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Abstract. Large flow-aligned samples of the hexagonal mesophase of the (sodium dodecylsulfate, pentanol,
water) ternary system were produced by merely sucking the material into flat glass capillaries. These
samples were examined by polarized light microscopy and X-ray scattering. In the plane of the hexagonal
lattice, the “¢—mosaic” is only 2 0.1° because the dense (10) hexagonal planes lie parallel to the flat glass
plates of the capillaries. In contrast, the “y—mosaic” of the Cs axis reaches 5-10° because the samples
undergo a thermomechanical instability of the columns already investigated by Oswald et al. in detail on
the (C12EOg, H20) system. Anisotropic thermal diffuse scattering is observed around the Bragg peaks
and its description in the frame of an elastic continuum model provides estimates of the elastic constants.
On heating the samples, we observed a clear splitting of four of the (10) hexagonal lattice reflections. This
splitting is the defining signature of the thermomechanical instability by which the columns form zig-zags.
The fact that two of the (10) reflections are not affected by the instability demonstrates that it is confined
to the plane of the capillary. The influence of temperature on the thermomechanical instability was also

studied in detail.

PACS. 61.10.Eq X-ray scattering (including small-angle scattering) — 61.30.-v Liquid crystals —
61.30.Jf Defects in liquid crystals — 65.70.4+y Thermal expansion and density changes; thermomechanical

effects

1 Introduction

Mesophases of hexagonal symmetry are very often en-
countered in the field of complex fluids. A large num-
ber of molecular moieties or aggregates such as disc-like
molecules [1], block-copolymers [2], rod-like polymers [3]
and micelles of amphiphilic molecules [4] form a hexagonal
mesophase in a given range of concentration and temper-
ature. The hexagonal phase has long-range orientational
order but only 2-dimensional long-range positional order
[5]. Therefore, there are no long-range positional correla-
tions along the (s axis so that the phase only shows a 2-d
lattice of Bragg reflections by X-ray scattering. Although
there have been numerous structural studies of hexagonal
mesophases performed on “powder” samples, only very
few aligned samples have been described in the literature.
Some hexagonal mesophases spontaneously grow into sin-
gle domains or may be oriented by a magnetic field [6]
but these are rather exceptional cases. Sophisticated tech-
niques such as “strand pulling” [7], the “X-ray Surface
Force Apparatus” [8] or shear cells [9] have already been
successfully applied to produce aligned samples but sim-
pler methods are clearly needed in order to easily inves-
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tigate a larger number of hexagonal mesophases. Single
domains are very useful for structural studies since very
valuable information is lost in the process of powder av-
eraging and the signal-to-noise ratio of a single domain is
always much larger than that of a powder. In addition,
the study of the thermal diffuse scattering (TDS), which
gives access to the elastic constants, requires the use of a
single domain. Since the elastic constants are themselves
derived from the free energy, the thermal diffuse scatter-
ing indirectly gives information on the thermodynamics
of the phase [7c]. Direct mechanical measurements [10] of
the elastic constants are often complicated by the presence
of residual topological defects. In contrast, our approach
provides more local estimates which agree well with the
values obtained from the analysis of textures [11,12].

In this work, we describe how we produced highly
aligned samples of a lyotropic hexagonal mesophase of
amphiphilic molecules by merely sucking the material into
flat glass capillaries. The molecules form very long cylin-
drical micelles which are aligned along the capillary main
axis by the flow. We characterized these samples by po-
larized light optical microscopy and X-ray scattering. The
TDS is essentially localized around the Bragg reflections
and can be described in the frame of an elastic continuum
model thus providing estimates of the elastic constants of
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Fig. 1. Textures of the samples in polarized light microscopy (Sample thickness is 100 ym, the white bars are 100 um long. The
crossed polarizers are parallel to the sides of the photographs.) (a) Room temperature, capillary axis parallel to the polarizer
direction; (b) Room temperature, capillary axis at an angle § = 5° with the polarizer direction; (¢) T' = 80 °C, capillary axis
parallel to the polarizer direction; (d) T' = 80 °C, capillary axis at an angle § = 15° with the polarizer direction

the hexagonal phase. Besides, we found that the distri-
bution of the TDS is very different from that observed in
previous studies of thermotropic hexagonal phases [6a,7c].
Finally, we show that our samples undergo a thermome-
chanical instability already studied in detail by Oswald
et al. [12]. This instability reveals itself on heating by the
appearance of a striated texture indicative of undulations
or zig-zag conformations of the micelles.

2 Experimental

We selected the lyotropic hexagonal phase already re-
ported at room temperature in the ternary phase diagram
of sodium dodecylsulfate (SDS), pentanol and water [13].
Homogeneous mixtures of 35.6 w% SDS, 9.2 w% pentanol
and 55.2 w% water were prepared by weighing in test-
tubes the appropriate amounts of chemicals and mixing
them first with a spatula, then with a vortexer. Before
use, the test-tubes were left to stand several weeks until
the mixtures were completely transparent.

Aligned samples of the hexagonal phase were obtained
in flat optical glass capillaries (Vitro Com Inc., Moutain
Lakes, NJ, USA), of thicknesses 50 or 100 um, accord-
ing to a procedure described in the next section and ob-
served in polarized light with an Olympus BH2 micro-
scope. Textures were photographed using an Olympus

camera. The microscope was also equipped with a Met-
tler heating stage.

Preliminary X-ray scattering experiments were per-
formed in our laboratory using a rotating anode setup
(A CuK, = 0.154 nm). The X-ray beam delivered by the
anode is punctually focused by two perpendicular curved
mirrors coated with a 60 nm nickel layer [14]. The mirrors
cut the high energy radiations issued from the anode and
a 20 pm nickel foil filters the Kg emission line. The X-ray
intensity at the sample level is about 107 photons/s.mm?.
The scattered X-rays were detected on imaging plates and
the sample-detection distance was 50 cm. Exposure times
were typically one hour.

Additional high resolution X-ray scattering experi-
ments were performed at the synchrotron beamlines D23
at LURE in Orsay, France and D2AM at ESRF in Greno-
ble, France. Both beamlines have already been described
in detail [15,16] and have very similar designs. The beam
is first monochromatized by reflection on a flat Si (111)
crystal and then focused in the horizontal plane by re-
flection on a curved Si (111) crystal. Moreover, the use
of mirrors (one for D23 and two for D2AM) ensures the
rejection of higher harmonics. On D23, the beam size was
(500 pm x 250 pm) at the sample level and a wavelength
of A = 0.154 nm was selected. The X-ray beam had a flux
of a few 10° photons/s.mm?. The sample was set at the
center of a Huber diffractometer equipped with a crystal
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Fig. 2. Schematic drawing of the 4-circle X-ray scattering setup. The gas detector moves along the 26-circle in the OXY plane.
Its position along the 26-circle selects the value of Q). The sample is oriented by using two circles: the x-circle in the OX Z plane

and the ¢-circle in the OXY plane. The position xy = 0 and ¢

= 0 corresponds to: (i) The Oz axis of the capillary is parallel to

the OZ axis of the diffractometer; (ii) The (10) reticular planes of the 2-d hexagonal lattice lying parallel to the flat plates of

the capillary are in reflection position.

analyzer. On D2AM, the beam size was (250 yum)? at the
sample position and a wavelength A = 0.1549 nm was se-
lected. The X-ray beam in single bunch mode had a flux
of a few 10'° photons/s.mm?. This line is equipped with a
“T-circles” diffractometer (Microcontrole, France) which
we used in a conventional “4-circles” configuration. On
both beamlines, the scattered X-rays were detected either
with a Bicron point-detector or using imaging plates fixed
onto the analyzer arm. The resolution of the X-ray scans
was §Q = 7x1073 nm~! (FWHM) with the D23 setup and
§Q =2 1.4x 1072 nm~! with the D2AM setup (where Q is
the scattering vector of modulus @ = (47sin@/A and 26
is the scattering angle). X-ray scans and imaging plate ex-
posures typically required about ten minutes on D23 and
two minutes on D2AM. For temperature control, we also
used on D2AM a home-made oven and a computer-driven
temperature controller.

3 Sample alignment and characterization

Aligned samples were prepared in a very straightforward
and reproducible way according to the following proce-
dure. The test tube is first mildly centrifuged upside-down
so as to collect all the material at its neck. Meanwhile, the
tip of a flat optical glass capillary, of thickness 100 pum, is
connected to a small primary vacuum pump through a

rubber hose equipped with a valve. The other tip of the
capillary is then dipped into the material and the vacuum
pump turned on. The material is thus sucked into the
capillary at a speed controlled by the valve. When there
is enough material in the capillary, the tip is taken out of
the test tube and the material is centered inside the capil-
lary. Usually, the whole process only takes a few seconds.
At this point, the vacuum pump can be disconnected and
the capillary is flame-sealed at each end.

Immediate inspection of the capillaries by polarized
light optical microscopy reveals that the hexagonal phase
is highly aligned, in spite of a few defects distributed at
random. The capillaries are uniformly bright when their
main axis lies at an angle of 45° with respect to those
of the polarizer-analyzer system and are dark when they
lie parallel to the polarizer-analyzer directions. A more
careful examination shows a system of stripes. This sys-
tem becomes more regular whereas the random defects
tend to disappear as the samples anneal over several days
(Fig. 1). This procedure takes place at room temperature
and obviously will require modifications to be applied to
mesophases stable at higher temperatures only.

These samples have been characterized by X-ray
diffraction on the LURE D23 beamline in order to fully de-
termine the hexagonal lattice orientation with respect to
the capillary axes and the mosaic distributions (Figs. 2
and 3). As inferred from the optical experiments, we
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Fig. 3. Diffraction by an aligned sample. The average direction of the columns is along Oz, the direction of the capillary axis.
Because of the strong anchoring of a family of (10) reticular planes on the flat walls of the capillary, the direction Oz (¢ = 0)
corresponds to a Bragg reflection. Two other Bragg reflections are recorded for ¢ = 60° and ¢ = —60°, as expected for a
hexagonal Cs axis along Oz. On heating, the thermomecanical instability is observed in the reciprocal space. Each Bragg spot
at ¢ = 60° and ¢ = —60° splits into two spots, corresponding to the two types of domains of the zig-zag texture. The Bragg
spot at ¢ = 0° is not affected, showing that the zig-zag texture only develops within the Oyz plane.
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Fig. 4. ¢-scans at room temperature of an aligned sample. (a)
¢-scan at Q = QBrage = 1.542 nm~*. Three Bragg peaks at
¢ = —60°, » = 0° and ¢ = 60° with a FWHM of 0.1° are
recorded. The three peaks have different intensities essentially
because the OZ diffractometer axis and the Oz sample axis are
not perfectly parallel. (b) ¢-scan at Q = QBrage + AQ, with
AQ/QBrage = 2.4%. The thermal diffuse scattering signal (see
Sect. 4) of each peak is only recorded in this case. The fitted
intensity using the continuum elastic model with o = 2.94 is
shown (thick solid line) for one Bragg spot. Intensity units are
the same in (a) and (b).

observe that the Cg axis is oriented along the capillary
main axis Oz. Moreover, we also observe that a family of
dense planes (10) of the hexagonal lattice lie parallel to
the capillary flat walls. The azimuthal “¢-scan” shown in
Figure 4a is a scan for which Q describes a circle, of
constant modulus Qprags, going through the (10) re-
flections of the 2-d hexagonal lattice. Three (10) reflec-
tions can be seen equally spaced by 60° as expected
and no other hexagonal domain can be detected. A
more detailed scan allows us to measure the “¢-mosaic”
(i.e. the width of the ¢ distribution for all the crys-
tallites in the X-ray beam), which is found to be 0.1°
full width at half maximum (FWHM). The scan pre-
sented in Figure 4a is a typical one for samples pre-
pared by this method. Poor samples may show a worse
¢-mosaic that may reach up to 0.25° or several do-
mains in the beam. Outstanding samples may have a
¢-mosaic as low as 0.03°, a value quite unusual in the field
of liquid crystals. This high quality is obviously related to
the anchoring of the dense planes of the hexagonal lattice
onto the flat walls of the capillary. Indeed, this anchoring
is observed all along the length of the capillary over sev-
eral centimeters. Therefore, the hexagonal lattice does not
twist and keeps its azimuthal ¢ orientation as the capil-
lary is scanned. In contrast, the polar “y-scans” (Fig. 5)
do not show such a good mosaic. Typical values of the
Xx-mosaic lie in the range 5—10° (FWHM) which could
indeed be expected from the observation of the striated
texture. Though these xy-mosaic values still compare quite
reasonably with those reported in other previous studies,
they will hamper more demanding investigations such as
that of the diffuse scattering (Sect. 4).
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Fig. 5. X-ray scattered intensity along a x-scan going through
the (10) reflections at room temperature.

Finally, the 26-scans going through the (10) reflections
of the 2-d hexagonal lattice show a resolution limited peak
(Fig. 6). This observation proves that the hexagonal lat-
tice has true long range order. The position of the peak at
QBrage = 1.56 nm~! gives us the value of the hexagonal
lattice parameter a = 4.64 nm at room temperature.

4 X-ray diffuse scattering

The good crystallographic quality of our samples allows us
to perform more sophisticated studies such as that of the
X-ray diffuse scattering. A cross section of the reciprocal
space parallel to the Cy axis (Fig. 7) shows a (10) Bragg
spot in reflection condition on one side of the image and
some additional diffuse scattering on the other side. Since
the sample was held fixed during the experiment and its ¢-
mosaicity (= 0.1° FWHM) is much smaller than the scat-
tering angle (26 = 2.1°), the additional scattering cannot
be due to another (10) reflection but must arise from fluc-
tuations. This diffuse scattering is clearly anisotropic. In
order to estimate this anisotropy, we show in Figure 8 the
intensity profiles along the @, and @, directions, drawn
from Figure 7, for the Bragg spot (Figs. 8b, 8d) and for the
diffuse scattering (Figs. 8a, 8c). The distribution of diffuse
scattering is wider along the @, direction (a) than along
the @, direction (c). The widths of the corresponding pro-
files for the Bragg spot give the contributions of both the
resolution and the mosaicity. When we take these effects
into account, we estimate a factor of 10 for the anisotropy
of the diffuse scattering in the Ozz plane. Since the sample
mosaicity (“y-mosaic”) affects the intensity profile along
Q., this measurement does not truly correspond to the
case of a single domain. Therefore, this value of 10 should
only be regarded as an order of magnitude.

In contrast, we consider that the diffuse scattering in-
tensity measured in the Ozy plane is due to a single do-
main, because the value of the “¢-mosaic” is very small
and the 20 —scans are resolution limited. Unfortunately,
our sample geometry does not allow us to observe directly
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Fig. 6. X-ray scattered intensity along a 20-scan going through
the (10) reflections (open circles) at room temperature com-
pared to a scan of the direct beam (filled circles), which defines
the experimental resolution.

Fig. 7. 2-d image of the X-ray scattered intensity in the 2Oz
plane. The Bragg reflection can be seen to the right of the
beam-stop and the diffuse scattering signal to the left.

the Ozy reciprocal plane, because it is not possible to send
the X-ray beam along the capillary axis. Nevertheless, we
can perform, in this plane, different ¢-scans at various
scattering vector moduli @ (Fig. 4b) and build a complete
intensity map at the vicinity of a Bragg spot (Fig. 9). The
diffuse scattering intensity decreases quite rapidly as the
scattering vector moves away from the Bragg condition.

In order to describe quantitatively these experimen-
tal results, we use an elastic continuum model detailed
in [7c]. This model treats the fluctuations as elastic waves
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Fig. 8. Profiles derived from Figure 7 of the Bragg spot and the
diffuse scattering . (a) Diffuse scattering along ¢.. (b) Bragg
spot along ¢.. (c) Diffuse scattering along ¢,. (d) Bragg spot
along ¢.
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Fig. 9. Thermal diffuse scattering experimental map in the
2Oy plane. This map is obtained by varying the two angles 26
and ¢ by constant increments. A linear gray scale is used to
visualize clearly the distribution of the TDS.

governed by the following expression for the elastic energy
density f [5,12]:
Ou Ov

1 ou\’ v\ >
=g ((a—) +(3) )“%a—y
+1 @'f'@ 2+1k @ 2+ & ’
la Oy Oz 23 072 022

where u and v are the two components of the displacement
vector of an elastic wave along Ox and Oy respectively.
ks is the Frank bend elastic constant of the columns. A
and p are the Lamé elastic constants of the 2-dimensional
hexagonal array, where B = (A + 2u) is the compressibil-
ity modulus and p the shear modulus. It was shown [7¢]
that, for small q vectors, the diffuse scattering intensity
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Fig. 10. Scattered intensities calculated using the elastic con-
tinuum model, with o = 3.01, in order to fit the intensity map
of Figure 9. The value of « is obtained from a linear fitting
program, taking into account all the experimental points of
Figure 9 (about 400 points), except a few points of very high
intensities very close to the Bragg peak. The gray scales are
the same in Figures 9 and 10.

at a vector Q = Qgragg + g reads:

1Q) = =2 ( UQbragsdy)”
g +a; \a; +4q; +aldc?q:

(QBraggq:E + q;% + q5)2> LC

Q2 +q2+ Ac?qd

where A¢ = ’/Agu = \/% is a characteristic length of

the hexagonal phase and a = M‘% = %(2 < o < +00).
A is a constant scaling factor and C' is the background
correction, supposed to be constant. In the Oxy plane,
this formula simply reads:

A
W((%(Qmaggqy)2
x Yy

+ (QBraggq:E + q92; + %3)2) +C.

1(Q) =

Using this expression for the intensity, we reach a very
good description of our experimental results for a value of
a = 3 (Figs. 4 and 10). This value was obtained by calcu-
lating for each experimental point the values of g, and g,
and then using a linear curve fitting program to determine
the values of A, a and C. Both for the ¢-scan (Fig. 4b) and
the intensity map (Fig. 10), the program gives for the best
fit (least mean square criterion) the same value of @ = 3
with an error bar of a few percents. Therefore, by this
method, we can give a measure of a = At %, which

m
characterizes the 2d elasticity of the hexagonal phase.

If we now come back to the diffuse scattering in the
Ozxz plane, the same model gives:

(QBragg + q:n)2

+C
a2+ Ac?q?

I(Q)=A
which shows that the length Ao is the only relevant pa-
rameter in this plane. We have explained above that the
distribution of scattered intensity is anisotropic by about
a factor 10 and oriented along Oz. A straightforward
estimation then yields the value A¢ = 0.2 nm.
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We have shown that the quality of our samples allows
us to perform detailed diffuse scattering measurements,
especially inside the Ozy plane. The continuum elastic
model that we applied gives a very good description of
the data and provides the value a = 3. However, we can
only estimate an order of magnitude of 0.2 nm for the
characteristic length A¢. To conclude this section, we can
compare these results to those obtained in similar previ-
ous studies of the hexagonal mesophase of thermotropic
disk-like compounds [6a,7c]. Ac was of the same order of
magnitude but the distributions of the TDS in the Ozy
plane are quite different (compare for instance the ¢-scans,
Fig. 4 of [7c] to Fig. 4 in this paper). In the thermotropic
hexagonal phase, the diffuse scattering extended far away
from the Bragg peaks. In fact, the elastic continuum model
only gives a good description of the scattering in this
plane by the lyotropic hexagonal phase investigated in this

paper.

5 Thermomechanical instability
5.1 Optical microscopy experiments

As mentioned in Section 3, our samples present a stri-
ated texture when observed in polarized light microscopy.
This striated texture occurs frequently in hexagonal
mesophases and has already been reported by numer-
ous authors [17]. Oswald et al. [12] have recently studied
this texture in the lyotropic mixture (C12EQOg, H2O) and
demonstrated that it results from a thermomechanical in-
stability by which the columns show undulations or zig-zag
conformations (Fig. 14). The mechanism of the instability
is the following: on cooling, the hexagonal lattice param-
eter decreases and since the sample dimensions are kept
constant, the hexagonal lattice is dilated. This dilation
can relax either by climb of transverse edge dislocations
or by tilting the columns so as to increase their transverse
cross-section. The first mechanism does not seem to occur
in lyotropic phases so that column undulations or zig-zags
are readily seen. This phenomenon is very similar to the
Helfrich-Hurault effect which takes place in smectics [5].
This instability was also recently detected by NMR exper-
iments on sheared samples [17j].

In contrast to the samples studied by Oswald et al. [12],
the instability in our samples appears on heating. This
suggests that the hexagonal lattice thermal dilation coef-
ficient of our samples is negative, a fact that we checked
by X-ray diffraction (see below). Actually, even a very
small temperature jump such as that achieved by merely
breathing over the sample is enough to induce this insta-
bility. The sinusoidal undulations of the columns repre-
sent the linear regime of the instability whereas the zig-
zag conformations represent the non- linear regime. Due
to the small wavelength (= 5pum at room temperature)
of the instability, it is difficult to differentiate these two
regimes by optical microscopy. The only typical feature
that we could detect is the appearance of a slight contrast
in natural light in the zig-zag regime at high tempera-
ture. This contrast probably arises from the small den-
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Fig. 11. (a) Wavelength A of the zig-zags versus temperature.
(Error bars are estimated by taking into account the measure-
ments dispersion over the particular sample shown in Fig. 1.)
(b) Zig-zag angle 0 versus temperature measured by the op-
tical method developed in [12]. (Error bars essentially result
from the accuracy of the determination of the maximum opti-
cal contrast.)

sity difference between the bulk material and that of the
domain walls located between consecutive “zig” and “zag”
domains. The maximum contrast of the texture (Fig. 1)
in polarized light is obtained when the capillary main axis
makes an angle + 6 with the polarizer-analyzer system [12]
where 6 is either the undulation angular amplitude or the
zig-zag angle.

Both the instability wavelength, A and 6 depend on
the dilation, =y, which in turn depends on the tempera-
ture. At room temperature, the values of A and 6 mea-
sured on our samples show a rather large dispersion com-
pared to those carefully grown by Oswald et al. This is
not surprising because our samples are prepared in only
a few seconds and probably have a much larger defect
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Fig. 12. Series of 2-d images of the X-ray scattered intensity in the £Oz plane at different temperatures.

density. Typically, the values of 6 range from 5° to 10°
and those of A from 4 to 6 um. These values vary from
a sample to another. We measured A and 6 as a func-
tion of temperature for a given sample using the opti-
cal methods developed by Oswald et al. [12] (Fig. 11).
At each temperature, both A and 6 reach their equi-
librium value in a few minutes and do not evolve with
time any further. 6 increases regularly with temperature
(heating rate: = 1 °C/min from 20 °C to 80 °C) and there-
fore with dilation, in good agreement with the predictions
of reference [12]. However, A increases by almost a factor of
3 in sharp contrast with the few % predicted by reference
[12]. This discrepancy may be due to two reasons: firstly,
we explore a quite larger temperature range and therefore
we reach much larger dilation rates at which the model
may not be valid any more. Secondly, it is possible that
the behaviour of the elastic constant of compression, B, of
our system differs from that of the system investigated in
reference [12]. In fact, B can vary quite appreciably over
the large temperature range of 50° that we have explored.

Besides, our samples are far from being defect-free. In
particular, they show edge-dislocations in the system of
stripes. As temperature increases and the wavelength A
with it, these dislocations move as zippers across the sam-
ple width and suppress stripes. This phenomenon at the
textural scale is similar to the climb of edge dislocations
which is a classical plastic relaxation mechanism at the
structural scale.

When the samples are cooled to room temperature,
the optical contrast of the stripes gradually disappears,
without any change of A until a completely aligned sam-
ple is obtained. This behaviour is observed for all cooling
rates investigated, i.e. between 1 and 20°/min. However,

Table 1. Evolution with temperature of the sample of
Figure 12. The hexagonal lattice parameter, a (nm), is mea-
sured from a 20-scan with the X-ray diffractometer. The zig-zag
angle 6 is measured from the image-plate recordings shown in
Figure 12.

T(°C) 23 30 40 50 60 70
4640 4.605 4591 4576 4.565 4.543
6(°) - 55 7 75 87 9

the completely aligned sample is very unstable, since any
slight temperature increase brings about the instability
again with the wavelength of = 5 pm usually measured
at room temperature. Therefore, heating and cooling are
not reversible processes but rather depend on the previous
thermal history of the sample. This fact seriously hampers
our quantitative analysis of this instability.

5.2 X-ray diffraction experiments

Table 1 clearly shows that the hexagonal lattice parame-
ter decreases when the temperature increases, and this is
the reason why the instability occurs in our samples on
heating. The thermal expansion coefficient derived from
Table 1 was found to be:

1 da

-— =-33x10"%°CL

adT
This value is of the same order of magnitude as that
measured on the (C12EOg, H20) system but it is of
opposite sign.
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Fig. 13. 2-d images of the X-ray scattered intensity in planes parallel to Oz and: (a) at ¢ = +60°; (b) at ¢ = —60°;

(c) at ¢ =0°.

A temperature ramp from room temperature to 70 °C
is illustrated in Figure 12. At room temperature, one ob-
serves as expected the (10) hexagonal lattice reflection and
its x-mosaic which reaches a value of = 8° (FWHM) is af-
fected by the column instability. This value is to be com-
pared with the typical values of 6 (5—10°) measured by
optical microscopy. As the temperature increases (heating
rate = 1°/min), the (10) reflection splits into two sym-
metrical spots. This splitting increases with temperature
to reach a maximum value of = 10° at 70 °C. Such a split-
ting can be interpreted as the superposition of the two
(10) reflections of the two hexagonal lattices of the “zig”
and “zag” domains. The splitting is therefore the defining
X-ray scattering signature of the thermomechanical insta-
bility. We have checked (Figs. 3 and 13) that the (10)
reflection at ¢ = 0 is never affected by the instability.
This means that, whatever the temperature and therefore
the dilation of our samples, the columns remain parallel
to the flat glass plates of the capillary. This is an impor-
tant point put forward by Oswald et al. that is proved by
our X-ray scattering experiments. On cooling (cooling rate
2 1°/min), the splitting decreases and finally vanishes so
that the whole thermal behaviour seems qualitatively re-
versible, although a detailed comparison shows quantita-
tive differences as discussed in the previous section.

At room temperature, when the tilt angle 6 is small,
it is actually as difficult to tell the difference between col-
umn undulations and zig-zags by X-ray scattering (see
Appendix) as it is by optical microscopy. In ideal exper-
imental conditions, (i.e. with no additional x-mosaic, no
instrumental broadening of any kind such as finite beam
size, finite divergence, etc.) a zig-zag texture should show
up on the X-ray scattering patterns by the appearance of
two Bragg spots at x = + 6. (A very similar phenomenon
of electric-field-induced layer buckling in chiral smectic
A liquid crystals was recently reported which also gave
rise to a splitting of the smectic reflection observed by
X-ray scattering [18].) In contrast, sinusoidal undulations
should show up as a continuous distribution of scattering
for —0 < x < 6, this distribution having peaks around
+ 6. Non ideal experimental conditions will broaden the
Bragg peaks of the zig-zags so that any tilt angle smaller
than the angular broadening won’t be detected. Similarly,
the continuous distribution of scattering of the undula-

tions will look like a broad featureless maximum of total
width 26. Moreover, the columns being anchored along the
z-axis (6 = 0) at the glass surfaces, there are twist bound-
ary layers in which the tilt varies regularly from 0 to 6 [12].
The thickness of these layers decreases with increasing di-
lation so that at room temperature their contributions to
the scattering at y = 0 may be important. Experimen-
tally, at room temperature, we observe a broad reflection
(Fig. 5) which therefore may be either due to zig-zags of
small tilt angle or due to undulations. We tend to favour
the undulation model for the following reasons. i) The un-
dulations represent the linear regime valid at the onset
of the instability, that is at small dilations ~. ii) The tilt
angle measured optically at room temperature is at least
5°, a value that should induce a detectable splitting of
the reflection in the case of zig-zags. iii) We have not ob-
served any contrast due to domain walls in natural light
by optical microscopy at room temperature. However, the
quality of our samples does not really allow us to reach
a definitive answer to this question. Nevertheless, at high
temperature, the scattered intensity at y = 0 falls down
to the background level which clearly indicates that the
non-linear zig-zag regime prevails.

6 Conclusion

We have described a very simple, useful and cheap method
for producing highly aligned samples of a hexagonal liquid-
crystalline phase, suitable for detailed X-ray analysis. Pre-
liminary experiments show that this method also effi-
ciently applies to the hexagonal phase of other materials
such as non-ionic surfactants (C12EOg, H20) and diblock
copolymers. We are therefore confident that this simple
technique will prove useful to investigate very different
systems. The production of a highly aligned sample al-
lowed us to record the thermal diffuse scattering inten-
sity. Its good description by a simple elastic continuum
model provided estimates of the characteristic mechanical
parameters of the mesophase (o = 3 and A¢ = 0.2 nm)
in agreement with other estimates previously derived from
X-ray scattering studies and analysis of textures. However,
for this lyotropic phase, the distribution of the TDS in
the hexagonal plane is highly localized close to the Bragg
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Fig. 14. Profiles y(z) of the molecular columns for the two
models. For the undulation model, the profile is taken as a
cosine wave. The two parameters, A and € define the amplitude
along the Oy direction.

peaks, a result in sharp contrast to thermotropic hexag-
onal phases for which the TDS extended far away from
the reflections. We presently do not understand the ori-
gin of such a variation between the two kinds of materi-
als. Clearly, the study of other hexagonal mesophases is
required to try to solve this question and we hope that
this aligned domain growth technique will prove useful to
achieve this task. Finally, we completely confirm the anal-
ysis of the thermomechanical instability presented by Os-
wald et al. [12]. Moreover, we have detected the X-ray sig-
nature of the instability in the fully developed, non-linear
regime as a splitting of four of the six hexagonal Bragg
peaks and demonstrated that the instability remains con-
fined in the plane parallel to the flat glass plates of the
capillary. It should be here noted that the appearance of
this striated texture, when it is uniform over a large dis-
tance, indicates that the sample observed is highly aligned.

We are deeply indebted to J.C. Geminard, P. Oswald, J. Prost,
L. Sallen and J. Selinger for pleasant and enlightening discus-
sions. J.F. Berar, M. Gailhanou and S. Lefebvre are warmly
thanked for taking part in the synchrotron X-ray scattering
experiments at LURE and ESRF. We are also grateful to
S.H.J. Idziak and C.R. Safinya for drawing our attention to this
particularly interesting lyotropic system.
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Appendix: Undulation or zigzag?

Two models are proposed for the striated texture
(Fig. 14):

- Undulations of infinite columns following a sinusoidal
profile, with a maximum angular amplitude 6.

- The so-called “zigzag” configuration resulting from the
periodic stacking of tilted “zig” and “zag” domains, at
the angles 6 and —0, with walls between two adjacent
domains.

A x-scan of a Bragg peak (at ¢ = 60° or ¢ = —60°)
is directly related to the bulk distribution of the tilt-angle
of the columns inside the sample. In order to try to dis-
criminate between the undulation and the zigzag models,
we will calculate in this appendix the intensity profile of
a x-scan for both models.

We assume that the undulation or the zigzag is located
in the Oyz plane and we approximate a y-scan to a scan
along the Oz direction. For both models, all the columns
have the same profile y(z), which is periodic along z with
a period A. Since the tilt angle is small, we can identify
dy/dz to the tilt angle at a given point of the profile. The
intensity of a y-scan reads:

A
i) = (1/4) / 5(x — dy/dz)dx.

The expressions of i(x) for the two models are:
— Zigzag model:

Z2—2 1
200 = 500 = 0) +3(x + 6))-
— Undulation model:

-und _ 1
i""(x) W\/m for |x| < 6 and
i"(x) =0 for |x| >0

i*~*(x) and i""4(x) both have singularities at x = 6 and
x = —0. Since the experimental x-scans show wide peaks
of several degrees (FWHM), then we have to consider a su-
perposition of undulations or zigzags rather than the ideal
situation depicted in Figure 14. We can consider different
origins for this superposition.

First, we consider the influence of the mosaicity, as-
suming that the sample is made of several domains,
slightly disoriented around the z direction, and describ-
ing this disorientation by a Gaussian distribution f(x): in
this case, we assume that the maximum tilt angle 6 is the
same for all the domains.

The total intensity is the convolution product of ()
by the Gaussian distribution f(x):

+oo
Tnoe00) = [ #0000 = X)X with

— 00

e (5a)
= ex -z .
2mo P\ 7202
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Fig. 15. Simulated x-scans calculated in the frame of the zig-zag and undulation models for § = 4 and o = 2. The undulation
model is the only one able to reproduce the shape of the experimental y-scan of Figure 5.

We could also consider the influence of other factors such
as a distribution P(6) of the maximum tilt angle 6 around
an average value for instance. In this case, the calculations
lead to results that are quite similar to those derived above
by studying the influence of mosaicity, so we will only take
the mosaicity distribution into account.

We obtain the two following expressions:

— For the zig-zag model:

1
IZ*Z —
(X) 24/ 2o

)]

— For the undulation model:

. +6 1 1
Iun —
%) /_9 02 — X2\ 270

202

exp <_M) ax.

This last expression is numerically evaluated using the
MATHEMATICA 3.0 software, for different combinations
of the two parameters # and o.

Figure 15 shows numerical simulations using the above
two expressions for the experimental y-scan of Figure 5.
The width of this experimental profile is 8° (FWHM). On
the one hand, the value of 6 cannot be larger than 4° be-
cause otherwise the total width of the profile would be
larger than 8°. On the other hand, we never measured
by optical microscopy a value of # smaller than 4°. So
we choose 6 = 4° for the simulation. Then, we examine
the influence of the second parameter o. For the zig-zag
model, one obtains either a splitted profile (Fig. 15) or,
by increasing the value of o, a single large peak of width
much larger than 8° however. For the undulation model,
the value o = 2 provides a good description of the experi-
mental profile. Values of o larger than 2 increase the total
width of the profile without changing its shape. For val-
ues of o smaller than 2, the shape of the profile is slightly
modified, with a decrease of the intensity around x = 0.

To conclude, we see that the undulation model is the
only one which can reproduce the global shape of the
x-scan of Figure 5. Although both models are strongly
idealized, this nevertheless suggests that the instability is
better described in terms of undulations at room temper-
ature.
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