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The oriented DPPC maltilayers hydrated by DzO have been studied by a small-angle neutron scattering method in the 
Guinier range, and the gyration radius of the structural inhomogeneities has been estimated at about 29 A. They are 
interpreted as the annular defects between adjacent clusters uniting the all-tram chain 'segments' adjacent to the polar 
head group regions. The angle of the 'segment' ill, is determined by the hydrated polar group area (59.2 ~z for DPPC 
bilayers) and has been estimated to be about 44 0 under the given experimental conditions. The hydrocarbon interior of 
a bilayer can be suggested as a 'sandwich' that is formed by two clustered layers (approx. 7 A of the. thickness) and ',he 
central disordered (liquid) layer. The average cluster size along the bilayer surface is estimated to be approx. 24 A which 
correlates with the estimations of the short order region dimensions from the haifwidth of the X-ray 'packing' reflex 
(4.6 A)-t. The average interchain separation o| approx. 5 ~. and the average cross-section area of a chain in a cluster 
(21.4 ~2) were estimated Irom the reflex position and the chain cross-section geometry. The total volume of defects and 
the fraction o| a bilayer surface occupied by them were estimated too. 

Introduction 

A "liquid" lipid bitayer is a structural basis of all 
biological membranes which determines the barrier 
properties [1]. Lipid bilayers formed from extracted and 
synthetic lipids are widely used to study some mem- 
brane processes such as a passive transport of molecules 
and ions, phase transitions, a partition of ehe.'nicals 
between aqueous and membrane phases. Average con- 
formations and dynamics of lipid molecules in bilayers 
are well-characterized by numerous physical-chemical 
methods [2-27], but molecule arrangements and inter- 
actions are the subjects of discussion. 

Stewart in 1928 proposed the existence of 'cytotactic 
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groups' (clusters) of molecules in liquid paraffins to 
explain X-ray diffraction pictures [28]. Segerman [29] 
was apparently one of the first who postulated lipid 
clusters in biological membranes and estimated their 
dimensions along a bilayer plane from the X-ray peak 
width. For erythrocyte 'ghosts' the average cluster di- 
ameter was estimated to be approx. 24 A [29]. In 1972 
Levine wrote in his critical review [17] that "the sharp- 
ness of the diffraction peak given by the perpendicular 
chains indicates that the hydrocarbon core contains 
regions, probably near the water/hydrocarbon inter- 
face, where almost fully extended chains tie with their 
axes parallel and are packed in fairly large groups... 
Unfortunately it was not possible to analyse the prob- 
lem rigorously". 

Two years after Lee et al. [30] supposed the liquid 
cluster existence in dioleoytphosphatidytcholine bilayers 
to explain the deviations from linear Arrbenius be- 
haviour of ESR spin-probes. An analogous interpreta- 
tion was used for fluorescence polarization data [16], 
where authors suggested that the probe was segregating 
into relativley small regions of the bilayer by its exclu- 
sion from 'liquid clusters'. Clusters in a physical-chem- 



ical sense can be represented as "...short-lived more 
densely packed arrangements of molecules within the 
environment of freely dispersed molecules" [30]. We 
will restrict the following analysis to the hydrocarbon 
bilayer interior because we have no methods to de- 
termine the real polar group arrangements. 

A cluster model predicts essentially the existence of 
short-lived defects of the molecular arrangement be- 
tween adjacent clusters [31,32]. Two kinds of dynamic 
defect, 'i-defects' at a membrane/water interface and 
're.defects' in a bilayer hydrocarbon interior, have been 
suggested [33] to explain transmembrane motion 
processes. A geometry of these defects is unknown. 
First propositions about defect geometry were made by 
Tfiiube [34] in his 'kink' model. This model describes a 
water transport as a result of the gauche-trans.gauche 
conformer motion along hydrocarbon chains prefer- 
entially oriented along the normal to a bilayer surface. 
Recent investigations show that this model is not in 
accordance with the physical properties of a fluid lipid 
bilayer [20,22], although some contribution of kinks 
takes place. 

The semiquantitative duster model of a 'liquid' PC 
(lecithin) bilayer was suggested in 1982 [15]. The aver- 
age interchain distance in dusters [14,151, the average 
cluster dimensions along and across a bilayer [15,35], 
the real area of hydrated polar head groups at a bilayer 
surface [361, the probable geometry, sizes and apparent 
free energy of defects [15,36] have been estimated in the 
frames of this model. The statistical-mechanical calcula- 
tions of entropy changes at a gel-liquid crystal phase 
transition also gave satisfactory results for a cluster 
model [371. 

It is obvious that any structural model of a liquid 
lipid brayer must base on the ground of some distinct 
experimental facts. The main facts are following: (1) the 
partial specific volume of a 'liquid' bilayer is onty 2-4~ 
more than that for a solid one [38-40]; (2) the charac- 
teristic 'plateau' for the 13C- and 2H-NMR order 
parameter and relaxation time profiles along hydro- 
carbon chains [5-9,11,18-22,41-50]; (3) the position 
and the width of the X-ray and neutron 'packing' reflex 
(4.6 A,) -1 from fluid hydrocarbon chains [11,14,15, 
17,35,51-53]; (4) the positions of CH2-groups of hydro- 
carbon chains with respect to the bilayer centre [4,27]; 
(5) the length of all-trans segments of hydrocarbon 
chains for series of lecithins [54]; (6) the axial symmetry 
of the acyl chain motion with respect to the normal to 
the bilayer surface [20,22]. Also, other experimental 
data must not contradict the model. 

We made an attempt to measure the average dimen- 
sions and concentration of the chain arrangement inho- 
mogeneities in 'liquid' dipalmitoylphosphatidylcholine 
bilayers along a bilayer plane by a low-angle neutron 
scattering method. These dimensions were compared 
with those estimated from the X-ray 'packing' reflex 

width and the data were analysed in the frames of a 
cluster model for molecular arrangements in a 'liquid' 
lipid bilayer. 

Materials and Methods 

Dipalmitoylphosphatidyicholine (Serva) oriented 
multibilayers were prepared analogously to Ref. 55.10~o 
sohtion of DPPC in ethanol was put on the quartz glass 
plate (24×24 mm 2) and dried at 70°C. The slow 
annealing procedure [56] gave highly ordered samples 
(the FWHM of the rocking curve was about 2°). The 
dry weight of the lipid for each of three samples used 
was 50:1:3 nag. 

The samples were placed into a hermetic quartz glass 
container with a suitable salt solution or dehumidifier 
on the bottom. Aqueous K2SO4 solution (RH---97%) 
and PzO5 (RH ~ 0%) were used for these goals, The 
sample equilibration was examined for more than 2 h. 
The lipid chain phase state was examined from a dif- 
fraction maxima positions: (4.2 ~)-a for the LO, phase 
and (4.6 A,) -1 for the L~, phase [14,17]. Measurements 
were carried out at two temperatures: 23°C (Lp,) and 
55"C (L,). 

Neutron scattering measurements were made on the 
time-of-flight small-angle scattering spectrometer at 
IBR-2 pulsed reactor [571. The incoming neutron beam 
parallel to the plane of the quartz plate was collimated 
to the 22 mm diameter in the direction perpendicular to 
the sample surface (Fig. 1). The mean thermal neutron 
flux in the sample position was 3.2.107 era- 2. s- ]. The 
sample-detector distance was 10.63 m and the range of 
the observed scattering vector lengths was 0.02 < q < 0.4 
/A -1 (q=(4cr/h)sin(O/2)), where 0 is the scattering 
angle and h is the wavelength). Metallic vanadium was 
used as a standard scatterer (measurements were bound 
with standard every 5 min). The whole experiment for 
one sample was being continued for about 10 h. The 
excess neutron scattering along the bilayer plane at the 
multibilayer hydration was determined. This allowed 
correction of measurement results for the instrument 
background, the cuvette scattering and the 'dry' lipid 
scattering. 

Extrapolation of the scattered intensity to the zero 
scattering vector length gives the apparent forward 
scattered intensity per unit volume of the sample I(0), 
which depends on the inhomogeneity parameters [58]: 

t(O) ~- lonv2(p- ps) 2 (1) 

where I 0 is the incormng beam intensity, n is the 
number of inhomogeneities per unit volume of the 
sample, V is the volume of a single inhomogeneity and 
P - Ps is the difference of the scattering length densities 
of the i, nhomogeneity and of its surrounding. This dif- 
ference is often called a contrast. 
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Fig. 1. The scheme of the experimem. 

Eqn. 1 is a reasonable approximation at n V << 1 and 
it allows one to estimate n, if I(0) is adequately com- 
pared * with I o and V2(p - ps) 2 is calculated from the 
model parameters and a gyration radius, Rs. The latter 
can be determined from the slope of In I (q )  vs. q2 plot 
(the so-called Guinier plot). 

For the oriented multilayers and scattering vector 
directed along the bilayer surface: 

l ( q )  = I ( 0 )  exp(-  q2R~/2) ( 2 )  

The Rg value allows one to calculate V if inliomogene- 
ity geometry is assumed from any independent experi- 
mental data. 

Rg is determined by the spatial distribution of the 
scattering length density [591: 

R~= ~(p(~- Ps)r 2 d l ) / f (p (~-  Ps)dv (3) 

where F is a radius vector, Ps is the bulk scattering 
length density, the integration is made over the sample, 
volume, the origin is taken in the centre of "mass" 

( p - ~ s ) .  

Results 

The dependence of the excess scattering intensity 
(with respect to 'dry' multilayers) on the square of the 
scattering vector is shown in Fig. 2. For the solid 
bilayers the excess intensity is practically zero. Thus the 
hydration of 'fiquid' bilayers gives the well detectable 
scattering parallel to the bilayer plane. It is reasonable 
to suppose that this effect is a result of water penetra- 
tion into the dynamic structural defects in a fluid b;.- 
layer. 

The excess intensity in the Guinier coordinates is 
shown in Fig. 3. It is well described by the Guinier 
approximation (Eqn. 2) allowing determination of two 
scatterer parameters, I(0) and R ,  These values calcu- 
lated by the least-squares method are shown in Tat31e I 
for three samples. The R s values correlate with each 
other sufficiently well (in the limit of errors) whih,' the 
intensity data ate more dispersed, The latter may be a 

* The scattering cross.s~tion is put on to absolute scale. 
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Fig. 2. The excess intensity of the small-~gle neutron scattering (at 
multilayer hydration by D20 ) in dependence on q 2 (q= (4~/X). 
sin(0/2)). The sample N2 - 8.7 mg.cm -2 of multitamellar DPPC 

structure: l, L a phase; 2, L#, phase. 

result of the inexactitudes in the lipid weight determina- 
tion. 

To calculate other parameters it is necessary to know 
the contrast value. It depends on the kind of radiation 
used (X rays, neutrons or electrons) and in the case of 
neutrons, on the isotope composition of a sample. The 
IH to 2H substitution increases greatly the contrast for 
neutrons. Supzposing the defects in a bilayer are empty 
or rifled with H20, ',he ratio of the squared contrast for 
neutrons and X-rays can be easily calculated [58]; the 
results are given in Table II. 

To calculate the total defect concentration, n, from 
1(0) values the inhomogeneity (defect) volume, V, must 
be deterr~ned from the chosen structural model. For 
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Fig. 3. The exces~ inteas;4y of the smad]-angle neutron seaztter~g 
in Guinier approximation. "me sample N2, !:)20, RH = 97~, 55°C. 

L o phase. 



TABLE 1 

Scatterer parameters 

Sample l(0)(cm-') R s (A) X 2 per 
degree of 
freedom 

NI 0.48 :!: 0.06 29.8 + 2.6 1.1 
N2 0.34+0.01 29.7_6.9 0.5 
N3 0.36±0.04 26.7 ± 3.8 0.8 
Weighted average vah,es 

for three samples 0.36 fl:0.04 29 ±2 

TABLE II 

The calculated ratio of the scattering intensities by the defects in the lipid 
bilayers for neutrons and X-rays [59] 

Medium Defect (p-ps)2.10-2°(cm -4) Ratioof 
filling neutrons X r a y s  intensities 

neutrons/ 
X rays 

Hydrocarbon 
chains 

Polar head 
groups 

D20 45.2 1.44 31.4 
empty 0.116 67.0 1.7.10- 3 

D20 20.8 12.9 1.62 
empty 3.24 169.0 1.9.10 -2 

the following calculation it is necessary to know the 
repeat distance value (lamellar spacing), d, which de- 
pends on the temperature and relative humidity values. 
At 55°C and RH = 97%, d =  54 A, which is close to 
54.1 A in Ref. 27 for DPPC bilayers at 50°C and 25 

wtg~ H20. The latter corresponds to about 13.5 H20 
molecules per DPPC (molecular mass is 733). AT RH = 
97%, 'liquid' EPC bilayers (22 ° C) absorb about 14 H20 
molecules per lipid molecule [60]. Similar conditions in 
the present work and that in Refs. 4 and 27 allow one to 
use the data of Refs. 4 and 27 for model descriptions. 

Discussion 

There are two reliable kinds of defects with the 
measured gyration radius in a liquid lipid bilayer, aque- 
ous pores through the whole bilayer interior and an- 
nular defects at the boundary of the polar and hydro- 
carbon regions. It is difficult to invent something differ- 
ent. 

The model o f  the porous membrane 

This is the simplest model supposing the defects are 
through cylindrical holes filled with water. The defects 
of the aqueous pore type in membranes were suggested 
to explain their high permeabilities for water [61,62]. 
This is an alternative to the 'kink' model. The hydr~ 
carbon layer thickness (the cylinder length), Ih ------ 30 A, 
according to Refs. 4 and 27 and the cylinder radius is 
RsvP'. The cylinder volume is about 1.6.10 -19 cm 3. 
Other parameters of liras model can be calculated from 
Eqn. i and data of Table II. They are given in Table I11. 
Thus three values, R,, I(0) and V, were obtained from 
our own experiments, ( p - p s )  2 was calculated from 
general scatterer properties and only I h was assumed 
based on the data of Refs. 4 and 27. 

The pore diameter is large enough to take the diffu- 
sion coefficient, D, similar to that in water. Then the 
membrane permeability for water [63-65]: 

TABLE III D 

The calculated parameters of the porous membrane P = as~h (4) 

Pore Formula Value 
parameters 

Length 
Radius 
Area 
Volume 
Concemration 

in the sample 
volume 

I h 30 

R p = ¢:2R, 41 ~, 

s,=,,R~ S3.lO':~: 
Vp = S,i h 1.6.10sA ' 

s(o) 
n~ (p_ps)~V } 2.9. l 0  ts c m -  ~ 

Total fraction 
of volume 
o-,cupied by pores av = npVp 4.6.10 -4 

Number of pores 
per 1 cm z 
of a bilayer n s = npd 1.55" 10 9 

Total area fraction 
occupied by pores a s = nsS p 8,2,10 -4 

where D = 5.02.10 -5 cm 2. s - t  at 50°C and 2.5.10 -s 
cm 2. s - t  at 25°C [66]. The experimentally determined 
water permeability of the EPC bilayers is about 8 .10  -3 
cm. s -I at 37°C and 4.5.10 -3 cm. s -1 at 25°C (large 
vesicles) or 1.7.10 -3 cm. s - t  at 44°C (small vesicles) 
[67]. The substitution of D values and the parameters 
from Table Ill into the Eqn. 4 gives approx. 160.10 -3 
cm. s -1 (50°C) or approx. 80.10 -3 cm. s ' l  (25°C). 
Yet more discrepancies are obtained for small ions. If 
the diffusion coefficient is 10-5-10 -6 cm 2. s -1 [63] the 
respective permeabilities are 2.7.10-2-2.7 • 10 -3 cm. 
s -I. The experimental values are approx. 10 -s  cm. s -1 
according to electrical measurements or approx. 10 -4 
cm. s t according to isotopic data [63]. 

Thus the detected inhomogeneities can not obviously 
be due to the cylindrical water pores piercing a mem- 
brane, 
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Hg. 4. Schematic picture of lipid molecule arrangements in a liquid 
lipid bilayer. 

The cluster model 
The alternative assumption is that neutrons are 

scattered by 'D20-contrasted' defects between the ad- 
jacent clusters [15]. A defect configuration and location 
in a 'liquid' bilayer is determined by cluster geometry. 
It is obvious that this model must be built on the basis 
of the totality of distinct experimental facts that do not 
depend on interpretation. The main facts, in our opin- 
ion, are enumerated in the Introduction. They can be 
explained supposing a three-layer 'sandwich' orgmtiza- 
tion of a lipid bilayer where aU-trans chain 'segments', 
adjacent to the polar head groups, are united into 
clusters, and the more disordered central layer is similar 
to liquid hydrocarbons (Fig. 4). The axial symmetry of 
the chain motion is apparently a results of both the 
whole clustered molecule groups rotation and lipid 
molecule diffusion between ~djacent clusters. 

Similar 'three-layer' structural organization of a bi- 
layer hydrocarbon interi,,r, where two "ordered' layers 
are divided by the 'disordered' layer in the bilayer 
center, was suggested in Ref. 2 exclusively on the basis 
of the sUuctural fea~ares of lipid molecules. The similar 
itypothesis has been assumed in Ref. 68 from the analy- 
sis of the solubility of chain molecules in membranes 
and in Ref. 69 for the black film conductivity. 

Geometry of defects 
If the measured ~atterers are not the aqueous pores 

it is reasonable to suppose that the annular defects at a 
bilayer interface give the detectable neutron scattering 
parallel to the bilayer plane. The geometry of defects is 
schematically shown in Fig. 4. Similar to Ref. 33 we 
mark them as i-defects (interfaciai) and m-defects (de- 
fects of a hydrocarbon matrix). The latter are probably 
'filled' in the main due to the flexible chains, but can 
also entrap some molecules and ions. 

Defect form and dimensions are determined by the 
length of all-trans 'segments' and their tilting angle. The 
effective length of an all.trans segment of a lipid chain 
can be estimated at first from NMR data [6-8,19- 
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22,44,49,70], where a similar order parameter and spin- 
lattice relaxation time, T~, are observed for C3-C9 
methylene groups. Independently this value has been 
determined by Vogel and Jahnig [54] by the Raman 
spectroscopy method. For the series of synthetic phos- 
phatidylcholines it was equal to about 8 CH2-groups 
(approx. 10 ,A); for liquid DMPC, for example, Nau. t --- 
7.6 methylene groups [54]. The theoretical calculations 
[70-73] also show preferentially trans conformations for 
the CH2-groups adjacent to the polar regions, although 
authors initially do not assume tilting of the collective 
chain. 

The correct quantitative estimations of the chain 
tilting against the normal to a bilayer surface have been 
obtained from neutron diffraction data [4,27]. Fig. 5 
shows the dependence of the ,average distances of deu- 
terium labeled CH2-groups from the bilayer centre on 
their positions in acyl chains for DPPC liquid bilayers. 
The linear plot allows calculation of the distance incre- 
ment on the CH2-grou p, ddcH , = 0.9 ,A, and the angle 
of the tilt about the normal is 4, = arc cos(0.9/1.25) = 
arc cos 0.72- 44 ° (1.25 .A is the 'length of CH2-1ink', 
i.e., the length of the C-C bond projection on the long 
axis of the hydrocarbon chain in the all-trans conforma- 
tion). The small width (approx. 1.5 /~) of the peaks 
characterizing the deuterium label location in a bilayer 
[27] shows that just the segment tilt but not the simple 
chain flexibility takes place in this case. 

Petersen and Chan [49] attempted to explain the 
2H-NMR order parameter profde also by the motion of 
an sUqrans segment tilted to the axis normal to the 
bilayer surface. The angle of the chain tilting was esti- 
mated at approx. 30-47 ° for EPC bilayers by the ESR 
spin-label method [74-76]. It must be noted that the 
molecule conformation pictured in Fig. 4 was proposed 
first in Ref. 76 and was used in ReL 77 to describe 
molecular arrangement in lipid monolayers at oil/water 
interfaces. However, the distortions of a bilayer due to 
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Fig, 5. The distance between the bilayer centre and the projections of 
labelled CH~-groups on the bilayer normal direction in dependence 
on the label positions in acyl chains [3,27]: 1. DPPC, 25 wt~g H20, 

50°C; 2, DPFC, 10 wt~ H20, 70°C. 



spin-labels do not allow use of labeled lipids for 
quantitative measurements of the molecular conforma- 
tions. Our experimental conditions are similar enough 
to those of Refs. 4 and 27 at 25 wt% H20 and it is 
reasonable to take the same angle of the segment tilting, 
~--44 °. 

It is interesting that the same value can be calculated 
from the ratio of the area of the phosphatidylcholine 
head group A o and of two chain cross-sections 2a 0' 
assuming that the excess headgroup area can be com- 
pensated by the chain tilting when they are closely 
packed. If A o = 59 A2 [36] and 2a 0 ---40 ~2 [14], ~ = 
arc cos(2ao/A o) -- arc cos 0.69 --- 45 °. Thus i-defects are 
triangular in form. It is reasonable to suppose that the 
defects of 2A and A width (Fig. 4) are equally probable 
(they depend on the mutual orientation of the planes in 
which the chain bending takes place). If the triangle 
side is the 'segment' of approx. 10 A length (8 CH 2- 
groups)and ~ = 44 °, the defect width is A---7 A or 
2A---14 A and the depth I d -7.2 ~,. The respective 
cross-section areas, S¢, are 25 or 50 ,g2 

Let us suppose for simplicity that a cluster is sur- 
rounded by the 'average' annular defect with S~= 
0.5(25 + 50) = 37 ~2. The average triangle base is 3A 
10.5 ,~ and the annulus diameter is approx. R 8. The 
effective diameter of the lipid 'core' (two cluster diame- 
ters): 

De --- 2Rs - (3/2)A --" 48/~ 

Thus the minimal size of a cluster along the bilayer 
surface r~ = DJ2  = 24 ~,, which correlates with Seger- 
man's estimations [29]. A part of i-defect area is screened 
by lipid polar groups against water. The volume and the 
surface area of the defect can be calculated from the 
above geometric notions and the defect concentration 
can be determined from Eqn. 1. The parameters of 
i-defects in liquid-crystalllne phosphatidylcholine bi- 
layers are given in Table IV, taking into consideration 
the multibilayer repeat distance d = 54 ,~. 

If the fraction of the bilayer area occupied by defects 
is known, the permeation of water through such a 
clustered bilayer can be roughly estimated, suggesting 
that only the central 'disordered' hydrocarbon layer (see 
Fig. 4) acts as a diffusion barrier and the defects (but 
not the clusters) are fully permeable for water and other 
molecules and ions. Permeability was measured for lipo- 
somes (see above). At maximum hydration the DPPC 
and EPC bilayers have the hydrocarbon interior thick- 
ness I h ---26 A [14] and taking into account the thick- 
ness of two clustered layers (approx. 14 A), the thick- 
ness of a central 'disordered' layer i ~ 12 A. Supposing 
its properties to be similar to those of liquid paraffins, 
the permeability coefficient, P, can be calculated as: 

gD 
P = as"" ]- (5) 

TABLE IV 

Parameters of i.defects in liquid.crystalline DPPC bilayers at 977o 
relative humidity and 55 °C 

Parameters Formula Value 
of defects 

Ground width (3/2)A 

Depth I a 

Cross-section area S = (3/4)A.I a 
Radius of an 

annuhr defect R = Rg 
Area at the bilayer 

surface Sd = 3~R.A 
Volume V¢ = 2~RS~ 
Total concentration 

i(o) 
n-- (p-  p~)'v/ 

Fraction of the total 
sample volume 
occupied by defects av = n V d 

Number of defects 
per 1 cm 2 of a 

bilayer surface nd 
Us-- -~- 

Fraction of a bilayer 
area occupied 

by defects a s ----- n S S  d 

1o.5~, 
7.2,~ 

37A 2 

29 

1.9.103.~t 2 

6.7.10 3 A 3 

1.7. l0 Is ¢m -3 

1.14,10 -2 

4.6.10 n 

0.088 

where a s is given in Table IV, K is the partition 
coefficient between aqueous and hydrocarbon phases 
and D is the diffusion constant. For water molecules in 
liquid hexadecane D -- 2.10 -5 cm 2. s -t and K = 4.2. 
105. The substitution of these values into Eqn. 5 gives 
P --- 1.7.10 -3 fro. s -t i.e., it is of the same order as the 
experimental one [65]. 

Clusters: chain packing and dimensions 
An average cluster diameter along the DPPC bilayer 

plane R~-~24 ,~, at 55°C and 97% RH as jt was 
calculated above. By independent methods this value 
was estimated in Refs. 15, and 35 for various fipids 
from the halfwidth of (4.6 A,)-I diffuse X-ray reflex. It 
the instantaneous chain distribution respective to the 
average positions is described by the Gaussian function 
[78], the correlation radius equal to the cluster minimal 
dimension is obtained: 

R 1.6h 2 ~ ~ (6) 

where h is the order of the Bragg reflex, Aq~/2 is its 
half-width [15,35] (q'~- q/2~). 

At maximum hydration Rc = 28 A for DPPC at 45 °, 
29 A, for azolectin and 27 ,~ for egg PC at 20°C; for 
'dry' lipid bilayers this value decreased to 19-22 ,~ [35]. 



Thus, the cluster dimensions are of the same order * in 
comparison with that obtained by small angle neutron 
scattering. 

The 'packing' reflex at q '=  (4.6 ,~,)-1 is, apparently, 
not the Bragg reflection for the quasicrystalline lattice 
of the hexagonal symmetry as some authors suggested 
[11,51-53] and the chain melting is not the lattice 
'swdling'. The peak position rather reflects the average 
interchain separation at the close packing of chains. It is 
determined by the chain cross section [14,15,35] analo- 
Sously to liquid paraffins [28,78]. The correlation radius 
(clu~ter dimension) reflects the short-range order of the 
molecular arrangement. It gives the coefficient 1.6 in 
Eqn. 6. 

From the position of the 'packing' reflex can be 
calculated the average interchain distance and the aver. 
age cross-section area of the single chain in the cluster, 
For closely packed chains undergoing 'statistical rota- 
tion' around their long axes, the scattering centre distri- 
bution can be proposed as the superposition of two 
virtual hexagonal lattices with the closest and for the 
'friable' chain packing [78]. The peak maximum corre- 
sponds to the distance: 

r=½(~o+rnuL,)a4.65A 

where rmin = 4.1 b. and rm~ = 5.2 A are taken from the 
cross-section form of a chain [14,15,35,78]. 

The virtual lattice with the closest packing corre- 
sponds to the solid (gel) state, and the average cross-sec- 
tion area is ag --- 4.12/sin 60 ° = 19.4 A 2. For free rotat- 
ing chains (the 'friable' lattice) the peak maximum 
corresponds to the neighbouring chain separation anal- 
ogously to liquids, and the cross-section area, a~, can be 
calculated as a I -- 5.22 sin 60* = 23.4 A2. The average 
area per chain can be calculated as a mean for these two 
'quasilattiees': 

ao =½(as +a,)m21.4A 2 

This value calculated from only the position of X-ray 
reflex can be compared to an estimation obtained on 
the basis of other data. The average volume of the 
CH2-group in liquid.crystalline phosphatidylcholine bi- 
layers is equal to about 27 A3 [23]. The average cross- 
section area of a chain is, consequently, a o -- 27/1.25 = 
21.6 ,lz. Other estimations can be made from the values 
of the head-group area, A o at a bilayer surface and the 
angle of the chain tilt, ~. If the closely packed chains 

are tilted to compensate the excess area of a polar head 
group the single chain cross-section area is 

ao = [ao cos ,t, (8) 

analogously to the procedure for L~,-phase [18]. For 
Ao ffi 59.2 A z [36] and ~ ffi 44 °, as was shown above, the 
a 0 value is 21.3 A 2. 

Thus three different approaches give similar values. 
From the average cross-section area of a chain, the 
average chain separation value can be found (it can not 
be calculated directly from the reflex position). In a 
solid bilayer characterized by the reflex (4.1 ,~)-t, the 
interchain separation rh~ = 4.1~sin 60 ° = 4.75 A. If the 
area ratio is proportional to the square of the interchain 
separation ratio, the average distance between adjacent 
chains is 

~'hc = 4'75 aof~s = 4.75 21~'.4/19.4 ~ 5.0 ~t 

According to Ref. 79 the critical separation for genera- 
tion of the gauche conformation is more than 4.9 A. 
Peterseu and Chan [49] estimated the probabifity of 
all-trans-conformers for the C1-C9 'segments' of chains 

(7at as 1.0 >/ot 1> 0.8 in liquid phosphatidylcholine bilayers. 
Thus the clustered chains may have some number of 
gauche conformers (for example one kink per 'segment'). 

The alternative estimations of the interchain sep- 
aration assume that the phase transition from a solid to 
a liquid bilayer results only in the 'swelling' of the 
hexagonal chain lattice. This is reflected as the Bragg 
maximum displacement from (4.1 A)-l to (4.6 A)-t 
with long-range order preservation [11,45,67]. Then the 
average distance ~tween the adiacent chains is equal to 
5.21 A [53], 5.3 A [11] or 5.56 A [12]. The average area 
per phosphatidylcholine molecule is respectively 47-50 
,~2 [53], which is significantly less than the 60-70 ~2 
obtained from the experimental data [11,14,15,17]. 

Gb) The difference between the average area per molecule 
at the bilayer surface and the area of the hydrated polar 
head-group is determined by the area of defects be- 
tween clusters. In this case for d = 54 ~,, 25 wt~ H20 
(we can use the data in Refs. 4 and 27) and the partial 
specific DPPC volume of approx, t ml. g-i, the average 
area per molecule, calculated according to Ref. 17, is 
equal to 62-63 ,~2, i.e., 4.8-6.4~ of the bilayer surface 
is occupied by defects. This value is less than that in 
Table IV, which can be explained by the partial 'screen- 
ing' of the defect surface by the lipid head-groups. 

" it is necessary to emph~ize that a wrong estimate of the clnstet 
minimal dimension was made in R©f. 25, where the value 2r¢ was 
used instead of r c. 

Chain packing and motion 
The thickness of two clustered layers is about 14 A. 

If the repeat distance is approx. 54 A, their fraction in 
the sample volume is about 265. Then the i-defects 
occupy approx. 1.145 of the total sample volume and 
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approx. 4% of the volume of two clustered layers, be- 
cause they are located exclusively in the clustered layers. 
The topology of a bilayer assumes that the inner m-de- 
fects atso occupy approx. 4t~ of the clustered layer 
volume. Taking into consideration the clustered layer 
thickness and the average area per molecule, the volume 
of the ordered part of a phosphatid~lcholine molecule 
(a 'clustered' part) is about 450 A 3 and the defect 
volume is about 18 ,~3 per DPPC molecule. 

The density of a central 'disordered' layer can be 
easily calculated. Bilayer geometry suggests that the 
volume of the more disordered part of DPPC molecule 
(C10-C16 groups) is equal to about 450 An. Its molecu- 
lar mass is 198 and the effective density P ~ 0.735 
g. cm -3, i.e., it is equal to the density of tetra&can at 
55"C (approx. 0.74 g. cm-3). Thus the DPPC hydro- 
carbon interior at 550C and 97~ RH can be imagined 
as a 'sandwich' of two clustered layers adjacent to the 
polar regions and the central liquid (disordered) layer 
with its density identical to the tetradecan. 

There is extensive information on the lipid molecule 
dynamics in lipid bilayers [5-8,10,18,20,22,26,43- 
46,49,50,80-83] but at present it is impossible to de- 
scribe unequivocally the whole chain motion. Neverthe- 
less, it is reasonable to suggest that the 'plateau" in 2H 
and 13C NMR spin-relaxation time and order parameter 
profiles should be determined by the duster organiza- 
tion of a bilayer, and the axial symmetry of the mole- 
cule motion is in the main a result of the duster 
reorientation relative to the local bilayer normal. The 
characteristic time of chain reorientation about the nor- 
real direction of approx. 10 -7 s was estimated by Peter- 
sen and Chan [49]. For ESR lipid spin-probes the 
correlation time of long-axis reorientation, z R ±, is about 
6.1.10 -s s (23°C, DMPC) and 1.3.10 -s s (500C, 
DMPC) [8]. 

These values are close to those for ultrasonic relaxa- 
tion: approx. 2.1.10 -s at 44°C and approx. 1.5.10 -8 
s at 47"C in DPPC bilayers [82]. Indeed, the duster 
lifetime, ~-~, can not be larger than the time, ~'t~, needed 
for a lipid molecule to diffuse from the centre to cluster 
boundary, i.e., 

~l < ~r> -~ R2/4D 

where R is the cluster radius, D is the lateral diffusion 
constant for lipid molecules. For R = 12 ,i and D = 2. 
10 -s cm 2. s -1 the value ~'D --- 1.8.1.0 -7 s. 

The existence of m-defects can explain, apparently, 
the strange fact of the very large vertical fluctuations of 
chains in a liquid bilayer which were detected by double 
electron-electron resonance of the 14N and lSN labelled 
lipid probes [84], by double nuclear magnetic resonance 
(proton-enhanced 13C.NMR) [25] and by dynamic 
quenching of the fluorescent labels [85]. The time-scale 

range of these processes is approx. 10 -8 s judging by 
the lifetime of the label excited state [85]. 

The large wobbling amplitude for the membrane 
fluorescent probe motion in the nanosecond time scales 
[12,86] can be also explained by the probe location in 
defects, outer or inner depending on the probe molecu- 
lar structure. 

Condnsion 

Small-angle neutron scattering in the direction paral- 
lel to the bilayer surface shows the existence of inhomo- 
g eneities with the average gyration radius of approx. 29 
A. It is reasonable to interpret them as the water- 
contrasted interduster defects. A clustered molecular 
arrangement is apparently a general feature of liquids 
and liquid-crystals [28,85] and was suggested earlier for 
lipid bilayers and membranes [15,16,17,29,30,35] to ex- 
plain the X-ray scattering and the behaviour of molecu- 
lar probes. Analysis of numerous experimental data 
suggests that clusters are formed by the hydrocarbon 
chain all-trnas-segments of about 8 CH2-groups in 
length. Their tilt to the bilayer surface is determined by 
the lipid head-group area and it changes with head-group 
hydration. Such structural organization leads to close 
chain packing and maximum molecular interactions in 
the hydrocarbor~ region of a bilayer. 

Thus the bilayer hydrophobic interior can be imag- 
ined as a tl~ee layer 'sandwich' with the more dis- 
ordered 'liquid' layer in its centre. The thickness of a 
clustered layer is about 7 ,i. and its permeability for 
molecules and ions is determined by the average area of 
defects at the bilayer surface and by the thickness of the 
central disordered layer that is similar to the liquid 
hydrocarbon layer. 

Cluster dimensions along the DPPC bilayer surface 
were estimated to the approx. 24 ~ by the small-angle 
scattering method and from the halfwidth of the X-ray 
'packing' reflex (4.6 A)-I. The average cross-section 
area per a hydrocarbon chain in a cluster was estimated 
approx. 21.4 A2 from the reflex position and chain 
cross-section geometry with respect to the interchain 
separation of approx. 5 A. The average volume of the 
i-defect at the bilayer interface is estimated to be ap- 
prox. 18 A 3 per DPPC molecule. A cluster model ex- 
plains the numerous experimental data and does not, in 
principle, contradict the recent theoretical presenta- 
tions. 
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