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Abstract

Liquid crystal materials have been widely used in nalevices and nanpatterning
because of their small molecular size and-asffiemblyabilities. To obtairdesigned
application propertiest is importantto understandhe way to control their phase
behaviourExternal factors, such as temperature and solvents, and internal factors, such
as molecular shape and the interactions between molecules, all contribute to formation

of different liquid crystalline ph&s.

A series of complex selissembling liquid crystal compounds have been investigated
in this project, in particular how sedissembled structures of low symmetry, e.g. chiral,
non-centrosymmetric and superlattices, with important implications for s

can be manipulated by molecular design. The liquid crystal phase strsctmesnly
characterized byolarized optical microscopy, differential scanning calorimetry, small
angle Xray scattering and grazing incidentrXy scatteringSecond hariwnic generation

has also been used to distinguish centrosymmetric andemirosymmetric structures.

In straight and benicore polycatenars, we have studied their 2D columnar phases and
more importantly, the 3D orthorhombkeddd phases. The structure islated but
distinctively different from the singlaetwork Fddd structures formed by block
copolymers. The basic units of molecules inkdddphase are discovered to be hdlica
columns, both leftand righthanded, similar to that found in bicontinuausic phases.

The findings point the way to manipulate safisembled 3D helical structures.

In bentcore bolaamphiphiles, we have discovered how the functional groups outside
of the bend and inner chains can be used to control the formation of difigrestof
honeycomb liquid crystal phases, from random hexagonal to trigonal and superlattice

honeycombs.

In doubletapered molecules, we have widened the range and complexity of liquid

crystal phases formed by tapsdraped molecules. The coexistence ofdh& and non



ionic cylinders in the columnar phase formed by such deualplered molecules gives

promising applicatiomon semiconducting nanowires or electronic conductors.

In a polymerizable ionitquid crystalcompoundwe hae studieddouble gyroid cubic
phassin the form of a polymerized sedtanding film. The film can be greatly swollen
by absorption of water but the double gyroid network structure is found to be still intact,

and shows promising ionic conductivity for ajpgtions in e.g. fuel cells
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Chapterl Introduction

Chaptlenrt rloducti on

Liquid Crystals (LCs) have been widely studied in recent decaflas their

technological importance and industrial applications. The most -kmeilvn

applications of LCs are in display technology, suchgasd crystal displays (LCD]1-

5]. Moreover, a variety of LC structures can be formed from molecules of differen

shapes, in a process called seembly through necovalent interactions between

moleculed6]. Thus, nanabjectsandnarnet r uct ures can be creat el
u p 60 -assenhbfy approach for fabrication of functional materials and devices. This
Abotupdompproach has been used in nanoscal e
[7, 8], and for fabrication of selective nanoporous membrdfiekl], field effect

transistors (FETH)L2, 13] photovoltaicsolar cell[14-17] and so on.

The scope of this chapter is to provide an overview of the variety of LC phases formed
by molecules ofdifferent shapes, and our current understanding of how the self
assembly process can be controlled by interactions between molecules and other
parameters such as relative volumes of different moieties of the molecules. This would
guide the way to design weLC molecules and to manipulate LC structures with

promising applications.
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1.1 General conceps and classificationof liquid crystals

Gas

InreaseTemperature

Figure 11 The four states of matter and their sequence with the increasing of temperatures.

Table 1.1 The classification of LC phases by symnidfry

Dimensionality of Dimensionality of
Phase Positional longrange | orientational longrange

order order
Isotropic liquid 0 0
Nematic uniaxial 1
(biaxial) 0 3
Smectic A 1
C 3
B (Hexatic) ! 1
F, | (Hexatic) 3
Columnar hexagonal 1

rectangular 2 1,3

oblique 1,3

3D cubic
hexagonal 3 3
tetragonal

Crystal 3 3

Gas, liquid and crystal are the three wealbwn states of matter. However, there is also

a o6fourth

state

o Figuredl ltCe areddjfferdntGrpom smlil ansl h o wn
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liquid. They can be regarded as an ordered fluid, representing a unique combination of

crystatlike order and liquidike fluidity.

To be morespecific, a crystal has both positional and orientational-tange order in

three dimensions. This means thahterof gravity of each and every molecule in the
crystal has a preferred position as well as orientation. At the same time, a liquid only
hasshortrange order but no loagnge order in any dimensih]. The states between

the two, where some but not all ler@gnge orders have bedost, are LCs. The
classifications of the different LC phases by symmetry are displayed in Table 1.1. It is
worth noting that there are also LC phases with full 3D d@mge positional and
orientational orders. The key difference between such 3D LC paadesystals is that

in LCs long range orders are kept for the aggregate of molecules, but not for individual

molecules.

There are two classes of LCs: lyotropic and thermotropic LCs. Lyotropic LCs are
usually formed by the disruptive effect on crystafsa solvent (often water). It has
mainly three different types, surfactant (amphiphilic), chromonic and polymeric LCs
[18]. Thermotropic LCs contain no solvent and form by melting crystal or cooling from
isotropic liquid phase. Mostompounds studied in this project are thermotropic LCs.

In the next section, thermotropic LC phases will be discussed according to the shapes

of the molecules that form them.

1.2 LC phases formed by molecules of different shapes

Considering the geometrical sgte of molecules forming therhCs can be grouped

into some types such as rbkle, disklike, coneshaped, stashaped, etc. Two classic
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types: tdbe LiCsa lflkeomatlirercadil es and t hekfidi scoti

like molecules, are discussed haseshown irFigure 12.

Rod like molecules

\ W WMA\ Ve
N
e s

(@)

Nematic phase (N) Smectic A phase (SmA) Smectic C phase (SmC)
Disk-like molecules
(b) CeH13 CeH13

\\ S s Flexible chains
el Qe
m\

CeHis  CeHis

Discotic nematic phase (N,,) Columnar phase (Col) Lamellar columnr pase (ColL)

Figure 12 Examples ofod-like anddisk-like moleculesand phases they forrta) Calamitic
nemdic and smectic phasegformed by rodlike molecules (b) Discotic nematic phase
columnar phase arldmellar columnar phagermed by diskike molecules.

The most common LC phases formed by-likd molecules are nematic (N) and
smectic phases (Sm), dssvn inFigure 12a. The principal architecture of the rbkie

molecule generally includes a rigid core and flexible chains which attached to one
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terminal end or each terminal end of the rigid core. The rigid core almost always
possesses a large shagrasotropy. Nematic phase (N) is the simplest LC phase, and
molecules maintain on a preferred direction without any long range positional order.
Whenthe LCs possess also 1D long range positional order, they form smectic phases
where molecules lie in layers. If the long axes of the molecules (on average) are parallel
to the layer normal, it is called a Smectic A phase (SmA). If the director tilts agvay f

the layer normal, it is called a Smectic C phase (SH&21].

Disk-like (discotic) molecules can form N, columnar (Col), and lamellar columnar
(ColL) phases, as shown kigure 12b. Col phases are a class of LCs thateoules
assemble into cylindrical strucutres. ColL phases are a combination of lamellar and Col
phases in which molecules not only form cylindrical strucutres but also layered
structures. Most diskke molecules consist of an aromatic core and attachyaubsic

tails. The tails are liquidike. Like the N phase formed by rdi#e molecules, discotic

N phase only possesses orientational {mgge order without any positional long
range order. Col and ColL phases are composed of columns, however thepeio

only in two dimensions. Thus they possess 2D positionaliange order and also

orientational longrange order, as also concluded in Table[22] 23]

As a large extent of tygs of LCs are determined by molecular shapes, then the
understanding of the sedissembled LC structures is fundamental and it leads the way
to tailor molecules with desirable phases and physical properties. TH&erod
molecules are widely used in FE[IS8] and LCDs, such as twist nematic (TN) LCDs,
in-plane switching (IPS) LCDs and viedlly aligned (VA) LCDs [15]. In LCD cells,

the orientation of the molecules can be controlled by electric field, switching between
bright and dark states. Chiral nematic phases formed bykedolecules with chiral

centre(s) are of interest for theiptical properties. For example, they are widely used

5
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in LC thermometers as their colours change with temperature, due to the change of their
chiral pitch (the distance between layers that molecules undergo a 360° §@#t)

The disklike molecules are also used as organic semiconductors in FETs, photovoltaic
devices, VA LCD and®on [6, 12, 22]. Further modifications on flikk molecules

are discussed in the next sections.

1.2.1 Straight Polycatenars

Molecule shapes are important in determining the mode shssfimbly, the structures

and order of LCs. Thus the modifications od-fike molecules have been studied by
adding flexible chains at the end(s) of the-liad aromatic core. These compounds are
called polycatenars. Strong” interactions between rigid aromatic cores often lead to
conductive properties of such LCs, that can be used in molecular electronics, optical
andphotovoltaicdevices [5253]. Polycatenar molecules can be further modified by
introducing thiophenes, oxadioles or fluorenones with high electron densities for
better conductive properties [0]. Some of such molecules will be studied in this
project.

The classification of polycatenars according to the arrangement of the attached chains

could be taper/wedgehaped, dumbbe#ihaped molecules and so[@6]. More details

are discussed in the next sections.

1.2.1.1 TapershapedPolycatenars

Tapershaped molecules, also called wedbaped molecules, have two or three
aliphatic chains at the broader molecular end ar@das no chain at the other end. Here
we use symbols-2- or 3-1- to represent such tapshaped molecules.

6
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Figure 13 Phase temperatures ofl2apershaped molecules vs. the length of attached chains
[25, 26] Reproduced with perission from ref25].

An example phase diagram oflzapershaped molecules is shownkigure 13 [25,

26]. All members in this homologous series show N, SmA and SmC phases. The trend
of the change of transition temperatures with the enlargement of end chains is similar.
The layer thickness is closettte length of molecules in smectic phase and molecules
pack antiparallel with each other in the layer, as shown in the inBejw® 13. There

is smal free volume in the antiparallel arrangement. The polar interactions, which are
electrostatic interactions and exist in molecules that have permanent dipoles, stabilize
the smectic layer§26]. However, when gH:70- is replaced by CN the new
homologous series molecules prefer to form only N phases because of the strong

competition letween polar and steric interactid@s, 27]
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(a) ﬁ g Br-
|-|2,,.1<:,,o<;>>co—<;>—N\z‘/N‘-c,,,Hz,,,.1
H2041C,0
n m Phase transitions T(°C)
2a 12 4 Cr 51 SmA, >225 Iso
2b 12 8 Cr 62 SmA 223 Iso
2c 12 12 Cr, 95 Cr, 106 SmA 186 Iso
2d 16 4 Cr 74 SmA, Iso
b u1C
(®) HanniCoO o e
Hzn1C,0 CO—Q—NE\/N"CmHzmn
H2041C,0
n m Phase transitions T(°C)
3a 12 3 Cr 92 Col >200 Iso
3b 12 4 Cr 111 Col,,, 124 Iso
3¢ 12 8 Cr 53 SmA 76 Iso
3d 12 14 Cr, 47 Cr, 65 Iso_
3e 14 2 Cr 102 Cub,,/Pm3n 225 Iso
3f 14 3 Cr 95 Col 178 Iso/Iso 160 Cubr <20
3g 14 4 Cr 93 Col, 120 Iso
3h 14 14 Cr 78 (SmA 52) Iso
3i 16 2 Cr 98 Cub,,/Pm3n 225 Iso
3 16 3 Cr 106 Cub, /Pm3n 202 1s0
3k 16 4 Cr 109 Col,.171 Iso
31 16 5 Cr 102 SmA 118 Iso
3m 16 6 Cr 82 SmA 99 Iso
3n 16 8 Cr, 51 Cr, 57 SmA 96 Iso

1
lii

Col,, Cub, /Pm3n

Increasing n

>

< Increasing m

Figure 14 Transition temperatures of ()12 and (b) 31-tapershaped moleculd®5, 28, 29]
and (c) the development of phases according édehgth of end chaingigures(a, b) are
reproduced with permission from ri&B8].

When another chain is added on the rigid core, smmephases can be formed. As
shown inFigure 14, SmA phase is formed by P polycatenar compound 2a, while
hexagonal columnar (Ggl) phase is formed by adding the third alkyl chain onto the

core (compound 3a). With increasing chain length at the broaddra{8) molecular
8
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end, micellar cubic (Cuk) phases are observed. The GillPnmon phases were first
determined by (Ucoldoarbaonrbast egdr owigedjand/C. Per cec
Tschi er s [B@dnsultageouslvyip 1997.

The phase sequence is from SmA with 1D positional-lamge order to Col with 2D
positional longrange order, and to Cuiphase with 3D positional loaginge order, as
shown inFigure 14c. The opposite phase sequence is observed with the enlargement

of the narrower (<chain) molecular end.

Figure 15 The comparison of achiral dble network Kaod) and chiral triple networkl23)

cubic phasef31, 32} (a, e) the networksfahe cubic phases; (b) the arrangemeriaofl of

the rigid cores coloured in green with the minimum surface coloured in yellow; (c) the network
junctions oflaad represented by rigid cores and twisted ribbons; (f) The network&3of
represented by twietl ribbons; (d, g) optical textures lafod, 123 and iso* under slighy
uncrossedpolarizers.Figures (ec, d, g) are eproduced with permission from rgg2]. For
reproduction of Figures (e, f) from CC: Reproduced from ref [32] with permission from The
Royal Society od Chemistry.

Moreover, other different cubic phases are observed #apershaped molecules, and

they are calletbicontinuouscubic phasef1, 33 35]. Different from the Cuk; that are
9
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found above Col phases with increasing volume of the end chains at the broader side,
the bicontinuous cubic (Cubphases are found in between Sm and Col pHa5¢dn

the bicontinuous structures, the ssfmces occupied by the two moieties of the
molecules, typically rigid aromatic cores and flexible end groups respectively, are all
3D continuous (e.grigure 15b) [32, 3641], while in comparison in the Cwh Col

and Sm phases there are discrete finite domains such as layers, columns and micelles
(e.g.Figure 14c). The most comonly observed Cuplaod phases were determined

by A. M. Level udd).Shelggadstpuc hun®9Bs the fAdoub
shown in Figure 15ab. It consists of two interpenetrating infinite 3D networks
(coloured blue and red in Figure 1.5b) of columnar segments, typically formed by the
rigid aromaticcores oriented perpendicular or slightly tilted to the axis of the column
segment (green rods, Figure 1.5b). All network segments have the same length and
there are always three network segments joining at each network junction. The two
networks are sepated by an infinitely periodic minimum surface (IPMS, yellow
surface, Figure 1.5b) in between, with the flexible end groups occupy the region around
it.

Furthermore, there is often another guthase found nedaod, and was initially
assigned to be aipte networklmom phase, where there are three instead of two
interpenetrating networks of columnar segments formed by rigid cores of the molecules
[34]. Another model ofmompr oposed by S. Kutospmiieda uds gr o
shells and one netwofK3]. However, more recently this phase has been found to be
always chiral by polarized optical microscopy (POM) and circular dichroism (CD)
spectroscopy, even though the compounds themselves are E&jirdhe chirality of

this cubic phase is shown clearlyfkigure 15g, where optically acte left and right

handed domains can be observed under slightly uncrossed polarizers. The chirality

10
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observed is incompatible with the initi¥ddd& space group assignment, which has
mirror symmetries. The true space group of this phase has been revealed recently by X.
ZengO0s gr o wentrasyonmdire space gralgs, as shown ifrigure 15e-f

[31] (before this clarification, sometimes this phase was assigrid82in literature).

Similar to thelaod phase, thd23 phase has only-8ay junctions, but with three

different lengths of the columnar segments.

The origin of the chirality in23 phase has been attributed to the chirality of the
columnar segments of the netiks. Firstly, three to four molecules parallel with each
other form a raft, then the rafts stack on top of each other, with molecular direction in
successive rafts rotated by-38° to form the helical columng-{gure 15b,f). In order

to minimize the clash at the junctions, the segments joining at each junction should be
coplanar, and the converging columns should possess the same handeidoess (
1.5c). This leads to the homochirality of each network. Such chiral network segments
by rotation of molecular direction, and homochirality of each network, in fact also apply
to the 'OAaN phase. Even though th®aQ phase is achiral, the two networkstbé

"0OdQ phase are both chiral but are mirror images of each other with opposite
handedness, resulting in zero overall chirality of the phase. In the triple network of the
123 phase however, it is most likely that the chirality of all three networkbe@same,

even if they are not the same, the chirality of three networks added together do not

cancel out.

Another phase worth mentioning is the chiral isotropic (iso*) phase observed between
isotropic andi23/acd or other phased={gure 15d, black and white domains with
curved interfaces). It is a true liquid phase and lacks anyramge order, neither
positional nor orientational. However, the mirsymmetry is still broken. It has been
suggested that there are short range networks in the chiral domains that are enantiopure

11
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in the iso* phase, similar to that in tH#8 phase. More work still need to be done to lift
the veil on this fascinating prasChemical formulae of some of the achiral molecules

that form chiral23 and iso* phases are listedrigure 16.

RO
o A OR,
A ) 4
o)
@% e vats e
—FH 4b
=H,OR

Z-1.0
o] O,
R, o
R,0
R o] o, o 4e

Figure 16 3-1-Tapershaped molecules forming triple network cub3) and chiral isotropic
phases (iso*)Reproduced with permission from [dD].
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b) 10 K min™’
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la3d Isol*l Iso
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Figure 17 (a) Schematic model of SmQ phase showing two uniformly twistéédarks; (b)
phase transitions; (c) the growth of triangular domaindaafd phase from SmQ phase
Reproduced with permission from (&8, 40]
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A tetragonal phase called SmQ phase with space g#eRp, was only found in chiral
compounds previously, often replacing ti@aQ phase found in their racemic
equivalents[44-46]. Recently it has been also found in achiral-tapershaped
compound, and its structure turned out to be bicoatistoo. The structure is made up

of orthogonal twisted columns with feway junctiong39], as shown irFigure 17a.

The SmQ phase is chiral due to the idaltitelical sense in the two networks. This
confirms again that the bicontinuous phases, formed by polycatenar molecules, consist
of homochiral networks of helical columnar segments, and long range homochirality is
sustained by the matched handedness atvamkt junctions. Because of the
birefringence of SmQ, even though wealk, it is difficult to observe directly its chirality
by CD and under derossed POM as in other Guphases. However, its lack of mirror
symmetry can be inferred from the observed tri¢sngshapedacd domains grown

inside the birefringent SmQ domains, as showigure 17b, c[39].

Overall, these phases mentioned above have contributed significantly to the
understanding of dynamic mirror symmetry breaking. Coordinated helicity, previously
unrecognized, is a key driving force to the formation of these and other chiral and

achiral bicatinuous phasd81].

1.2.1.2 DumbbeltshapedPolycatenars

The outer parts of the molecules are broader than the rigid core whear tiwee
aliphatic chains are attached on both sides of the core. The aliphatic chains can be
symmetrically or norsymmetrically arranged on the rigid core. This kind of molecules

do not prefer to form SmA phase due to the insufficient packing densitgyfimaetric

compounds with four and six aliphatic chamd be discussed in this section.

13
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Table 1.2 The phase behaviour of compound 5 with different central pRepkoduced with
permission from ref25].

C1,H,:00C, — COOC zHas
/c*cQCOOQCH:N-A -N:CH—QODC OCH:C\
C,,H,:00C COOC;H,s

No. -A- Phase transitions

5 i:,\, Cr 96 Col ;, 106 SmC 147 N 171 Iso
e
Cr 111 Col , 206 Iso
» <O
Cr 124 Col , 209 Col, 314 Iso
Cr 95 San_ 117 CG]Ub 154 SmC 187 N 209 Iso

Q
se C —NH
Cr 133 SmC 165 Col,, 181 Col, 188 M, 243 Iso

The dumbkll-shaped polycatenars such as compound 5 in Table 1.2 with two aliphatic

chains attached at each end symmetrically, are also called eéwadlew-tailed or

biforked molecules. They were first introduced and studiewvby Wei ssfl ogds gt
[26] andA . M. Level ut §48]. Cgmpariagpcompoundl5g, ® ansl c, the

stability of LC phasg is higher with more phenyl rings and columnar phases are more
favourable. Compounds 5d and 5e with central ethylene or dmidieg groups, could

form more LC phases.

H2n41CA00C, = FOOCHan.q
L=HC Coo CH=N =CH—\ / 00C CH=C,
Hyp,1C00C

\
COOC, Hap, 4

400+
*
350 . ke
.
an{ N *
i 1so, "
4 A——A
g 20 'x/n Colp e
Cub™ (432) o
2001 o Ae—s 7 T T
.
Col,
150 SmC ¥ *
- .y i
100 cr -
4 6 8 10 12 14

Figure 18 Phase diagram of a series of doubleallowtailed compound 5b. The compound
exhibits a reentrant isotropic phase (iso*) whenis 8 [25, 4850]. For reproductiorof the
figure from CC:[48]-Published by The Royal Society of Chemistry.
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The phase diagram of the homologous series compound 5b is shéwguia 18.
Compounds with shorter chains form N, bicontinuous cubic and SmC phases; however,
compounds with longer chains form columnar oblique {f@nd Colex phases. For
octyloxy derivative if = 8), the rare r@ntrant isotropic phase observed between,Cub
(markedl432, later proved to b3 [31]) and N phases is confirmed to be the chiral

isotropic phase (iso*) by later opticalidies[48].

Table 1.3The phase behaviour of phasimidic compound 6 with different central part A
Reproducedvith permission from ref25].

H20.1Cr0, OC,Hzn.,1

H20.1C,0 Q A=\ /) OCnHzn.1
H24.1C,0 OC,Hz.1
No. n -A- Transition temperatures
6a 6 ¢ %~ ) Col 49 Iso
6b 6 Col 107 Iso
6c 6 ¢ Y < < ) Col 163 Iso
NN O~
6d 8 ¥ O' N-N Cr 67 Col, 84 Iso
NN /A Oy
6e 12 Y ‘N N Cr 77 Col 82 Iso
o CH,
NN_/\_/ N2
6f 12 H,oN NN Cr 70 Col 117 Iso
4 N[ S U
6g 14 =X ¢ T s X Cr 91 M 109 Col, 116 Iso
= B
X:CO
6h 14 X: COOCH,CH, Cr 111 Col,,, 137 Cub 152 Iso

The polycatenars with three aliphatic chains attached at each end of the core are also
called phasmids due to its similar shape to insects. Typically, phasmids form Col phases,
as listedn Table 1.3 for phasmids with different central cores. Comparing compounds
6ac, the isotropic temperatures increase by 60 °C with the increase of each phenyl ring.
No LC phase is observed in their terphenyl derivatives. For compounrdstiba

number ofphenyl rings does not affect the phases they fib). Thiophenes and
15
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oxadiazoles are introduced in the rigid core duehtr application in molecular
electronicg52-60]. Compound 6d and e show fluorescence properties in solvent, but
the nitrogen atoms in aromatic rings does not affect tlasgshthey fornj51, 58]
Compound 6f has an additional methylamet on each side of the central aromatic
rings and still forms Col phase. Compounds 6g and h have different phase behaviour
with the different spacers in the rigid core. Apart from the Col phase, a Ghidise
(Pmon) is also found in 6h, which is a raiieding [54, 61] This might be due to the

increase of flexibility of the core.

1.2.2 T-shapedand X-shaped molecules

Rod-like molecule

SR

LN

M V\E'/v‘ w\gfv\u

Polycatenar T-shaped T-shaped
(phasmid) Facial amphiphile Bolaamphiphile

) S

V"\g—/"\uw\_s_/\,\v

X-shaped bolaamphiphile X-shaped bolaamphiphile
with lateral chains of the ~ with lateral chains of the
same species different species

Figure 19 T-shaped and >haped amphiphile/bolaamphiphile made bylikel molecules.

In order to further increase the complexity of the mode ofasdembly, the structure
and order of LCanodifications of the shape of rditke molecule have been carried out
by attaching polar groups and aliphatic chains to the side as well as the ends of the core.

Molecules of different shapes, such ashBiped and >haped molecules, are obtained
16
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as shownn Figure 19. There are two types of-§haped molecules, bolaamphiphiles
and facial amphiphiles. In -Shapedbolaamphiphiles, two polaterminal groups
(typically glycerol units) are added at each end of thdikaedcore and an alkyl chain

is added as a side group. In facial amphiphtleste are two apolar end groups and a
polar side groupX-shaped molecules have two lateral chains on each side ogith

core and the two chains can be same or different in length or chemical structure. Apart
from thelinearalkyl chains, the attached sidend enechains could also b&loxane,
semifluoroalkyl, perfluoroalkyl,carbosilaneother bulky lipophilic goups or branched
chains. A variety of different LCs phases/structinage resulted from this combination

of increased complexity in both molecular shapes and chemistryandl X-shaped

molecules.

Both ionic and nosionic groups can be introduced in @&nd Xshaped molecules,
generating different conducting channels for applications as conducting,
semiconducting, photoluminescent, photovoltaic materialgg&iclThe soft square and
rectangular st nm LC tiing patterns formed by these molecules are of interest for
the application on nanolithograpti§]. These nanoscale tiling patterns also have
potential applications on selective membranes and drug de[i@r¥3] Moreover,

the polar and unpolar groups tive ends and the sides of the core could also play an
important role in generating different functions. For exampishXped molecules with
different side chains could form multicolour tiling patterns, which can be used not only

on nanolithography but s as multblock LC organic semiconductoj&4, 65]

17
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1.2.2.1 T-shaped molecules

(a) ‘/o,-”f“-\
s * 5
I SmA Y
(b) . UROVOR )
R '
) Area-to-circumference

ratio

Col,./p2gg
(i)

Figur@®@eli$ssembled | iquid crystsalalpiende botl aaenphi @$
with the increaBRepobdmerandinsws ieghi@ Jtfhr om r e f

Forbolaamphiphilegwo types of smectiphasesSmA and SmAcan beformed when
the length of the lateral chains is very short, as shonror! Reference source not f
ound.ab[66, 67] The SmA phase has typical SmA texture, lsegregated side chains
are ranlomly distributed, showing an additional diffuse small angleX scattering

[66, 6870].

A series of more complex and interesting honeycomb 2D caupimases are formed

with longer lateral chains. As shownkmror! Reference source not foundError! Re

ference source not found-f, the terminal glycerol groups (coloured blue) act like
0seamsd6 that connect the cell walls, aroma

bondings. The space inside of the cell walls of the polygonal cells are filled by side
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aliphatic chains (whife Rectangular, square and hexagonal columnar phases with well
defined polygonal shapes (number of sided) 4re formed by increasing the lateral
chain length[66, 68, 7173]. Apart from the square columnar phase wphmm
symmetry shown i&rror! Reference source not foundd, a new rectangular columnar p
hase withp2Zmmsymmetry composed of four molecules in each unit cell has also been

reported recentlig].

Giant cylinder phases are formed by further extending the lateral chain. The excess of
the chan length that allowing the formation of regular polygonal shapes lead to the
increase of the number of polygonal sides, in the range of 8 to 10, as stemorim
eference source not foundyj [66, 72, 74, 75]Here it is worth comparing the Col
phases in Section 1.2.1.1 formed byeieshaped polycatenars with these honeycomb
Col phases. The sefissembling of Ishaped bolaamphiphiles is driven by hydrogen
bondings, while it is driven by the incompatibility of aliphatic chains and aromatic cores
in tapershaped polycatenars. The awtio cores of Tshaped bolaamphiphiles form

the cylinder walls and aliphatic chains fill the space inside. However, the inside part of
the cylinders formed by tapshaped polycatenars is aromatic cores, surrounded by the

aliphatic chains on the outside.

Further enlargement of the chain leads to the merge of cylinders and the formation of
Lam (lamella) phasg66, 68, 7680]. T h e r i gdicahjugatedraedsarallel te

the layer plane in Lam phases, unlike in Sm phases. When the relative volume of
flexible lateral chain can increase either by chemistry (longer lateral chains) or by
increasing of émperaturethe phase sequence follows the anticlockwise direction

around theerror! Reference source notfound. [62].
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In Error! Reference source not foundn and o, a c@xial rodbundle double diamond

cubic phase Rhom, also in Figure 111b) and a ceaxial rodbundle hexagonal

columnar phase are formed by molecules with branched lateral ¢BaiBs]. This

kind of molecules can also form a 3D honeycdrakagonal columnar phaseg&/mmn),

a double gyrml cubic phaselé&od, Figure 111a), and a single diamond cubic phase

(Fdom, Figure 111€) [8, 84, 86] A singlenetvor k &6 pl umbe Pdosn, ni ght ma
Figure 111f) cubic phase has also been reported to be formed -Biiaped

bolaamphiphilesvith two lateral chains recent[@1].

_ ©)DP

32 Y Fdim ——"Pm3m

Figure 111 (a-c) Doublenetwork with infinite minimal surfaces and-{dsingle-network cubic

phases. DG: double gyroid, DD: double diamond, DP: denldet wpIr k mider 6 6 ni ght ma
structures; SG: single gyroid, SD: single diamond, SP: simglet wpr k mber 6 6 ni ght ma
strudures Reproduced with permission from éf].
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Figure 112 Sef-assembled liquid crystalline structures formed bsh@iped facial amphiphiles

[62, 71]. Reproduced with permission from fég].

For facial amphiphiles, the positions of polar and lipophilic groups are reversed
comparing with bolaamphiphiles. The sequence of LC phases starts from a
conventional SmA phase, with shortest lateral groups, as shdviguire 112 [87, 88]

This is followed by the honeycomb phases with increasing lateral chain length/volume.
They are phases with hexagonpbrin), rectangular g2gg) and squarepdgm and
p4mm) lattices respectively. In thedgm phase as shown iRigure 112f and h, the
cylinders are trapezoidal formed by pentagons (5 molecules) or triangles and squares
(3 and 4 moleculeg89, 90] In addition to the 2D columnar phases, different types of
filled mesh phases (SmA/frm (filled random mesh), Rho (3D rhobohdgvat) in
Figure 112b-c and channelled layer phases (6hL3D hexagonal latticd26/mmn) in

Figure 112d are also founfP1]. The aromatic cores are not necessarily confined to lie
perpendicular to the column axis, but instead they can be indinadigh angle or

even be close to parallel to the column axis, forming-mmmeycomb hexagonal
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columnar phase shown Figure 112, k [62, 92] Lamellar phases form with further

increase of lateral polar groups.

1.2.2.2 X-shaped molecules

H2m+|Cm OH
T\ s ©
HO/Y\O O o~ O \/K/OH

HO

CpHapt

Compounds m n Phase transitions (T (°C))
7a-X 6 6 Cr <20 Colpex/\85 Iso
8-T 12 0 Cr 155 Colgq/pdmm] 166 Iso
7b-X 12 12 Cr <20 Colsq/pdmml] 62 1so

R'O
(b) OH OH
Ho._L_ o Q Q O oA _oH
OR?

Compounds R'/R? Phase transitions (T (°C))
9-X CizHzs Cr 86 (Colgq/pdmmL] 64) Iso
10a-X (CH2)6CaFg Cr 64 Colsq/p4mm 92 Iso
10b-X  (CH2)iCeFs Cr 79 ColyeO 98 Is0
11-T R' = (CH,)sCeF17; R°=H  Cr 87 Colnex 229 Iso

© NG

o i § o L

Figure 113 (a, b) Comparison of haped (same lateral chains) wittsfaped amphiphilies.
(c, d) doublewall and singlewall square cylinders formed by-Shaped and >shaped
amphiphilies, respectively 3, 93, 94] Reproduced with permission from ref [94].

X-shaped molecules are designed by introducing another side chain in an originally T
shaped molecu)as shown ifrigure 19. They also form honeycomb phases, but unlike

in T-shaped molecules where cylinder walls contain two rigid cores that arrange back
to back Figure 113c), the honeycomb wall is only one molecule thick due to the added

chain fFigure 113d). In fact, the wallthickness is thicker than one molecule as

22



Chapterl Introduction

molecules stagger to improve packing. Thinner walls leave more space for the lateral
chains to fill and because of this smaller lattices could be formed. For-shapéd
molecule with the same side chainsFigure 113, compound 7aX forms smaller
triangular cylinder compared to square cylinder formeadiyppound 8T. However,

the LC stability is highly reduced in-¥haped molecules (9avs. 8T, 9-X or 10-X

vs. 11T) and due to this reason, longer aromatic cores are required-sbapéd

moleculeg55, 65, 95102].

F25C12(CH2).Q

Figure 114 Selfassembled liquid crystalline structures formedXbghapedolaamhiphiles
Reproduced with permission from {@D3].

In another kind of Xshaped molecules the attached lateral chains are different and
incompatible. This makes that the LC honeycomb cells are filled by different lateral
chains, increasing the complexity of the LC structure. For example, compound 12

Figure 114 with a alkyl chainanda semiperfluorinated chaon the two sides of the
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rigid core,was designed and studigD3]. As these two different lateral chains have
different volumes, they need different sizes of columns to fillGonsequetty,
hexagonal and triangular columns are formed periodic@hg. triangles are filled by
alkyl chairs and the hexagons are filled by semiperfluorinated chaiwecules

connect through hydrogen bondsgtgetween glycerotndgroups.

In addition, a range of-shaped molecules were studied and they can form honeycombs
of highly complex tiling patterns and polygonal shapes. The achiral double gyroid cubic
phasel@od, Figure 111a) and chi r al 6single gyroidé
nonrequal networksl$132, Figure 111b) were also found to be formed by this kind of

X-shaped moleculgs5, 64, 95, 104.09].

Overall, the studies on -3haped and >shaped molecules have contributed
significantly to the understanding of complexity of the mode of-asffembly, LC
structures and phase sequences, pointing the way to manipulate the deigned LC

structures for applications.

1.2.3 Bent-core molecules

The above sections mainly describe the madlifon of molecular shapes on straight
rigid cores. However, the LC phases formed by the-berd molecules, become more
complicated because of the reduced symmetry of the molecules. For example;dhe Col
phases formed by-$haped molecules are centrosyetric with 6fold symmetry,
however, the trigonal columnar phases formed by -beré molecules are
noncentrosymmetric with -Bld symmetry. These structures formed by beare
molecules are attractive for their ferroelectric, pyroelectric and nonlioptcal

properties. The reduced symmetry of the molecules could also form some other LC

24
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phases (N, Sm) with similar properties. More details will be discussed on simple bent
core molecules and special cases such asdoeeT-shapedolaamphiphiles and bée

core phasmids in this section.

Bentcore molecules, also called banatmped molecules, could form a range of
Obanana phaseso, which are diffevrllkent from
molecules. The berghaped molecules with rigid core camnfodifferent kinds of N,

Sm and Col phasd410-112]. While in the flexible core berghaped molecules, N,

chiral N and twistbend Nphases can be formé¢ti13], we will focus on the Sm and

Col phases formed by rigid core beiaped molecules.

SmC,P, SmC,P:
antiferroelectric ferroelectric
racemic racemic

W57 N
\«x?f%’

A N[
N\ H N A

SmC.Pe
t_?mCarAt . ferroelectric
antiferroelectric homogeneous
homogeneous i
' chiral
chiral

Figure 115 The four arrangements of B2 phases. For the abbreviatigrssydiclinic tilt, G
= anticlinic tilt, PF = ferroelectric polar order, PA = antiferroelectric polar or&er
reproduction of the figurérom JMC: Reproduced fra ref [114] with permission from The
Royal Society of Chemistry

The Obanana phases 6 -BY)y wheramibtheesequentewfdlCas Bn

discovery. The B2 phase has been extensively studied in banana phases. Its structure is
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related to Sm@hase formed by relike molecules Figure 12a). However, due to the
bent core of the molecule, four different arrangements instead of one are fadrhed
117], as shown ifrigure 115. New notations are adopted to describe the four subphases
according to their clinicity (S: synclinic tilt, a: anticlinic tilt) and ferroelectricity (PF:
ferroelectric polar order, PA: antiferroelectric polar order). From the structures in
Figure 115, we know that the Sm&, and SmGPrphases are racemic and 8raGPa

and SmGPr phases are chiral.

a) B1 (b) B,

oty gy 0

A\ \\\\\“i )

W,
il 4
Figure 116 The structures of (a) B1, (b) Bland (c) Blewit. The polar direction is indicated
by red arrows
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7 X
o~ R e
OH 13a: R (CHL)2C:F s OH
13b: R = -(CHy)11-CsF 17

A

Figure 117 Examples of simple beftore bolaamphiphiles 13a and 13b, and a comparison of
the hexagonal honeycombs fornt®dT-shaped bolaamphiphileReproduced with permission
from ref[119].

For the columnar phases, there are two categories. One is formed by frustrated layer
fragments, the other is formed by columns composed ofdliaked assemblies of bent

core molecule$113]. The B1 phase is a frustrated layer structure, forming a 2D Col
phase with a rectangular unit cgllL8]. There are three variations of the B1 phase, as
shown inFigure 116. Due to the reversed molecular bend direction between columns,

the structures do not possess a polar order in B1 phases. They also do not possess overall
chirality even in the tilted case because of theat number of leftand righthanded

columns.

A special series of -Ehapedolaamphiphilesvhich replace the rigid aromatic core by
a bent one is designed to obtain more structures. Compound 13 as skayunaril?,
has an aromatic core with a bend of 120°, formé&phase$114]. Compared with the
T-shapedbolaamphiphiles the hydrogen bonding networks in gh6mm phase

formed by corpound 13b (long side chains) are located in the middle of the walls
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instead of in the corners. lime columnar phase witlp3ml symmetry formed by
compound 13a (short side chain), only every other node contains glycerol groups.
However, no method was useprove trigonal symmetry. In Chapter 3, the trigonal
symmetry was confirmed by using second harmonic generation. With the decrease of
the volume of the lateral chain, the formed honeycombs change from larger hexagons

containing 6 molecules to smaller lagons containing 3 molecules.

Anotherkind of bentcorecompoundsphasmidic, with three alkyl chains at eachgnd
werealso reportedo form Cohex phase A series of compounds wesgnthesizd and

the model proposed for the Gglphases an overall ft discoid assembly at higher
temperature, as shown kigure 118a. Some voids are shown between the molecular
branches. Atower temperatures phasdransition to aconicatshapephase(ColnPa
phase)take place Figure 118b). The voids are filled up by bringing the branches
together, which is achieved by the deformation of the flat discs into supermolecular
cones.The changes of birefringence and light transimission of the two phases are
observed. However, more methods neebe used such as electric properties to prove
the arrangements. Also, the voids in the arrangement aéx@otloubtful as there are
flexible linkages between aromatic rings. The three molecules should be able to pack
back by back and fill the space Mith the aliphatic chainsThe benicorecompound

in Figure 118c, with a dicyanothiophene bend group, was also reported to forme Col
phase. Howeer, the packing mode proposed was not-ldtar and was based on
antiparallel stacking of overlapping bent cores as for the highly dipolar nature of the
core.On the basis of Xay diffraction, other methods such as computatiomuigvand

fluorescece erssion spectroscopy were used to confirm the antiparallel arrangements.
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Figure 118 Examples ofmolecular arrangement ghasmid bentore moleculega) Cohex
phase, (b)ColPa phaseand (c)antiparallelbentcore structureReproduced with permission

from ref[120] and[121].

These findings on bemore molecules indicate that there are still a lot of possibilities
to explore, to realize different complex LC phases and structures by modifying the

molecular shapes with promising properties for applications.
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1.3 Aims and objectives
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Polycatenars

M
H2n+lcnO 0.0 OCnHZnH

l'12n+1CnO 0 FCNn M = -(CN)Z 0 OC,H
H,...C.0 FCOnM=0 T
n=12,14,16,18 i
n*=10,17

Bent-core molecules

R= 0CnH2n+1
R o IC3n (n =10, 12 and 14) o R

Ho/Y\o
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Figure 119 The list of compounds of different shapes studied in the thesis.
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In this project, our aim is to investigate a series of LC compounds capable of complex,
low symmetry seHassembly,study their LC phase behaviouas well as physical
properties. These include straighblycatenars (chiral or nechiral), bentcore
polycatenars, simple benbre bolaamphiphiles, doubtapered molecules and
polymerizable gemintype amphiphile with acid (Figure 1.1%Yhile X-ray diffraction

is the main method used to study the structures of the complex LC phases, other
spectroscopy and microscopy methods have been used extensively to characterize other
physical e.g. optical prapties of the compounds, which are important for their
potential applications and closely linked to their deliberately introduced low symmetry.
More importantly, we aim to understand how such properties could be controlled
through seHassembly and from éhlevel of molecular design. More details of

experimental methods and analysis are given in Chapter 2.

The higher temperature phase, trigonal columnar phase, formed bgobemhasmid
molecules (I&/n) is described in Chapter 3. Second harmonic geparatas used to

prove the norcentrosymmetric structure rather than centrosymmetric structure.

The lower temperature phase of beate phasmids, with an orthorhombic lattice and
Fddd space group is investigated @hapter4. Interestingly, the same phasealso
found to form from straight polycatenars (FCN16 and FCO16), and results are

presented in Chapter 4 too.

In Chapter 5, bentore bolaamphiphiles with different functional groups on the outer
side of the bend and a chain on the inner side were igatsd. Four types of
honeycombs are formed by these compounds and the way to tailor hexagonal, trigonal

and superlattice honeycombs in such systems is demonstrated.
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In order to widen the range and complexity of LC phases formed by-shpped
moleculeswe have designed douktiapered ionic compounds and studied their phase

behaviour as described in Chapter 6.

In Chapter 7, we investigated a gerviiyppe amphiphile composed of two zwitterionic
head groups and polymerized it with bis(trifluoromethanesyljonide. A self
standing double gyroid cubic phasadd) is formed with the ability to absorb water

and shows good ionic conductivity, with potential applications in fuel cells.
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Chapt2eExperi ment al Me t h
Anal ysi s

2.1 X-ray diffraction

In our work, Xray diffraction is the most important experimental technique used to
reveal the structure of complex liquid crystalline phases. In the followiegwill

introduce some basic concepts of crystallography before discussig dffraction.
2.1.1 Basic crystallography concepts

(a) 1D lattice (c) 3D lattice array
—u—a——iu-——u———‘u -0 ——0-—-9
@ --01--0+--0!

b4

(b) 2D lattice plane
O -—-0--0---0
bW, ~ - O~~~ 9©

4

L&) Lattice point

b, Translation vector aand b
: ia;)The angle y between vectors

Figure 21 (a) 1D lattice with parametex, (b) 2D latticeplane with lattice translation vectors
a andb and interaxial angleo; (c) 3D lattice array with primitive unit cell highlighted in red
Lattice points are represented by the solid purple circles.

A crystal structure is the periodic arrangement of matter such as atoms, ions or
molecules in thredimensional spac¢l]. The periodicity of a structure can be
mathematically represented by a lattice, which can be defined by up to 3 lattice vectors

(the number depending on the dimension of the lattice). The description of tharstruct

44



Chapter2 Experimental Methodand Analysis

can then be reduced to that in a unit cell bounded by the lattice vectors (equivalent to
unit cell parameters), and that is repeated periodically in space.a Huatter
understanding of a crystal structure, we could ignore the matter and focus on the points
of the latticesFigure 21a shows the simplest 1D lat# with a translation vecto®

and the length of it is defined as the lattice paranzet&ny lattice point that translates

n@ can bring it to another equivalent lattice poimig an integer number). The three
non colinear vectors@ @ and @ of 3D lattices define the unit cell with three inter
axi al an gl eRguré2lc. bhe enytt of shreé wectors aaeb andc. A

lattice point thatranslates by + pc+ g@ can bring it to another equivalent one. It

should be noted that the smallest cell that retains the lattice symmetry is chosen as the

unit cell in 3D lattices and there are an infinite number of choices for it.

r ot — .- — . .
@ ! 7o 1 -1 :
/
/f / . |
/ [
- < [ — - ’e — | A 4
The oblique p- lattice The rectangular p-lattice  The rectangular ¢- lattice  The square p-lattice The hexagonal p-lattice
(N e e T A—a
| [ / I [ [ /N & f
[ / [] ' (] _—* / \ 4
/ / / A \ /
[ ' ‘ I A —x
iz p2 P p3 p3lm
.................. . . ' VA e e
K e SSm———— Pk & EZ’AM;‘S—fn\d symmetry:
H L R ’ . —_—
""""""""""" 4 Y W i normal plane |
L — —i—x¥ Gl plane

" mirror plane |

' ' ' Ui ! 1 i \\

1 | i ' ' !
0 ‘ ' —t g S .3 S . ' .

p2mg p2gg c2mm p4 pamm pagm

o]

Figure 22 (a) Unit cells of the five basic plane lattices, showing the symmetry elepfant (
primitive, c for centred) (b) The symmetry elements outlined within (conventional) unit cells
of the seventeen plane groups (m farrar planes, g for glide planes, 2 foff@d symmetry,
etc.).

The symmetry of such periodic structures, are of particular importanceray X

crystallography, and are classified as plane groups in 2D and space groups in 3D. Plane
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groups can be descrith@s one of the fivbasic plane latticesHigure 22a), combined

with an appropriate set of points and translational symmetry elements. The seventeen
plane groups are shown with the indication of the symbols of glide or mirror planes and
rotation axis inFigure 22b. In three dimensionghere are seveprystal systems
according to the relationships of the lattice parameters and angles, as shown in Table
2.1. There are four types of lattice centering, primitive (P),-bastered (A, B or C),
body-centered (I) and faeeenteredF). If lattice centerings considered, there are 14
Bravais Lattices which were deifned by A. Bravias in 1848, as showigiure 23.
Futhermore, considering the point symmetry on 14 Bravias Lattices, the32 poant
groups.The point group was named as the fact that all symmetry elements can be
considered going through on point of the molecule or cry$tad. application of the
combination of point symmetry and translation on the 32 point groups would give rise
to 230 space groups in totdlhese space groups indicate sets of symmetry elements

that brings a periodic arrangement to its original position.

Table 2.1 The seven cryswlstems and their lattice parameters and angles (P for primitive, F
for facecentred C for baseentred, | for bodycentred).

System (Bravais Lattice parameters and angle d-spacing equations*
lattices*) P g P geq
_ y P Q Q a
Cubic PIF) a=b=c, U = b =S : =
Q w
] g P QO Q «a
Tetragonal PI) a=bl c, U = b S — - -
Q W w
Orthorhombi c e - N 0 a
rhorhombic alblec, U = b S P S —
(PICF) Q W W W
Rhombohedral .
a=b=c, U = b = -
R
] - P T M0 a
Hexagonal P) a=blc, U = b = , — - =
Q o w w
Monoclinic PC) | alibic, U = o = -
Triclinic(P) alblc U 1T b i -

*More information of thed-spacing will be discussed in the next section.
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a a

a B a
a a

b /

120

a | fa
/
= a

Simple Body-centred Facecentred
cubic (P) cubic (1) cubic (F)

Base-centred Face-centred Rhombohedral Hexagonal
orthorhombic orthorhombic (R) P)
©) (F)

T OUe] 49 47
g ardVivdliard= Ny

Simple Body-centred Simple Body-centred simple Base:cantred Tridinic
tetragonal tetragonal orthorhombic orthorhombic monodinic monoclinic ®)
(P) 0] P) 0] ) (C)

Figure 23 The fourteerBravais latticesR for primitive, F for facecentredC for basecentred,
| for body-centreq.

2.1.2 The principle of X-ray diffraction

Wavelength (A) El'zl‘gr('é)
TR
4’? : . \ (.—= Direction of
/¥ Z propagation

Mganelic
Field (B)

Figure 24 A linearly polarized sinusoidal electromagnetic wave.

Electromagnetic radiatiocen be described as electromagnetic waves with wavelength

(1) and vibration frequencyn( the number of waves that pass a fixed point per unit of

time), and its speed of propagation in vacuzml n. As shown as an exampleRigure

2.6, the electromagnetic wave propagates altags, with electric (blue) and magnetic

fields (red) vibrating in directions perpendicular to the propagation direction and to

each other (along x and y axes respectivelyjayé are electromagnetic waves with

short wavelength (0.010 A) and they are emitted or absorbed by electrons in the inner

orbitals of relatively heavy atomX-rays are scattered by electrons in the sample,

which oscillate in the oscillating electric field of therXy. For elastic scattering, the
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wavelength and frequency of emitted electromagnetic waves from the oscillating

electron and the incident beam are the same.

For an electron, Thomson equation déxsss the relationship between the intensity of

scattered beandf and the scattering angledjzas below,

0 — (Eq 2.1)

wherelg is the intensity of the incident beamis the distance between the detector and

the electrong andme are the charge and the mass of the electron, respectivelihe

speed of propagation in vacuum; The facte——— is called the polarization factor

()

\ 4

Figure 25 X-ray scattering from two electrons with the distance between them as ¥ector

The schematic figure of -xay scattering from two electrons at positions A ani$ B
shown inFigure 25. The unit wave vectord and b are indicated as the incident and

scatted rays, respectively. The two electrons are separated by the imetha path
difference between the two wavesit i) and then the phaskfference is —t bt

). Therefore, a scattering vectdr is defined as below.
B —t pib) (Eq 2.2)

thus, the phase difference is represented ab.
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It could be seen frorfigure 25 that ) lies symmetrically with reference to the
incident and scattered beams, and the magnitudend (& is the half of the scattering
angle)[2]. Thus, the scattering vect@y has the same direction and magnitudepas

B, and it can be expressed as below.
n s —tOEd (Eq 2.3)
Theqvalues are used as the typical length scales examined by the scattering instrument.

The scattered intensity is expressed by,

O 'COR'C R CEORS (Eq 2.4)
where "Omlp is the structure factor. It is the summation of exponential functions

expressing phase differenced\bélectrons in a system, as shown below.
O B QX (Eq 2.5)

As electrons are distributed likecloud, the electron density (ED) at a point indicated
by vector b is denoted as' i . Then the equation for the whole voluroan be

expressed as,
O .7 b RPN (Eq 2.6)
wheredvis the volume element of the electrons.

The "Ow is the Fourier transform of the ED distribution in the matter, linking real and
reciprocal space. The overall diffraction intensity in the whole space is expressed as

below,
.,% "@‘Ol@ S vo)v ” ‘ID m J:bm L‘) (Eq 27)

Miller indices represent the orientation of a plane in a lattice and they are defined by

the reciprocals of the fractional intercepts with the unit cell axes. A general set of Miller
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indicesfor a plane is written a$kl), where the plane intercepts on the ages® and

@ area/h, b/k andc/l, respectively. For example, the Miller indices of the grey plane in
Figure 21c are (110). When a plane is parallel to an axis, the intercept is infinity and
the reciprocal is zero. For the family of lattice plartgd)( the F! plane intercepts on

the axes are/h, b/k andc/l, and the  plane intercepts areath, 2b/k and 2/, etc.

Each plane goes through infinite number of lattice points. In 3D lattices, the relation of
interplanar spacingi, and the lattice parameters and angles depend on the crystal

system. $me equations of common crystal systems are listed in Table 2.1.

<7 (hkl)

\d\\/“ < /v(hkl)

. (hkl)

Figure26Schemati ¢c di agram of Braggbs | aw

X-rays diffract when passing through a-BBriodic crystal or a periodic LC structure

(with dimensions fom 1D to 3D). As shown ifigure 26, diffraction happens by the
constructive interference of the scatteredays beam at a series of Miller planes with
indices (kl) of the periodic lattice. Constructive interference, meanimg the
scattered waves are in phase, happens when the path difference is an integral number

of wavelengths. Thus, the Braggds Law is o

n & 2dsind (Eq 2.8)
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wheren is the order of the diffractiord is interplarar spacing and is the incident

angle. The value daf is always set to be 1 in practice,das nk nl = dn, k I/n. Thus, from

equation 2.3, the relationship @fpacings and values is obtained a§ —.

In a 3D crystal lattice, an atom efectron at positionx( y, Z) with unit vectors@ @

and @ in a unit cell, it has0 0 ) ) equivalent atoms/electrons in three
dimensions. Thus the vectd is expressed as below,

p B &£ 3D B &£ 33 B ¢ I ol B add (Eq2.9)
In the direction of defined vectad, the total intensity can be expressed as,

Oh '®WOWs ——Fr—— o (Eq 2.10)

where "O#p is calculated in the unit e

The values of the sine quotients in equation (2.10) increase sharply as their
denominators approach zero. The values of inteh@pywill therefore increase to a
sharp maximum when the following conditions are satisfied at the same time (Laue

diffract i on conditions), which is equivalent tc
B ¢HI ¢ H® ¢ (Eq 2.11)

The experimentally measured intensity is proportional & the peak width decreases
with increasingN (more details are discussed iruations 2.152.18). Therefore, the

experimentally measured intensity
O 00 O (Eq 2.12)
where the structure facto© of a unit cell of a crystal (O<x<a, 0<y<b, and 0<z<c),

O B YOY o) T T T M (Eq 2.13)
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The structure factdiFn) is the Fourier transform of the ED mapdy2), soy} (xy2 can

be expressed as Fourier series as below,
" wwa —B 0 Q r 1 7 (Eq 2.14)

Equation 2.14 shows the relationship between real space (electron density distribution
in the liquid crystals, the left part of the equation) and the reciprocal space (diffraction
images, on the right part of the equation). The ED of the crystal coulditdated

when the value dfnk is determined from Xay diffraction patterns. In equation 2.12,
althoughlnu is related td-nw, the measured intensity from experiments is actually an
integration of the diffracted intensity in a range of angular dewviatirom ideal Bragg

angles. Tus the integrated intensity is expressed below.
O VDRSO s (Eq 2.15)
whereK is the scale factoyis the volume of the crystdl,is the Lorentz factor,

p is the polarization factor, whidior an unpolarized beam equals———.

The beam useih the work presented in this thegsshighly polarized and the region
used is smalin angle, s can be treated as 1. The Lorentz fatta@epends on the
orientation of the sample, the jtien and geometry of the detector. For the powder

diffraction method that use linear detector,
0o —— (Eq 2.16)

In small angle Xray diffraction, the factord O could be simplified to 1. Thus the

integratedntensity,

o0 =2 (Eq 2.17)

The Lorentz correctenhtensitylc is expressed as,

0 @ 0O s (Eq 2.18)
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It is noticeable that all possible diffraction peaks are likely to be observed from the
powder diffraction pattern. However, only one family of peaks can be obsenaed in
single crystal diffraction pattern, and limited families of peaks can be observed in a
grazing incidence diffraction pattern for a sample with preferred orientation.
Consequetty, the intensities observed in powder diffraction patterns are always used

after Lorentz correction and thg? i g plots are displayed throughout this thesis

Structure factoFnk is a complex number, consisting of real and imaginary parts A and

B respectively, as expressed below,
O 0 aQ SO s (Eq 2.19)

where ¢ is the phase anglds only the absolute value d¥nf| can be detenined
experimentally from equation 2.18, the determinationm of for reconstruction of the
el ectron density map according toerayequati o

crystallography.

If the structure is centrosymmetric, the structure faEk@ris a real number and phase

angle ¢ i's either 0O or ~. This would decrease
number of 2, where n is the number of reflections used in the reconstruction. This
makes it possantdrer off @r aa pfricrad @l e 6correc
combination. However, it would be more complicated if the structure is non
centrosymmetric as the phase o f some reflections <coul d
Consideration of other information about the system, for example thecuotat size,

electron densities of different moieties of the molecule, number of molecules in the unit

cel | and filling of space, wil/|l be hel pful

The intensities of diffraction peaks were measured by usirggr®il (OriginLab Corp,
Northampton, MA, USA)to integrate the diffraction peaks in? i g plot. The

diffraction peaks are fitted by Gaussian or Lordatctions, for accurate measurement
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of peak positions and intensities, particularly for overlappiifigaction peaks. Using
the information of lattice parameters, Miller indices and intensities of diffraction peaks,
and plane/space group symmetry of the phase, Electron Density (ED) maps can be

reconstructed according to equation 2.14.

2.1.3 Basic experimentdsetups: simultaneous SAXS/WAXS

As described in sections above, diffraction peaks result from constructive interference
of X-rays scattered from ordered arrays of electrons, atoms and unit cell. Materials may
possess ordering both at the nanoscale athé attomic levelFrom the Bragg equation

(Eq 28 d= af2simd) we know that the larger the periodicity, the smaller the diffraction
angle. Therefore, the combination o$mall and wide angle Xray scattering
(SAXS/WAXS) is valuable in the investigation of gde information about the
materials. The saip of the simultaneous SAXS/WAXS experiments is schematically

drawn inFigure 27.

WAXS SAXS

Scattering Angle Scattering Anglel/

i L
e e
i ——— -
il B = — ]
S e
e ——

Figure 27 The sketched setp of simultaneous SAXS/WAXS experiments.

In this work SAXS refers to scattering ofrdys of 2 between 0.1° and 10°. Therefore,

the scattering information enables to probe large structures according to the inverse
relationship between probing size and the scattering angle. WAXS is samngte
scattering technique and often used to determine ttstatline structure of materials

recording scattering at relatively large angles. Most useful for the study of liquid
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crystals, if sharp diffraction peaks are observed in this region, it indicates ordering at

theatomic level and that the sample is crystal instead of liquid crystalline.

2.1.4 Grazing incidence small/wide angle Xay scattering (GISAXS/GIWAXS)
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Figure 28 (a) The refraction and reflection of visible light in the sample, (b) the sketched figure
at different conditions: the incident beam (OA), the refraction (OB), and weak reflection (OF)
and diffracted beams (OC1, OC2, OC3) in the samjlelt; the totalexternal reflection (OD)

on the surface of the sampldj€U; the diffracted beam®(C1, OC2, OCBand the evanescent
wave (OE) that penetrates tsemple in the nanometer scale and travels parallel with the sample
surface ifU= [3]; (c) sketch of GISAXS/IGIWAXS gemetry whenU>U (green and red
arrows represent the diffracted and refracted beams respectively); The comparison of (d)
GISAXS and (e) powder SAXS patterns of aggihase in the same scale.
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Grazing incidence small/wide anglergy scatterind GISAXS/GIWAXS) is another

X-ray scattering technique used to study nanostructures on the surfaces or thin films. It
requires little amount of sample that can be easily oriented on the substrate surface and
provides extra information on sample orientatimm easy lattice and symmetry
assignment for liquid crystalline samples. Thin film samples were prepared from melt
on silicon substrates, and normally quenched to room temperature from melt to start

with.

Refraction and reflection phenomena are common$enked in visible light. For the
refraction, the wave speed and the propagation direction changes when the wave passes
from one medium to another. The rays of visible light are refracted from air towards
the normal of the sample surface, as shown in Figua. The common refractive
indexes of light in air, water, glasare 1.0, 1.3 and 1.5, respectively. Refraction at
interfaces of different media in-Kys also happens due to the fact thata)s are
electromagnetic waves. Different from visible light;rays coming from air are
refracted away from the normal of the surface and the refractive indexagfsXs less

than ond3]. The sketched refraction and weak reflection beams are shown in Figure
2.8b if the incident angle is larger than the critical anghkelf). Also, unlike visible

light which shows total internal reflection;2ays exhibit total external reflection under

a condition that the incident angle is smaller than the critical abglet). When the
incident and critical angles are the same, th@yXbeam penetrates theample in the
nanometer scale and travels parallel with the sample surface, and this beam is called

evanescent waa-5].

For the thin sample, there are actually two critical angleair/sample interfacé’ky),
and at sample/substrate interf§Ce) [6]. When the incident anglé is larger than the
two critical angles, the signals amainly from the scattering of the primary beam. The

path length of Xrays through the sample is sufficiently long and the volume of sample
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hit by X-rays is high even for the sample in miciszale thickness. Thus an intense
diffracted pattern could be obsed. IfU is betweerik: andUy, the scattering comes

from not only the primary beam but also the stronger reflected beam from the silicon
plate, resulting in the split diffraction peaks in the perpendicular directiod. i$f

smaller tharil, total external reflection happens and beams do not go into the sample.
This isthe condition thaive need to avoid. Occasionally, when the information in small

or wide angles near the equator is needed, the incidence angle is set to be the same as
(or slightly bdow) the critical anglék and Xray beams penetrate the sample and travel

parallel with the sample surface.

The GISAXS/GIWAXS patterns are typically collected by an area detector as
schematically shown iRigure 28c. Compared to the powder SAXS/WAXS technique,
smaller amount of sample is needed for the thin film and the extra orientation
information of the diffraction peaks from a GISAXfatten makesidentification of
lattice types and indexing of diffraction peaks much easier. An exam@S#XS

and powder SAXS patterns of a Ggphase in the same scale is showRigure 28d-

e.

2.1.5 Laboratory beamline

X-rays pass out through
beryllium windows
A4

Heated tungsten
filament emits electrons

water
coolant

o
., Generator

A 30-60kV

Figure 29 The stiematic diagram of Xay tube.
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Sometimes the laboratory beamliiseused for preliminary studies of samples. In the
laboratory, the Xrays are generated when a Cu target is bombarded by electrons within

an X-ray tube, as shown in

Figure 29. The generated electrons are emitted from a heated tungsten filament and
accelerated by an applied potential to impact on the Cu target. The collision between

electrons and atoms dfie Cu target would generate heat andays|[7].

The setup we have used was a Xenocs GeniX microfocus@y Source. The Xay
tube is constantly being pumped during operation. It was coupled with FOX 3D-Cu 12
INF infinity focus multilayer mirrors and a two scatterless slits collimator. A homebuilt
furnace for capillaries connected to a Eurotherm temperature controllesuitlble
transformer within N 0.5 eC accuracies.

(68 em pwaxusdd. si z e)

2.1.6 Synchrotron radiation

, Storage ring

,——7———‘

, Synchrotron

AY
Bending magnet

/ RF cavity
f

™ Linac

Insertion device
——— Beamline
Monochromator —‘

———— Focussing mirrors

" Diffractometer

Figure 210 Schematic outline of a synchrotron radiation facility.
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Synchrotron radiation is generated by the acceleration of charged elementary particles
(typically electrons), normally by the use of magnetic fields, and maintained on a closed
orbit under high vacuum in a storage rip, as shown irFigure 210. Electrons
emitted by an electron gun are first accelerated in a linear accelerator (linac) and then
transmitted to a circular accelerator (booster synchrotron) where they are accelerated to
reach an energy level of GeV. The storage ring maintains electrons in the closed orbit
by bending magnets, and the energy of electrons is restored by RF cavity. Synchrotron
radiation, with a range of different wavelengths, is generated by bending magioéts wh
bend the electron trajectory, and by insertion devices, which are also composed by
magnets, but periodically arrayed, to wiggle or undulate electron trajectory. The
synchrotron radiation is then guided to beamlines, which contain monochromators,

focusing mirrors and diffractometers for-bay diffraction experiments.

The radiation emitted by the orbiting electrons covers an extremely broad range of the

el ectromagnetic spect’cm)imthehrd myt f@n:il®f r ar e
The flux (i.e.,intensity per unit area) of-Xays is high, enabling to shorten the required

time for each measurement. Therefore, rapid time series measurements with samples
undergoing dynamic evolution are allowed and high resolution diffraction results can

be obtained8]. X-ray diffraction experiments involved in this report were cardet]

at different beamlines of synchrotron radiation source facility, Diamond Light Source

(DLS, U.K.) and European Synchrotron Radiation Facility (ESRF, France).

Powder SAXS/WAXS samples were examined at station 122 in DLS. They were
prepared in glass c#ipries of 1.0mm diameter and held in a modified Linkam hot
stage. Pilatus detectors were used for both SAXS and WAXS. Trag &nergy was

usually 12.4 keV, and the exposure time was typically in seconds.

GISAXS/GIWAXS experiments were carried out at B8/&t ESRF and 116 at DLS.
The 2d diffractograms were collected using a MAR165 CCD camera at BM28, and
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Pilatus 2M detector was used at |h&etracontane (§Hs2) was used to calibrate the

distance between sample and detector in akhyexperiments.

2.1.7 Determination of lattice parameters and symmetry groups

Thed-spacings og values fj —) of diffraction peaks can be measured from SAXS

results, with the liquid crystalline nature of the phases confirmed by simultaneous
WAXS. For simple lattice types, i$ relatively easy to work out the Miller indices of

diffraction peaks, from theip ratios[9], as shown in Table 2.2.

Table2.2 Theg? ratio, Miller index and crystallographic relationships of different structures.

Phase (ratio | Miller index (hK) Crystallographic
relationships
Lamellar 1:4:9{(10), (20), L
Q o

"Q "m ’F’Q
Hexagonalomm |, . 5. 410y, (11), | L2 ™2
p31m, p3ml é ) Q o W
Square g4mm) 1:2:4:4(10), (11), P Q0
Square jp4gm) 2:4:54{(11), (20), Q W

. (211), (220), (321), p 0 Q &
6: 8: 14 =

Cubic (aad) (400) 6 Q =

However, a lot of times, when the structure is more complex, it might not be possible
to work out the lattice type simply from th@ ratios. In such cases examination of
orientated samples, either single crystal domains (using a goniometer) or orignted th
film samples, typically prepared on silicon substrates (using GISAXS), can help to

index the observed diffraction peaks.

Using the methods mentioned above, lattice paramatetddiffraction peaksf the
phase can be determined and indexed. Next,necessary to check the general and
special reflection rules observed against that listed in the International Tables for

Crystallography, for determination of plane or space groups. Sometimes, the exact
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plane or space group cannot be uniquely determnoad XRD, for example, for plane
groupspémmand p3ml. In such cases other characterization methods, for example,
second harmonic generation (SHG, Section2.2.1.3 which can distinguish

centrosymmetric and necentrosymmetric structures, will be used whenever necessary.

2.2 Optical Spectroscopy

Optical Spectroscopy studies the interaction between atomslecules and incident
electromagnetic radiation as a function of its wavelength, or equivalently its frequency
or photon energy10]. Electromagnetic radiation can be described as electromagnetic
waves as in Sectioh 1.2 It can also be described as photons (waasticle duality in

guantum mechanics), massless particles with quantized energy.

In an entire range of the electromagnetic spectrum, from low wavelength to the higher,
electromagnetic waves are called by different names, from gaysa Xrays,
ultraviolet, visible, infrared, microwaves to radio waj&l. Short wavelength Xays

(1-10 A) are emitted or absorbed by electramshe inner orbitals of relatively heavy
atoms. In the UWis range (Ultraviolet: 18@00 nm, visible: 4050 nm), the electron
cloud around atoms can be polarised by the electric field of the incident beam, leading
to electronic transitions between gnoland excited states. s spectroscopy is used

on this basis to obtain the information of electronic structure of molecules. In addition,
fluorescence spectroscopscords the emitted light (fluorescence) when the polarised
electron cloud returns frothe excited state to ground state. The energy of the emitted

photon equals the energy difference between the two stgiearid hence,

w0 B GY_ (Eq 2.20)

where h is Planck constant (6.6268x*0J s), 0 is the frequency of absorbed
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electromagnetic radiatiorg is the velocity of light (2.998xf0m/s) anda-is the

wavelength.

In most spectroscopy, the relationship of the amount of materials in the s&ntipde (
thickness of the sample,the concengation) and the absorption of light passing though

(A: absorbance) is described by Lamigt e r 6 s Law, as shown bel ow
0 - 0w (Eq 2.21)
where - is the molambsorptivity and its value shows how well a compounds absorbs

a given vavelength of light

The detectors measure the absorbaAidy comparing the intensity of incident light

(Io) and the intensity of transmitted lighj, (
I aé'@ (Eq 2.22)

At longer wavelength, in the Infrared (IR) regif00 nm- 1 mm), the incident beam
frequencies are similar to that of molecular vibration, therefore IR spectroscopy is able

to help identify molecules and their functional groups.

Specific spectroscopy methods used in our work will be discussed in idetsakt

sections.

2.1.1 UV-Vis and fluorescence spectroscopy

The energy absorbed by the molecule in UV range lead to its change of electronic
energy and consequently transitions of valence electidhsThere are three types of
electronsimr gani ¢ mo4, reecl uel cetsramndslectroiiis are involved in
saturated and unsaturated bonds, respectiaetjectrons are electrons in atoms that
are not involved in saturated and unsaturated bardspnbonding electrons. When

the mokcule is excited by the light, electrons would move from a bonding to an
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antibonding orbital. There are four different transitions and the order of energy values

from low to high of them araY ", Y ", nY @, GY 0'[12.

Hyperchromic

A shift
A
I
° Blue shift € - - - ) - - - > Red shift
o |
© 1
E 1
o) \'4
2 Hypochromic
< shift

Wavelength

Figure 211 Absorbance and wavelength shifts of Wi spectra.

The absorbance or intensity shifts may happen when there are changes in temperature,
solvent or some other conditions of the samplgyre 211). Red/bathochromic shift

is the shift of maximum absorption towards longer wavelength and it could be produced
by changing the solvent. Additionally, when there are two or more chromophores in
conjugation in a molecule, there is a red shift. In Chaptepdpounds FCN16 and
FCO16 show a red shift in the cooling process because of an increase in conjugation at
the transition from one phase to another. Blue/hypsochromic shift could show due to
removal of conjugation or a change of the solvent polarity. Hypemic and
hypochromic effect is caused by the presence of an auxochrome and the distortion of

the geometry of the molecules, respectively.

Fluorescence spectroscopy is complementary tevid\as it measures the transitions
from the excited state to grnd state. Fluorescence is emission of visible radiation after

molecules are excited by an incident bda 12].
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The solid samples were prepared by melting and spreading evenly between two quartz
plates. U\Avis spectra were recorded using Lambda 900 (Perkin Elmer). Fluorescence

emissionspectra were recorded using Fluoromax4.

2.1.2 Infrared spectroscopy

N=C=N
N=C=5
N=C=0 C-Cl C-
CONH C=N C=N C-F C-Br
N-H OH c=c =C halogenated
4000 3200 2800 2300 2100 1800 1500 C-0-C
X-H heteroatoms C-H C=0 - organometallic
\.1|1|.Htl_ullJ_Hll.Hll.H|..|1|..|
4000 3000 1000 0

2000
Wavenumber (cr)

Figure 212 IR spectroscopy correlation tabReproduced with permission from faf].

Infrared (IR) spectroscopy is a powerful technique to investigate chemical stsucture

It can be also used for quantitative analysis. Absorption in IR range results from
transitions between vibrational energy levels adfmolecule. A molecule shows

absorption bands in the IR spectrum when vibrational motion is coupled with a change

of the overall dipole momefit1]. IR spectrum of a molecule below 2000 tis also

a o6fingerprinté for its identification, s h

characteristic bands of the molecule. The main IR bands are summakigaran212.

IR spectra were recorded with a Perkiimer Frontier FTIR instrument. As the samples
(1X and 2X in Chapter 6) may absorb water in the air, they were melted on a Csl
window and dried under vacuum at @for 1 day. A second<T window was placed

over the sample as cover. The sandwich was then heated into the mesoph@@&C30

under vacuum to ensure uniform film thickness before the measurement.

64



Chapter2 Experimental Methodand Analysis

2.2 Other Analytical Procedures

2.2.1 Microscopy
2.2.1.1 Polarizedoptical microscopy

Polarizedoptical microscope (POM) is often used to observe the temperature range and
the texture of LC phases. Some details such as the direction of aromatic cores and

columns can also be obtained.

(a) TOpTiC axis (b) T Optic axis Lisht

Figure 213 (a) Index ellipsoid (etxaordinary indicatrix); (b) Determining@e, no and the
direction of polarization ob ande beams.

In optically isotropic media (liquids, cubic crystalghe relationship between the
refractive indexn), the speed of light in vacuunmain material ¢, v) can be described
asn = c/v. In optically anisotropic (birefringent) materials light beam splits into an
ordinary ray(no) and an extraordinary rgye), seeFigure 213. Bothe ando rays are
planepolarized (linearly polarized). The planes asrpendiculato each other. The

plane ofe light contains the unique axis of the birefringent matéid].
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Figure 214 Light path through two crossed polarizers with (a) no sample or isotropic sample
and (b)birefringent sample
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Note the special cases pf k= (kis an integer), where the light is linearly polarized.
When k is an even integer, after leaving the sample the light retains the state of

polarization as at the exit (i.e. generally elliptical).

Normally, the material is placed between two polarizerssed at 90° to each other

The planepolarized light transmitted by the 1st polarizer is not altered when there is no

sample or there is an optically isotropic sample between crossed polarizers. It is hence
fully absorbed by t hasshdwnarigpre 214arElliptically ( Afanal
polarized light is created when an anisotropic material is placed between the polarizers

as shown irFigure 214b. The component of the light which is parallel to the analyzer

can now transmit through the analyzer. In general, an anisotropic sample is bright and
cooured when viewed through crossed polarizers. The colour comes from different
phase delays | of the components of the wh
sample.Al>s retardation plate (550 nm) is often
all directions and help to understand the orientation of molecules. Nortsougtbieast

is normally its direction of slow axis which retards the 550 nm light by exaglyl T h e
Michel-Levy birefringence chart iRigure 215shows the relationship of sample colour

to its thickness, birefringence and actual retardation. If two of the three values are

known, the value of the remaining one can be obtained frertins from the bottom

left corner to the upper/right boundaries.

POM were recorded using an Olympus BX50 microscope equipped with Linksys32 or

MettlerHS82hot stageand-l r et ar dati on pl at e.

2.2.1.2 Secondharmonic generation(SHG) microscopy

Second harmonic generation (SHG) is a nonlinear optical process, in which two photons

with the same frequency interacting with a nonlinear material are effectively
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"combined" to generate a new photon with twice the energy, and therefore twice the
frequencyand half the wavelength of the initial photoRsglre 216) [15, 16]. It is an
evenorder nonlinear optical effect and only noncentrosymmetric structures are capable
of emitting SHG light, so SHG experiments are performed to distinguish
centrosymmetric andoncentrosymmetric structures. In Chapt8rand 5, SHG was

used to distinguish the centrosymmetric symme@émm and norcentrosymmetric

symmetryp31m/p3ml.

(a) (b) A
Non-linear

W
OUGUQU% optical medium —_
(2) A
w

2w

Y
Atomic ground state

Figure 216 (a) Geometry of SHG and (b) energy level diagram describing SHGi( s t he
wavel e@® gstthe,secanarder nonlinear optical susceptibilifesReproduced with
permission from refl5).

A Zeiss LSM 510 Meta upright lasecanning confocal microscope (Oberkochen,
Germany) with a 40X/0.75NA objective was used to examine the sample. The
temperature was controlled by a Linkam or Metli&82hot stage. A Chameleon Ti:
Sapphire femtosecdmpulsed laser (Coherent, California, USA) tuned to 800 nm, was
attached to the microscope and focused onto the sample resulting in a SHG signal
detectable at 400 nm. Samples of about ®m0thickness for SHG measurements were
prepared on the rough sideasilicon wafer. In order to exclude possible surface effects,

the beam was first focused at the bottom of the LC film in contact with the Si substrate,
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t hen at 10 & m, 20 em and sometimes 30
calculated by dividing thmtensities at 400 nm by the averaged background around the

peak.

2.2.1.3 Atomicforce microscopy

Figure 217 Schematic setup of AFMReproduced with permission from [éf7].

Scanning probe microscopes which use a physical probe to record the interactions
between the probe and the surfaces of the sample, are a family including scanning
tunnelling microscope, scanning probe electrochemistry, iatdonce microscopy

(AFM) etc[18, 19].

AFM records the repulsive and attractive forces betviiee probe and the surfaces and
produces high resolution images in nanometres. A typical setup of AFM is shown in
Figure 217. The reflected beam on thEhotodetector monitors the change of the
position which is caused by the force of bending or twisting applied on the tip of the
cantilever. Tapping mode AFM is used as it is-d@structive, particularly important

to soft liquid crystalline materials, hasigh spatial resolution and can record
69
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simultaneously sample topography. In this mode, a piezoelectric element is used to
excite the cantilever with a certain vibration amplitude and frequency. The arrangement
of the molecules in the LC phase could beeobsd by AFM[20-23]. A Veeco
Multimode instrument with a Nanosaaplla controller and OTESPA probes (Bruker)

was used in our work.

2.2.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a standard technique used to measure phase
transition temperatures and enthalpy changes at the traa$2#@inThe sample (25

mgq) is sealed in an aluminium pan with known weight and a reference pan that does
not show any phse transition in the temperature range. They are heated or cooled
simultaneously at a constant rate. When the sample shows a phase transition, its
temperature will deviate from that of the reference due to positive or negative transition
enthalpy. The tengrature difference should be compensated by heating or cooling, and
dH/dT (the changes of enthalpy with temperature) can be measured according to the
required electrical power. Phase transitions, for example, from crystal to LC or from
LC to isotropic, whth require the input of additional energy, show endothermic peaks

in the heating. Commonly, the peak positions shift downwards in the cooling (thermal
hysteresis) and exothermic peaks are shown because of the output of energy. The
energy of transition caoften be used to provide an idea of the transition type. However,

it is always necessary to combine DSC with other techniques like POM -aag X

diffraction to determine the existence and nature of a transition.

2.2.3 Molecular modelling and dynamic simulatian
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Molecular mod#ing and dynamic simulation is used to study the microscopic
behaviour of matter resulting from the interaction between atoms and molgijles

In such simulation, a trajeary that includes position, velocity and acceleration with

the time of all atoms in the simulated system can be calculated and saved at regular
intervals, providing information for investigations of the dynamic and static phenomena

of the simulated system

The static picture of molecular structure provided by molecular mechanics is not
realistic because molecules are dynamic, undergoing vibrations and rotations
continuously[26]. Consequently, molecular dynamics must be used to analyse models
by calculating the motion of atoms in the molecules, thus more realistic information
about possible conformations, thermodynaprioperties, and dynamic behaviour of
molecules can be reached. Molecular dynamics can also be used to evaluate and

compare different models proposed on the base of reconstructed ED maps.

Materials Studio (Accelrys) was used to visualize the model. Theonhetdf modelling

and simulation follow the procedures below,

(1) Structural visualization: Build a crystal with the determined unit cell parameters by
experiment. Construct molecules according to their chemical structure and arrange

them within the unit celkaking into consideration of their symmetry.
(2) Geometry minimization: The forcite module and the universal forcefield is used.

(3) Dynamic simulation: Annealing dynamics is used. The process of annealing can
reduce stress on molecules, take keglergy conformi#onal states towards stable
conformation, overcome potential energy barriers and force molecules toward the
lower energy conformation. Universal Forfoeld is selected and NVT (constant
volume/constant temperature) is used as dynamics ensemble. Thegeooee

tolerances for geometry optimization were 0.001 kcal/mol for energy and 0.5
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kcal/mol/A for force. Typically, thirty temperature cycles of NVT dynamics are run

between 300 and 600K, with a total annealing time of 30 ps.
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3.1 Abstract

Three compounds with a bent rbkle aromaticcore and with three alkoxy chains at
each end were synthesised by click reaction. The compounds form a columnar liquid

crystal phase with noncentrosymmetric trigopzlm symmetry, the columns having a

3-arm sta#like crosssection.

3.2 Introduction

Thetermiphasmi do mes ogen -likeanolecsles diththmee fikxébkec r i be r
chains, usually alkyl, at each end, and the name refers to the similarity with insects

known by the same nanj&]. Usually such mesogens form the hexagonal columnar

liquid crystal (LC) phase, where typically three aromatic rods lie parallel to each other

and perpendicular to the column axis, forming a stratum of the column; the alkyls fill

the space between thdwmns[2]. Phasmids are a subclass @fider class of rodike

molecules with more than one chain at each end, known as polycatenar mesogens.
Columnar phases, particularly the most commonly observed hexagonal phase, are
normally assembled from didlike or fanshaped moleculeg3-7]. Alternatively a
variety of Ahoneycombd -lkkedmphiphileswithgldxials es ar e
sidechains[8, 9]. One may ask why phasmidic columns, with elongated rods lying

normal to the column axis, pack on a lattice with hexagonal symmetry, when such
packing is normally reserved for round cylinders or hexagonal prisrasaridwer may

be in that the successive strata in a column are rotated, forming a helix, making the
averaged crossection circular. Such helical twist of polycatenar strata has recently

been suggested by the observation of chirality inctdral polycatear compounds in

the triplenetwork cubic phase, where the networks are also made up of short column

segmentg10]. Columns made up of more circular strata, containing discotic er fan
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shagd mesogens, are also understood to feature helical M4d]. The question we
address here is whether a trigonal columnar LC phase can be formed, wifolthree
rather than sikfold symmetry and with neoylindrical columns. In honeycornlike
inverted columnar phases of sideaincontaining rodike amphiphiles, in some cases

the crosssection of the prismatic channels with aromatic walls is hexagonal; thus
although the columns are not circular, naturally the sgitryris still hexagonal, plane
grouppémm[8, 9]. However, in two cases amphiphiles of that kind were reported to
form honeycombs with only thrdeld symmetry (see below)15, 16]. Such non
centrosymmetric structures are rare in liquid crystals but are of interest for their
potential ferroelectric, pyroelectric or nonlinear optical properties. The question
remains whether such thré@d symmetry is possible in the mow®nventional
columnar phases where the hard aromatic moieties occupy the centre, rather than the
periphery of the column. Here we show that columns with a-timaestar crossection

and trigonal symmetry can form from bedre, or bananahaped phasmsd While the
crystallographic plane group belongs to the hexagonal system, the phase symmetry is

actually trigonal.

3.3 Results and discusstion

The aromatic rodike core in the compounds described here have a bend oirilb@
centre due to the $ybridized methylene grouip see Schem8.1. The compounds

are labelledC?3n, with n =10, 12, 14 the number of carbon atoms in each of the six
terminal alkoxy chains. They were synthesized by a @afialyzed click reactioflL7].

All three compounds display a liquid crystal phase, with the texture recorded by
polarized optical necroscopy (POM) featuring clear developable domains

( s phefld)typicak f & Qolumnar LC phaseseeFigure 31. The transition
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temperatures and heats of transition 8hdating, cooling and"2heating, determined
by DSC in combination with Xay diffraction and nonliear optical studies, are listed

in Table 1. The DSC traces are shown in Figure S3.1 and S3.2 of Electronic Supporting

Information (SI).
o
R COOC;H 2
{ Jcooes,  Ho— ) “
! l"" HO' O O OH °

HO
3
3,
K 27 4 HO OH

Dy ol T, o, 7

N=N N=N
IC¥n: R= OCyHansr, n = 10, 12 and 14

Schemes.1. Synthesis of compoundi§ 3/n. Reagents and conditions: (i) KOH, €FH,OH,
reflux, overnight; (ii) a) NaN@HCI, 0 °C, 1 h; b) Nal 05 °C, 5 h; (i)
dicyclohexylcarbodiimide,4limethylaminopyridine, CkCl, 0-5 °C, 18 h; (iv) LiAlH,, AICI5,
THF, 65 °C, 48 h; (v) KOH, propargyl bromide, acetone, reflux; (vi}tatanol, THF H-0,
sodium ascorbate, Cu$®H,0, 25 °C, 20 h.

s 7‘ TEIES “\ (X {
Figure 31 Polarized optical microscopy texturesl6ff/14 at 70 °C. (b) is recorded with a
full-wave () plate. For explanation of colours see Sl.
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RR@\@ONS‘pOO/\QN @}/Q;R

R =0CpHzn41
IC%¥n:n =10, 12 and 14

Table 3.1 The phase transition temperatures ofcompd@itis

Compd n T/ H/kdemoH]

ICI10 10 -Cn69.6 [17.3] C5107.0 [33.3] Is®®87.4 [1.2]p31m 52.8 [12.0] M~
56.5 [12.3]p3+Cr. 65.4 [2.4]p31m 90.3 [1.2]Is0+Ck 108.6 [3.3] Iso

IC¥/12 12 - Cr;86[21.1] Cp110.2 [41.5] Is6®88.6 [0.7]p31m 58.3 [11.5] M
~62.1 [11.6]p31m 89 Cr110.3 [35.7] Iso

IC¥14 14  -Cr;38.7 [30.5] C§73 [23.1]p31m 82.7 [0.8] Iso®76.2 [0.3]p31m 58.5

[14.6] M = 62.5 [14.7]p31m+Cr, 68.2 [1.0]p31m 83.9 [0.6] Iso
*Peak DSC transition temperatures [and enthalgieg]st heating), followed by cooling®), followed
by 2ndheating €), all at 5 K min. Cr,Cr=crystal,p31m = hexagonal columnar phase with thfetl
symmetry,Iso = isotropic melt, and M is a complex metastable unidentified LC phase.

All of the target compoundEC3n were synthesized by click reaction between the
bisacetylene 8 and the appropriate substituted aromatic a&ile¢Scheme3.1).
Reduction of commercially available 44ihydroxybenzophenone6 with
LiAIH 4#/AICl3 [19] yielded 4,4dihydraxydiphenylmethane’/, which was etherified
with propargylbromideto yield bisacetylen8. 4-AzidophenoM was synthesized from
commercially available -4minophenol3 by formation of the diazonium salt and
subsequent substitution with sodium az#leias esterified with the apmpriate 3,4,5
trialkoxybenzoic acids2®/n to 4-azidopheny3,4,5trialkoxybenzoates53/n [20].
Finally click reaction between bisacetyleBend aromatic azides®/n produced the
target compoundsC?/n. All of the target compounds were puriieby column

chromatography. For more details, see SI.

X-ray scattering at small and wide angles (SAXS and WAXS) experiments were
performed to characterize the LC phases. Grazing incidence SAXS (GISAXS) on thin
films on silicon substrate was also employrdrder to facilitate indexing of -xay

reflections.
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(10) IC%12, 80 °C
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Figure 32 (a) Powder SAXS curve ¢€3/12recorded at 80 °C at station 122 at Diamond.
(b)GISAXS diffraction pattern diC%12recorded at 80 °C on beamline B28 at ESRF.

Furthermore, for any potential future application of such materials in electronic or
optical devices, orientation in thin film needs to be understbmire 32 shows a
transmission powder SAXS and a GISAXS pattern of the main liquid crystal phase, on
the example olC?312. Equivalent patterns for compountis®/10 and IC%/14 are

shown in Sl, Figure S3:3.6. The measured and calculatbdpacings for althree
compounds are listed in Tables-S2 in SI. Thed? values of the three peaks in the
SAXS pattern are in the ratio 1 : 3 : 4, which is typical of adimensional hexagonal
lattice, with the respective Miller indices (10), (11) and (20). The GISpA®erns
confirm this indexing, as seenkigure 32b and Figure S3.4a and S3.5a (Sl). The fact
that the reflections are not confined to the equatptaale means that the columns are
oriented parallel to the substrate surface (planar anchoring), rather than perpendicular
to it. This is consistent with the appearance of the optical micrograpiguire 31 and

Figure S3.3 (SI). As the real space unit cell is related to the reciprocal cell by 90
rotation, the fact that reflections (10) and (20) are on the meridian means that the real
hexagonal cell lies on one of its sides on the substrate. That implies that the (10) plane
is parallel to the substrate, suggesting in turn that it is the mostlylpas&ed plane

(See Figure S3.9, SI)21]. In compoundsC?%12 and IC%14 another metastable
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mesophase has been observed in rapidly cooled samples. The GISAXS pattern is
presented in Fig. S3.7 (She structure of this phase is not clear at present, and is the
subject of further investigationg§This lower tempareture phaseimglexed as a 3D

orthorhombid-dddphase and the detadan be seen in Chpater. 4)

Table 3.2 Comparison of the valuedaitice parameter (in nm) of the hexagonal columnar
phase in the three compounds at different temperatures

Compound 60 C 70 C 80 C 90 C
IC3/10 5.03 4.98 4.94 4.89
IC3/12 5.23 5.18 5.13
IC314 5.41 5.35 5.28

The lattice parameters 8E3/10, IC312 andIC?%/14 at different temperatures are listed

in Table 3.2. As expected, the value of lattice parameeisrseen to increase with
increasing endhain length. The continuous trend suggests that the basic phase
structure is the same in all three compdainit is also seen in Table 3.2 that the
decreases with increasing temperature, a common trend observed in columnar phases,

particularly those containing a large aliphatic frac{ibd.

In order to determine the molecular arrangement in the columnar phase, we first need
to establish the orientation of the molecular cores relative to the column axis and then
determine the number of molecules in the unit cell. Using tietardation plateRigure

3.1b, S3.3d, f) we confirm that the slow axis, hence the long axis of the aromatic core,
is perpendicular to the column axis. For the calculation of the number of molecules
refer to Table S4 in STo estimate molecular volume in the LC phase the molecule is
split in two parts. The volume of the rigid aromatic part is estimated using the methods
of crystalline volume incremenf82]. For the aliphatic part the density of 0.8 gtim
assumed, being in between the valwedifuid n-alkanes and amorphous polyethylene.
From the measured area of the unit cell and an assumed intermolecular spacing along

the column axig in the usual range between 0.4 and 0.45 nm, we obtain close to 3 as

the number of molecules perunitcélls we dondét knowinfTdble act ual
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S4 we give the calculated value ®assuming that the number of molecules, which
must be an integer, is exactly 3. As can be seen, the vatus of the range between

0.407 and 0.433, increasing slightlith the length of the terminal chains.

With the above in mind, we consider two alternative models of molecular packing. In
both models three molecules cluster together in one stratum, with their aromatic cores
backto-back, forming a threarm star. Thanodels differ in the arrangement of the
starprofiled columns. In model A the centres of the stars are situated at apices of
hexagons, producing a hexagonal honeycomb with aromatic walls where the central
methylene groups occupy alternative corners of tbrgagon. This packing mode
resembles that found in anckaltaped mesogens consisting of a fsedtaromatic core

with a flexible chain attached to the inside of the bend gakjt However, while in

the case of anchor mesogens the ends of the aromatic arms were linked via Rydrogen
bonding terminal groups, and had the inwkading flexible chains filling the inside of

the hexagon, neidr of these features apply to the present compounds. In fact the bulky
endchains on adjacent molecules would face each other and clash, having to bend
sharply in order to fill the interior of the hexagonal channel. Even rotating thikstar
columns by 6 about their axis does not solve the packing problem as tested by

molecular simulation.

In the alternative model (B) the selésembled stars are located on a triangular lattice

all with the same orientatioin see the models iRigure 33b-d. This arrangement is
favoured for steric reasons, as the bunch of six alkyls emanating from the end of a star
arm faces the empty c ooolurarv o tet the viapilitytob o f
the two arrangements and their variants, molecular models of crystals were built with
the experimental unit cell paramet@nd withc from Table S4. These were then
subjected to molecular dynamics annealing. Space catltenfilled uniformly with

model A, while a very satisfactory density distribution was achieved with model B
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see snapshot fEigure 33b. A short vide of the dynamics of model B is available from

http://www.rsc.org/suppdata/c7/cc/c7cc06714c/c7cc06714cl.mpd

—A—IC12
—h—IC N4

SHG ratio—

Figure 33 The Coheyp31mphase: (a) temperature dependent intensity of the second harmonic
(400 nm) vs background for 800 nm excitatiganerated 26m above the substrate surface

IC3/12 andIC?¥14; (b) electron density map, witthematianolecules overlaid; (c) snapshot

of molecular dynamic simulation: purple = aromatic, grey and white = aliphatic chains (see
video in Sl); (d) schematic of the Qu#¥1m phase. In (b,c) the view is down the columns. Note
that according to the GISAXS pattern in Figures 3.2b, S3.4a and S3&auhm orientation

in this figure is as in a film on a horizontal substrate viewed along the substrate surface (see

Figure S3.9 in SI).

The columnar structure iRigure 33 has 3fold rather than old symmetry, and the
plane group i®31m rather than the usupbmmsymmetry of the Cakx phase. While
thepémmplane group has a centre of inversip8lm has not. To distinguish between
them, we performedgecond harmonic generation (SHG) experimehigure 33a
shows a large increase in SHG signal above the background level on cooling from Iso
to Cohex phase, showing clearly that the latter phase lacks centre of symmetry and is

thus a trigonal phase (see also SI).
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This lack of centre of symmetry causes a problem when reconstructing the electron
density (ED) map from Xay diffraction intensities. Thas,the phasé of the structure

factor of one of the three reflections, the (11), is not limited tor@80, a condition

that applies to all reflections in centrosymmetric space groups. A valtidifiérent

from O or 180 breaks the hexagonal symmetry. Choosing an arbitrary @mgl20

we obtain the ED map iRigure 33a, onto which the schematic molecules of@#n
compound are superimposed. The high density regions (purple) represent the aromatic
moieties, and the blur comes from the time and space averaging in the liquid crystal.
We note that choosing a different valuefoferely changes the extent of deviation

from circularity of the higldensity maxima see Figure S3.8.

We consider that the efficient batkback packing of the three bent cores in this
structure is facilitated by a degree of flexibility in the core, particularly around the
oxymethylene linkageThe longrange polarity, on the other hand, is believed to be

secured by the high barrier for uncorrelated rotation around the column axis.

It is interesting to compare the present structure with that of acbemtphasmid
compound also having six temail G4H29 chains but with longer arms and a pyridine

ring as the bend poifiR3]. The moeal proposed for the hexagonal columnar phase of
that compound was one in which four rather than three molecules assemble in a stratum
resulting in a 4arm star.p6mm symmetry was assumed. Interestingly, at lower
temperatures a phase transition to a paduranar phase took place but unlike in the
current case, the poling was parallel rather than perpendicular to the column axis.

Longitudinal poling was explained by an aftplane distortion of the stars.

It is also appropriate to compare the presentcgira with those of a number of
mesogens wht 3-fold (Cz) symmetry in their chemical structure. In the columnar phase
of the 3arm star molecules by Lehmagnal[24] the molecules are actually thought
to be distorted into an-Bhaped conformation, making their effectively-&raped and
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thus assembling as other fahaped mesogensch as dendrons. In other cases the fact
that the norcentrosymmetric &rm star molecules of :Csymmetry formed the
hexagonal columnar phases was thought to be the result of rotational avé2afing
However, even though the diffraction pattern has hexagonal symmetrgotgsnot
preclude the real structure having only trigonal symmetry. One has to remember that
the Laue symmetry (i.e. the symmetry of the diffraction pattern) is hexagonal even if
the crystal symmetry is trigonal. Indeed the columnar phase of compoucdbe®m

ref. [26] showed strong second harmonic generation (SHG), characteristic -of non
centrosymmetric structures. In other reported cases; sta€like mesogens only-6

fold symmetry was reported for the columnar LC pHa6e29].

As hinted in the introduction, beside the already mentioned trigonal columnar phase in
anchorshaped compound45], there has been another case of triangular honeycomb
LC of straight rod amphiphiles, where two incompatible sidains, a carbosilane and

a perfluoroalkane, were attached at each side of the aromafitglodlVhile at higher
temperatures the two chain types were mixed in the triangular channels, acetnd
Curie-type phase transition on cooling brought about a miajp31m columnar phase

in which the two sidehain types were separated in triangles on two separate sub
lattices. A recent Monte Carlo simulation helps understand sfchni p31m

transitiong 29.

3.4 Conclusion

In summary, we have synthesised a series oftanet phasiml compounds and found
that they form a trigonal columnar phase, where the aromatic columns adaphac

starshaped crossection. This finding indicates a potential new path to creating non
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centrosymmetric selfassemblies that could, with suitabletitugrsts, be used in

ferroelectric, pyroelectric or frequencypubling optical devices.

3.5 Supporting Information

3.5.1 Characterization and Modelling Techniques

DSC thermograms were recorded on a DSC 200 F3 Maia calorimeter (NETZSCH)
instrument with heating/cooling rates as specifegtical micrographs with crossed
polarizers were recorded using an Olympus BX1 microscope equipped with Mettler

HS82hot stage.

GISAXS experimentsvere carried out at BM28 at European Synchrotron Radiation
Facility, France. The Xay energy was 12.0 keV, and the 2d diffractograms were
collected using a MAR165 CCD camera. Thin film samples were prepared from melt
on silicon substrate-tetracontangvas used to calibrate the sample to detector distance.
Powder SAXS and WAXSexperiments were done at station 122 of Diamond Light
Source, U.K. Powder samples were prepared in 1 mm glass capillaries and held in a
modified Linkam hot stage. Pilatus 2M detac{Dectris) at a distance of 2.2 m from
the sample was used. Therxy energy was 12.4 keVPreliminary SAXS patterns
were recorded on a Xenocs system based at ZhejiaxigeSliUniversity consisting of

a microspot C+Ky X-ray generator, an infinity focursy multilayer 3Dcurved mirror,
scatterless slits collimator, and a MAR Research 345 image plate dekdetiron
density mapswere calculated by inverse Fourier transformation using the standard
procedure as described in International Tables for Gkygtaphy. The choice of phase

is discussed in the text.

Samplesof ca. 50nm thickness for frequenegoubled light emission, osecond

harmonic generation(SHG) measurementgere prepared on the rough side of silicon
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wafer and examinedising a Zeiss LSM B) Meta upright lasescanning confocal
microscope (Oberkochen, Germany) witd@X/0.75NA objective. Temperature was
controlled byaLinkam hot stage. ALhameleon Ti:Sapphire femtosecond pulsed laser
(Coherent, California, USA) tuned ®#00 nm, was attadd to the microscope and
focused onto theampleresulting in a SHG signal detectable 804 m. In order to
excludepossiblesurface effes first the beam was focused the bottonof the LC

film in contact with the Si substrate, th&t10em,20emand s o met mheglst 3 0 ¢
The SHG ratio was calculated by dividing the intensities at 400 nmemgverage
background around the peakhe normalized 400 nm signal f6€3/12 andIC%/14,
collected ® em above the substratis,shown as a function edmperature in Figure 3a.
Measurements are made on very slow cooling from the isotropic phase. The sharp
increase in the signal below the isotropization temperature confirms that the columnar
LC phase that forms at that temperature lacks centre of inmeiBiagrams that also

include the measmheghharershevniafigure@ S3al6.d 10 ¢

Molecular models were built using Materials Studio (Accelrys). Geometry
optimization and molecular dynamic simulation were performed using the Forcite Plus

modue with Universal Force Field. The experimental valuegqrarameter and the

value forc from Table S4 were used.h& convergence tolerarcéor geometry

optimization were0.001 kcal/mol for energy and 0.5 kcal/nfolfor force. NVT

annealing dynamics wamerformed through 30 cycles between 300 and 600 K. with a

tot al annealing time of 30 ps. The MD anne

with periodic boundary conditions containing 9 unit cells.
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3.5.2 DSC Results
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Figure S3.1DSCthermograms of compoundis */n atheating and coolingcan rate of 5 K
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Figure S3.2DSC cooling and ? heating scans of (&£ %10at10 K mirt?, and(b) IC%/14 at
2 K mint,
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3.5.3 Additional Optical Micrographs
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Figure S3.3Polarized optical microscopy textures of (aJ®¥/10 at 90 °C, (c, d)C?¥12 at
77 °C and (e, f)C¥14 at 70 °C. (b,d,f) are recorded with a fulbve () plate. (g) Michel
Levy colour charthttp://www.olympusmicro.com/primer/techniques/polarized/michel.html).

Determination of the direction of the slow (high refractive index) axis was based on the

fact that by adding a fixed retardation to the whole image usinglate, positive and

negatie phase shiftsBG and-DG between the ordinary and extraordinary rays could

be distinguished. The-p| at e we used added a retardatio
(530 nm), so what appears black without the plate becomes magenta (white minus green
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T see theMichel-Levy chart in Figure S3.3g). In areas with positive retardation parallel

to the slow axis of the-plate the retardation is added, making the colour blue (phase

di f f er BQy while irkareas where retardation was subtracted the colour is yellow
(phase dD®er eflrhaues 2. g. i n the blue sectors
of the LC is southwedb-northeast, while the column direction is southdast
northwest (columns circle around the HAsphe

axis of the aromatic core of the molecules, is perpendicular to the columns.

3.5.4 Additional X -ray Diffraction Data

(@)

(b) (10) IC*/10, 90 °C

(11) (20)

& |
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Figure S3.4GISAXS diffraction pattern offC310recorded at 90 °C (afransmission powder
SAXS 2D profile and 10curve  recorded at 90 °C,(9 and tansmission powder WAXS 2D
profile (d).

89



Chapter 3 Trigonal columnar seldssembly of bent phasmid mesogens

(a) (b)

(10) IC%/14, 80 °C
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Figure S3.5GISAXS diffraction pattermf IC3/14 recorded at 80C (), transmission powder
SAXS 2D profileand1D curverecorded at 80C (b, ¢ and tansmission powder WAXS 2D
profile (d).

Figure S3.6Transmission SAXS patern 88 %14 held in glass capillary recorded at @0
Capillary axis is horizontal. Only the inner ring (10) is shown. Preferred orientation of the
columns parallel to the capillary axis is visible.
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Figure S3.7GISAXS pattern ofhe M-phase inC?*/12 cooled from the isotropic liquid to
50 °C.

Table S3.1The indices, experimental, calculatkgdpacings, intensities and lattice parameter
of IC%10 obtained from SAXS at 90 °C. All intensity values are Lorentz and multiplicity
correced.

(hk) d—spac.ing (nm) d-spacing (hm) Intensity
experimental calculated
(10) 4.25 4.24 23.7
(11) 2.44 2.45 0.148
(20) 2.12 2.12 0.0791
a=4.89 nm

Table S3.2The indices, observed, calculatdpacings, intensities and lattice parameter of
IC3¥12 obtained from SAXS at 80 °C. All intensity values are Lorentz and multiplicity
corrected.

(hK) d-spac?ng (nm) d-spacing (hm) Intensity Phase angle
experimental calculated ©)
(10) 4.46 4.45 27.7 0
(11) 2.56 2.57 0.272 120
(20) 2.22 2.22 0.217 180
a=5.13 nm

Table S3.3The indices, experimental, calculatégdpacings, intensities and lattice parameter
of IC3/14 obtained from SAXS at 80 °C. All intensity values are Lorentz and multiplicity

corrected.

(hk) d—spac.ing (nm) d-spacing (nm) Intensity
experimental calculated
(20) 4.59 4.58 14.6
(11) 2.64 2.64 0.0655
(20) 2.29 2.29 0.0672
a=>5.28nm
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Electron density maps as a function of the phase a@mjfieeflection (11)
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00000000

Py = 90° ¢ao) = 105° ¢ao) = 120° Pao) = 135°

Figure S3.8Electron density maps of tl81m columnar phase of compoui@?12 using
different values of 10).

3.5.5 Estimate of the number of molecules per column stratum

Table S3.4Estimation ofthe height of a stratumassuming = 3 molecules per unit cell
(column stratum)

Varom Valiph Vmol Vcell (nrnB) c (nm)

Compound (e | iy | (omr | =3 | A @=g)

IC3/10 0.98 2.01 2.99 8.9 20.7 0.434

IC3/12 0.98 2.40 3.38 10.14 22.8 0.445

IC3/14 0.98 2.80 3.78 1134 24.1 0.471

a: Vaom= Volume ofaromatic part of the molecutalculatedusing the crgtal volume
increments[22]

b: Vaiph = Volume ofaliphatic part of the molecule assimg adensityof 0.8 g/cn.
c: Volume of moleculeVmo)) = Varom+ Vaiiph;

d: Cross section arex a unit cell of hexagonal phage= a?* 3V%/2

e:c= VeelA
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3.5.6 Arrangement of columns onsubstrate surface

A Y aYa

Figure S3.9Two possible orientations of the hexagonal lattice of columns on a horizontal
silicon substrate surfadeview along column axis. The GISAXS patterns in Figures 2b, S3.4a

and S3.5a all show that the Ggp31m phase inC3n compounds faces the substrate with its

(100) face (figure on the left) rather than its (110) face (figure on the right). This is the usual
case in columnar phases with planar anchoring (ref 21). The horizontal white line suggests how
the colunn array might face the substrate, showing that the columns would have to be cut
through in the (110) arrangement (right). It should also be noted that the columns are
surrounded by flexible alkyl chains, which reduces the effect of the shape of the colenn

as the cores are not in direct contact with the substrate. Even so, there is bound to be a degree
of surface reconstruction in the layer in direct contact with the substrate.

3.5.7 Additional second harmonic generation data

22

SHG ratio
SHG ratio

60 70 8 9 100 110 120 60 70 80 80 100 110 120
T{°C) T(°C)

Figure S3.10Normalized seand harmonic (400 nm) intensity as a function of temperature
for 1IC%12 (left) andIC?¥14 (right) sampled at the L:Si interface (squares), 1n above it
(circles) and 20m above it (blue triangles f@€*/12 and red stars fdC%¥14). The large
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stepupin SHG signal for the bulk LC coincides with the transition from isotropic liquid to
the trigonal phase G@l/p31m.
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Chapter 4 A new | i1 quid
counrtoetrati ng staircases

This Chapter isa manuscript in preparation. | have carried out the experiments ang
analysis by POM, Xay diffraction, U\vis, fluorescence emission spectrosco
molecular modelling and dynamic simulation, and written the corresponding parts
article. Prof. Xaohong Cheng and her students from Yunnan University synthesizg
compounds.

The references in the manuscript and supporting information have been combir
clarity.

4.1 Abstract

The recent discovery of spontaneous macroscopic chirality in seostibuous cubic
and tetragonal liquid crystal (LC) phases of achiral compounds has revealed that fact
that the ribbordike columnar segments constituting their 3D networks are highly
twisted around the columnar axis. Here we report the first exampl2 afl@mnarLC
phases formed by such twisted ribbons, discovered in two types of phasmibtenvith
or straight core. The phase has an orthorhombic lattice with space Eduldb
consisting of parallel twisted ribbons, both dedhd righthanded in equal mobers.
Each layer of the ribbon is formed by32molecules, either arranged parallel to each
other in straight core phasmids, or back to back forming a-thraestar in bent core
ones. The structure is related to, but distinct fromFheéd phase previcgly found in
block copolymers. The findings point the way to manipulating 3D helical self

assembled structures, with promising optical properties for applications.
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4.2 Introduction

Soft matter such as block copolymers and liquid crystal (LC) materials gthismif

assembly, hmproduced a variety of complex 2D and 3D natrictures. In LCs,

columnar phases are best known in compounds with discotiwedigeshaped
moleculeq1-3], and more recently in reltke amphiphiles with sidehains, forming

various honeycomb structurg$-6]. Since 1980s retlike molecules with more than

one chain at each end (pbhgymadsesovnamwi mbsodhermr
at each end), have been known to form columnar phases, mainly the hexagonal
columnar (Cal), as well as cubic phaspgg 8]. Since then the progress in this area has

been relatively limited.

In recent years such polycatenar compounds have been shown to form twisted ribbon
like segments of bicontinuous cubic, tripletwork cubic and nenubic 3D liquid
crystls, with spontaneous chirality propagated by homochiral network jun¢8ens

10]. In the absence of such junctions, columnar phases of similar polycatenars have not
been found to sustain uniform twist sense. Even if twist exists locally, helix reversals
cannot be prevented in a 1D column. However, increasing evidence $labwsdn in
columnar phases of polycatenars, twist sense can be maintained over macroscopic

distances, propagated by intercolumnar steric interadtidrs

Here we report a new complex 3D LC phase formed by ccuotiaing ribbons. It has

an orthorhombic lattice and space grdtqud, with long range order between helical
columns, but without positional correlation between individualecules. The phase

is found in two types of phasmidic compounds, one with a straight core, and the other
with a 120° bent core, below the gof trigonal columnar (Cel) phase$12]. Fluorene

based fluorescent groups have been introduced to the cosestotompounds, and
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their optical properties were studied, to investigate their application potentials in solar

cells[13-15] and organic lightmitting diodeg16, 17}

It is worth noting that afrddd phase, albeit with a distinctively different structure, has
been reported previously in block copolym¢t8-21]. Unlike our phase which is
essentially columnar, thig=ddd phase in block copolymers is a single network
bicontinuous structure, even though both are closely linked to the bicontinuous cubic

double gyroid structure, as will be discussed in more detail later.

4.3 Results and Discussion

The chemical formulae of the LC compounds studied,-berg phasmids &n and
straight core phasmids FCN16 and FCO16, are shown in Table 1. All compounds form

columnar phases at higher temperatures (

Table 41 and Figure S4.1, Supplementary Information, (SI)), with their lower
temperature 3D LC phase the main focus of study of this work. Spherulitic textures,
typical of LC columnar phases, are obserf@dall compounds below the isotropic
temperature using polarized optical microscopy (POM) (Figure-&4.Ro obvious
change in optical texture can be observed on transition to the lower temperature phase,
except the edges of spherulitic domains in FCIH&6ome blurry (Figure S4.3). This
indicates that there are probably only minor changes to the molecular arrangement from
the highT columnar phase to the leWwphase. Only diffuse wide anglerdy scattering
(WAXS) is observed for I1€n (n = 12 and 14) ithe lowT phase, with the intensity
maximum corresponding todaspacing of 4.5 A (Figure S4.6). This confirms the LC
nature of the phase. In addition to the peak at 4.5 A in WAXS, theTlpivase of
FCN16 and FCO16 has an additional diffuse peak at $Hghire S4.84.9, 4.124.13).

The 3.4 A peak is observed on the horizon, for thin film samples where columns are
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aligned parallel to the substrate surface, using grazing incidence WAXS (GIWAXS).

This indicates a close 3.4 A average intermolecular distalocg the column, a sign

of st'roingt €racti on

and potenti[3.l |y

Table 41 The phase transition temperatures of compounds

.
R O’Q N

R

Citl330

Ci6H330

FCO16 M=0

C T e

R= oan2n+1
IC3n (n =10, 12 and 14)

N’N
Q R

R

:QA O OA@(

FCN16 M = -(CN), 0, i,

OCgHy;

s (oo I CHES
4IO I 610 ) SIO I 1 OIU I 12IO I 1:10 ‘ 16I0
T(°C)
Name a, b, c(A) T/°C[ B¥kJ moll]
Iso 87.4 [1.2] Cak 52.8 [12.0
IC¥10 - [L.2] Cak [12.0]

IC¥12 173.5,106.1, 40.¢
IC%14 186.8, 107.8, 40.¢
FCN16 186.9, 107.9, 34.9

FCO16 186.0, 107.4, 32.

glassy

Iso 88.6 [0.7] Cal 58.3 [11.5]
Fddd

Iso 76.2 [0.3] Cal 58.5 [14.6]
Fddd

Iso 154.4 [1.8] Cal123.2
[37.4]Fddd 27.9 [103.0] Cr
Iso 148.30.7] Cok 103.8 [8.3]
Fddd 29.0 [10.5] Cr

*Peak DSC transition temperatures [and enthalpies] on cooling, at 5-KfonitC3n and 10
K min for FCN16 and FCO16. Cr = crystal, Gelhexagonal columnar phase, el

trigonal columnar phase, Iso = ismpic melt.
[12])/Chapter 3and SI.

For more information of DSC, please see ref
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Figure 4.1 Xray diffraction patterns. a, Transmission powder SAXS curve %t 2Zecorded
at 60 °CandFCN16 recorded 20 °C in the cooling proceds, GISAXSdiffractogram of
IC3/12 recorded at 60 °C.

The transmission powdesmall angle Xray scattering (SAXS) patterns of the
compounds are rather compldxdurea, S4.7a, S4.15a and Tables S4.1,4.3,4.5,4.7).
The observed diffraction peaks can be indexed to an orthorhombic lattice (a~190A,
b~110A and ¢ ~40A, Table 1) with the help of grazing incidence SAXS (GISAXS)
diffraction patterns on surface oriented tfilm samples of the phase @2, Figure

b; 1C%14, Figure S4.7b; FCN16, Figure S4.4%.aand FCN16, Figure S4.15b). The

indices of peaks confirm the reflection condititnsk, h+ 1, k+ | even, anch + 1, h +
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k equals 4 for (h0l) and (kO) respectively. This narrows down the choice of space
groupsto either-2dd or Fddd(Table S2). The difference between the two restskiy (O

i.e. whether there is an additional condition thatl equals 4 (Fddd or not E2dd).
However, no (Rl) peaks were observed experimentally (Figure 4.1), and the higher

symmetryFdddis considered first.

Starting with IG/12, its three strongest peaks (220), (400) and (511) (Table S1) are

used to reconstruct the ED maps of the-Ibphase on the assumption offadddspace

group. As Fddd is centrosymmetric, there are eiglifferent possible phase
combinations as the phase of each peak <ca
combinations are equivalent to one another by a simple shift of origin or inversion of

electron density. This has made the selection of the phase comabt i on (0" 0) ver
bearing in mind that the structure should be closely related to thd gt phase of

IC3n, judging by the little change in the texture observed under POM upon transition

to the lowT phase. Previously it has been found thathighT Coki phase, with non

cylindrical columns, each stratum of which consists of three molecules packed back

to-back like athreearmstar (Chapter 3/[12]).

In the selected ED maps of the ldnphase of 1&/12 as shown in Figures 4.2a,c, there
areeight columns in the unit cell, and the number of molecules in each stratum of the
column is calculated to be three as expected (Table S4.8 imH&lcrosssections of
columns look triangular, similar to that of the higilphase. However, different toeth
high-T phase, the orientation of the triangles changes with increasaigvation,
creating four left and four righthanded helical columns. The same thaem
molecular star based model can be constructed d#fdtddphase, as shown in Figures
4.2b,dwith each thre@arm star stratum of a column rotated by 13.3° around the column

axis with respect to the previous one.
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The reconstructed ED maps of thddd phase of FCN16 (Figures 4.2e,g) show the
same eight twisted ribbons in the unit cell. Here tlosssection of each column is
oval, hence the twisted columns have two grooves here instead of three ¥42n IC
The number of molecules in each layer of a column is calculated to be about two (Table
S4.8), and they are parallel to each other. The tefismolecular orientation in
successive layers is calculated to be ~18°, larger than thag/m d@mpounds. The

schematic model of the phase is shown in Figures 4.2f and h.

The two adjacent columns alohgnxis rotate in the same direction, either clockwise or
anticlockwise. However, aloragaxis the column rotating direction alternatésew of

single layers at different elevations (Figures 4.3 and $4.19) shows that molecules

try to avoid clashing wit each other for better packing. Molecular dynamic simulation
results are also shown in Figures 4d4to demonstrate how efficient molecular packing
can be achieved in single layers. The mixing of kfid righthanded twisted columns,
along with their righbour avoiding mode at each and every level, are believed to have
led to the formation of this complex phase. Such alternating helical columng-uidtie
phase, has also been directly observed by atomic force microscopy (AFM) on sample
FCN16 (see Figar4.2k, S4.22 and S4.23). The measured distance between the helical
columns of ~53 A, and helical pitch of ~35 A, matches almost exactly our ED map and
the proposed structural model. Edge dislocationssaacking faultsof mismatching

chiral columns havalso been observed in Figure 4.2k1 and k2, respectively.
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dislocations f
300A stacking faults

Figure 4.2 ED maps, sketched models and AFM imagdd@&12, ek FCN16). a, ¢, e, g and

i The ED maps showing high ED region. b, d, f, h and j Sketched models relevant to the ED
maps. The two three ends of molecules are showed by different colours for clarity. In ¢, d,
four columns ora, ¢ plane are displayed to observe the rotation direction. k1 and k2 are AFM
of Fdddof FCN16 recorded at 50 °C. The enlarged area shows the alternatirmgtefight

handed columns and also edge dislocations. And k2 shows stacking faults of mismatching chiral
columns.
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IC*/12 . FCN16
Elevation along c axis 4.5 A _Elevation along c axis 3.4 A

713N

\)

™ 7

)

10.2A

Figure 4.3 The layers at different elevation of Baeldmode of IC%12 and FCN16.

Considering the transition between the {dwWddd phase and the high Coki phase,
in IC3%n compounds both consist of columns formed by layers of-#mmaestars, with
a triangular aromatic core surrounded by flexible alkoxy chanhile all the three
arm stars would (on average) point to the same direction in Qluhse, at lower
temperatures the columns become helical, either deftighthanded. Eight of such
columns, are symmetrically related to each other, forming thteceftiof the Fddd

phase, for a more efficient packing of space. In FCN16 and FCO16, molecules in the
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higher temperature Gobhase orient randomly, with three molecules in each layer of a
column and intermolecular distance of 4.5 A (Figure 4.2i, j). Tmebrer of molecules

in each layer of a column decreases to about two (Table S4.8, S4.10) and at the same
time intermolecular distance decreases to 3.4 A in Fdeld phase (Figure

S$4.8,54.9,54.12,54.13).

}\LH/M

N
X

Figure 4.4 Sketcheddddmodels and snapshots ofrdymic simulation. a, b Comparison of the
single network modedf copolymers (eg. poly(styrefi@ock-polyisoprene) and poly(isoprene
b-styreneb-ethylene oxide) with the model of #@. The yellow arrows indicate the rotation
direction of the columns and meorks. The columns in the unit cell has been movedandb
plane for better comparison with copolymers. Snapshot of dynamic simulation®t2 #Dd

d FCN16: purple = aromatic, grey and white = aliphatic chains.

It is also interesting to compare obkddd structure with that formed by diblock
(poly(styreneblock-polyisoprene)) or triblock copolymers (Poly(isoprdnrstyreneb-
ethylene oxide]L8-22]. Of course, the lattice parameters of the latter are much larger,
for examplea values vary from 750 to 2125[&1, 23, 24](a is defined as the largest
lattice parameter as used in this paper, and in the following parameters from literature

have been changedaaedingly for easier comparisartjowever, the:bratio is similar,

about Viodgp in both copolymers and in LCs (Table S4.9). Theédd phase in

copolymers has been determined to be a single network bicontipbases with Jold
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junctions, and we have shown the network (in orange) in Figureb4(dfter scaling)
together with our 1&12 model for comparison. For copolymenly(styreneblock-
polyisoprene) polystyrene forms the single network and the centreesisafilled by
polyisopreng20]. While in our model, the aromatic cores are in the centre space and
aliphatic chains fill the other space. It is obvious that our helical columns fill nicely the
spaces between the network segments, with the twist sense of each column matching
that of the network segments surrounding it. Fdddphase formed by copolymess

found to locate between lamellar and cubic pha&sxI or 14,32)[24, 25] In contrast,

our Fdddphase is found at temperatures below the columnar phase.

The chiral columns ifFddd phase remind us of the similar helical segmentthé

bicontinuous double gyroid cubi®©d phase, triplenetwork cubicl23 phase and

noncubic SMQ (4:22) phase[9, 10]. The two networks in‘OGQ phase possess

opposite handedness, resulting in no overall chirality. The twist angle between

successive layers is about 8°. The triple netw@fkphase is chiral, but witsimilar

twist angle, 7.8°. SmQ phase is also chiral as the two networks have the same chirality,

and with twistangle~91 0A. Successive |l ayers keep |l yin
i nteractions, and al so h ansechbicontinuaus at e t o

phases, especially at network junctions. In Bded phase, there is no junction.

Columns are parallel with each other and molecular layers twist ~13%imnd@d ~18°

in FCN16 and FCO16. From the bicontinuous phases formed by pegea to the

Fdddphases formed by phasmids, the number of alkyl chains increases from 4 to 6, and

thus molecules have to twist by higher degrees to avoidistasrhe aliphatic chains

of the two parallel FCN16 molecules with straight cores have higmaation of

flexibility to fill the space than the aliphatic chains of the thaiga star formed by bent

core ICG/12 molecules (see the cross sections of ED map in Figure 4.2a,e). Due to this,

the twist angle of FCN16 and FCO16 with straight cores isenigian that of 1&n
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with bent cores. There is no net chirality as there is an equal number ahkgftight
handed helical columns. It is expected that other complex columnar LC phases with

helical columns and overall chirality could also exist in Emtompounds.
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Figure 4.8UV-vis spectra of FCN16 and FCO16, dhmbrescence emission spectra of FCO16
excited at 420 nm. The spectra ezeorded from isotropic phasefkddd phase in the cooling
process.

With fluorescenly conjugated coe FCN16 and=CO16 are potential materials for
electroptical applications. The UWMs spectra of FCN16 and FCO16 (Figure 4.5) show

the bathochromic/red shift at the transition from+Qol Fddd phase, suggesting an
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increase of conjugation between molecules in theimgpg@rocess. This also relates to
the change of intermolecular distance from 4.5 {Ctl 3.4 A Eddd) observed in
WAXS and GIWAXS (Figure S4.8, S4.9, S4.12, S4.13). The band gaps of FCN16 and

FCOl6inFdddp hase can be det er mi nresgectivety (ThAbke 1.

S11). This corresponds well with the HOMO/LUMO energy of FCO16, calculated by
Density Functional Theory, 65.02£2.25 eV (Figure S4.24p6]. The fluorescence

emi ssion signal i s o0b $dddphasawith anl30m@ Stdtkés a t
shift.

In summary, a new complex 3D orthorhomisiddd phase, consisting afounter
rotating helical columns, has been discovered in bent and straight core phasmidic LC
compounds. The discovery of this first confirmed example of columnar LC phase with
long range ordered chiral columns in pariral compounds, shows the underlying
universality of polycatenar compounds to form columns with twisting molecular strata.
It points to the possibility of even more complex 3D columnar structures in similar
compounds with potential spontaneous formation of macroscopic chirality. This,
coupledwith incorporation of fluorescent rigid cores in such molecules as demonstrated
in this paper,could lead the way to the design of a new generatioorgénic

semiconductor devices, e.g. OLEDs that emit circularly polarized light.

4.4 Methods
X-ray diffraction

Transmission powder SAXS/WAXS experiments were carried out at station 122 of
Diamond Light Source, U.K. Powder samples were prepared in 1 mm glass capillaries
and held in a modified Linkam hot stage. Pilatus 2M detector (Dectris) was used and

the X-ray energy was 12.4 keV. GISAXS/GIWAXS experiments were carried out at
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BM28 of European Synchrotron Radiation Facility, France and 116 of Diamond Light
Source, U.K. The 2d diffractograms were collected using a MAR165 CCD camera at
BM28 and Pilatus 2M detect@Dectris) at 116. Thin film samples were prepared from
melt on silicon substrate-tetracontane was used to calibrate the sample to detector

distance.
Reconstruction of ED map

Electron density maps were calculated by inverse Fourier transformationthsing
standard procedure as described in International Tables for Crystallog2aphmll

the peaks were fitted by Gaussian functiand the intensities can be obtained by the
value of the fitted peak area. For the peaks wbttribute to the intensityf the same
peakthatcannot be resolved in the powder diffraction pattern, the relative intensities of
the peaks can be measured from the GISAXS diffraction pattern. More details can be

found in SI.
Sketched models and molecular models

Sketched models and molecular models were built using Materials Studio (Accelrys).
For molecular models, geometry optimization and molecular dynamic simulation were
performed using the Forcite Plus module with Universal Force Field. The convergence
tolerarces for geometry optimization were 0.001 kcal/mol for energy and 0.5
kcal/mol/A for force. NVT annealing dynamics was performed through 30 cycles

between 300 and 600 K, with a total annealing time of 30 ps.

AFM

AFM was recorded by Bruker Multimode 8 wianoscope V controller. The sample
was dissolved in toluene and spin coatedaohighly oriented pyrolytic graphite

substrate.

UV-vis and fluorescence emission spectroscopy
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The solid samples were melt and spread evenly between quartZ pla@sthicknes).
UV-vis spectra were recorded by Lambda 900 (Perkin Elmer). Fluorescence emission

spectra of FCO16 were excited at 420 nm and record#temystrumentFluoromax4.

The sample(2-5 mg)was sealed between two aluminium pand another two blank
pans wee used as a referendgifferential scanningcalorimetry (DSC) thermograms
were recorded on a DSC 200 F3 Maia calorimeter (NETZSCH) instrument with

heating/cooling rates as specified.

Polarized Optical Microscopy (POM) figures were recorded usim@lympus BX-50
whichis equippedwithad& r et ar d40timeslesan MettleddS82hot stage.

4.5 Supporting Information

4.5.1 DSC thermograms

FCN16

DEC fmiiimg)
pscumwimgy  FCO16
a0

Temperature G Temperature G

Figure S4.1DSC thermograms of compound€N16 and FCO16at heating and cooling
scan rate of 10 K mih
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4.5.2 Polarized Optical Microscopy (POM)

S\

/. plate
L)

Figure S4.2POM ofIC?%14 examined at (a,b) 70 °C and (c, d) 40 °C, at which temperatures
the sample was in GplndFdddphases, respectively.

/ plate

/. plate

Figure S4.3POM of FCN16 examined at (a,b) 140 °C and (c, d) 100&2Gyhich
temperatures the sample was inf@oidFddd phases, respectively.
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/ plate

Figure S4.4POM of FCO16 examined at (a,b) 140 °C and (c, d) 90 °C, at which
temperatures the sample was indamdFdddphases, respectively.

4.5.3 X-ray Diffraction Data
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Figure S4.5SAXS cooling scans dC?¥10.
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IC3/12

d=45A
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0.8 I 1.0 ' 1.2 ‘ 1.4 ' 1.6 ' 1.8 ' 2.0

Figure S4.6Transmission powder WAXS diffractogramedldd phase ofC%12recorded at
60 °C.

Table S4.1Indices, experimental, calculatdespacings, intensities, phases and lattice
parameters of diffraction peaks|6f®/12recorded by transmission powder SAXS in Euzld
phase at 60 °C. All intensities are Lorentz and multiplicity corrected.

experimental d | calculated d .
(hkl) sf)acings A) spacings (A) Intensity Phase
(220) 45.2 45.3 93.0 0
(400) 43.3 43.4 100.0 ’
(1112) 37.2 37.2 0.4 -
(311) 31.7 31.8 0.4 -
(131) 26.4 26.4 4.0 -
(511y 6.4 0
(620) 25.6 25.6 3.8 ]
(331) 24.3 24.3 0.2 -
(440) 26.8 26.3 3.9 -
(800) 21.7 21.7 1.2 -
(531) 21.2 21.2 0.1 -
(7112) 20.8 20.8 0.1 -
a=1735A, b=106.1Aandc=40.8 A

a: (511) and (620) diffraction peaks are overlapping in the powder diffraction pattern. While
their total intensity is taken from the powder diffraction results, the intensity ratio between the
two has been determined from the GISAXS pattern. An azimsdaal through the (511) and
(620) diffraction peaks in the 2D GISAXS pattern is obtained first, and the intensities of the
two diffraction peaks are measured from the areas of the diffraction peaks in the scan by fitting
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each peak to a Gaussian functioneDa the sample geometry (multiple domains sharing the

samea-axis), measured intensities need to be multiplied by the correspamnging. q vector

component which is perpendicular to the comraaxis of domains, for (511) and (620) these
areqz11) and 20y respectively. Further correction by diffraction peak multiplicity leads to an

intensity ratio §11y:(20) 0f 0.63:0.37.

Table S4.2Reflection conditions and space groups.

Reflection conditions Space
hkl hol hko Okl h0o 0kO 00l group
F222,
Fmn,
h+l h+k k+1 h k Fm2m,
F2mm
Fmmm
h+k= k+l=
h+k h+l, h, | anchk | 4nk | h=4n k=4n | =4n Fd2d
k+ I
b= LR ncan | k=an | 124n | Fde
4n:h, | ; 4an:k, | B B B
h+1= h+k=
an:h | 4n:h K k, | h=4n k=4n | =4n F2dd
h+1= h+k= k+l=
an:h | anchk | anik | h=4n k=4n | =4n Fddd

* h + k means the value ¢fpluskis evenh, k andl means the values are even.

IC3/14
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Figure S4.7The powder SAXS curve and GISAXS patterrFdidd phase o1C?3/14 recoded

at 60 °C (cooled from 80 °C). The black circled spots are (511) from the other orientation. More
details of the other orientation can be seen in Figure S10. Ad-spacings of (620) and
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(511/131) are close with each other, isi®wn in one peak in powder SAXS. The separated
and fitted peaks are displayed in the figure.

Table S4.3Indices, experimental, calculatdespacings, intensities, phases and lattice
parameters of diffraction peaksI6f3/14 recorded by transmission powder SAXS in Fukeld
phase a60 °C (cooled from 80 °C). All the intensities are Lorentz and multiplicity corrected.

(hk) experimental € calculated d Intensit
spacings (A) spacings (A) y
(400% 100.0
46.7 46.7
(220) 93.0
(111) 37.4 37.4 0.3
(311) 325 32.5 0.5
(620) 27.0 27.0 1.4
(511y 6.8 26.7 0.8
(131) 26.7 0.1
(800) 034 23.4 1.1
(440) 23.3 1.0
(711y 0.3
21.9 21.9
(531) 0.3
a=186.8A, b=107.8Aandc=40.8 A

a: As (400) is on the meridian of the GISAX8&ttern, its intensity cannot be accurately
determined (sensitive to incident beam angle and distribution of domain orientations),
consequently it is not possible to determine the (400) and (220) intensity ratio in the same
way as described before for (51ind (620) peaks of A12. It is assumed that the ratio of the
two is the same as that of two in powder SAXS 6f1€. Similar treatment is used to

calculate the intensities of (800) and (440).

b: The ratio of the intensities of (511) and (131) from@8AXS pattern can be calculated

to be 0.85:0.15.

c: As the intensities of (711) and (531) are too weak to be observed in GISAXS pattern, the
contribution of them in powder SAXS is assumed to be the same a%1a.IC
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FCN16
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Figure S4.8SAXS/WAXS heating and cooling scansREEN16.

Figure S4.9The GIWAXS/GISAXS patterns of (a) Galnd (b)Fdddof FCN16 recorded at
130 °C and 100 °C, respectively.
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