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ABSTRACT Small-angle X-ray scattering (SAXS) and atomic force microscopy (AFM)
were used to study orientation patterns of two polyphilic liquid crystals (LC) confined to
cylindrical pores of anodic aluminum oxide (AA0). The hierarchical hybrid systems had the
LC honeycomb (lattice parameter 3.5—4 nm) inside the pores of the AAO honeycomb
(diameters 60 and 400 nm). By conducting complete reciprocal space mapping using
SAXS, we conclude that the columns of both compounds align in planes normal to the
AAO pore axis, with a specific crystallographic direction of the LC lattice aligning strictly
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parallel to the pore axis. AFM of LC-containing AAO fracture surfaces further revealed that
the columns of the planar anchoring LC (compound 1) formed concentric circles in the plane normal to the pore axis near the AAQO wall. Toward the pore
center, the circles become anisometric “racetrack” loops consisting of two straight segments and two semicircles. This mode compensates for slight
ellipticity of the pore cross section. Indications are, however, that for perfectly circular pores, circular shape is maintained right to the center of the pore, the
radius coming down to the size of a molecule. For the homeotropically anchoring compound 2, the columns are to the most part straight and parallel to
each other, arranged in layers normal to the AAO pore axis, like logs in an ordered pile. Only near the pore wall the columns splay somewhat. In both cases,
columns are confined to layers strictly perpendicular to the AAQ pore axis, and there is no sign of escape to the third dimension or of axial orientation, the
latter having been reported previously for some discotic LCs. The main cause of the two new LC configurations, the “racetrack” and the “logpile”, and of

their difference from those of confined nematic LG, is the very high splay energy and low bend energy of columnar phases.
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he use of hard templates contain-
Ting arrays of aligned cylindrical nano-

pores, such as self-ordered nanopor-
ous anodic aluminum oxide (AAO),"? has
been exploited as a versatile access to one-
dimensional nanoobjects.>™> Self-ordered
AAO membranes feature narrow distribu-
tion of pore diameter and uniform pore
depth. Since their hydroxyl-terminated pore
walls have high surface energy,® liquid soft
matter with low surface energy sponta-
neously infiltrates the AAO pores, enabling
the creation of rod-like nanostructures and
advanced membrane configurations. Nano-
scopic domain structures of block copolymers
(BCPs) formed in cylindrical confinement
have been investigated theoretically”°
and experimentally. BCP melts predominantly
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self-assemble into bulk-like nanoscopic mor-
phologies adapted to the curvature of the
pore walls, if the pore diameter exceeds the
period of the BCP several times.'®~ "2 In sol/gel
systems containing cylinder-forming BCPs or
surfactants as structure-directing agents with
periods one to several orders of magnitude
smaller than the pore diameter, there is subtle
competition between the formation of
straight cylinders parallel or perpendicular to
the pore axis and circular cylinders oriented
parallel to the pore walls."* "¢ If the pore
diameter approaches the period of the BCP,
nanoscopic morphologies substantially differ-
ent from their bulk counterparts containing,
for example, toroidal and helical structures
form both in the case of BCP melts'’~° and
sol/gel systems containing BCPs.'
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The structural length scale of liquid crystals (LCs) is
one to 2 orders of magnitude smaller than that of
microphase-separated BCPs. Configuration of nematic?2 2
and smectic-A** 732 LCs in cylindrical cavities has been
studied in some detail, including a study of the nematic
phase of discotic molecules.>* Nanopatterning of com-
plex morphologies, such as nanopillars of, e.g., n-type
semiconductors interdigitating a matrix of its counter-
part p-type material, is a promising mode of building
solar cells,>** and if columnar LCs were to be used,
their orientation within the pillars would be crucial.
Large discotic molecules in the columnar LC phase
have been shown to align with the columns parallel to
the long axis of the nanocylinder cavities>®~32 After
removal of the AAO “molecular wires” were obtained in
this way.>> However, with smaller discs the column
orientation within AAO pores or porous silicon is less
clear and straightforward.3%4°

Confined alignment of more complex LC superstruc-
tures is also of considerable interest, among them
honeycomb LC phases consisting of triangular, square,
hexagonal and other cylinder cells obtained in recent
years with T- or X-shaped ternary amphiphiles.*’*¢
These could serve, e.g., as ionic channels or could
themselves act as subtemplates for arranging small
nanoparticles or individual molecules within the larger
pores of the AAO template. Furthermore, because of
the wide range of geometries of LC honeycombs from
these amphiphiles, they are well placed to provide a
broader understanding of the behavior of columnar LC
under confinement.

Here we report on nanocomposites where fluid LC
honeycombs with hexagonal and square geometries
self-assemble inside AAO pores arranged in hexagonal
arrays; i.e., we study fluid honeycombs in solid honey-
combs. Moreover, due to the segregation of the three
incompatible units of the ternary polyphile (aromatic
core, hydrogen bonding glycerol groups and nonpolar
chains), the space inside the pores is divided into three
different sets of compartments instead of only two
as observed for the pores filled with BCPs or discotic
LCs. The arrangement of the LC inside the AAO was
determined by reconstructing three-dimensional X-ray
diffraction patterns and mapping the whole low-q
reciprocal space. This, combined with direct AFM
imaging of crack surfaces, provides a unique insight
into the internal molecular organization of confined
soft structures in unprecedented detail.

RESULTS AND DISCUSSION

Results of X-ray Diffraction. The liquid crystal com-
pounds used in this work are T-shaped ternary amphi-
philes 1*” and 2*8 shown in Figure 1. Both compounds
form liquid crystalline phases over a wide temperature
range from below room temperature to 91 and 161 °C,
respectively. The facial amphiphile 1 forms a square
honeycomb phase, where the rigid rod-like terphenyls
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Figure 1. Structures of the compounds investigated,*® their
phase types, transition temperatures, and lattice param-
eters as bulk materials and models showing the organization
in their LC phases. Polar regions, blue; aliphatic, white; aromatic,
dark gray.

(gray in Figure 1) make up the walls, the terminal alkyl
chains form the cell edges (white columns), and the
interior of the cells is filled with the polar lateral groups
composed of a carbohydrate unit and an oligo-
(ethylene glycol) spacer (blue columns). On the other
hand, the bolaamphiphile 2 has the positions of the
hydrophilic and hydrophobic groups reversed with
respect to the rigid core. It exhibits a hexagonal honey-
comb where the biphenyl walls are connected at the
edges by columns containing the hydrogen bond-
ing networks of the glycerol terminal groups (blue
columns); here the cells are filled with the semiper-
fluorinated laterally attached chains (white columns).

According to the DSC thermogram of AAO filled
with compound 1, the LC-isotropic transition tempera-
ture was no different from that of the bulk LC. The
phase type was also unaffected by the confinement.

To determine the orientation of the honeycombs
inside the AAO, a series of 2-D diffraction patterns were
recorded of the AAO filled with each of the two
compounds using synchrotron radiation (for details
see Supporting Information). The AAO membranes
were mounted and aligned vertically on a motorized
goniometer and rotated about the vertical axis in
increments of A¢ = 1° (see Figure 2a). Figures 2b,c
show selected diffraction patterns from compounds 1
(Figure 2b) and 2 (Figure 2c) in AAO membranes with a
pore diameter of 400 nm.

For both compounds, in the ¢ = 0° diffraction
patterns (AAO pores parallel to beam) the strongest
reflection is spread around a circle of uniform intensity
(but see note in caption for Figure 2). For both com-
pounds, the strongest is the (10) reflection of the 2-D
lattice, square in compound 1 and hexagonal in com-
pound 2. As ¢ is increased, the intensity condenses on
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Figure 2. (a) The X-ray diffraction setup used, showing the
LC-infiltrated AAO membrane on the goniometer irradiated by
the X-ray beam, with the area detector at the back. The rotation
angles ¢ is the angle between the beam and the membrane
normal (ie., the AAO pore axis). (b and c) X-ray diffraction
patterns of AAO membranes (pore diameter 400 nm) filled with
LC compounds 1 (b) and 2 (c) recorded at a series of rotation
angles ¢ indicated. Note that the four-quadrant sectorization in
the ¢ = 0° patterns is an artifact due to the saturation of the
detector with the intense central scatter from the AAO pores. (d
and e) 3-D diffraction patterns of (d) compound 1 and (e)
compound 2 confined to AAO with a pore diameter of 400 nm
in reciprocal space coordinates. The isosurface is set to an
intensity level such that the reciprocal space distribution of all
three strongest reflection groups, ie, {10}, {11}, and {20},
could be shown simultaneously. The dashed black line indicates
the orientation of the pores in the AAO. The continuous back-
ground scatter predominantly originating from AAO was sub-
tracted by means of a custom-written 3-D fitting algorithm. The
breaks in the rings are mainly due to absorption of X-rays by the
AAO. They are most prominent in the plane containing the AAO
pore axis and the axis of rotation (the blue semitransparent
plane), as diffraction for ¢ = 90° is not accessible. The yellow
lines are guides to the eye. (f and g) Two of the possible models
of columns in cylindrical confinement that fit the X-ray data: (f)
planar circular (for planar, or homogeneous surface anchoring)
and (g) planar radial (for homeotropic anchoring); these models
assume cylindrical D.. symmetry within each AAO pore.
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the meridian (meridian and equator are defined
here with respect to the rotation axis, i.e., meridian is
vertical, equator horizontal). However, as ¢ increases, in
both compounds new reflections appear on the equa-
tor, then split and move away from it. For compound
1, this happens when ¢ reaches 45° and then again
around ¢ = 75°; the latter reflection remains equatorial.
These events mark the crossing of the Ewald sphere by
the {11} reciprocal rings and the (01/0T) reciprocal
spots, respectively. The full reciprocal space map is
shown in Figure 2d. The contour map shows a single-
level isointensity surface chosen so as to capture the
essence of the 3-d intensity distribution in reciprocal
space.

The behavior of the diffraction pattern of com-
pound 2 with increasing ¢ is similar to that of com-
pound 1 taking account of the fact that the 2-D lattice
of compound 2 is hexagonal rather than square. The
complete reciprocal space map of the three strongest
reflection groups {10}, {11}, and {20} for compound 2
is shown in Figure 2e. Here, the {10} reflection group is
separated in three rings containing, respectively,
(101)(101), (017)(011), and (110)(110) reflections, using
the three hki Miller indices of the 2-D hexagonal lattice.

Assuming cylindrical (D..) symmetry within each
AAO pore, three special cases of columnar organization
could be envisaged. These are (i) axial (columns parallel
to AAO pore axis), (i) planar radial (columns normal to
pore walls; see Figure 2g), and (iii) planar circular
(concentric circular columns in plane normal to pore
axis; Figure 2f). The observed appearance of additional
equatorial diffraction arcs at, respectively, around
¢ = 45° and 55° and their subsequent splitting into
four arcs is decidedly inconsistent with axial orientation
(case (i)). Had the columns of the honeycomb been
parallel to the AAO pore axis, all Bragg diffraction
intensity in Figure 2d would have been condensed in
the reciprocal plane normal to the pore axis. In terms
of the diffraction patterns, for all ¢ # 0, all reflections
would have been meridional, including (11) and (01).
Instead, the 3-D diffraction pattern of both compounds
1 and 2 (Figure 2d,e) are consistent with the 2-D
reciprocal net being rotationally averaged around a
[10] axis, i.e., an axis in the plane of the 2-D lattice rather
than perpendicular to it. The patterns are actually
consistent with both radial (case (ii)) and circular
columnar arrangements (case (iii)). Other planar ar-
rangements also become possible if one removes the
condition of rotational symmetry within individual
AAO pores, and allows the rotational symmetry of the
diffraction pattern to be a result of averaging over all
irradiated pores.

Notably, from the reciprocal space maps it also
follows that the AAO pore axis (horizontal in
Figure 2d,e) coincides with a defined low-index vector
of the reciprocal lattice; in compound 1, this is labeled
(01), and in compound 2, it is (12), equivalent to (11).
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Figure 3. Planar director configurations of nematic LCs in
cylindrical confinement. The director (dashed) is confined
within the plane shown, normal to the pore axis.?® The black
spots indicate the defect line.2

Thus, not only are the columns perpendicular to the
AAO pore axis, but so are the layers containing the
columns. These layer are the {10} and {11} planes of
the square and hexagonal lattices, respectively, in
compounds 1 and 2. Compared to nematics, the extra
order parameter describing the in-plane orientation of
the 2-D lattice adds a further dimension to the descrip-
tion of columnar LCs in nanoconfinement.

AAO templates with 60 nm pores, filled with com-
pounds 1 and 2, show very similar diffraction features
as AAO templates with 400 nm pores, except for
additional line broadening associated with reduced
correlation length.

Thus, in both compounds the columns align in
layers perpendicular to the pore axis. Unfortunately,
both the radial and the circular configuration could
produce the same rotational averaging of the recipro-
cal lattice, and we cannot distinguish between them
solely on the basis of reciprocal space mapping.
Furthermore, because the diffraction averages over the
entire irradiated volume, on the basis of the evidence
presented so far, we cannot ascertain whether cylindrical
symmetry is the property of each individual AAO pore or
the result of spatial averaging over many pores.

Studies on nematic LCs confined in cylindrical
cavities have shown that their configurations are lar-
gely affected by their surface anchoring. The possible
configurations for homeotropic anchoring (columns
normal to surface) are radial, bipolar radial (sheaf-like),
and escaped radial;***° see Figure 3. The escaped
radial features “escape in the 3rd dimension”, ie., a
nonplanar whirl-like center that serves to avoids high
splay deformation. For planar anchoring, the director
could adopt axial, circular, or bipolar tangential
configuration.2"*° The latter has two line defects
running along the pore walls diametrically across from
each other, as in bipolar radial. However in the tangential
case the two disclinations are negative, while in the
radial bipolar, they are positive.

Polarized optical microscopy was done on com-
pounds 1 and 2 deposited on flat glass and alumina
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substrates. These samples were treated by the same
thermal procedure as that of the template samples
in order to achieve the same anchoring condition. We
used transmission microscopy on samples between
glass slides (Figure S1 in Supporting Information), and
reflection microscopy on samples on flat alumina.
Compound 1 showed “spherulitic” texture typical of
columnar LCs with planar alignment. In contrast, com-
pound 2 exhibited a nonbirefringent dendritic texture,
indicating homeotropic alignment of the LC columns.
Incidentally, we believe that the reason compound 1
columns prefer to lie parallel to the substrate is that
some polar side chains in the layer next to the substrate
turn outward maximizing the contact with the polar
surface. This option is not available to compound 2
that has nonpolar side chains. As our X-ray diffraction
results exclude axial or any noticeable amount of
“escaped” orientation, by analogy with nematics we
may expect either circular or bipolar tangential config-
urations in compound 1, and radial or bipolar radial in
compound 2; see Figure 3.

AFM of Confined Compound 1. To find out which, if any,
of the above configurations are adopted by the hon-
eycomb columns in our compounds, we performed
AFM imaging on the LCs inside AAO templates. In
principle, one can attempt to image the surface of
the AAO membrane to observe the LC in the pores by
allowing the tip to enter the pore. Figure 4a shows a
relatively successful result of a number of such at-
tempts; this one for AAO with 400 nm pores filled with
compound 1. One should recall that the entrance to an
AAO pore is conical, the pore tapering down to its final
diameter and becoming cylindrical only a few tens of
nanometers below the surface, as visible in Figure 4a,c.
The surface of the LC is sunk below the pore entrance,
making it difficult to scan with high-resolution probes.
Nevertheless, in favorable cases, such as in Figure 4a,
one may see the organization of individual columns;
see the high-resolution inset in Figure 4a. The image
suggests that the columns tend to run parallel to the
wall, although the configuration is rather complicated,
with a bundle of columns “escaping” into the layer
above, forming two screw dislocations, and finally
hitting the wall homeotropically. The width of the
narrow columns packed at the center is about
3.9 nm, which is consistent with the square lattice
parameter calculated from SAXS. The outer wide bands
are likely to be artifacts due to the stiff edge at the end
of the pore where the probe could not reach the LC
sample and was “scanned” by the edge instead.

The above method of AFM imaging is clearly not
ideal: the AAO surface is not necessarily representative
of the interior of the AAO pores as the pores are
conically widened at their mouth. Moreover, scanning
is difficult due to uneven surface. To observe the LC
columns in the pore interior, we resorted to a fracture
surface method. Infiltrated AAO was cracked open at
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Figure 4. (a—f) AFM phase images obtained at different
surfaces of AAO with 400 nm pores filled with compound 1:
(a) top surface; (b) fracture surface parallel to AAO pore axis
(inset shows a zoom-in of the central axis region); (c)
schematic of the fractured part of the AAO membrane
showing areas from where the different images were taken;
(d) tilted-cut surface (in this case ca. 20 um away from
membrane surface); (e and f) higher resolution images from
the area in (d). (g) Model of the interior of an AAO pore
showing circular and “racetrack” LC columns; a tilted-cut
planeis also shown; (h) same as (g) after removing the upper
slice (compare with (d—f)).

room temperature, and the fracture surface was im-
mediately scanned by AFM. Both compounds 1 and 2
were waxy solids at room temperature, and the variety
and consistency of textures obtained for different fracture
orientations shown below suggest strongly that these
images represent the true state of the bulk LC interior and
are not a result of surface reconstruction.

We first describe the observations on compound 1,
whose larger column width makes AFM observation
easier. Individual LC columns were successfully ob-
served at the fracture surface of the LC inside the
AAO pores. We found that most of the fractures went
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through the membrane first parallel to the pores, then
bent and intersected the pores at an angle, as sche-
matically shown in Figure 4c (see also SEM images in
Figure S3). This kind of crack was beneficial for our
observation, as it exposed different sections through
the confined LC. Figure 4b shows a groove created by
the crack running almost exactly along the central axis
of an AAO pore. The LC texture resembles that of a tree
trunk cleaved along the middle. The timber-like texture
with the “tree-rings” is clearer in the enlarged detail in
theinset in Figure 4b. On the obliquely cracked surface,
the AAO pores appear as elliptical holes (Figures 4d
and S4, the projection of the tilted pore axis is
horizontal). Within them, individual LC columns are
seen clearly forming nearly circular loops following the
AAO pore wall. The dark lines are likely to be the soft
aliphatic regions, while the bright columns represent
the hard aromatic regions. Note the sector to the right
of the pore center that contains some “thick” columns.
These are steps on the fracture plane that is tilted with
respect to the plane of the circular columns. The
situation is clearer in the higher resolution detail in
Figure 4f, and is explained in the model in Figure 4h.

It is interesting to consider the configuration at the
center of the AAQO pores; see Figure 4e. There is one or, at
most, two straight columns in the center (indicated by
blue arrow in Figure 4e,g) surrounded by two column
loops of increasing circumference, each loop consisting
of two parallel straight segments joined at each end by a
semicircle. This “racetrack”-shaped loops spread all the
way virtually to the AAO wall, with the radius of the
semicircles increasing and the length of the straight
segments remaining approximately unchanged. In this
way adjacent columns remain parallel everywhere, with
virtually no splay. There are two disclinations of strength
—+1/2 at each end of the central straight column, one of
them marked by white arrow in Figure 4e. It is remarkable
that the radius of the semicircular part of the innermost
loopis only 1.5 x 4 nm =6 nm.That such a sharp U-turn is
stable shows that the bend modulus of the columns
within the (10) plane is very low.

To illustrate the high bendability of the honeycomb
columns, in Figure 5 we show a very small droplet of
compound 1 on flat mica surface (see the larger area
image in Figure S5). Individual concentric circular
columns are seen. The single layer of columns in this
circular droplet is confined in a circular disk by the
droplet surface. The arrangement corresponds to cir-
cular concentric arrangement in Figure 3¢, a situation
never actually observed in nematic LCs. Unlike in
nematics, in the present case there is no escape in
the third dimension, or vortex formation, or formation
of bipolar texture; rather there is only one pure dis-
clination of strength +1. Figure 5b displays a molecular
model of the inner circular column marked by arrow in
(a), giving an impression of column deformation on
molecular scale.
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Figure 5. (a) AFM phase image of a small droplet of 1 on
mica. Individual concentric circular columns are seen. The
hard aromatic rod-like mesogens are bright, while the softer
glycerol regions are dark. (b) Molecular model of one
circular loop representing the column marked by arrow in
(a), having a diameter of 8 nm. Only the terphenyl rod-like
groups are shown, while the end and side chains are
omitted for clarity.

The low bend modulus is in sharp contrast to the
splay modulus, which is prohibitively high in columnar
LCs. This low-bend/high-splay moduli combination is a
feature of columnar phases, and is the very opposite of
that of the nematic phase. The reason for the high splay
energy of the columnar phases, including the current
square honeycomb, is the need to insert new columns
between the adjacent nonparallel columns, leaving
large vacancies and many high-energy column ends,
or dislocations. We propose that this difference be-
tween columnar and nematic LCs is the reason for the
difference in configurations of the two classes of
planar-anchored LCs in confinement, as illustrated by
comparing Figures 3c,d and 4g.

We also propose that the particular column ar-
rangement in the center of the AAO pore is the result
of the fact that most pores are not perfectly circular but
have a certain degree of ellipticity. AFM observation on
the AAO pore in Figure 4 and on other pores suggests
that the length of the straight portion of the column
loops is determined by the difference between the
long and the short axis of the elliptically distorted pore
cross section (cf. Figure S4). However, rather than being
elliptical themselves, the loops adopt the “racetrack”
shape in order to minimize splay. The inevitable small
amount of splay is thereby relegated to the region
close to the pore wall, where the curvature and hence
the required amount of splay are lowest. It is likely that
the energy of small splay deformation is relatively low,
as the deformation can be achieved by straining the
square 2-D lattice rather than inserting new columns.
However, it would appear that the “racetrack” config-
uration exists only because the pore cross section is not
perfectly circular. If it was, the column loops would also
be perfectly circular and, as in the case of the circular
droplet in Figure 5, there would be no need to split the
central +1 disclination into two +1/2 ones.

AFM of Confined Compound 2. Figure 6a shows the
phase image of one AAO pore containing compound
2 that had been cut at a small angle to the pore axis.
The width of this particular groove is 328 nm, indicating
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Figure 6. AFM phase images of a 400 nm diameter AAO
pore filled with compound 2 and fractured nearly parallel to
the pore axis. (a) Terrace-like structure of the LC; since the
AAO groove is only 328 nm wide, the cut was off-center;
inset is the height scan along the dashed white line. (b) High
resolution phase image of the area marked by the white
square in (a), showing individual columns parallel to the
step and perpendicular to the AAO pore axis (Fourier
filtered). (c) 3-D model of the “logpile” of columns cut by a
plane slightly inclined to the pore axis. (d) As (c) but with the
top slice removed.

that a 400 nm AAO pore was cut off-center. The
terraces that are seen in this groove arise from
the slightly oblique cut through layers of columns.
The layers run parallel to the AAO pore axis, and in this
particular pore, the layers are fortuitously also very
nearly parallel to the fracture plane. The thickness of a
layer is about 3.5 nm, as measured from the height
profile scanned along the dashed white line in
Figure 6a and shown in the inset. This compares
reasonably well with the 3.0 nm spacing between
(10) planes of the hexagonal lattice of compound 2,
confirming that the layers are one column thick.
Furthermore, in the high-resolution image, individual
LC columns are resolved within the layers (Figure 6b),
and are seen to be oriented perpendicular to the AAO
pore axis. The periodicity between the columns is
about 3.5 nm, matching well the 3.5 nm a-parameter
of the hexagonal unit cell. The columns are, thus,
packed as straight logs in an ordered pile, perpendi-
cular to the pore axis.

We should point out that in most other sections
column-containing layers ((10) planes) are rotated
about the pore axis away from the fracture plane, so
that steps are encountered as one moves not only
along the AAO pore axis, but also perpendicular to it
i.e., along a column. This is exemplified in Figure 7a and
explained on a 3-D model in Figure 7b,c. The latter
observations also confirm that the arrangement of the
LC columns is well preserved after fracture at room
temperature, with little or no surface reconstruction
during or after the fracture.

The features in Figure 6a,b are consistent with the
model in Figure 6c,d. This model is somewhat rela-
ted to the bipolar radial model in confined nematics
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Figure 7. (a) AFM phase image of a typical AAO pore filled
with compound 2 fractured along the pore axis. In this, as in
most cases, the layers of columns are at an angle to the
fracture surface; hence, the columns are truncated by the
fracture plane. (b) Model of a section of the AAO pore cut by
the fracture plane, and (c) same but with the top slice
removed. Unlike in the model (c), in the experimental image
(a) the columns are truncated at irregular positions.

(Figure 3b), but for two main differences. The first is the
existence of a specific crystallographic orientation of
the hexagonal columnar lattice, with a (11) plane
normal to the AAO pore axis and a (10) plane parallel
to it. Obviously no such preference is possible in a
nematic. Second, the director in the columnar phase, i.
e., the trajectory of the columns, is largely straight
rather than curved as in the nematics (Figure 3b).
Although the layers are flat and the columns straight
in Figure 6a,b, we note that the terraces are truncated
with obliquely clipped-off corners. This we attribute to
the presence of some splay and bend out of the layer
plane near the AAO wall, which is required for achiev-
ing homeotropic anchoring. Thus, the fracture plane
trims off the resulting “dog ears”, as shown in Figure 6c¢,
d. Again, as in the case of the “racetrack” texture in
compound 1, in the “logpile” configuration of com-
pound 2 splay is limited only to the peripheral region
near the AAO wall rather than being spread over the
entire pore cross-section.

It remains for us to comment on the orientation of
the 2-D lattices relative to the AAO pore axis. In
compound 2, why is a {11} plane of the hexagonal
lattice always perpendicular, and one of the {10}
planes always parallel to the pore axis (Figure 2e), while
on a flat substrate, a homeotropically oriented colum-
nar LC has no preferred in-plane orientation? We
suspect that when the columnar phase starts home-
otropically growing from the pore wall, the orientation
of the 2-D lattice could be affected by how the
hexagonal array of the columns in the initial layer tiles
the curved surface. Indeed, the observed preferred
orientation is consistent with the report by Irvine
and co-workers®' of tiling of the hexagonal lattice of
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positively charged poly(methyl methacrylate) particles
on the curved oil-glycerol interfaces. They showed that
on the barrel surface, the lattice orients with one of its
(10) planes parallel to the axis of the barrel. An alter-
native interpretation of our observation, based on
consideration of thermodynamic equilibrium rather
than nucleation control, is that the modulus of splay
and/or bend about the hexagonal [11] axis of the
columnar lattice is lower than that about any other
direction, hence itis the [11] direction that aligns along
the pore axis. A similar question applies to compound 1
whose columns align parallel to the surface on a flat
substrate and arrange in concentric circles when inside
AAO pores: why is there such a strong preference for
one of the principal axis ([01] in Figure 2d) to align
parallel to the axis of AAO pores? Here the answer is more
straightforward: preliminary grazing-incidence X-ray dif-
fraction on a thin film of 1 on a flat silicon substrate
showed a strong preference for {10} planes to lie parallel
to the substrate. That given, and as long as the columns in
the pores form circles in a plane normal to the pore axis, it
is inevitable that one of the principal axes of the lattice
will align along the axis of the AAO pore.

CONCLUSIONS

In summary, the first examples of ordered multi-
compartment structures based on polyphilic liquid
crystals with periods in the nanometre range were
produced in the straight cylindrical pores of AAO. Also
for the first time, detailed configuration in a confined
columnar LC is shown on the scale of individual
molecular columns. On the basis of a combination of
the complete reciprocal space mapping by SAXS and
direct observation by fracture surface AFM, it was
shown that, for the planar anchoring LC 1, columns
form concentric circles in the plane normal to AAO
pore axis near the AAO wall. Further in, the circles
morph into concentric “racetrack” loops, to end in a
narrow bundle of straight columns, or even in a single
column, of finite length. Their two ends each define a
—+1/2 strength disclination. Such a layer of columns is
replicated along the pore producing two parallel dis-
clination lines. Such configuration copes with a small
departure of the AAO pore cross section from perfectly
circular. Indications from the configuration in nano-
droplets (Figure 5) are that, if the pores were perfectly
circular, the highly flexible columns would be able to
remain circular right to the very center, tolerating
extremely high curvature. For the homeotropically
anchoring honeycomb compound 2, the columns are
to the most part straight and parallel to each other,
arranged in layers normal to the pore axis, as in an
ordered logpile. Only near the pore wall do the col-
umns splay so as to approach the AAO wall in a
direction closer to the wall normal. Here, the cylindrical
symmetry observed by SAXS is entirely due to space
averaging over many AAO pores.
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Both configurations may be related, albeit some-
what remotely, to those in confined nematic LCs; the
“racetrack” configuration in 1 to the planar circular,
and the “logpile” configuration in 2 to the radial
bipolar. In both cases, columns are confined to layers
strictly perpendicular to the AAO pore axis, and there
is no sign of escape to the third dimension in the pore
center and, even less, of axial orientation. Thus, the
arrangements of the LC columns in the present
systems are different from those previously reported
for discotic columnar LCs in AAO pores, where it was
concluded that the columns were predominantly
parallel to the AAO pore axis.* The key feature

METHODS

Sample Preparation. The AAO membranes containing 100 um
deep pores 60 or 400 nm in diameter were prepared according
to procedures reported elsewhere.'? They were infiltrated with
compounds 1 and 2 in their isotropic liquid state (1, 110 °C; 2,
180 °C). Material remaining on the surface was carefully re-
moved. The aluminum substrate, which the AAO membrane
had initially been attached to, was selectively etched away with
a mixture of 1.7 g of CuCl,-H,0, 50 mL of concentrated HCl, and
50 mL of deionized water. Thus, free-standing AAO membranes
containing the LC were obtained. Prior to all experiments (X-ray
and AFM), filled AAO membranes were heated to above the
isotropization temperature of the LC and cooled slowly (0.5 K
min~"), in order to erase any flow-induced alignment and
establish an equilibrium organization.

Construction of the 3-D Diffraction Pattern. Each spot (x,z) on the
diffraction image corresponds to a point (q.4,.g;) in the reci-
procal space. If we take the x' and Z’ axes in the g-space to be
parallel to the x and z axes of the diffraction image, respectively,
and y’ axis as the direction of the incident beam, it can be
shown that

27

X
q/ =
AR

o -2 SD .
A

PO S—
A /D rxt 22

Here SD is the sample to detector distance, and 4 is the X-ray
wavelength.

As the AAO membranes are rotated by ¢, the axis of the
reciprocal space is rotated by ¢ as well. Here the x and z axes are
parallel to the AAO membrane, while the y axis is perpendicular
to it, and we have

Gx = qxCOs$ + qgysing
gy = —qysing +q,Cos¢

94: = qz

From the above equations, each spot on the diffraction images
can be mapped onto the reciprocal space.

To construct the 3-D diffraction pattern, a cubic volume in
the reciprocal space (—Q < g.q,.G; < Q) is divided into typically
100 x 100 x 100 boxes. For each sample, every point of all
diffraction images is then mapped to one of these boxes, and an
averaged intensity value is taken for all the points that fall within
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believed to underpin the behavior observed in the
present “honeycomb in honeycomb” systems is the
very high splay energy of columnar phases, resulting
in the strong tendency of adjacent columns to be
strictly parallel. As high splay modulus is a common
feature of columnar systems, the observed configura-
tions are expected to be replicated in a number of
other confined columnar LCs.

The arrangement found in the present thermotropic
systems, particularly the “logpile” type, can help ex-
plain some of the observed structures of nanoporous
ceramics templated in AAO membranes by hexagonal
lyotropic solutions.'~'¢

a given box. The 3-D diffraction pattern is then examined in
ParaView (Kitware, Inc.) using iso-intensity surfaces.

Microscopy Observation. Tapping mode AFM imaging was
performed at room temperature on a Veeco Multimode instru-
ment with Nanoscope llla controller. An Olympus BX-50 trans-
mitted-light polarizing microscope equipped with a Mettler
FP82 hotstage and a Coolsnap-Pro digital camera was used to
observe the texture of the LCs. A Nikon Eclipse ME600 micro-
scope in reflection mode was also used in this study.
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