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Variable period X-ray standing wave (XSW) measurements have been used previously to monitor and to
interpret structure rearrangements undergone during a phase transition in a model membrane with angstrom
resolution. In the present study, an extended length scale ranging from 40 up to ca. 1000 A has been used
without sacrificing resolution to address the question of whether the phase transition characteristics of a lipid
multilayer are sensitive to the number and identity of the lamellae in the membrane stack. The system chosen
for examination consisted of an octadecanethiol (ODT) coated gold mirror on top of which a variable number
(0, 2, 8, and 16) of w-tricosenoic acid (C23, wTA) bilayers followed by a single upper inverted bilayer of
zinc arachidate (C20, ZnA) was deposited by the Langmuir—Blodgett (LB) technique. Variable period XSW
measurements provided precise information on the zinc layer mean position and width and were used to
track the collapse of the heavy atom layer during the thermotropic phase transition. Samples with and without
the wTA layers showed disparate pretransitional rearrangements, transition temperatures, and apparent
cooperativity as well as final high-temperature zinc distribution. At sufficiently high temperatures, the ODT
monolayer appears to desorb from the gold mirror surface to be replaced by a layer of zinc. In all samples
containing wTA, the cooperative transition occurred at ca. 72 °C, which has been shown by simultaneous
calorimetry and low- and wide-angle time-resolved X-ray diffraction to correspond to the onset of melting of
bulk wTA. Thus, the remarkable result that bulk behavior is displayed by as few as two LB bilayers of wTA.
With all thin film samples, the temperature-induced structure change was not reversed upon cooling to and

subsequent storage at room temperature.

Introduction

Interest in Langmuir—Blodgett (LB) films has grown sig-
nificantly in recent years due to their current or potential
application in microelectronics, nonlinear optics, and biosensing
devices.! Further, LB films have been used successfully as
models for biological membranes.? Accordingly, a systematic
study of LB film structure and stability is essential if we are to
understand their functional properties.> For an ultrathin film
consisting of a limited number of LB monolayers (hereafter
referred to as paucilamellar LB films), the nature of the film
itself and its components, the substrate surface and the interface
between layers, has a major bearing on the behavior of the film
as a whole.3™ Fortunately, this kind of ultrathin film is
particularly well suited for examining questions concerning the
relationship between molecular structure and the thermal and
other physicochemical properties in low-dimensional systems.

A variety of methods have been used to study LB films
including neutron, electron, and X-ray diffraction and reflectivity
measurements,’~ 10 fluorescence!! and Fourier transform infrared
spectroscopy,!?~14 and Raman and surface plasmon scattering.'
Surface analytical techniques such as X-ray photoelectron
spectroscopy!6 and secondary-ion mass spectroscopy!” have also
been used. More recently, atomic force microscopy (AFM) has
been implemented in examining the in-plane structure of an LB
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film in a very direct way.>'® Much of the work reported in the
literature has been carried out on LB films with a large number
of layers, which makes their analysis much less demanding.
The difficulties encountered in studying paucilamellar LB films
arise because of the limited amount of material interrogated
during measurement and the corresponding weak signal from
such systems.

In the past few years, long period X-ray standing wave (XSW)
measurements have been developed and implemented for
characterizing paucilamellar and multilamellar LB films.!9-22
Long period XSW generated by Bragg diffraction from a layered
synthetic microstructure (LSM)® and by total external reflection
from a mirror?! were used to locate zinc and cadmium layers
embedded in LB films incorporating zinc and cadmium arachi-
date (ZnA and CdA) with an accuracy of better than 0.3 and 2
A, respectively. 02! Additionally, the thermal stability and
thermotropic properties of the LB films were studied by
measuring zinc and cadmium distribution in the films upon
heating. Such measurements represent the first of a kind in
which the temperature dependence of the structure of an LB
film was investigated by tracing selectively the distribution of
a single atom layer which served as a marked layer in the film
and an indicator of film structural integrity.

In this article, we report on the structure and thermotropic
properties of a series of heavy atom labeled paucilamellar LB
films studied by using a variable period XSW formed upon a
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gold mirror. The films were deposited on hydrophobic hydro-
carbon-derivatized gold mirrors and had the following com-
position: (1) a single inverted ZnA bilayer (sample 1) and (2)
an inverted ZnA bilayer atop 2, 8, and 16 wTA bilayers (samples
2, 3, and 4, respectively). These samples have been used to
address a series of questions regarding thin film thermal behavior
as follows. How does LB film composition affect the structure
and thermotropic properties of the adlayer? Are the thermally-
induced structural transformations in these paucilamellar films
reversible? Does the wTA in these LB films behave differently
in bulk as compared to thin film form? In the course of
answering these questions, we demonstrate the profound
sensitivity of variable period XSW to structural changes in
paucilamellar films and the general utility of this method for
characterizing thin films and model membrane systems.

Methods

Theoretical Background. As with other forms of light, two
coherent X-ray plane waves can create an XSW field in the
region where they overlap. The original XSW method devel-
oped in the 1960s?*-28 used dynamic Bragg diffraction from
perfect single crystals. Here, the period of the XSW field is in
the 1—4 A range and is determined by the d-spacing of the
crystal upon which the XSW is generated. Limited by such a
small period and the associated modulo-d ambiguity, the
conventional XSW method is effective in measuring positions
of atoms at the surface of and within a crystal with a length
scale comparable to a single bond length. Obviously, an XSW
with a much longer periodicity is required if it is to be applied
to the measurement of biologically relevant membrane systems
composed of lipids and proteins having dimensions ranging from
tens to hundreds of angstroms. Recently, two new XSW
techniques were developed with such an application in mind.
In the first technique, LSMs which are fabricated crystals with
d-spacings available in the 20—100 A range were used to
generate the XSW field. 20 Accordingly, the XSW produced
during Bragg diffraction has a period of 20—100 A as dictated
by the d-spacing of the LSM. The second so-called variable
period XSW method is based on the total external or specular
reflection of an X-ray plane wave from an X-ray mirror.20-21,29
The period of the XSW varies from infinity to tens of angstroms
depending on the incident angle and energy of the X-rays. We
have shown that the XSW field is well-defined at close to 1000
A above a mirror surface and that the position of a heavy atom
layer in that distance range can be determined by the variable
period XSW method with an accuracy of several angstroms.?

Since the index of refraction, n, for X-rays in most materials
is less than unity, an X-ray beam striking a vacuum/mirror
interface will be reflected totally when the incident angle, 8, is
below the critical angle, 6;. The index of refraction can be
described as

n=1-6-ip 1)

where ¢ and f refer, respectively, to the refractive index
decrement and the absorption index of the X-rays in the medium
and are small quantities of magnitude <1075, Using Snell’s
law it can be shown that 6. equals (28)'2, which is in the range
of several milliradians (mrad, 1 mrad = 0.057°) for most
materials and X-ray energies. The standing wave generated by
the interference of the coherently related incident and reflected
plane waves has an associated period, D, the distance between
two adjacent nodes or antinodes (more generally, the distance
between two adjacent points with identical phase), at a given
incident angle 6, of A/(2 sin 6), where A is the X-ray wavelength.
The period of the XSW at 6, is referred to as the critical period
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Figure 1. Spatial distribution of the normalized XSW E-field intensity
at three different incident angles generated during specular reflection
above the surface of a gold mirror. At an incident X-ray photon energy
of 9.8 keV, the critical angle (6.) of the gold mirror is 7.85 mrad
(0.449°). The critical period, D, indicated in the figure, is ca. 80 A
The E-field intensities (I/Ip) are profiled at 0.056. (0.4 mrad, 0.023°),
0.26. (1.57 mrad, 0.09°), and 6. (7.85 mrad). At low angles, the first
antinode of the standing wave is quite distant from the surface and is
next to the surface at the critical angle.

D, (= A/(2 sin 6,)). For all practical purposes D, is independent
of photon energy because 6, is approximately proportional to
72130

The angular and positional, z, dependence of the XSW electric
field (E-field) intensity in a vacuum above a mirror surface can
be expressed as?l3!

16,2 = 10[1 +R+2VR cos(v—zz%)] )

where I; is the intensity of the incident X-rays, R is the
reflectivity of the X-ray mirror surface, and v is the phase shift
of the reflected plane wave at the surface. Shown in Figure 1
is a series of XSW E-field intensity profiles above a gold mirror
surface at different incident angles. The calculations used in
generating these profiles assume that the incident X-ray photon
energy, E, is 9.8 keV, that the mirror is in vacuo, and that the
refractive index, n, of the gold mirror is the same as gold in
bulk form (6 = 3.08 x 1073, 8 = 2.27 x 107%; see eq 1). At
this photon energy, the critical angle of the gold mirror in vacuo
is 7.85 mrad while the critical period is ca. 80 A.

Referring to Figure 1, the angular dependence of the spatial
distribution of the E-field intensity can be described as follows.
For an incident angle close to zero, a node (minimum) is located
at the mirror surface as a result of destructive interference
between the incident and reflected X-rays while the first antinode
(maximum) is at infinity. As the incident angle increases, the
interference condition at the mirror surface becomes less
destructive and the XSW period is reduced to finite size so that
the first antinode moves toward the mirror surface. At the
critical angle, the incident and reflected waves are in phase and
interfere constructively. Thus, the first antinode becomes
coincident with the mirror surface. The overall effect of
increasing 8 is to cause the XSW E-field to sweep inward
toward the mirror surface like a collapsing bellows. The
photoelectric effect which can be visualized as X-ray fluores-
cence is proportional to the E-field intensity sensed at the center
of an atom. Thus, the fluorescence yield, ¥, from a given heavy
atom distribution o(z) in an XSW E-field of intensity 7(8,z) is

Y(0) = [16.2) 0(2) dz 3)

In this application, we emphasize heavy atoms (large atomic
numbers, Z) because of the ease with which the XSW
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Figure 2. Schematic of the gold mirror and deposited films. Gold
was deposited as a 500 A thick film on a piece of chromium-coated
float glass (5 cm x 2.5 cm x 0.2 cm) using thermoevaporation
techniques. Before depositing the LB multilayers of wTA and ZnA,
the plasma cleaned gold surface was rendered hydrophobic with a self-
assembled ODT monolayer. The sample numbers used in the text refer
to the following: sample 1, N =0 (no wTA); sample 2, 3, and 4, N =
2, 8 and 16, respectively. The dimensions shown for the mirror were
obtained from the manufacturer’s specifications.

fluorescence measurements can be performed with such materi-
als. Thus, in a measurement where 6 is varied, a fluorescence
maximum is registered when an antinode of the XSW E-field
coincides with the center of a heavy atom layer positioned above
the mirror surface. Correspondingly, a minimum in the
fluorescence yield profile is observed when an XSW node is
coincident with the marker layer. Given that 1(6,z) can be
calculated exactly, the position of a heavy atom layer above
the mirror surface can be located unambiguously by de-
convoluting the heavy atom distribution o(z) from the cor-
responding fluorescence yield profile. Further, the position of
a heavy atom layer can be estimated rougly by counting the
number of peaks in a fluorescence yield profile below 6. Thus,
a profile with X peaks below 8. has a heavy atom layer situated
at (X — 0.5)D. above the mirror surface.

Sample Preparation. The structure and composition of the
paucilamellar LB films and mirror used in this study are shown
in Figure 2. Samples 1 and 2 were prepared at the Corporate
Research Laboratories of the Eastman Kodak Company. Chemi-
cals used in preparing these samples were of the highest purity
available and were obtained from Eastman Kodak Co. (Roch-
ester, NY) with the exception of ZnCl, which was purchased
from Aldrich (Milwaukee, WI). The other samples (samples 3
and 4) were prepared at The Ohio State University for which
all of the chemicals were purchased from Aldrich with the
exception of arachidic acid which was obtained from Nu Chek
Prep (Elysian, MN). Gold mirrors (Liberty Mirrors, Bracken-
ridge, PA) were used as X-ray reflecting surfaces and as solid
substrates for the LB films. The gold and chromium films in
the mirror were thermally evaporated onto float glass slides with
gold as the top layer. Mirrors were plasma cleaned (Model
PDC-3XG, Harrick Scientific Corp., Ossining, NY; argon
pressure, < 1.0 torr; high power setting) for 5 min to expose a
fresh gold surface before being coated with organic films.
Immediately upon removal from the plasma cleaner, the mirror
was immersed in 1 mM ODT in tetrahydrofuran (THF) and
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incubated at room temperature for 6—12 h. The mirrors were
rinsed extensively with THF to remove excess ODT. The
thickness of the chemically bonded ODT monolayer was
measured by ellipsometry (Model L116C, Gaertner Scientific
Corp., Chicago, IL). Further, the advancing contact angle of a
water droplet on the surface was monitored using a goniometer
scope (Model 100-04, Ramé-Hart Inc., Mountain Lakes, NJ)
by way of characterizing the hydrophobic surface. The contact
angle was usually greater than 105° after ODT treatment
indicating an extremely hydrophobic surface.3?

LB film deposition was performed using either a KSV-2200
LB trough system (KSV Instruments, Riverside, CT) housed
in a clean room at 23—25 °C in the Kodak lab or a KSV
MiniTrough system (KSV Instrument) in an open lab with both
temperature and relative humidity control at The Ohio State
University. To begin with, 1 mM «TA in chloroform was
placed dropwise on an aqueous subphase consisting of freshly
prepared Milli-Q water (Millipore Corp., Bedford, MA). The
solvent was allowed to evaporate for at least 5 min before the
fitm was compressed. In the first cycle of downstrokes and
upstrokes, the deposition rate was 3.0 mm/min. The deposition
rate was increased to 5.0 mm/min during additional cycles. All
depositions were made at a surface pressure of 30 mN/m under
feedback control where the area per @ TA molecule at the surface
is 20 A? based on the corresponding lateral pressure vs area/
molecule isotherm. In preparation for depositing LB films of
ZnA, a subphase containing 0.1 mM ZnCl, in 1 mM NaHCO;
buffer (pH 7.1) was used. After the arachidic acid was spread
from a 1 mM solution in chloroform as above and compressed,
a ZnA monolayer formed at the air/subphase interface as a result
of the electrostatic binding of Zn?* to two arachidate carboxylate
anions. The ZnA adlayers were prepared at a deposition rate
of 3.0 mm/min and a surface pressure of 30 mN/m correspond-
ing to an area of 40 A2 per ZnA. In the course of LB film
deposition, monolayer transfer ratios were measured by moni-
toring the area loss of the film at the air/subphase interface per
unit of substrate area passing through the interface. A transfer
ratio of unity (£10%) was observed for all depositions. In the
case of films prepared at the Kodak lab, ellipsometry was used
to measure the thickness of successive layers immediately after
each deposition segment was completed. Film thickness so
determined was used in evaluating deposition quality. Follow-
ing film preparation, samples were stored at room temperature
in air. We have found that multilayers consisting of @ TA and
ZnA deposited and stored as described above are stable for more
than 3 years with no obvious structure deterioration.3?

X-ray Standing Wave Measurements. The X-ray standing
wave measurements were carried out in two separate experi-
mental periods on the D-line at the Cornell High Energy
Synchrotron Source (CHESS). Samples 1 and 2 were measured
in the first and samples 3 and 4 in the second period. The
Cornell electron—positron storage ring (CESR) was operated
at 5.3 GeV and 30—50 mA or 60—100 mA total positron
current, respectively, during the two running periods. The
experimental arrangement used for making the XSW measure-
ments has been described previously.?1-2%34 Polychromatic
X-rays from the storage ring were monochromatized to 9.8 keV
using a pair of flat germanium(111) crystals to optimally excite
zinc K-fluorescence. The monochromator had an energy
resolution of ca. 5 eV at 9.8 keV and a vertical divergence of
less than 0.1 mrad (5.7 millidegrees).3* The monochromated
beam was collimated to between 20 and 40 pum in height and 2
mm in width by an X—Y slit (Model 3013, Huber Diffraktions-
technik GMBH, Rimsting, Germany) after which the beam
intensity was measured by using a 7.6 cm long, air-filled
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ionization chamber. The typical incident X-ray intensity at the
sample surface under the above experimental conditions was
107—108 photons/s.

X-ray fluorescence from the sample was acquired by using
an energy-dispersive solid state Si(Li) detector (Model LS-33,
Princeton Gamma-Tech, Princeton, NJ) with a measured energy
resolution of 180 eV at 5.9 keV. The snout of the detector
was positioned perpendicular to and in the same horizontal plane
as the incident beam to reduce the contribution from scattered
X-rays. The signal pulses from the detector were then amplified
by a spectroscopy amplifier (Model TC 244, Tennelec, Oak
Ridge, TN). Detector dead time correction was implemented
by using a standard pulser from a random pulse generator
(Model DB-2, Berkeley Nucleonics Corp., Berkeley, CA)
positioned close (in energy) to the fluorescence signal of interest
and with a similar count rate. A histogram memory module
(Model 3588, LeCroy USA, Chestnut Ridge, NY) combined
with a buffered analog-to-digital converter (ADC) unit (Model
3512, LeCroy USA) was used as a multichannel analyzer to
record the entire fluorescence spectrum up to ca. 11 keV at each
incident angle.

Sample reflectivity was recorded simultaneously with the
fluorescence measurement and was calculated as the ratio of
the incident and reflected beam intensities. For this purpose,
two air-filled ionization chambers were positioned before
(upstream) and after (downstream) the sample. A half-slit
(Model 3013, Huber Diffraktionstechnik GMBH) was placed
between the sample and the downstream ionization chamber in
order to block the direct incident beam which passes over the
sample at very low angles. When the sample was aligned
parallel to the plane of the incident beam, i.e., at § = 0°, the
upper surface of the slit was ca. 150 ym above the surface of
the sample.

The sample was placed on a temperature regulated hot stage
contained in an aluminum box with Kapton (0.001 in. thick,
XTO Inc., Johnson City, NY) windows under a slight positive
pressure of helium. The hot stage consisted of a power resistor
(500 Q, 30 W) attached to an aluminum block with a mass of
ca. 80 g. A thin layer of thermal compound (Model 120—2,
Wakefield Engineering Inc., Wakefield, MA) was applied to
the contact area between the sample and the aluminum block.
A thermocouple (chromel—alumel, type K, diameter 0.015 in.,
Omega Engineering, Inc., Stamford, CT), in contact with both
the aluminum block and the under side of the sample, was used
to record sample temperature. The hot stage temperature was
regulated by a programmable temperature controller (Model 812,
Eurotherm Corp., Reston, VA) with feedback control circuits.
Temperature overshoot upon adjusting the temperature setting
was limited to 1 °C throughout the experiment. The temperature
variation over a period of 2 h at a preset temperature of 70 °C
was no greater than £1 °C. The helium box assembly was
mounted on a goniometer head (Model 1003, Huber Diffrak-
tionstechnik GMBH) attached to a Huber 410 goniometer
(Huber Diffraktionstechnik GMBH). A careful alignment of
the vertical setting of the goniometer head was made to ensure
that the rotation axis of the Huber stage was coincident with
the surface of the sample. With the sample in the horizontal
position below the beam, its height was increased to the point
where the incident beam intensity was exactly halved. Fol-
lowing this alignment procedure the center of the beam foot-
print on the sample remained fixed and coincident with the
center of the sample and the rotation axis for all 8 values. Under
these conditions, a detector-to-footprint distance of 34 mm was
observed.

The XSW measurements were made in the temperature range
from 32 or 29 °C [room temperature (RT) in the D-line radiation
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hutch during the two experimental running periods, respectively]
to 129 °C with the exception of sample 2 which was heated to
82 °C. For each sample, the measurement was performed in
two stages. In the first stage, an identical duplicate sample was
used in rapid (<1 s per angular step) zinc fluorescence yield
measurements every 5 °C while the sample was subjected to a
slow temperature ramping (<2 °C/min). In this way, the
temperature range in which the phase transition occurred could
be determined roughly. Then, the XSW measurement was
repeated on a fresh sample under thermal equilibrium conditions
with longer counting times to secure better counting statistics.
Close to the phase transition, a temperature increment of 1 or
2 °C was used. Samples were allowed to equilibrate thermally
at each new temperature setting for at least 10 min before
making the XSW measurement. A temperature gradient of ca.
0.2 °C/mm existed across the width of the sample such that the
temperature range across the 2 mm illuminated strip was <0.5
°C along the rotation axis of the sample. At each temperature,
reflectivity and fluorescence data were collected in appropriate
angular increments to ensure that enough data points were
recorded to define each fluorescence peak. With the above
experimental arrangement and a total positron current of 35—
80 mA, counting times of 7—20 s were needed to accumulate
zinc fluorescence data with 2% counting statistics below the
critical angle. Thus, a 8 scan consisting of 64 angular steps
required from 8 to 22 min to complete.

Simultaneous Calorimetry and Time-Resolved X-Ray
Diffraction. The simultaneous calorimetry and time-resolved
X-ray diffraction (SCALTRD) method has been used previously
to establish unequivocally the correlation of structure changes
and thermal events in hydrated lipid systems.?® In this study,
the SCALTRD technique was used for the same purpose with
bulk powdered wTA.

Measurements were performed with a home-built calorimeter
consisting of an X-ray transparent sample cell.*® Both low- and
wide-angle diffraction patterns were recorded in the form of a
streak film*”-3 with a line X-ray source at 8.04 keV (A = 1.54
A, Cu target) from a Rigaku RU300 X-ray Generator (Rigaku/
USA Inc., Danvers, MA) operated at 54 kV and 254 mA. The
streak camera device incorporates a vertical slit (3 mm wide)
behind which a film cassette is translated at a constant speed.
The incident X-ray beam was focused at the film plane by a
nickel coated, curved glass mirror (Charles Supper, Natich, MA).
The sample-to-film distance was 18.08 cm. The temperature

'scan from 60 to 90 °C lasted ca. 9.5 h (3.2 °C/h) while the

X-ray sensitive film (DEFS, Eastman Kodak Co., Rochester,
NY) was translated at a rate of 10.8 mm/h. The calorimetric
data have not been corrected for scan rate. However, the scan
has been corrected for a linear baseline outside the transition
region (T' < 65 °C and T > 75 °C). The total amount of TA
used in the SCALTRD measurement was 6.8 mg.

To obtain the transition enthalpy, heating and cooling scans
of powdered wTA (0.45 mg, molar mass 352.60 g) were
measured with a calibrated, high-sensitivity differential scanning
calorimeter (DSC, Hart Scientific, Pleasant Grove, UT) in the
range 30—90 °C. Heating and cooling rates used were 0.5 °C/
min. With the DSC data (heat capacity, C,, as a function of
sample temperature, corrected for scan rate), the transition
enthalpy was calculated in two steps. First, the scans were
corrected for a polynomial (order < 5) baseline outside the
transition region (7 < 65 °C and T > 75 °C). Then, the area
under the calorimetric peaks (65 < T < 75 °C) was calculated
by a numeric computation package (Kaleidagraph, Abelback
software, Reading, PA). Normalized by the number of moles
of wTA (1.27 umol), this area value gives the transition enthalpy.
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XSW Data Analysis. As noted above, the entire fluorescence
spectrum was available for data analysis when the ADC/
histogram memory modules were used in data collection. The
Zn Ko peak at 8.6 keV was well resolved from scattered X-rays
centered at 9.8 keV and from other fluorescence peaks in the
spectrum. An accurate measure of total fluorescence counts
was made by determining the area beneath the Zn Ko peak
using a y>-fitting program. The integrated fluorescence intensity
data extracted from the spectrum was then corrected for detector
dead time by a live-time factor which is the ratio of the pulser
counts recorded in the spectrum and the input pulser counts.
This correction is needed because of the finite response time of
the detector and the amplifier such that a part of the incident
events (standard pulser and fluorescence photons) go unampli-
fied and are not recorded.

At low incident angles, 8 < (h/L) where A is the beam height
and L is the length of the sample along the X-ray beam, the
“footprint” of the X-ray beam on the sample is fixed and of
magnitude L. Beyond this angle, the length of the footprint /
decreases monotonically with 6. Specifically,

I=h6 “4)

As a result, a smaller fraction of the film is illuminated by
the X-ray beam as 8 increases. A correction for this geometric
effect was applied to the experimental data so that the
fluorescence yield at each incident angle reported originates from
a fixed sample area.

The distribution of zinc atoms in the organic film was
determined by matching a theoretical model to the experimental
data. Initially, a layered model of refractive index was used
based on what was known about the structure of the sample.
The Debye—Waller model®® was used when the interfacial
roughness was taken into account. A y2-fitting procedure® was
used to fit the theoretical reflectivity derived from the Fresnel
equations® to the experimental curve by adjusting the interfacial
roughness value.?!#! The interfacial roughness value yielding
the best fit was used in the subsequent E-field intensity and
fluorescence calculations. The multiple beam interference
patterns observed in the reflectivity curve between 2.5 and 7.5
mrad (see below) were used to determine the total thickness of
the organic film on top of the gold mirror.?®3* This aspect of
the data analysis will be addressed separately in the Results
section.

The model distribution of zinc in the film normally consisted
of a Gaussian distribution on a linear background with the latter
accounting for a small fraction (<20%) of the total distribution.
Introducing the linear background component improved the
match between the calculation and the experimental fluorescence
yield nodes at low angles (<3 mrad). The linear background
is ascribed to defects introduced into the film during film
deposition and/or an incoherent component in the X-ray E-field
in the low-angle region. The mean position above the mirror
surface and the half-width-at-half-height (hwhh) of the Gaussian
were adjusted in the fitting protocol. The fits were executed
interactively several times before using automatic iteration. The
fluorescence data in the angular range of 3—8 mrad were most
heavily weighted in the fitting procedures.?

We note that neither the E-field intensity distribution nor the
fluorescence yield profile is particularly sensitive to the model
distribution of optical indices in the organic films.*! Thus, after
a reasonable model is chosen for the sample at a certain
temperature, an iterating correction of the model was not
considered necessary and was omitted from the program.
However, modifications to the refractive indices were always
made when the film structure changed dramatically in the
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vicinity of the transition temperature since the air/film interface
is no longer sharp. Above the transition temperature, the
interface is described as a region with a continuously changing
refractive index.*?

Results

Thin Films. The angular dependence of the fluorescence
and reflectivity data recorded at room temperature along with
the theoretical fit for samples 1 and 4 are shown in Figure 3.
The zinc distribution which gives the best fitting fluorescence
yield curve is also included in Figure 3 along with the fitting
parameters. The agreement between the experimental data and
theory is remarkably good for both samples. As noted above,
the position of the zinc layer can be derived qualitatively from
the number of peaks appearing in the fluorescence yield profile
at & = 6. For example, in the case of sample 4 (with 16
bilayers of wTA) 11 fluorescence peaks are observed in this
region. The critical period, D., of the XSW in the organic thin
film is 85 A when X-ray refraction in the organic film is taken
into account.?® Thus, the zinc layer is located at approximately
(X — 0.5)D, = 10.5D. or 893 A above the mirror surface. In
the case of sample 1, the corresponding figure is 0.5D. or 43 A
since a single complete peak is found in the fluorescence yield
profile below 8.. Both of these predicted values are consistent
with the result obtained by careful curve fitting.

Well below the order—disorder transition temperature, the
distribution of the zinc layer in the organic thin film in all the
samples can be described accurately by a Gaussian distribution
on a linear background with the latter accounting for a small
fraction of the total distribution. An analysis of the fluorescence
yield profiles obtained at room temperature indicates that the
mean position of the zinc peak in samples 1—4 is 49, 165, 486,
and 908 A, respectively, above the gold mirror surface, with an
associated hwhh ranging from 11 to 18 A. Since the zinc atom
layer distribution reported here is a one-dimensional projection
onto the Z-axis along the mirror surface, the finite width of the
Gaussian peaks reflects the roughness of the mirror surface and
the nonuniformity of the organic films over the area of the
sample intercepted by the X-ray beam footprint.

The reflectivity data in Figure 3C contain information
regarding the surface roughness of the gold mirror and the total
thickness of the deposited organic film. The surface roughness
of the gold mirror was determined to be less than 3 A when
evaluated by the Debye—Waller model. The multiple beam
interference pattern on the reflectivity curve below 6, provides
a direct measure of the thickness of the adlayer. From the
modulations observed in the reflectivity curves of samples 2,
3, and 4, a total film thickness of 186, 505, 931 A, respectively,
with an estimated error of less than +5 A was determined.
Unfortunately, however, the same analysis cannot be performed
on sample 1 because this sample has an adlayer thickness which
is sufficiently small that the interference effect is imperceptible
(Figure 3A). Other details concerning the reflectivity and
fluorescence curves have been described previously,?34

Upon heating, the two types of samples used in this study,
namely those with and without the intervening wTA bilayers,
behaved differently in terms of the transformations they
underwent as reflected in the corresponding high-temperature
zinc atom distribution. These thermotropic structural rearrange-
ments are described below.

Samples 2, 3, and 4, were prepared with 2, 8, and 16 bilayers
of wTA, respectively, sandwiched between a lower ODT self-
assembled monolayer (SAM) and an upper inverted ZnA bilayer.
In all cases, sample structure is thermally stable up to 70 °C.
For example, in the temperature range from RT to 70 °C, the
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Figure 3. The experimental (circles) and theoretical (lines) angular dependence of the Zn Ka fluorescence yield and the specular reflectivity at 9.8
keV for samples 1 without (A) and with (C) wTA bilayers. Sample composition is indicated at the top of each figure in the composite as appropriate,
where “16 wTA” is read 16 bilayers of wTA. The same notation is used throughout the figures. The zinc distribution profiles above the mirror
upon which the theoretical fluorescence yield profiles are based are shown in B and D. The fluorescence yields were normalized to the same area
of illuminated film at all angles and scaled so that a fluorescence yield of unity is obtained beyond the critical angle. The critical angle of the gold

mirror is 7.85 mrad and is indicated in the figure.

zinc layer position and the hwhh of the distribution in sample
2 fluctuates within a few angstroms (Figure 4 parts A and B).
Since the magnitude of these fluctuations is comparable to the
resolution of the measurement, viz., ca. 3 A, we interpret these
data as indicating that there is no significant structural rear-
rangement occurring in the temperature range between RT and
70 °C. In samples containing a relatively large number (16) of
wTA bilayers, the zinc-to-mirror distance increases by more
than 10 A in this same temperature range (Figures 4 Parts C
and D). However, there is no significant change in the hwhh
of the zinc distribution associated with the thickness expansion
of the film. In samples containing wTA, when the temperature
was increased by an additional 2 °C to 72 °C all modulations
except for the first peak in the fluorescence yield profile
decreased suddenly indicating that a major structural transfor-
mation had occurred in the film. This temperature is referred
as the main transition temperature, Tp, of the thin film. Ty, is
close to but slightly below 72 °C. At Ty, an analysis of the
fluorescence yield data suggests that the zinc layer has shifted
closer to the mirror surface and that it has broadened consider-
ably.

During the course of heating sample 2, the following two
tests on the nature of the transition were performed. First, with
an incubation temperature of 72 °C, the sample was translated
3 mm in the direction normal to the X-ray beam to examine a
fresh strip of film. An identical fluorescence yield profile was
obtained to that observed at the original exposure site at 72 °C.
This demonstrated convincingly that the phase transition is due
solely to thermal effects and is not an artifact of radiation
damage. The second test consisted of a thermotropic revers-
ibility study. Fluorescence and reflectivity data were recorded
on a sample held at 72 °C and again when temperature was
reduced to 68 °C and further to 63 °C with incubation time at
each temperature of 30 min or more. The data indicate that

the layered zinc distribution seen at low temperatures before
passage through T, was not restored upon sample cooling.
Further, the hwhh remained in the vicinity of 100—130 A upon
cooling suggesting that in the case of sample 2 at least the
thermotropic structural transformation is not reversible on the
time scale of these measurements. This same observation holds
true for all of the samples examined in the experiment.

At a temperature slightly above Ty, the zinc distribution in
the organic film of all wTA-containing samples is best described
as a broad band (hwhh > 49 A) whose center has shifted closer
to the mirror surface compared to the distribution below Ty,
Continued heating to well above Tp, effected complete disorder-
ing of the film. The final high-temperature zinc distribution
can be described as random throughout the adlayer (see the
Discussion section).

In addition to the change seen in the fluorescence yield
profiles, the reflectivity of the wTA-containing samples also
underwent a dramatic change in the same temperature range
where the thermotropic transition, as evidenced by a change in
the zinc distribution, occurred. Most obvious was the loss of
interference modulations below 6. at high temperature. This
can be accounted for by (1) a roughening of the adlayer surface
to such a degree that it no longer reflects the X-ray coherently
and/or (2) a dramatic thinning of the film. The latter is unlikely
the cause for the reflectivity change in our experiments since
no desorption of the LB thin film material from the substrate is
expected at these low temperatures nor was there a change in
the total fluorescence yield (see the Discussion section).
Therefore, a roughened air/organic film interface above T, is
assumed to be responsible for the loss of the modulations in
the reflectivity curves seen below Tn,. Accordingly, a new
model for the refractive indices above Ty, was used in the fitting
protocol which assumes that the film has a continuously varying
refractive index as a function of depth at the air/LB film
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Figure 4. The experimental (circles) and theoretical (lines) angular
dependence at 9.8 keV of the Zn Ko fluorescence yield for samples
with 2 (A, sample 2) and 16 (C, sample 4) wTA bilayers at the indicated
temperatures. Experimental conditions and data manipulation are as
described in the Methods section and in the legend to Figure 3. The
calculated zinc distribution above the mirror surface is shown for
samples with 2 (B) and 16 (D) wTA bilayers.

interfacial region. The experimental data and theoretical fitting
of the reflectivity of sample 2 above and below Ty, are shown
in Figure 5. The insects show the corresponding refractive index
models used in fitting the reflectivity data.

The thermotropic properties of sample 1 prepared without
wTA and which had a single inverted bilayer of ZnA directly
on top of the SAM of ODT were very different from those
observed with the wTA-containing samples (compare Figures
4 and 6). In the temperature range between 32 and 88 °C, the
bulk of the zinc in sample 1 is located in a band centered ca.
45—49 A above the mirror surface with a spread (hwhh) of
13—15 A. Between 88 and 105 °C, the zinc layer began to
broaden and to move toward the mirror surface indicating
collapse of the film. At 105 °C, the mean position of the zinc
layer above the mirror surface is 40 A with a hwhh of 50 A.
Data collected at 91 °C on a fresh portion of the sample
indicated that radiation damage was not a problem with sample
1. In the vicinity of 105 °C, the zinc atom distribution in the
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Figure 5. Measured (circles) and calculated (lines) reflectivity profiles
for the sample incorporating 2 wTA bilayers (sample 2) below (A)
and above (B) the main transition temperature, T,. Models of the
refractive index profile used in the corresponding calculations are shown
(not to scale) as insets in the figure. Below Tp, the air/film interface
is assumed to be sharp (inset in A) and with the same surface roughness
value (3 A) found at the gold mirror surface. Above Ty, the
modulations in the measured reflectivity curve disappear due to a
roughening of the air/film interface (B). Accordingly, the interface is
represented by a series of layers each 2 A thick. The refractive index
of each layer is set to the value determined by the refractive index
model shown in the inset. The refractive index decrement of the organic
thin film below Ty, is &g (= 2.5 x 1079 at 9.8 keV).

film above the mirror surface can best be described as random.
With continued heating, a second transition takes place in the
sample at ca. 110 °C. This is characterized by an increase in
the fluorescence counting rate in the vicinity of 8. and a decrease
in the fluorescence peak intensity at 5 mrad. Since the first
antinode sites on the mirror surface at and above 6. the
fluorescence yield profile at 110 °C and above suggests that
the zinc has migrated through the organic film and has formed
a discrete condensed layer at the mirror surface. Such a model
for the zinc distribution with a hwhh of 5 A nicely matches the
experimental fluorescence yield profile up to 129 °C with an
increasing fraction of the zinc signal existing in the condensed
layer at higher temperatures. Above 129 °C, the zinc fluores-
cence signal from the sample peaks just below 6, at 7.5 mrad.
A simple model to describe this unusual high-temperature
fluorescence yield profile consisted of a concentrated layer of
zinc at the mirror surface with a hwhh of 3 A. The fluorescence
yield profile observed at 129 °C persists upon cooling the sample
to 32 °C and upon subsequent incubation at 32 °C for 15 h.

Bulk Materials. Thus far, we have shown that thin films
containing wTA undergo a thermally-induced transition at ca.
72 °C. This behavior is observed in samples with as few as
two inverted bilayers of wTA. In the measurements that follow,
we wished to determine if the behavior of the wTA in thin film
form is reminiscent of that in bulk. This this end, we have
performed SCALTRD measurements on dry wTA powder
(Figure 7).

The diffraction data are shown in the form of a streak film
which amounts to a one-dimensional diffraction pattern recorded
continuously as a function of time and thus, temperature, during
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Figure 6. The experimental (circles) and theoretical (lines) angular dependence at 9.8 keV of the Zn Ka fluorescence yield (A) for sample 1 which
lacks wTA at the indicated temperatures. Experimental conditions and data manipulations are as described in the Methods section and in the
legend to Figure 3. The calculated zinc distribution above the mirror surface is shown (B). The lamellar structure of the sample is stable up to ca.
88 °C, beyond which there are two different thermotropic events observed in the heating sequence. First, an order/disorder transition begins at 88
°C as evidence by the disappearance of the trough in the fluorescence yield profile in the vicinity of the critical angle (7.85 mrad). Above 110 °C,
there is a significant reduction in the height of the fluorescence peak at ca. S mrad accompanied by the emergence of a peak just below 8. indicating
that the zinc migrates through the organic thin films and forms a condensed layer directly on top of the gold mirror surface.

the course of a simultaneous calorimetric heating scan performed
on the same sample. In the low-angle region of the streak film
a series of lamellar reflections with a repeat spacing of 49.9 A
is seen at low temperature (Figure 7). The wide-angle region
is dominated by several sharp, as well as broad, reflections in
the 3.6—4.3 A range. Taken together, these data suggest that
the wTA at low temperature exists in the lameliar phase with
the hydrocarbon portion of the fatty acid molecule in a
crystalline-like packing arrangement. This is referred to as the
lamellar crystalline (Lc) phase. The Lc phase persists up to
ca. 70 °C with some slight rearrangement in the acy! chain
packing taking place below 70 °C as evidenced by a broadening
and a shifting about of certain of the wide-angle reflections in
this temperature region. Complete melting to an isotropic fluid
occurs at ca. 80 °C as evidenced by the disappearance of all
sharp reflections in the pattern and the emergence of diffuse
liquid-like scatter in both low- and wide-angle regions. These

data suggest that wTA does not exhibit thermotropic liquid
crystal behavior, in the dry state at least, and that the transition
seen between 70 and 80 °C represents a simple melting process.

The calorimetric behavior of the wTA powder upon heating
(from 60 to 90 °C) in the SCALTRD experiment shows a single
large endotherm with an onset at ca. 70 °C and a maximum at
73.9 °C (Figure 7). The bulk of the transition as judged by
calorimetry is complete by 75 °C. Cooling measurements in
the SCALTRD apparatus show that the calorimetric transition
has an onset temperature of 71.4 °C, a midpoint of 71 °C, and
a final temperature of 70.2 °C. The onset of the recrystallization
process as monitored by X-ray diffraction in this same experi-
ment occurs at 70.5 °C (cooling data not shown).

The persistence of sharp reflections during heating in the
streak film in the 75—80 °C range (Figure 7) beyond where the
bulk of the calorimetric transition is registered is not fully
understood. It is possible that the transition is indeed broad in
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Figure 7. Simultaneous calorimetry and time-resolved X-ray diffraction
measurements on dry powdered wTA performed in the heating
direction. Diffraction measurements were made with a streak camera
as described in the Methods section. In the lamellar crystalline (Lc)
phase, the low-angle reflections are indexed according to a lamellar
lattice (d-spacing 49.9 A) while the wide- -angle reflections are labeled
with their corresponding d-spacings. The calorimetric trace (marked)
has been overlaid on the streak pattern. The vertical line indicates the
endothermic peak temperature at 73.9 °C,

the 70—80 °C range and asymmetric with most of the melting
occurring below 75 °C. Upon heating from 75 to 80 °C, the
residual crystalline material melts, but because the amount of
material involved is small, it contributes little to the calorimetric
signal. In contrast, diffraction is profoundly sensitive to small
amounts of a crystalline phase coexisting with a disordered
phase*? which, in this case, happens to be the melt. Thus, what
may appear as a mismatch between the calorimetric and
diffraction measurements in the SCALTRD study may simply
reflect a differential sensitivity of the two methods to the phases
involved.

In separate measurements performed using a high-sensitivity
DSC (see the Methods section), essentially the same results as
reported in Figure 7 were obtained. Here, the heating onset,
peak maximum, and final temperatures were 70.5, 73.0, and
73.9 °C, respectively. The heating enthalpy of the transition
was ca. 11.4 kcal/mol. In the cooling direction (rate 0.5 °C/
min) the corresponding values are 70.5, 70.0, and 69.6 °C,
respectively, with an enthalpy change of 11.7 kcal/mol.

Combining the simultaneous diffraction and calorimetry data,
we can state that wTA as a dry powder is stable in the Lc phase
below 70 °C. In the temperature range 70—75 °C, the crystalline
material undergoes a melting transition to an isotropic fluid.
The transition is reversed upon cooling.

Discussion

To facilitate a discussion of the XSW fluorescence yield
profile data presented in Figures 4 and 6, the thermotropic
structural rearrangements occurring in samples 1—4 are sum-
marized in Figure 8. In this plot, changes in the mean position
of the zinc distribution in the LB film above the mirror surface
and the associated hwhh are presented as a function of
temperature in the heating direction.
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Figure 8. Temperature dependence of the position (filled circles) and
width (open triangles) of the zinc layer above the mirror surface in a
series of thin films incorporating a variable number of wTA bilayers.
Position and width refer to the peak and hwhh of the Gaussian that
best describes zinc distribution above the mirror. Sample composition
is indicated at the top of each figure in the composite. All measure-
ments were made in the heating direction. The midpoint temperature
of the transition, Ty, in the wTA-containing samples in the vicinity of
72 °C is indicated.

In an effort to understand the relationship between the
structure and the composition of paucilamellar LB films and
their stability and thermotropic properties, the behavior of the
two types of samples, namely, those with (samples 2—4) and
without (sample 1) wTA sandwiched between an upper ZnA
inverted bilayer and a supporting SAM of ODT, will be
compared.

Most notable about the thermotropic properties of sample 2,
which incorporates two inverted bilayers of wTA, is the
sharpness of the transition between 70 and 72 °C. Indeed, it is
possible that the transition is even more cooperative than
indicated in this figure, the latter being limited by the 1—2 °C
step sizes used to adjust sample temperature in the transition
region. Below Tj, in the range 32—70 °C, the film is structurally
stable to within the sensitivity of this method (estimated at 3
A) on the time scale of the measurements. A precipitous
collapse of the film toward the substrate surface occurs in the
transition temperature range. It is accompanied by a dramatic
broadening of the zinc distribution.

Qualitatively, the same basic pattern of thermotropic behavior
is seen with samples 3 and 4 which incorporate 8 and 16 wTA
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Figure 9. Dependence of the transition temperature determined by
XSW on the number of wTA bilayers in a composite organic thin film
consisting of a lower SAM of ODT and an upper inverted bilayer of
ZnA. Transition temperature data were obtained from Figure 8 and
correspond to the temperature at which the hwhh of the zinc layer in
the thin films increases dramatically. The transition temperature has
an associated error of £1 °C due to the finite step size used in adjusting
the sample temperature and the accuracy of the temperature controller
and measuring devices. The horizontal line is drawn to guide the eye
and to show the near constancy of the transition temperature with
number of wTA bilayers. A data point (open circle) has been included
in this figure corresponding to a sample incorporating four wTA
bilayers. This sample was not described in the text because the LB
films deposited on it were found to be structurally defective. This is
evidenced by a much broader zinc distribution (hwhh > 40 A) at room
temperature as compared to the other samples. However, its Ty, is very
close to that found for the other wTA-containing samples.

bilayers as was observed with sample 2. Below Ty, the zinc
layer is narrow, well-defined, and relatively insensitive to
temperature. Passage through T, gives rise to a dramatic
increase in the width of the zinc layer which coincides with a
net movement of the zinc distribution center-of-mass toward
the mirror surface. Unlike sample 2 where the zinc peak
position remains constant to within the sensitivity of the
measurement upon heating to just below Ty, in the case of
samples 3 and 4 a slight but preceptible movement of this peak
away from the mirror surface is seen. In both cases, the overall
thickness expansion amounts to 3% in the temperature range
from RT to 70 °C. Such a small fractional change in film
thickness would not have been considered significant in the case
of sample 2 with an overall thickness of 200 A. The structural
origin of the thickness expansion in samples 3 and 4 has not
been determined but may relate to chain tilt angle.

Sample 1 posits an inverted bilayer of ZnA directly on top
of the self-assembled ODT monolayer. Its thermotropic proper-
ties are quite in contrast to those observed with the others
discussed above. To begin with, the temperature range where
pronounced structural changes take place is shifted to higher
temperatures. Further, the transition is not a simple transforma-
tion but occurs in a series of steps. The first involves a collapse
of the zinc layer toward the mirror surface and a broadening of
the zinc layer. This is followed by a complete disordering of
the film where in the zinc is uniformly distributed throughout
the film. As the temperature increases further the zinc moves
to the surface of the mirror and assumes a condensed layer
configuration presumably accompanied by a displacement of
the ODT from the gold surface (vide infra).

The most significant difference in the behavior of the two
types of LB films, namely those with and without wTA, lies in
the temperature and sharpness of the transition (Figure 8). In
the wTA samples, the transition is sharp, while it is broad in
the sample without wTA. The dependence of Ty, on the number
of wTA bilayers in the composite films is plotted in Figure 9.
Obviously, within the temperature resolution afforded by the
current experimental arrangement, T, is independent of the
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number of layers of @TA down to as few as two bilayers.
Further, it is quite distinct from that of the w TA-free sample.

Our measurements on thin films indicate that the thermotropic
transition seen between 70 and 72 °C which is independent of
the number of wTA layers present in the range 2—16 can be
ascribed to the melting of the @ TA component. This statement
is based on the observation that in the absence of wTA, no
transition is seen in the vicinity of 72 °C in the corresponding
SAM/LB film. Further, @TA in bulk form exhibits a reversible
melting transition in the same temperature range. This is an
important result since it illustrates that the melting transition
characteristics of wTA are preserved all the way from a bulk
powder to a pair of inverted bilayer LB films sandwiched
between a solid-supported SAM of ODT and an inverted bilayer
LB overlayer of ZnA. The finding serves to emphasize the
strength of the lateral intermolecular forces in wTA and the
relative insensitivity of the film to surface and dimensionality
effects.

While the melting characteristics are similar, what distin-
guishes the behavior of wTA in thin film form from that in
bulk form is reversibility. The melting transition is thermally
reversible in the bulk material but irreversible, on the time scale
of these experiments, in the thin film form. LB films of polymer
material have been shown to undergo reversible thermal
transitions*4> based on X-ray diffraction and infrared spec-
troscopy measurements. It is likely, however, that in the case
of the wTA-containing samples which are not polymeric, the
irreversible melting reflects the complex nature of the films
involved which consist of three different types of materials
organized as SAMs or LB films. Thus, when the wTA film
melts, the highly stratified and ordered nature of the original
composite film is lost and mixing of components from the
different strata occurs. Simply by cooling, the mixing cannot
be undone and the original segregated lamellarity restored. The
situation is quite different in the case of the w TA powder. Here,
the phase change represents a transition between crystalline order
and liquid disorder. By lowering the temperature through the
melting point, the original crystalline order is thermodynamically
favored and easily accessed. Because the material is pure to
begin with, the transition does not involve a mixing/demixing
of components.

While the description of the zinc distribution in the wTA-
containing samples used in this study as being Gaussian and of
finite width below Ty, is reliable, we are less confident in our
appraisal of its distribution at higher temperatures. This is
apparent when the mismatch between the experimental and
calculated fluorescence yield profiles in Figures 4 and 6 is
considered. Certainly, at high temperatures, the zinc distribution
broadens considerably compared to that at low temperatures.
This is reflected in the reduced modulation amplitude in the
corresponding fluorescence yield profile. However, the mis-
match is such that a single broad Gaussian distribution does
not account for all of the zinc present in the film. Further, a
completely random distribution model does not fit the data well
even at the highest temperatures studied, above 100 °C. Thus,
we speculate that at high temperatures, where the wTA has
melted, the ZnA phase separates and exists as isolated domains
or patches of ZnA pauci- or multilayers on the mirror or SAM
surface. This finding agrees with the droplet model of Tipp-
mann—Krayer et al.%¢ for the final high-temperature state of a
sample which started out as a ZnA LB film at low tempera-
tures. In their model, zinc ions condense into isolated droplets
suspended in the ZnA thin film while the sample is well above
the film melting temperature. In related studies using only CdA
and ZnA LB films, the high-temperature configuration appeared
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to remain ordered while at the same time having undergone
significant thinning,202!

In the case of sample 1 which lacks wTA and which has a
ZnA inverted bilayer positioned directly on top of the SAM of
ODT, a very different thermotropic behavior was observed
(Figure 8A). In contrast to the wTA-containing films, sample
1 underwent a dramatic structural rearrangement some 20 °C
above that recorded for samples 2—4. Preceding the transition,
there is a gradual thinning of the film by 4—5 A in the range
25—88 °C. In this interval, the hwhh of the zinc layer remains
relatively constant. This is followed by a sudden shift in the
position of the zinc layer toward the mirror surface by ca. 5 A
over a 10 °C interval beginning at 88 °C. Concomitantly, the
hwhh of the zinc layer more than triples. Qualitatively, these
data are not unlike those reported previously for a CdA/ZnA
LB film.2® With continued heating above this initial low-
temperature transition, which moves the zinc layer toward the
mirror surface, there is an additional structural rearrangement
that causes the zinc to relocate and to position itself directly at
the mirror surface. This is particularly evident at temperatures
above 129 °C where the zinc fluorescence peaks in the yield
profile just below 8. (Figure 6). For such a dramatic change
to occur, however, it is necessary that the SAM of ODT be
displaced from the mirror surface. This observation is consistent
with the behavior of ODT monolayers on Au(111) investigated
by Fenter et al’

At incident angles beyond 6., the X-ray beam is minimally
reflected from the mirror surface. The net effect is for the
intensity modulation in the XSW to fall off dramatically in this
angular range. Thus, any X-ray fluorescence from the sample
beyond 6. is a measure of the total number of heavy atoms in
the thin film above the mirror intercepted by the incident X-ray
beam. With all the samples used in this study, the Zn Ka
fluorescence yield beyond 6. remained constant as a function
of temperature. This indicates that the total amount of zinc in
the film remained fixed and that no zinc escaped from the
sample even up to 140 °C, the highest temperature used in this
study.

An important control experiment was included in this study
which addresses the issue of radiation damage. By translating
the sample in the X-ray beam to expose a fresh part of the film,
it was shown that under the conditions of these measurements
and for all of the samples, radiation effects were not important.
Parenthetically, we note that radiation damage can be limiting
not only with thin films of the type used in these experiments
(unpublished data) but also with hydrated bulk lipid samples.*$4°

Conclusion

A variable period XSW generated by total external reflection
from a gold mirror has been used in an element-specific manner
to monitor directly the thermally-induced structural changes
occurring in paucilamellar LB films containing an inverted
bilayer of ZnA which served as an indicator of thin film
structural integrity. The zinc distribution in the film was
determined with angstrom resolution by fitting the experimental
angle-dependent X-ray fluorescence data to a theoretical model.
The data show that gold mirror-supported films incorporating
wTA are structurally stable up to 70 °C beyond which an
irreversible change takes place which involves a dramatic
relocation of the zinc above the mirror surface. The transition
reflects the melting in the wTA component of the composite
film. Given that the transition coincides with the melting
temperature of wTA in bulk form, the remarkable result emerges
that bulk thermal behavior is preserved all the way down to as
few as two bilayers with the latter sandwiched between an SAM
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and an LB bilayer. In addition to highlighting the strength of
intermolecular interactions that exist in w TA-containing films
this study has demonstrated convincingly that the XSW and
reflectivity measurements permit sensitive and detailed men-
suration of paucilamellar films and their components. The
success of these measurements indicates that the variable period
XSW method might now be used to study membrane lipid and
protein topology and to obtain heavy atom position information
not only in membranes but also in peripheral components such
as membrane-associated antibodies and cytoskeletal and pe-
ripheral proteins.
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