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Abstract

Confined liquid crystals (LCs) have attracted much interest because their richness in
physical phenomena and potential applications. In this thesisothiguration of novel

liquid crystal phases confined in cylindrical cavities from tens of nanontetiesdred of
microns primarily were investigated by means of small anglayXscattering (SAXS),
grazing incident Xray scattering (GSAXS) and atomic force microscopy (AFM).

The arrangement of honeycomb phases atichanneledayer phases (ChUprmed by
polyphilic sidebranched compounds in nanoporous anodic aluminium oxide (AAO)
templates as well as in glass capillaries with micrometer diames¥es investigated3-d
diffraction patterns were reconstructed from the SAXS data. A fracture metruomatess

with AFM observation was performed on the AAO sampdesomplement the Xay study.
Details of assembly of individual columns inside the nanochannel were directly observed
by AFM for the first time. Surprisingly, even the plaraarchored columns eve found
reluctant to orient axially (parallel to tHed channel), which was explained by the strong
deformation energy of th2-d lattice. Besides, the 4plane orientation of th@-d lattice

was observed in both planar and homeotropic anchoring comslitand different
mechanisms were proposed. For the ChL phase, axial orientation was observed due to the
high rigidity of the columns. The-d layered structure could be suppressed by the

nanopores andninduced smectic structure was observed.

Configuraion of several discotic columnar LCs in cylindrical confinement was studied.
The investigation of pure triphenylene derivatives in nanopores refutes the only detailed
experimental work on discotics published as far. Again the discotic columns are mainly
perpendicular to the channel axis, even with planar anchoring condition, to avoid the
distortion of the2-d lattice. The axiatonfigurationwas observed only when the rigidity of

the columns was increased by dopant.

The structure of L&lirected mesopor@u silica nanofibers fabricated via dual
structuredirecting agents ir200 nmAAO membranes was characterized by SAXS and
TEM. Different mesoporous structures were observed when changing the alkyl chain

length of the cationic surfactant.
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Chapter 1 Introduction

CHAPTER1 Introduction

Liquid crystals (LCs) combine both order and mobility on a molecular and supramolecular
level: they are anisotropic in some of their properties while showiogrtain degree of
fluidity, which in some cases may be comparable to that of liquids. Due to this dual nature
they are easily affected by external fieldstsas applied electric, magnefields and the
substrate surface. Alignment of bulk LC mesopbkabg surface anchoring is a key
technique used in the construction of LC devices. Later the surface anchoring was
extended to thredimensios by confining them to curved geometries such as spheres and
cylinders. Confined LCs have attracted much interesabse of their richness in physical
phenomena and potential applicatithsCompared to the bulk, they experience strong
nonplanar restrictions and interfacial interactions imposed by the surrounding matrix due
to the large surface to volume ratio, whican profoundly affect their ordering and
orientations. The study of the nematics in spherical confinement finally lead to the
discovery of polymer dispersed liquid crystal (PDI?Onaterials for electrmptic devices.

In addition, cylindrical porous mdmanes with uniform and controllable pore diameters
further facilitated the study of the confinement effect on the LCs. They provided
cylindrical cavities with a large range of diameters in whichahefigurationof the LCs

could be examined. Also the mmnwalls are accessible to chemical treatment for control of

molecular anchoring.

In this work theconfigurationof novel columnar and somed3 liquid crystal phases
confined in cylindrical cavities is studied. The emphasis is on the effect of curvature,
surface anchoring manner and the LC phase geometry on the orientation of the LC phases

inside the cavity.
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1.1 The liquid crystalline state

LCs arean intermediate phase of matter in addition to the solid and liquid phases. In a
crystalline solid, there is both positional and orientational i@mgye order, i.e., the
constituent elements (i . edperodiolatice andomdt e c u |
possess mobility within the crystal although they can vibrate around their lattice points due
to thermal energy. Contrary to it, both types of order are absent in isotropic liquids. In
liquid crystal, the positional order is either fully or pargiddst while there is some degree

of orientational ordéf. As a resultthe liquid crystalline phase possesses some of the
characteristics of the order, evidenced byaX diffraction, and some of the disorder,
evidenced by the ease of flow. Comparedhi® crystal, the orientational order parameter
<(3cosf-1)/2> in a liquid crystal is significantly smaller than 1 and is highly dependent on
temperature (heré is the angle between the molecular axis and the director). This
combination of order and moliii on a molecular or supramolecular level makes liquid
crystals unique materials: they respond to external (electric, magnetic, chemical or

mechanical) stimuld. by rapidly adopting cc

There are different ways to classiffCs™. They can be divided into thermotropic and
lyotropic. In thermotropic LCs, the sadfganization occurs on heating of the pure
compoundsand the shape of the molecules dictates the orientational order and the thermal
motion gives the mobility. While in lyotropic LCs the mobility is provided by the addition

of solvents, and their order is governed by the relative concentration of the solute.
Considering the geometrical structure of the mesogenic molecules, they can be grouped
into two main types: t he -shaped Immleculdsiaedstie f o
"discotics" formed from distike molecules. The liquid crystalline phases are further
categorized into nematic, smectic and columnar phases by their symmetry in terms of the

orientational and translational degrees of freedom.
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1.2 Liquid crystal mesogens and their mesophases

An essential requirement for thermotropi€ state to occur is that the molecule must be
highly geometrically anisotropic in shape, like a rod or a disc. Considering the geometrical
structure of the mesogenic molecules, LCs could be generally divided into calamitics and
discotics depending on wtier their mesophases are formed by-likel or disclike

molecules.

1.2.1 Calamitics

Rodlike molecules possess a large extend of anisotropy, and they form the vast majority of
thermotropic liquid crystals. Following the terminology introduced by Ftiddéney are

classified broadly into three types: nematic, cholesteric and smectic.

The nematic phase of calamitics is the simplest liquid crystal phase. It differs from the
isotropic liquid in that the molecules have some loaigg orientational ordethey have a
degree of preference to pointing along an averaged direction, which is defined as the
director and denoted by the vectofFig.1.1a). The cholesteric mesophase is also known
as chiral nematic, in which the director rotates about an axiepaiqular to the long axes

of the molecules to form a helical structure.

At certain conditions when the liquid crystal material gains an amount of positional order,

it forms smectic phase where the molecules prefer to lie in layers, while within each laye

it is still essentially a twalimensional nematic liquid crystal. There are a number of types

of smectic phases. When the director is perpendicular to the layer, the mesophase is called
smectic A (SmA) Fig.1.1b). If the director tilts away from the kxynormal, it is called
smectic C (SmC)Kig.1.1c). There are also smectics which form layers with positional
order within each layer. For example, in smectic B phase, the molecules in each layer are

parallel to the layer normadndthey have the soalled hexatic ordering.
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(@) (b) ()

Figure 1.1 LC phases of calamitics: a). nematic phase, b) smectic A phase, ¢) smectic C phase.

1.2.2 Discotics

The first discotic liquid crystal molecule was a benzene ring as the core surrounded by six
acyloxychain$”. Since then a large number of discotic molecules has $yeehesized.
Generally speaking, discotics have flat and stiff aromatic cores witbr ight aliphatic

long chain substituents connected to them by different linkages such as ether, ester,
benzoate, alkyne, etc. The aromatic core unit is usually benzene or polyaromatic such as
triphenylen&”’ perylene bisimid€, phthalocyanin€, and hexabenzocoroét® (Fig.1.2);

the substituents are flexible chains and can diminish the melting temperature of the LC
phase. The selssembly of DLCs is affected by the nature of the discoid core and the

periphery flexible chains.
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Figure 1.2 Mesogens of typical discotic molecules: a) triphenylenes;pdxylene bisimidg c)

phthalocyanine; d) hexabenzocoroene.

Disc-shaped molecules can form nematic pkdseorientng the molecules more or less
parallel Fig.1.3a). However, unlike the usual rstdaped nematic, discotic nematic phase

is optically negative, with the director being the preferred axis of the orientation of the disc
normals In addition to the nematic phase, a majority of -dilsaped molecules form
columnar phases by stacking one on top of the other. The driving force for formation of
columnar mesophases has been postulated to be shape anisolomjcrosegregation
between flexible chains and rigid cdfe and core core van der Was attractions?. In
discotic columnar phases, the flat molecular cores form an orienteetjimaasional

liquid i.e. they are orientationally orderedtliranslationally disorderedlthough there is

no positional order along the columns due to thermal fluctuations, the columns can pack
parallel on a & lattice. For instance, hexagonal columnar phaggl(3b) is characterized

by a hexagonal packing of the molecular columns. The flexifptirdzarbon chains are
highly disorderd and form an amorphous shell surrounding the column of the core. The
corecore distance inside a column is usually of the order of 3.5A, and the intercolumnar

distance is usually 280A, depending on the length of theripheral chaif&’.
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(a) (b)

Figure 1.3 Schematic representations of LC phases of discotic molecules: a) nematics phase; b)

hexagonal columnar phase.

The partial orbital overlap afeighboring aromatic cores leads to the formation of charge
carrier pathways, while the flexible alkyl chains around the cores substantially insulate the
column from the neighboring column. Thus the discotic columns behave nearly as
onedimensional conduots and may be described asmo | e ¢ u 4. rindeed higte s 0
charge carrier mobilities have been determined for many dis€8ticEhe columnar phase

of hexaperthexabenzocoronene (HBC) possesses the highestsiot chargecarrier
mobility for this kind of material as reported so fdk For small cores like triphenylene,

the charge carrier mobility can be improved by introduction of electron accéptbrs

This property has attractive applications in electronic devices such asetfing
diode&?,  yedfdctdransistofs? and solar cellé* 2. To realize these applications, the
orientation of the columns must be well controlled in order to ensure the undisturbed
migration of charges along the desired direction. For example, the main claagmott in
field-effect transistors takes place parallel to the insulating substrate and therefore requires
planar alignment of the discotic molecules with uniaxial columnar orientation in the
chargetransport direction. In contrast, homeotropic alignmgmequired in lightemitting

diodes and photovoltaic devices since the migration of charges is perpendicular to the

substrate.
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1.2.3 T-shaped liquid crystals

Thermotropic liquid crystalline phases are usually formed by either molecules with an
anisometric shape or by amphiphilic molecules. In the case of anisometric molecules, the
mesophases formed strongly depend on the molecular shape: calamitic or discotic
molecules are arranged with their long axes parallel to each other to give thermotropic
smectic or columnar liquidrystalline phases. On the other hand, the self organization of
amphiphilic molecules is mainly driven by the tendency to segregate incompatible
(hydrophilic and hydrophobic) parts of the individual molecules, which givesaikege
aggregates of lamellar, columnar, or cubic thermotropic and lyotropic mesofase
combining these two structural principles, that is, adding both alky chains and hydrophilic
groups to the rigid aromatic core, novesHape amphiphiles havedn synthesiz&f, as

shown inFig.1.4.

T

Polar group— "

Figure 1.4 Schematic molecular structure of twortary block molecules: (a) bolaamphiphiles with

terminal polar groups; (b) facial amphiphiles with lateral polar groups.

T-shaped molecules can be generally divided into two classes: bolaamphiphiles and
facialamphiphiles. Both compounds represent ternarghaphiles with a Jlike shape in

which a rigid core of defined length is combined with two terminal chains and one lateral
chain, incompatible with each other. In bolaamphiphiles, hydrophilic substituents are
grafted to the terminal ends of ke mesognic molecule&” and provide attractive
forces (Hbonding) to stabilize the competition between the parallel alignment of the
rodlike biphenyl units and the steric interaction. Different types of lamellar structures are
formed when the length of the laa chains is either very short or very long. While

between these two extremes, a series of more complex and interesting phases, the
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columnar phases are fornf& as shown irFig.1.5. For the columnar mesophases, the
rigid-rod segments tend to restrict the side length of the polygons within relatively narrow
limits, giving rise to columns with a wedlefined polygonal shape. The lateral chains fill

the interior of the polygons; theerminal chains form the corners of these polygons and
connect the rigid rods. Thus, the number of sides of the polygons critically depends on the
volume of the lateral chain and the length of the molecule. The polygon that provides the

exact volume requed by the lateral chains is selected.

AW
MNIAW — s A
WONNIN

Figure 1.5 Schematic drawing of the phase sequence of bolaamphiphiles with the increasing of the

length of the lateral chain. Reproduced from &8

On the other hand, in facialamphiles the nofpolar and polar chains are reversed, i.e.,
functional groups such as oligoethyleneoxide, carbohydrate units, or carboxylic acid
groups are laterally attached to the rigid rod, while two-polar chains are attached in the
terminal position$®*%. The sequence of mesophases starts with a conventional SmA phase
(Fig.1.6). When increasing the volume fraction of the lateral chain cylistilectures are
formed at first, which then change into new lamellar phases. It bears a relation to that
found for the bolaamphiphiles as shownHFig.1.5, which indicates the generality of the

selforganization principles involved.
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Figure 1.6 Schematic drawing of the phase sequence of facial amphiphiles. Reproduced fi@th ref [

1.3 Defects in columnar liquid crystals

An understanding of the defects is vital in that it provides insight into the mesophase
structure. In many cases the defects can stabilize the unusual mesophase structures, for
example, the formation of blue phases and Twist Grain Boundary pagsfeds in the
columnar phase have been investigated in detail by Boulffamtd by Kleman and
Oswald®¥. Generally, they can be classified into three gr6updislocation, disclination,

and developable domains.

1.3.1 Dislocations

By definition, these defects break the translational symmetry of ithelatice of the
columnar phases. There are two kinds of dislocations: edge dislocation and screw
dislocation. The edge dislocation is a defect where an extra-faife of lattice is
introduced mid way through the crystal, distorting nearby planes of latkoesedge

dislocations,bUL, where b is the Burgers vector and is the dislocation lineEdge
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dislocations are further divided into longitudinal edge dislocatidngpdrallel to he
column axisn, Fig.1.7a and b) and transverse edge dislocatibnpdrpendicular tm,
Fig.1.7c and d).For screw dislocationshe defect line movement is perpendicular to
direction of the stress and the lattice displacement, rather than paralleljsapdrallel to

L (Fig.1.7 e and f). A hybrid composed of screw and edge dislocations is shown in
Fig.1.7g.
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Figure 1.7 Dislocations in the columnar phase: a) and b) longitudinal eékjecations; c) and d)

transverse edge dislocations; e) and f) screw dislocations; g) a hybrid of screw and edge dislocations.

(from ref [32)]).

1.3.2 Disclinations

The term disclination is modified from 6d

Frank®! to describe the points observed in the schlieren texture of nematics when they

10
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were observed between crossed polarizers. Disclinabiceekthe symmetry of rotations.

In the hexagonal lattice, longitudinal wedge disclinations are the standard crystal
disclinations, in which the rotation vector is the sixfold axis @r threefold axis 4, or

twofold axis L, parallel to the columns. Thhattice getsstretched near a negative
disclination Fig.1.8a) andcompressed near a positive difrdg.1.8b). In transverse wedge
disclinations the rotation vector is normain.Ex amp |l es of N° discl i n
Fig.1.8(ce). Two transverse wedgdisclinations can occur in association as shown in

Fig.1.8 (f).

Figure 1.8 Disclinations in the columnar phase: a) and-b) / 3 and ° / 3 lon
disclinations about the sixfolalxis Ls; c) and d) " transverse wedge d
T,a n dregpectively;e}” transverse wedge disclination | eacdc

disclinations at right angles to each other, one abgahd the other abou, (fdom ref[32]).

11



Chapter 1

Introduction

1.3.3 Developable domains

In developable domains, there exist physipines P Kig.1.9a) perpendicular to the

columns, andhe envelope of these planes defines the developable surfdég.D9b).

Developable domains can occur without distorting the hexagonal lattice and involving only

the bending of the columns. There are three specific examples: (a) the developable surface

degenerates into a straight line, and the columns form a set of coaxial circles around this

line (Fig.1.9a); (b) the developable surface is a cylinder, and the columns are along the

involutes of a circle in any plane normal to the axis of the cylindgrth@ developable

surface is generated by ha#ingents to a helix, and the columns are normal to the

half-tangents and are involutes of the hekig(1.9c).
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Figure 1.9 Developable domains in the columnar phagdahe developable surface is degenerated into a

straight line U common to the

developable surface D is a cylinder. The columns are a set of parallel and equispaced involutes of a

pl anes

P.

The

circle. 9 a Riemann surface generated by 4tatfgents to a helix. The columns are normal to the

half-tangentgfrom ref [32]).
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1.4 Liquid crystals confined in cylindrical geometry

1.4.1 Nematics and Smectics

The interest in liquid crystals confined to spherical and cylindrical geometries have lasted
for morethana century. The initial work™hdegan i
observed stable nematic directmnfiguratiors in liquid crystal droplets suspended in an
isotropic fluid. By studying the birefringent textures with optical polarizing microscopy he
concluded that the specific directoonfigurationwithin the spherical confining cavity
depends on the liquid crystal material and the angle at which the liquid crystal molecules

are anchored to the isotropic fluid interface.

It was first thoughtinthear |y 197006s that the nematic
perpendicular boundary conditions would consist of only a radial component with a line
disclination along the cylinder axes where the director field is undéthelcater Cladis

and Klemaft”? and Meyef® predicted that when nematics confined in cylindrical cavities
under strong homeotropic anchoring condition, they would form an escaged (ER)
configuration(Fig.1.10) since the high cost of splay deformation energy in the center of the
cylinder could be relieved by introducing a finite amount of bend deformation; a
configurationtransition from escaped radial to planar radial with an isotropic core along
the cylinder axis wild.l occur when the die
under strong planar anchoring conditions, an escapisted (ET) structure would be
stable. They also calculated the ET structure to transform into a jolaneentric (PC)
structure when the elastic free energy becomes favbtablEhe ER structure has been
optically verified in large capillary tubes of radius-20 0 &%, andit occurs with
singular point defects regularly spaced along the cylinder axis (ERPD). The defects result
from the fact that two eneregquivalentconfiguratiors exist where the diction of bend is

changed.
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Figure 1.10 Schematic sketch of the a. planar radial (PR), b. planar polar (PP), c-g@acantric (PC),
d. planar bipolar (PB), e. escaped twisted (ET), f. escaped radial (ER), g. escaped radial with point

defects (ERPD) nematic structure in the director fieldesgntation.

Based on’H-NMR study and Frank free energy analysis, Crawford andvarkers
performed a series of studies on nematic LCs (bCd confined to nuclepore membranes.
Theymeasured the surface elastic constantakd moleculaanchoring stregth Wy**3,

which were not accessible before in the submicrometer cavities. They found that under
homeotropic anchoring condition, cylinders with untreated surfaces can provide sufficient
anchoring strength to support the EREBBOnfigurationfor radius ass ma | | as 0.0
while cylinders with treated lecithin walls provide weakened anchoring strengths and only
support this structure in cavities of rad
polar nematicconfiguration(PP) occurs rather than tiRR structuré®*¥. The total free

energy of a confined liquid crystal is expressed as:
O - 0 nd o+ Té 1 0 T¢ 1 O 1 n 1T ndg

i Qw - Wi 0t wwéi OFEfleAs (1.1)

wheren is the nematic director, the first three terms describe the splay, twist, and bend

deformations, respectivelyvith Ki;, Kz, and Ksz denoting the appropriate elastic
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constants. The fourth term is a surface elastic contribwtiogre k4 is the saddlesplay
surface elastic constant, a material constant independent ofrahget interactions at the
surface. The final two terms regent the interfacial free energy, described by the
azimuthal W and polar W anchoringstrengths. The deformation free energy of PR and
PPconfiguratiors have been discus$&l For PRconfiguration n isnormal to the surface,
the energy per unit length of the cylinder, which is pure splay energy, is given by:

O ‘0 1 1Y (1.2)
where R is the r adithesadius bfthe Ine discliyation which is of a n d
the order of molecular dimensions, at which elastic theory breaks down. This
configuration is independent of anchoring strength. For &dhfiguration assuming
K11=K22=K33, understrong anchoring:

O “d1IvYc (1.3)
By modifying the inner walls of the cylinders with a polyimide treatm@ngwford and
co-workersmanaged to change themeotropic anchoring condition to planar. They found
that for cylinder sizes R=0.2 and G&:3nthe nematics adopt the Ri®nfiguration while
i ncreasing the pore size f rconiiguBter@ransSfornrssm t o
to the ET structufé’. Again, they considered the free energy and concluded that for PC
configuration

O ‘0 1 1Yim (1.4)

} is the radius of the core of the disclination. For B&hfiguration the core was

considered as isotropic liquid and the energy was not discussed. In ttorstent
approximatin K11=K2,=K33),

O “+1 Rjtm (1.5)
Later they studied chiraloped nematic LCs (5CB g in Anopore membranes (alumina)
with pores &% andfound the parallaxidl isteusture for the pure nematic
(Fig.1.11a), the radially twisted structur€ig.1.11b) for low chirality and the twisted
bipolar structee (Fig.1.11c) for higher chirality
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Figure 1.11 Nematic director field of (a) the Péonfiguration (b) the RTAconfiguration (c) the
ATPB configuration From ref f6].
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After nematics, the next simplest LC phase studied in confinement is the shtiase.

Kralj and Zumef*” have discussed the relative stiiof smecticA structures in
cylindrical cavities, and shown that ER ¢
strong homeotropic anchoring. DNMR studies of the orientational order of elongated LC
molecules (5CB and 8CE{*? in Anopore membranesy Crawford and coworkers have
signiycantly contributed to the deter mina
surface wetting phenomena. For both sampl ¢
the 200 nmpores of Anopore membranes. Jhet al. proposed that 10CB and 12CB
conyned in Anopore could experience differ
treatment and atmospheric conditions, which would lead to the transition from parallel

axial toplanarradialconfiguration

1.4.2 Discotics

Compared to the nematic and smectic phases of calamitics, there are few studies
concerning the appearance of discotic molecules in cylindrical confinement. K.Q. Jian and
G. Crawford firstly applied the previous results on nematics in cylindgieametries to a
disclike polycyclic aromatic hydrocarbon in its nematics phaseThe large discotic
molecule was found to be plaranchored on the flat alumina surface. They filled the

discotics in the AAO template with a diameter 200 nm followed by heating and
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template removal to produce carbon fibers with graphene layers. Using transmission
electron microscopy they observed that the graphene layers lie perpendicular to the fiber
axis, which they concluded is the result of static equilibrium endbnfined discotic LC
precursor: the director of the discotic nematics is parallel to the-drisg of the

nanochannel.

M. Steinhart and coworkér8studied the orientation of a triphenylene derivative in 60 and
400 nm AAO templates in which the moleesilare homeotropically anchored. They used
Thetd2Theta XRD scanning as the experimental method. The setup is schematically
shown inFig.1.12. By comparinghe intensity of the reflections corresponding to the
column planes and intracolumndisk-to-disk distance, they concluded that the discotic
molecules are highly oriented with their directors along the long axes of the nanopores,
while c¢close to the pore wall/l therebds a

homeotropic anchoring dhe molecules on the wall surface.

source detector

inter-columnar,
(100) peak
d=1.6 nm

— —
=
Wiiiii==

homeotropic T homeotropic
planar

Figure 1.12 Schematic representation of the XRD setup in 5&f [. For the d/ d2 sc
were placed in the device so that the surface of the template was oriented perpendicularly to the plane of

incident and scattered-My beams.
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Later they rported the influence of the polarity of the pore walls and dopants on the
orientation of thediscotic column$**4. In thecase of coated nonpolar wall, they observed
no apparent orientation of the columns. While proper selection of the dopant allows
enhancing the axial orientation of the discotics in-S0mm pores. However these samples
were all quenched from isotropictpne r at ur e and t h e gonflyaatienn 6t
of the columns close to equilibrium. Furthermore, using thé 2sganning gives
information on only very small region of reciprocal space, hence the reliability of these

XRD results is limited.

D. Capron reported Monte Carlo simulations of a model discotic molecule embedded in
cylindrical pores with planar anchoring conditbh They showed that for a small radius

(R= 5 discs), the molecules were roughly oriented along the tube axis: the columns were
either parallel to the tube axmsr meandered around that axisg.1.13a,b). However, in

large pores (R= 10 discs), the columns can be built along the axis of the cylinder, but the
constraint on the columnds or i ealltdattonsn i s

even perpendicularly to the tuldeid.1.13c,d).

a b c d
Figure 1.13a) and b)R= 5 disc, with straight a) or zigzag ordering b); ¢) and d): R=10 disc. c) presents

columns oriented along theaxis at all distances from the wall, and d) presents columns wrapped

around the tube forming a hole in the middieom Ref [55].
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1.5 Alumi na nano-template

Ordered nanochannel array materials have raised considerable interest in recent years due
to their utilization as a template for the fabrication of nazed fine structures. Anodized
aluminum oxide (AAQO) template is a popular choice lseaof its regular hexagonal pore
packing, narrow size distributions of pore diameters and uniform pore G&pth®uring
anodization, nanopores grow perpendicular to the surface of the membrane with
equi | i br iemhanced bxidey dissotiition aketxide/electrolyte interfal@%Y. As
schematicallyshown in Fig.1.14, oxygercontaining ions (& /OH) migrate from the
electrolyte through the oxide layer at the pore bottom to the metal/oxide interface and form
oxide. While AP* ions simultaneously it through the oxide layer into the solution at the
oxide/electrolyte interfa¢é?). It was suggested that the repulsive forces between
neighboring pores caused by mechanical stress at the metal/oxide interface promote the
formation of hexagonally ordergubre arrangemenfd. The diameter of the pore can be
controlled by varying anodization conditions such as applied voltage and utilized
electrolytes, and the length of the nanoporous channels can simply be controlled by
anodization time. Since its oxide ngowalls have high surface energy, liquid soft matter
with low surface energy spontaneously infiltrates the nanopores, enabling the creation of
1D nanostructures and advanced membreowfiguratiors, which is of both scientific

interest and potential appditions.

— = e Alumina

Al

+
F-——————————————— =

Figure 1.14. Scheme of the anodic oxidation of aluminium.
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1.6 Mesostructured silica nanofibers

Porous solids are widely used in many divefisdds of science and engineering as
adsorbents;atalysts and catalyst supports owing to their high surface areas. According to
the IUPAG** deynition porous mater i almicroporoes di v
(<2nm), mesoporous {20nm) and macroporou$50nm). Wellknown members of the
microporous class are the zeolites, which provide excellent catalytic properties; larger

pores are present in porous glasses and porous gels, known as mesoporous materials.

Kresge et &1°. discovered that the coopevat selfassembly of surfactants, such as
cetyltrimethylammonium bromide (CTAB), in a solution containing networkiing

species, such as tetraalkoxysilanes, can be used for templating mesoporous silica structures,
and they synt hes i sodddMGMMe) that shewed arregsilarlp arderedu s
pore arrangement and a very narrow ggize distribution. Since then, these materials have
attracted considerable interest due to their diverse potential appli€&tioRsr many
applications it is requiretb form the mesoporous material as a thin film on a support
surfacé®’l. However, thirfilm formation on solids, such as mica or silicon wafers,
revealed that the channels of the formed mesoporous films are predominately aligned
parallel to the substrateigace, which is not practicable for applications in specific fields,

such as membrane science, because a pore direction perpendicular to the surface is
necessary for these devices. Recently, surfactantlic aluminum oxide (AAO) dual
templateswereapplid t o t he synthesis of mesostruct
the silicd surfactant nanocomposite is grown inside the nanopores, the wall surface is
expected to assist the selfganization of the siligasurfactant nanocomposite, and the
resulting meophase might be an assembly of oriented surfattamlated
silica-nanochannels. Several surfactants have been used as stdirgictiag agents to
fabricate MSNFs in the AAO template. Yang and cowofREsfirst reported the
preparation of mesoporous $ i ca ybers with concentric

channels of AAO template using tetraethoxysilane (TEOS) mixed with a block
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copolymer surfactant Pluronic F127 under acidic conditions. Yamaguchi %k ueed
hexadecyltrimethyammonium bromid¢CTAB) and obtained unidimensional channels of
silica parallel to the longuxis of the AAO pores. Mallouk and -aeorkers’® described the
formation of SBA15-like MSNF using Pluronic P123. Maeda andworkers™ reported

the preparation of MSUH mesoporas silica in AAO template. It was also revealed that
the architecture/orientation @fanahannels formed within derent pore sizes of AAO
substrates using P123 was largely varied depending on the channel size of the s{fbstrates
"3 It was also reportethat the orientation of the silia@nochannetan be controlled by
changing the concentration of surfactants and the humidity in the gas phase during
preparation”. Thus, preparation of mesoporous Si
substrates shodil have large potentials in tailoring mesopore architecture toward new

applications.
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CHAPTER 2 Experimental M ethods

2.1 Preparation methods

2.1.1 AAO template samples preparation

The permeable AAO membranes were kindly provided by the groups of Prof. Martin
Steinhart of Max Planck Institute in Halle and Prof. Kyusoon Shin of Seoul National
University. These hexagonally packed nanoporous alumina templates were fabricated via a
two-step anodization of highurity aluminium sheet§’®. First aluminum sheets were
electropolished in a 4:1 v/v mixture of ethanol and perchlag at 4C. To obtain
templates with pore diameter of 200 a@D nm the electropolished sheets were anodized

at 190 V in 0.1 M phosphoric acid solution while the temperature was controlled to OC.
The first anodized alumina layer was removed by dippiegsheet into chromic acid at

75€ and aluminum sheet remained after dipping was washed with distilled water and
ethanol. The second anodization was carried out under the same conditions as the first
anodization. Alumina layer on opposite side and-omidized aluminum layer were
eliminated using NaOH solution and CuGblution, respectively. The barrier layer of
alumina template was removed by floating the alumina on 0.1 M phosphoric acid solution
at 60€C. Pore diameter was adjusted by dipping the ahamiemplates into 0.1 M
phosphoric acid at 30€. They normally contain 100 pn deep pores that grown
perpendicular to the membrane. The aluminium substrates, which the AAO layers had
initially been attached to, were selectively etched away with a mixtuter af Cu@GH ,0,

50 mL concentrated HCI and 50 mL deionized water. Thus they became permeable
free-standing membranes. Different sizes of the nanopores were obtained by changing the
electrolyte, anodization voltage and temperature. For example, to 6Btammembranes,

0.3 M oxalic acid was used as the electrolyte. The voltage and temperature were set at 40 V

and 15€C respectively; to obtai@0 nmmembranes, 0.3 M sulfuric acid was used as the
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electrolyte. The voltage and temperature were set at 25 \A@mndrespectively Fig.2.1

shows the SENmages of the top surface of the empty templates of different sizes.

Figure 2.1 SEM images oempty templates with different pore diametexs20 nm b) 60 nm c) 200

nm; d) 400 nm

Filling of the templates with LC was prepared by melting the &&shetop surface of the

AAO membranes above their isotropic temperatures, during which they automatically

infiltrated into the nanochannels due to the high surface energy. Materials remaining on the
top surface were carefully wiped off with lens tissue whikeyttvere still liquid. Prior to

any further experiments, the filled templates were heated to above the isotropization
temperature of the LC and cooled slowly (0.1 K Miin order to erase any floimduced

alignment and establish an equilibrium organizatio
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2.1.2 Surface modification

In order to study the effect of surface polarity on the orientation of the LC columns, the
substrate surface was modified by hexadecyltrichlorosilane (HTS) (Fluorochem). For glass
slides and capillaries, they were firse@hed with a 1:3 mixture of @, (hydrogen
peroxide) (30%) and 80, (98%, SigmaA | dr i ch) (Apiranhad sol ut
to achieve a highly hydroxyl terminated silicon surta&eafter which they were rinsed
abundantly with pure deionisedater. Then they were dried by hot air blower and dipped

into a 1% solution of HTS in hexadecane (99% Sigitdrich) at 80 € for 2h. After

removal from solution they were rinsed in chloroform and allowed to dry. For AAO

templates, the inner wall surfagas treated by HTS vapor at 90%or 3 hours.

2.2 X-ray diffraction

X-ray diffraction is one of the most important methodstoélging ordered structures. The
scattering of Xrays by a crystal can be considered as reflection by lattice planes of the

crystaf which occurs only when the scattered
nl =2dsirg (2.1)

Wherea-is the wavelength of the -Kay beam,q is half of the diffractionangle, d is the
inter-planar spacingand nindicatest he or der of the diffracti
expressed in vector notation. L&tS, be unit vectors along the directions of the diffracted

and incident beams, then the vect8i (Sy) is parallelto d*1«, the reciprocal lattice vector

of the repecting pl anarse:pl F|k2 mandfig|zl/def t he

Thus Braggébés | aw can be expressed as:

(ST So)f &= d’nu (2.2)
The geometric interpretation of-pay diffraction photographs is greatly facilitated by
Ewald sphef®®, which involves the reciprocal | a

constructed by being centered on the crystal (A) and drawn with a radiustie of

reciprocal of the wavelength of-bay beam 1#-(Fig.2.2). Fromthe triangle AOB, it can be
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seenthat |OB|=2Rsim=2(1/) sing=|d*n«|. Hence if the origin of the reciprocal lattice is
shifted from the centre of the sphere (A) to the point where teetddeam exits from the
sphere (O)then OB=l*1. Thusthe condition that the real space lattices satisfy Bragg
condition is that the corresponding reciprocal lattice point intersects the Ewald sphere

while the origin of the reciprocal lattice is takan(@).

Detector

Incident
beam

Origin of
Reciprocal
lattice

Radius=1/A

Figure 2.2 The Ewald sphere construction for a setaffectingplanes at the correct Bragg angle.

2.2.1 Synchrotron radiation

Theelectromagnetic radiatioemitted when charged particles are accelerated radially is
calledsynchrotron radiation. It is produced in the injectamnteleratig system inside the
storage ring, which is like a polygon with the bending magnets at their vertices. Electrons
are generated by thermionic emission in the electron gun, and then they pass into the
bunching cavity where an alternating electric field cae$estrons to bunch together. Next

the electrons are injected into the accelerating circle, in which they are accelerated by a
variedfrequency electric field to close to the speed of light, and they emit electromagnetic
radiation whenever their trajectoris bent by a magnetic fidl$f!. The generated
synchrotron light finally goes into the beamline where certain wavelengths of the light are

selected and focused to perform theray experiment. The radiation emitted by the
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orbiting electrons covers an extnely broad range of the electromagnetic spectrum, from
the I nfr-2cnththé kard®0ay (-2onm) Dhe flux of Xrays emitted is
many orders of magnitude greater than obtainable with conventiera ¥ubes, making
the required time for angingle measurement very short and therefore allowing rapid time

series measurements with samples undergoing dynamic evolution.

2.2.2 Small angle X-ray scattering

Small angle Xray scattering (SAXS) is a reliable and economic method for analyzing
nanostrutured materials. It shares the same physical principle with othray Miffraction
techniques referred to as widegle xray scattering (WAXS). The only difference

bet ween them is that SAXS has a diffract.i
while WAXS is in the range from 0.5°to 186€. Since the scale of structure and the
scattering angle are inversely proportional, SAXS patterns contain structure information on
relatively large scales, typically in the size range df0Dnm. The scatteringnhtiensity
distribution contains information about particle size, size distribution, particle shapes and

orientation, etc.

For the SAXS experiment of AAO template samples, the setspawn inFig.2.3. The

AAO template samples were mounted on a motorizagogneter in such a way that the
long-axis of the nanochannels was set horizontal, and the samples were rotated about the
vertical axis in increments @0 = 1° during experiment. The diffraction patterns were

recorded fronu = 0°(where the channel is parallel to the beam) to close to 90?
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Rotation
axis

Figure 2.3 Scheme of SAXS experiment agh for AAO template sampleg.: t he angmy bet v

beam direction and the normal of the template.

The glass capary samples were studied by an-hiouse Xray facility. During the
experiment they were mounted on a motorized goniometer in such a way that tagitong
of the tube was set horizontal and perpendicular to the incidewnty Xeam Fig.2.4).

During SAXSexperiment, the capillary tube was rotated about its-&xg.

Incident beam

Goniometer

Figure 2.4 X-ray experimental setup for glass capillary samples.
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For the inhouse Xray facility, X-rays are produced using a Rigaku MicroMax 007
micro-focus copper rotating anode generator running at 40kV, 20mA,; the temperature was
controlled by an Oxford Cryosystems Cryostream jet, and data were accumulated using a

MarResearch MAR345 image plate detector system.

2.2.3 Grazing Incidence Small angle X-ray scattering

Grazing incidence smatingle Xray scattering (GISAXS) is a powerful tool to study
nanostructured surfaces and thin films. It combines the accessiblén Isogles of
smallangle xray scattering (SAXS) and the surface sensitivity of grazing incidence
diffraction (GIDY*¥. I n GI SAXS, a grazing incidence :
the crittohl tanglei ternal reflectign of
depending on the depth to be probed. The general setup of GISAXS is relatively quite

simple, as schematically draumFig.2.5.

Figure 2.5 Scheme of the GISAX geometry

For thin film samples on substrates, there are two critical angles corresponding to two
interfaces: air/sample and sample/substrate interface. If the incident angle used is bigger
than both of the, the diffraction pattern comes from the scattering of the primary beam. If
the incident angle is lower than the first critical angle, very weak scattering from the

evanescent wave, which travels along the surface and penetrates the filralOniyrb If
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the incident angle is somewhere in between, the largest scattering cross section is achieved,

however, multiple scattering effects have to be taken into account.

GISAXS has several important advantages over transmissitay Xxperiment for the
investigdion of coatings, films and particles on surfaces. First, theyxoeam path length
through the film plane is sufficiently long, thus a highly intense scattering pattern is
obtained even for films of nanoscale thickness. Second, the absorption by tinatsugs
minimized compared to traditional transmission SAXS due to the limited penetration depth
of the incoming beam at glancing angles near the critical angle of the substrate on which
the film is deposited. Besides, GISAXS is a very useful technigusttiolying alignment

of complex selassembled LCs on the substrate sutf4ce

In this study, samples for GISAX were prepared by casting thin films on substrate surface
via solution. The obtained thin films were heated to isotropic temperature, ansiaivin
cooled into the liquid crystal phase. GISAXS measurements were carried out at Station 116

at Diamond Light Source (U.K.).

2.2.4 Reciprocal Spacing Reconstruction

In order to facilitate the visualization of diffraction data and determine the geometr
relationship between LC columns and namptinders, 3d diffraction patterns were
reconstructed. A C program was written by Dr. X.B. Zeng to collect the data, perform the
necessary geometrical corrections and convert the data into a sth@ea@y ofdiffraction
intensities in reciprocal coordinates. As the template rotates, the reciprocal lattice points of
the LC phase successively cut the Ewald sphere and cause corresponding diffraction peaks
on the screen. Each spot (x,z) on the diffraction ima@ corresponds to a pointx(q,d;)

inthe3d reciprocal space. | f wspaca® be pgrallel toh e X
the x and z axes of the diffraction i mage

incident beam, it can be shown that
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where SD is the sample to detector distance,setig X-ray wavelength. As the template
i's rotated by a0, the axis of the reciproc
axes are parallel to the template, while the y axis is perpendicular to it, and we have:
N NAIBO N Ol

N N AIEO N OEI (2.4)

N N
From the above equations each spot on the diffraction images can be mapped into the
reciprocal space. To construct thal 3liffraction patterna cubic volume in the reciprocal
space {Q<gx,qy,qz<Q) is divided into typically 100 x 100 x 100 boxes. For each sample,
every intensity point of all diffraction images was mapped to one of these boxes. An
averaged intensity value is taken for all the pothat fall into each particular box. Theal3
diffraction pattern is then examined in ParaView (Kitware Inc.) usinginiemsity

surfaces.

2.3 Microscopy

2.3.1 Optical microscopy

An Olympus BX50 transmittedight polarizing microscope with Mettler FP8tstage
and FP90 control unit was used to observe the texture of the LCs. A Coplendgital
camera and Imagero Plus software were used to capture and process the images. A Nikon
Eclipse ME600 microscope in reflection mode was also used in thig $ifsl Elements

F3.0 software was used to process the obtained images.
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2.3.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to observe the surface of AAO templates.
Samples were coated by carbon film before SEM analysis. The sraagye acquired using
a FEl Sirion Field Emission Gun scanning electron micrscope (FEGSEM) with

accelerating voltages of 20 kV.

2.3.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was used to characterize the morphology of
mesoprous silica nanofibers. TEM experiments were carried out on a Philips EM430

microscope at a voltage of 200 kV.

2.3.4 Atomic Force Microscopy

The atomic force microscope (AFM) is part of a larger family of scanning probe
microscopes (SPM&§29 which al® include the scanning tunnelling microscope (STM)
and scanning near yeld optical mi croscope
in all SPM techniques is the use of a very sharp probe to scan across a surface of interest,
and record the interactiortsetween the probe and the surface to produce a very high
resolution image of the sample, potentially to the subnanometre scale, depending upon the
technique and sharpness of the probe tip. In the case of the AFM the probe is a stylus
which interacts dirdty with the surface, probing the repulsive and attractive forces which
exist between the probe and the sample surface to produce a high resolution
threedimensional topographic image of the surface. It was created as a solution to the
limitations of the M, which was able to image only conductive samples in vacuum. The
AFM has a number of advantages over electron microscope techniques, primarily in being
able to take measurements in air or pbuid
addition, it is arelatively nondestructive method that allows the imaging of soft matters

such as polymers, biological samples and liquid crystals in their native state.
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General setup of AFM

A typical atomic force microscope is constructed as shawAig.2.6. Asharptip is located

at the end of the cantilever and is wused
back side of the cantilever onto the centre of a posgensitive photodetector. Any force
applied on the tip will cause the cantilever to bend asttand thus produce a change in

the position of the repected spot on the

Figure 2.6 Schematicsetup of an atomic force microscope. A laser beam is reflected from the back of
the cantilever onto a fotgegment photodiode. The sample is placed on the top of a piezo tube. In

tapping mode, the cantilever is excited by a piezoelectric element tatsuilth a given amplitude A.

The most commorgonfigurationfor the photodetector is shown on the top &ffig.2.6

which is of a quadrant photodiode divided into four parts. The difference in the light
intensities between the two upper and the two tosegments of the photodiode is
measured and converted to a voltage, which is then used as an output signal, describing the
depection of the cantilever to a good ap
controls the piezoelectric scanner. A feedbaotipl continuously checks the feedback
signal, compares it to a us er-sacm@eysepardtions et p
accordingly so that the @érence is minimized. Both the sample and the cantilever are

mounted on piezoelectric elements, knows the sample scanner or tip scanner,
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respectively. While the feedback system is enabled, the scanner moves the-tgnah X
y-directions relative to the sample to scan over the surface. The necessary height
adjustments of the piezo element (in thdirection) to keep the feedback value at its

setpoint are recorded as a topographical height image of the surface.

Tapping mode AFM

Tapping mode AFM (or Aintermittent cont a«
nondestructive and high spatial resolutiorahe in order to overcome the limitations of
contact mode imaging, in which the probe remains in contact with the sample at all times
that it is easy to cause damage to both the probe and the sample. In tapping mode, the
cantilever is excited by a piezo slent mounted at the base of the cantilever to oscillate at

a value close to its resonant frequency. The oscillation is characterized by three parameters,
the frequency, the amplitude and the phase lag with respect to the mechanical excitation.
The excitabn frequency is yxed at the beginnin
parameters may be calculated from the photodiode signal and converted to amplitude and
phase signal s. I f the probe is broughHet do\
sample surface during scanning, being in physical contact with the sample at the bottom of
its swing. The forces acting upon the tip will change the resonant frequency of the
tip-sample system. In addition, dissipative interactions cause a damghmg adcillation
amplitude from its free value. Thus, as the surface is scanned, the oscillatory amplitude of
the cantilever will change as it encounters differing topography. By using a feedback
mechanism to alter theleight of the piezocrystal and maiirt a constantamplitude, an

image of the surface topography can be obtained.

One of the striking features ddjpping mode AFM is the ability to produce simultaneously
the topography and the phase images of t

obtaned by measuring the shift of the phase signal between the drive frequency and the
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frequency with which the cantilever is actually oscillating. With phase imaging it is
possible to qualitatively detect the variations in composition, adhesion, friction, and
hardness. However, it @ifficult to extract quantitative information from them because of
their complex combination. Also it should be noted that topography and phase images are
closely linked: large changes in material characteristics such as adaedistiness can

couple into the topographic image.

In this thesis, tapping mode AFM observations were performed on a Veeco Multimode

instrument with Nanoscope llla controller. OTESPA probes from Bruker were used.
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CHAPTER 3rlanar -anchored Honeycomb Phases
in Cylindrical Cavities

3.1 Introduction

Different from conventional columnar phase of discotic LCs wkach column is formed

by the stacing of individual molecules, the honeycomb phases-sh@ped molecules are

much more complex: they are formed by polygonal cylinders in which thdikeod
moieties form walls that are interconnected by columns consistiatixyl or polar groups,

and the shape of these polygons can varies from triangles, square to pentagon or to
hexagoff® 2. The polygonal cylinders have their preferred ways of coping with the
substrate surface since they have anisotropic shapes and different groups at the corner/side
of the polygons. When these honeycombs are confined in cylindrical geometries, the
physicalphenomena must be complex and interesting since there is mismatch between the
polygonal network and the curved surface. Besides, the interaction between columns could
be expected to be larger than that of nematics or discotics, and the elastic deformation

energy of the columns could be high.

It is known that theconfigurationof LCs in the cylindrical cavity results from the
competition between surface anchoring and the elastic energies of the material, and the
anchoring condition at the boundary arepafticular importance in determining their final
orientation§>%¥. For nematics, it has been observed that their anchoring manner can be
preserved in cavities with diameters well below 1 mi€fdA. In this chapter, the
configuratiors of several planaanchored honeycomb phases confined in cylindrical
cavities are investigated by means of optical microscopwgyxdiffraction, and AFM.

AAO templates and glass capillaries are used to provide different sizes of cylindrical

confinement, varying from a few tens of nanometers to hundreds of microns.
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3.2 Porous anodic alumina templates

3.2.1 Square honeycomb phases

The first honeycomb syste studied in the AAO template is the square columnar phase
(Coksqy formed by facial amphiphiles in which the polar groups are attached to a lateral
position on the rigid terphenylnits (Fig.3.1). Two compounds that can form the &l

phase were examined. Their structures and LC phases are summarized in Table 3.1.

Figure 3. 1 The molecular structure of compouAd andA,. The polar units areovered by the blue

shape.

Compound | n Phase transition (C) Lattice parameter/nn
Al 10 G -8 Colg/p4mm 94 | asq=3.9
A2 6 Cr 47 Colq/p4gm 104Colhex 111 | Asq=8

Table 3.1%°¥1 Molecular chain lengths, LC phase transitions and lattice parameters of confpound

andA,. G=glassy state; I=isotropic liquid; Cr=crystalline phase;{zquare columnar phase.

For both compounds, the orientation of their &ophase on the flat surface of glass are
determined to be planar (the long axis of the columns is parallel to the surface) by
polarized optical microscopy (POM)Fig.3.2 shows the birefringence textures of
commpund Al and A2 sandwiched between two glass slides, respectively. The samples
were first heated to isotropic liquid, and then cooled to room temperature (R.T) by

0.5C/min.
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Figure 3.2 Birefringence images oAl (left) and A2 (right) sandwiched between two glass slides,

respectively. The bar represents 100 micron.

CompoundAl can form a Cak/p4mm phadé?, the structure of which is schematically
drawn in Fig.3.3. The rodlike aromatic cores (grey) form cylinder shells with a
squareshaped cross section; the nonpolar alkyl chains form columns (white columns)
located at the corners of the squares, which run along the edges of the cylinders and
interconnect the cylindewalls; the segregated lateral polar groups fill the inner cell (blue
columns). Either inside the white or blue columns, the alkyl chains or polar chains are
amorphous. The Cgk phase has only loagange order along the-@ lattice but is

fluid-like alongthe columns.

Polar chains

AA/Ik/l chains
‘}omatic cores

Figure 3.3 Schematic drawing of the Ggl phase of compounél.
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The anchoring manner @1 on open surface is also planar, as determined by POM. The
in-plane orientation of the-& lattice on a flat surface was further confirmed@®iBAX
experiment. The geometry of GISAXS is described in chapter 2. It can be segBid
that the (100) planés parallelto the substrate surface, which means the square cell lies

with one side parallel to the LC/solid interface.

(20)

Figure 3.4 GISAXS pattern obtained from the thin film of compoukiticasted on silicon wafer.
3.21.1A1

Al in 400 nm AAO template

CompoundAl was first filled in a 400 nmAAO template.Fig.3.5 shows the scanning
electron microscopy (SEM) images of the front surface of the AAO template before and
after being filled withAl. It can be seen that the pores are fully filled while there is no

bulk residue on the surface.

N SOOI
.\‘\‘\‘\“\‘)‘\ ‘,‘;\‘
VY AN INY
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Figure 3.5 SEM images of AAO template with a diameterd60 nm a) empty; b) filled witbAl. The

bar=5pm.

The orientation ofAl in the template was first studied by SAXS (the setup of the
experiment is described in chapter 2). Prior to SAXS experiments, the filled template was
heated to 100€ and cooled slowly (0.1 K rifjninto its LC phase in order to erase any
flow-induced aliggment and establish an equilibrium organization. For compédndhe
strongest reflection is the (10) reflection of thal Zquare lattice. Selected diffraction
patternsare shown irFig.3.6. Thel -angle between the-Kay beam and the pore axis is
indicated below each pattern. A uniform (10) diffraction circle appeais at0° (incident

beam parallel to the channel axs$ shown inFig3 . 6 a . As 0O increase
condenses on the equator (equator and meridian are defined here as perpendicular and
paralleltothe lona x i s of t he nanochannel; t hus her
reaches 50°Fig.3.6¢), a newset of (11) intensity maxima appears near the meridian and,
with 0 increasing further, t h e sidiansAp the t an
| argest accessible G angle of about 75A,
and the positions of the four intensity maxima on the (10) ring describe close to a regular

square.

: Equator

Figure 3.6 X-ray diffraction patterns 600 nmAAO membranes filled witih\1 recorded at a series of
rotation angles 0O indicated in each image. The
plane. Note thatthe foyuadr ant sectori zation i n tehsaturalign0 A p a

of the detector with the intense central scatter originating from the AAO nanopores.
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In order to facilitate the understanding of this change of the diffraction patterniwith
angle 3-d diffraction pattern was built combining all those neleml images. The result of

the complete reciprocal space mapping of the three strongestasgldireflection groups

{10}, {11} and {20} for Al confined in the AAO template, are shownFig.3.7. The
contour map shows a singlevel isointensity surfacehosen so as to capture the essence
of the 3d intensity distribution in reciprocal space coordinates. It can be seen that the map
is consistent with the squared2reciprocal net being rotationally averaged around a [10]
axis, i.e. an axis in the net plaraher than perpendicular to it. According to the geometric
relationship between the template and the incidersyxbeam, this [10] axis can be
determined to be parallel to the leages of the nanochannel, as indicated by the black

dashedine in Fig.3.7.

Sample rotating axis

Long-axes of
nanochannels

Figure 3.7 3-d diffraction patterns of1 confined to400 nmAAO in reciprocal space coordinates. The
isosurfaceis set to an intensity level such that the reciprocal space distribution of all three strongest
reflection groups, i.e. {10}, {11} and {20}, could be shown simultaneously. The dashed black line
indicates the orientation of the nanopores in the AAO. Thatimmous background scatter
predominantly originating from AAO was subtracted by means of a custdten 3-d fitting algorithm.

The breaks in the rings are mainly due to absorption-k#ys by the AAO. They are most prominent in
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the plane containing theanopore axis and the axis of rotation (the blue semitransparent plane), as
diffraction forU = 90°is not accessible. The yellow lines are guides to the eyes.

Fig.3.8 illustratesschematically the expected distributions of reciprocal {10} points of a
square columnar phase for the three hypothetical possibfeguratiors of columns within

cylinders, i.e. axial (a), radial (d) and circut@yncentric (e).

a

Channel axis

d

Figure 3.8 a,d,e) Three possible spec@infiguratiors of columns of the Cg}, phase (yellow) in a
cylindrical nanochannel: a) axial, b) radial and c) circular concentric; (b,c,sglf§matic of the
reciprocal space (rings) and the Ewald sphere of diffraction for the corresponding orientations of the

columns. The {10} and {11} reciprocal points are distributed differently in (b,c) and (f,g,h).

If the orientation of the columns wasiailx(a), i.e. if the columns were parallel to the
nanochannel axis and the-d2 lattice was perpendicular to the channel axis, the
situation .depicted in the top row &ig.3.8 would have applied. All reciprocal points
would have been in the equatorial gaand the rotational averaging about the pore axis
would have created a series ofglanar concentric ringg=(g.3.8b). Thus forany F > 0

we would have observed diffraction spots on a vertical line or close to it, i.e. where the
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rings cut through the Evdisphere. However, as seenfig.3.6, atF > 45°nonequatorial

{11} reflections appear. In the radial (b) and circed@ncentric (e) situations, the columns

are perpendicular to the loraxes of the channels and thel 2attice is always on planes

that are parallel to and rotating around the channel axis. Since the [10] direction is
perpendicular to the channel axis, the reciprocal space lattice points rotate about a [01]

direction and form rings arranged exactly as showfig.3.7.

It can be clearer when we rotate the reciprocal space of these passifiguratiors,
respectively. The middle and the right columng$-wf.3.8 show the reciprocal space when,
respectivel y, IdFig3.8 @M, alratipracal {10} goitd are condensed

in one ring. For 04 = 0 the ring iIs suffic
circle in the diffraction pattern, the same a$1ig9.3.6a. As the {10} reciprocal ring rotates
with i ncr ea&isphgre intersécts & onfy wmawo points near the equator, as
indeed observed (e.frig.3.6b, 0 =30). However, the experimental observed appearance

of meridional diffraction arcs and their subsequent splitting into four spots is inconsistent
with situaton in Fig.3.8(ac). Hence, the axiadlignment of the columns could be ruled

out.

For radial and tangenti@lonfiguratiors, on the other hand, the {10} and {11} reflection
groups are separated in three rirfgig.3.8 shows how the three rings are generégthe
rotation of the 2 reciprocal plane about a [10] direction. Accordind-ig.3.8 (f,g), att

= 0 again a uniform (10) diffraction circle is observed, which also condenses at the equator
for G > 0. danound BW5°feur additisnal ar€ appear as the other two rings

of the {11} group intersect the Ewald sphefEhe leftright asymmetry observed in
Fig.3.6¢ forl = 50°is due to the curvature of the Ewald sphérseeFig.3.89. Thus, the
observed changes in the diffraction pattern inethigre range ofi angles Fig.3.6) and the
reconstructed reciprocal space mim@3.7) are consistent with scenarios involving either

radial or tangential orientations of the columns displayed in the bottom Heitj.818.
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Since the columns are plaranchored on the flat surface of glass which has similar
polarity as that of alumina, inside the nanochannels of AAO the columns should be
planaranchored on the wall surface as well. Under this anchoring condition, the radial
configurationcould be ruledbut. However, it remains unclear what happens close to the
symmetry axis of the nanochannel since the concentric ring arrangement can not extend to
the center of the cylinder due to the increasing curvature. The core can either be filled with
isotropic liquid, or by hexagonal mesophase with defects. However, SAXS experiment can
only give the averaged information over the entire irradiated volume which covers many
nanopores and is insufficient to solve this problem. Thus atomic force microscopy (AFM)
iIs empbyed to further explore the orientation of columns inside individual nanochannel.
The AFM measurements were performed using a Nanoscope llla Multimode SPM in
tapping mode. Aluminiuatoated silicon cantilever with a tip radius efl@nm was used.

First the AAO template (diameter o400 nn) filled with A1 was heated to 100€ and
cooled to R.T. at 0.1€/min. AFM observation was first performed on the top surface
where the nanopores end. It was hoped that the orientation of the LC columns inside the
nanopore cold be preserved to the very opening where the LC/air interface is involved,
and also the top surface could be smooth enough for the tapping mode scanning. The
obtained phase images afgown inFig.3.9. It can be seen iRig.3.9a that one pore at the
lower left corner is overfilled with the material, while the other three at the upper right are
well filled and flat at the center. Further zoom in scanning was performed on the central
region of these well filled pores. In the higher resolution imagg.3.9b) individual

columns that form concentric rings can be seen clearly.
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£ *

Figure 3.9 AFM phase images obtained from the top surfacg6fnmAAO template filled withAl. b)

is higher resolution image from a).

The width of the narrow cylinders packed at the centre is about 3.9nm, which is consistent
with the squarelattice parameter calculated from the SAXS data. A screw dislocation can
be seen at the center of the pore, which released the bend deformaticoutdheide
bundles could be artifact due to the stiff edge at the end of the nanopore where the probe

couldndét reach the sample properly and was

This result indicates that the columns are concentric circular close to thefwiale
nanochannel, while traversing straight through at the centre with defects. However, the
orientation of LC columns at the opening of the nanopores could be different from that
inside channels, and the inner part of the template needs to be &xpi@red. In order to

see directly the orientation of LC columns inside the nanochannels, the AAO template
filled with A1 was cracked along its channel axes. We first tried to crack an d@ptym
template by applying a pressure on the top surface. Bbtufe surface was examined by

SEM as showin Fig.3.10.
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Figure 3.10 ac) SEM images of the fracture surface of empty AAO template with a diamet@0of

nm. b) and c) are zoofm images from the frame 1 and 2 in a), respectively. d) Schematic dravin
the cracked AAO template. The markers indicate area 1 and 2 in a), respectively.

In Fig.3.10a, groves and holes can be seen, as indicated ih anel2. Fig.3.10b and c are
the higher resolution images of areand?2, respectively. It is clear &t these terrains are
formed when the fracture surface cuts the template either parallel or at an angle to the

nanochanneldsig.3.10d is a schematdrawing of the cracked AAO template. This kind of
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crack turns out to benefit the AFM observation latecesiih exposes different surfaces of
the confined LC phase. Tapping mode AFM experiment was then carried out on the
fracture surface of thé00 nmAAO template filled withAl. The sample was observed at
R.T. immediately after being snapped in order to avoid any reorientation of the LC

columns.

The tiltedcut area (are@ in Fig.3.10a) was first examined and the results are shown in
Fig.3.11. It can be seen that the fractsueface is relatively smooth and clean. In this area

the nanopores were cut into ellipsdsg(3.11a). Fig.3.11b is a zooan image from
Fig.3.11a which shows only one pore. It appears that the LC columns form circular
concentric bundles and two strenghl/2 disclinations at the centre. fig.3.11c, curved

steps on the background of the tilted square lattice are clearly observed. This morphology
is formed when the fracture surface cuts the square array at an angle; in those areas the
fracture surface amars to be close to the (210) crystallographic plé&ige3.11d shows

the zoomin image of the center dfig.3.11a. It can be seen that colsngo straight

through the pore center, connecting the two disclinations.
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Figure 3.11 Tapping mode AFM phase images obtained on the {dltédracture surface of th&0 nm
AAO template filled withAl; b) zoom in image of one poia a); c), d) and e) are high resolution

images magnified from b); The small steps in ¢) are truncated columns left on the top of the surface.

Two strength S=1/2 disclinations can be seen at the center in d).
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Schematic drawing of the circular concentriduoons cut at an angle shown inFig.3.12.
On the right ofFig.3.12 it shows how it looks like when the part of columns above the

cutting plane is removed.

g

Figure 3.12 Schematic drawing of the circular concent@dumns being tilted cut by a plane.

Figure 3.13 AFM phase image showing a nanochannel o#®@ nmAAO template filled withAl cut

by the fracture surface nearly parallel to the lamgs The rough areas are AAO.

Turning to the paralletut fracture surface, it shows a bandusture running along the
symmety axis of the nanochanndtif.3.13). The width of the band is about 70nm, which

is close to the width of the straiggtown columnghat connect the two disclination, as

48



Chapter 3 Planaranchored Honeycomb Phases in Cylindrical Cavities

marked inFig.3.11d. We suggest thisvwehere the fracture plane cutting across the straight
columns at the center of the cylinder and running between the two disclination lines
parallel to the nanochannel. Thus th&M observation gives decisive support for the
concentric circularconfiguration with two disclination lines running parallel to the

symmetry axis of the cylinder.

Now that we have determined thenfigurationof the columns inside the nanopores, the

next question we need to answer is why the columns choose to orient perpendicular rather
than parallel to the channel axis, since the latter seems to be a more reasonable solution for
columns grown in 4 cylinders where planar anchoring is favored. In circatarcentric
configurationthe denselypacked plane of the square lattice is parallel to the surface, as
indicated previously by the SAXS patternsHig.3.4. Thus the free energy mainly comes

from the bend deformation of the columns. On the other harakiah orientation where

the columns are parallel to the channel the bend deformation would be totally released.
However, since a dense plane of thd &quare lattice prefers te parallel to the wall

sur face, it couldnot mdaistortidn, particidarlycserious ilten s u r
approaching the center, as schematically drawiigr8.14. Thuswe speculate that axial
orientation of columns is prohibited by the strain energy of tideldtice caused by the
curved surface. The lattice strairagtic constant appears to exceed the bend constant k

by far.

Figure 3.14 Sketch of the axially oriented Colsqu columns of compAihtling on the wall surface of
the400 nmAAO template. The column axis is perpendicular to the plane of the paper. The curvature of

the surface is not exactly to scale with the size of the square.lattice
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Al in 60 and 20 nm AAO templates

The orientation of the columns of Al in 60 aB@@ nm AAO templates were further
examined by SAXSAs could be expected, the diffraction spots are considerably broader.
The diffraction patternsFig.3.15) reveal that the columns are still perpendicular to the
channel axis evein 20 nmAAO template and the (1@lanekeepsparallelto the surface.
Besides, it can be seen that the square lattice is distorted: the (10) reflections on the equator
are apparently located at a smaller diffraction angle than the (01) reflections on the
meridian, as indicated by the bldashed circles. This means part of the square lattice was
distorted into rectangular, with the average radial spagighigger than the axial(gl).

This unequal spacing can be explained by the model proposed forfigurationof A1

in 400 nmAAO template. Considering the size of the pores, the arrangemévit iof 60

or 20 nmpores should be similar to that at the centre of46@ nmpores where the
columns are irthe bipolar configuration as schematically drawn iRig.3.9b. For this
configuration the diffraction mainly comes from the splayed columns at the ceshiicd

take up most the volume of the cylinder and gives rise to the increased spasifyso

the bipolarconfigurationmay release some of the bend deformation while theedsed
curvature may largely distort thelattice if the columns go axial, which keeps the LC

columns from axial orientation.

: Equator

-4(10) P
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Channel 1 ] 1
______ ; ‘ (01) 4

long-axis

60nm 20 nm

Figure 3.15 SAXS patterns of compourdl filled in 60 and20nmA AO t empl ates recor d

respectively. The blue dashed circles are just guide to comparegaeitg of (10) and (01) spots.
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3.2.1.2 A2

Turning tocompound A, it has a shorter terminal group, and displays two different liquid
crystalline phasg®” (Table 3.1). In this chapter, only the p4gm phase was examined. The
Colsq/p4gm phase is also made up of cylinders, but in this case wpghntagonal
crosssection, as shown ifrig.3.16. The polar lateral chains fill the interior of these
cylinders, and the columns of the alkyl chains interconnect the cylinder walls. These
pentagonal cylinders can only organize in a regular and periodicf\tfagyiform cylinder

pairs (indicated by dotted green lines). These pairs have symmetry higher than that of the
individual pentagonal cylinder and adopt a 90 °turn herringbbkes packing, leading to

the p4gmilattice.

The periodic organization of peg@nal cylinders is the most remarkable cylindrical phase
since the regular pentagon with identical sides and angles cannot tile up the plane.
However, the liquid crystalline state allows sufficient deformation of the pentagon as
required for the regularling. The rigid aromatic units also tend to restrict the side length

of the polygons within relatively narrow limits, giving rise to columns with a-defined

polygonal shape.

Polar chains

‘A/Ik/l chains

Aromatic cores

Figure 3.16 Model of the organization of compoundl2 in Colg/p4gm phase: blue columns
incorporate the polar lateral groups; white columns incorporate the alkyl chains interconnecting the

terphenyl units at the nodes. The green dalhes indicate the pentagonal cylinder pairs.
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The GISAXSpattern Fig.3.17a) obtained from a well oriented film A2 on silicon wafer
reveals that the -8 square/p4gm lattice exhibits two orientations with respect to the
substrate surface: the (10) planeorientationl (as indicated by the red lattice), and the
(21) plane in orientatior?2 (blue lattice), are parallel to the surface, respectively. The
organization of molecules @2 in the unit cell is schematically drawn king.3.17b. It can

be seen thatvhen the lattice is cut along the (20) or (21) planes by the substrate surface,
the interconnected pentagonal cells require least deformation, whisimiiar to the

situation forAl where the square lattice chooses to be cut along the (10) plane.

Figure 3.17 a) GISAXS pattern obtained from a thin film A2 castedon a silicon wafer; b) Schematic

drawing of the 2 lattice of Coly/p4gm phase tiled by identical pentagons.

The configurationof CompoundA2 in 400 nmAAO template was studied by SAXS using
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the same procedure and setup as that of compAlingig.3.18 shows the SAXS pattern at
0=79A when the sample was heated from R. T
p4gmlattice. It indicates that the columnsA2 are oriented perpendicular to the leags

of the nanochannels. Considering the planar anchorimglitmn of the columns, we
conclude that the pentagonal columns also form concentric circofdigurationin the

nanochannels.

>

Channel

long-axis

A

Figure 3.18 SAXS pattern of compoundl2 filled in400nmA AO t empl ate recorded a

and dashed black lattices indicate orientafi@md?2 of the 2d lattice, respectively.

Furthermore, the -# reciprocallattice also adopts two preferred orientations with respect
to the axes of the nanochanneds, indicated by the red and the blue dashed lattices.
Comparing the diffraction pattern Fig.3.17 with that inFig.3.18, it can be seen that the

two preferred orientations are the same: the (10) plane in orienfatiod (21) plane in
orientation2 are both parallel to the LC/substrate interfae@her with respect to the flat
surface of the silicon wafer or the curved wall surface of the AAO nanochannel. It suggests
that the columns with pentagonal cr@estional shape lie on the surface of the cuwald

in the same manner as that on the flat surface, in which-thiatBice is the least deformed
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after being cut by the LC/solid interfadgesides it can be seen that the orientations of the
2-d lattice on the flat open surface are less fixed thah ittede the nanochannel, as
implied by the arcishaped diffraction intensities iRig.3.17a and the sharp spots in
Fig.3.18. This could be explained by the fact that inside the nanopores the interface
between the LCs and solid surface is much larger thainon the freesurface, thus the

surface effect on the orientation of thel Zattice is much stronger.

3.2.2 Hexagonal honeycomb phases

The second honeycomb phase investigated is a columnar hexagonal phagef¢@uakd

by a facialamphiphile (compond A3®%) with relativelyshort terminal chains, as shown in
the upper image d¥ig.3.19. The model of the hexagonal honeycomb phase formé® by

is schematically drawn on the left of the image.His tnodel, the blue columns contain the
polar laterally groups and arrange on a hexagawhlattice. Each polar cylinder is framed
by six rodlike terphenyls (grey) in a stratum within the cylinder shells. The white columns
at the cell corners containkgl terminal groups, which interconnect the wall of the

cylinders.

Polar chains

Alkyl chains

Aromatic cores

ol A oo

OH OH >

HO/\])\]/I\/N

OH OH 0]

Figure 3. 19 The molecular structure of compouA8 and the model of the molecular organization in
the Co}ex phase. The polar units are covered by the blue shape. Phase transition tersp€atg6€

Colhep6mm 97€C |; Colnex phase lattice parametegy@4.2nm.
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Fig.3.20a shows the birefringent texture of compodddsandwiched between two glass
slides. The typical fatike texture indicates the columns are plaaachored on the
surface. he orientation of the-#8 lattice on the surface is further determined by GISAXS
experiment Fig.3.20b shows th&ISAXS pattern obtained from a thin film 8f3 cast on
the silicon wafer. It can be seen that the (10) plane is parallel to the substrate surface.

w Y

Figure 3.20 a) Birefringence texture of compoud® sandwiched between two glass slides (the bar
represents 100 micron); b) GISAXS pattern of a thin film\8fcast on the siliconvafer; ¢) Sbematic
drawing of the 20 hexagonal lattice 0A3 lying on the substrate with its (100) plane parallel to the
surface. The axis of the column is perpendicular to the plane of the paper.

The orientation of the hexagonal lattice on the surface as determined is schematically
drawn inFig.3.20c: the hexagonal lattiée cut through by the substrate surface parallel to

the (10) plane. It can be seen that for the hexagonal lattice, it isintadtwhen being

cut in this way. Thus this oriented anchoring could be explained by the same mechanism as
that of the p4mm or p4gm square lattice on the surface:-thiattice chooses to be cut in

a way that the lattice distortion energy is the lowest.
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A3 in 400 nm AAO template

The orientation oA3 in the AAO template with a diameter 400 nmwas then studied by

SAXS experiment. The selected diffraction pattesrshown inFig.3.21. The strongest
reflection for A4 is the (10) reflection of the-@ hex a g o n a | | at t escthe. As

i ntensity condenses on the equator. When
maxi ma appears near the meridian and spli
further. At t he | a ralgpet 8@ theapositiens sfithke biwtensity a n g |
maxima on the (10) ring described close to a regular hexagon. Analogous behavior is also
observed for the (20) reflections, taking account of the curvature of the Ewald sphere.

Furthermore, equatorial (11) refc t i on ar cs appear at around

of f the equator with increasing u.
:Equator
|
. (20) 11"
(11) ¢ (10 y > : .
Channel / '( ) (01)' o ' . v
“long-axis _ '
v | b
. L

30° 55° 80°
Figure 3.21 SAXS patterns oi00 nmAAO membranes filled with compounds3 recorded at a series

of rotation angles 0, as indicated at the corne

This change of the diffraction patterns reveals that the columns of the Qluhse are
perpendicular to the lorgxes of the nanochannels. Again, considering the planar
anchoringmanner of the columns on the flat surface, we suggest the columns are in
circular concentricconfiguration inside the nanochannels. The azimuthally narrow
diffraction spots indicate that thed2hexagonal lattice is well oriented with its (10) plane
parallel to the wall surface. This is consistent with the orientatigkBadn the flat surface

where the & lattice chooses to be less distorted.
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It is surprising that when A3 is filled in tr0 nmAAO template, the columns are still
perpendicular to the longxis of the nanochannel, as revealey the SAXS pattern
recorded ati = &(5Fig.3.22). Compared with the diffraction patterntat €in Fig.3.21,

the diffraction spots of the0 nmtemplate sampl are elongated vertically. This is because
the size of A0 hexagonal lattice along the radius of the channel is now restricted to less

than20 nmand the reflection domain in the reciprocal space is elongated along the radius.

Channel

long-axis

Figure 3.22 SAXS patterns of the 20 nm AAO membrane filled with compou8srecorded at

ua=8&5

3.3 Glass capillaries

In the nanopores of AAO templates, no axial orientation was observed although it seems
plausible that theplanaranchored columns should be parallel to thd &hannel. We
suggested this is because in axial orientation the polygonatseoten of LC cylinders
canot mat ch t he -d lattioe emduld el strbnglg distortet! larel th@
distortion enegy of the 2d lattice (&) would exceed the bend deformation energy (&
circular concentric orientation. When the pore size decreases, hotindEEg should
increase. However, even 20 nmpore we found the columns are still perpendicular to the
chanrel. When the pore size increases, on the other hand, patidHg should decrease,

thus the orientation could change depending on the relative rate of changerud E

with the curvature.
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Conventionally anodization can yield ordered alumina nanopeitéspitch and diameter

up to 500 nd{®89. In order to examine the orientation of the honeycomb columns in larger
cavities, glass capillaries were employed in our study. The polarity of the inner wall
surface of the glass capillaries is similar to thaalofmina, thus the investigation of LCs in

them can be considered as an extension of the study of AAO templates, which extends the
examined cylinder sizes from tens of nanometers to hundreds of microns. Also they
provide the opportunity to obtain the infoation of the orientation of columns from a
single cylinder by Xray diffraction, by which theonfigurationof the columns could be

directly determined.

Besides, we used square capillaries to further change the balance bej\aadriEin the
square cpillary. The mismatch between the polygonal columns and the wall surface is
largely released thus the bending energy should become dominant. As a result, axial

orientation of the columns can be expected.

3.3.1 Round capillaries

Round capillary tubes witinner diameters (ID) of 0.1mm and 0.5mm were purchased
from Capillary Tube Supplies Ltd, and 50 micron ID capillaries were purchased from CM
Scientific Ltd. Other glass tubes with smaller sizes were obtained by stretching the 50
micron ID capillary at hightemperature. LCs were melted and infiltrated into the
capillaries by capillary force. All filled samples were slowly cooled (0.1€/min) from their

isotropic temperatures into LC phases before further investigation.

Square honeycomb phase:

CompoundAl was filled in a 6.5 micron ID capillary, which was obtained by drawing the
0.1mm ID capillary at high temperature. The diameter of the capillary was determined by

optical microscope Fig.3.23a). The orientation of the columns was first studied by POM.
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When observed between two crossed polarizers, the tube filled Adthshows the
strongest birefringence at 45°to one of the polarizéfg).3.23b) and the birefringence
gradually becomes weak when the tube is rotated to close to parallel to one of the
polarzersfig.3.23c). This indicates that the optic axis of the LC columns is either
perpendicular or parallel to the lo@agis of the capillary tube. A wedged retardation plate
was used to further determine the orientation of the columns. The wedged plate was
inserted at the position suchtllag r et ar dati on was at the ce
axis at +45°to the polarizer. Thus without the sample present, a magenta color region
would be seen at +45°%o0 the polarizer. When a birefringsamhple is observed through the
microscope with the compensator in place, the color would change according to the
orientation of the sample. If the slow axis of the sample and the compensator are parallel,
the total birefringence is increased, and th@stwill appear second order blue. If the slow
axis of the sample is orthogonal to that of the compensator, the total birefringence is
decreased and the stripe will appear second order yelog3.23.d,e shows the
corresponding images with the compensatgplace. From these images we &ay that

the orientation of the slow axis of the sample is parallel to the tube. Since the slow optical
axis of the honeycomb columns is along the -likel aromatic cores, which are
perpendicular to the lorgxis of thecolumns, we can conclude that the LC columns are

perpendicular to the capillary tube.
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air

LCs 6.5 micron

.

Figure 3.23 a) Optical microscope image of compoufd filled in a 6.5micron ID capillary without

polarizer; b) the capillary is oriented 45°to the crossed polarizers; c) the capillaryeigeiticlose to
parallel to one of the polarizer. d) and e) with the compensator in place. The red line indicates the

orientation of the slow axis, which is +45%o the polarizer.
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The orientation of the columns was further studied by SAXS. The capillary was mounted
horizontal and perpendicular to the incident beam. The tube could rotate about-asi®ng

and the rotating angle 0 was ¢ ontriment,theed b
capillary was rotated 180°about its loraxis and was exposed by every 57 However, the
diffraction pattern did not change as the capillary was rotated around its axis, as shown in
Fig.3.24.a. Besides, thd @) planeof the square lattice idveays parallel to the axis of the
capillary tube, and the intensibf (10) on the meridian is always much higher than that of

(01) on the equator.

Incident beam
tube

axis

a b

Figure 3.24 a) SAXS pattern of compourfil in 6.5 micron diameter capillary; b) Schematic drawing

of columns inside the capillary tube: only columns in the blue areas can contribute tg tiheefixity.

These results indicate that the columns are in concentric circatdiguration in this
configuration as schematicallgrawn inFig.3.24b, atanyy angl e, only col
areas satisfy the condition of leangle diffraction of a horizontally incident-day beam

and contribute to the (01) intensity, while all the columns can contribute to the (10)
intensity on the meridian, which explains th#etence in the intensity of (01) and (10)

spots.

When a 0.1mm inner diameter capillary was filled with compoAdd the diffraction
pattern(Fig.3.25) showedconcentric rings which can be indexed as (10), (11) and (20)

according to their ¢pacings. Tis indicates that the columns are randomly oriented. Thus
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at this diameter the curvature of the cylinder circle cannot provide sufficient guidance for
the columns: the deformation of thedZattice and the bend deformation of the columns
along the circleare both small and comparable to each other due to the small curvature and

therefore the columns can grow in random direstion

Figure 3.25 SAXS pattern of compoundil in 0.1mm diameter capillary.

Hexagonal honeycomb phase

For compoundA3, the circular concentriconfigurationwas found to be preserved in
capillaries with diameters as large asrm. Fig.3.26 showsthe SAXS pattern oA3 in 50

micron, 100 micron and 0.5mm ID capillaries, respecyivel

a (20) b c
(11)
L) (02) i -
tube ¢ {01) / \
axis @ & ! & ' 4
. ’ N T
- / 5 - *

Figure 3.26 SAXS pattern of compoundl3 in round capillaries of different IDs: a) 50 micron; b) 100

micron; ¢) 0.5mm.
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For 50 and 100 micron ID samples, the hexagonal pattern was obseredyt G ang |l
(Fig.3.26a,b), which suggests the circular concemicfigurationof the LC columns. It is
surprising how sensitivihe orientation of the columns is to the tiny curvature of the wall,
considering the huge difference between the radius ofdhenn and the tube. Besides,

the (10) plane of the-@ lattice is still parallel to the lorgxis of the tube. It again
indicates that the orientation of theddattice is determined by how it prefers to be cut by

the LC/solid interface. However, whé&8 was filled in 0.5mm capillary the orientation of

the columns became isotropic, as indicated by the diffrachgs inFig.3.26¢

3.3.2 Square capillaries

Square capillaries with 50 microninternal crossection were purchased from CM
Scientific. Fig.3.27 showshe reflection mode optical micrograph of the cresstion of
the square capillary. The capillary was originally open at both end, and the LC sample was

filled at its isotropic temperature by capillary force.

¥

50 micron

Figure 3.27 Reflection mode optical microscope image of the ceasdion of the 50%0 micronID

square capillary.

The orientation of compound3 in the square capillary was investigated by SAXS.
Fig.3.28 shows the diffraction patternosbt ai ned at di fferent rot
long-axis of the capillary. During the rotation, at one point the diffraction pattern shows

only sharp (10) spots on the equatfig@3.28a).L et 6 s ar bi t r°aatthid y as
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direction. When the tube ot at es °, bre oflithel(10p spots disappears first
(Fig3. 28b) , then the other one d-ike mtpnsigear s a
fl ash ‘a(fFig3d=23BC ) 60a(rFid.3.28dy respectivelyWhen G r éache:
(Fig.3.28e), the two strong (10) spots appear on the equator again, with another four
off-equator (10) spots. Similar series of patterns at the spéacdiegles could be repeated

even when the capillary was moved along the axis for about 2.5 mm

: Equator
a 1 b C
1
* (10 - i
tube
a;ig@r ¢ ¥ 4
A4 L2
ua=0A o =1.5° o =30°
d e N
f %
- @
¥ 4 b 4
! p
U =60° o =90° ANSAN AN

Figure 3.28 SAXS patterns of compound A3 filled in 58& micronID square capillary. a) to d) are
obtained at different rotation angles of the capillary about its-éxigy a) @ b) 1.57 ¢) 307 d) 607 e)
90 f) Schematic drawing of the cross section of the square capillary. Cross sectidaBcoflumns are

symbolized by hexagons.

Considering the planar anchoring manneA8fon the flat surface, these changes of the
diffraction pattern indicaté¢he columns are mainly oriented along the tube, and tie 2
hexagonal lattice mainly has two orientatioe#ther of them are with the (10) plane

parallel to the wall surfaces. The fdifction patterns ifrig.3.28a and e should be obtained
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when the incident beam was perpendicular to the square capillary surface. However the
columns are not all strictly parallel to the tube axis but can tilt away with certain
distribution angles, as inchted by the artke (10) spots irFig.3.28c and d. Besides there

Is still a small portion of columns are perpendicular to the tube axis and go across the tube
from one side wall to the opposite side, as can be told from the four weaker off equator
intengties in Fig.3.28e. Indeed in this organization the mismatch between the two
perpendicular oriented domains of hexagonal lattice could be expected, and there should be
grain boundaries at the corner of the squar&ign3.28f. However, compared with the
concentric circularconfiguration the bend deformation is now largely released. Most
importantly, the distortion energy of thed2lattice at the wall surface in the axial
orientation due to the curvature of the round capillary is also released by the gopfée

of the tube. The square capillary filled with sample was also examined. However the

orientation is quite poor.

3.4 Conclusions

In this chapter we studied the orientation of square and hexagonal honeycomb phases in
cylindrical confinement wher the planaanchoring is favored at the wall surface. In 400

nm AAO template theconfigurationwas determined to be concentric circular for all the
samples examined, and two disclination lines were directly observed by AFM for
compoundAl. However in 60 ad 20 nm templates, thionfigurationis suggested to
transform to bipolar due to the increased curvatbethermore, the-# lattice was found

to have preferred orientations with respect to the wall surface, in which the polygons are

least deformed adt being cut by the LC/solid interface.

Further, we used glass capillaries to extend the study of honeycomb phases in cylindrical
confinement to micrometer scale. In 6.5 micron round capillary, circular concentric
configurationof A1 was revealed direlgt by SAXS experiment, and it was surprising that

for compoundA3 the circular concentriconfigurationcan be preserved in capillaries up to
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100 micron ID tube. When further increasing the tube diameter the orientation of the
columns became random. Bn50 micron square capillary, the columns AB were
revealed to be oriented along the tube. Two orientations of the hexagonal lattice coexist,

due to the square profile of the tube.

Thus we suggested the orientation of the honeycomb columns inside thericgl
confinement is determined by the competition between the distortion energy ofdthe 2
lattice and the bend energy Bf the columns. When £E, the columns are willing to

bend and follow the tangential alignment, and wherBgthe columns can baxially
aligned. For the round cavity,qEand E both decrease as the curvature of the wall
decreases. However, no axial orientation was observed for any size of circular pores
examined, implying that Hs always larger thanyEIn the square capillary,nothe other

hand, the distortion of the-@ lattice on the wall surface is largely released, and the axial

orientation becomes possible.
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CHAPTER 4 Homeotropic -anchored Honeycomb
Phase in Cylindrical Confinement

4.1 Introduction

In this chapter the orientation of hexagonal honeycomb columns in cylindrical confinement
where homeotropic anchoring applies is stddiFor the planar anchoring condition, as
described in chapter 3, the columns choose to bend and follow the circle of the cylinders
and the energy cost is mainly due to the bend of the columns. For homeatroparing,

on the other hand, the situationtotally different: close to the wall surface the columns
favor ordering in the radial direction, thus there would be competition between the surface
and the spray energy of the columns; also there arises problem of how the polygons of the

end of the colmns tile the curved surface.

In the study of nematics in cylindrical confinement, it was first thought that with
perpendicular boundary conditions the nematic director field would consist of only a radial
component with a line disclination along the cylinder 'disCladis and Klemd#* and
Meyef*® have shown that the high cost of splay deformation energy in the center of the
cylinder could be relieved by introducing a finite amount of bend deformation. This results
in a continuous dactor field that is planar radial near the cavity wall but escapes into the
third dimension along the cylinder axis. In the honeycomb phase, the polygonal shaped
columns have large width and axial connectivity, therefore the splay congtastriuch

higher than that of the nematics. Here we studied the orientation of the honeycomb phase
in the nanopores of AAO templates and glass capillaries by means of P@, X

diffraction and AFM.
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4.2 The compound

In contrary to the planaanchored honeycomb colunsistudied in the previous chapter, the
homeotropieanchored honeycomb columns consist ofhaped bolaamphiphiléd
(compoundB1). The molecular structure of sgpoundB1 is shown inFig.4.1, in which

the position of the amphiphilic groups is reversed to that in facial amphiphilepolkdre

units (highlighted by blue ellipses) are at the termini of the aromatic core, and the alkyl

chain is attached to a lateragution.

w chains

Aropnatic cores

Polar chains

/

Figure 4.1 The molecular structure of compouBd and the schematic drawing of G@lphase. The
polar units are covered by the blue shapes; Phase transition temperatures: Cr 2QP60uh161C I;

Colhex phase lattice parametegq&3.5nm.

The hexagonal honeycomb phase formedBiyis schematically drawn on the right of
Fig.4.1, in which the rigid rodike biphenyls (grey) make up the walls, the diol terminal
groups form thecell cornergblue columns), and the semiperfluorinated laterally attached
alkyl chains (white columns) fill the interior of the cells. There are several distinct effects
of perfluorinated chains which can influence the-sedfanization of such molecules. First,

the perfluorinated segments are incompatible with hydrogenated molecular parts and also
with polar segments. This fluorophobic effect usually increases segregation and stabilizes
the mesophases. Second, perfluorinated chains occupy a significantly larger ttwdunme
alkyl chains of the same length. Finally, such chains have preferred conformations (helical)

which are different from those adopted by alkyl chains.
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When cooled fromisotropic state (0.1Cfmin) to R.T, the thin film of compouriil
sandwiched betweetwo glass slides showed dendritic textures with a weak contrast in
transmitted notpolarized light Fig.3.18a). However, when creg®larizers were used, the

film became darkKig.3.18b) independent of the rotational position of the sample between
the poérizer and the analyzer. This observation is characteristic of homeotropic alignment
where the optic axis of the columns, which is parallel to the column axis, is perpendicular
to the substrate. As a consequence, the polarized light travelling througgntpée does

not changeand is totally stopped by the analyzer. The bright straight imég.3.18bare
tumbling defectdetween neighboring domains. When the two glass slides were sheared
with respect to each other, the whole film became bright underctbsspolarizers

(Fig.4.2c), indicating the columns were tilted by theasimg force.
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Figure 4.2. Optical microscope images BfL sandwiched between two glass slides: a) observed without

polarizer; b) with cross polarizers; c) the two glass slides were sheared with respect to each other.

4.3 AAO templates

4.3.1 B1 in 400 nm AAO template

The orientation ofB1 in the 400 nmAAQO templae was first studied by SAXS. The
membrane was filled as described in chapter 3. BeforayXexposure, the sample was
heated to 165€C and then cooled to R.T at 0.1C/min. Selected diffraction patterns are
shown inFig.4.3. The strongest reflection fBrl is the (10) reflection of the-& hexagonal

|l attice. As 0O 1 s i ncroenastehde, etghueationrt. e nVghietny

557 a new set of (10) intensity maxima appears near the meridian and split and move
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rapidly away wit.h At itnlce elasri gygs tf uad chessi bl
positions of the six intensity maxima on the (10) ring described close to a regular hexagon.
Analogous behavior is also observed for the (20) reflections, taking account of the
curvature of the Ewald $ere. Furthermore, meridional (11) reflection arcs appear at

around @ = 25A, then split and move off tF

: Equator

Channel ‘o

Figure 4.3 SAXS patterns 000 nmAAO membranes filled with compoundsl recorded at a series of

rotation angles 0, as indicated at the corner o

The complete reciprocal spam@pping of the three strongest snaaible reflection groups

{10}, {11} and {20} for compoundB1 confined in the AAO template are showrFig.4.4.

This map is consistent with the hexagonal 2eciprocal net being rotationalpveraged
around the axis of the nanochannel. Hence the column orientation in the nanopores again

cannot be axial but either radial or tangential.
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ochannel
g-axis

Figure 4.4 3-d diffraction patterns aB1 confined to AAO with a pore diameter of 400 nm in reciprocal

space coordinates. The dashed black line indicates the orientation of the nanopores in the AAO. The
continuous background scatter predominantly originating from Axe3 subtracted by means of a
customwritten 3-d fitting algorithm. The breaks in the rings are mainly due to absorptionrafXby

the AAO. They are most prominent in the plane containing the nanopore axis and the axis of rotation
(the blue semitranspamt pl ane), as diffraction for 0 = 90A

to the eyes.

Based on the SAXS results, there are tpassible solutions for the homeotropically
anchored columns: radial or polaronfiguratiors, as shown inFig.4.5. In radial
configurationthe orientation of the columns is radial everywhere and disclination line of
strength S=1 runs along the cylinder axis. While in potarfigurationthe columns cross

the cylinder with splay and bend at the two ends, and two S3d¢Bndtion lines run

along the walls parallel to the cavity axis.
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2

=
SN

R P
Figure 4.5 Possible order modes for homeotropic anchoring condition: radigiguration(R) and
polarconfiguration(P).

The free energy of these two structures formed by nematics has been treated'fl, detail
which could shed some light on tisgstem discussed here. In radiainfiguration the
columns mainly undergo splay deformation, and the free energy of a confined liquid
crystal per unit length of the cylinder in rad@nfiguration which is pure splay energy,

can be expressed as:
O 4+ ) 127m (4.2)

where K is the elastic constant of splay deformation, R is the radius to the outer surface of
t he LC, and } is the radius of the I|ine d
This configurationis independent of anchoring strength since the direstpeiipendicular

to the wall surface.

The polar configuration on the other hand, involves thosplay and bend deformations.
Under strong homeotropic anchoring condition, it has been calculated for nematics that if
we assume that ¥=Ks; (elastic constanbf bend deformation), the free energy per unit

length of the cylinder can be determined as:
O ¢ 0 12Tcm (4.2)

For the above mentioned approximation, the free energy of polar structure should be

alwayslower than that of radial structure.

Whether the alignment is radial or polar can also be deduced from the broadening of the

diffraction peaks.In practice, the Xay reflection peaks would be broadened by
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instrumental factors such as the finite breaadttl divergence of the-kKay beam, as well as

the finite size of the crysta?. After instrumental broadening had been deconvoluted, the
measurement of such broadening in the vertical direction can then provide additional
information on thesize of thecoherently diffracting domain in the direction perpendicular

to the longaxis of the nanochannel

Based on the Scherrer equatidnthe correldbn lengthsL of the 2d lattice of the
columnar LC phases 00 nmAAO template was calculated (the detailed calculation is

described irA.1) and the results are listed in TAl.

Radial Axial

daoy | Dor L, |doy |Dg La
3.17 0.0038 | 165 | 3.14 0.0016 | 400

Table 4.1Interplanar spacingd, corrected line broadeningg, and coherence lengthsin the radial
andL,axial directions for compouri8l in 400 nm AAO templatel( =80}. All values are in nm.

It can be seen that the correlation length in the radial direction is less than half that in the
direction of the pore axis. One can argue thatL value of 165 nm in 400 nm porés
rather high ands inconsistent with the model of radiadlumn orientdon (Fig.4.69). Here

the main diffraction comes from thoealy few columns (blue shadowed area) close to the
horizon satisfy the condition of loangle diffraction of a horizontally incident-day beam.
However, the experimentélvalue is fully compatible with the pol&onfigurationmodel

in Fig.4.6b. Here the columns are straight and well ordered in most of the pore volume,
with curvature and splay confined only to the surface layer closest to thevglrén this
model, the rain diffraction comes only from those relatively few pores whose column in
the central bulk volume are in the correct orientation, i.e. nearly parallel toitég beam.
Other 400 nm pores may contribute only a minor part to the diffraction with thell sma

favourably oriented surface domains of bent columns.
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X-ray beam_

Radial Polar

Figure 4.6 a) radialconfiguration(R); b) polarconfiguration(P). Blue areas in the images satisfy the
condition of lowangle diffraction of a horizontally incident-day beam.

Tapping mode AFM imaging was performed on the fracture surface of the 400 nm AAO
template filled with B1 to further verify the orientation ofhé columns inside the
nanochannels. The sample was prepared following the same procedure as described in
chapter3Fig.4.7a. shows the phase image of one channel cut open by the fracture surface,
in which most of the material remains. The width of the geos about 145nm, which
means thel00 nmdiameter cylindewas cut offcenter. Bundles that are perpendicular to

the vertical wall of the groove can be clearly seen, and they are broken off at different
lengths. The width of these bundles is varying, #m& smallest distinguishable size is
about 10 nanometers. Although it is difficult to identify individual LC columns from these
bundles since the surface is not smooth, we infer that they are bunches of LC columns that
are aligned crossing the cylinder. i¥hmorphology implies that the LC columns are in

polarconfiguration

In another groove, however, theC forms terracdike structure grown parallel to the
channel Fig.4.7b). The corresponding height image dataFmf4.7b was analyzed by
Nanoscope softare. Section analysis was performed on a small area of the terrace
containing one step to assess the thickness of the layer structure, as shown in the lower left
of Fig.4.7b. After being flattened, the thickness of the layer was estimated to be about
3.5m, which matches well the thickness of one column of thg.Quthase. Further, the
high-resolution phase image resolved vertically oriented LC columns on the surface of the
layer Fig.4.7c) with width of about 3.5nnT.heinserted image on the upper rigiitFigure

10cisawo-di mensi onal fast edHmager i er transform vyl
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Figure 4.7 AFM phase images obtained on the fracture surface efGBenmAAO template filled with
B1: a) bundles of columns observed in a groove with width of 145nm; b) tdikacstructue in
another groove. The lower left is the section scan across the step to measure the step height. c) high

resolution phase image of a layer in b).showing individual columns

The formation of terracdike structure inFig.4.7b again confirms that the heyctomb
columns inside the nanopore are in polar rachadfigurationwith one of the (10) plane of
the hexagonal lattice parallel to the channel axis. This could be illustrated by the model

presented ifrig.4.7d,e.
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Fracture surface

Figure 4.8 a) Schematic drawing of the hexagonal columnar LC in pmafigurationin the 400 nm
pore being tilted cut by a plane; b) the volume above the cutting plane is removed and the columns are

peeled off.

When the fracture surface of th&AO membrane is accidentally cut through the
honeycomb slightly tilted to the (10) planEid.4.83), the @lumns could be smoothly
peeled off layer by layer along the (10) planes forming tefiikeestructure Fig.4.8b). At

the same time, ifrig.4.7a the bundles are formed when the fracture surface is not parallel
to the (10) plane and cuts through the colamrhus, by combining the SAXS and AFM
experimental results it can be concluded that the columrlah Colexare in polar

configurationin the 400 diameter pores of the AAO template.

4.3.2 B1in 60 and 20 nm AAO template

The configuratiors of B1 in pores with 60 an@0 nmwere further explored by SAXS. The
samples showed similar diffraction patterns as that o400 nmtemplate sample at a
series of 0 angles, which indicates the cc¢

Figd9s hows t heir S#XS patterns at @
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: Equator
|
oW EEE .- .
Channel ! \ ‘
T Tiong-axis T
- .
60nm 20 n-r'n :

Figure 4.9 SAXS patterns of compourigil filled in 60 and20 nmAAO t empl ates record

respectively. The blue dashed circles are just guide to comparegaeitg of (10) and (01) spots.

However,it can be seen that the (10) reflections on the equator are clearly centered at a
smaller diffraction angle #in the other equivalent reflections, which indicates thg d
spacing along the radial direction is larger than that of the other directions. This breaking
of hexagonal symmetry is consistent with the potamfigurationmodel since in the small
pores mosof the diffraction comes from the splayed peripheral domdihs. correlation
lengthsL along the radialof the 60nm templatevascalculatedas 39 nm, whiclis rather

high compared to the size of the pore. This again agrees with thepofayuration

4.4 Glass capillaries

We have observed that the homeotropically anchored honeycomb columns mainly exhibit
polar configurationin AAO templates with pore diameters up400 nm In this section,

round glass capillaries were used to explorecthafigurationof B1 in micrometersized
cylindrical confinement. fireesizes of capillaries were used:, BD and100 micronnner
diameters (ID). h the round cylinder the anchoring force points to the center anywhere
througlout the crosssection.In this sectionwe also used rectangular capillaries to direct

the anchoring force in specific directions.

e



Chapter 4 Homeotropicanchored Honeycomb Phase in Cylindrical Confinement

4.4.1 Round capillaries

14 micron ID round capillary

A 14 micron ID capillary obtained by stretching the 100 micron ID capillary at high
temperature was fdd with compoundBl. The diameter was determined by optical
microscope Kig.4.10a). The orientation of the columns over the whole tube was first
studied by POM. When observed between cross polarizers, the tube filleB Wsthows

the strongest birefringee at 45°to one of the polarizers=if.4.10b) and it gradually
becomes dark when it orients close to parallel to one of tHgm(10d. This indicates
that the optical axes of the LC columns are either perpendicular or parallel to trexisng
of the @pillary tube.Fig.4.10ef showsthe corresponding images with the compensator in
place. The slow axis of the compensator is indicated by the red emuble The capillary

is yellow/blue when it is perpendicular/parallel to the slow axis of the commpensat
respectively. Since the slow axis is perpendicular to the columns, litecamncluded, as in

Chapter 3that the LC columns are perpendicular to the capillary tube.

14 micron
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c
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Figure 4.10 a) Optical microscope image of compougil filled in a 6.5 micron ID capillary without
polarizer; bd) the capillary is oriented 457 15°and 0°to the horizontal polarizer, respective)yandf)
with the compensator iplace. The red doublarrow indicates the orientation of the slow axis of the
compensator.

The orientation of the columns was further studied by SAXS. The capillary was mounted
horizontally and perpendicular to the incident beam. During the SAXS experiment, the
capillary tube was rotated around its lesxjs and the diffraction patterns wereamted at
different U angles.U=0°is arbitrarily assigned to the angle at which the hexagonal pattern
appears, as shown kig.4.11a. The sharp diffraction spots indicate the orientation of the
hexagonal lattice is quite uniform. Asincreasing the four fo-meridian (10) intensity
maximum first became weak and then disappedraed4(11b,c). WhenUreached 60? the

two intensity maxima close to the meridian started to fade away. These observed changes
indicate that ab=0°the reciprocal 2d hexagonal laice is lying on the Ewald sphere, then

it rotates about the meridian and the lattice points gradually move away from the Ewald
sphere. Thus, the columns are in paanfigurationin which they cross the cylinder from

one side to the other with expectazhd and splay at the end of the columns
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tube

axis

Figure 4.11 SAXS pattern of compounB1 in a 14 micron ID capillary recorded at different rotation

angle U as indicated at the corner of each i mag

It remains for us to comment on theplane orientation of the hexagonal lattice. In the
nanopores up td00 nmthe (10) plane is always paedlto the nanopore axis, however, in

the micrometer tube it is close to perpendicular to the tube axis, i.e. the hexagonal lattice
has turned #plane by 307 In chapter 3, the-@ lattice in the circulaconcentric
configurationis perpendicular to theall surface and we suggested that it orients in a way
that the lattice is the most intact at the LC/solid interface. For polafiguration on the

other hand, the-# lattice is parallel to the surface and the situation is quite different. On a
flat subsrate a homeotropically oriented columnar LC has no preferrpthime orientation,

yet here, even with only mild curvature the hexagonal lattice is perfectly oriented as can be

seen from the sharp reflections.

We suspect that in the nanopores the sfzn® hexagon is close to the curvature and the
orientation of the 21 hexagonal lattice could be affected by how the hexagonal lattice tiles
the curved surface. Indeellyine and coworkef¥’ have studied the tiling of hexagonal
lattice of positively cheged PMMA particles on the curved -gilycerol interfaces. They
showed that on the barralirface, the hexagonal lattice orients with one of its (100) planes
parallel to the axis of the barrdti¢.4.12). This resultcoincides with the orientation of the

2-d hexagonal lattice @1 in nanopores.
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(100)

Figure 4. 12 Fluorescent PMMA particles bound to-gilycerol interface in the shape of barrel (from

ref[91]).

In the capillary tube, however, the radius of the curvature is far larger than the diameter of
hexagon that it becomdsss selectiven the orientation of the hexagonal latti€n the

other handthe columns start growing spontaneously toward the raliiattion on the

wall surface upon cooling={g.4.13a). When they grow further there is no enough space in

the plane of the cross section for the ends to develop and defects must be introduced to
solve the spacial problem. In this case the transverse edge dislocation is the most possible
solution, as drawon the periphery of the circle lFig.4.13a. When the hexagonal lattice
orients with the (10) plane perpendicular to the channel axis only one defect line is
required in order to keep the symmetRig(4.13b). Otherwise there must be two defect

lines or srew dislocation and thus higher energig.13c,d).
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