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Confined in a cylindrical pore with homeotropic anchoring condition, the hexagonal columnar phase of
discotic liquid crystals can form a “log-pile” configuration, in which the columns are perpendicular to
the long axis of the pore. However, the {100} planes of the hexagonal lattice can orient either parallel
(termed (100); orientation) or perpendicular ((100),) to pore axis. Here we experimentally show that
the (100), orientation is found in narrower cylindrical pores, and the (100),-(100), transition can
be controlled by engineering the structure of the molecules. The (100), orientation is destroyed in
asymmetric discotics hepta(heptenyloxy)triphenylene (SATO?7); replacing the oxygen linkage in hexa-
(hexyloxy)triphenylene (HATO®6) by sulphur (HATS6) improves the (100), orientation in small pores;
adding a perfluorooctyl end to each alkyl chain of HATO6 (HATO6F8) moves the (100),-(100)
transition to larger pores. We have provided a semi-quantitative explanation of the experimental
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DOI: 10.1039/d4sm00621f observations, and discussed them in the context of previous findings on related materials in a wider pore

size range from 60 nm to 100 um. This allows us to produce a comprehensive picture of confined
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Introduction

The columnar phase of discotic liquid crystals' exhibits one-
dimensional charge mobility along the molecular columns,>™**
with applications in molecular electronics such as organic field
effect transistors, organic light emitting diodes, organic photo-
voltaics and sensors (e.g. ‘“electronic nose”)."””” Achieving
desired orientation of such functional materials with highly
anisotropic properties is critical for their applications. Studies
on discotic columnar phases in confined space, mainly
cylindrical, have focused on their phase behaviour'®>' and
the orientation of the column long axis, which determines the
charge carrier pathway. Axial orientation of columns, in which
they align along the long axis of the pore, is the most desirable
for electronic applications.?* It has indeed been achieved, but
in rather special circumstances.

When the column anchoring is planar, i.e. columns prefer
being parallel to the wall surface, the columns are found to
form most likely concentric circles in a cylindrical pore, in the
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columnar liquid crystals whose applications critically depend on our ability to align them.

plane perpendicular to the pore axis.>*>® Axial configuration
is only observed when discotic columns are either very rigid
(e.g. in donor-acceptor complexes or large rigid disks), or
confined in very narrow pores.”*>®*’ The reasons for the
reluctance of columnar phase to orient axially are revealed
most graphically by the finding that columns can orient axially
in pores with a polygonal cross-section, while they would not do
so in circular ones.”® For example, hexagonal columns of
moderate and high stiffness readily align axially in triangular
micropores, so do square columns in square pores. Axial
orientation is disfavoured for columns in circular pores due
to significant distortion of the polygonal columnar lattice that
would be required if it were to maintain contact with the pore
wall, as shown by semi-quantitative calculations.>®

When the anchoring is homeotropic, i.e. columns standing up
perpendicular to the substrate surface, a “logpile” configuration is
often observed, where columns, parallel to each other, lie across
the pore, i.e. with their columnar axis perpendicular to the pore
axis.>>* In addition, our previous study of the hexagonal colum-
nar phase in cylindrical confinement has shown two possible
orientations of the hexagonal lattice: (100), and (100) ;, in which
the {100} lattice plane of the columnar phase orients, respectively,
parallel or perpendicular to the pore axis.** A (100),~(100)
transition was observed with increasing pore diameter. While
the formation of (100) ; was explained as the result of an increased
splay-deformation in larger pores,” the driving force for (100)
orientation in small pores was not fully understood.
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In this study, several triphenylene derivatives are examined
in order to clarify the general orientational behaviour of the
discotic columnar phase in cylindrical confinement. All com-
pounds form columns that tend to anchor homeotropically.
One of the compounds investigated, a triphenylene with long
semi-perfluorinated chains, is synthesised for the first time,
and its characterization is described in detail below. The
primary method of investigation is small-angle X-ray scattering
(SAXS), but for some compounds we have also used polarized
optical microscopy (POM), differential scanning calorimetry
(DSC), grazing incidence SAXS (GISAXS), wide-angle X-ray scat-
tering (WAXS), reconstruction of electron density (ED) maps,
molecular modelling and molecular dynamics (MD) simula-
tion. Combined with previous results, some general trends have
been observed in the configuration of discotic columnar phase
in cylindrical confinement, as well as in the orientational
transitions with changing pore diameter. Discussions and
semi-quantitative explanations of the observations are also
provided, for better understanding of the underlying para-
meters for alignment control.

Materials and their phase behaviour

The triphenylene compounds studied are shown in Fig. 1,
together with their phase transition temperatures and hexago-
nal columnar lattice parameters. Synthesis, DSC thermograms
and POM textures of HATO6, SATO7 and HATS6 have been
reported in ref. 30, 31 and 32 respectively. The triphenylene
with semiperfluorinated peripheral chains, HATO6F8, is new
and its synthesis is described in ESI.{ Compound HATO6 was
kindly provided by Prof. Richard Bushby of Leeds University, a
1:1 donor-acceptor complex of HATO6 and trinitrofluorenone

TNF

SATO7 R: -OCsH19oCH=CH>, R4: -C5H19CH=CH>
Cr 41 Col, 69 iso, a=2.15nm at 50°C
HATO6 R: -OCgH13, R1: H

Cr 69.5 Coln 100 iso, a=2.11nm at 80°C

HATOG6/TNF Colp 237 Iso, a=1.79nm at r.t.

HATS6 R: -SCeH13, Ri: H
Cr62 H 70 Col, 100 iso, a=2.14nm at 80°C
HATO6F8 R:-OCgH12CsF17, R1: H

Cr 95 Coly 192 iso, a=3.40nm at 150°C

Fig. 1 Chemical structures, phase transition temperatures and lattice
parameters of the Col,, phase of the compounds studied.
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(TNF, purchased from Aldrich) was also used in this work.
To prepare a 1:1 mixture for the HATO6/TNF complex, the two
components were mixed in dichloromethane and dried.

All compounds display the hexagonal columnar (Coly,)
phase, which is thermodynamically stable over a wide tempera-
ture range above crystal melting point.

The characterization of the mesophases of compounds
HATS6 and SATO7 is described in the ESI.f The thioether
triphenylene compound HATS6 has been studied extensively
in the past due partly to the exceptional charge mobility in the
columnar phase.* It exhibits two hexagonal columnar phases,
one “ordinary”” Coly, phase at high temperatures (above 70 °C)**
and a hexagonal superlattice phase at lower temperatures.®® In
this work we only investigate the behaviour of the “ordinary”
high-temperature Col,, phase of HATS6.

As HATOG6FS is a new compound, characterization of its Coly,
phase will be described first. The DSC heating and cooling
scans of HATO6F8 are shown in Fig. 2a. The heating
scan shows endotherms at 92.6 °C and 178.5 °C, attributed to
crystal melting and Coly-isotropic transitions, respectively. The
cooling scan shows that the columnar phase remains above
92.6 °C prior to crystallization. Polarized micrographs are
shown in Fig. 2b and c, for a covered and an uncovered

at 64.2°C
(54.9)
|
5 184.8 °C
© (3.27)
= |
2 Cr K Col |
) h
2 J A st ool
E 1%t heat
o Cr \] Col, | [
D
a I 178.5°C
exothermict (29.8) R
I J I g T I | il
0 50 100 150 200

temperature / °C

Fig.2 Col, phase of triphenylene with semiperfluorinated chains
HATO6F8. (a) DSC traces recorded at 5 K min~2. (b) and (c) POM images
of the compound sandwiched between two glass slides (b) and on free
glass surface (c), cooled from 193 °C to 178 °C at 0.5 K min™1.

This journal is © The Royal Society of Chemistry 2024
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sample respectively. Fluorination of the pendant alkyls is a
well-established method for promoting homeotropic column
alighment.®® The sandwiched sample in Fig. 2b is mainly
homeotropic, but showing bright streaks. These are typical
“tumbling” defects where the director (i.e. the average column
direction) performs a U-turn around the axis of the bright
streak. The symmetric sequence of colours is a result of the
continuous change in tilt of the director advancing through the
U-turn. The fact that the streaks are quite wide reflects
the relatively low curvature of the bent columns, due to high
bending modulus of these rigid perfluoroalkyl-containing
columns. In comparison, tumbling streaks in more flexible
columns of, e.g., HATO®6, are generally thinner and scarcer as
tumbling defects of flexible columns heal and annihilate more
easily.

The bright texture of the uncovered sample in Fig. 2c reflects
the fact that the columns tend to lie parallel to the LC-air
interface (planar anchoring), a common occurrence in columnar
LCs. The texture is also not typical of columnar phases with planar
alignment, which usually consist of fans or “spherulites” with a
Maltese cross as a result of arced or circular columns. The fairly
large domains of nearly uniform colour and shade suggest a
prevalence of straight, less bendable columns.

Further structural details of the Col, phase of HATO6F8
based on X-ray diffraction are shown in Fig. 3. The WAXS
patterns (Fig. 3a and c) contain two distinct diffuse peaks, the
main one at 2m/q ~ 0.55 nm is typical of non-crystalline
packing of perfluoroalkyl chains which, due to their high ED,
dominate the scattering at these angles. The peak at 2n/g ~
0.36 nm, localized along the fibre axis (=column axis) is
characteristic of n-stacked aromatic discs along the column.
In fact is was found that in relatively small discs, such as
triphenylene®” and fluorenone®®, the actual instantaneous dis-
tance between aromatic planes is closer to 0.34 nm than to the
0.36-0.37 nm measured from powder XRD due to transient or
permanent tilt of the disks. Even though this is not a Bragg
reflection, we shall refer to it as “(001)” for convenience. The
powder diffraction peak intensities in Fig. 3(b) were used, after
appropriate corrections, in constructing the electron density
map in Fig. 3(e). The molecular dynamics annealed atomistic
model in Fig. 3(f) corresponds well with the ED map in Fig. 3(e)
and confirms good uniform space filling and hence the viability
of the adopted structural model.

The columnar phases of all compounds used in this study
show homeotropic anchoring when sandwiched between two
polar substrates. For HATO6F8 this has already been shown in
Fig. 2b. The optical micrographs of HATO6 (Fig. 4), and other
non-fluroinated compounds used, show perfect defect-free
homeotropic alignment over the entire field of view.

Triphenylene compounds in nano- and micropores

The anodic aluminium oxide (AAO) membranes were purchased
from SmartMembranes GmbH. The Si wafer with 3 um diameter
circular pores drilled by deep reactive ion etching (DRIE) was
produced and kindly provided by Prof. Qinghui Jin of Shanghai
Institute of Microsystem and Information Technology. The pore

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Structure of the Col, phase of HATO6F8. (a) WAXS pattern of an
oriented fibre (fibre axis horizontal) at 150 °C. (b) SAXS powder diffracto-
gram recorded at 170 °C, with peaks indexed. (c) Radial scan of the powder
WAXS across the amorphous halo recorded at 150 °C. 2n/q values (the
“d-spacings”) corresponding to the two maxima are 0.55 and 0.36 nm,
respectively. (d) GISAXS pattern of HATO6F8 on horizontal Si surface at
170 °C showing planar orientation of Col,, columns. (e) Electron density
map of the plane normal to the column axis. High ED (blue-purple) is found in
the centre of the columns (aromatic core) and in the continuum surrounding
the columns (perfluorinated chains), while low ED (yellow-red) is found in
between (aliphatic spacers). (ff CPK model of one molecular layer built on a
lattice with a hexagonal unit cell parameter corresponding to the experimental
anex for this compound, after molecular dynamics annealing. Colour coding
corresponds to that in the ED map in (e).

LC

Empty

Fig. 4 Optical micrographs of the columnar phase of HATO6 sandwiched
between two glass surfaces. (left) Bright field, (right) between crossed
polarizers. (b) is completely black, showing defect-free homeotropic
alignment. Similar homeotropic patterns were also observed for other
non-fluorinated compounds used.

diameter varied by approximately +10%, as determined by scan-
ning electron microscopy (SEM) (Fig. 5). The 50 and 100 pm inner
diameter glass capillaries were purchased from CM Scientific Ltd.

Soft Matter, 2024, 20, 6193-6203 | 6195
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wafer.

Fig. 6a shows the geometry of the XRD experiments with the
porous AAO membrane, or the ion etched Si wafer containing
the LC. The template membrane was mounted vertically on a
motorized goniometer, which controlled the angle @ between
the pore axis and the X-ray beam. For more details see the
Methods section. The X-ray study of columnar orientation
inside the templates will be based mainly on the distribution
of intensity of the {100} reflections which dominate the diffrac-
tion pattern of the Coly, phase. As the orientation in each pore
is independent of that in other pores, and as the pores are
cylindrical, there is an overall cylindrical symmetry of the
reciprocal space; this means that each reciprocal lattice point
is spread into a circle, as will be seen in the figures below.
In the following we shall describe the different configurations
of Col;, phase encountered in this study for different combina-
tions of compound, template type and pore size.

For the template samples with a 60 nm pore diameter, the
intensity is spread uniformly around the (100) small-angle
diffraction ring when @ =~ 0, i.e. when the beam is parallel to
the nanopore axis. This is because the (100) ring in reciprocal
space touches the Ewald sphere of diffraction uniformly as the
axis of the ring coincides with the X-ray beam. Fig. 6b shows
SAXS patterns of different compounds in 60 nm diameter AAO
pores recorded at @ = 80°, i.e. where the beam is incident on the
membrane surface at an angle of 10°. This is because sending
the beam parallel to the membrane (¢ = 90°) is unviable
because of beam absorption. The central vertical streak is
scattering from the pores.

As seen, for the seven-chain compound SATO7 (Fig. 6b1) the
diffraction intensity is azimuthally spread with a maximum in
the horizontal direction, i.e. at the meridian (along pore axis).
The corresponding reciprocal space drawn for @ = 90° is shown
in Fig. 6c. Under homeotropic anchoring, the diffraction
patterns indicate a “logpile”” configuration, where the columns
run perpendicular to the pore axis and are essentially parallel to

6196 | Soft Matter, 2024, 20, 6193-6203
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Fig. 6 (a) Geometry of the X-ray diffraction setup. (b) SAXS patterns of
compounds in 60 nm AAO pores recorded at @ = 80° (c) and (d)
Schematic models of the reciprocal and corresponding real spaces of
(100) random configuration. (e) and (f) Reciprocal and real spaces of (100),
configuration.

each other, first identified in a previous paper of ours.”**°

In AAO templates, the direction of the columns is always
randomized around pore axis for all compounds, as the orien-
tation in different pores is independent of each other.
Uniquely, however, in SATO7 the only orientational preference

This journal is © The Royal Society of Chemistry 2024
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is for the columns to run perpendicular to the pore axis; the
orientation of the hexagonal lattice, e.g. the {100} and {110}
lattice planes, is also randomized around the column axis, ie. it
takes no notice of the direction of the pore axis ((100) random,
Fig. 6d). The reciprocal lattice model in Fig. 6¢c explains the
concentration of diffraction intensity near the poles.

For HATOS6 in 60 nm pores (Fig. 6b2), six highly azimuthally
spread intensity maxima show up. This indicates that the plane
of the hexagonal columnar lattice becomes slightly preferen-
tially oriented, with one of the {100} lattice planes set prefer-
entially parallel to the long axis of the pore ((100); orientation).
The reciprocal and real spaces of the (100); configuration are
shown in Fig. 6e and f. In (d) and (f) the ref. (100) planes are
coloured in red to show their orientation. The six observed
diffraction maxima are produced by the intersection of the
three reciprocal (100) circles with the Ewald sphere (Fig. 6e).

Compared to HATO6, the (100), orientation is improved in
HATS6 as indicated by its less spread six intensity maxima
(Fig. 6b3). For the HATO6/TNF complex, the (100), orientation
reaches the highest degree of order among the current com-
pounds in 60 nm pores, as shown by the narrowly focused
intensity maxima (Fig. 6b4).

For HATO6 and HATS6 an orientational transition occurs as
the pore diameter increases from 60 to 200 nm. As shown in
Fig. 7a and b, in the diffraction pattern the positions of the six
(100) maxima are rotated by 90° compared to that for the 60 nm
pores (Fig. 6b). This means that one of the {100} planes is now
perpendicular to the pore axis ((100), orientation), instead of
parallel to it - note the vertical orientation of the red (100) plane
in Fig. 7f. The reciprocal lattice model in Fig. 7e shows the
origin of the six diffraction spots when the orientation is of the
(100), type. However, for HATOG6FS this transition does not
occur even when the pore diameter is 400 nm (Fig. 7c); it does
eventually take place when the pore size reaches 3 pm (Fig. 7d).

As for the HATOG6/TNF complex, it does not show the
transition to (100); configuration. Instead when the pore size
reaches 400 nm, the {100} reflections condense on the equator
(vertical direction, Fig. 8a). At the same time the 0.35 nm
“(001)” scattering maximum arising from the n-n stacking of
discs appears on the meridian (horizontal direction). Here the
orientation of the columns is overwhelmingly axial, i.e. parallel
to the pore axis z, as schematically drawn in Fig. 8e. For axial
alignment, with the orientation of the hexagonal lattice rota-
tionally averaged around z, the reciprocal space contains only
one (100) ring, represented as a toroid in Fig. 8b to account for
some orientational distribution. This gives the two equatorial
arcs in the diffraction pattern where the toroid crosses the
Ewald sphere, with some azimuthal broadening of the reflec-
tions (Fig. 8b). Four very weak off-equatorial {100} intensities
can still be seen on the ring in Fig. 8a, indicating remnants of
the (100), configuration. As the pore size increases to 50 pm,
the two {100} reflections on the equator become azimuthally
narrower (Fig. 8c). Moreover, when the capillary tube is rotated
around its long axis, the intensity of these two reflections
oscillates and reaches maximum values every 60°. The asso-
ciated reciprocal space is drawn in Fig. 8d, which indicates that

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a)-(d) X-ray patterns of compounds in 200 nm, 400 nm and 3 pm
pores recorded at @ = 80°. (e) Schematic drawing of the reciprocal space
of (100) ; orientation cutting the Ewald sphere and (f) the corresponding
configuration of discotic columns inside the pores.

a monodomain of axially orientated Col;, phase formed in the
capillary. The toroid in Fig. 8b is split into six discrete banana-
shaped entities in Fig. 8d.

Discussion

In order to help understand the observed orientation behaviour
of the discotic columnar phase in cylindrical pores of widely
varying diameter, we have compared the current results to
those found previously on two other compounds, both forming
homeotropically anchored columns. The first is a large disc -
an alkylated hexabenzocoronene (HBC), Fig. 9a,>° and the other
a bolaamphiphile - a glycerol-endcapped biphenyl with a
semiperfluorinated alkyl side chain (Bola, Fig. 9b).>> The Bola
compound displays an “inverted” hexagonal columnar phase
where the aromatic rods make up the walls of hexagonal
prismatic cells filled with the side-chains. The orientation
patterns of all compounds are collated in the summary chart
in Fig. 10. The compounds are ordered from left to right
roughly with increasing rigidity of their columns which, in
turn, is loosely correlated with the column diameter. The pore

Soft Matter, 2024, 20, 6193-6203 | 6197
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HATOG6/TNF

(001)

o

400 nm

(001)

Axial orientation

Fig. 8 X-ray diffraction of the HATO6/TNF donor—acceptor complex in
(@) 400 nm AAO pores. (c) 50 um glass capillary. (b) and (d) Schematic
drawing of the reciprocal space {100} toroid (b) and 6-arc set (d) cutting
the Ewald sphere in 400 nm and 50 um pores, respectively; (e) model of
the corresponding axial discotic columns inside the pores. The reciprocal
space is randomized around the pore axis in (b) because it represents all
nanopores in the 400 nm AAO membrane. In contrast, the reciprocal
space in (d) represents only one domain in the glass capillary in the
particular orientation as shown.

diameter increases from top to bottom and covers three orders
of magnitude, from 60 nm to 100 um.

As shown in the first row of the chart (Fig. 10), in the 60 nm
pores all compounds except SATO7 adopt the (100), orienta-
tion. In such narrow pores perfect homeotropic anchoring
around the entire circumference of the pore must be sacrificed,
as it would require an unsustainable amount of splay of the
columns and result in a high density of defects. One should
bear in mind that the 60 nm pore diameter is equivalent to the
width of fewer than 30 columns for a typical triphenylene
derivative and just 17 columns of HATO6F8 or Bola. Therefore
in such small pores it costs less energy for the columns to
remain straight and be truncated by the curved wall surface (a
balance between surface energy and defects). At the same time
the energy of the inevitable planar contact of those columns
that lie alongside the wall will be minimized if the pore wall is
facing the densely packed {100} columnar plane. This situation
will result in the (100); orientation as optimal for extremely
narrow pores.
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HBC derivative: 25 Colhex 123 Iso; a= 2.5 nm
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(CH2)3CgF17
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Bola: Cr <20 Colhex/p6mm 161 Iso; a= 3.5 nm

Fig. 9 Additional column-forming mesogens studied previously and
included in the summary chart (Fig. 10). (a) HBC, (b) Bola (from 29).

The poor and the non-existent (100); orientation of HATO6
and SATO7, respectively, in 60 nm pores can be attributed to
the higher dynamic disorder in the columnar phase of these
compounds. In the columnar phase of small-core discotics
such as HATO6, the disc planes are dynamically tilted away
from being normal to the column axis as the lowest energy
coupling between overlying aromatic rings is achieved when
they are offset sideways rather than when they lie directly face-
to-face. In fact in free-standing columnar fibres at low tempera-
tures hexagonal symmetry is broken as the offset, hence the tilt,
locks in.*® Such dynamic tilting of discs would render the end
surface energy of the columns less sensitive to the curvature of
the pore wall, resulting in a poorer orientation. This kind of
dynamic disorder is aggravated in SATO7 by steric overcrowd-
ing introduced by the extra side-chain, accounting for the worst
orientational order of this compound. At the same time in
HATS6, the discotic plane is perpendicular to the column
axis®**® due to the strong interaction between the overlying
sulphurs, the chalcogen bond.*® The improved (100); orienta-
tion of HATS6 indicated by the narrower azimuthal spread of
its {100} reflections is consistent with the increased rigidity
and absence of tilt in HATS6 columns. Even better (100),
orientation is seen in HATO6/TNF complex, where the strong
donor-acceptor interaction between the interlaced discotic
components increases the rigidity of the columns and dis-
favours disc tilt. The highest degree of orientational (100),
order in 60 nm pores is found in the wide column compounds:
large disc HBC, the HATO6F8 with long semi-rigid pendant
chains, and the honeycomb of Bola. Consistent with the above
trend, the respective unit cell parameters of 3.40, 2.50 and
3.50 nm for HATO6F8, HBC and Bola are the largest in the
series.

With increasing pore diameter the switch from (100); to
(100) ;. orientation occurs first in the small disc compounds; in

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Summary chart showing diffraction patterns of Coly, phase of different compounds in cylindrical pores. From top to bottom: increasing pore

diameter. From left to right: (approximately) increasing column rigidity and/or diameter.

200 nm pores it takes place completely in SATO7 and HATOS6,
and nearly completely in HATS6. However in the wide-column

This journal is © The Royal Society of Chemistry 2024

compounds it does not happen even in 400 nm pores. The switch
does occur eventually in these compounds in micron-sized pores
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(2-3 um). What is the reason for the reorientation and why does it
take place more readily in smaller discotics?

It is expected that in wider pores the tendency will be to
maximize the area of homeotropic contact. For the columns to
be incident at right or nearly right angle on the pore wall
around most of its circumference, splay must be introduced by
insertion of new columns, as highlighted by the blue colour in
Fig. 11a and b. A {100} plane is show in transparent pink. The
(100), orientation allows this insertion to happen in each
plane almost independent of neighbouring planes (Fig. 11b).
Such splay may also occur via the formation of screw disloca-
tions, with the slip along the (100) plane. In this way insertion
of new columns, required for splay, can occur independently at
different locations in different (100) planes. In the alternative
scenario of (100); orientation, this would not be possible as
such a slip would have to take place along the zigzag of the
vertical (110) plane (Fig. 11a). The splay therefore would occur
via edge dislocations as shown in Fig. 11a, but at the price of
significantly lower entropy due to the required cooperativity of
column insertion along such a dislocation. Consequently, when
the density of dislocations in the lattice is low, (100), orienta-
tion would be favoured. In contrast, when there is a higher
concentration of dislocations they are more likely to be corre-
lated, resulting in (100), orientation. As it is expected that the
density of column splay will be lower in larger pores, this would
lead to lower density of dislocations and a (100), orientation,
in agreement with experimental observations.

Free energy cost for the introduction of (100);- and (100) , -
type dislocations, with density x (number of column insertions
per mole of molecules), can be approximated as XE(;o0), and
XE(100)1 Tespectively when x is small, with Eq10)) > E(100)1 due

(100)

a b

Fig. 11 (a) and (b) Possible dislocation types enabling some splay needed
for homeotropic anchoring on the concave cylindrical surface. (a) (100)||
and (b) (100) L orientations. Inserted columns are highlighted in blue. An
edge disclocation is shown in (a). A (100) plane is show in pink in each
configuration. (c) and (d) Confocal images of a waist-like interface
between two liquids decorated with charged polymer nanoparticles. At a
certain ratio between the radius of the particle and the curvature, the
particles form horizontal rows (c). As the interface is stretched vertically
and the concave curvature radius is increased, dislocations appear (d)
(from ref. 41 by permission of Springer-Nature).
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to the cooperativity in (100); type dislocations. The free energy
of the (100), type dislocations have also an additional entropy
related term, that can be expressed as —RTInP, where P is a
parameter linked to the size of the column relative to that of the

Pore diameter )

Column diameter
There exists a critical dislocation concentration

pore (in the simplest case we can take P =

RTInP

—_— 1
E100)L — E(100)] ®

Xe =
above which (100); orientation will be more stable than (100) , .
At the same time, the introduction of dislocations would
reduce the surface energy initially due to better homeotropic
anchoring of the columns. The reduction would be greatest at
an optimal concentration x,.x, Where the splaying of columns
via dislocations matches exactly the curvature at the pore wall.
It is expected that in smaller pores, the higher curvature of the
wall will require a higher dislocation concentration x,x. The
surface energy will increase again when x > Xp,,x. For simplicity
we can write the surface energy term as a function of disloca-
tion concentration as (x —xmax)ZEsurf, where E,.¢is a measure of
the strength of homeotropic anchoring of the columnar phase.
The total free energy of (100), orientation configuration
will be

xE(lOO)H + (x _xmax)zEsurf (2)

The free energy minimum is found at

2Esur
L Xmax (3)

YOO = S Frr + E100))

Comparing eqn (1) and (3), (100); configuration will be
favoured if
RTInP

X > Xe=—"""—""7"—7— 4
T Eqooy L — Eqiony) @

Xt = gt
2Egur +E(100)H

Eqn (4) should help explain the fact that columns with larger
diameter have the (100);— (100), transition shifted to larger
pores. With increasing cross-sectional area of the columns
(moving from left to right in Fig. 10) the ratio between pore
and column size C will be smaller, and the energy cost
for introducing a defect will increase, hence the difference
between E(o0); and E(;o0) . Will increase too. Consequently x.
will decrease, and (100); orientation will become stable also in
wider pores.

That column width is not the only parameter determining
the dislocation energy is illustrated by the behaviour of HATO6/
TNF. While the column diameter of this complex is the smallest
of all, the column bend and splay moduli should be com-
parably high due to donor-acceptor pairing, increasing the
energy cost of lattice dislocations and disfavouring the (100) |
configuration.

There is an additional consideration which we may mention
here that may also have some bearing on the (100), — (100)
transition. Chaikin and co-workers*' have studied the tiling of
the hexagonal lattice of positively charged particles on a curved

This journal is © The Royal Society of Chemistry 2024
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oil-glycerol interface. They have shown that on the concave
barrel surface the lattice orients with one of its (100) planes
parallel to the concave axis (Fig. 11c). However, as the radius of
the concavity increases, rows of particles perpendicular to the
concave axis started to appear (Fig. 11d). We consider that if an
equivalent effect plays a part in determining the orientation of
columnar lattice in nano- and micropores, its role is only
secondary.

While the (100), orientation prevails in micron-sized pores
for all compounds, in glass capillaries wider than ca 10 um it
was found that the orientation of the (100) plane is not exactly
perpendicular to the capillary axis, but is instead slightly tilted.
Remarkably, the tilt angle was always within 1° of 8.5°, irre-
spective of the compound. The cause of such a universal tilt is
not yet understood but we suspect that it indicates that the
columns attempt to twist, probably to reduce the number of
lattice defects close to where columns are nearly parallel to the
pore wall. Indeed, the formation of chiral structures from
achiral lyotropic chromonics with a small twist elastic constant
has been observed in capillaries.*>*?

It can also be seen in the summary table in Fig. 10 that in
three cases the orientation is axial, i.e. the columns are parallel
to the pore axis. These are HATO6/TNF complex in >400 nm
pores, and HATO6 and Bola in wide (>50 um) capillaries.
In such axial orientation the edge dislocations are parallel to
the column direction, which does not involve extra bend or
splay around the dislocation, hence with lower energy cost. The
surface anchoring is sacrificed however, a probable reason why
these are only observed in larger pores, with a low surface/
volume ratio. The lower surface curvatures also lead to lower
amount of lattice distortion and smaller density of dislocations
needed. As mentioned in the Introduction, such axial orienta-
tion is quite rare and is normally limited to columns with
planar anchoring and relatively high rigidity. It should be noted
that a previous detailed study of axial orientation of home-
otropic columns in capillaries revealed that the axial orienta-
tion could be confined only to the central region of the
capillary, with bundles of splayed and bent columns providing
homeotropic anchoring to the capillary surface.>® Consequently
different orientations of the reflections may be observed at
different positions and at different rotational angles o of the
capillary, as to those observed in the central region of
the capillary (Fig. 10, HATO6 in 100 pm and HATO6/TNF in
50 pm capillaries).

Conclusion

We studied the orientation of the hexagonal lattice of the
columnar phase of a range of triphenylene-based disk-like
compounds in nano- and micro-confinement of cylindrical
inorganic pores from 60 nm to 100 pm. The compounds
include a newly synthesised triphenylene with perfluorinated
tails attached to the ends of the usual alkoxy chains. We find
that in almost all cases the columns align in logpile-like fashion
perpendicular to pore axis. Moreover, in the narrow pores one

This journal is © The Royal Society of Chemistry 2024
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of the densely-packed {100} hexagonal lattice planes aligns
parallel to the pore axis ((100), orientation). With increasing
pore size this switches to the (100) ; orientation by turning the
columnar lattice by 90°. The transition is deferred to wider
pores in compounds with wider and more rigid columns such
as those of the semiperfluorinated HATO6F8. An explanation of
the switch is proposed in terms of the ability of the columnar
phase to splay, as required if homeotropic anchoring perpendi-
cular to the wall surface is to be maintained in circular pores.
The results are discussed in the context of previous findings on
related materials and confining media to give a comprehensive
picture of the alignment of these soft functional materials.

Methods

Preparation of confined liquid crystal samples

Compounds were infiltrated into the pores in their isotropic
liquid state by capillary force. Material remaining on the surface of
the membranes was carefully removed. All samples were slowly
cooled from the isotropic liquid into the columnar phase at
0.1 K min~"* before further investigations.

X-ray diffraction

Transmission X-ray experiments with DRIE wafer were carried
out at station 116, Diamond Light Source, using a Pilatus 2 M
detector. The beam energy was 10 keV and the beam size at
sample was 240 x 60 pm. X-ray diffraction on AAO membranes
and glass capillaries were performed on an in-house X-ray
facility using a Rigaku MicroMax 007 microfocus copper rotat-
ing anode generator running at 40 kv, with multilayer focusing
mirrors that generates a 50 x 50 pm beam, and a MAR345
image plate detector. Samples were mounted vertically on a small
motorized Huber 3-circle, goniometer with XY-translation. Diffrac-
tion experiment geometry for AAO and DRIE samples is schema-
tically shown in Fig. 8a. 2D X-ray diffraction patterns were recorded
for different angles @. Capillary samples were mounted horizon-
tally and perpendicular to the incident beam. The long axis of the
capillary was co-linear with the rotation axis of the goniometer.
Capillaries were rotated around their long axis and diffraction
patterns were taken at different rotation angles (Fig. 8e), the
temperature was controlled using an Oxford Cryostream system.

MD simulation

The molecular model was built in Materials Studio (BIOVIA)
using the experimental unit cell parameter, with periodic
boundary conditions and annealed through 30 heating-cooling
cycles between 300 and 500 K (quality: fine, 5 ramps per cycle,
100 steps per ramp and 300 ps in total).

Data availability

The data supporting this article have been included in the
manuscript.
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