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It is the aim of this paper to demonstrate that much information is to be obtained about lamellar
systems when diffraction work is performed on well aligned samples and paracrystal methods
are applied. There is no need to examine “crystallized” monohydrates in order to get more
diffraction spots. Contrary to this, a water content above 20% is of higher biological rele-
vance. The water content of 23 wt.% was introduced by swelling in the gel-phase, giving a
bigger stacking period than usually reported, when swelling is performed in the L,-phase. At
various temperatures oriented “multi-sandwiches” of dipalmitoy! lecithin (DPL) multilayers
were analyzed by small- and wide angle X-ray diffraction as partly reported before. Thus, in
the gel-phase the tilt angle ¢ of the hydrocarbon chains can directly be measured, and
moreover it is proved that the chains are tilted by 7° to 15° in b -direction of the orthorhombic
and the hexagonal lattice. 012-paraffine netplanes stabilize a well-defined membrane surface
like the 201-planes in Cerebrosides. Contrary to paraffins the ¢ /2 steps of the CH,-chains
along the b-direction are only a statistical average. These steps roughen the lamellae surfaces
and produce paracrystalline distortions of g ~ 2.4% of the long period in the gel-phase. In
the Py-phase ¢ diminishes monotonously because the number of ¢/2-shifts decreases. ¢ is
zero in the L, -phase and the CH,-chains are laterally paracrystalline distorted with g ~ 10%
and the membrane surfaces become smooth because molecular dynamics hinder the chains
from latching on to each other, and the long period, therefore, is crystalline-like. Astbury’s
remarks on the interplay of order-disorder between molecular and supermolecular structures
is fulfilled in a special way. In addition, the a*-law, which combines the size of the lamellae
bundles with their g-values also is fully confirmed.

Below 35°C the hydrocarbon lattice is orthorhombic with a 1% deviation from the hexago-
nal case. Only near 0°C undergoing the “subtransition” is the lattice similar to paraffins, and
the tilt angle is reduced. The Pg-phase is characterized by a hexagonal hydrocarbon lattice
accompanied by the wellknown “ripples” which take the direction of the a-axis, making them
orthogonal to the molecular tilt direction. Contrary to the findings of others our “weak” ripples
produce no equatorial reflection in the small angle region, explained by the lack of longi-
tudinal density fluctuations. A profound theoretical calculation of the weights of the humps
at the long period tails yields ripple waves with a mean wave length of 310 £30 A and an

'Presented at “Ninth International Conference on Liquid Crystals”, Dec. 610, 1982,
Bangalore, India.
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amplitude (4.5 +0.5)A. The wave lengths here vary to such a large amount that the small
angle pattern offers no distinct isolated lateral spots. This is explained by the multi-sandwich
preparation which hinders their free development. The analysis, with help of uncorrelated step
dislocations, leads to a paracrystalline value of g.., = 10%.

. INTRODUCTION

First X-ray studies of oriented DPL-multilayers by Levine'? gave evidence
of the hydrocarbon chains being tilted with respect to the layer normal in
the gel-phase, and described the liquid-like L,-phase above T, = 43°C.
Tardieu et al.>* using unoriented samples confirmed their findings and
found the ripple-phase Py between 35°C and 7. Janiak e al.® reported a
temperature dependence of the tilt angle in unoriented DPL-layers. Their
studies were done on systems of over 20 wt.% water, keeping the main-
and pretransition at the temperatures significant for fully hydrated layers.®
Oriented freestanding samples of 2 and 10 wt.% water content were ana-
lyzed at room temperature by Stamatoff e al.” giving a directly determined
tilt angle of 12.5° for the 10% case. The ripple-phase Py of randomly
oriented DPL-multilayers was examined by Graddick et al.® and Stamatoff
et al.’ Several calculations of the electron-density across the Lecithin
bilayers have been carried out and are discussed by Worthington and
Kare."” Neutron diffraction was applied to oriented and unoriented DPL-
samples in order to find out the chain conformation by Zaccai et al.'' and
the head group conformation by Biildt e al.'? A recently observed sub-
phase, discovered by Chen et al. "’ occurs near 0°C when cooling down and
vanishes at 12°C after heating up.'*>'® DPL and other Lecithins, as well as
other Phospholipids building up model membranes were subject to a large
number of investigations with other methods. Some of the results in the
present investigation have already been published. '™

It is the aim of this paper to present more information by use of higher
oriented samples and to take into account their paracrystalline nature. One
then obtains a deeper insight not only into the structure of the several
phases, but also into the mechanism of phase transitions. This investigation
may demonstrate the utility of the theory of paracrystals for liquid crystals
as well. Rinne was the first to introduce the word “‘paracrystal” for struc-
tures inbetween crystalline substances and isotropic melts.'” He wrote:
“Paracrystals are closely related to crystals and so justifiably closely related
in nomenclature, with their one- or two-dimensionally periodic structure
instead of a space lattice.” It is interesting to note that Rinne also considered
Lecithin as paracrystalline. Hermann, at the same time, developed the
concept of “mesophases” with help of the group theory.” In this journal
Hosemann and Miiller later on demonstrated that Hermann's concept is a
special case of the paracrystal theory.”’ This theory introduces nine liquid-
like statistical parameters g, into a three-dimensional point lattice which
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define the relative fluctuations g; of the lattice cell vectors a; and a, by

g?k = (a; — a;, &)/@) (1
In C. Hermann’s theory of mesophases g, has only values 0 or >0.3. How
can paracrystalline structures be found? The theory shows that the para-

crystalline distortions cause a quadratic increase of the integral widths &b
of the reflection with higher order h of the reflection’

ob = I/E(I/N + (wgh)?); g = (d/d* - )"~ @)

N is the mean number of netplanes and d is the distance between molecules
of adjacent netplanes in the direction of the normal to their netplanes. The
same relation holds for the long period P of Lecithin bilayers. It must be
added that the swelling of the DPL-multilayers was performed in the
gel-phase in order to establish a well equilibrated system in this temperature
range. Therefore our data are not necessarily comparable to those of DPL-
samples swollen in the L,-phase, as done by others.

Il. PREPARATION AND MATERIAL

Sample preparation''® was carried out with FLUKA DL-8, y-dipalmitoyl-
a-lecithin of 99.8% purity without further purification. From preliminary
microscopic observations between crossed polarizers we have found the
orientation to be best and the “oily streaks” to be reduced when the multi-
layer stack is the thinnest possible. Therefore, a mixture of DPL- and
20 wt.% of double distilled water was sandwiched in mylare films of Sum
thickness and at 60°C well compressed between glass slides, followed by
the next sandwich on top of the first, etc., giving finally a “multi-sandwich”
of 100 multilayer stacks, each of them 5um thick. At room temperature the
hardened 1 mm high system was cut to a 1 X 10 mm stripe whose ends
were enclosed into a drop of epoxy. At this stage of preparation, the water
content was diminished to approximately 10%. In order to raise the water
content, the sample was stored in a water-saturated atmosphere for 50 h at
4°C. The swelling was chosen to be in the gel-state for the hydration-barrier
at 20 and 30 wt.% of water® to be avoided and to have a well hydrated and
equilibrated system in that phase. A monohydrated DPL-dummy was
stored in the same way for comparison of the water content, which by
gravimetric methods was found to have 26 wt.%. A more precise analysis
of the water content in the sample was performed later with the help of the
small angle diffraction data. Finally the multi-sandwich was sealed in a
X-ray quartz capillary and mounted on a sample holder of the X-ray pinhole
camera (Kiessig) for small angle scattering, which was temperature con-
trolled. Wide and small angle scattering were recorded simultaneously on
two planar filmpacks at different distances. In order to have Bragg condi-



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:47 21 February 2013

294 M. HENTSCHEL and R. HOSEMANN

tions for the well aligned membranes, the sample had to be oscillated by
+12° about its long axis, being perpendicularto the X-ray beam. Ni-filtered
CuKa radiation was taken from a RIGAKU RU 200 rotating anode gen-
erator driven on a 0.3 mm micro beam focus. Exposures were taken in
steps of typically 3°C, starting at 0.3°C. After changing the temperature the
sample was allowed to stand for at least 20 h prior to X-ray exposure.

. RESULTS

1) Hydrocarbon lattice

Temperature dependent small and wide angle spacings and tilt angles
of hydrocarbon chains are given in Figure 1. Contrary to preliminary
presentation”"* of these data, domain I has been chosen to reach up to 14°C
in accordance with new findings of the sub-phase L,.."*" The splitting of

4,59

Oidzm
*:dig

Al

4,04

0 20 W « S0 &

Temperature [*C ]

FIGURE 1| The four temperature regions of lecithin with 23 wt.% water. dyxo and d,,
distance in HC-attice chains. P long period. ¢ angle between the normal of the membrane
surfaces and the chain direction. The paraffin-like “Sub-phase” near 0°C is assigned with L.
Dotted lines refer to the phase-separation.
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the (110)- and (200) spacing has a maximum of 0.3°C, where in the
sub-phase the lattice is very similar to paraffine. Here the lattice cell is
orthorhombic with a/b = 1.59,'® whereas paraffin as a/b = 1.49.% Go-
ing towards the Lz-phase in domain II the split of the two spacings is about
1% only, making a/b = 1.71; therefore often referred to in literature as
“pseudo-hexagonal.” Figure 2 shows the density map of CH,-reflections
at 33.8°C, well separated near the equator E, where the (200)-reflection is
outside the (110)-circle. In domain I, the lattice is clearly hexagonal as
shown by Graddick et al., ” but for convenience the orthorhombic nomen-
clature is kept. The domains I to III are often called the “gel-phase.”

Above 43°C in domain IV, the L,-phase represents the wellknown liquid-
crystalline structure of molten chains with a liquid-like disorder inside the
membrane. The dotted line in Figure 1 represents residual parts of the
gel-phase which shall be discussed as phase separation. The distance of
CH,-chains is 8% larger in this state.

2) Membrane period

At the long spacings of the layer-period P the graph shows the most sig-
nificant change at the main transition 7, = 43°C as well. The drop from
69 A to 60 A is due to chain melting, as commonly known. A residual

FIGURE 2 Splitting of the equatorial CH,-reflections in domain II into three parts due to the
chain tilting in b-direction. E-E is the equator.
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69 A spacing in the L,-phase in connection with a weak 60 A spacing
below T, gives information about a broad main transition. The pretransition
at 35°C is positioned in accordance with others, but contrarily accompanied
by a drop of P by 2 A.

3) Tiltangle

The tilt angle ¢ shown in Figure 1, was derived from the splitting angle 6
between the (200)- and the (110)-reflections (see Figure 2). Since 6 is not
generally ¢, the direction of the tilt relative to the CH,-lattice has to be
known in order to derive ¢, the tilt angle. Simple geometric considerations
give the relation between the two angles. Figure 3a shows the orthorhombic
cell projected on to the a-b-plane, where the c-axis is perpendicular to the
paper with a length of two C-C-bonds, that is 2.5 A, and in direction of
the chain-axis. Figure 3b is the reciprocal lattice of 3a. Turning this around
axis 1 causes the (110)- and (110)-reciprocal lattice points to ly above the
paperplane and the respective (110)- and (T10)-positions to /y below. A
rotation of the lattice about the normal of the lamellae consequently causes
these lattice points to meet the Ewald-sphere of reflection twice above the
equator (the plane parallel to the lamellae), twice on it and twice below it.
In the case of a hexagonal lattice Levine used

sin § = *sin 60° sin ¢'? 3

assuming the axis 1 (or a hexagonal equivalent one) in our Figure 3 being
the tilt axis. This explains the four reflections outside the equator and the
two lying on it.

In an orthorhombic lattice Eq. (3) has to be replaced by

dllO

2da0
sin 8, = *0 )

sin 6, = *sin « - sin ¢, cos a =

If djjo = daw we have Eq. (3). Since in Figure 2 all reflections have equal
intensities and widths, Eq. (4) was applied to find the tilt angle ¢. The axis
of tilt is the a-axis, thus the direction of the tilt is the b-direction in Fig-
ure 3a. In Figure 1, lower plot, the tilt angle rises coming from the
sub-phase and reaches a maximum of 15° before reaching a plateau of 13°
in the Lg-phase. It is new that the sub-phase, whose CH,-lattice is paraffin-
like, has a much smaller tilt angle than in the Lg-phase. In domain III ¢
is reduced to about 10° and becomes zero in domain IV.
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FIGURE 3  a) Orthorhombic lattice cell with edges @ and b. b) Its reciprocal lattice. 1 is
the observed tilt axis of the HC-chains and 2 an arbitranly chosen tilt axis.

4) Effective water content

The long spacings P of domains 1 and II are about 5 A larger than found
by others.'~>%?" This difference can only be due to interlamellar water. By
swelling the lamellar Lecithin below T, the main transition temperature,
we had no problems with the so-called “hydration barrier.”® Our obser-
vations gave evidence that at room temperature very pure DPL in bidistilled
water within 18 h swells up to 97 wt.% water content. The process is
sensitive on ion concentration, as in 1 mmol NaCl-solution only 95.5% is
the hydration barrier. In order to avoid the inhomogeneity problems of
gravimetric and spectroscopic'? methods, we chose to find the thickness W
of the interlamellar water in domains 1 to 11l from

W=P —-Lcosg (5)

where P is the longspacing period, L = 55,4 A the known length of the
DPL molecule’ and ¢ the tilt angle of them. Within the errors of experiment
W constantly is 16 A A 23 wt.% in the phases I to III.

In the L,-phase a different approach is necessary to find the membrane
thickness D, since L is not known. P is reduced by 9 A at T, and the
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distance of the hexagonal (100) netplanes (they still exist in a liquid)*® rises
from 4.18 A to 4.52 A. With the known increase in volume of AV =
1,4%% we have for the membrane thickness

4.18?

D =(1+AV) ;s

L cos o =48 A" (6)

D is reduced by 6 A. In addition, the surface of the membrane is enlarged
by the factor 4,522/4,18% = |,17. The assumption that the water stays
between the bilayers then requests that W is reduced by this factor, by
2.3 A. Thus the reduction of P by 6 A+23A=94is completely
explained by the fact that in our multilayer system the interlamellar water
volume is constant through all phases.

5) Paracrystalline distortions of the longspacing

In the gel-phases the long period reflections become diffuser with in-
creasing order / of reflection. The 8b-1? plot (Figure 4) with help of Eq. (2)
leads to bundles with

g = 0.024 and N =45 =10 )

In domain 1V several sharp reflections are observable and

2 f(soony™!

1l

—_—x —————4
\

1 4(10002)™!

éb-1073(x

v

-t

- x4

4 9 16

12

FIGURE 4 Integral widths 86 against the squared order ! of reflections. The long period P
indicates paracrystalline distortions with g = 2.4% in domain Il (L) and unmeasurable small
distortions in domain IV (L,) with g = 0.
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g <001; N >150 (8)

Another fundamental relation exists in paracrystalline compounds, the so
called a*-law:*

VNg = a* = 0.15 £0.03 ©9)

It proves that the size of paracrystalline lattices depends on its g-values,
because the netplanes (in this case the lamellae) come more and more
under shear stress. With increasing N they finally break. Here from Eq. (9)
one obtains

a* =0.16

which is in good agreement with earlier findings.

6) Phase separation

Under the given conditions of water content, the gel-phase swelling and
thin multilamellar sandwiches as described, phase separation occurs be-
tween 39°C and 49°C, around the main transition. In this range the intensity
of the sharp (110)-reflection of the gel-phase x diminishes, while the broad
liquid scattering () becomes stronger with rising temperature as pointed out
in Figure 5, where integral intensities are used. For control, the sum of both
[ is constant. Although this is a good proof of phase separation, the

I

Bo
T

NoOWw ST N

-—

35 40 45 50 55
Temperature(°C)

FIGURE 5 Integral intensities of CH,-reflections of the gel-phase (x), the liquid-crystalline
phase ® and their (constant) sum [] near the main transition temperature demonstrating a
phase-separation.
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quotient of the intensities of the Lg-component and the L, -component was
taken for wide x and small © angle reflections and found to be equal at
all temperatures where the two longspacings P are observable (Figure 6).
This refers to the phenomenon of a splitted period P that Stamatoff ef al.’
interpreted by the shape factor of ripples.

7) Significance of the tilt direction

At room temperature, between the sub- and pretransition, around 20°C the
intensity of the (200) wide angle reflection diminishes markedly (Figure 7).
As we have argued before, in case of a tilt in direction b, the intensity of
the six reflections should be equal. Any change in this condition should be
understood by a different or undefined tilt direction. Stamatoff et al.” in
oriented DPL multilayers of 10% water content, observed not only a low
equatorial intensity, but no peak wherefrom they assumed randomly distrib-
uted tilt directions. According to their calculation they found a tilt angle ¢
of 12.5° which is almost identical to our measurement. Recalculating their
conversion factor between ¢ and the angle 26 between their two reflections
outside the equator we found it to be 0.87 which is sin 60° as we used in
Eq. (4). Thus, if the angular splitting 26 of the two outer equatorial
reflections is known, then the calculated tilt angle ¢ is the same in both
cases, whether the tilt direction is the b-direction or a disoriented one.

8) The phenomenon of ripples

Another interesting observation can be made from the width 8b, of the
lateral tails of the long period third order reflections shown in Figure 8. In

Iy
n——— 4
TR )

9 1
% o & 50
Tempergture(°C)

FIGURE 6 Intensity relation of the two phases near the main transition of wide- (x) and
small angle (] scattering in logarithmic presentation, assuring for phase separation.
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FIGURE 7 Intensity relation of the (200)- and (110)-reflection. If 1(200)/1(110) = 1, then
a is the tilt axis and b the tilt direction of the CH,-chains.

range Il a remarkable peak exists which will be explained below as a
consequence of special ripple zones in multi-sandwich-samples of Lecithin.

According to Figure 1 ¢ slowly decreases with increasing temperature;
now the number of c/2 shifts decreases with rising temperature. The
stabilizing (012)-netplanes now are destroyed step by step. Molecular-
dynamical phenomena may play a role. This resembles the fact that the long
period P does not decrease monotonously in domain III, but has a relatively
sharp peak at the end of domain III. Now one is concerned with clustering
effects: The ¢ /2 steps are no longer statistically distributed but cluster
to build waves, the so-called ripples firstly observed by Pinto da Silva”
in 1971.

wm
-—hm——m mmb—d
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' / *—ﬂ*\*\*\

r
L
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~
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T T
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FIGURE 8 Lateral width of the third order reflection of the long period P, indicating a

general decrease of disorientation of lamellae with rising temperature. The significant peak
of region III is caused by the ripple structure.
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IV. ANALYSIS AND DISCUSSION

1) Membrane period and hydration

We have analyzed a well oriented* DPL multilayer system which was
hydrated up to a 16 A interlamellar layer of water corresponding to
23 wt.%. By the take-up of water below the main transition temperature T,
we find a membrane period P of 70 A there and of 60 A above T,. Other
workers have never reported 70 A in the gel-phase, but usually around
65 A.'->%2 We are sure that the large longspacing is not due to our
multi-sandwich preparation, since by comparison with unoriented DPL
samples swollen in the gel-phase we have found P = 73 A. This, together
with our observation that swelling at room temperature is not stopped
before 97 wt. %, water is taken up, indicates that in the gel-phase there is
no strong hydration barrier below this amount, as observed in the L, -phase
at 20% and 30% water content.'” The X-ray measurements were started at
0.3°C near the swelling temperature of 4°C, in order to have well equili-
brated conditions, and the next temperature step for the same reason was
applied to the sample at least 20 h prior to X-ray diffraction. The re-
producibility of data was checked by going back to 0°C, after room tem-
perature was reached before, and then comparing the two sets of data. No
difference was seen between the first and second circle. The lowering of the
temperature from that of the L, -phase to room temperature reproduces only
similar spacings but not tilt angles. In general, the history of the sample
seems to play a bigger part when measurements were taken at falling
temperatures.”? Therefore we restricted ourselves to data taken at rising
temperatures. The interlamellar water volume remained constant through
all phases.

2) The hydrocarbon lattice of the gel-phases

The relevant progress obtained from oriented DPL multilayers is due to the
separation of the (200)- and the (110)-reflections which makes it easy to
measure directly the tilt angle ¢ of the hydrocarbon chains with respect to
the layer normal as shown in Figure 1. The little differences between d,
and dyy prove that there is an orthorhombic CH,-lattice in the Lg-phase
with only 1% difference to the hexagonal case. This explains the asym-
metric profiles found in unoriented samples by Janiak et al.’ In the
Pg-phase of domain Il the CH,-lattice is clearly hexagonal, but there is still

*The degree of orientation expressed by the angle of texture was typically 3,5° FWHM (fuil
width at half maximum).
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atilt angle of ¢ ~ 10°. The pretransition in accordance to Comeron et al.*
and Janiak ef al.? is characterized by the change from an orthorhombic to
a hexagonal lattice. Rotation of the CH,-chains about their long axis is often
assumed to be the reason for the hexagonal packing.**'* A hindered rotation
is proposed by NMR-studies of Blin¢ e al.’' and Davis* and by the
IR-spectroscopy of Cameron® even in the Lg-phase. Consequently, we
propose that the subtransition® is correlated to a stop to hindered rotation
and the lattice is paraffin-like, especially confirmed by big differences of
the dyg and the d),-spacings as seen by others as well.'>'® New about the
subtransition is the strong reduction of the tilt angle ¢ to be 8° near 0°C (see
Figure 1). As we have argued before, " headgroup hydrational forces might
be lowered and result in a smaller tilt of chains. A reduced hydrational state
is discussed by Ruocco ef al.'

3) Stabilizing netplanes and tilt direction

Near the upper subtransition temperature at 12°C we find a maximum in the
tilt angle ¢ which is 15°. Considering this to be an angle of some stabilizing
meaning, we can explain it by the following mechanism: In the gel-phases
of domains 1 to III the CH,-chains are always tilted in the direction of the
b-axis. Supposing that each chain adjacent to another one on the b-axis is
shifted along the c-axis by ¢ /2 (see Figure 9) then o is given by

¢
8¢ =55 (10)

With b = 4.8 A and ¢ = 2.5 A, we have from Eq. (10) tge — 0.26 and
¢ = 15°. The shift by c /2 requests a twist of the adjacent chain by 180°
about its long axis, thus zig-zag fits to zig-zag. The lamellae surface then
is parallel to the (012)-netplanes of the CH,-lattice; such stabilizing net-

FIGURE 9 Structural explanation of a tilt angle ¢ = 15° If adjacent chains are shifted by
/2 along their c-axis and turned around it by 180°, they can Jock in and form a stabilized
(012)-netplane surface.
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planes were also observed in Cerebrosides.”” Phrenosina, for instance, at
23°C partly consists of a structure I with ¢ = 30° and stabilizing (201)-
paraffin-netplanes. At 66°C another structure, 11I, appears with ¢ = 45°
and stabilizing (301)-netplanes. In paraffins as well, stabilizing netplanes
form membrane surfaces.*® The described mechanism reminds us of
Doniach® who used c-steps in order to explain 30° tilt angles in his ripple
model. Furthermore, it is known from neutron diffraction'" that 3/4 c-shifts
between the two CH,-chains of the Lecithin molecule relate to this phase.
In the Lg-phase a constant tilt angle of 13° occurs which can be explained
by (0, 7, 16) netplanes or, put differently, by —c/2-steps interrupting the
(012)-netplane after 8 adjacent chains in b-direction.

4) Other tilt directions

The phenomenon demonstrated in Figure 8 where the tilt direction is less
defined just above the substransition at 16°C, could be caused by the
instability after the 012-netplane is no more the stabilizing surface. Only
little variations of the tilt direction cause significant changes of the intensity
of the equator reflection. The rise in IR-CH,-scissoring Cameron ef al.*
reported near 20°C can be correlated to this, since it indicates a stronger
rotation causing possibly some deviations from the b-direction.* The geo-
metrical treatment of the problem of a tilt axis, which is not the a-axis but
has an angle ¢, like the axis 2 in Figure 3 gives the relation

sin 8 = f() sin ¢* (1)

[which is more general than Eq. (4)] where
dyto

f) = tsinp = o), w=T a= ( T ()

If ¢ = 0 or %3 we have Eq. (4) and there are six reflections, four outside
and two on the equator, as shown before. In the general case a graph of f(¢)
in Figure 10 demonstrates the different tilt directions.

If ¢ is 7% or %2, then we have eight reflections; otherwise we have
twelve. Overlaps of reflections, however, hinder the observation of twelve
reflections. Thus, if like in our case, the b-direction is not exactly met, a
decrease in equator intensity is to be expected. Disoriented tilt direction
causes four reflections.’

*QOur finding was presented by Helfrich at Aspen (1980).
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FIGURE 10  Function f (i) connecting the tilt angle ¢ of chains with 8, the angular splitting

of the (110)- and (200)-reflections in Eqgs. (11) and (12). If ¢ = 0, then b is the tilt direction
giving a total of six reflections. Generally 12 are possible.

5) Bilayer period statistics and Astbury’s rule

As pointed out in Figure 4 the membrane period is paracrystalline distorted
in the gei-phases with a disorder value g = 2.4% and N = 45 bilayers,
bound to a bundle of thickness ~3000 A.* The disorder does not exist in
the L,-phase; the membrane reflections are crystalline. The same feature
was observed in unoriented samples, which we had hydrated over 50 wt.%
water content.

In domain I-1II the value g is large because, obviously, the chains are
shifted statistically against each other in c-direction. The roughness of the
lamellae surfaces gives rise to the larger g-values in Eq. (2). Our own
observations of the (002)-reflection at dyy, = 1.26 A in oriented DPL-
samples support the explanation that CH,-chains latch onto each other. The
roughness caused by the relative shift of the two chains in one lecithin
molecule, which is 3% according to Zaccai et al.,"' causes part of such
a g-value: % ¢ = 1.8 A for every second chain giving a relative standard
deviation g = 1.8%. If, on the other hand, the liquid-like CH,-chains in the
L,-phase lose some crystalline-like lateral contact to each other, then they
are able to build up lamellae with a minimum surface free energy and g
becomes zero, according to Eq. (2).

The schematic drawing of Figure 11 is an illustration of Astbury’s rule:*
The more disordered the molecules, the better they aggregate to super-

*These data once again confirm the a*-law™ as formulated in Eq. (9), to be valid for
longspacings in lamellar systems as well.
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FIGURE 11 Astbury’s rule demonstrated by lecithin bilayers (schematical drawing with no
headgroups shown): a) Lg-phase: Crystalline HC-chains, statistically latched on to each other,
build up paracrystalline distorted membrane layers. b) L,-phase: Paracrystalline distorted
HC-chains form smooth membranes with a crystalline-like long period P.

structures and vice versa: the better the crystalline order, the worse their
superstructure. Figure 11, for clanty, does not show the lecithin head-
groups. Our model is a special example for Astbury’s rule as it can give an
answer to the question of by what mechanism this rather astonishing rule
is governed in lamellar systems, e.g. smectic liquid crystals, polymers, and
biopolymers. This example demonstrates that the paracrystalline model,
which has found only “limited utility in the study of liquid crystals,” leads
indeed to “new insights into the structural characteristics of mesophases.”®

6) Weak rripples of the P,-phase

Several works have been done on ripples. X-ray analysis of ripples was
applied to unoriented samples first by Tardieu,® later on by Janiak®?* and
Stamatoff.’ Detailed electron microscopy was performed by Sackmann
et al.*® and Copeland er al.*® Theoretical approaches were proposed by
Helfrich,* Doniach,* and Larsson.*' In the work of Janiak ef al. ,%* which
was done on dimyristoyl-lecithin, a complete indexing of the two-
dimensional macrolattice was possible, contrary to Stamatoff et al.’ who
detected solely (h0)- and (0/)-reflections, ! giving the order of the ripple
period and h the order of the membrane period (our notation). In order to
illustrate the diffraction of ripples, Fraunhofer-patterns of sinusoidal mod-
els are presented in Figure 12. The density of the membranes in their
average plane is uniform in Figure 12a. Consequently, no equatorial reflec-
tions (h0) appear in their transform (Figure 12b). The membranes of
Figure 13a have density fluctuations of half the wave length, which can be
caused by changing the tilt angles of the CH,-chains, as proposed by
Helfrich.® Their diffraction pattern (Figure 13b) yields equatorial reflec-
tions of the half wave length (h = even number).
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(a)

(b)

FIGURE 12  a) Idealized two-dimensional model of a ripple structure. The CH,-chains stand
parallel to the membrane normal and ¢ = 0. Hence there is no longitudinal density fluctua-
tion. b) Its Fraunhofer pattern. The amplitude A of the ripples is 1/5 of the long period P.
The 5th order reflection { = *5 is zero because here the shape factor 7 of the lamellae
disappears and no equatorial reflections exist.

In our investigation we only observed a widening of the lateral tails of
the (O)-reflections of the bilayer stacking period appearing between 36°
and 43°C in domain III. Figure 14 shows the increase in the lateral widths

(b)

FIGURE 13 a) Two-dimensional model of ripples including density fluctuations, e.g. by
locally tilted chains and b} its optical diffraction analoge performing equatorial reflections
caused by density periods of half the ripple wave length.
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FIGURE 14 Lateral integral width 8b, of the small angle meridional reflections (0{). At
34°C they increase linearly with the order [ of reflection (xxxct). At 39°C they are additionally
broadened by the ripples (0000).

&b, of the several orders ! of the stacking period at 34°C, where it increases
linearly, and at 39°C, where additional broadening occurs from ripple-like
structures, which probably are badly correlated and therefore give no sepa-
ration between the (0)- and the (hl)-reflections. Nevertheless, we shall
analyze this type of “weak” ripples.

7) Analytical treatment of ripples

Figure 15 shows an ensemble of rod-like particles whose chains have an
angle ¢ with the normal of the lamellae and the steps of the lamellae surface
build up a “ripple” with a wavelength a. For convenience we assume that
all blocks have the same thickness z. By introducing orthogonal coordinates,
P(x, — 0) is a point function in x,-direction with

Plx, —0) =0 for |x| = e; jP(xz - 0)dx, = 1 (13)

€ is a quantity in the order of the equipment resolution. Thus a single ripple
can be mathematically defined by a streak function (Figure 15):
St(xy, x;) = P(x, — A cos 2mx,/a) (14)

Its two-dimensional Fourier transform is given by (see Appendix)
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FIGURE 15 Ripple wave of molecules tilted by an angle ¢ in wave direction. The centres
(....) of the molecule groups (MG) are defined by the cross points of the sinoidal wave (SW)
and the disc lattice (DL).

‘)’S[ - f62mbzAc052n~xl/ae2m'b1x|dxl

= 2 (ig2 cos ZM,/a)"/n!eZwib,x, dx,
n=0

0

(iq)" n n
fard n! [P—n+<l>P—n+2+~--(n_I)PA—Z+PA} (15)

P, = P(b, — nfa), q=mb,A and b = 2sin ¥/A
(29 scattering angle, A wavelength).

where

This function consists of point-like stripes parallel to the b;-axis with

b

FIGURE 16 Fourier transform of the ripple structure of Figure 15. For detail see text.
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distances 1/a (see Figure 16). For n = 0 only one stripe exists at b, = 0
with the weight 1. To this stripe the summand n = 2 adds a quadratic term

Q%G) P(n =0).

The stripe at b, = 1/a is given by

[iq + (gi‘){G) + ('S—q')fG) + ...]P'

So we finally obtain

_ (ig
" 16
St = nzo(tq)P > -y (16)
The black points in Figure 15 indicate the centers of single blocks.
They can be easily obtained by multiplying the function St(x,x;) with a
lattice function:

) = 3 Pley — m) 1)

where the x;-axis has an angle ¢ with x and [ is the distance between the
molecule groups MG. The Fourier transform of z(x;) is given by

yz(x;) = 2 ,P(by — m/1) (18)

,P now are two-dimensional point functions and b, is parallel to x;. If one
multiplies St(x,, x;) with yz(x;), then one obtains the centers of all blocks
which are the black points in Figure 15. If the lamellae are smooth like in
Figures 12 and 13 z(x,) is a streak function of length and orientation of a
chain molecule and y(z;) is a streak along the b;-axis.

The Fourier transform of this product is, according to the Appendix,
nothing else than the convolution product of yz(x;) with ySt.

y(S1)yz3 (19)

This means that function ySt of Figure 16 is superimposed by other func-
tions ySt(x — x;/1) which in the Fourier space are shifted along the direction
by by m/1 (Figure 16). Now we have to replace the point-like centers of the
blocks by their shape. This can be done by folding the product of Egs. (14)
and (17) with the shape of the blocks. If f(b) is the Fourier transform of their
shape, then, according to the folding theorem of the Fourier transform, the
intensity function is given by the product of f%(b) with Eq. (19).

The next step is to build up a bundle of such rippled lamellae. Accord-
ing to the theory of paracrystals, one has to multiply the total formula
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by the macrolattice function Z(b). Its maxima are the well-known long
period reflections whose widths 8b, according to Fig. 2, depend on the
g-value of this superlattice. So we finally obtain, for the intensity of an
oriented sample

1(b) = [f*yStyzy - Z(b)]S* (20

S% is the shape factor of the bundle. It is to be folded with the bracket. Every
peak of /(b) has a shape S?

1) = £ 3 Gy S A pzsiv) @

This expression can be easily understood if one also introduces the peaks
P, of the long period in Figure 16.

8) Discussion of ripples

Stamatoff® has observed in unoriented samples, in addition to a long period
reflection, three very weak peaks at 165 Aand 110 A and a stronger one
at 55 A.This can be easily explained by Figure 16 if ¢ # 0. The streak
along the b;-axis then crosses P,-lines which all are unlike zero and explain
the reflections observed by Stamatoff. On the other hand, if ¢ = 0, except
for P(b; — 0), the y(z;)-streak is multiplied with zero and no longitudinal
reflections occur. This is the case in our lecithin. Moreover, the two reflec-
tions ,P(b; — 1/t) and ,P(b; + 1/1), cannot be observed because the single
shifted groups of molecules MG (see Figure 15) touch each other, and
hence, the Fourier transform f(b) of their shapes (see Eq. 20) has the zero
value. Figure 12a shows a model with ¢ = 0 and Figure 12b its Fraunhofer
pattern. The weak reflections obtained by Stamatoff are produced by the
two y(Sf)-components whose centers are given by ,P(b; — 1/1) and
,P(b; + 1/1). The strong term Sj of this term gives rise to the peak at
~55 A and the weak peaks are produced by S? and S of this shifted
¥(St)-function. The ripple wavelength is then given by 165 A, according to
Stamatoff, and the thickness ¢ of the shifted blocks is about a third part of
the ripple wavelength. This means that, contrary to the multi-sandwich,
where such interferences could not be observed, here the blocks are tilted
against the normal of the lamellae. If, in our case, ¢ really becomes zero
in domain III, then the ripple waves must go along the a-axis of the
paraffin-lattice. If not, the ripple has at least a component in the
b-direction. Therefore, it cannot be decided what really happens. On the
other hand, Tardieu® and Janiak® only observed satellites of the long period
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(p, and p_, in Figure 16) which indicate ¢ = 0 and a relatively uniform
wavelength. Herefrom they found a wave length

a=141A.

Eq. (21) explains the I(h, ) reflections which all have the same Cauchy-
shape S? if, as in the L,-phase, the g-value of the superlattice is zero
(Figure 4). They are smeared out by the texture effect explained above.
One obtains their smeared shape directly by analyzing the (0l)-reflections
at 34°C with a microdensitometer. At 39°C the line profile changes to the
Cauchy-shape with an exponent [.5 which can be explained by two addi-
tional SZ-reflections, according to Eq. (21). This separation is performed in
Figure 17 with the help of a DuPont 310 curve resolver for the 4th order of
the meridional reflection. The analysis is absolutely satisfying if one intro-
duces solely the reflections (0), (1]) and 1/). This is the first hint that one
only needs the terms r = 0 of Eq. (21).

I(p,) = 2 (mAl/P)*S2/p! (22)

because A/P is so small that the terms |r| = 0 can be neglected. Another
proof for

A/P <1 (23)
is given by Figure 18: The weights of the second maxima S} divided

through S} give a straight line if plotted against /2 From | = 4 one
obtains quantitatively

FIGURE 17 Construction of the rods 53, S} and 2, corresponding to the (04)- (14)- and the
(14)-reflections in the ripple domain at 39°C using the profile S of the (0/)-reflection at 34°C.
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;E(l).i; = (mA4/P)® = 0.18,  hence A/P = 0.06 = 0.01  (24)

A=(45+05A

For 1=2, 3, and 4 the positions of the S} peaks are nearly identical and
indicate that the mean wave length of the ripples is given by

a=(310+30) A (25)

From the discussion of Copeland and McConnel® it is known that the
wavelength of ripples can be the multiple of another observed wavelength
and differs with preparation techniques. Therefore, the wavelength and
amplitude observed are not generally representative. We wanted to demon-
strate the method of analysis.

The value 2=310+30 A is the mean value of an ensemble of strongly
varying wavelengths. This large variance may be due to the special prepa-
ration of the multi-sandwich which, due to the activities of the mylar foils,
hinders the growth of ripples with a well-defined wavelength.

Coming back to the concept of paracrystalline structures, one can ex-
plain the diagram of Figure 15 in a more statistical way also: The distance
distribution H(x) of the vectors x expanded between the centers of adjacent
bimolecules gives a statistical fluctuation A%(x, p) in the direction of the
longer period P

Ax,p) = f H(x)(x — Xx,s,)*dx’ (26)

where s, is a unit vector in the direction of P. The integral width &g, of
the long period reflections in the lateral direction then is given by

8bey = 1/X(1/N + (Tgegl)? (27)
where
8ep = A(X,p)/P

and N is the mean number of bimolecules within one lamella (see Eq. 2).
From Figure 18, one obtains

b(l=4) — bl =1)

ob(l = 1) 4 (28)

hence
(mgepd)’ = 4; gep = 0.16 (29)
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> |

FIGURE 18 Quotient $}/S which is 7(1{)/I(0!) in the ripple domain. The slope indicates
that A/P ~ 0.06 (see text).

The bimolecules, hence, fluctuate statistically at the end of section Il in
s,-direction by A(x,p) = 10 A. There is no doubt that in reality there may
exist correlations between these fluctuations which create a field of large
varying wavelengths whose average value is given by ~310 A. Never-
theless, both explanations — Figure 12, confirming a widely varying wave,
length with a mean wavelength @ = 310 A and the paracrystalline concept
of uncorrelated step dislocations —lead to the result that in the multi-
sandwich sample in section III special, more or less correlated, or un-
correlated relations exist between the positions of adjacent bimolecules.
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The Fourier transform of the one-dimensional function P(x, — a) is
defined by

yP(x, — a) = JP(xz ~ a)e iy,

From Eq. (13) it follows that

—2miab;

YP(x; — a) = e

The Fourier transform of the one-dimensional function 2 cos 27x,/a there-
fore is given by
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¥2 COS(277xl/a) = 'y(e+277ixl/a + e—Zwix‘/a))
= P(b, — 1/a) + P(b, + 1/a)

The folding theorem of the Fourier transformation is defined by

y(gh) = GH = fG(c)H(b —c)dc; G=1yg; H=yh)

Putting g = h = 2 cos 2mx,/a one obtains

[P

(by + 1/a) + P(b, — 1/a)][P(b, + 1/a) + P(b, — 1/a)]
= P(by + 2/a) + 2P(b, — 0) + P(b, — 2/a)

Using this binomial folding process one finally obtains the last line of

Eq. (15).
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