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Abstract

A new approach for the analysis of X-ray diffraction patterns to obtain the structure of Langmuir-Blodgett (LB) films is reported. In
particular, to solve the *‘phase problem’’ we apply a direct method, essentially a pattern recognition approach, which was recently proposed
to determine without assumptions the structure of liquid-crystalline phases. This approach is used to analyse two different types of samples,
namely LB films of fatty acid salts and of bipolar lipids extracted from thermoacidophilic archaeon Sulfolobus solfataricus. As a result, the
electron density profiles allow us to fully characterize the molecular arrangement in both the investigated films.
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1. Introduction

The Langmuir-Blodgett (LB) method of successively
transferring monomolecular layers from the air—water inter-
face onto a solid substrate is a useful technique for the prep-
aration of films of amphiphilic molecules [1]. The peculiar
structures which can be obtained have great technological
and theoretical interests. They are considered as simple mod-
els to investigate the properties of two-dimensional biological
[2,3] and artificial [4] systems. Moreover, the electrical,
optical and chemical properties that such molecular assem-
blies show (see for example Refs. [5-7]) as well as the
complex structures which could be created (the so-called
‘superlattices’) make them suitable for developing devices
which cannot be made by traditional techniques [ 8-10].

A growing technological interest has been very recently
devoted to the production of LB films of bipolar isoprenoid
ether lipids [11]. These molecules are the structural com-
ponents of the cellular membrane of Archaea, a phylogenet-
ically coherent separate group of micro-organisms, that differ
from Eubacteria and Eukarya. Archaea comprises a variety
of extremophilic bacteria that live segregated into a few pecu-
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liar ecological niches characterized by extreme environmen-
tal parameters, such as saturated brine for halophiles, strictly
anacrobic environments for methanogens, and thermal habi-
tats for extreme thermophiles [12,13]. The archaeal
membrane lipids are mainly composed of saturated isoprenic
chains of different lengths, in ether linkages to glycerol car-
bons with the sn-2,3 configuration, instead of fatty acyl chains
which are often unsaturated and are esterified to glycerol at
carbons sn-1,2 [ 14-16]. These compounds have an unprec-
edented molecular architecture; in fact, while classic lipids
are monopolar amphipatic molecules, archaeal lipids are
bipolar amphipatic molecules characterised by the presence
of two polar heads and of an hydrophobic moiety that 1s
practically twice the average length of the aliphatic compo-
nents of classic ester lipids [ 17,18 ]. Considering their unique
molecular structure, lipids from Archaea are promising for
the creation of an artificial media stable at extreme conditions
just destined by nature for the incorporation of some func-
tional molecules such as proteins.

In this paper, we focus on the determination of the profile
of the electron density distribution across LB films, as
obtained by the analysis of X-ray diffracted intensitics. In
particular, it has been recently reported that in the case of
liquid crystalline lyotropic structures, the electron density
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distributions could be calculated ab initio by using a pattern
recognition approach which gives a direct solution to the
crystallographic phase problem [ 19]. We show here that the
same approach could be extended from lyotropic systems,
which are characterised by an intrinsically low resolution
(typically about 1.0-1.5 nm), to LB films, which on the
contrary could be very ordered [20]. Two kinds of systems
will be considered: the first consists of a series of well known
LB films made of fatty acid salts (experimental resolution
from 0.4 to 0.2 nm), while the second is a series of LB film
made of bipolar lipids. In this case, the experimental resolu-
tion is low, as it appears very difficult to produce ordered
films [11].

2. Experimental details
2.1. Purification of archaeal lipids

We prepared LB films of a mixture of two complex
membrane lipids (Fig. 1), synthetically named Phospho 2,
extracted from the thermoacidophilic archeon Sulfolobus sol-
fataricus, a micro-organism that grows optimally at 87 °C
and pH 3. These membrane lipids are based on two series of
tetraether core lipids, named caldarchaeol (Figs. 1(a)-1(c))
and nonitolcaldarchaeol (Figs. 1(a")-1(c")). The investi-
gated mixture contains 90% of the phospho-myo-inositol--
D-glucopyranosyl derivative of nonitolcaldarchacol and 10%
of the phospho-myo-inositol-B-D-galactopyranosyl-B-D-
gluco-pyranosyl derivative of caldarchaeol.

S. solfataricus (DSM 1617) was obtained from the Deut-
sche Sammlung von Mikroorganismen und Zellkulturen
GmbH (Braunschweig). The microorganism was grown at
87 °C in a 100 | fermenter containing 90 1 of medium as
described by De Rosaet al. [21]. Cells were harvested in the
late stationary growth phase of incubation (48 h) by centrif-
ugation. The dried cells were extracted continuously with a
Soxhlet apparatus for 12 h with chloroform/methanol (1:1
v/v) and then with methanol /water (1:1 v/v). The total lipid
extract was purified on silica gel (Merck Kieselgel 230400
mesh) column, eluted under pressure using eluents of
increased polarities: chloroform, chloroform/methanol
(85:15 v/v), chloroform/methanol (65:25 v/v), chloro-
form/methanol/water (65:25:4 by vol). Phospho 2 was
recovered in the chloroform/methanol/water fraction. The
relative amount of the two lipids is based on the caldarchaeol/

nonitolcaldarchaeol ratio obtained by acid hydrolysis of
Phospho 2 (6 N HCl at 100 °C for 72 h) [22].

2.2. Deposition of the films

Falty acid salt monolayers were formed with a LB-MDT-
4000 Langmuur trough. Thrice-distilled water ( metal distiller
and quartz bi-distiller) was used for subphase preparation.
Solutions of fatty acids in benzene (0.5 mg ml™') were
spread over aqueous subphases 5 107 ° M Pb(NO;), at pH
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Fig. 1. Structures of the phospho-mye-inositol-B-p-galactopyranosyl-f-n-
glucopyranosyl derivative of caldarchaeol ((a)~(c)) and of the phospho-
myo-inositol-B-p-glucopyranosyl derivative of nonitolcaldarchaeol ((a')-
{¢")). Caldarchaeols and nonitolcaldarchaeols are the basic components of
the complex membrane lipids of the iperthermophilic archeon Sulfolobus
solfataricus. The lipid fraction Phospho 2 has the following tetraether com-
position: a-a’, 60%; b-b’, 30%; and c—', 10%.

6.0, 107* M TINO; at pH 9.8 and 10™* M CdC1, at pH 7.2
for depositing lead, thallium and cadmium fatty acid salts,
respectively. For low-angle X-ray scattering experiments,
multilayers were deposited on hydrophobic silicon substrates
treated by dimethyldichlorosilane. Deposition was carried out
with a rate of 2 mm min ! at surface pressure of 27 mN m ™!
by the vertical lift technique.

Phospho 2 lipid was dissolved in a CHCl;/MeOH/water
(65/25/4 by vol.) mixture at concentration of 0.33 mgml ™~
An aqueous subphase of pH 6.9 was used. For low-angle X-
ray scattering experiments, 50 monolayers were deposited on
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hydrophobic silicon substrates by the horizontal lift technique
at a surface pressure of 27 mN m~™'. Water drops were
removed by argon streaming.

2.3. X-ray diffraction experiments

X-ray experiments were performed on a Rigaku Denki
RV300 rotating anode generator equipped with a powder
diffractometer: the goniometer radius was 185 mm and diver-
gence and receiving slits of 0.05 mm (ca. 0.03°) were used.
Ni-filtered Cu Ka radiation (A=0.154 nm) was produced
with accelerating voltages of 40 kV at 200 mA. Data were
collected with a proportional counter by the #-26 method and
corrected for Lorentz and polarization effects after the method
of Blaurock and Worthington [23] in a way appropriate for
planar multilayered structures [ 20]:

I(h)=hl[1+ (cos20)%]/2 (b

where I(h) are the corrected intensitics, {, the intensities
measured from the peak integral areas, i the order of reflec-
tion and @ the Bragg angle. The scattering of the hydrophobic
silicon substrate was measured separately and subtracted. The
error in the intensity determination did not exceed 5%. The
methods used for structure determination are discussed in a
next section,

3. Results and discussion
3.1. Surface pressure isotherms

As an example of results obtained in the case of fatty acid
salts, the surface pressure isotherm relative to a Pb stearate
monolayer at 22 °C on the water surface is presented in Fig. 2.
As expected [24], changes in the slope of the isotherm
revealed the existence of three different regions correspond-
ing to the gas/L.C coexistence plateau and to the two-dimen-
sional liquid and solid phases. By extrapolating to zero
surface pressure the compressed state isotherm portion, the
area available for one molecule at the air—water interface has
been determined: the areas per molecule relative to the dif-
ferent fatty acids are presented in Table 1.

The surface pressure isotherm obtained at the same tem-
perature for the Phospho 2 is presented in the lower part of
Fig. 2: the area occupied by one molecule in the compressed
state at zero surface pressure is about 0.98 +0.02 nm?. Con-
sidering [11] that the minimum cross-section of one iso-
prenoid chain is about 0.25 nm?®, the U-shaped conformation
of the bipolar molecules at the air—water interface with
approximately vertical arrangement of the tails (see
Fig. 3(a)) appears very probable. In this condition, the bend
of the i1sopranyl chains somewhere in the middle position
happens in such a manner that the chains result closely packed
in the monolayer and that both headgroups (which are char-
acterized by a strong and approximately similar hydrophilic-
ity ) could interact with water. It is obvious that such situation
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Fig. 2. Surface pressure isotherms at 22 °C of a Pb-stearate monolayer on
water (a, upper part) and of a Phospho 2 monolayer on water (b, lower
part}. The dashed lines indicate the areas per molecule which have been
determined.

cannot be distinguished from that corresponding to strongly
tilted molecules in the fully extended conformation (see Figs.
3(b) and 3(c)). However, very recently X-ray reflectivity
measurements on the same system at the air—water interface
strongly suggest the U-shaped conformation [25].

3.2. X-ray diffraction data

3.2.1. Fatty acid salt LB films

The measured X-ray diffraction patterns of fatty acid salt
LB films contain typically from 12 to 25 Bragg reflections,
whose spacing ratios in the order 1:2:3:4... clearly indicate
the one-dimensional lamellar symmetry' in correspondence
to the packing of molecular layers in *‘stacks’’ [26]. The X-
ray diffraction profile observed in the case of Pb stearate is
reported as an example in Fig. 4.

From the peak positions and by using the classical Bragg
equation, the dimension of the unit cell has been determined:
for the different investigated films they are reported in Table
I. It can be easily observed that the difference in bilayer
thicknesses is of about 0.5 nm for the salts of neighbouring
fatty acids: this value rightly corresponds to the twice of the
projection of two C—C bonds on the molecular axis direction
(one hnk of the hydrocarbon chain on the molecular axis
being in factabout 0.127 nm). In particular, as the preparation
method ensures that the layers are centrosymmetric with two

' In this symmetry system in fact the equation that defines the spacings
of reflections is [26]:

s(h)y=hiD

where 5(h) is the reciprocal peak position (nm ™ '), 4 is the Miller index of
the reflection and 2 the unit cell dimension (nm).
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Table 1
Structural parameters relative to the investigated LB films

D (nm) o (%) A (nm®)
Myristic 3.80 13.0 0.192
Palmitic 4.4] 11.5 0.205
Stearic 4.90 16.0 (0.203
Arachidic 5.39 15.7 0.205
Behenic 5.90 14.7 (0.205
Lignoceric 640 14.1 (). 190
Phospho 2 5.01 - 0.980

Reported data are for Pb salts. D is the unit cell dimension and a is the
angle of tilt of the chains with respect to the normal to the bilayer surface.
A refers to the areas per molecule determined from surface pressure iso-
therms. For the other investigated ions, the spacings for the same acid may
differ by about 0.01-0.03 nm, while the differences in the tilt angles and in
the areas per molecule are inside the expenmental error.

water B
substrate __J
(a)
air
water
substrate
(b)
gﬁ&féf’
air f fg
water Gf Cf'
5.0 nm
subﬁtr;ﬁ | |
(c) i

Fig. 3. Schematic structural models for the conformations eventually
assumed by the Phospho 2 bipolar lipid molecules at the air-water interface
(left side) and on the LB films (right side). The gray and black circles
represent the two different polar headgroups; the wriggles represent the
hydrocarbon chains. The U-shaped conformation is represented in the frame
(a), while in the lower frames are depicted two possible fully extended polar
(b) and tilted (c) conformations.
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Fig. 4. X-ray diffraction patterns of 40 monolayers of Pb stearate (a, upper

part) and of 50 monolayers of Phospho 2 (b, lower part). Note that in the
two profiles the 28 angle axes have different ranges.

molecules in the unit cell projection to the z axis (1.e. the axis
normal to the LB film planes), the comparison between the
length of the molecules with the dimensions of the cell clearly
indicates that the hydrophobic chains deviate slightly from
the z direction. The angle of tilt of the chains with respect to
the normal to the bilayer surface can be calculated by using
the following equation;

cos a=D/2L (2)

where D is the unit cell dimension and L is the length of the
molecule with fully extended chain. As already reported (see
forexample Ref. [ 24]), for all samples investigated we found
a tilt angle of about 15°.

Finally, the moduli of the structure factors relative to the
Bragg peaks observed in the X-ray diffraction profiles for
three different fatty acid Pb salts are reported in Table 2.

3.2.2. Bipolar lipid LB films

The measured X-ray diffraction patterns relative to Phos-
pho 2 LB films (see for example the one reported in Fig. 4)
show, in the better cases, from 4 to 5 Bragg reflections [ 11]
which corresponds to an experimental resolution of about 1
nm. This is not surprising, as an intrinsically low resolution
is cxpected considering that the production of ordered bipolar
lipid films is not easy, both using a vertical or horizontal lift
technique and even if, during the production, the system 1s
controlled as much as possible. This fact has been explained
considering that monolayers of this compound interact with
walter more strongly than with each other [ 11]. However, the
spacingratiosin the order 1:2:3:4... confirmed the one-dimen-
sional lamellar symmetry. The moduli of the structure factors
relative to the measured X-ray diffracted intensities are
reported 1n Table 2.
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Table 2
Moduli of the structure factors relative to the measured X-ray diffracted
intensities for some investigated LB films

Pb stearate  Pb arachidate  Pb behenate  Phospho 2
D ({nm) 4 90 5.39 5.90 5.01
Cy po 0.064 0.058 0.054 0.276
{((Ap)™y” 13.69 15.30 16.58 2.00
F(1) 0.468 0.428 0.339 0.622
F(2) 0.268 0.222 0.242 (0.288
F(3) 0.251 0.245 0.275 0.129
F(4) 0.153 0.145 0.189 0.081
F(3) 0.175 0.211 0.211 0.084
Fi6) 0.113 0.154 0.158 0.0
F(7) 0.143 0.183 0.187 -
F(8) (0.102 0.131 0.132 —
F(9) 0.105 0.132 0.175
F(10) 0.066 0.114 0.108 -
F(1l) 0.079 0.134 0.123 -
Fi12) 0.052 0.070 0.123 -
F(13) 0.062 0.045 0.106 -
Fi14} (0.045 0.057 0.099 -
F(15) 0.055 0.064 0.0 -
F(16) 0.046 0.045 - -
F(1T) 0.050 0.040 — -
F(18) 0.033 0.040 - -
F(19) 0.047 0.0 - -
F(20) 0.041 - - -
F(21) 0.042 - — -
F(22) 0.039 — —
F(23) 0.038 - — -
F(24) 0.034 - - -
F(25) 0.0 - - —~

The ¢, p refers to the volume concentration of the lipid polar headgroups
in the case of Phospho 2 and of the Pb ion in the case of fatty acid salts (sec
text). The partial CH; and CH, volumes have been derived from Ref. [33]
and the ion volumes from Ref. [24]. For bipolar lipids, the polar and par-
affinic volumes have been derived from Ref. [34]. The intensities of each
experiment have been normalised such that 2/(h) = 1.0. Other symbols and
notations as in Table 1 and in the text.

The dimension of the unit cell, as determined from the
peak positions, is reported in Table 1. It is interesting to
observe that 5 nm corresponds to the length of a fully
extended Phospho 2 molecule [11,17,18]. Therefore, a first
structural model for the film corresponds to the stacking of
monolayers made of fully extended lipid molecules, strictly
perpendicular to the layer surface. As it can be seen in Fig.
3(b), this model assumes strong changes of the structure
during the process of deposition. Indeed, comparing the chain
cross-section and area per molecule presented above, it 1s
evident that the chains of extended molecules in the mono-
layer must be tilted by 50-60°. Therefore, the area per mol-
ecule in the deposited film must decreases practically twice
with respect to that in the monolayer at the air—water interface
(Fig. 3(b)). During deposition, such change of area per
molecule cannot occur, so this model appears hardly proba-
ble. However, such recrystallization has been discovered in
some LB films to coincide with an “‘interdigitation’’ process
[27]: during the deposition of every even monolayer, chains

of molecules penetrate between the chains of the molecules
of a previously deposited odd monolayer.

Considering the simple model depicted in Fig. 3(b), i
could be observed that two extreme situations could arise: in
the first case the molecular packing is polar, in the sense that
the two different lipid headgroups are preferentially located
in alternate sublayers. As a consequence, the projection of
the structure on the z direction is not-centrosymmetric. By
contrast, if at the air—water interface there is not a preferential
orientation of the extended molecules, the resulting molecular
packing in the deposited layer will be non-polar, and conse-
quently the projection of the structure on the z direction will
be centrosymmetric.

The observed unit cell dimension is also compatible with
a bilayer centrosymmetric structure, each monolayer being
made of molecules showing the U-shaped conformation, as
reported in Fig. 3(a). It has in fact been observed [11] that
the thickness of such monolayers is indeed 2.5 nm. As was
mentioned previously, this conformation is the more probable
at the air—water interface and then in this case usual Y-type
deposition takes place: Phospho 2 behaves as a usual surfac-
tant compound, which consists of one hydrophobic group,
located at one side, and one, even complex, hydrophilic group
located at the opposite side of the molecule.

A third possibility for the film structure is shown in Fig.
3(c). As in the case presented in Fig. 3(a), a film of Y-type
is supposed to be deposited so that the structure is centrosym-
metric. Molecules in the extended form are strongly tilted to
the substrate plane, so that the area per molecule remains
approximately equal to 0.98 nm®. Note that the possibility of
Y-type film formation under deposition by the horizontal lift
technique can be understood from the model proposed in Ref.
[28].

3.3. Structure analysis by pattern recognition approach

In order to characterise the arrangement of molecules
within the layer, the electron density profiles across the LB
films (z direction) have been determined. The electron den-
sity distribution along the z direction, p(z), can be written as
[26]:

0(z) = f} F(h) exp(—zwi;%) (3)

h=—=

were F(h) is the structure factor of the reflection with order
h.

However, in both the investigated systems the 1-D unit cell
can be considered to be centrosymmetric. For fatty acid salts,
this fact is a direct consequence of the deposition process. In
the case of bipolar lipids, for which three molecular confor-
mations at the air—water interface have been considered, this
fact depends on the deposition process (see the structural
models shown in the Figs. 3(a) and 3(c)), or it depends on
the low experimental resolution and on the rather similar
electron densities of the two polar groups (see the model
reported in Fig. 3(b)). Therefore, the phase problem 1s
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reduced to a sign problem, i.e. to the determination of the
correct signs of all the observed structure factors (we will
refer to the sign combinations as ¢-sets).

For searching the correct combination of signs, we resort
to a pattern recognition approach recently proposed to solve
the structure of lyotropic liquid crystalline phases [19,29-
31]. This approach is based upon the axiom that the histogram
of the electron density map * H(A p) is an extensive property
of the system, being strongly dependent upon chemical com-
position rather than on physical structure [19]. In order to
select the best ¢-set, all the sign combinations compatible
with the experimental data are generated (the ¢-set list) and
the histograms relative to the corresponding electron density
maps are calculated. Among these histograms, the best one
must be then selected. From a practical viewpoint, only one
single parameter is found to provide the basis for the screen-
ing: the ((Ap)*), i.e. the fourth moment of the histogram of
the normalised electron density distribution®. Two strategies
have been adopted for the selection of the best electron den-
sity map [ 19,29]. In a first case, assuming that we dispose of
different samples of close chemical composition and different
structure and that the structure of one of these samples 18
known, the selection is made by comparing the {(Ap)*)
obtained from the known structure with all the {(Ap)*) val-
ues relative to any possible ¢-set of the unknown structures
in searching of similarity.

However, in the absence of crystallographic data relevant
to other phases of similar composition, it has been well doc-
umented that the best sign combination can be selected in the
-set list by comparing the {(Ap)*) values with a reference
((Ap)*»™ calculated from the chemical properties of the
sample [ 19]. On the basis of the assumption that a complete
segregation between polar (and water, if present) and hydro-

2 In our case, the intensities are normalized such that:
2(I(h)y) =1

In this condition, the electron density profile A p(r) (the map) appears as a
normalized dimensionless expression of the fluctuation of the electron den-

sity p(r):
Ap(ry=[p(r) —{p) 1/ [{p*(r))—{p)*1'"

were p(r) is the Fourier transform of the set of observed structure factors
F(h) and {p) is the average value of p{r) over the unit cell volume [19].
By definition, H{ A p)d( A p) is the volume fraction of the sample over which
the value of Ap(r) is intermediate between Ap and (Ap+d(Ap)). The
function H(Ap) is directly related to the nature of the structure elements
rather than to their mutual distribution: when the structure can be decom-
posed into J disjointed elements A p;(r}, then H(A p) takes the form:

H(Ap)= Ej— LA (Ap)

and strictly fulfills the requirement of an extensive property [19]. The
moment { (A p)™) 1s defined by:

LAP)")y =[(ApY"H(Ap)d(Ap) = (1/V)[,(Ap(r))"dV

As a consequence of the normalization procedure, the moment of the first
order is equal to 0, the moment of the second order is equal to 1 and the ones
of odd order are small and indiscriminating. Thus, we restrict the analysis
to the moment of the fourth order.

<(Ap)*>*
e g

[:I'_I_I......-|--|_ 1

00 02 04 06 08 1.0

¥,pol

Fig. 5. Calculated dependence of the moment of order four of the normalized
electron density, { (Ap)*)”, on the polar (or paraffinic) volume concentra-
tion of the sample.

carbon portions occurs, the unit cell of the lipid sample can
be divided into two complementary volumes, so that the
((Ap)*") ™ can be expressed [ 19] in terms of the average of
the powers of p(r) over the two volumes and of the volume
concentrations ¢, ,, and ¢, p,,

—_— ] -

Cy,pol = v,par (4)
'i‘v,pm{ﬂpul) +c v.pm-{ﬂpm-> =0

CopoilPpot)” T Cypurl Ppar)” = 1= (€2)°

Ev,ptﬁ'{ppnl>4 T E‘w,par‘ippar:’d =((Ap)*)" — (&) g

(€,)” and (€,)” are positive numbers defined by:

('Em}z - 'Cv,pnl{ {P;:l) - {ppul}m} + 'Ev,pal'{ {:ﬂi:n‘li:} - <pr-lHl'>m}

When the electron density is constant over the two volumes,
or when the fluctuations |p,.(r) —<{ppay| and
| Poai (1) —{Ppaay| are smaller if compared with
| {Ppary = {Ppor | - then (€)% and (€,)* are equal to zero, and
the system of Egs. (4) can be solved:

(AP =1/[eypall—Cypo) ] =3 (5)

This relationship gives the second criterion to solve the phase
problem.

It is interesting to analyse the variation of {(Ap)*)* with
chemical composition. As reported in Fig. 5, in the inter-
mediate region the curve goes towards the minimum, reach-
ing the value of 1.0 for a polar volume concentration of 0.3,
while for small polar (or paraffinic, as the curve 1s symmet-
rical) volume concentrations, the ((Ap)*)* value strongly
increases. This behaviour has indeed been observed in
lyotropic structures [ 19,29-31] (see also Ref. [32]). In par-
ticular, in the case of systems characterised by fairly smooth
electron density distributions and with c, ., equal to about
0.5, the best sign combination invariably takes a ((Ap)*)
value close to the minimum of all values compatible with the
data. By contrast, in those cases where heavy atoms werc
present and in which the ¢, ,, resulted as practically negli-
gible (for example, in some dried Sr myristate cubic lyotropic
structures, in which Sr atoms occupy a very small cell volume
fraction) the best ¢-set was found to rank last, at the highest
((Ap)*) value.
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Fig. 6. Fatty acid salt LB films: electron density profiles corresponding to
the sign combinations selected by using the pattern recognition approach
(see text and Table 3). (a) Pb stearate; (b) Pb arachidate and (c) Pb
behenate LB films. The moduli of the structure factors are reported in Table
2. The origin is at the centre of the hydrocarbon region.

3.3.1. Fatty acid salt LB films

LB films made of stearate, arachidate and behenate Pb salts
have been considered in particular. The three sets of data are
characterized by different experimental resolutions, equal to
about 0.2 nm in the case of stearate, and better than 0.4 nm
in the other two systems. As it can be seen in Table 2, in all
three cases the ion, which is very electron dense with respect
to the lipid molecule, occupies a very small volume fraction
of the cell (c,;,, is of about 6%), so that sharp clectron
density peaks will characterize the structure. According to
the results obtained in the similarly extreme situation
described above, it is straightforward to predict that the
parameter { (A p)*) corresponding to the best electron density
map will take the highest value of all values compatible with
the experimental data.

We also calculated the reference {(Ap)*)”. Considering
the quite similar electron densities of the CH;, CH, and
COO "~ groups with respect to the Pb ion, we substitute in Eq.
(5) the ¢, value with ¢, ., The results are reported 1n
Table 2. Table 3 shows a partial list of sign combinations
ranked according to increasing ((Ap)*): the comparison
with the reference values of Table 2 confirms that in all the
three cases the best map is the one ranking last. The corre-
sponding electron density maps are reported in Fig. 6.

The excellent agreement between the selected maps and
the well known structure of fatty acid salt LB films [11] 1s

the most convincing argument in support of the final result.
From the maps it is possible to measure directly the dimen-
sions of polar and paraffinic layers and obtain evidence of the
localization of cations (there is an unsplit narrow maximum
consistent with the arrangement of the metal atoms) and of
the contact of chains on adjacent monolayers. It also appears
that the hydrocarbon chains are rigid, stiff and tilted with
respect Lo the layer plane.

A last point must be stressed. The theoretical ((Ap)*)©
are higher than the maxima reported in Table 3. These dif-
ferences could be ascribed to truncation effects in the Fourier
analysis which affect the calculated ((Ap)*). In particular,
we observed that the difference between the reference
((Ap)*)* and the calculated maxima increases as far as the
resolution is arbitrarily cut. In the case of Pb arachidate, for
example, if only the first 12 reflections over the 18 observed
are kept (i.c. if the resolution is reduced from 0.29 to 0.43
nm), the highest { (A p)*) was reduced from 14.76 to 11.90,
at a value still lower than the theoretical {(Ap)*)~. Morco-
ver, the decrease of the observed intensities with increasing
h is roughly comparable with that expected from an 1deal step
function, so that the distortion of the first kind as well as the
temperature factor have been neglected in the estimation of
the structure factors [20,23,24]. However, it is evident that
the effect of these simplifications could also contribute to the
observed differences.

3.3.2. Bipolar lipid LB films

Concerning the Phospho 2 LB film, we report in Table 2
the polar volume concentration and the { (A p)*)* calculated
by using Eq. (5). The screening in the ¢-set list is done by
searching for a similarity between the { (A p)*) relative to all
the possible electron density maps compatible with the exper-
imental data and the theoretical parameter. The possible sign
combinations are reported in Table 4. Considering the
expected value, it is evident that the solution ranking at posi-
tion 5 must be considered as the best one. The corresponding
electron density distribution is reported in Fig. 7.

This electron density map appears to be very reasonable.
In particular, the map indicates a layered packing of the bipo-

Table 4

Bipolar Phospho 2 lipid: choice of the best sign combination

Rank o-sel (AP
| + 4+ - — + 1.493
2 + 4 - - - 1.539
3 + 4+ -+ — 1.719
4 + + -+ + | .857
5 +++ - — 1.995
il ++ 4+ -+ 2.307
7 + + + + — 2. 484
8 ++ 4+ + 4+ 3.077

The signs refer to the reflections reported in Table 2. The different sign
combinations are ranked in order of increasing ¢ (Ap)*). The best g-set is
bold-faced (compare with the reference {{(Ap)*)”*, see Table 2). Other
symbols and notations as in Table 1 and in the text,
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Fig. 7. Phospho 2 bipolar lipid LB film: electron density profile correspond-
ing to the sign combination selected by using the pattern recognition
approach (see text and Table 4). The moduli of the strucure factors arc
reported in Table 2. The origin is at the centre of the hydrocarbon reglon.

lar molecules and shows a quite smooth electron density in
the paraffinic region, the thickness of which exactly corre-
sponds to the thickness calculated from the paraffinic volume
concentration and the unit cell parameter. Moreover, the den-
sity maxima consistent with the arrangement of the lipid polar
heads are resolved; the polar group are arranged at a distance
of about 0.6 nm from one another.

In order to verify this result, we calculate the electron
density maps relative to the two possible structural models
shown in Figs. 3(a) and 3(b). It is obvious, in fact, that the
model depicted in the Fig. 3(¢) can be immediately rejected,
because the sclected profile reported in Fig. 7 does not show
the increase of electron density in the central position which
could be expected considering the location of the polar
groups. The two structures reported in Figs. 3(a) and 3(c)
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have then been represented as steep models by using electron
density data and volumes reported by Gulik et al. [34] as
indicated in Fig. 8. The intensities of the Bragg peaks cor-
responding to these two models have been then calculated at
| nm of resolution. The obtained electron density maps are
also reported in the Fig. 8. For both models, the corresponding
sign combinations are identical to the one selected by using
the ((Ap)*) method: this finding strongly supports the
obtained result.

One point must be stressed. As we are referring to low
resolution data, the maps calculated for both models are very
similar to that obtained from the experimental data (compare
Figs. 7 and 8), although the particular shape of the paraffinic
region in the experimental map and the very small intensity
of the h =4 Bragg peak suggest that the U-shaped molecular
conformation is the more probable. Nevertheless, we cannot
unambiguously choose between the two structural models.
High resolution data appear to be necessary to confirm this
indication.

4. Conclusion

The characterization of the molecular arrangement and
packing is an important step in the problem of producing,
investigating and using LB films [24]. Considering 1n par-
ticular the technological and biological growing interest for
LB films which exhibit new properties linked to particular
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Fig. 8. Bipolar lipid LB film: step models and electron density maps relative to the two structural models reported in the Figs. 3(a) and 3(b) calculated at
resolution of about 1 nm. Upper frame: fully extended centro-symmetric conformation. The corresponding structure factors are the following: F(1) =0.580;

F(2)=0.327; F(3) =0.055; F(4) = —0.143; F(5) =

F(1Y=0.607, F(2)=0.267; F(3)=0.103; F(4)= —0.188; F(5) = —0.126.

—0.184. Lower frame: U-shaped conformation. The corresponding structure factors are the following:
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molecular types or to a peculiar construction accomplished
at the molecular level in one dimension, it appears interesting
to improve classical structural techniques and to test new
approaches to solve those problems which, in correspondence
with the increase on the structure complexity, become more
and more complex. Within this purpose, in the present work
we discuss the structural analysis of two different types of
LB films made of fatty acid salts and of bipolar lipids
extracted from thermoacidophilic archacon Sulfolobus sol-
fataricus. Concerning the analysis of the diffracted intensi-
ties, we apply a pattern recognition approach, which gives a
direct solution to the phase problem without any subjective
assumption about a presumed structure.

The results can be summarised as follows. In the case of
the series of fatty acid salts, once the symmetry and the unit
cell dimension have been determined, the electron density
distributions across the layers can be calculated. In particular,
we demonstrate that little easily accessible chemical infor-
mation (namely the volume concentration in the unit cell of
the heavy atoms and the electron densities of the polar and
paraffinic media) give the criterion to select the best sign
combination.

The same approach is then applied to study the bipolar
lipid films. The limited order on the produced LB film struc-
ture results in a X-ray diffraction pattern characterized by
only 4-5 Bragg peaks. As before, easily accessible chemical
information (namely the volume concentration of the polar
lipid headgroups) gives the criterion to chose the best elec-
tron density distribution. The selected electron density pro-
vides information about the film structure. In agreement with
some recent results obtained by surface pressure i1sotherm
measurements and X-ray reflectivity experiments [11,25],
the whole of the results and the comparison with step models
suggest that in the LB film the bipolar lipid molecules assume
the U-shaped conformation.

As a final comment, we underline the first and very suc-
cessful application of the pattern recognition approach to
diffraction data at about 0.2 nm of resolution. As these results
have been obtained without assumption about the structure,
we are extending this approach to solve specific LB film
crystallographic problems, as in particular the structure deter-
mination of superlattices or non-centro symmetric polar Z-or
X-type LB films [35].
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