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Abstract. — We report on a new application of the X-ray Surface Forces Apparatus [1-4]
(XSFA) to the study of the alignment of complex fluid thin films under confinement and/or flow
using synchrotron X-ray scattering. The smectic A liquid crystal 8CB (4-cyano-4'-octylbiphenyl)
and the hexagonal phases of a zwitterionic polyisoprene melt and of a lyotropic liquid crystal
composed of sodium dodecyl sulfate (SDS), pentanol and water were investigated in the regime
where the distances between the confining surfaces range from 0.4 to tens of microns. In this
paper, we demonstrate that this new technique allows preparation of highly-oriented complex
fluid samples suitable for high resolution X-ray diffraction and scattering studies. In addition, we
have directly measured forces across thin films of 8CB using the conventional Surface Forces Ap-
paratus (SFA). The force measurements complement well the direct X-ray imaging and provide
indirect information on the sample alignment in films a few tens of Angstréms thick.

1. Introduction

The recently developed X-ray Surface Forces Apparatus (XSFA) [1] allows the study of complex
fluid thin films under well-controlled experimental conditions of precisely measured confining
gaps and variable shear flow. In particular, in-situ synchrotron X-ray diffraction studies can be
conducted on fluids in the “meso-scale” size regime between about 4000 A and a few microns.
The first application of this technique to investigate the structure of a thermotropic smectic
A liquid crystal under confinement and flow [1-4] revealed unexpected and interesting results.
Well aligned domains of the smectic phase could be produced under confinement and were
examined in-situ by X-ray scattering. Moreover, the behavior of the confined liquid crystal
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under low shear flow turned out to be very different from previously studied flow-induced
behavior in the bulk samples [5], with effects of confinement dominating over the flow-induced
alignment effects at small confinement gaps.

Confinement of complex fluid systems in thin films between two surfaces or in narrow pores is
expected to strongly alter the collective structure of trapped molecules or molecular aggregates
such as polymers, vesicles, biomembranes, or colloidal particles suspended in a liquid even in
the absence of flow [6-11]. For example, molecular dynamics simulations [12] indicate that
increasing static confinement may change the density, positional and orientational order of
molecules and aggregates, especially as the decreasing gap size approaches an inherent length
scale of the sample, such as the diameter of suspended colloidal particles or the radius of
gyration of dissolved polymer coils and, ultimately, the size of the trapped solvent molecules
themselves.

Alignment within complex fluid systems may also be induced dynamically, 1.e. by flow
[5,13-15]. However, flow-induced structural effects do not require confinement and can occur
in the bulk. An important difference between confinement-induced and flow-induced effects is
that in the latter case the resulting structure is not at equilibrium. An understanding of the
properties of complex fluid systems under flow conditions is of fundamental scientific interest
and also of importance to many technological fields such as lubrication, the flow of colloidal and
biological particles through narrow channels or biological pores, and the processing of ceramic
and polymer composite materials and films.

The effects of confinement on molecular ordering and transport, as well as the phase behavior
of liquids in small pores, have recently been studied with spectroscopic [10], calorimetric [11]
and neutron scattering [16,17] techniques. At the molecular level, the Surface Forces Apparatus
(SFA) technique has allowed for direct force, friction, and rheological measurements of liquid
films to be made [6-8]. However, until recently, complex fluids confined between two clean,
smooth, well-characterized surfaces at precisely controllable separations have not been studied
with a direct imaging probe such as X-ray or neutron diffraction. Such a probe should allow
investigation of a number of important physical phenomena. First, by controlling the nature
of the confining surfaces, it is possible [4] to separate the effects induced by surface-specific
“epitaxial” interactions [9] from effects due to confinement; that is finite size effects. Second,
by modifying the experimental apparatus so that the confining surfaces can also be moved with
respect to each other, one can study the effects of shear on the fluid structure. Conceivably, by
moving the surfaces fast enough and by decreasing the separation between the surfaces to a few
Angstréoms one could achieve, simultaneously, extremely high shear rates and confinements.

Very interesting situations arise when the confinement and shear lead to a high degree
of molecular alignment in a thin fluid sample, thus allowing detailed X-ray diffraction and
scattering studies on these systems. Indeed, aligned samples are of crucial importance to
perform structural studies of complex fluids since very valuable structural information is lost
in the process of powder averaging and the signal-to-noise ratio of an aligned sample is always
much larger than that of a powder. Moreover, aligned samples are extremely useful to study
the anisotropic spectrum of thermal diffuse scattering (TDS) which gives access to the elastic
moduli. The elastic moduli are obtained from the free energy; therefore, they give information
on the thermodynamics of the phase. Though the smectic A phase of usual liquid crystals can
often be aligned in bulk by application of a magnetic field for instance, other complex fluids
such as viscous polymer melts or hexagonal liquid crystalline phases are notoriously difficult
to align.

In this paper we describe the present state of the art of X-SFA technology developed since its
first application [1], and report new results on the alignment of three different systems under
confinement and shear flow. The classic rod-like liquid crystal 8CB (4-cyano-4'- octylbiphenyl)
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Fig. 1. — (a) 8CB forms a partially bilayered smectic A phase. (b) The zwitterionic polyisoprene
forms a hexagonal phase.

has a smectic A-nematic phase transition at 32.5 °C [5]. Due to a permanent electrical dipole,
the 8CB molecules tend to form antiparallel pairs giving rise to a partially bilayered smectic
A phase (Fig. 1a) [18]. We have also studied the effects of confinement on a zwitterionic
polyisoprene polymer melt (MW = 4650) [19]. The molecules of this polymer consist of a polar
headgroup and a hydrocarbon tail (Fig. 1b). In this pure compound, the segregation between
the headgroups and the tails induces the formation of tubes which assemble on a hexagonal
lattice, giving rise to a hexagonal phase similar to those of lyotropic surfactant systems. The
(SDS, pentanol, dodecane, water) system is a typical example of lyotropic surfactant system
which has been extensively studied in the bulk, both under static [20,21] and flow conditions
[15,22]. A cut in its phase diagram (Fig. 2a) shows the existence of a hexagonal phase (Fig.
2b) in a wide range of concentration. For simplicity, the samples had no dodecane and had the
composition: SDS 36.1 wt.%, pentanol 7.78 wt.% and water 56.12 wt.%. SDS and pentanol
were purchased from Sigma and used without further purification.

2. Experimental

The XSFA is based on a conventional SFA Mk IIT [23], which was modified for simultaneous
on-line use with an intense synchrotron X-ray beam passing normally through the sample and
confining surfaces. In this device, the gap thickness between two atomically smooth surfaces can
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Fig. 2. — (a) Phase diagram of the (SDS, pentanol, dodecane, water) lyotropic system. (b) Schematic
of the hexagonal phase showing the water separated tubes.

be continuously adjusted from a few Angstréms to > 10 mm, with control to £10 A by means of
a three-stage coupled micrometer/differential micrometer/differential spring mechanism which
was motorized for some of the experiments. The surfaces used are freshly-cleaved back-silvered
mica sheets mounted in a crossed-cylinder geometry. The curvature allows the surfaces to be
brought into single point contact, but also requires the use of very narrow X-ray beams in
order to image the volume of the sample close to the point of contact. For our experiments the
apparatus is mounted on a stepper-motor driven XY Z translation stage installed on a Huber
four-circle X-ray diffractometer (Fig. 3a). During the experiments the scattering volume of
the sample is fixed at the center of rotation of the diffractometer.

The X-ray scattering measurements were conducted on the wiggler beamlines 6-2 and 10-2
at the Stanford Synchrotron Radiation Laboratory. A Si(111) double-bounce monochromator
was used at 8 keV with the beam focused at the sample position. A 125 pym pinhole was placed
several centimeters before the sample to provide proper collimation of the incident X-ray beam
(Fig. 3b). The diffraction patterns were observed with a 180 mm MAR image-plate 2D
X-ray detector. The incoming resolution was determined by the slits on the diffractometer and
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Fig. 3. — (a) A photograph of the X-ray Surface Forces Apparatus fitted onto the X-ray diffractome-
ter. (b) Schematic of the experimental set-up showing the paths of the X-rays and visible light in the
system.

the outgoing resolution by the pixel size of the image-plate (150 pm) and the distance from
the sample to the detector (400 mm). In the experiments described here the resolution was
8q = 0.001 A~ where ¢ is the momentum transfer vector. Typical exposure times were about
20 minutes.

The gap between the two cylindrical surfaces was monitored simultaneously with the X-
ray measurements by observing the Newton’s fringes created when the light from a sodium
lamp was passed (coaxially with the X-ray beam) through the back-silvered mica surfaces and
the confined sample. The Newton fringes interferometry allows the surface separations to be
determined to within 500 A. In order to monitor the fringes simultaneously with the X-ray
measurements, we used a system of two 125 ym thick aluminized mylar mirrors (Fig. 3b), which
attenuated the X-ray beam by about 20% but did not contribute to the background scattering
at the angles of interest for the systems studied. The Newton fringes were observed using a
Nikon 5x long working distance objective and a CCD camera connected to a TV-monitor and
video-recorder.

The cylindrical holders in our experiments were oriented so that the X-ray beam first passed
through a surface with a vertically-oriented cylindrical axis, then through the sample and then
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through a horizontally-oriented surface (Fig. 3b). The latter was mounted on a spring attached
to special piezoelectric bimorph sliding device [23], whereas the former was held fixed. This
allowed us to apply a variable shear to our samples.

The confining surfaces used in these XSFA experiments must be transparent to X-rays and
partially transparent to the visible sodium light to allow simultaneous X-ray access and optical
gap thickness measurements. In order to satisfy these requirements we have developed two
different kinds of surfaces (Fig. 4). The first type of surfaces, which we refer to as “the soft
surfaces”, were prepared by gluing a 5 — 6 pum thick mica sheet on a cylindrical lens made of
aluminum with a 45° conical taper terminating at a 1 mm diameter hole drilled through the
center of the lens (Fig. 4a). The mica was glued over the hole using a UV-cured optical glue.
The second kind, referred to as “the hard surfaces”, were prepared by first gluing a 4 — 8 pm
thick quartz sheet over the hole in the aluminum cylindrical-lens holder with a thermosetting
epoxy and then gluing a 3 — 5 pm thick mica sheet over the supporting quartz using the UV-
cured glue. In both the soft and the hard surfaces the cylindrical lenses had a 20 mm radius of
curvature. Previous studies [4] have shown that the hard and soft surfaces behave in a different
way as the latter ones tend to deform to accommodate the viscoelasticity of the sample.

The 8CB and zwitterionic polyisoprene experiments were conducted in open air and room
temperature. The studies of lyotropic materials were also performed at room temperature
but in a sealed environment. Samples were loaded by carefully placing a drop between the
two surfaces after the XSFA had been installed and aligned. A small reservoir containing the
same sample was also enclosed in the sample chamber in order to establish vapor pressure
equilibrium for these water-rich lyotropic materials.

3. Results and Discussion

3.1. ALIGNMENT OF THE SMECTIC A PHASE OF 8CB

3.1.1. Force Measurements. — On the extremely hydrophilic freshly-cleaved mica surfaces used
in our experiments, 8CB pairs are known to orient with their long axes parallel to the sur-
faces [24] (planar orientation). In order to check this epitaxial orientation of the 8CB molecules
near the mica surfaces we have performed force-measurements with a conventional MKIIT Sur-
face Forces Apparatus [23]. Importantly, these force measurements yield information on the
structure of the confined films in the gap regime of a few tens of Angstréms, which was not
imaged directly with the X-ray technique. Forces were measured between conventional SFA
rigid mica surfaces of 20 mm radius of curvature. 8CB films were studied in both the nematic
(35 °C) and smectic (25 °C) phases. The results of the force measurements are shown in Fig-
ure 5. Across the nematic film (Fig. 5a) at separations below about 60 A the force is oscillatory
as a function of the film thickness with a mean periodicity of 9— 10 A, which is about the same
as the mean diameter of the 8CB antiparallel pairs [18]. These oscillations correspond to the
squeezing-out of successive layers of 8CB molecules aligned in the planar orientation. The in-
creasing amplitude of the oscillations with decreasing gap thickness indicates that the oriented
pairs have also become positionally ordered into layers parallel to the confining surfaces within
about 20 — 30 A of the surfaces [6,25] (Fig. 5a inset). The last two layers of molecules of 17 A
thickness could not be removed even with a very large applied compressive pressure. This last
layer probably consists of a monolayer of 8CB molecules strongly, perhaps epitaxially bound
to each surface. Across the smectic film (Fig. 5b) strong long-range viscoelastic forces made it
difficult to accurately measure the equilibrium force-curves. The data shown correspond to the
gap sizes where the forces start to deviate from the background long-range force, which defines
the “zero” force in Figure 5a. The additional force of approximately 50 mN/m arising from the
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Fig. 4. — (a) Geometry of the surfaces in an X-SFA experiment showing the X-rays scattered by a
sample confined between two cylindrical surfaces (disk mounts). (b) “soft surfaces” (¢) “hard surfaces”
(d) “conventional SFA surfaces”.

high viscosity of the smectic sample makes an accurate determination of the magnitude of the
force in the smectic phase very difficult. One can clearly see, however, that the smectic force
curve has distinct kinks at the gap sizes equal to the diameter of the 8CB pairs, indicating
that the pairs are again oriented parallel to the surfaces. The inset of Figure 5b also shows the
same forces as measured across smectic film between two “hard” surfaces (Fig. 5b) used in the
XSFA. The force curve exhibits the same features as that measured between the completely
rigid surfaces with the conventional SFA. However, in this case, the slight elastic compliance of
the surfaces causes them to flatten at these very small gaps, thereby magnifying the interaction
area and, consequently, the measured force. Thus, in this case we were not able to remove
the last 25 A of sample between the surfaces, corresponding to the last three layers of 8CB
pairs. The force measurements, however, do not reveal whether the pairs are also positionally
ordered within each of these quasi-layers. Traditional SFA measurements, which can be used
to determine the structure along the normal to the surfaces, and XSFA measurements, which
determine the structure in the plane of the surfaces, complement each other and can give a
very complete description of the behaviour under confinement.
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Fig. 5. — (a) Measured force between two SFA surfaces across 8CB in the nematic phase (35 °C) in
the planar orientation. Filled circles: forces measured on approach or compression; open circles: on
separation. (b) Measured force across a planarly oriented film of 8CB in the smectic phase (25 °C) on
compression. The arrows indicate kinks in the repulsive force occurring at separations that correspond
to discrete layers of thickness ~ 10 A as measured in the nematic phase. The inset shows a similar
compression of material between the same “hard surfaces” as used in the X-SFA.

3.1.2. X-ray Measurements. — From the previous section, we know that the smectic layers
are oriented perpendicular to the confining surfaces, allowing us to see the diffraction peaks
of an aligned sample in our experimental geometry. Figure 6a shows a typical 2D image
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Fig. 6. — X-ray diffraction patterns and x-scans of 8CB (a) in bulk (b) confined in a 4 um wide gap.

of a diffraction pattern from a very thick film of 8CB in the smectic A phase, held in the
X-SFA. The sharp ring at the center is the characteristic diffraction peak of 8CB arising from
the smectic structure. By taking appropriate cuts through the points of the 2D diffraction
pattern, one can extract information corresponding to the various 1D X-ray scans obtainable
with a conventional point detector. For example, by taking the scattering intensities of points
lying on a circle (centered on the incident X-ray beam) in the direction of the y arrow in Fig-
ure 6a, one obtains a conventional mosaic 1D y-scan. In general, a powder sample, consisting
of many small randomly oriented domains, would appear as a flat line in this scan. A partially
ordered sample would produce broad peaks, where the peak widths would indicate the degree
of orientation of the domains present. Finally, an extremely ordered sample would manifest
itself by producing very sharp peaks whose angular positions on the y-scan would reveal the
preferred directions of the sample symmetry axes. In the case of 8CB, the peak positions sim-
ply indicate the orientation of the normal to the smectic layers. Thus the very broad angular
extent of the peaks in Figure 6a indicates that the sample consists of many smectic domains
which are very slightly oriented with respect to the cylindrical confining surfaces. The par-
tial orientation observed in Figure 6a most likely results from the influence of the flow which
took place in the sample during filling. The mosaic of this sample as determined from the
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Fig. 7. — X-ray diffraction patterns and x-scans of 8CB (a) at rest (b) under a shear rate of 150 s™*.
The exposure time for (b) was 5 minutes, while it was 20 minutes in (a)

x-scan is as high as 90 degrees (FWHM). In contrast, it is important to emphasize the high
degree of alignment achieved with the 8CB sample confined between “hard surfaces” at a few
microns gap size, as shown in Figure 6b. The mosaic of the sample in this case is only about
5 degrees (FWHM) which is comparable to the high alignments achieved in some cases by
application of a magnetic field. This level of alignment is easily obtained and reproducible. It
is also important to note that this very high degree of orientation is achieved for a relatively
thick (4 pum) sample, giving a relatively high X-ray scattering signal. This is clearly advan-
tageous compared to some other techniques capable of achieving high degrees of alignment,
such as in free-standing films or ultra-thin films on substrates. Moreover, if the surfaces are
very carefully prepared, significantly better level of alignments may exceptionally be obtained
with mosaicities of about 3.5 degrees. The use of “soft surfaces” [4] also helps to reach even
lower mosaicities of 2 degrees. This is due to the fact that “soft surfaces” can flatten to better
accommodate domain coarsening.

The state of alignment of a confined 8CB film can be further improved by shearing it between
hard surfaces. Figure 7 shows the X-ray images and corresponding x-scans of the smectic phase
of 8CB between hard surfaces at 1 pm separation both at rest and under shear. The alignment
of the sample clearly improves when a shear rate of about 150 s~! is applied. The mosaicity
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of the sample decreases to less than 2 degrees (FWHM). Note also that the exposure time for
the sample under shear (5 minutes) was 4 times less than that for the sample with no shear
applied. Once aligned this way, the sample remains stable for hours.

In general, the flow-induced alignment may promote or compete with the alignment induced
by the nature of the confining surfaces, thus leading to different orientations in the sample for
different confining gaps or shear rates. It is thus interesting to note that the overall direction
of the alignment changes under the applied shear. The peaks in Figure 7b are centered around
90° and 270°, indicating that the smectic layers in this case become aligned along the direction
of shear flow in the sample. This alignment agrees with the orientation diagram previously
observed [5] for bulk samples under shear flow conditions.

3.2. ALIGNMENT OF HEXAGONAL PHASES

3.2.1. Zwitterionic Polymer. — We have also applied the X-SFA technique to study the con-
finement induced alignment of a zwitterionic polyisoprene polymer melt in its hexagonal phase.
Figure 8 shows two X-ray scattering patterns and corresponding y-scans of this system. The
image in Figure 8a is from a thick sample (d ~ 1 mm). It only shows the (1 0) diffraction ring
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Fig. 8. — X-ray diffraction patterns and x-scans of the zwitterionic polyisoprene (a) in bulk (b)
confined in a several pm wide gap.
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of a powder (randomly oriented) sample. The image in Figure 8b is from a sample confined
within a gap size of several microns between two soft surfaces. One can see the (1 0), (1 1)
and (2 0) peaks. The sample is clearly in a well aligned state. The arrangement of the peaks
on the 2D image suggests that the tubules are oriented along the mica surfaces with their axis
in a direction almost exactly at a 45° angle to the directions of the two cylindrical axes of
the confining surfaces. The sample mosaic spread is about 30° as determined from the cor-
responding x-scans. This alignment in a preliminary experiment is just slightly less than the
one obtained by shear-alignment on a similar viscous polymer system (approximately 25°) [26].
This is one of few experiments where one can achieve alignment in a highly viscous ordered
polymer systems for X-ray diffraction studies.

3.2.2. Lyotropic Surfactant System. — Figure 9 shows two X-ray scattering patterns and cor-
responding y-scans of the (SDS, pentanol, water) system in its hexagonal phase. The image in
Figure 9a is from a bulk sample (gap size ~ 1 mm) and displays the isotropic (1 0), and (1 1)
scattering rings typical of a powder sample of hexagonal phase. The y-scan shows that this
powder is a coarse one with large domains randomly oriented with respect to the cell geometry.
In contrast, reducing the gap size to a few tens of microns yields highly aligned domains giving
rise to scattering patterns of a very striking 6-fold symmetry (Fig. 9b). The differences in the
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Fig. 9. — X-ray diffraction patterns and x-scans of the lyotropic hexagonal phase (a) in bulk (b)
confined in a 30 pm wide gap.
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hexagonal reflection intensities simply result from a small misalignment of the surfaces with
respect to the X-ray beam. Close inspection of the x-scan, in a range of 5 degrees around the
Bragg reflections, shows that there are actually three unequal groups of domains in the beam,
the main one having a mosaicity of less than 2 degrees (FWHM). Although there have been
numerous structural studies of hexagonal phases of complex fluids, Figure 9b is one of the few
which shows such a high level of alignment. This outstanding domain growth was achieved in
minutes by simply placing the sample between the two surfaces, squeezing the surfaces into
contact, and then separating the surfaces approximately 30 pm over 30 minutes. In contrast
to the zwitterionic polymer system, the surfactant tubes are anchored perpendicularly to the
surfaces. In the absence of extensive studies of the anchoring of hexagonal phases on mica
substrates, it is difficult to understand this difference between the two systems.

The interest of using aligned samples compared to powders is illustrated by the signal-to-
noise ratios of the (1 0) reflection in 10 minutes exposures which jumps from 20 for the bulk
sample to more than 400 for the confined one. Such high signal-to-noise ratios allows detection
of the (2 0) and (2 1) reflections on close inspection of the scattering pattern which was
impossible for powders. This alignment procedure is similar to the strand drawing (pin and
cup) technique [27,28], but it allows direct X-ray access to the 2d lattice which is forbidden by
the pin and cup method. Furthermore, the high degree of alignment displayed by this confined
hexagonal phase in principle also allows study of the X-ray diffuse scattering. This important
kind of study [29] gives access to the elastic moduli of the phase which take part of the free
energy.

Such a well aligned sample of hexagonal phase breaks into a coarse powder if it is quickly
squeezed down to a few pm. However, the alignment is retained if the squeezing takes place
slowly at typical rates of 5 um per hour. Squeezing the sample must involve molecular diffusion,
a process which has its own diffusion constant. If the stress is applied at a rate larger than the
single domain can stand, then other processes will appear involving the creation of structural
defects resulting in the breaking up of the aligned sample.

4. Conclusion

The results described above about very different systems show that the XSFA technique is
a versatile new tool and probe for investigating the structure of complex fluids aligned by
confinement and/or shear. Thus, the XSFA appears as a very valuable technique to grow
single domains of complex fluids for in-situ diffraction and thermal diffuse scattering (TDS)
experiments in systems otherwise difficult to align. These TDS experiments are of crucial
importance since they allow us to measure the elastic moduli or their combinations. Since
these moduli derive directly from the intermolecular interactions, TDS is an efficient tool to
discriminate between various models describing interactions and self-assembling forces. TDS
is a much stronger phenomenon in complex fluids than in crystals. In addition to the fact that
fluctuations are intrinsically stronger in systems of low dimensionality, this also arises from the
large size of the unit cell of complex fluids, usually about two orders of magnitude larger than
crystals. Since the ratio of the intensities of the Bragg to TDS components is proportional
to N, the number of unit cells in the scattering volume [30], the relative intensity of the
TDS component is amplified by 4 to 6 orders of magnitude in systems with very large lattice
spacings. The interest of using aligned samples for this kind of study can be illustrated by
considering the lyotropic fluid lamellar L, phase. The first studies [20,21] performed on powders
yielded accurate values of only one elastic modulus whereas by using techniques developed for
orienting lyotropic lamellar phases [31, 32], more accurate determination [33] of both moduli
and in turn the complete free energy are feasible. These aligned samples had relatively poor
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mosaics ranging from 2 to 10 degrees. In contrast, the XSFA produces much better aligned
samples. The same study of the lyotropic hexagonal phase is presently under way.

Moreover, the single domains prepared in the XSFA can be further manipulated by applying
a shear as well as a uniaxial compression or dilation. The awaited availability of extremely
high brilliance X-ray beams with cross-sectional areas of order of a few mm will make possible
the study of these single domains in rheological conditions by time resolved X-ray scattering
and therefore the obtention of a deep understanding of their mechanical properties. From this
point of view, it will be also important and exciting to combine in future experiments the X-ray
imaging with simultaneous on-line force measurements.
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