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A high-resolution synchrotron x-ray study of oriented, supported, hydrated dilauryl phospha-
tidylcholine in the lyotropic L, (smectic-A or “fluid”’) phase shows that thermal fluctuations give
rise to algebraic decay of positional order in stacking of the bimolecular lamellae, the so-called
“Landau-Peierls” state. For planar monocrystalline samples of thickness 10—-20 um, the exponents
derived from intensity profiles are in accord with harmonic theory. When combined with previous
measurements of the splay elastic constant K in this lyotropic system, the exponents indicate a bulk
compressional elastic constant B =(1.94+1.0)X 10® erg/cm’, consistent in magnitude with values
measured in thermotropic liquid crystals. Samples of thickness ~1-2 um show anomalous behav-
ior in the wings of the longitudinal intensity profiles, but are not in accord with harmonic theory,
suggesting that surface effects partially quench the thermal fluctuations. Grandjean terraces on
sample surfaces produce striking refractive effects at low Bragg angles.

I. INTRODUCTION

Lameller phases of lyotropic liquid crystals, in which
roughly parallel lamellae or membranes are separated by
a fluid medium, have attracted considerable theoretical'>?
and experimental® "¢ attention recently because of the
profound influence of thermal fluctuations on both the
shape of individual membranes and the interactions be-
tween membranes. Examples of these phases can be
found in hydrated phospholipids, where lipid bilayers al-
ternate with water layers, and in ternary systems of sur-
factants, water, and oil, where surfactant monolayers
separate layers of oil and water.

The first question to be addressed is how do thermal
fluctuations disrupt the planar configuration of an isolat-
ed membrane? In the absence of surface tension or exter-
nal constraints, Helfrich postulated’ that the shape of an
isolated membrane is governed by the free-energy func-
tional

Holu)= [driky(Vu)?, (1

where u =u(r) measures the displacement of the mem-
brane from a planar configuration and «, (in ergs) is the
membrane rigidity constant. Theories based on (1) have
been used to interpret the shape fluctuations of single-
layer phospholipid vesicles® and red blood cells.” de
Gennes and Taupin'® investigated the role of curvature
energy in a thermodynamic model of a bicontinuous mi-
croemulsion. They noted that the domains of oil and wa-
ter separated by a surfactant monolayer compose a lattice
whose lattice constant is roughly equal to the coherence
length £, ,=a exp(4mky/3kyT), where a is a molecular
distance comparable to the in-plane spacing of two sur-
factant molecules. &, is the length scale over which a
membrane maintains its orientational coherence until it is
disrupted by thermal fluctuations. Helfrich!! has sug-
gested that these fluctuations should lead to an effective
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rigidity k which is less than the bare value k. Peliti and
Leibler,’ computing to one-loop order the
renormalization-group equations which describe the re-
normalization of «, confirmed that it is indeed easier to
bend a membrane which is already slightly crumpled.
Thus, they find that the rigidity depends explicitly on the
linear size L of a 2D membrane,

k(L)=ko[1—7In(L /a)], (2)

where 7=3k, T /47K, Safran et al.'> have pointed out
that renormalization of k may play an important role in
the phase stability of middle phase microemulsions.

The next theoretical issue concerns how thermal fluc-
tuations disrupt a planar multimembrane system. The
equilibrium thickness 7 of intercalated solvent in a mul-
timembrane system results from the balance of molecular
interactions and external constraints. When 7 is small, a
stack of fluid membranes is equivalent to the smectic- 4
(Sm- A) phase of thermotropic liquid crystals. Tradition-
ally, the effect of thermal fluctuations in this structure
has been treated in the continuum limit by introducing a
coarse-grained displacement variable u(x,z), which de-
pends on the stacking axis variable z in a continuous way.
Symmetry arguments'® then yield an effective Gaussian
model for the free-energy density,

/ ksT, (3)

where B and K =k,/I are the bulk moduli for layer
compression (in erg/cm® and layer curvature (in
erg/cm), and V? denotes the Laplacian operator acting on
in-plane coordinates (parallel to the local membrane sur-
face). Within this harmonic model of the “1D” solid,
thermal fluctuations prevent strict long-range order,'
(LRO) but result in quasi-long-range translational order.
Within this so-called Landau-Peierls system, the mean-
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square displacement of a single layer, calculated by using
the equipartition theorem and summing over the
compressional and undulational acoustic modes, diverges
logarithmically with system size L,

()~ —2L i @)
uir))~——=—=1In .
27V KB

However, since these long-wavelength motions do not
affect the short-range interlayer correlations, large parts
of the system move almost in unison, and correlation
functions decay weakly.!> Caillé!® showed that the dis-
placement correlation function exhibits an anisotropic
power-law decay with distance,

G,(r)=(exp{ig[u(r)—u(0)]})

(a2/Az)Y, p<<Viz

“a/p®, p>viz ®)

where a is again an intermolecular distance, p denotes an
in-plane  distance, and the characteristic length
A=V'K/B ~d. Importantly, the exponent x shows a
quadratic scaling with wave vector,

x=q*T/87VKB . (6)

The peculiar asymptotic behavior of G,(r) leads to aniso-
tropic singularities in the x-ray structure factor S(q)
about the harmonics |q, | =n27/d,

2—x

1/(q,—q,)" %,
“ /g4, ¢,=0

q,=0
S(q) (7)
where q is decomposed into components parallel (g,) and
perpendicular (g,) to g,,. The elegant x-ray scattering ex-
periments of Als-Nielsen et al.!” found that the wings of
the first quasi-Bragg peak in the Sm- 4 phase of the ther-
motropic liquid crystal 4-cyano-4-(n-octyloxy) biphenyl
(80CB) were indeed consistent with this power-law singu-
larity form, and that measured values for x near the
smectic- 4 —nematic transition agreed with values calcu-
lated using the harmonic approximation and indepen-
dently measured values of the compressibility and splay
elastic constants. Caillé’s results for the scattering of x-
rays by a Sm- A4 liquid crystal were extended by Gunther
et al.!® to include finite-size effects and the long-range or-
der induced by an external magnetic field. As has also
been noted for the finite 2D harmonic lattice,'® the struc-
ture factor retains the infinite system form far from the
Bragg point, but is rounded off by a Gaussian peak whose
width is of order L ™!,

The low degree of short-range order in thermotropic
Sm-A liquid crystals leads to a near sinusoidal mass-
density wave, so that no significant scattered x-ray inten-
sity appears in harmonics greater than the first. In con-
trast, lyotropic smectic liquid crystals, in which hydro-
phobic effects drive a higher degree of local order normal
to layers of surfactant aggregates, often display a number
of harmonics limited only by the available intensity and
recording time. This feature has been used to great ad-
vantage in swelling experiments to map the lipid bilayer
structure factor, and through Fourier synthesis, con-
struct the projected electron density.?°

When the thickness of intercalated solvent is compara-
ble to the membrane thickness, thermally activated cur-
vature fluctuations of individual membranes become
significant contributors to intermembrane interactions.
Recently attention has focused on the microscopic
description of interacting, fluctuating membranes, to elu-
cidate the interplay between molecular and steric interac-
tions. Because the average distance I between membranes
can often be varied by the addition of solvent, the lamel-
lar phases of lyotropic liquid crystals offer a unique ex-
perimental system for a systematic study of this interplay.
Helfrich?! has noted the possibility of a long-ranged,
repulsive mechanism, whose origin lies in the mutual
steric hindrance of thermally undulating membranes,
which can compete with, and possibly defeat, long-range
attractive van der Waals interactions. He suggested that
the loss of entropy due to the interactions of fluctuating
membranes should lead to an effective contribution to the
free energy of the form
v.(T) (ks T"

’ kI

Steric repulsions have also arisen in the context of fluc-
tuating domain walls in the stripe-domain phase of the
2D solid,?>?3 steps on a crystal surface,?* and 2D polymer
systems.?> Lipowsky and Leibler’ have shown that the
process of swelling a lamellar phase by addition of sol-
vent, which leads to a strong increase of the mean separa-
tion, can be viewed as a phase transition, which they
termed complete unbinding. They also showed that the
system exhibits quasi-long-range translational order.
Larche et al.’> have prepared extremely dilute lyotropic
smectic samples, in which ~4-nm ionic surfactant bi-
layers were separated by ~ 650 nm of oil, and found that
the angular distribution of scattered light (at optical
wavelengths) showed two sharp (quasi-) Bragg peaks.
They attributed this apparent LRO to stabilization by
steric repulsion. Safinya and co-workers,*® in synchro-
tron x-ray studies of swollen lamellar phases of a quater-
nary microemulsion system, found evidence of a variation
with membrane spacing of the exponent x(I) (which de-
scribes algebraic decay) consistent with the predicted
effects of entropic steric repulsion.

Previous work on determining the magnitude of the ri-
gidity constant x has focused on free-floating unilamellar
phospholipid vesicles, and, in multicomponent systems,
on the lamellar microemulsion phases. By measuring the
time correlation function for fluctuation amplitudes of
the lowest normal modes, Schneider et al.® found
k~1—2X10""? ergs for both spherical and cylindrical
vesicles of dimyristoyl phosphatidylcholine (DMPC).
Servuss et al.?® also found k~2X 107 '2 ergs by measur-
ing the mean-square amplitude of the bending mode of
long unilamellar cylindrical vesicles. The rigidity for
lamellar microemulsion phases appears to be much lower
than in the phospholipid systems. Di Meglio et al.?’
found k~(2-6)X 107 '° ergs both by the local technique
of spin labelling, and by quasielastic light scattering from
bulk undulational modes of a lamellar microemulsion
phase.

There is considerably less known about the magnitude

(8)



40 MEASUREMENT BY X-RAY DIFFRACTION METHODS OF THE . ..

of the layer compressibility modulus B, in lyotropic
lamellar systems. B can be obtained through the tech-
niques of Brillouin light scattering, ultrasonic wave prop-
agation, or forced Rayleigh scattering. In thermotropic
smectics, there is a fairly large scatter in the values of B
obtained by these techniques, those obtained at high fre-
quencies ( ~ 10° Hz) being a factor of 10—-20 greater than
those at low frequencies ( ~ 10° Hz). As noted by Prost,?®
the high-frequency techniques are beyond the hydro-
dynamic regime (set by the characteristic time for molec-
ular relaxations, typically 1077 sec), while the low-
frequency measurements of B may be influenced by gen-
eration and motion of dislocations. Using Brillouin light
scattering, LePesant et al?® found that for the Sm-A4
phase of dipalmitoyl phosphatidylcholine (DPPC) at 35%
water (by weight) B <5X10° (erg/cm’); i.e., below the
limits of detection for their experiment. Using the inter-
digitated electrode technique, Marcerou et al.’® were able
to measure the second sound mode on an L, phase
DPPC sample at 4% water and T=115°C, and found
B=1.6X10°. Although they also studied a DPPC sam-
ple at 25% water and T =47°C [which is much closer to
the hydration condition of our dilauryl phosphatidylcho-
line (DLPC) samples], they did not report a value of B for
this sample. Safinya et al.* found B =6X10’ erg/cm’ for
powder samples of the concentrated lamellar phases
formed by the quaternary mixture sodium dodecyl sulfate
(SDS)-water—pentanol— dodecane. Smith et al.,’ in an
x-ray study of freely suspended films of DMPC, found
that the slopes of the higher harmonics were consistent
with a value B =2X10'" erg/cm?; this measurement was
potentially corrupted by inhomogeneities, however. The
widths of longitudinal profiles in this sample increased
systematically with harmonic, however, inconsistent with
quasi-long-ranged-order (QLRO) or finite-size effects,’!
but consistent with inhomogeneities resulting from none-
quilibrium water concentrations or radiation-damage
effects. We have observed inhomogeities due to none-
quilibrium of water chemical potential, and below we dis-

cuss their relaxation. ) )
There have been few direct probes of spatial fluctuation

phenomena displaying algebraic decay. Through the use
of channel-cut Si(220) monochromator and analyzer crys-
tals, Als-Nielson et al.!” illustrated the importance of
steep instrumental function wings in measurements of
power-law singularities. Moncton and Pindak*? found
evidence of algebraic wings in the first harmonic of a
four-layer freely suspended smectic-B liquid crystal, a
model 2D solid system. Power-law behavior was also ob-
served by Huang et al.> in the first harmonic of a mono-
layer of Xe on the basal planes of graphite. Synchrotron
x-ray scattering measurements by Mochrie et al.?
demonstrated power-law behavior at five harmonics of
the mass density wave in the weakly incommensurate
stripe-domain phase of stage-4 bromine-intercalated
graphite, and confirmed the scaling of exponents with g2
expected within the harmonic approximation to the 2D
solid.

In this paper we report a high-resolution synchrotron
x-ray scattering study of the layer-spacing fluctuations in
room-temperature, hydrated dilauryl phosphatidylcho-
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line (DLPC) aligned multilamellar samples supported on
a solid substrate. Since under these conditions each
DLPC bilayer is a fluid membrane, the samples are lyo-
tropic Sm- 4 liquid crystals, also known as the L a phase,
which as we have discussed above, should display an
algebraic decay of positional correlations. Our intent was
to probe the extent to which stacking fluctuations disrupt
long-range translational order of the 1D Sm- A lattice, by
studying in detail the quasi-Bragg-diffraction profiles. By
directly measuring the exponent x in reciprocal-space
scattering profiles, we show the presence of QLRO in
thick samples, and find that the fluctuations are quenched
in thinner samples. Assuming values for k from indepen-
dent measurements, we can then deduce values for the
compressional elastic constant B in these hydrated phos-
pholipids.

II. EXPERIMENTAL METHODS

A. X-ray optics

The scattered intensity I(q) at scattering vector q re-
sults from a convolution of the sample structure factor
S(q) with the instrumental resolution function R(q).
Since the signature of quasi-long-range order is the pres-
ence of anomolously intense “wings,” an attempt to
probe this state must employ a well-characterized instru-
mental resolution function, else the contribution of the
sample structure factor is liable to be confused with that
of the scattering instrument, an error that befell some
earlier investigators.’* Since S(q) possesses no intrinsic
width (aside from finite-size-induced contributions), but a
characteristic slope, the instrument function should ap-
proximate a 8 function as closely as possible. It should
have a narrow width, and more importantly, steep wings.
X-ray optics can obtain these qualities through the use of
multiple Bragg reflections in channel-cut perfect single
crystals of silicon, as first demonstrated by Bonse and
Hart.*

A schematic diagram of the optical arrangement which
we employed on the A3 line at Cornell High Energy Syn-
chrotron Source (CHESS) in Ithaca, New York, is shown
in Fig. 1. The x-ray source point was 10 m upstream of
the monochromator, which consisted of a pair of Si(111)
single crystals whose faces were maintained parallel to
select a twice reflected beam of energy 8.041 keV from
the white beam incident on the first crystal. Although at
the time of our runs this monochromator possessed sagit-
tal focusing capability because of a slotted second crystal,
we found that as the second crystal was bent, an unac-
ceptable distortion of the direct beam profile developed.
Thus we operated the monochromator without focusing.
The stability of the monochromator tuning proved to be
troublesome at the beginning of a storage ring fill, and
during those runs when the wings of a wiggler beam
spilled over the optics of an adjacent line and struck the
edge of the A3 first crystal.

After exiting an He flow tube at the front of the hutch,
the beam was collimated by slits S, in both horizontal
and vertical planes. Since a large d-spacing sample (typi-
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FIG. 1. Schematic diagram in the scattering (vertical) plane of the x-ray optics used on the A3 line at CHESS. Monochromator M
and analyzer A were Si(111) single crystals; FT, helium flow tube; S, collimating slit; IC, monitor N, ion chamber; S, and S;, guard

slits; detector Det was either a scintillator or an argon-ion chamber.

cally 4.5 nm) was being observed in reflection (Bragg an-
gle of first reflection ~1°) from a sample whose length
was roughly 2 cm, the beam height had to be limited to
illuminate the sample alone to minimize parasitic scatter
at low harmonics. Thus at each harmonic, while keeping
the sample and analyzer tuned to the peak, the vertical
aperture of S, was reduced until the diffracted intensity
began to dip. The collimated beam was then monitored
by a transmission N,-ion chamber, which provided the
normalization signal necessary for a step scan under con-
ditions of decaying and drifting direct-beam intensity.
Next, the beam struck the oriented lipid sample support-
ed on a 1-in. polished Si(111) wafer substrate enclosed in
a controlled humidity cell. This cell was mounted on a
Huber 410 rotation stage such that the rotation axis lay
in the plane of the wafer surface. A second Huber 410,
concentric with the first, was used to control the
scattered-beam analyzer which was fixed to the “two-6”
arm. This angular analyzer was a double-reflection
channel-cut Si(111) single crystal, cut for use near 9
keV.’® The 1-cm horizontal width of slit S, 25 cm from
the sample defined the scattering resolution in the hor-
izontal plane, while its vertical aperture was reduced un-
til the direct beam was clipped, to prevent stray radiation
from entering the analyzer in the vertical plane. To fur-
ther reduce collection of stray scattering, slit S; limited
the acceptance of the aperture of the Bicron scintillator
detector to those rays leaving the analyzer crystal. For
measurement of the direct-beam properties the scintilla-
tor was replaced by an argon-ion chamber.

B. Characterization of resolution function

The important components of the instrumental resolu-
tion function were directly measured to insure that their
contributions to the scattering profiles were negligible.
The longitudinal component (parallel to the scattering
vector) is determined by the convolution of the nondisper-
sive profile, which arises from the dynamical scattering
properties of the monochromator and analyzer single
crystals, with the dispersive profile, which reflects the
spectral distribution of radiation produced by the mono-
chromator. Each of these profiles can be directly mea-
sured. The nondispersive profile was measured by scan-
ning the analyzer crystal, with orientation as shown in
Fig. 1, through the direct beam, with the analyzed rays
being recorded with an argon-ion chamber. The result is

shown in Fig. 2, which plots on both linear and logarith-
mic scales the intensity versus analyzer misset angle. A
solid line representing a Gaussian function of equivalent
full width at half maximum (FWHM) is also shown to in-
dicate the degree to which the measured profile departs
from the paradigmatic functional form. The theoretical
width 86, of the reflectivity curve (“Darwin width”) for
Si(111) at 8 keV is 0.0019°, and after convolution with it-
self one expects to see 0.0027°. Since the measured
profile shows a FWHM of 0.0023°, we find that the
double-reflection process has reduced the width by only
15%. The asymmetry in the wings of the nondispersive
profile seemed to be intrinsic to the analyzer crystal, as it
was not perturbed by adjustments to the analyzer-crystal
orientation with respect to the monochromator, or even a
complete change of the monochromator second crystal.
The dispersive profile was measured by putting the
analyzer crystal into a dispersive orientation with respect
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FIG. 2. Scan of the direct beam by a Si(111) double-reflection
channel-cut analyzer crystal in the nondispersive orientation
(closed circles) and a Gaussian of the same FWHM (solid line):
(a) normalized intensity on a linear scale, (b) normalized intensi-
ty on a log scale.



18

1.0 r

(a)

0.000°
Analyzer Misset

0.024°

(b)

]

0.060°

0.000°
Analyzer Misset

FIG. 3. Scan of the direct beam by a Si(111) analyzer crystal
in the dispersive orientation (closed circles) and a Gaussian of
the same FWHM (solid line): (a) normalized intensity on a
linear scale, (b) normalized intensity on a log scale.

to the monochromator (i.e., flipping by 180° the orienta-
tion shown in Fig. 1), and again scanning through the
direct beam. The measured profile, shown in Fig. 3,
displays a FWHM of 0.015°. This property of the mono-
chromated beam can be understood as follows. The
parallel crystals of the monochromator pass the full verti-
cal divergence 66, of the incident beam, which depends
on the electron and photon energies and here is
~0.0082°,%7 giving a bandpass of S8A/A=86,/ tan(8,,,)
~5.6X10 % where 6;;,=14.3° is the Bragg angle for
Si(111) at 8 keV. Since the dispersive characteristics of
the analyzer are matched to the monochromator, the an-
gular range 660 , through which the analyzer travels to
scan the direct beam is 286, ~0.0164°, which compares
well with the measured FWHM. (At a more sophisticat-
ed level, the vertical divergence is the result of a convolu-
tion of the angular profile of the synchrotron radiation
emitted by a single electron with the statistical distribu-
tion of electron trajectories within the storage ring.) The
measured dispersive profile actually involves a convolu-
tion with the nondispersive profile as well, but since
66 , >>60p, the nondispersive component can be neglect-
ed in the measurement. To obtain the angular distribu-
tion of the dispersive component at sample Bragg angles
O, the abscissas of the measured profiles must be scaled
by the factor tanfg/tan6,;,* The complete longitudinal
profile of the instrument function at a given sample Bragg
angle is then obtained by convolving the nondispersive
profile with the scaled dispersive profile.

The transverse component of the instrument function
(which lies in the scattering plane, but perpendicular to
the scattering vector) is determined by the distribution of
domain orientations in the sample, or mosaic spread, as
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this is usually much greater than the acceptance of the
analyzer crystal. In our experiment, a measurement of
mosaic spread required demounting the analyzer crystal,
because space constraints in the hutch prevented inser-
tion of an ion chamber prior to the analyzer. Alignment
of the analyzer proved so time consuming that, after the
direct beam profiles had been characterized, we could not
afford to remove the analyzer crystal during the limited
beam time available. Thus it was not possible to measure
directly the sample mosaic spreads. Finally, the com-
ponent perpendicular to the scattering plane is deter-
mined by the slits defining the horizontal apertures in the
optical system, which in our case resulted in a triangular
profile with a FWHM of 40 mrad.

Some additional aspects of the measurement are worth
mentioning. We found a significant reduction (by a fac-
tor of 2-5) in scattered background levels when the
monochromator was detuned by 50%. Detuning drasti-
cally reduces the transmission of odd harmonics of the 8-
keV beam through the Si(111) monochromator. The
remaining background was largely due to scattering from
air in the illuminated volume above the sample. Count-
ing rates in the lower harmonics were above the linear re-
gime for a scintillator but below the sensitivity of an
argon-ion chamber. To keep the scintillator from sa-
turating, Al-foil absorbers were inserted in the direct
beam until the flux at the peak was less than 2X10°
photons/sec. At these data rates, under single-photon
counting conditions, the counting loss due to photon
bunching is nontrivial, so the appropriate correction was
applied.®® The time scale for scanning a single harmonic,
and thus the counting statistics in the wings, was limited
by the drift in the first crystal of the monochromator
(0.0001-0.001 °/min). Thus the total scan through a har-
monic was accomplished before the monochromator had
drifted very far from the 50% detuned condition.

C. Sample preparation
Supported, hydrated lipid samples of ~(2cm)? were
prepared by evaporation from organic solvent onto a pol-
ished, single crystal Si(111) wafer. The wafer was first
soaked in a 0.2% solution of octadecyltrichlorosilane in a
solvent mixture hexadecane:carbon tetrachloride:chloro-
form (80:12:8) for 1 day to obtain a hydrophobic surface.
Then ~20ul of DLPC in ethanol (200 mg/ml) was depos-
ited onto the substrate. DLPC was chosen because at
room temperature the hydrated lipid is deep in the Sm- 4
phase, where the lattice constant has a much smaller tem-
perature coefficient than if one worked closer to the
“main” or chain melting phase transition. Thus we could
afford to use an unthermostated sample cell. When the
amount of solvent deposited was such that the solvent
had mostly evaporated right at the point at which the
drop reached its spreading limit, the resulting lipid de-
posit had a favorable uniformity of thickness. If more
than this was deposited, the solution tended to contract
into islands after reaching the spreading limits, leaving a
very clumped distribution of lipid. The combination of
ethanol and a hydrophobic surface gave good drop-
spreading properties. But successful deposition required
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moderate room relative humidities to prevent the lipid
from crystallizing, which destroyed the alignment of the
sample. From the amount of lipid deposited and the
areas covered, the average thickness for our samples was
~10um, although data will also be presented for
~1-2um samples, which were obtained when samples
were prepared under low-humidity conditions at CHESS.
After the solvent was allowed to evaporate completely,
samples were placed in a closed cell, whose schematic is
shown in Fig. 4, which incorporated a reservoir for a sa-
turated salt solution to control the relative humidity of
the vapor phase above the sample, and thus the chemical
potential of water within the lipid multilayer. Equilibra-
tion of samples often involved hours; we will discuss
below our observations of inhomogeneities resulting from
nonequilibrium states of water concentration.

III. RESULTS

We probed longitudinal profiles 3—4 decades below the
peak intensity; slight inhomogeneities in either lipid com-
position or water concentration became apparent as dis-
tortions of the intensity distribution. Since this kind of
sensitivity had not been previously achieved, problems
due to inhomogeneity have not been appreciated. For in-
stance, Franks and Lieb*® found that as far as measure-
ment of integrated intensities were concerned, equilibra-
tion times of an oriented, supported lipid sample after a
change in the humidity of the vapor phase above the sam-
ple were on the order of 10 min to 1 h. We also found
that most of the diffracted intensity appears at the new
angular position on the time scale of tens of minutes, but
that at the level of 10~ ! to 10™* from the peak, a residue
of intensity at the previous peak position decayed on the
time scale of 10-20 h. The approach to hydration equi-
librium could be monitored by executing longitudinal
scans on harmonics 2, 4, and 6. Inhomogeneous samples
displayed broadened or asymmetric line profiles, which
evolved with time toward the resolution-limited line
profile. Although there is some evidence of staging disor-
der in lipid multilayers,*® which also produces distortions
of line profiles, we did not observe such equilibrium
states.

For example, we show in Fig. 5 longitudinal scans of
the fourth harmonic of a DLPC sample at 8 and 20 h
after a change in the relative humidity from 76% to 98%.
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FIG. 4. Schematic diagram in the scattering (vertical) plane
of the controlled humidity cell.
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FIG. 5. Longitudinal scans of the fourth harmonic of DLPC
(T=28) at 8 hours (upper) and 20 hours (lower) after a change
in relative humidity from 76% to 98%: log,, of normalized in-
tensity vs analyzer angular offset. Curves displaced vertically
for clarity.

In an attempt to reach greater hydration levels, we tried
enclosing samples with Dextran solutions. In Fig. 6 we
show longitudinal scans of the fourth harmonic of a
DLPC sample at 6 and 26 h after a change in the relative
humidity from 76% to approximately 99% (50 wt. %
Dextran solution). When a 40 wt. % Dextran solution
was used to control the relative humidity, a DLPC sam-
ple showed inhomogeneity in water concentration even
after a wait of 33 h.

The presence of Grandjean terraces’” in samples
prepared by this technique has important consequences
for longitudinal profiles. To illustrate the consequences
of terracing, we show in Fig. 7 an example of the redistri-
bution of diffracted intensity in longitudinal scans of low
harmonics by refractive effects at the nonuniform sample
surface. This sample, DLPC at 76% relative humidity
and 28°, had a lattice constant of 4.44 nm. Viewed in
reflection of room light, it showed vivid Fizeau fringes,
indicating a thickness of 1-2 um, as well as a faint tra-
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FIG. 6. Longitudinal scans of the fourth harmonic of DLPC
(T=28°) at 6 h (upper) and 26 h (lower) after a change in rela-
tive humidity from 76% to approximately 99% ( a 50 wt. %
dextran solution): log,, of normalized intensity vs analyzer an-
gular offset. Curves displaced vertically for clarity.
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FIG. 7. Longitudinal intensity profiles of the first three har-
monics of sample 4 (DLPC at T=28" and d =4.44 nm): log;, of
normalized intensity (closed circles) vs analyzer angular misset,
together with the longitudinal resolution function at each har-
monic (dashed lines). Successive harmonics displaced vertically
by one decade for clarity, with the first on top.

cery of white lines arranged in the characteristic pattern
of Grandjean terraces. The central peak of the longitudi-
nal scans arises from rays which have entered and exited
the sample through the terrace steps; i.e., surfaces paral-
lel to the scattering planes of the lamellar liquid crystal.
Entering each interface at a Bragg angle 0, these rays
undergo a refractive deviation*' A6z =28 /sin26,, where
6 is the refractive index decrement. For lipid-water mix-
tures at A~0.15 nm, §~3.5X 1075, At the first harmon-
ic 5 ~0.98° and the deviation amounts to 0.012°, rough-
ly four times the longitudinal instrument resolution.

Rays which enter or exit the sample by a terrace wall
(a surface perpendicular to the scattering planes) undergo
negligible refractive deviation and thus diverge from the
pure Bragg-diffracted beam, appearing at —860j relative
to the primary peak. Some rays both enter and exit the
sample through a terrace wall, appearing at —266y,
while some rays penetrate a corner of the terrace before
being diffracted, experiencing excess refractive deviation
relative to the primary peak. Figure 7 also shows that
the refractive deviations collapse into the core at succes-
sive harmonics, because of the increase in Bragg angle.
By the fourth harmonic refractive effects are negligible,
and the longitudinal profiles can be analyzed for the pres-
ence of QLRO. The scattered intensity decreases with
harmonic due to the Lorentz factor and the increased
penetration of the direct beam though the thin sample.
Harmonics beyond the sixth harmonic did not have
enough signal to noise in the wings for determination of
exponents.

We present measurements of intensity profiles from
four samples. As deduced from the amount and area of
the lipid deposited, and the characteristics of the interfer-
ence fringes exhibited in reflection of room light from the
sample surfaces, two samples have thicknesses of approx-
imately 10-20 pum, while the other two were in the range
1-2 um. All' samples which had reached hydration
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equilibration showed longitudinal peak widths identical
to the instrument resolution; i.e., no finite-size effects
were apparent in these samples at Si(111) resolution. No
evidence of radiation damage appeared within the expo-
sure times necessary to characterize both longitudinal
and transverse profiles of the first six harmonics, approxi-
mately 4 h at an average incident intensity of 10'°
photons/sec. At each harmonic, scans were extended un-
til a flat and well-characterized background was obtained.
In the data presented below, this background contribu-
tion has been subtracted, and the profiles have been nor-
malized by the peak intensity. For longitudinal scans,
the instrumental resolution is indicated by a dashed line
to indicate both the resolution-limited nature of the peak
widths as well as the degree to which these profiles depart
from the resolution function in the wings.

We first present data for the thicker pair of samples.
Sample 1, within a cell at 86% relative humidity and 28°,
showed a lattice constant of 4.47 nm, while sample 2, at
98% relative humidity, showed a lattice constant of 4.78
nm. For both of these samples, the smooth distribution
of intensity in longitudinal scans of the first two harmon-
ics indicated a lack of significant terracing on the free
surface. Figure 8 shows longitudinal scans of the fourth
and sixth harmonics of sample 1, and indicates the ex-
ponent derived by fitting a linear function to the data
after logarithmic scaling. The error was derived by
finding the limits at which the value of y? doubled. As-
suming the scaling relation x, <g? from harmonic
theory, the measured exponents imply values of x,, at the
first harmonic of 0.011+0.005 (from the fourth) and
0.020£0.005 (from the sixth). Thus within experimental
error our results for the longitudinal exponent are con-
sistent with the scaling relation of harmonic theory. If
we further assume a value for the bulk splay elastic con-
stant K =3X10° ergs/cm, based on the value of k mea-
sured by Schneider et al., we deduce a value for the bulk
compressional elastic constant B of (1.9+1.0)X 10®
ergs/cm>. This value for B is comparable in magnitude
to that measured in thermotropic liquid crystals, and
represents the first measurement of the bulk compression-
al elastic constant in the Sm- 4 phase of the DLPC-water
system.

In Fig. 9 we show a longitudinal profile for the fourth
harmonic of sample 2 (the second of the thicker samples).
The derived asymptotic slope of the line profile is
—1.74%+0.13, which implies a value for x, at the first
harmonic of 0.016+0.008. Within experimental error,
this result is consistent with that obtained from the previ-
ous sample. Measurements on this sample of the longitu-
dinal profile at the sixth harmonic did not possess
sufficient counting statistics to permit analysis of the
asymptotic slope.

Next we present data for the second and thinner pair
of samples. Sample 3 was at 86% relative humidity, 28°,
and had a lattice constant of 4.47 nm, while sample 4 was
at 76% relative humidity, 28°, and had a lattice constant
of 4.44 nm. (Samples held at relative humidities below
76% exhibited coexisting lamellar phases, with the longer
period at 4.85 nm, undoubtedly indicating that the two-
phase region L,+Lg has been entered.) Their optical
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FIG. 8. Longitudinal scans of the fourth and sixth harmonics
of sample 1 (DLPC at 28°, 86% relative humidity, d =44.7 nm):
log,o of normalized intensity vs log of scattering vector distance
from harmonic Q,. Experimental data shows as solid points,
measured longitudinal resolution function shown as dashed line,
and a fit to the asymptotic slope is shown as a solid line. (a)
fourth harmonic, (b) sixth harmonic.

appearance showed no striations or point defects, only a
faint tracery of white lines in a terracing pattern. Vivid
and slowly varying Fizeau fringes indicated a thickness
on the order of 1-2 um. Both samples displayed evi-
dence in the longitudinal scans of well-defined terracing
on a significant portion of the illuminated surface, as dis-
cussed in the experimental section. Figure 10 shows lon-
gitudinal scans of the sixth harmonic of each sample, as
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FIG. 9. Longitudinal scan of the fourth harmonic of sample
2 (DLPC at 28°, 98% relative humidity, d =47.8 nm): log;o of
normalized intensity vs log,, of scattering vector distance from
harmonic Q,. Experimental data shown as solid points, mea-
sured longitudinal resolution function shown as dashed line, and
a fit to the asymptotic slope is shown as a solid line.

FIG. 10. Longitudinal scans of the sixth harmonic of samples
3 and 4: log of normalized intensity vs log,, of scattering vector
distance from harmonic Q.. Experimental data are shown as
solid points, the instrument resolution as a dashed line, and a fit
to the asymptotic slope as a solid line, with the resulting ex-
ponent indicated. (a) Sample 3: 86% relative humidity, 28°,
d=4.47 nm. (b) Sample 4: 76% relative humidity, 28°, d =4.44
nm.

well as the result of a fit to the asymptotic slopes. Both
show line profiles which follow the instrument function,
indicated by a dashed line, near the peak. Thus the sam-
ples are homogeneous, with no evidence of finite-size
effects. Far from the peak, the experimental data extend
significantly above the longitudinal resolution function.
Thus it appears that thermal fluctuations in the lamellar
spacing have disrupted true long-range order. However,
the exponents yielded by these samples are greater in
magnitude than that measured for sample 1. Sample 3,
since it shows a slope —1.96%0.05, could still be con-
strued as consistent with the predictions of harmonic
theory [Eq. (7)], but the value of B which this exponent
implies is a factor of 40 greater than that deduced from
sample 1. The slope shown by sample 4 is significantly
greater than 2, however, in contradiction to the results of
harmonic theory. Since there are no indications of exper-
imental artifacts in the thinner set of samples, and since
the two sets of samples differ significantly only in their
thicknesses, our results seem to indicate that in the ~1-
um samples, boundary effects have altered the thermal
fluctuation spectrum expected for an infinite sample. de
Gennes'? has pointed out that static surface distortions
can propagate long distances into the bulk of Sm-4 sam-
ples before relaxing. One expects that a zero surface dis-
placement boundary condition has similarly long-ranged
effects. To our knowledge, a theory which rigorously ac-
counts for boundary effects on the thermal fluctuation
spectrum of the Sm- A4 phase is not available. If our inter-
pretation is correct, it is perhaps surprising that the par-
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tially quenched samples maintain an algebraic appear-
ance, and it would be significant that the crossover be-
tween bulk and quenched appearance of the x-ray profiles
occurs in the 1-10 um regime. Data at greater scatter-
ing vector displacements from each harmonic, and at
higher harmonics, would be helpful in discriminating sur-
face effects, but would require a much brighter x-ray
source.

Finally, we will discuss our measurements of transverse
intensity profiles for these samples. As mentioned in Sec.
II, obtaining transverse profiles, by performing a 6 scan
with fixed Q, = Q,,, was simple, but calibrating the mosaic
spread, which is required to interpret fully the transverse
profiles, unfortunately could not be achieved. Qualitative
analysis of the measurements however reveals some sys-
tematic and interesting behavior. Figure 11 shows
representative transverse profiles at Q,=Q, for a series
of harmonics of samples 2 and 3. Regarding the asymp-
totic slopes of these profiles, neither sample shows any
significant change with harmonic. Sample 2 shows ex-
ponents of —1.5%0.2, while sample 3 shows exponents of
—2.510.2. It seems reasonable to presume that these
wings are dominated by the wings of the sample mosaic
distribution. What does change with harmonic, and sys-
tematically so for all samples, is exemplified by the data
in Fig. 12, which shows on a linear scale the transverse
scans for harmonics n =1, 2, 3, 4, and 6 of sample 3. The
observed increase in angular width of the transverse
scans is surprising if one assumes that the central region
of such scans should be dominated by the mosaic distri-

10° pos 84330805,

e,
= .
... el ¢. (a)
®o '\, oe
© ® . o
-1 © o 5,
< 107t} o e, on,
g ®e °g, ©da
— 2 °,
= °% ‘e
kel Eeo .
2 0-2 %,
= 1072 |
2
-3
10 . !
1074 1073 1073
-1
R« A7)
(0]
10 von
[T, b)
Oe ° ou 00.
. o o o °
- o
oy o ®e ..
= % “o. %o *%
N % K ')
3 ooy T Te %,
o A
= 1072 | % % %,
) ° J
0% 4% *%
.°°o° °.°°°°"°°°
10-3 , A T X
1074 1073 1072

lexl A7)

FIG. 11. Transverse intensity profiles at Q,=Q, for a series
of harmonics: log,, of normalized intensity vs log, of trans-
verse component of scattering vector. (a) sample 2, harmonics
2, 3, and 4; (b) sample 3, harmonics 2, 3, 4, and 6.
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bution, which, apart from penetration depth effects, is
constant for a series of harmonics of the Sm-A lattice.
But bearing in mind that the observed profile results from
a convolution of the mosaic distribution with, for bulk
samples, the anisotropic singularities of Eq. (7), or, for
finite and partially quenched samples, a potentially more
complex structure factor, the interpretation of this in-
crease in angular width is not straightforward. To pro-
gress any further in understanding the transverse scans
requires measurements of the mosaic distributions and an
explicit expression for the structure factor of a partially
quenched sample.

IV. CONCLUSION

We report high-resolution synchrotron x-ray scattering
measurements of the intensity profiles in both longitudi-
nal and transverse scans through a series of harmonics in
the L, phase of an oriented lyotropic lamellar liquid
crystal supported by a solid.

Samples with thickness ~10-20 um display algebraic
peaks in accord with harmonic theory.!> !¢ Measurement
of the exponent x, characterizing algebraic decay, and
use of a prior measurement of the bulk splay elastic con-
stant K, enables us to determine the bulk compressional
elastic constant B. We find that for DLPC at 28°,
B=(1.9+1.0)X 10® ergs/cm®. This represents the first
measurement of the compressional elastic constant in this
system. It is consistent in magnitude with that found in
thermotropic Sm-A liquid crystals. The layer spacings
obtainable by hydration of neutral phospholipids through
the vapor phase are limited to water layers which are at
most about half the thickness of the lipid bilayer. In this
regime the effects of steric repulsion on the magnitude of
B should not be significant.

Samples of thickness ~2 um display longitudinal
profiles which appear algebraic but are not consistent
with harmonic theory. We speculate that in this thick-

0.0
-0.1° 0.0° 0.1°
Sample Rotation

l/ ]peak
o
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FIG. 12. Transverse intensity profiles at Q, =Q, for harmon-
ics n=1, 2, 3, 4, and 6 of sample 3: normalized intensity vs
sample rotation angle 6. Successive harmonics are displaced
vertically for clarity. Solid lines are a guide to the eye. Mea-
sured FWHM of these scans are 40, 54, 98, 118, and 150 mdeg,
respectively.
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ness regime the fluctuation-quenching effects of the
boundary conditions have significantly altered the fluc-
tuation spectrum.

The consequences for longitudinal scans in the small
Bragg angle regime of a nonuniform surface topography
can be drastic. The Grandjean terrace configuration, en-
ergetically favored by the free surface of a Sm- A4 sample,
illustrates these refractive effects quite dramatically.
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