elja theory will be presented in a separate com- 
munication [36]. 

Most of the models on lipid monolayers or bilayers 
emphasize the predominance of the repulsive inter- 
actions in governing order among the acyl chains. The 
attractive energy of interactions is regarded as provid- 
ing an overall cohesive component. This view arises 
from the current picture of a simple liquid where the 
structure is thought to be determined primarily by 
the hard core part of the potential and that the main 
effect of the non-hard core contribution is to provide 
a uniform background potential in which the mole- 
cules move [49]. On the other hand, Mar6elja's 
theory assumes that only the anisotropy of the attrac- 
tive interactions governs order among the chains. 
Indeed, this fact motivated our reassessment of the 
Margelja model. The present model consists of an 
adaptation of a generalized van der Waals theory of 
nematic liquid crystals as applied to flexible mole- 
cules. It is in agreement with the current views of 
liquids and with most of the other models for lipid 
bilayers, but there are some important distinctions. 

First of all, in the same way as Mar6elja's theory 
and in the limits of the boundary conditions, we are 
not making any arbitrary choices in accepting or 
rejecting a particular chain conformation. This is 
most important in order to obtain an accurate fit to 
the 2H order profile as determined by NMR. This 
was the essential goal of the model analysis [36]. The 
model-data correlation is even more important in the 
consideration of bilayers containing cholesterol or 
proteins. Such membrane components impose addi- 
tional boundary conditions on the system, and there- 
fore tend to modify the 2H order profile. 

Secondly, most of the models include an attractive 
component in the potential in order to account for 
an enthalpy change at the phase transition. This is 
done rather than modulating specifically order within 
the acyl chains. With the present approach, an aniso- 
tropic attractive energy of interaction can be intro- 
duced and from this, it is possible to gain insight into 
the origin of the anisotropy. 

A second objection to the Mar6elja theory is 
directed towards the ad hoc introduction of the one 
particle potential expression. The detailed analysis of 
the influence of one chain conformation on the other 
chains outlined above, although performed in a heur- 
istic way, led to the introduction of the factor o(c). If 
or(c) is set equal to the factor Ntr/N s in the Mar6elja 
theory we can now better understand the physical 
basis for the Margelja's expression and complement it. 
Our derivation, however, led to the introduction of 
the free parameters Ro, R2 (Eqn. 12) and Bo, B2 
(Eqn. 18) and they should be considered more 
closely. From Cotter [33] it obvious that Ro and 
RE are related in an unknown way to the geometrical 
mean of chain conformation which has not been con- 
sidered explicitly in o(c). No direct physical meaning 
to these parameters can presently be assigned in the 
simulations. For the same reason Ro/Ns and R2 may 
vary for hydrocarbon chains of different lengths. 
According to others, [35,46,50] Bo and B2 should 
reflect the geometry of the mean conformation and 
the strenght of the dispersion constants. It is there- 
fore not possible to define more accurately the value 
of the sum Bo/Ns +BE other than it should not 
exceed the heat of sublimation of one monomer 
(1.84kcal/mol CH2) [48,51]. It is also to be 
expected that Bo/Ns and B2 will vary with the chain 
length. These parameters are therefore one shortcom- 



ing of  this model and others in the literature 
[18,19,23,26]. 

The concept of  reducing the conformational 
dependence of  the energy of  interaction between the 
chains to a set of  two order parameters (i.e., the 
shape and the orientation of  the chain) has already 
been used in the literature [3,22,23], but only with 
serious variance from our model. At this point we 
would like to empharize the importance o f  choosing 
order parameters describing unequivocally the confor- 
mational state of  a chain. Let us consider the effect 
of  setting a(c) = 1 in this or Mar6elja's model. This 
would be the same as describing the state of  a chain 
by a pure orientational order parameter. The direct 
consequence is that neither model predicts a phase 
transition. The reason is easy to understand if we 
remember that the entropy of  mixing arises (eqns. 2 
to 6) from the mixing of  chains with different confor- 
mations. Approximating a chain conformation by a 
purely orientational factor results in an underestima- 
tion of  the entropy of  mixing in the liquid crystalline 
state and leads to the absence in the liquid crystalline 
state and leads to the absence of  a phase transition. 
Consider now the factors which may influence the 
entropy of  mixing and thus the phase transition. 
Clearly an increase in the effective lateral pressure 
will result in a decrease of  the mixing entropy pos- 
sibly leading first to a continuous phase transition 
and then to no phase transition at all. More selective 
boundary conditions are also a means of  reducing the 
entropy of  mixing. If we consider for example the 
presence o f  cholesterol or proteins in the membrane 
as further boundary conditions and assuming no 
finite size effects, we can expect a parallel decrease of  
the enthalpy change at the phase transition. Theoreti- 
cally, at certain concentrations we may expect the 
occurrence of  critical phenomena in full analogy with 
the nematic-isotropic transition in surface-aligned 
nematic trims [52,53]. Finally concerning the 
entropy of  mixing we can foresee that less than a 
certain chain length, if  bilayers could be formed [54], 
then no phase transition would occur [2]. 

To summarize we wish to reiterate the goals and 
the motivations which have led to the derivation of  
the present model. Although we have attempted to 
describe in the best possible way, the phenomena 
associated with the gel-to-liquid thermotropic transi- 
tion, the specific goal of  this work is o f  a more pract- 
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ical nature. Our specific intention has been to create a 
theoretical tool closely associated with experimental 
techniques and to extend the present understanding 
of  lamellar lipids beyond the limitations associated 
with the use of  experimental methods alone, Specific 
examples of  phospholipid bilayers analyzed using this 
model is the subject of  the accompanying paper. 
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