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Abstract

One of the most intriguing properties of liquid crystalline compounds is their ability to self-
assembly into nanoscale entities, in the simplest cases as layers, columns, or spherical
micelles, leading to their many applications in fields such as microelectronics,
nanofabrication, medical etc. Understanding how such self-assembly can be controlled
through molecular design is hence of paramount importance. Factors such as molecular shape
and flexibility, interactions between different moieties, polarity and chirality all contribute to
determine the exact mode of self-assembly of such a compound, as well as external controls

through the use of temperature, solvent, electric and magnetic field.

In this project three different series of compounds: X-shaped molecules, Polycatenar
compounds, and Bolaamphiphiles with swallow-tailed side groups, were examined. Their
complex modes of self-assembly have been studied using mainly X-ray diffraction methods,
supplemented by Polarized Optical Microscopy, Differential Scanning Calorimetry, and for

chiral phases Circular Dichroism Spectroscopy.

In the X-shaped molecules, in addition to “chess-board” two-coloured honeycomb columns
with square cross-sections, several complex 3D phases with different tetragonal symmetries

have been observed, their structures determined and molecular model constructed.

In polycatenar compounds, we have studied the transitions from a recently found chiral
isotropic phase (through dynamic mirror symmetry breaking of achiral compounds) to a
bicontinuous cubic phase, either an achiral double network cubic or a chiral triple-network
cubic phase. We have also found the formation of chiral SmQ phase in such achiral
compounds, and have solved its structure — a long standing puzzle in liquid crystals for more
than 30 years. In addition, a number of non-cubic phases, most of them suspected to be
bicontinuous, have been identified and for most of them the space group symmetries have

been determined, and tentative structural models proposed.

In a number of bolaamphiphiles, with swallow-tailed side groups, a new single-diamond
bicontinuous cubic phase has been discovered. The rigid aromatic cores are found to form
bundles and such bundles form the segments of the single-diamond network with the side

groups filling the rest of the space.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Liquid Crystal: General Concept

1.1.1 Definition and classification

Liquid crystal (LC) is a state of matter that is intermediate between liquid and crystal. Like
the crystal, a liquid crystal possesses long range orientational or positional order, or both, but
often in reduced dimensions (Figure 1.1). At the same time, the molecules in a liquid crystal
do not have fixed positions hence liquid crystal is able to flow like a liquid [1,2]. Such unique
combination of physical properties of LCs make them an important group of materials for
various domestic and industrial applications. The most notable application of LCs is in LC
displays, utilizing the anisotropy in the optical properties of LCs, and the abilities for LC

molecules to follow the direction of an external electric field [3,4].

Liquid crystal Liquid

Figure 1.1 Schematic drawings of a rod-like molecule in solid, liquid crystal and liquid phases [5].

Liquid crystals can be classified to be either thermotropic or lyotropic. While in thermotropic
LCs the phase transitions are a result of change in sample temperature only, in lyotropics a
solvent is used and phase transitions are affected by the type and concentration of solvent as
well [1,6,7].
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1.1.2 Rod-like molecules and LC phases they form

The simplest LC forming molecules are rod-like. Typically they contain a rigid aromatic rod-
like core, which gives molecules required shape anisotropy for the formation of LC phases,
and flexible end chains for flexibility and mobility [8]. The most commonly found LC phases
in such rod-like molecules are nematic and smectic phases (Figure 1.2). In the nematic phase
there is only long range orientational order with no positional order, i.e. the positions of the
molecules are random but they tend to orient in the same direction (director n). In the smectic
phases, in addition to orientational order, the molecules form layers hence there is 1-
dimensional positional order. There are Smectic-A (SmA) and Smectic-C (SmC) phases,
depending on whether the director of the molecules n is parallel (SmA) or tilted (SmC) to the

layers normal [1,9].

Rod-like molecule

Flexible chains

O,
-

Nematic phase(N) Smectic A phase(S,A) Smectic C phase(S,,C)

Figure 1.2 Nematic and smectic phases formed by rod-like molecules [5].

1.1.3 Disc-like molecules and phases they form

In disc-like molecules, the rigid aromatic core takes the shape of a disc [1,10,11]. Such disc-
like molecules can form nematic, columnar and lamellar columnar phases, as shown in Figure
1.3. In the nematic phase, the director is perpendicular to the discs. In the columnar and
lamellar columnar phases, the discs stack on top of each other and form columns, which then
pack on 2d (typically hexagonal) or 1d lattices.
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Flexible chains

Disk-like molecule

Discotic nematic phase (Np) Columnar phase(Col) Lamellar columnar phase {ColL)

Figure 1.3 Nematic, columnar and lamellar columnar phases formed by disc-like molecules [5].

1.2 T-and X- shaped molecules

1.2.1 T-shaped molecules

T-shaped molecules can be viewed as a modification of the rod-like molecules, by attaching
to the rigid rod-like core an extra flexible side-group [12,13]. This simple modification has
since been found to be able to produce a rich mine of complex LC phases. There are two
major groups of T-shaped molecules called bola-amphiphiles and facial-amphiphiles
respectively. In a bola-amphiphile molecule attached to the rigid aromatic core are two
hydrogen bonding glycerol end-groups, and an aliphatic (sometimes partially fluorinated)
side group. In a facial amphiphile the two end groups are aliphatic, while the side group is
hydrophilic.

A summary of different LC phases found in bola-amphiphiles, with increasing length of
aliphatic side groups, is schematically shown in Figure 1.4 [14]. When the side chain length
is short, smectic phase is formed as in normal rod-like molecules. With increasing length of
side groups, honeycomb columnar structures with polygonal cross-sections form. In the
honeycomb structures, the rigid aromatic cores form the frameworks of the honeycomb,
connected at the corners through hydrogen bonding between their end groups, with side

3
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groups fill the column interior. While the side length of the polygonal honeycombs is
determined by the length of the rigid core, the number of sides increases with increasing side
group chain length, from rhombic, square, pentagonal, hexagonal, to stretched hexagonal and
pentagonal where the side length become twice of that of molecular backbone. Further
increase of side chain length leads to the formation of lamellar phase, where side groups and
molecular backbones separate into neighbouring layers. Further micro-phase separation
between the aromatic core and end groups leads to the formation of nematic (Lamy) and
smectic-like (Lamgy) substructures in the layers of molecular backbones.

V) Colyq
.. pémm

Col,g.
Colpe, c2mm

Figure 1.4 LC phases formed by bola-amphiphiles, with increasing chain length of the side group [14].

In facial amphiphiles the chain lengths of both end- and side-groups can be changed [15],
with increasing of side chain length has the same effect as decreasing the end chain length. A
phase sequence, similar to that found in bola-amphiphiles, from smectic to honeycombs [16]
and then to lamellar phases is observed, with the role of end- and side groups simply
exchanged. It is also worth mentioning that a 3D hexagonal phase is also found in facial
amphiphiles, by polyphilic side groups forming channels penetrating through smectic layers

of alternating aromatic cores and aliphatic end groups [17].
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Elongation of the ="

non-polar chains

Figure 1.5 LC phases formed by bola-amphiphiles, with changing chain lengths of the end- and side
groups [14].

1.2.2 X-shaped molecules

X-shaped molecules are generated by adding two side groups on the opposite sides of the
rigid aromatic core (Figure 1.6). If the two side groups are chemically the same or similar, the
X-shaped molecules are triphilic like the T-shaped molecules, and they form similar
honeycomb columnar structures with polygonal cross-sections. The main difference is that
while in T-shaped molecules the walls of the honeycombs are formed by two molecules back-
to-back with their side chains pointing in opposite directions, in X-shaped molecules the wall
is only one molecule thick, with the two side groups of the same molecules going in two

neighbouring honeycomb channels (Figure 1.6) [18].

o
Tl
?'_
w0 731
N s

Figure 1.6 Formation of square honeycomb structures from (a) T-shaped molecules and (b) X-shaped

molecules [19].
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More complex honeycomb structures will result if the two side groups are chemically distinct
and X-shaped molecules become tetra/poly-philic. As shown in Figure 1.7, for such a
compound as the two side groups tend to form their separate but neighbouring triangular
columns, a two-coloured triangular honeycomb phase is formed. The degree of mixing
between the two side groups can in fact be tuned by changing temperature, leading to a
critical transition between the two-coloured (with phase separated side groups) and single
colour (side groups mixed) honeycombs.
R
(F;C),CF(CF,),(CH,), 0

e ==

_\—\_/—\ﬁs

MC/I\lllc Me” Mc M¢  Me

Rg;

Cr83 Colhcxlpﬁiml 85 Colh“/p(nnm 189 Iso (°C)

(b) (€) 3

Coly,../p3m] Col, .. /pbmm Col, . /p6mm

hex

Figure 1.7 Formation of two-coloured (a) and single colour (c) triangular columnar structures from X-
shaped molecules. (b) A change of degree of mixing with increasing temperature leads to a critical
transition between the two phases [19].

When the sizes of the two side groups are changed relative to each other in the X-shaped
molecules, such that the desired shape of polygons occupied by one side group is different to
that of the other, more complex LC phases with different corresponding single to multi-
coloured tilings of the plane occur. This is further complicated by the geometrical limitation
of how a plane can be partitioned by polygons of different shapes. A complete phase
separation between the two side groups is not always possible hence a compromise must be
found. Examples of such phases are Kagome (triangular + hexagonal columns) [20], two

6
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coloured hexagonal (hexagonal columns with two different degrees of mixing of side groups),
mixed triangular, square and rhombic columns (Figure 1.8) [21], giant octagon (combined

square, pentagonal and hexagonal columns) [22] and Zeolite structures [23].
RF
HO C,,F55(CH,),0 OH
N s N s TN o . ({_Q_OH
_/—\_/_\_\/—\\//—\/

L
5i—/ 5/ siMe R

MENfe M pe Me Me

Si

Crl19 Colm,/;)me 167 Colm/c2mm 183 Iso (°C)

c2mm 1 Re/Rg;

K

4
A

i
> <
b
b
> <

oA

Figure 1.8 Multicolour tilings formed by a polyphilic X-shaped molecule, with (a) three and (b) five
different kinds of tiles [19].

1.3 Bicontinuous cubic phases and dynamic mirror symmetry

breaking

1.3.1 Bicontinuous cubic phases

Bicontinuous cubic phases are a special group of LC phases formed typically by amphiphlic
LC compounds, with cubic symmetry and where the subspaces of both moieties, hydrophilic
and hydrophobic for example, are 3-dimensionally continuous. This is in contrast to other LC
phases when the molecules self-assemble into discrete layers, columns and micelles. There
are three well known examples of such phases, the G (double Gyroid) phase with space group

la3d, the D (double Diamond) phase with space group Pn3m, and the P (Plumber’s
7
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nightmare) phase with space group Im3m) (Figure 1.9) [1]. In all three cases one kind of the
moieties of the molecules form two interpenetrating but never intersecting networks, while
the other moieties stay around the 3D infinite periodic minimum surface (IPMS) in between
the two networks [24]. Each network consists of column like straight segments, branching out
at junction points. The number of segments joining each other at each junction, is 3, 4 and 6,
respectively for the G, D and P phases. In the LC phase diagram, such cubic phases are often
found in between the lamellar and the columnar phases, when one of the moieties of the

molecules prefer forming layers while the other moieties prefer forming columns.

la3d (G) Pn3m (D) Im3m (P)

Figure 1.9 Network representation of the three bicontinuous cubic phases [25].

While all three cubic phases have been reported in lyotropic systems, in thermotropic LCs the
Gyroid la3d phase is the most prevalent [26]. Figure 1.10 shows how the Gyroid la3d phase
can be formed by self-assembly from different LC compounds. In inverse lyotropic systems
the network channels are occupied by the water [27]; in polycatenar compounds the networks
are formed by stacking of rigid cores into columnar segements [28,29,30,31]; in a
polysiloxane with polycatenar side groups the networks are taken by the polymer [32]; and in
a bola-amphiphile with swallow-tailed side groups, the network segments are formed from
axial bundles of the rigid aromatic core (parallel instead of perpendicular to the segment
direction) [33]. Recently, the first confirmed Pn3m bicontinuous cubic phase is also found to
be formed by such bundled bolaamphiphiles (Figure 1.11) [34].
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(a) (b)
2
7
(€) (d)
/l
//
-
7%
Il

Figure 1.10 Schematic drawings showing how the Gyroid la3d phase can be formed by self-assembly (a)
in an inverse lyotropic phase with water in the channels, (b) in polycatenar thermotropic LCs, (c) in a
polysiloxane with hemiphasmid polycatenar side groups, and (d) in a skeletal network structure of H-

bonded axial mesogen bundles of bola-amphiphiles with swallow-tailed side groups. [33]

Figure 1.11 Reconstructed electron density map of the bicontinuous Pn3m cubic phase. Schematic
drawings of molecules overlaid on top show how bundled rigid molecular cores form the straight network

segments [34].

Another confirmed thermotropic bicontinuous cubic LC phase has the same Im3m sysmmetry
as the P phase mentioned above but a completely different structure. The phase has so far

only been found in polycatenar LC compounds. On the basis of a reconstructed electron
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density map of the phase, it has been proposed that it has a triple-network structure (Figure
1.12) [25, 35,36], and in which the network segments are formed similarly as shown above in
Figure 1.10b. This phase will be called triple-network cubic phase in this thesis, even though
a different structural model of the phase, consisting of both networks and micelles, has been

proposed by Kutsumizu et al. [37].

(a) . (b) 3%

(420)

1g2(a.

|
JULA_ .

008 o010 012 0.14 0.16 0.18 020
q (A"

Figure 1.12 X-ray diffraction patterns of the triple network cubic phase of (a) a single crystal sample and
(b) a powder sample. (c) Reconstructed electron density map showing high electron density regions and (d)

its network representation [25].

1.3.2 Dynamic mirror symmetry breaking

More recently, optical studies (POM and CD spectroscopy) have demonstrated that the triple
network cubic phase, despite it being observed in achiral polycatenar compounds, is in fact
chiral. On the other hand, the double network la3d phase, is always achiral [38,39].
Moreover, a chiral isotropic phase (Isot?) has also been found in some of these compounds at
temperatures above their cubic phases, before it transforms to the normal achiral isotropic
phase (Iso) [40]. On the basis of such observations, it has been proposed that the rigid
aromatic cores of polycatenar molecules form chiral columns, by molecular twist along
network segments (Figure 1.13). The handedness of the chiral segments much be kept the
same to avoid clashes at network junctions, as a consequence each network in the la3d and
the triple network cubic phases, must be homochiral. While in the 1a3d phase the space group
symmetry enforces that the two networks have exactly the opposite handedness, so that there
is no overall chirality of the phase. In the Im3m, phase the handedness of the three networks

are either the same, or they do not cancel each other completely.

10
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Figure 1.13 (a-c) The two networks (red and blue) of the 1a3d phase decorated with schematic mesogens
(rod-like molecular cores, green) showing the molecular twist along the network segments. The gyroid
minimum surface is also shown (yellow). (d-j) The same but for the middle of the three networks of the
triple-network cubic phase. This network closely follows the Schwartz P-type minimum surface (shown in
yellow). [38]

1.4 Aims and objectives

The aim of this PhD project is to understand the principles of self-assembly by studying

polyphilic molecules with different designed geometry.

More specifically, these include
e X-shaped molecules which form chess-board honeycomb structures and related
complex 3D phases (Chapter 3 and 4);
e The formation of chiral/achiral isotropic/cubic phases and their transitions in achiral

polycartenar molecules (Chapter 5);
11
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e The structure of the chiral tetragonal SmQ phase observed in achiral compounds
(Chapter 6) and many other related chiral/achiral cubic/noncubic phases (Chapter 7).
e Study of the single diamond network bicontinuous Fd3m phase found in

bolaamphiphiles with swallow-tailed side groups (Chapter 8).
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Chapter 2 Experimental Methods and Analysis

2.1 Small Angle X-ray Scattering (SAXS)

2.1.1 Basic Introduction to SAXS

Compared with normal crystals, liquid crystals only have periodic order at molecular
level, resulting in sharp Bragg peaks at low diffraction angles. In this way, Small
angle X-ray scattering (SAXS), which usually records the elastic scattering of X-ray
at scattering angle below 5< provides an essential method to investigate the structure
of liquid crystals. The principle of SAXS is the same as normal X-ray diffraction [1].
A beam of incident X-ray will diffract when passing through a crystal. The
relationship between the reflecting lattice planes (or Miller planes) of spacing d and
the angle of reflection & obeys Bragg’s Law, which is:

nA = 2dsinf (2.1)
Where n is an integer (the order of reflection or diffraction), 4 is the wavelength of the
incident X-ray. In the experiments, we usually use the first order diffraction, i.e. n=1.
This is based on the fact that the n™ order diffraction of lattice plane with Miller
indices (h, k, 1), is the same as the first order diffraction of the plane with indices (nh,

nk, nl).

Figure 2.1 Scheme of Bragg’s Law: parallel rays reflected from points on neighbouring planes.
The angle of incidence/reflection to the planes is 6. The lattice plane spacing is d. Hence the path
difference is 2dsiné.
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In order to have a clearer way to describe the lattice and the crystal structure, a

reciprocal space vector q is defined. Its value is shown below:
g= = sin@ 2.2)

Combining equations (2.1) and (2.2), the g value of a diffraction peak is simply 27/d,
where d is the spacing of the corresponding lattice planes. Consequently a one-to-one
relationship can be established between vector q of a diffraction peak, and Miller
planes in a periodic lattice. This leads to an alternative way of defining q, utilizing the
concept of reciprocal lattice. While a periodic crystal lattice can be described by three
unit cell vectors @, b and c, for a (hkl) Miller plane the corresponding vector
qnkryequals to ha™ + kb* + 1 ¢* . Thus,

@ oy = (h@" + kb +1¢*) - (h@* + kb™ + 1 ")

= h?a*? + k*b*? + I>c*? + 2hka*b*cosy + 2klb*c*cosa +

2hla*c*cosp (2.3)

This equation provides the basis, from the positions (¢ or 26) of X-ray diffraction

peaks, for their indexing and determination of lattice parameters, and from there the

assignment of lattice types and space groups of the periodic structures.

The other important information of an X-ray diffraction pattern is the intensities of the
diffraction peaks, and the contribution of each molecule in a unit cell to that is a
vector. This vector can be expressed as a complex number A-exp(ig), with the
amplitude A proportional to the atomic scattering factor f, and phase angle ¢ depends
on the positions of atoms in the unit cell 7. The contributions from all atoms in a unit

cell simply add together and result in the structure factor F(g,;)- Thus,

F@ua) = ) fyexp(iF;-@) = ) fjexp[2mi(hx; + ky; + 12))]
7 7

=Y, fjcos[2m(hxj + ky; + 1zj)| + i 3, f; sin[2m(hx; + ky; + 1zj)] (2.4)
Where 2n(hx; + ky; + Iz;) is the phase angle ¢; of the /™ atom in the unit cell with

fractional coordinates (x;, y;, z)).

Since in molecules and atoms the predominant contributor to X-ray scattering are
electrons, a crystal structure can be expressed by its electron density distribution p(T")
in the unit cell. Subsequently, the structure factor can be expressed by:
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F(@) = [p() exp(ir - q)dr (2.5)
Mathematically, the structure factor F(q) is the Fourier transform of the electron

density distribution p(7). Equation 2. 5 can be rewritten as:

F@) = f p(P) exp(iF - §) dr

0 oo
= f p(r) exp(ir-q) dr + f p(r) exp(ir - q) dr
—00 0

= fooo p(—7) exp(—ir-q) dr + fooo p(r) exp(ir - q) dr (2.6)
In X-ray crystallography, the diffraction intensity measures the square of the structure
factor amplitude |F(q)|? only, in this case, the scalar magnitude F(g) can be obtained
from the experiments, but the information about the phase angles is lost. For a centro-
symmetric structure, the electron density of p(X, y, z) equals to that of p(-X, -y, -z). In

this case, the equation can be simplified as:

F@) = fo p(—F) exp(—iF - §) dr + fo p(P) exp(iF - §) dr

[ee]

=f p(?)exp(—i?-ﬁ)dr+f p(™) exp(ir-q) dr
0 0

=2 fooop(F) cos(r-q)dr (2.7
As the imaginary part of the scattered wave is zero, when the value of the structure
factor is positive, the phase angle is zero. When it’s negative, the phase angle is 7.
Considering that the Fourier transformation is reversible, the electron density p can be
described as:

p(x,y,2) = f F@exp(~i7§)dq = ) F(hkDexp(~i7-q)
hkl

= Y F(hkD)exp[—2mi(hx + ky + 1z)]

(2.8)

Combined with the information about the shape of the molecule, the volume and
electron density of each moiety, the proper phase combination can be determined.

Thus the electron density map can be reconstructed.
2.1.2 The Set-up of SAXS Experiments

The SAXS experiments were carried out mostly using synchrotron beamtime at the

Diamond Light Source. The synchrotron beam is produced by accelerating electrons
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in a curved orbit through a magnetic field. When the high-speed electrons change
their direction, a series of photons with different energies, such as X-rays, will be
released. As the flux of the photons is very high, extremely high intensity beams can
be generated. In this thesis, powder samples were used in SAXS experiments. The
samples were prepared in 1.0mm glass capillaries and then fixed on the Linkam hot
stage. The error of the temperature measurement can be controlled within = 0.2 °C.
Pilatus P3-2M 2D detector is used to record the diffraction patterns. Simultaneous
WAXS is also recorded, which is particularly useful in determining whether a phase is
liquid crystalline or crystalline. A beam stop is put in front of the detector to protect

the detector against damage from the direct beam.

2.2 Polarized Optical Microscopy (POM)

Polarized optical microscopy (POM) [2] is considered as one of the most fundamental
research methods when dealing with liquid crystal samples. With the help of the POM
experiments, the liquid crystalline phase transition temperatures can be determined,

and certain LC phase types can be identified from their typical textures.

In a polarized optical microscope, there are two crossed polarizing filters (the
polarizer and the analyzer). When both of them are inserted into the optical path
without the sample, no light can pass through and the field of view is dark. However,
if an optically anisotropic sample is put between these two filters, the polarization
state of the light will be changed and thus coloured pictures can be seen. One example
of an optical anisotropic material is a liquid crystal. In a liquid crystal, the refraction
index of a polarized incident beam is dependent on its orientation to the optical axis of
the liquid crystal. Consequently, when a beam of light passes through a LC sample, it
will split into two components which are an ordinary ray (perpendicular) and a
extraordinary ray (parallel). These two rays are polarized perpendicular to each other.
As they have different refractive indices (n, and ng), the two beams propagate through
sample at different speeds (v, and ve). The phase difference I" between the two

components at depth d can be defined as:
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I'= %ﬁ(ne -n,)d (2.9

where / is the wavelength of the incident light beam. As a consequence, the incident
linearly polarized light becomes elliptical polarized and thus can pass through the
crossed analyzer. The intensity / of the observed light is given by:

I'= Ipsin220 sin? (2.10)
where [j is the intensity of the emergent light from the polarizer, 6 is the angle
between the polarizer and the optical axis of the sample. According to this equation, in

the homeotropically aligned region, where 8 = 0, the field of view will be dark. Also,

the brightness of the field of view would change during the rotation of the sample.
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Figure 2.2 The interference colour chart. The interference colour can be correlated with the actual
retardation (bottom horizontal axis), thickness (left hand vertical axis), and birefringence (top and right
hand axes) of the sample. If two of the three variables are known, the remaining one can be determined

by drawing a line from the lower left hand corner to the upper and right hand boundaries. [3]

In order to have a better understanding of the orientation of the molecules, a
retardation plate is often used in POM experiments. The retardation plate is made
from anisotropic materials, which can slow down the propagating speed in a certain
direction. By convention, the northeast-southwest direction is usually the slow axis of
the retardation plate. This retardation results in a change of the presented color. For all
the possible retardations, the interference color can be plotted on a chart as shown in
Figure 2.2. To make the condition easier and clearer, we usually prepare samples
which start with the first-order grey. In the case of a 1-A retardation plate is used, the

retardation in the slow axis would be 550 nm. If the northeast-southwest direction is
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also the slow direction of the sample, then the presented color will be second-order
blue. Otherwise, if the slow axis is the fast direction of the sample, then first-order

yellow will be observed.

(A) HO [(CH2)3S|(CH3)2]4(CH2)3S'(CH3)3

0o (om0

C10F21(H20)40

. plate

Figure 2.3 (A) Molecular structure of compound 1; (B) Texture between crossed polarizers at T=
105 °C; (C) Texture recorded at the same temperature with A retarder plate; in the fans the high-
index axis is radial; The indicatrix orientation in the A-plate and in the two types of fans is shown

in the inset.

As an example, X-shaped compound 1 shows optical textures typical for columnar
phase at 7 = 105 °C (see Figure 2.3B). Indicated by the textures recorded with a A
retardation plate, the high refractive axis, which is also the long axis of the p-
conjugated cores, is parallel to the blue fans (see Figure 2.3C). Thus, the X-shaped
molecules lie radially in the fans. Since the columns are tangential, the molecules are

perpendicular to the columns.

The microscope used in this thesis is an Olympus BX-50. A 1-A retardation plate is
added in some of the experiments. The light source is incandescent. A digital camera
and the Image-Pro Plus software from MediaCybernetics are used to capture and

process the optical textures.
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2.3 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry [4] is a thermal analysis technique, which measures
the different amount of heat required by the sample and reference during heating and
cooling. When the sample undergoes phase transitions, glass transitions or chemical
reactions, it will absorb or release heat. To keep both the sample and the reference at
the same temperature, a thermal compensator will increase or decrease the heat which
flows to the sample. If an endothermic process takes place, for example, the phase
transition from solid to liquid, more heat is required to flow to the sample. On the

contrary, an exothermic phase transition requires less heat.

The result of a DSC experiment is a curve shows the relationship between the heat
flux (vertical axis) and the temperature or time (horizontal axis). If there is no phase
transition or other reactions, it’s only the difference caused by the specific heat
capacities of the sample and the reference need to be compensated. In this case, the
baseline of the experiment is obtained. To maintain a flat and smooth baseline, the
reference should have a stable heat capacity and have no reactions in the experimental
temperature range. When a thermal reaction takes place, a positive or negative peak is
shown. By integrating the peak, the enthalpy of the transition can be calculated by the
following equation:

AH = KA (2.11)
where 4H is the enthalpy of transition, K is the calorimetric constant, and 4 is the area
under the curve. For different instruments, the calorimetric constant is different. To
measure the constant, a standard sample which has stable thermal performances and

known enthalpies of transitions can be analyzed.

Differential scanning calorimetry is now widely used in many research fields, such as
liquid crystals, polymers, oxidative stability and drug analysis. With this technique,
the small phase transitions, as well as the transitions temperatures and the enthalpies

can be observed and analyzed.
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2.4 Circular Dichroism (CD) Spectroscopy

Circular dichroism (CD) [5] refers to the property of a chiral material which has
different absorption of left-handed and right-handed Circularly polarized lights. CD
spectroscopy offers a useful method to measure the chirality of optically active chiral

molecules. Its basic principle is explained below.

Electromagnetic radiation is a transverse wave, which consists of an electric and a
magnetic field. These two fields oscillate perpendicular to each other and to the
propagating direction. When the oscillation of the electric field is in a single plane,
linearly polarized light is produced. If a horizontal linearly polarized light and a
vertical linearly polarized light are added together, then a variety of linearly or non-
linearly polarized light can be obtained. For example, when the horizontal and the
vertical linearly polarized light have the same amplitude and are in phase with each
other, a linear light polarized at 45 degrees is shown. Moreover, when they are out of
phase by a quarter-wave, a helix, which known as circularly polarized light occurs. In
a circularly polarized light, the electric field vector has a constant magnitude and
rotates helically along the propagation direction. The circularly polarized light can be
either left-handed or right-handed.

(A) (B)

Linearly polarized Circularly polarized

Figure 2.4 Electric (E) and magnetic (B) field vectors in linearly polarized light (A) and circularly

polarized light (B); the red arrows show the direction of the electric field vector [6].

According to Lambert-Beer law:
I = Iyexp(—et) (2.12)
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where | and I are the intensity of the transmitted and incident light, respectively; ¢ is
extinction coefficient; t is time. For chiral materials, the left-handed and right-handed
lights are absorbed to different extents:

&L F &g (2.13)
Thus, the magnitudes of the electric field vectors of the right-circularly and left-
circularly polarized light are different. When the two components are added together,

elliptically polarized light is produced (see Figure 2.5).

E.+E,

Figure 2.5 Elliptical polarized light (violet) is composed of unequal contributions of right (blue)
and left (red) circular polarized light; Er and E, are the magnitudes of the electric field vectors of
the right-circularly and left-circularly polarized light, respectively; 6 is ellipticity of the

polarization [6].

Circular dichroism is the difference between the extent to the absorbed right-handed
light and left-handed light:

As = eg — ¢ (2.14)
In CD spectroscopy experiments, the chirality is reported by the degrees of ellipticity

of the polarization 6. By definition,

tang = ZEEL (2.15)

ER+E],
where Egr and E,_ are the magnitudes of the electric field vectors of the right-circularly
and left-circularly polarized light, respectively. Since the intensity I of light is
proportional to the square of the electric-field vector E?, thus,
tanf < (I — ;)% « (e — g,)/? (2.16)

In this thesis, the CD experiments were carried out at station B23, Diamond light

source. The high photon flux, as well as the small cross section (about Imm x 2mm)
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of the beam, improves the signal-to-noise of the experiments and enables the
measurement of smaller volumes of sample. The spectral range we used is from 200
to 500 nm. Experimental data are recorded by a photo multiplier tube. The samples
are prepared by melting between two quartz plates. Then the plates are placed on top

of a Linkam hot stage for temperature control during the experiment.
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Chapter 3
Liquid Crystalline Structures Formed by X-shaped

Polyphiles with semiperfluorinated and Carbosilane

Lateral Chains

3.1 Introduction

The self-assembled structures observed in block copolymers have attracted much attention
owing to their diverse morphologies and potential applications'®. Numerous ordered
structures, such as columnar, lamellar, spherical and tubular phases can be produced through
microphase segregation or self-assembly of block copolymers®®. Block copolymers with
functional groups can also offer opportunities for the investigations of the correlations

between nanostructure and functionality’™.

Especially, liquid crystalline (LC) block
copolymers can provide a method to explore the influence of the topological structures of
block copolymers on their liquid crystalline phase behavior, the arrangement of mesogenic
units, as well as the meso-phase transitions**™. Nowadays, LC block copolymers with well-
designed morphologies have been investigated in developing advanced functional materials
especially in some aspects like optics, electronics and photo-responsive materials™®2*.
Compared with traditional linear-linear LC block copolymers, LC polymers with special
topological structures, such as star-branched molecules, have more functional groups and
better defined morphologies, so they are expected to form more complex and interesting soft-
matter structures instead of simple lamellar, nematic and columnar LC phases™ #**’. In star-
branched LC compounds, some of them are produced by connecting mesogenic units to the
end of the star-branched polymers, the others are synthesized by replacing the side-chains of
bolaamphiphiles and facial amphiphiles?®®. For the latter ones, their liquid crystalline
characteristics are given by the incompatibilities of different moieties rather than mesogenic

groups. These molecules with two or more incompatible components are also call
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polyphiles®® . A variety of interesting LC structures have been reported by these kind of

star-branched LC polyphiles® *2.

In this chapter, we explored an X-shaped polyphile and studied its LC phase behavior at
different temperatures. With the help of small angle X-ray scattering (SAXS) and many other
research techniques, the structure of each phase can be accurately defined. Moreover,
reconstructed electron density maps and relevant computer simulations are also carried out to

confirm the structures as well as give a suitable model for the packing of molecules.
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3.2 Results and discussion

The X-shaped compound 1 consists of a rigid rod-like aromatic core with a carbosilane and a
semiperfluorinated alkyl chain attached laterally to opposite sides of the aromatic moiety.

The molecular structure is shown in Figure 3.1.

HO O[(CH2)3Si(CH3)2]4(CH2)3Si(CH3);  OH
0 o e Ol e e O o
C10F21(H2C)40

Figure 3.1 Molecular structure of compound 1

We studied the phase behavior of this compound on cooling. SAXS results shows that this
compound forms 3 different phases in the temperature range between 86 and 130 <C (Figure
3.2).

0.05 040 015 0.20 025 030 035 040 045 050 055 0.60 0.65

q (A?)

Figure 3.2 Continuous heating run of compound 1 from 86<C to 130<C (back to front), SAXS
diffractograms were recorded every 1<C; the horizontal axis is scattering factor q; the vertical axis is
Lorentz-corrected intensity; P4/mmm phase is formed below 100 °C; between 100 °C and 120 °C, it’s

14/mmm phase; above 120<C, p4mm phase is shown.
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3.2.1 High-temperature phase

The high-temperature phase occurs between 130 and 120 <C. The diffraction pattern of
compound 1 at 130T is shown in Figure 3.3A.

High

(A) e (B)

(31)
(22)

Ig* (a.u.)

(33)

i) (21) (41)
(30) (32) \ (42)

1 1 1 1 1 1 1 1

0.10 0.15 020 025 0.30 0.35 0.40 045 0.50
q (1/4)

Figure 3.3 (A) SAXS diffraction pattern of compound 1 at 130<C; (B) Reconstructed electron density map
of the high-temperature phase, in the molecule model, the red moiety stands for the carbosilane chain and

the green stands for the semiperfluorinated chain

Table 3.1 Experimental and calculated d-spacings of the observed SAXS reflections of the square phase in

compound 1 at 130<€€. All intensities values are Lorentz and multiplicity corrected.

(hk) dops. — spacing / A | d .. — spacing / A intensity phase
(10) 57.8 57.8 100 =
(1) 408 40.9 0.49 T
(20) 28.9 28.9 0.04 0
21) 25.8 25.8 0.67 T
22) 20.4 20.4 274 0
(30) 19.2 193 0.10 =
31) 18.2 183 3.19 0
(32) 16.0 16.0 031 0
41) 14.0 14.0 0.14 0
(33) 13.6 13.6 0.18 n
42) 12.9 12.9 0.47 -
a=578A

According to the SAXS results above, the reflections can be indexed on a square lattice,
plane group p4mm, with the lattice parameter a = 57.8 A. The length of the rigid aromatic
moiety measured in Materials Studio is 39.5 A, s0 the lattice parameter a is about v7 times t0
the length of the aromatic rod. Considering this relationship, the aromatic rods may lie
perpendicularly as a square in a lattice with the vertices in the middle of each edge of the

lattice. We also reconstructed an electron density map to further investigate the arrangement
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of the molecules (Figure 3.3B). In this electron density map, the high-density purple region is
made up of the semiperfluorinated chains and the low-density red region is filled with the
carbosilane chains. It can be seen from the electron density map that both the high-density
and the low-density regions form squares with the middle-density green region acting as
boundaries. Combined with the length of the molecule, it suggests that the aromatic moieties
form a chessboard-like square honeycomb net with carbosilane and semiperfluorinated chains
filling the alternative “chessboard” cells.

Simulations are also carried out to confirm the proposed structure. Both of the scattering
factor of the carbosilane moiety (f,) and the semiperfluorinated moiety (f,) contribute to the

structure factor F. The coordinate of the carbosilane moiety is considered as (0, 0), thus the
coordinate of the semiperfluorinated moiety should be (%, %). The structure factor F is also

corrected by Gaussian function. The simulation equations and procedure are showed below.

fa — 4sin(q,;zlsyin(qya) (if q = 0 fa - 4asiniqxa))’

_ 4sin(qyb)sin(qyb) ,. _ _ 4bsin(qyxb)
fp = v, (ifagy=0, fy A — ),

F = fa*sq + focos(mh+mk)*sp,

G(q) = F exp(-12222)

a3

Table 2 Simulations for compound 1 at 130C

k| arA oAt S LR ] 6| | Fere@ | ey | ey
10 57.8 0.109 | 0.077 | 0.077 | -539 | 275 | -815 -782 100 100
11 40.8 0.154 | 0.154 0 -312 | 230 | -82.4 -76.0 0.94 0.49
20 28.9 0.217 | 0.154 | 0.154 | -121 | 163 | 423 35.9 0.21 0.04
21 25.8 0.243 | 0.231 | 0.077 | 18.8 126 | -107 -87.1 1.24 0.67
22 20.4 0.308 | 0.308 0 172 | 42.2 215 155 3.93 2.74
30 19.2 0.327 | 0.231 | 0.231 | -0.66 | 57.2 | -57.9 -40.1 0.26 0.10
31 18.2 0.345 | 0.309 | 0.154 | 66.9 | 29.2 | 96.0 63.9 0.67 3.19
32 16.0 0.393 | 0.385 | 0.077 | 954 | -27.4 | 123 72.5 0.86 0.31
41 14.0 0.449 | 0.458 | 0.274 | 2.70 | -16.6 | 19.3 9.67 0.02 0.14
33 13.6 0.462 | 0.462 0 -22.9 | -66.3 | -89.2 -43.0 0.30 0.18
42 12.9 0.487 | 0.462 | 0.154 | -8.87 | -47.0 | -55.9 -24.8 0.10 0.47

(Edge length of the carbosilane square a = 14.0 A, edge length of the semiperfluorinated
square b = 9.0 A, the height parameter s, = -1.03, s, = 1, Gaussian parameter go = 0.45)

The simulation shows that the calculated intensities can fit the observed intensities quite well.

Thus it can further support our predicted structure about the high-temperature phase.

28




Chapter 3 Liquid Crystalline Structures Formed by X-shaped Polyphiles with
semiperfluorinated and Carbosilane Lateral Chains

3.2.2 Middle-temperature phase

The middle-temperature phase occurs between 120 and 100 <C. The diffraction pattern of
compound 1 at 110<T is shown in Figure 3.4A.

(A) (110)

(101)

(200)

(420)

g% (a.u.)

(530)
600)

(s10) (440N \  (620)

1 1 1 1 1 1 1 1
0.10 0.15 020 0.25 0.30 0.35 0.40 0.45 0.50
q (1/4)

at T= 105 <C; (C) Texture recorded at the same temperature with A retarder plate; in the fans the high-

index axis is radial; The indicatrix orientation in the A-plate and in the two types of fans is shown in the
inset.

Table 3.3 Experimental and calculated d-spacings of the observed SAXS reflections of the square phase in

compound 1 at 110<€. All intensities values are Lorentz and multiplicity corrected.

(hkl) dobs, — Spacing / A dear. — spacing / A intensity phase
(110) 57.8 57.8 100 -
(200) 408 40.9 1.55 0
(101) 40.2 40.2 1.63 0
(220) 289 289 0.017 0
(310) 257 2538 0.30 0
(301) 234 235 0.71 0
(400) 204 204 0.89
(330) 19.2 19.2 0.12 T
(420) 18.2 18.3 1.53 T
(510) 16.0 16.0 0.43
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(440) 14.4 14.4 0.012
(530) 14.1 14.0 0.20
(600) 136 136 0.055
(620) 12.9 12.9 0.47

a=817A c=462A

The reflections can be indexed on a body centred tetragonal lattice, space group 14/mmm,
with the lattice parameter a = 81.7 A, ¢ = 46.2 A. Combined with the texture of this phase,
which contains the Maltase crosses and homeotropically aligned regions, it indicates a
columnar liquid crystalline phase. Indicated by the texture recorded with a A retardation plate,
the high refractive axis, which is also the long axis of the p-conjugated cores, is parallel to the
blue fans (Figure 3.4C). Thus, the X-shaped molecules lie radially in the fans. Since the
columns are tangential, the molecules are perpendicular to the columns. In the reconstructed
electron density map (Figure 3.5), the high-density blue columns are filled with
semiperfluorinated chains and the red ones are carbosilane columns. Different from the high-
temperature phase, these columns are not straight. Their radii change periodically along the
columnar axis. This is because that in this compound, the carbonsilane chain is more flexible
than the semiperfluorinated chain. When the temperature decreases, the carbosilane chains
will shrink more than the semiperfluorinated chains. They can’t form a “chessboard”
anymore. So the carbosilane columns trend to distort and even break down to fit the decrease

of volume.

High

Z=1/2
Z=1/4
Z=0

Low

Z=1/4

Figure 3.5 Reconstructed electron density map of the middle-temperature phase
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3.2.3 Low-temperature phase

The low-temperature phase occurs between 100 and 86 <C. The diffraction pattern of
compound 1 at 90<C is shown in Figure 3.6.

(A)

1g? (a.u.)

o)\t
A 200pum

005 010 015 020 025 030 035 040 045 050
q(17A)

Figure 3.6 (A) SAXS diffraction pattern of compound 1 at 90<C; (B) Texture between crossed polarizers
at T= 95 <C; (C) Texture recorded at the same temperature with A retarder plate; in the fans the high-index

axis is radial; The indicatrix orientation in the A-plate and in the two types of fans is shown in the inset.

Table 3.4 Experimental and calculated d-spacings of the observed SAXS reflections of the square phase in

compound 1 at 90<€. All intensities values are Lorentz and multiplicity corrected.

(hkl) dops. — spacing / A | du. — spacing / A intensity phase
(100) 82.1 82.0 0.85 T
(110) 578 58.0 100 =
(200) 41.0 41.0 0.89 0
(101) 39.9 39.9 0.92 0
(210) 36.7 36.7 0.041 n
(220) 28.9 29.0 0.066 0
(310) 25.9 25.9 0.058 0
(301) 23.5 234 0.081 0
(320) 2.7 2.7

(400) 20.5 20.5 0.052

410) 19.9 19.9
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(330) 19.4 19.3 0.010

(420) 18.3 18.3 0.10 T
(430) 16.4 16.4

(510) 16.1 16.1 0.026

(520) 15.3 15.2

(440) 14.6 14.5

(530) 14.1 14.1 0.0075

(600) 13.7 13.7

(610) 13.5 13.5

(620) 13.0 13.0 0.020

a=820A,c=457A

The reflections can be indexed on a tetragonal lattice, space group P4/mmm, with the lattice
parameter a = 82.0 A, ¢ = 45.7 A. Similarly with the middle-temperature phase, the texture of
this phase also suggests a liquid crystalline columnar phase. However, when adding a A-plate
to the polarizer, the texture of the low-temperature phase (Figure 3.6C) shows an inversion of
the birefringence in the middle-temperature phase (Figure 3.4C). While in the
homeotropically aligned regions, the birefringence remain the same. This result indicates that
the orientation of the columns doesn’t change and the aromatic rods in the cylinder walls may

have different directions.

High

.
Z=0 Z=1/2
.

Low

Figure 3.7 Reconstructed electron density map of the low-temperature phase

Z=1/4
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The electron density map shows that all the columns are again continuous. However, one of
the two carbosilane columns now has a significantly reduced cross-section. Polarized optical
micrographs show that birefringence had reversed from negative to positive upon the
transition from middle-temperature phase to low-temperature phase, implying that some
aromatic rods had reoriented from being normal to being parallel to the columns. Therefore

we propose the tentative model of the low-temperature phase shown in Figure 3.8.

Figure 3.8 Model of the low-temperature phase. A: top view. B: perspective view of circled area in A.

3.3 Conclusion

The X-shaped polyphile 1, which consists of a rigid rod-like aromatic core with a carbosilane
and a semiperfluorinated alkyl chain attached laterally to opposite sides of the aromatic
moiety, forms three different liquid crystalline phases when cooling from 130 to 86 <C. The
structures of these phases are determined by SAXS. At high temperature, the compound
forms a 2D square lattice (Colsq,/p4mm phase). It has a chessboard-like honeycomb structure
in which the aromatic rods build the net and the carbosilane and semiperfluorinated chains fill
up the cells. A reconstructed electron density map and relevant simulations are carried out to
confirm this structure. On cooling, the flexible carbosilane chains shrink into a smaller
volume. With the decreasing volume of one moiety, the chessboard-like structure is broken.
To meet this change, the carbosilane columns distort and even break down into rows of
periodic discrete “blobs”. Thus the molecule forms a 3D 14/mmm phase at an intermediate
temperature. For lower temperatures, a 3D P4/mmm phase is formed. According to the

polarized optical micrographs, the orientation of some aromatic rods in the cylinder walls
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change from horizontal to vertical. In the electron density map, it results in the different radii
of the two carbosilane columns as well as the continuous of the columns. In future work, we
will try to make models for the three phases and have a better understanding of the packing of

the molecules in the structures.
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Chapter 4
Liquid Crystalline Structures Formed by X-shaped

Polyphiles with Semiperfluorinated and Hydrocarbon

Lateral Chains

4.1 Introduction

Liquid crystalline (LC) compounds with well-defined topological morphologies, such
as X-shape, T-shape or other star-branched shapes, can self-assembly into numerous
novel 2D and 3D ordered structures’. X-shaped polyphiles, which usually consist of a
rigid aromatic rod and two flexible lateral chains have been reported to form a series
of interesting honeycomb-like liquid crystal phases and 3D ordered mesophases® *.
Compared with T-shaped molecules, X-shaped compounds have two unequal side
groups, which offer the possibility of forming more complex liquid crystalline

structures.

In Chapter 3, we explored the liquid crystalline phase behavior of an X-shaped
polyphile which contains a semiperfluorinated alkyl side chain and a carbosilane side
chain. Chessboard-like honeycombs and 3D columnar phases are observed. When
changing the carbosilane side chain into a more flexible hydrocarbon alkyl chain,
more novel LC structures can be expected. One example is the two-colored LC
Kagome which has high density hexagons containing the semiperfluorinated chains
and low density triangles containing the nonfluorinated alkyl chains®. Based on such
results, an X-shaped polyphile with semiperfluorinated and hydrocarbon side chains

are designed and examined.
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4.2 Results and Discussion

Compound 2 is made up of an oligo(phenyleneethinylene)-based rigid rod with a
glycerol group in each end, a hydrocarbon alkyl lateral chain and a semiperfluorinated

lateral chain. The molecular structure is shown in Figure 4.1.

HO OCosHas OH
A= A==

C12F25(H2C)40

Figure 4.1 Molecular structure of compound 2

Powder small angle X-ray scattering (SAXS) results show that this compound forms
five different phases on cooling from 180 to 100 <T (Figure 4.2). The first two phases
are both square p4mm phase, but with different lattice parameters. Then a slight lattice
distortion takes place, which resulting in a rectangular p2mm phase. After that, a 3D
tetragonal P4/mmm phase is observed. At still lower temperature, the p2mm phase is

re-formed.

Figure 4.2 Continuous cooling run of compound 2 from 180<C to 100T (back to front), SAXS
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diffractograms were recorded every 1<C; the horizontal axis is scattering factor q; the vertical axis
is Lorentz-corrected intensity; the inset is a zoomed-in version of the diffractograms when q is

between 0.7 nm™* and 1.8 nm™.

4.2.1 One-colored p4mm Phase

The high-temperature p4mm phase (p4mmgyr) occurs between 180 and 175 <C. The

diffraction pattern of compound 2 at 180<C is shown in Figure 4.3A.
High

(A) (10) T=180°C

(1)
/\J (20) (21)

1.0 2.0 3.0 4.0 5.0
g (nm")

Low

Figure 4.3 (A) Small-angle powder diffractogram of the pAmmyr phase of compound 2 recorded
at 180 <TC; (B) Reconstructed electron density map of the p4mmyr phase; in the molecule model,

the green moiety stands for the alkyl chain and the red stands for the semiperfluorinated chain.

The SAXS results suggest that at high temperature the molecule forms a 2D square
lattice (plane group p4mm) with the lattice parameter a = 4.13 nm. The experimental
and calculated d-spacings of the SAXS reflections are listed in Table 4.1. The electron
density map is also reconstructed using the intensity and the phase angle of each peak
(Figure 4.3B). This map shows a square honeycomb in which all the cells are the
same and have a slightly higher electron density than the green “walls”. Considering
that the lattice parameter is very close to the length of the rigid aromatic rod, we
assume that the molecules lie along the edges of the unit cells with the alkyl chains

and the semiperfluorinated chains mixing and filling the honeycomb cells.
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Table 4.1 Experimental and calculated d-spacings of the observed SAXS reflections of the square

phase in compound 2 at 180<€. All intensities values are Lorentz and multiplicity corrected.

(hKk) dops. —Spacing (nm) dcal. —Spacing (nm) intensity phase

(10) 413 4.13 100.0 0

(11) 2.92 2.92 14.9 0

(20) 2.06 2.06 12.3 T

(21) 1.85 1.85 5.4 T
asqu =4.13 nm

4.2.2 Two-colored p4mm Phase

The low-temperature p4mm phase (p4mmcy) occurs between 175 and 171 <C. The

diffraction pattern of compound 2 at 171<C is shown in Figure 4.4A.

(A)

lq*

(10)

(1n

@0 51y (22 (

31) (32)

T=171°C

2.0 3.0
g (nm")

4.0

5.0

High

Low

Figure 4.4 (A) Small-angle powder diffractogram of the p4mm_t phase of compound 2 recorded at

171 <C; (B) Reconstructed electron density map of the pdmm, phase; in the molecule model, the

green moiety stands for the alkyl chain and the red stands for the semiperfluorinated chain.

According to the SAXS results, the reflections can be indexed on a square lattice, also

with plane group p4mm. Compared with the pAmmyr phase, the lattice parameter a

increases to 5.83 nm, which is about 2 times of the molecular length. The

reconstructed electron density map also shows a square honeycomb. However, this

time two kinds of honeycomb cells with different colors are gained. Half of the cells
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have a slightly higher electron density than the walls, while the rest is slightly lower.
This suggests that the alkyl chains and semiperfluorinated chains may be partially
separated (in our color scale, pure alkyl and semiperfluotinated chains would perform
red and sky-blue, respectively). In this case, the aromatic moieties retain the same
honeycomb net as in the pdmmyr phase, while the cells are filled with F-rich and
F-poor lateral chains alternatively. As a result, a chess-board like square honeycomb is

formed.

Table 4.2 Experimental and calculated d-spacings of the observed SAXS reflections of the square

phase in compound 2 at 171<€. All intensities values are Lorentz and multiplicity corrected.

(hKk) dobs. —Spacing (nm) dcar, —Spacing (nm) intensity phase
(10) 5.83 5.83 100.0 0
(11) 4.12 4.12 53.3 T
(20) 2.91 2.91 8.15 n
(21) 2.61 2.61 1.72 n
(22) 2.06 2.06 5.64 0
(31) 1.84 1.84 3.76 0
(32) 1.61 1.62 0.77 T
Asqu = 5.83 Nm

4.2.3 Rectangular p2mm Phase

The high-temperature p2mm phase (p2mmyr) only occurs in 3 degrees, from 171 to

168 <C. The diffraction pattern of compound 2 at 168 <C is shown in Figure 4.5A.
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Figure 4.5 (A) Small-angle powder diffractogram of the p2mmyr phase of compound 2 recorded
at 168 <C; (B) Reconstructed electron density map of the p2mmyr phase; in the molecule model,

the green moiety stands for the alkyl chain and the red stands for the semiperfluorinated chain.

The continuous cooling run of the SAXS experiment shows that the diffraction peaks
(10), (20) and (21) of the pdmm.t phase split into two peaks, respectively in the
temperature range between 169 and 167 <C. This suggests that a lattice distortion
happens and a new phase is formed. By indexing these peaks, a 2D rectangular p2mm

phase is obtained. The unit cell parameters are 6.16 nm and 5.47 nm (Table 4.3).

Table 4.3 Experimental and calculated d-spacings of the observed SAXS reflections of the
rectangular phase Coly./p2mm in compound 2 at 168<€. All intensities values are Lorentz and

multiplicity corrected.

(hKk) dons. —Spacing (nm) dca. —Spacing (nm) intensity phase
(10) 6.16 6.16 93.7 0
(01) 5.47 5.47 100.0 0
(11) 4.09 4.09 25.8 n
(20) 3.09 3.08 6.7 n
(02) 2.75 2.73 0.8 n
(21) 2.69 2.68 1.0 n
(12) 2.50 2.50 1.7 n
(30) 2.05 2.05 1.6 /
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(22) 2.04 2.04 3.2 /

(31) 1.93 1.92 3.2 /

a=6.16 nm, b =5.47 nm

The reconstructed electron density map of the p2mmyr phase has a similar color with
that in the pAmmyr phase, which is also made up with a green aromatic net and
two-colored F-rich and F-poor cells (Figure 4.5B). However, with the temperature
decreasing, the volumes of the flexible lateral chains would reduce. In this case, they
can’t fill the square cells any more. Consequently, the squares contract into rhombs in

order to satisfy the shrink of the chains. A rhombic honeycomb is therefore formed.

Planar Region

Homeotropic

Region

T=175°C, pAmm phase T=169 °C, p2mmphase

Figure 4.6 Texture of the pAmm (A) and the p2mmyr (B) phase between crossed polarizers (with A
retarder plate); the homeotropically aligned region becomes weakly birefringent on cooling from

the p4mm to the p2mm phase; the formation of stripes is explained in the inset.

The polarized optical microscopy experiment offers a more straightforward way to
observe and understand the p2mmyr phase. The homeotropic region of the p4mm
phase is always dark under a polarized optical microscope, which results in red with
the addition of a / retarder plate (Figure 4.6A). When cooling from the uniaxial p4mm
phase to the biaxial p2mm phase, weakly birefringent stripes turned up in this region

(Figure 4.6B). The different colors of the stripes represent the different orientations of
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the molecules within the stripes. When the squares distort into rhombs, the molecules
can choose to tilt towards both sides. Thus molecules with different orientations are
generated. The model of the arrangement of the molecules is shown in the magnified

circle in Figure 4.6B.

4.2.4 Wigwam-like 3D P4/mmm Phase

The P4/mmm phase appears below the p2mmyr phase, from 168 to 125 <C. The
diffraction pattern of compound 2 at 160<C is shown in Figure 4.7A.

(A)

(001) T=160°C
(100)
(103)
g
&
ey
(104) (214)
u (}03) (222)/“05/
. (005) (312)(303)
J 7
1.0 20 3.0 4.0 5.0
1
G (nm")

Figure 4.7 (A) Small-angle powder diffractogram of the P4/mmm phase of compound 2 recorded
at 160 <C; (B) Reconstructed electron density map of the P4/mmm phase; the middle-density
green moiety (aromatic rods) forms a cage-like “double wigwam” structure with the low-density
red moiety (alkyls) inside and the high-density blue moiety (fluorocarbon chains) outside the cage;

model of the aromatic rods are added in two of the “wigwams”.

The diffraction pattern at 160 <C can be indexed on a 3D tetragonal phase, with lattice
parameter a = 4.40 nm and ¢ = 7.09 nm. There is a very small peak which cannot be
indexed. According to its d-spacing, this might be the still existing (01) peak of the

p2mmyr phase. We believe it can be ignored since it disappears at lower temperature
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as we predicted. Considering that the (hkl) of the peaks cannot satisfy any reflection
conditions in a tetragonal lattice, the possible space group with highest symmetry is
P4/mmm. The reconstructed electron density map is carried out using the intensity and
phase angle of the six strongest peaks. It shows that the middle-density green moiety
(aromatic rods) forms a cage-like “double wigwam” structure with the low-density
red moiety (alkyls) inside and the high-density blue moiety (semiperfluorinated chains)
outside the cage (Figure 4.7B). This interesting structure is the first example of a 3D

liquid crystal honeycomb.

Table 4.4 Experimental and calculated d-spacings of the observed SAXS reflections of the
rectangular phase P4/mmm in compound 2 at 160%€. All intensities values are Lorentz and

multiplicity corrected.

(hkl) ots. (—nsrzf;lcing Qea. (—r?rli:]e;Cing intensity phase
(001) 7.08 7.09 7.7 0
Cii]ndnec:eze 576 / / /
(100) 4.39 4.40 100 0
(101) 3.74 3.74 1.74 0
(002) 3.55 3.55 0.461 /
(110) 3.11 3.11 0.268 /
(111) 2.85 2.85 2.29 n
(102) 2.77 2.76 0.885 /
(003) 2.37 2.36 0.781 /
(103) 2.08 2.08 7.31 /
(210) 1.96 1.97 2.06 /
(113) 1.89 1.88 1.61 /
(212) 1.72 1.72 2.14 /
(104) 1.64 1.64 0.164 /
(203) 1.61 1.61 0.226 /
(222)/(005) 142 1.42/1.42 0.719 /
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(105) 1.35 1.35 0.317 /
(214) 1.32 1.32 0.358 /
(312) 1.29 1.30 0.438 /
(303) 1.25 1.25 0.0779 /
(006) 1.18 1.18 0.0619 /

a=4.40 nm, ¢ =7.09 nm

T=150°C, PA/mmm phase

Figure 4.8 Texture of the P4/mmm phase between crossed polarizers (with A retarder plate); A and
B are the texture with different rotation angles; the arrangement of the molecules in the stripes are

shown in the inset.

Under a polarized optical microscope, broader stripes are observed when cooling from
the p2mmyr phase to the P4/mmm phase. In two neighbour stripes, molecules have
different orientations. With the help of the A retarder plate, we can know that when the
stripe is red, the molecules are parallel or perpendicular to the analyser (the view
screen). When the stripe is blueish, the slow axis of the sample, which is also the
direction of the aromatic rods, is in the northeast-southwest direction. Otherwise,
when the stripe is yellowish, the molecules lie along the northwest-southeast direction.
As the birefringence dependents to the angle between the polarizer and the optical

axis of the sample, the color of the stripes would change along with the rotation of the
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sample. In this way, we can determine the direction of the molecules within each
stripe. The angle between the molecules in neighbour stripes that we measured based
on the textures is 64 degrees, while the angle we calculated from the lattice parameter
is 63 degree. They match very well. The model of the molecules is shown in the

magnified circle in Figure 4.8.

4.2.5 Re-entrant p2mm Phase

The p2mm phase occurs again after the P4/mmm phase, from 125 to 100 <C. The
diffraction pattern of compound 2 at 100<C is shown in Figure 4.9A.

(4) (10) T=100°C
Iq* (01)
(02) (32)/ (13)/ (51)
(12)(31> (03) (41) (23)(42)y
0.5 1.5 25 35 45 55

q (nm’)

Figure 4.9 (A) Small-angle powder diffractogram of the p2mm_ phase of compound 2 recorded at
100 <TC; (B) Reconstructed electron density map of the p2mm,t phase; in the molecule model, the

green moiety stands for the alkyl chain and the red stands for the semiperfluorinated chain.

According to the peak indexing, the liquid crystalline phase at lower temperature is
again 2D rectangular p2mm (Table 4.5). The unit cell parameter a = 6.33 nm and b =
4.65 nm. Compare with the p2mmyr phase, the p2mm_t phase has an obviously more
contracted structure. The reconstructed electron density map shows that complete
alkyl-fluoroalkyl micro-phase separation takes place in this phase. Pure alkyl chains
fill the low-density red cells, pure semiperfluorinated chains fill the high-density blue
cells and the rigid aromatic rods build middle-density green walls among the cells.

This remarkable re-entrance might be caused by the shrinking side chains which can
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no longer fill the space of the “cage” in the Wigwam phase. Consequently, the p2mm

phase is formed again.

Table 4.5 Experimental and calculated d-spacings of the observed SAXS reflections of the
rectangular phase Coly/p2mm in compound 2 at 100<€. All intensities values are Lorentz and

multiplicity corrected.

(hk) dops. —Spacing (nm) dcar, —Spacing (nm) intensity phase
(10) 6.33 6.33 100.0 0
(01) 4.65 4.65 51.1 0
(20) 3.16 3.16 0.3 n
(21) 2.60 2.61 0.2 T
(02) 2.33 2.33 0.4 0
(12) 2.18 2.18 4.3 T
(31) 1.92 1.92 0.4 T
(32) 1.56 2.3 /
1.56
(03) 1.55 1.2 /
(13) 1.51 1.1 /
1.50
(41) 1.50 1.1 /
(23) 1.38 1.39 0.1 /
(42) 1.31 1.31 0.6 /
(51) 1.22 1.22 0.4 /

a=6.33nm, b=4.65 nm
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T=110°C, p2mm,;phase

Figure 4.10 Texture of the p2mm_t phase between crossed polarizers (with A retarder plate). A and
B are the texture with different rotation angles; the arrangement of the molecules in the stripes are

shown in the inset.

The texture becomes weakly birefringent when changing from the P4/mmm phase to
the p2mm_t phase. The orientation of the molecules can be determined by adding a 4
retarder plate and rotating the sample. Since it’s also a rhombic honeycomb, the
packing of the molecules is similar to that of the p2mmyr phase. The model of the

molecules is shown in the magnified circle in Figure 4.10.
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4.3 Conclusion

At high temperatures the X-shaped polyphile 2 forms a “single colour” and a “two
colour” (chessboard) square honeycombs (p4mm). On cooling, the “chessboard”
contracts into a rhombic chessboard (p2mm). After that, a 2D-3D transition takes
place, resulting in a “double-wigwam” cage-like tetragonal phase (P4/mmm). At low
temperatures the p2mm rectangular honeycomb re-enters, now fully phase-separated.
The reappearance of the p2mm is a consequence of the competition between
tendencies for de-mixing and space filling. A schematic presenting the package of

molecules in the five phases is shown below.

¢
([ dddddddada

gaidsibaiiiiiig

paAmm,,, pAmm,; p2mm,,;
180°C—175°C 175°C—171°C 171°C—168°C

P4/mmm p2mm,;
168°C—125°C 125°C—100°C

Figure 4.11 Schematic showing the five phases on cooling
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Chapter 5

Spontaneous  Mirror  Symmetry  Breaking iIn
Polycatenar Molecules by CD Spectroscopy

5.1 Introduction

Polycatenar liquid crystals (LC) were first reported in 1985 by Malthete et al. [1] These
materials have the characteristics of both calamitic and discotic liquid crystals and exhibit
numerous complex liquid crystal phases. Polycatenar liquid crystalline molecules usually
consist of a long rigid rod-like aromatic central core and a number of flexible side chains
in terminal positions. In polycatenars, the highly conjugated aromatic cores of the
neighboring molecules are attracted together due to van der Waals forces. This attraction
leads to microphase separation and results in the formation of liquid crystal structures. A
variety of mesogenic phases can be observed by changing the length or number of the
terminal chains. Lamellar phases are usually formed when the volumes of the terminal
chains are small. With the increasing size of the chains, the interface between the cores
and tails must be curved to meet the requirement of effective spacing filling, which drives
the formation of columnar phases, and more important for the current project, the

bicontinuous cubic (Cuby;) phases.

The Cuby; phases have cubic symmetry and the 3D space is divided into two kinds of
continuous subspaces, each of which is occupied by one of the two moieties of the
molecules. For polycatenar molecules these would be the rigid aromatic core and the
flexible aliphatic end chains, respectively. Such phases have attracted much attention

owing to their unique structures. So far, in polycatenar compounds there are two kinds of
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confirmed Cuby; phases. One is the double-network double gyroid Ia3d phase [2], the
other is the triple-network Im3m phase [3]. In both phases the rigid aromatic cores
self-assemble into columnar segments, which then join together to form 3D periodic
networks, and the soft aliphatic chains occupy the space in between. While in the 1a3d
phase, there are two such networks which are interpenetrating each other but never
intersect, in the Im3m phase there are three such networks. In the columnar segments of
the network, the rigid aromatic cores always lie perpendicular to the direction of the

network segments.

More recently the triple network Im3m phase has been found always to be chiral, whether
it is found in chiral or achiral compounds, in the latter case through dynamic mirror
symmetry breaking [*]. The origin of such mirror symmetry breaking is attributed to the
twist of molecular orientation along the columnar segment. Due to the fact that molecules
share the same orientation at the junction point, in the branched out segments from the
same junction joint the molecules must be twisting with the same handedness to avoid
clashing. Consequently the same chiral handedness propagates in each network. la3d
phase is achiral because the two networks have opposite handedness and the chirality
cancels each other. However, in Im3m phase, the chirality of the three networks does not

cancel, and its overall chirality is demonstrated by the formation of chiral domains.

In addition to the Cuby; phases, dynamic mirror symmetry breaking phenomena have
recently been reported as well in the isotropic liquid formed by achiral polycatenar liquid
crystalline compounds [5]. This breaking of symmetry is a consequence of chiral
self-sorting, which leads to the formation of conglomerates with uniform chirality. In this
chapter, we first summarize the phase sequences of a series of polycatenar compounds on
the basis of our studies by SAXS and other methods, followed by the study of the chiral
isotropic phase (isol™), as well as the transitions from chiral isotropic iso!” to achiral

double network la3d cubic phase and chiral triple network cubic phase (Im3m) by

! The isotropic phase formed by intrinsically chiral compounds is normally called Iso*, to differentiate
from it we use the abbreviation Iso' for the chiral isotropic phase formed by achiral molecules through
dynamic mirror symmetry breaking.
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Circular Dichroism Spectroscopy.
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5.2 Compounds

A series of polycatenar molecules were designed and synthesized, by Prof. C.
Tschierske’s group at Martin Luther University, Halle-Wittenburg, to investigate their LC
phase behaviors. Figure 5.1 shows the general molecular structure of the polycatenar
compounds, in which Rn represents the terminal chains. Small angle X-ray diffraction
(SAXS), differential scanning calorimetry (DSC), polarized optical microscopy (POM)
and circular dichroism (CD) spectroscopy are used for the investigation. The

self-assembled mesophases are summarized and listed in Table 5.1.

H2n+1CnO
H2n+‘| C O
H2n+1 C O

H2n+1CnO

H2n+1CnO

H2n+1CnO

Compound Bn

Figure 5.1 General molecular structure of polycatenar compounds.

In this chapter, five compounds (highlighted in bold and shaded in Table 5.1) that show

the two Cuby,; phases, as well as the chiral isotropic (Iso*!) phase will be discussed.
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Table 5.1 Liquid crystalline phases and other parameters of compounds An and Bn

Compound | n Ry R, R3 Phases

Al 10 H OC4Hq H Iso — 132 °C — la3d

A2 10 H OCH2CH(CH3)CH2CH3 H Cr —» 91 °C — la3d +
Im3m — 106 °C — Im3m
— 131 °C — Iso

A3 10 H OCy6H33 H Heating:
Cr — 87 °C — Im3m —
116 °C — Iso
Fast cooling:
Iso — 109 °C — Im3m —
73 °C — Cr
Slow cooling:
Iso — 109 °C — distorted
la3d — 73 °C — Cr
First heating:
Crystal — 82 °C —
P21212; — 99°C — Im3m
— 113 °C — distorted
la3d — 120 °C — la3d

o]

A4 |21| H O(CH,)CeF15 H g;;ﬁf]gc — Iso
Iso — 117 °C — Iso!?
— 70 °C — Is0gjass
Second heating:
ISOglass — 72 °C — Iso*
— 119 °C — Iso
Fast heating:
Crystal — 144 °C —
14122 — 164 °C — 14,22
+la3d — 180 °C — la3d
— 207 °C — Isol! —
213 °C — Iso
Slow heating:

Bl 6 H OCgH13 H [Cr —» 143 °C —

orthorhombic + 14,22
— 171 °C — la3d —
207 °C — Isol! — 213 °C
— Iso

Fast cooling:

Iso — 211 °C — Iso!? —
180 °C — M phase
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Slow cooling:

Iso — 211 °C — Iso'l —
178 °C — la3d — 70°C
— Cr

First heating:

Cr — 131 °C — M phase
— 186 °C — diffused
la3d — 194 °C — la3d —
197 °C — Isol! — 205 °C

B2 6 H OCyoHps H
— Iso
Cooling:
Iso — 191 °C — IsolT —
176 °C — M phase —
89 °C — Cr
Heating:
Cr — 128 °C —» Im3m —
193 °C — Iso
Cooling:
£ e H OCieHss 2 Iso — E382 °C — Isol! —
180 °C — Im3m — 88 °C
— M phase — 80 °C —
Cr
Cr— 118 °C —- Im3m —
B4 10 F H F 172 °C — Iso
Cr —» 114 °C — la3d —
BS 10 H H F 175 °C — Iso
Cr — 100 °C - Im3m —
B6 10 H H OEt 130 °C — Iso
Cr— 118 °C —- Im3m —
B7 10 Br H Br 156 °C — Iso
Heating:
Cr — 122 °C — la3d —
193 °C — Iso
B8 10 H OCHg3 H Cooling:
Iso —» 191 °C — Iso. —
170 °C — 14,22 + la3d
— 164 °C — la3d
Heating:
Cr —» 120 °C —
B9 10| H OCgHi3 H | orthorhombic + Im3m —

160 °C — Im3m —
188 °C — Isol1 — 191 °C
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— Iso

Cooling:

Iso — 190 °C — Iso!’
— 174 °C — Im3m

Heating:

Cr — 114 °C — Im3m
— 151 °C —» Im3m +
distorted la3d — 168 °C
— la3d — 175 °C — Iso

B10 10 H OCyH33 H Cooling:
Iso —» 170 °C — la3d —
164 °C — distorted la3d
— 101 °C — distorted
Im3m — 80 °C — Cr
Heating:
Cr — 111 °C — Im3m
— 136 °C — distorted
la3d — 165 °C — la3d —

B11 10 H OCigH37 H 179 °C — Iso
Cooling:
Iso — 168 °C — la3d —
160 °C — distorted la3d
— 88 °C — Cr

B12 21| H H H |Cr— 114 °C — la3d —
162 °C — Iso
Heating:
Cr — 104 °C — la3d —
224 °C — Iso

B13 21 H CN H Cooling:
Iso — 237 °C — diffused
la3d — 224 °C — la3d —
87 °C — Cr

B14 21 | OCH; H H Cr — 107 °C — Im3m +
la3d — 144 °C — Iso
Heating:
Cr — 109 °C — Im3m —
128 °C — Iso

B15 21 | OCH; OCHjs OCHj3 | Cooling:

Iso — 120 °C — M phase
— 118 °C — Im3m —
66 °C — Cr
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5.3 Results and Discussions

5.3.1 SAXS Results

In this section the SAXS results on the 1a3d and Im3m cubic phases, and the chiral

isotropic (Iso[*]) phase will be presented using sample A4 as an example.

H21C100
/) N\
H21C1OO 5 O S I | S O O\_\_\
H,1C4o0 \ CeF13
A4
distorted
P212121 /mgm Iagd Iagd
| | ) \ | | | / Iso
RERANI P-4
1. heating
—p A L_M’/\—

1. cooling

&
«

2. heating —

—\/-—— H
> Iso* . Iso
e P -

50 60 70 80 90 100 110 120 130
T/°C
ISOglass

Figure 5.2 General molecular structure and DSC traces of compound A4. The heating and cooling
rate of DSC is 10 degrees per minute. Four different LC phases are formed on first heating (of solution
crystallized sample). While on cooling and second heating, only chiral isotropic phase and glass

isotropic phase are formed.

Compound A4 shows very complex phase transitions on first heating, from crystal to
liquid crystal at around 82 <C, then four different LC phases are observed before
isotropization at 128 <C. The phase transition temperatures between LC phases are 99,
113 and 123 <C, respectively. On cooling and second heating, only the transition between

the normal isotropic phase and the chiral isotropic phase is observed at around 117 <C
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(Figure 5.2).

The LC phases are examined by SAXS (Figure 5.3). The fresh powder sample was heated
up from 60 to 150 <C. The diffractograms were recorded every 3 degrees. At 81 <C, the
crystal peaks disappeared and a broad peak was formed. Between 84 and 90 <C, very
complex peaks were observed, which can be indexed on the basis of an orthorhombic
lattice with space group P2,2,2;. After that, at 93 <C, the diffused ring appeared again
and the Im3m phase started to form. From 111 to 114 <C, a distorted la3d phase is formed.
At higher temperature, la3d phase is observed. Here we will discuss the 1a3d and Im3m

phase. The complex P2;2;2; and distorted la3d phase will be studied in chapter 7.

il

’1 129 ¢C

g I ——— '
| | | : fmm |
e e et A

o A——~~—1 | Distorted
Ad AN la3d

197 (a.u.)

, A Im3m

P2,2,2,
1 L 1 L | L | L |
0.10 0.15 0.20 0.25 0.30
q (17 A)

Figure 5.3 First heating run of compound A4 from 81 to 129 <C, SAXS diffractograms were recorded
every 3 C; the horizontal axis is the magnitude of the scattering wave-vector ¢, which equals to
4rsin(6)/A where 26 is the diffraction angle and 1 the X-ray wavelength; the vertical axis is
Lorentz-corrected intensity; four different LC phases, P2;2,2;, Im3m, distorted la3d and la3d, are

observed with increasing temperature.
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5.3.1.1 la3d Phase

The small-angle diffraction pattern of compound A4 in the la3d Phase, at 120 € is
shown in Figure 5.4. The relative q positions of the reflections are v6, V8, V14, V16,

V22, V24 and /26, and they can be indexed as the (211), (220), (321), (420), (332),
(422) and (431) reflections of the l1a3d cubic phase, with the lattice parameter a = 98.7A.

T=120°C
(211)

I97 (a.u.)

l ' l ' l 'l l 1 l

0.12 0.16 0.20 0.24 0.28 0.32

q (1/A)

Figure 5.4 Small-angle powder diffractogram of the la3d phase of compound A4 recorded at 120 <.
The (211) peak is much stronger than any other peaks (see Table 5.2) and the vertical axis is scaled so

that to show the weaker peaks.

Table 5.2 Experimental and calculated d-spacings of the observed SAXS reflections of the la3d phase
in compound A4 at 120 <C.

(hkl) dobs, —spacing (A) | dca. —spacing (A) intensity Phase
(211) 40.3 40.3 100.0 T
(220) 34.9 34.9 1.4 7
(321) 26.4 26.4 0.7 0
(420) 22.0 221 1.8 0
(332) 21.0 21.0 0.4 0
(422) 20.1 20.1 238 -
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(431) | 193 | 19.4 | 0.6 | T

a=987A

The reconstructed electron density map of the la3d phase of compound A4 was obtained
using the diffraction intensities and structure factor phase angles (0 or z) listed in Table
5.2 (Figure 5.5A). As shown in the electron density map, the high-density blue
isoelectron surfaces enclose the aromatic cores, and the low-density green regions are
filled by the end chains (mixture of alkyl and the fluorinated chains). Here the alky chains
and the fluorinated chains are not expected to separate as the relative volume of the
fluorinated chains is really small, their relative surface area would become too large to
reduce the system free energy. The two interpenetrating networks, which are formed by
the aromatic cores, are schematically shown in Figure 5.5B. The volume ratio of the
high-density aromatic cores and the low-density terminal chains is 0.36: 0.64. The
electron density histogram corresponding to the electron density map and the boundary of
the high and low electron density regions calculated from the volume ratio are shown in
Figure 5.5C.
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Low electron density
regions

(€)

Alkyl chains
+

Fluorinated

0 r——
Electron desity (a.u.)

Aromatic cores

VVolume of fraction (a.u.)

Figure 5.5 The la3d phase of compound A4: (A) reconstructed electron density map, the high-density
blue isoelectron surfaces enclose the aromatic cores, and the low-density green regions are filled by
the mixture of the alkyl the fluorinated terminal chains; (B) scheme of the two interpenetrating
networks formed by the aromatic cores; (C) electron density histogram corresponding to the map in
(A); (D) The two networks (red and blue) of the la3d phase decorated with schematic mesogens
(rod-like molecular cores, green) showing the molecular twist along the network segments [4]. The

gyroid minimum surface is also shown (yellow).

As suggested by the electron density map, the two interpenetrating networks of the la3d
phase are made up of the aromatic rods, and the surroundings are filled by the aliphatic
and the fluorinated terminal chains. Considering the shape of the molecules, the high
conjugated aromatic rods lie perpendicular to the network segments, with their directions
twisting gradually along the segment. Moreover, to satisfy the packing conditions at the
junction points, the handedness of the twists are the same in the same network (blue:
right-handed; red: left-handed). The schematic picture showing the twisted molecules
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(rod-like molecular cores, green) along the network segments (red and blue) and the

gyroid minimum surface (yellow) is presented in Figure 5.5D.

Based on the lattice parameter, the length of the network segment is 34.9 A and the
number of the molecules in one unit cell is around 446 (assuming the density of the phase
is 1.0 g cm™). As in the 1a3d unit cell there are 24 segments, each segment contains ~18
molecules. The distance between the molecules is around 4.5 A (typical n—n interaction
distance), it can be estimated that in one segment there are ~8 pairs of molecules (34.9
A8 = 4.4 A). The twist in molecular direction between neighboring la3d junctions (at
each junction the molecular direction is perpendicular to the plane formed by the three
joining segments) is 70.5°, consequently it can be calculated that there is an average
rotation/twist of 8.8° in molecular orientation between neighboring molecular pairs. This
twisting angle is consistent with previously reported in other compounds [4]. As the two
networks in the 1a3d phase have opposite chirality, although there is long-range helical

order in each of the two interpenetrating infinite networks, there is no net chirality.

5.3.1.2 Im3m Phase

The small-angle diffraction pattern of compound A4 in the Im3m Phase, at 102 € is
shown in Figure 5.6. The relative q positions of the reflections are V4, V6, v/8, V10,
V12, V14, V16, V18, +/20, V22 and so on, in line with the Im3m space group
symmetry. The indexing of diffractions are shown in Figure 5.6 and listed in Table 5.3.
The best-fit lattice parameter a = 155.7 A. Similar to previously found triple network

Im3m phase, (321) is the strongest peak while other peaks are much weaker.
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(321) 7=102 °C
o (222) || (400)
S5
S
NQ' (330) (633)
(211)

\
(604(620)(622)(444)(640)( o)
| \ | . |

0.08 0.12 0.16 0.20 0.24 0.28 0.32

q (11 A)

Figure 5.6 Small-angle powder diffractogram of the Im3m phase of compound A4 recorded at 102 <C.

Vertical axis is scaled that (321) is out of range, to show the weaker diffraction peak.

Table 5.3 Experimental and calculated d-spacings of the observed SAXS reflections of the Im3m

phase in compound A4 at 102 C

(hkl) dobs, —spacing (A) |  dca. —spacing intensity Phase
)

(200) 78.0 77.9 0.4

(211) 63.7 63.6 2.5 0

(220) 55.1 55.0 0.7

(310) 49.1 49.2 1.4 1

(222) 44.9 44.9 5.1 0

(321) 41.6 41.6 100.0 1

(400) 38.8 38.9 55 0

(330) 36.7 36.7 3.6 0

(411)

(420) 34.7 34.8 1.6 0

(332) 33.1 33.2 0.2

(422) 31.7 31.8 0.1
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(510) 305 30.5 0.3
(431)

(521) 28.4 28.4 0.2
(530) 26.6 26.7 0.6
(433)

(600) 25.9 26.0

(442)

(611) 25.2 25.3 2.0
(532)

(620) 245 24.6 0.2
(541) 24.0 24.0 0.4
(622) 23.4 235 0.2
(631) 22.9 23.0 0.7
(444) 22.4 225 0.3
(550) 22.0 22.0 0.9
(543)

(710)

(640) 215 21.6 0.5
(633) 21.1 21.2 4.1
(552)

(712)

(642) 20.7 20.8 0.3
(651) 19.7 19.8 0.2
(732)

(741) 19.1 19.2 0.1
(554)

a=155.7 A

Figure 5.7 (A) Electron density map of the triple network Im3m phase. (B) Network representation of
the triple network Im3m phase. (C) Schematic molecular model of the triple network Im3m phase. (B)
and (C) are taken from [4].
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5.3.1.3 The chiral isotropic liquid phase

The formation of chiral isotropic liquids is a consequence of chiral self-sorting in
isotropic liquids. Compound A4 shows very complex phase transitions on first heating.
However, on cooling and second heating, only the transition between the normal isotropic
phase and the chiral isotropic phase takes place at 117 <C, which becomes glassy below
70 <C. According to SAXS results as shown in Figure 5.8, only a diffuse scattering ring
can be seen in both of the isotropic states, and very little difference can be seen above and

below the phase transition on the SAXS diffractograms at all.

I9° (a.u.)

0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
q (1/A)

Figure 5.8 SAXS diffraction pattern of A4 on cooling. The Iso — Isol” transition at 117<C is barely

visible, while the glass transition at 70T is more evident.

5.3.2 Chirality changes during phase transitions by CD spectroscopy

In order to better examine the Isol”) phase and its transformation to and from Iso and

Cuby,; phases, circular dichroism (CD) spectroscopy experiments have been carried out to
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investigate quantitatively how the chirality changes/develops in the chiral isotropic phase

and during its transition to other phases.

The CD spectroscopy experiments have been carried out at station B23, Diamond Light
Source. A vertical beam setup is used so that the thin film sample (~ 4-5 um), sandwiched
between two quartz plates, can be placed on top of a Linkam microscope stage for
temperature control, without losing sample volume due to sample flow particularly in the
liquid phases. The two quartz plates were glued together to minimize change of sample
thickness during heating and cooling, and the cell was infiltrated with the sample in the
isotropic phase by capillary force. The size of the beam is only ~1.0 mm in diameter,

allowing us to pick up smaller homo-chiral domains than on a conventional lab machine.

A typical UV-Vis spectrum of the polycatenar compounds studied in this project is shown
in Figure 5.9. The strongest absorption peak is centred around 380 nm, from 320 to 430
nm. Maximum CD effect is thus expected at the edge of the absorption peak at ~430 nm

in such samples.
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Figure 5.9 UV-Vis spectrum of compound B15, 0.4 mg/4ml solution in THF with sample thickness of

2 mm.
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5.3.2.1 Iso — Isol transition in compound A4

The fact that the thin film sample can only be prepared from the isotropic phase means
that the first heating cannot be observed for sample A4, but on both subsequent heating
and cooling, a clear first order transition is observed in the CD spectra (Figure 5.10)

between the achiral isotropic phase (Iso) and the chiral isotropic phase (Iso*).
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Figure 5.10 CD spectra of compound A4 on heating (A) and cooling (B).

The CD signal in the Isol”! phase is almost constant in the temperature range examined, it
decreases only slightly with increasing temperature, possibly due to more thermal
fluctuation at higher temperatures. The transition to and from the isotropic phase is highly

reversible, with a hysteresis of 2 <C.

5.3.2.2 Iso — Isol"! - 1a3d phase transitions in compound B8

On cooling from the achiral isotropic (Iso) phase, compound B8 first transforms to the
chiral isotropic phase (Isol™7), before it transforms into the achiral l1a3d phase. The Iso!’
phase is in fact monotropic, as the 1a3d phase transforms directly to the achiral isotropic
phase on subsequent cooling. There is in fact another short-lived (less than 30 s) transient
phase observed on fast cooling, which will be discussed in detail in the next chapter.
However, as the current CD experiments were carried out stepwise, with data collection

time at each temperature more than five minutes, this transient phase does not concern us
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here.

The CD spectra (Figure 5.11) show, as expected, no CD signal in the achiral Iso and la3d
phases. CD signals are observed in the Isol”) phase but shows a strong dependence on the
temperature. Such temperature dependence is in fact reversible on heating (from Isol”
phase before it converts to the 1a3d phase), with very little hysteresis between heating
and cooling at all. To show that reversibility more clearly, the height of the CD peak is

plotted as a function of temperature and shown in Figure 5.12. It is evident that the two

curves overlap almost exactly.
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Figure 5.11 CD spectra of compound B8. (A) On cooling from Iso (191<C), to Isot” and to 1a3d phase
(176<C). (B) On heating from Isol™ to Iso (191<C).
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Figure 5.12 CD peak height as a function of temperature in the 1sol”! phase. Above 191<C the phase

transforms to achiral istropic phase, and below 176 <C to la3d phase.
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The increase in the magnitude of the CD signal with decreasing temperature in compound
B8 has all the features of a second order transition, and reminds one of the spontaneous
magnetization in a magnetic system below the Curie point. In fact, a power law
relationship can be established between CD signal and (Tc-T) where Tc is the critical
temperature of the transition. Fitting of the experimental data as shown in Figure 5.13
gives that
CD = 1.5 x 10% x (Tc-T)*#

where Tc = 190.3 <C.
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Figure 5.13 Fitting of the log(CD) as a function of log(Tc-T). left: cooling; right: heating.

The critical transition between Iso and Isol” phase, is analogous to the magnetization of a
spin system. The local fluctuation of the chirality (formation of local chiral domains),
becomes more and more correlated with decreasing temperature, in a similar fashion as
spin-spin interaction leading to net magnetization in an Ising system. In fact the critical
exponent of 0.24, retrieved from the above mentioned data fitting, is in between those of
a 2D Ising model (1/8) and a 3D Ising model (0.33).

5.3.2.3 150 — Isol"! - Im3m phase transitions in compound B9

Compound B9 on cooling from the isotropic phase transforms to the chiral isotropic
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phase at ~190<C, which on further cooling transforms to the triple network Im3m phase.
The transition to Im3m phase has high hysteresis, that on heating it only transforms back
to the Isol"! phase above 185<C. However, in the stepwise (in change of temperature) CD

experiment, it is expected that the system is closer to equilibrium.
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Figure 5.14 (A) DSC trace at 5T/min cooling rate and (B) diffraction pattern of compound B9 at

10<C/min cooling rate.

The CD spectra collected for compound B9 on cooling from achiral isotropic phase
indeed show strong CD signal both in the Isol™! and the Im3m phases (Figure 5.15). In the
Isoll phase there is a steeper increase of the CD signal with decreasing temperature,
compared to the 2" order transition observed for compound B8. However, this transition
is not as sharp as observed in compound A4. This is more clearly shown in Figure 5.16,
where the CD peak value is plotted against temperature. The fact the system is in
equilibrium is clearly shown by the reversibility of the observed CD signals on cooling
and subsequent heating. In the Im3m phase the CD signal increases with decreasing
temperature but the slope is much smaller than in the Isol”? phase. However, in terms of
CD signal, the transition between the Isol”l and the Im3m phases is smooth, i.e. there is no
evident change in the value of the CD signal at the transition. This seems to suggest that
all three networks in the Im3m phase should possess the same chirality, otherwise a
reduction of the net chirality is expected if two of them have opposite chirality to that of
the other.
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Figure 5.15 CD spectra of compound B9 on cooling.
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Figure 5.16 CD peak height as a function of temperature for compound B9.

5.4. Conclusions

We have observed the formation of chiral isotropic liquids, double network 1a3d phase,
and triple network Im3m phase by a number of achiral polycatenar rod-like molecules,

using small angle X-ray scattering and CD spectroscopy. The formation of the chiral
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isotropic liquids is caused by the spontaneous mirror-symmetry breaking in isotropic
liquids, and the transition can be either first order or second order, or somewhere in
between. At the molecular level, our results suggest it is a consequence of the

spontaneous segregation of chiral molecular conformers.
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Chapter 6

Smectic-Q Phase — the First Non-cubic Bicontinuous
Phase with Orthorgonal Twisted Columns®

6. 1 Introduction

Thermotropic liquid crystals encompass a wide range of phases, from the simplest nematic,
used in most LC displays, to those with structures of extraordinary complexity on the micro-
or nanoscale. Such complex structures are of considerable interest for nanotechnology in
their own right, but they also have parallels in other soft matter, in many cases first having
been found and understood in thermotropics, then replicated in block copolymers or lyo-
tropic LC. Determining their structure can involve intricate detective work. Nevertheless, in
most cases a solution is found relatively soon after the phase is discovered. One notable ex-
ception is the so-called Smectic-Q (SmQ) phase, which has puzzled researchers ever since
its discovery in 1983. In this chapter we report what we believe to be the solution: a unique
bicontinuous phase that is non-cubic, made up of orthogonal twisted columns, and showing

chirality even in achiral compounds.

Since its initial discovery, SmQ phase has been reported and discussed several times in chi-
ral compounds. In most cases such molecules consisted of an aromatic rod-like core with
two identical chiral end-chains attached, one at each end (1,2). SmQ is very sensitive to en-
antiomeric purity, and has so far only been observed in nearly pure enantiomers. The phase
is normally observed immediately below the isotropic liquid (Iso) phase, and on further
cooling is found to transform to the antiferroelectric smectic-C phase (SmC*,). The unit cell
height is also similar to the two-layer period in SmC*a. On this basis, SmQ has been consid-
ered as a complex organization of small layer-like SmC*4 grains (2), as a result of the con-
flict between the tendencies for the chiral molecules to twist and, at the same time, form flat

smectic layers.

! Manuscript to be submitted.
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With the help of single domain X-ray diffraction, the space group of the SmQ phase has
been determined unequivocally as 14,22 (3). Using diffraction intensities, the validity of
certain geometric models have also been analysed more quantitatively (3). In a recent at-
tempt (4) the model suggested in (3) was further modified based on electron density maps.
However, the proposed models still fail to rationalize adequately the existence of the SmQ
phase, its structural chirality, and how its existence is linked to the intrinsic chirality of the

molecules.

While SmQ is observed in enantiopure compounds, the la3d (Gyroid) bicontinuous cubic
(Cuby,;) phase is often observed in their racemic mixtures (2), or in compounds with the two
end chains having opposite chiralities (4). It has been pointed out (5) that by making chiral
the Cuby; structures, the resulting lattices distort to tetragonal with different symmetries,
including that of SmQ (14,22). Tetragonal distortion of the la3d cubic, albeit to a 144/acd
symmetry, has been reported for a racemic mixture, adding support to such a connection
between la3d and SmQ structures (6). Another commonly observed phase in such com-
pounds is the triple-network cubic phase (7), which has recently found to be chiral and can
form from both chiral and achiral compounds, in the latter through dynamic mirror sym-
metry breaking (8). Its space group is formerly assigned as Im3m in achiral compounds, and
recently sometimes also referred to as 1432, because of its chirality; the question of its true
space group symmetry is still open. It has been reported that, starting from the triple-network
cubic phase in a racemate, by increasing enantiomeric excess a phase transition to SmQ is
observed (9).

In the current work we report the observation of the chiral SmQ phase in achiral rod-like
compounds, and present a new structural model showing SmQ to be a non-cubic bicontinu-

ous phase formed by interwoven orthogonal helices, first of its kind.
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6.2 Results and Discussions
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Figure 6.1 (A) Structure and phase transition temperatures (in °C) of compounds I — 111 (Cr = crystal,
Isol? and Iso = chiral and achiral isotropic liquid). (B) DSC curve of 1 on cooling at 10 K/min. (C) Polar-
ized optical micrograph of I in a 0.1 mm flat capillary at 164 <C after cooling from 200<C at 10 <C/min.
The birefringent SmQ forms from Isol™! and then transforms to cubic 1a3d within ~30 s. (D) Unit cell of
Cub/la3d phase viewed along [111], to help explain triangular shape of SmQ domains growing within it;

the two enantiomeric networks are shown in red and blue.

Compounds I - 111 and their mesophase sequence are shown in Fig. 6.1A (I and Il are B8
and B1 respectively as tabulated in Chapter 5). They belong to the series of achiral meso-
gens reported recently to form the achiral double-network la3d phase (Fig. 6.1D); through
dynamic mirror symmetry breaking, they also form the chiral triple-network cubic phase, as

well as the recently discovered chiral isotropic liquid (Iso'™) phase (10).

The SmQ phase is found in I below ~169<C on cooling at rates >10K/min from the Iso!’!
which forms at ~191<C (Fig. 6.1B). The chiral nature of Isol? is confirmed by circular di-
chroism (CD) spectroscopy. However, SmQ is metastable and quickly transforms to
Cub/la3d. This is illustrated in Fig. 6.1C, where SmQ domains (birefringent, yellow) emerg-
ing from the Isol” phase, are being replaced by Cub/la3d domains growing inside them.
Crucially, the Cub/la3d domains have a triangular shape, with a 3-fold instead of 6-fold ro-
tational symmetry expected from an achiral cubic phase viewed along [111] (Fig. 6.1D).
This confirms the chirality of SmQ, as it acts as chiral environment breaking the degeneracy
of growth rates of Cub/la3d domains along the six directions normal to its [111]. Due to the
opposite hands of the two Cub/la3d networks, the chiral environment favours the growth of

three of the six facets, the observed facets being the slow-growing ones. While examples of

77



Chapter 6 Smectic-Q Phase — the First Non-cubic Bicontinuous Phase with Orthorgonal Twisted Columns

triangular chiral crystals exist (11), we are not aware of examples of triangular non-chiral

crystals or LCs.

In contrast to compound 1, in 1l the SmQ forms on heating from solution-grown crystals,
and is stable between 140 and ~168 <C (Fig. 6.1A). On cooling, a 30 K hysteresis is observed

for the Isoll-1a3d transition, the origin of which will be discussed further below.
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Figure 6.2 X-ray diffractograms of SmQ phase. (A) Mixture of Cub/la3d and SmQ in | at 166 T after 50
K/min cooling from Iso. Indexed peaks of Cub/la3d and SmQ are orange and black, respectively. (B)
Pure SmQ in compound 11, recorded at 155<C on heating. Indices on the smaller P4,22 and the full-size
14,22 unit cell are shown in green and black, respectively. Lattice parameters (14,22): a=b=91.7A,
c=159.8A. [l marks hkl of peaks belonging to 14,22 only, and cannot be alternatively indexed on the
P4,22 cell. Note the isolated (303)!.

While at wider angles (4-5 A) X-ray diffraction is only diffuse, at small angles a series of
sharp Bragg peaks are seen for the SmQ in compounds | and 11 (Fig. 6.2). In both cases they
can be indexed on a tetragonal lattice with a=b=101.7A, ¢=178.8A in | and a=b=91.7A,
c=159.8A in Il. The d-spacings and indices are listed in Tables 6.1 and 6.2. The extinction
rule observed agrees with 14,22 symmetry, as previously determined. Note that most peaks
have indices (in black) with both h+k and I even. If only such peaks were present, the dif-
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fraction pattern could be indexed to a smaller, also tetragonal unit cell, with a’=b’=a/v/2,
and c’=c/2, with symmetry P4,22 (green). In our powder pattern there is one peak that can
only be indexed as (303) of the 14,22 lattice. Other non-P4,22 peaks may also be present,
but most of them coincide with some P4,22 peaks (Fig. 6.2b). Previously it was only by
single crystal diffraction that the SmQ space group was determined as 14,22 (3). The weak-
ness of the non-P4,22 peaks suggests, however, that the 14,22 structure of SmQ is probably
a slightly modified/distorted P4,22, a starting point for our next step in determining the
SmQ structure.

Table 6.1 Experimental and calculated d-spacings of the observed SAXS reflections of the 14,22
phase in compound | at 166 <C on cooling

(hk1) dobs, —Spacing (A) dcar. —spacing (A) intensity

(110) 72.1 71.9 751

(112) 56.1 56.0 11.0

(200) 50.7 50.9 100

(202) 44.2 44.2 44.3

(114) 37.6 38.0 6.19
a=101.7A c=1788 A

Table 6.2 Experimental and calculated d-spacings of the observed SAXS reflections of the 14,22
phase in compound Il at 155 <C on fast heating

(hkI) dons. —Spacing (A) dear. —Spacing (A)
(110) 64.7 64.8
(112) 50.3 50.3
(103)/(200) 46.0 46.1/45.9
(004)/(202)/(211) 39.9 40.0/39.8/39.7
(114) 34.1 34.0
(213)/(220) 325 32.5/32.4
(105)/(204)/(222)/(301) 30.0 30.2/30.1/30.0/30.0
(310) 28.9 29.0
(303) 26.5 26.5
(224)/(115) 25.3 25.2/25.2
(116) 24.7 24.6
(206)/(323)/(400) 22.9 23.0/23.0/22.9
(305)/(402)/(411) 22.0 22.1/22.0/22.0
a=91.7A c=159.8 A

Using the intensities of the six strongest diffraction peaks of compound 11, and the P4,22
space group symmetry, we are able to reconstruct candidate electron density (p) maps of the
SmQ phase, with different combinations of phase angles. Among the six strongest peaks,
two can have alternative (hkl) indexing, i.e. (200) or (103) and (202) or (211). We took the
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assumption that P4,22 peaks are much stronger than non-P4,22 ones, and attributed the in-
tensity of the two peaks to (200) and (202), respectively. As a consequence the reconstructed
p maps, even though using an 14,22 lattice, in fact consist of four unit cells of P4,22 space
group (Fig. 6.3A). For five of the six diffraction peaks, (110), (112), (200), (004) and (114),
the corresponding structure factors Fpy are always real, hence their phase angles can only be
0 or w. At the same time, Fy; is always imaginary, hence its phase angle is either /2 or -
n/2. The total number of phase combinations is 64, while the number of distinct maps is
much smaller, as some differ merely in a shift of origin or being mirror images. The best
map is chosen on its physical merits.

Some typical electron density maps are shown in Figure 6.3 below. In all the maps the phase
of the (202) peak is ©/2, and the phase combination of the other five peaks are shown on top
of each map. Two iso-electron surfaces were shown for each map: the red surface encloses
the high density regions and the blue low density regions. The maps in Fig. 6.3a,c can be
easily eliminated as they do not show uniform distribution of high and low density regions
expected. The map shown in Fig. 6.3b is better in terms of uniformity of the electron density
distribution. However, the low density regions are observed along lines (x=1/4, y=1/4, z)
and (x=3/4, y=3/4, z), but not along (x=1/4, y=3/4, z) and (x=3/4, y=1/4, z). This is hard to
explain as the high density aromatic core surrounds the four lines symmetrically, and their
electron densities are thus expected to be similar if not exactly equal. Map in Fig. 6.3d is the
best as it shows uniform distribution of both high and low electron densities. The position of
the low densities are furthest away from the high density aromatic cores. As described in
detail in the main text, our simulation and molecular models are thus built on the basis of the

map in Fig. 6.3d.
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Figure 6.3 Reconstructed candidate electron density maps of SmQ phase with different phase combina-

tions. The phase combination used is shown on top of each map.
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The selected 3D p map (Fig. 6.4A) shows the high-p regions of the unit cell (55% of the
total volume) occupied by the aromatic cores. It is evident from the map that the structure
consists of columns. In the full cell there are four of them along x, four along y and two
along z. Molecular assembly into columns is in line with the fact that in the phase diagram
SmQ is close to Cub/Ia3d, which itself consists of columnar segments. The arrangement of
horizontal columns bears strong resemblance to that proposed by Pansu et al. (3), even

though in their model smectic blocks were assumed instead of columns.
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Figure 6.4 Results of X-ray analysis and structure of the SmQ. (A) Electron density (p) map (compound
11, 155<C), showing the high-to-medium p regions in the unit cell (red = high, green = medium, none =
low). The large (true) cell corresponds to 14,22, while the small approximant cell has P4,22 symmetry,

and contains ¥4 of the full cell volume. (B) Geometric model, superimposed on the map in (A), used to
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simulate the diffraction pattern, where helical columns consist of stacked solid plates representing the
strata consisting of ~4 molecular cores lying side-by-side normal to column axis (cf. Fig. 6.5B). (C)
Comparison of experimental X-ray diffractogram and that simulated from the model in (B) (red vertical
lines topped by circles). (D) Double network representation of the SmQ structure, with planar four-way
junctions (2x2 unit cells). (E-H) The helicity of the columns is generated by rotation of the molecular
strata, each represented by a double arrow, about the column axis. Within a cell, a stratum rotates by 360°
along a vertical column (E), and by 180<along a horizontal column (F). The two networks have the same
helical sense (G-H). Distortion of the vertical column from a 4, (I) to a 4, helix (J-L). (M) View along

[100] on the complete structure with P4,22 symmetry (2 cells) and (N) 14,22 symmetry (1 cell).

According to the 3D p map, in the SmQ structure there are layers of horizontal columns
aligned, alternatively, along x and y. There are also two vertical columns in a unit cell, each
intersecting with four horizontal columns. The resulting periodic structure consists of two
infinite interpenetrating networks of columns with planar 4-way junctions (Fig. 6.4D). The
two networks are related by a shift of (1/2,1/2,1/2). Each junction joins four segments, two
horizontal and two vertical. For compound 11, the length of the horizontal segments between
junctions is a=91.7A, and between vertical segment c¢/4=40.0A. The distance between col-
umns matches well with the extended molecular length of 46A. The four segments at a junc-
tion are always within a vertical plane, and we expect the molecules near the junction to
orient mainly perpendicular to that plane. At successive junctions along a horizontal column,

the molecular orientation is the same, while along a vertical segment it is rotated by 90<

As has been hypothesised before for bicontinuous la3d and triple-network cubic phases
formed by rod-like molecules (9,12), the columnar segments consist of stacked layers (strata)
of several molecules lying side-by-side. The columns are helical (9) because successive stra-
ta rotate about the column axis to avoid steric clash between pendant chains. We postulate
similar twisted columns in the SmQ phase. The twist is shown in Fig. 6.4 and is described in
the caption. It is estimated that the total number of molecules in a unit cell of 11 is 935, from
which we calculate that the strata contain 4 molecules each, are separated by 4.5 A, and are
rotated by 8.9° and 10.2° relative to their neighbours in the horizontal and vertical columns,
respectively. For comparison in the Cub/la3d in compound 11, the rotation angle is 8.4< as
calculated from the distance and rotation of successive 3-way junctions. Had the twist be-
tween strata been the same in horizontal and vertical segments, the length of the former
would have been twice that of the latter, and the c/a ratio would have been 2 instead of the
observed 1.74. The fact that horizontal segments are slightly longer than half the vertical

segments can be explained by the planar junctions, all of them vertical, having finite thick-
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ness. Close to the junction, the twist of the strata in all four adjoining branches would cause
a clash, which can be resolved by some spreading of the junction area in a horizontal direc-

tion.

As already proposed for the bicontinuous la3d and triple-network cubic phases (9), to mini-
mize the clash between columns at a junction and allow their smooth merger, all converging
columns should possess the same chirality. This then allows long-range propagation of ho-
mochirality throughout the network. Furthermore, the body-centred symmetry 14,22 man-
dates that the two networks in the SmQ be exactly the same apart from a shift by
(1/2,1/2,1/2). Accordingly, both networks are chiral and of the same handness, which results
in net chirality of the phase, and explains why it had previously been found only in enanti-

opure chiral compounds: molecules of wrong intrinsic chirality will destabilize the phase.

Based on the above, we are able to construct a geometrical model of the SmQ phase and to
simulate its diffraction pattern. The geometric model is shown in Fig. 6.3B, where the high-
p core of each molecular stratum is represented by a platelet, whose length should be that of
the molecular core, and width depends on the number of molecules in the stratum. The total
rotation angle in the horizontal and vertical segments is 180°and 90< respectively. Using
the length | and width w of the plates as the fitting parameters, a very good fit between simu-
lated and experimental patterns is achieved as shown in Fig. 6.3C. The best-fit parameters
are 1=31.4A and w=29.0A, agreeing reasonably well with estimation (30A and 25A) on the
basis of molecular size, cell dimensions and density estimation. It should be noted that the
model in fact has a P4,22 instead of 14,22 symmetry, and the quality of fit achieved supports
our earlier assumption that the structure is very close to that of P4,22.
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Figure 6.5 Twisted networks and molecules. (A) Perspective view of an 14,22 SmQ unit cell. (B) Con-
verging columns at junctions possess the same chirality to avoid clashes. (C) Model of three successive
strata, each containing four molecules of 1, with interstrata spacing of 4.5 A and a 8° twist. Each stratum

is represented by four rigid rods in (A, B).

However, the true space group of the structure is 14,22, as established by single crystal X-
ray study before (3), and supported by the observation of non-P4,22 reflections in our pow-
der diffractograms. The reduction in symmetry from P4,22 to 14,22 can be explained as fol-
lows. The helical symmetry of the vertical columns will be reduced from 4, to 4, if the cen-
tres of the molecular strata are shifted off-axis. They then follow a helical path (Fig. 6.41,J).
The junction points and the horizontal columns are similarly shifted in different directions at
different heights (Fig. 6.4K,L,N), resulting in 14,22 lattice symmetry. This sideway shift is
small though, since our diffraction pattern simulation suggests that for large distortions
many unobserved 14,22 peaks, such as (101), would become visible. A perspective view of

the full 14,22 unit cell (with an exaggerated distortion) is shown in Fig. 6.5A.

The current model of the SmQ phase is also able to explain its extremely low birefringence.
Taking the birefringence An of a perfectly ordered nematic phase to be Ang, An of the SmQ
phase is equal to SAng, where S = (3<cos?0>-1)/2 is the orientational order parameter, with ¢
the inclination of the molecular axis to the optic axis, i.e. z-axis. For molecules in the verti-
cal columns, @ is always 90< hence cos?d = 0 with corresponding S = -0.5; in contrast, mol-
ecules in the horizontal columns have their angles evenly distributed in the range 0°to 90<
hence <cos?d > =1/2 with S = 0.25. Considering that a unit cell contains 8 horizontal and 2
vertical columns of lengths a and c, respectively, and assuming that the number of molecules
(2a-
-0.5)

formed by compound 111 with the same aromatic core as | and 11, suggest that Ang = ~ 0.2

is proportional to column length, the SmQ order parameter comes to S

c)/(8a+2¢)=0.022. Optical measurement of the hexagonal columnar phase (Shex

(see next paragraph), hence that An of SmQ is expected to be ~0.004.

In order to measure the birefringence of LC samples, polarized optical microscopy was car-
ried out on an Olympus BX50 microscope equipped with a Mettler FP85 hot stage. To study
the low-birefringent SmQ phase molten sample was introduced by capillary action into a 100
um thick rectangular capillary. For highly birefringent phases, such as the columnar phase in
compound 111, the sample was melted between a glass slide and a cover slip and the film
thickness was controlled to 4 um by fragments of Mylar film as spacers. Birefringence of the

hexagonal columnar phase, Anyg, of the reference compound 111 was determined by a Berek
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compensator in areas of maximum brightness of developable domains (“spherulites”) where
the columns were lying parallel to the glass surface at 45° to the crossed polarizers. Birefrin-
gence was determined to be An = -0.09. Assuming perfect orientation of columns within the
developable domains with order parameter -0.5, the reference birefringence of a hypothetical

perfectly ordered nematic phase of compounds I — 111 would be Any =0.18 ~ 0.2.

Domains of SmQ phase large enough to allow measurement of birefringence were only ob-
served in compound 1. However, due to the short life of SmQ in that sample, a quicker meth-
od for measuring birefringence was required. Thus a color photo was recorded first, then a
full-wave (L) plate was inserted and photos were taken in quick succession at different rota-
tion angles of the sample. The colors were then compared with the Michel-Levy color chart.
From the colors the retardation I' = 530 nm + AI" was determined, where T is the retardation
of a given domain and AT its deviation at a given domain orientation. Birefringence An was
obtained from the maximum AL, AT'max, by dividing it with the sample thickness (100 pum).
ATl'max 1S found to be ~400 nm and thus An of the SmQ phase is ~0.004. This is in very good
agreement with the previously reported An value of < 0.005 (3) and our prediction from SmQ

structural model.

Figure 6.6 Optical micrographs of the columnar phase in compound I11 at 135°C between crossed polariz-
ers; (a) without and (b) with A plate. Slow axis of the retarder is indicated, together with orientation of the

polarizers.
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Figure 6.7 POM micrographs of DRE222 in the SmQ phase (180<C) between cross polarizers. (a) without
A-plate, (b-d) with A-plate. (c) and (d) are the same region but with rotation of the sample by 90< A do-
main, indicated by a white circle, shows different colours when its optical axis is aligned parallel or per-

pendicular to the slow axis of the retarder plate.

As mentioned, we propose that the molecular twist is caused by steric clash between pendant
chains on successive strata. But also, the aromatic cores are non-planar, as shown in the mo-
lecular model of three overlaying strata in Fig. 6.4B. The strata are separated by 4.1 A and
twisted by 8°, each containing 4 antiparallel molecules with their end-groups twisted in the
same direction. The likely propeller-like chiral conformation of an individual molecule is
due to the non-planarity of the ester groups, with a racemization barrier of E'=2.6 KJ/mol
(10). The twist angle between the successive strata is a compromise between the steric
avoidance of the bulky aliphatic chains and the tendency for maximum overlap of the aro-
matic cores. In accordance with the general principle of chirality synchronization by dense
self-assembly (13-16), the close packing requires a coordinated flip of many (n) molecules
to change chirality, which raises the effective re-twisting barrier to a prohibitive value of

nE*.

In compound I SmQ is only metastable, its formation from the chiral 1sol”! being kinetically
favoured over that of Cub/la3d. In I, it may be stable, but possibly it is again only kinet-
ically favoured due to potential chirality of the crystalline phase from which it forms. How-

ever, what the observed phase behaviour demonstrates clearly is that any phase transition
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that involves helix inversion is highly suppressed. This explains the suppression of the Iso!’
— Cub/1a3d transition, which either proceeds via SmQ (in 1) or shows a large, nearly 30 K,
hysteresis (in 11). Since Cub/la3d consists of two networks of opposite chirality, to grow
one of them from a dense homochiral environment requires helix inversion. Similar suppres-
sion of helix-inversion is responsible for the triangular shape of Cub/la3d domains growing
from the homochiral SmQ (Fig. 6.1C,D). Interestingly, it was also observed that when
Cub/la3d grows from the Isol” liquid, its domains nucleate exclusively at boundaries be-
tween enantiomeric 1sol”! domains (9) where both helical hands are available; this indicates
that re-twisting presents a particularly high barrier in the nucleation process. The strong sup-
pression of nucleation and growth of Cub/la3d domains from Isot” also suggests that Isol”
liquid may also consist of densely packed homochiral helical segments, albeit with only
short-range positional order.

There is a certain analogy between the structure of SmQ and those of “blue phases” BPI and
BPII (17), a variant of chiral nematic with an ordered array of double-twist defect lines ob-
served in highly chiral LC. Although BP structures are on micro- and SmQ on nano-scale,
both types involve orthogonal packing of helices. We also note that long-range chirality syn-
chronization in SmQ, as well as in Isol” liquid and the triple network cubic phase, all occur-
ring in achiral compounds, may also provide new insight into how homochirality could have
propagated at the beginning of life on Earth (18).
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Chapter 7

Distorted Cubic and Other 3D Phases in Polycatenar
Compounds

7.1 Introduction

Apart from the two bicontinuous cubic phases (chapter 5), and the SmQ phase (chapter 6), a
number of other 3D phases have been observed in the series of polycatenar compounds
studied in this project. These include a distorted l1a3d phase, a distorted Im3m phases, a
diffused phase, and an orthorhombic phase with P2,2;2; symmetry. The experimental results

on these phases, mostly by small angle x-ray scattering (SAXS) will be presented.
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7.2 Results and Discussions

7.2.1 The distorted la3d phase

In polycatenar compounds A3, A4, B10 and B11, a slightly distorted la3d cubic phase,
normally observed immediately below the la3d cubic phase, is observed. The distortion
results in an orthorhombic instead of a cubic unit cell, with three different but very similar

lattice parameters a, b and c. Due to the distortion, under POM the phase is very weakly
birefringent. The distortion is also bigger with decreasing temperature.

Take compound B10 as an example, the SAXS results shows that it forms the la3d phase at
high temperatures directly below the isotropic phase. On cooling, the la3d phase forms from
the isotropic phase at 170<C. It starts to deform at 164 <C, and then transforms to distorted
Im3m phase (which will be discussed at the next section) at 101 <C. The diffractogram of the
distorted la3d phase at 140 <C is shown in Figure 7.2, where the diffraction peaks are
labelled with their corresponding Miller indices (hkl). As shown clearly in the diffraction

pattern, the strongest two peaks of the la3d phase, (211) and (220), have each split into three

different peaks after the distortion. Peaks which are forbidden by the la3d symmetry, such as
(200)s and (210)s, even though weak, have now become visible due to the reduction of unit
cell symmetry. The experimental and calculated d-spacings of diffraction peaks are compared
in Table 7.1, and the best-fit lattice parameters are a=121.3 A b=1154 A c=110.3 A

|80 °C

Distorted Im3m

L === ¥ 10 dpm
s % 3
= ﬁ ] % Distorted la3d
——
=———— 170°C 1,34
0.10 0.15 0.20 0.25 0.30
q (17A)

Figure 7.1 Diffraction pattern of B10 on cooling from 170 T to 80 C
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Figure 7.2 Diffraction pattern of B10 in the distorted la3d phase at 140 <C.

Table 7.1 Experimental and calculated d-spacings of the observed SAXS reflections of the distorted la3d
phase in B10 at 140 <C. The best-fit lattice is orthorhombic with lattice parameters a = 121.3 A, b = 115.4

A c=1103 A
(hk1) dobs, —Spacing (A) dcar. —spacing (A)
(020) 575 57.7
(002) 55.2 55.2
(021) 51.2 511
(102) 50.2 50.2
(211) 48.4 483
(121) 471 471
(112) 46.0 46.0
(220) 418 418
(202) 408 408
(022) 30.8 39.9
(221) 39.1 39.1
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(301)/(122) 37.9 38.0
(311) 36.1 36.1

(131) 34.8 34.8

(113) 335 33.7
(230)/(302) 32.5 32.5
(321)/(032) 31.6 317
(312)/(231)/(203) 31.3 314
(023) 31.0 31.0

(132) 30.5 30.5

(123) 30.0 30.0

(411) 28.4 28.3
(041)/(140)/(330) 27.9 27.9
(004) 27.6 27.6
(331)/(303)/(104) 27.0 27.0
(014)/(420) 26.8 26.8
(033)/(402) 26.6 26.6
(313) 26.5 26.5
(133)/(240) 26.0 26.0
(204) 25.3 25.1
(332)/(024) 24.9 24.9
(323) 24.6 24.6

(233) 24.3 24.3

(105) 21.7 21.7

a=121.3A b=1154A c=1103A

Distorted 1a3d phase has also been found in Compound A3, here the phase forms directly
from the isotropic phase on cooling at 1<C/min, from 127 to 102.5<C. A single domain
sample resulted, and enabled us to examine the X-ray diffraction patterns of the distorted
la3d phase on rotation, in an angular range of over 90 degrees. By careful examination of
these diffraction patterns, we are able to index all observed diffraction peaks at different
rotation angles of the single domain. This makes it possible to observe weaker diffraction

peaks, and to resolve diffraction peaks which would be overlapping on a powder diffraction
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pattern. Consequently we are able to work out the exact extinction rules in the diffraction
pattern, and to determine the space group symmetry of the structure, as will be explained later.

(211) (212) (213)

(112) (112)

A
(002) ©02) WP (002)

(112) (112)

@13)(212) (211)(210) (211)i212)

(423) (422) (421) (420) (421) (422)

Figure 7.3 Single crystal diffraction pattern of the distorted la3d phase, taken with the beam along the

(120) direction. The axis of rotation is vertical and along the (210) direction of the crystal.

A single crystal diffraction pattern of the distorted la3d phase is shown in Figure 7.3, with all
the diffraction peaks indexed. The diffraction pattern has been identified as a cut of the Ewald
sphere though the [120] plane of the reciprocal lattice. (211) and (211) peaks are the
strongest peaks observed, but (112) and (112) peaks are much weaker in intensity as they are
off the perfect diffraction conditions. The observed diffraction peaks in Figure 7.3 can be
indexed on an orthorhombic lattice, and the measured and calculated d-spacings are
compared in Table 7.2.
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Table 7.2 Indices, measured and calculated d-spacings of diffraction peaks in the single crystal diffraction

pattern of the distorted la3d phase, with beam along the (120) direction as shown in Figure 7.3.

(hkl) dovs, —Spacing (A) dear. —Spacing (A)
(002) 51.1 51.1
(210) 46.5 46.6
(211) 42.2 42.4
(212) 34.6 34.4
(213) 27.7 27.5
(004) 25.7 25.6
(420) 23.8 23.3
(421) 23.2 22.7
(422) 21.6 21.2
a=1087A b=905A c=1022 A

Figure 7.4 Single crystal diffraction pattern of the distorted la3d phase, taken with the beam along the

(121) direction.
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When the sample was rotated by 23< another single crystal diffraction pattern of the distorted
la3d phase is shown in Figure 7.4, again with all the diffraction peaks indexed. This time the
diffraction pattern has been identified as a cut of the Ewald sphere though the [121] plane of
the reciprocal lattice. This time (202) peak is the strongest observed. The indexing of
diffraction peaks in Figure 7.4, and a comparison of the measured and calculated d-spacings
are shown in Table 7.3.

Table 7.3 Indices, measured and calculated d-spacings of diffraction peaks in the single crystal diffraction

pattern of the distorted la3d phase, with beam along the (121) direction as shown in Figure 7.4.

(hkI) dobs. —spacing (A) dear. —spacing (A)
(210) 46.5 46.6
(202) 37.1 37.2
(311) 31.6 32.0
(321) 27.5 27.3
(420) 23.8 23.3
(412) 23.2 23.2
a=1087A b=905A c=1022 A

The two single crystal diffractions shown above are only examples of the over 90 single
crystal diffractograms we have analysed. In general, all diffraction peaks observed can be
explained by an orthorhombic lattice with lattice parameters a = 108.7 A, b =905 A, ¢ =
102.2 A. We are able to confirm that all (210) peaks, (210), (201), (120), (102), (021) and
(012) are observed. At the same time no (h00) peaks with odd h, (0k0) with odd k and (0OI)
with odd | are observed. This suggests that the distorted has a space group symmetry P2,2;2;,
the only one that satisfies the observed extinction rules.

With the space group determined, we will be able to reconstruct the electron density maps of
the distorted 1a3d phase, using the observed diffraction intensities. It is expected that the
structure is very similar to that of the la3d phase, with two interpenetrating networks. The
network segments joining at a junction point, will be slightly different in length though. It
should be noted that P2;2,2; is non-centrosymmetric and in fact chiral. It could be one of the
reasons behind the distortion of the la3d structure, that the overall balance between the left-
handed and the right-handed networks is broken. Alternatively, the biaxiality of the aromatic
backbone could lead to the breaking of perfect 3-fold symmetry at the junction point. All

these will be explored in the future. It should also be mentioned the distorted 1a3d phase has
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been observed before in other polycatenar compounds, but due to the experimental resolution

limit, it was assigned to a tetragonal lattice instead [1].

7.2.2 The distorted Im3m phase

As mentioned above already, on further cooling of the distorted l1a3d phase in compound B10,

it transforms into a distorted Im3m phase. The diffraction pattern is shown in Figure 7.5 and

the indexing of the diffraction peaks is shown in detail in Table 7.4. The best-fit lattice
parameters are a = 217.0 A, b = 190.0 A ¢ = 1835 A All the diffraction peaks (hkl)
observed has h+k+| even, suggesting a centred lattice. Apart from that, we have not yet been

able to determine the space group of the structure, but it is expected to be only a slightly

distorted version of the cubic Im3m phase.
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Figure 7.5 Diffraction pattern of B10 at 90 <C.
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Table 7.4 Experimental and calculated d-spacings of the observed SAXS reflections of the distorted Im3m
phase in B10 at 90 <C. The lattice is centred orthorhombic with lattice parameters a = 217.0 A, b = 190.0

A, c=1835A.
(hkI) dons. —spacing (A) dear. —Spacing (A)
(022) 66.0 66.0
(222) 56.4 56.4
(231) 52.1 52.4
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(132) 50.8 50.7
(040)/(330) 475 475
(204)/(332)/(510) 42.4 42.3
(431) 40.3 40.2

(242) 39.1 39.3

(134) 36.7 36.6

(152) 34.7 34.7
(215)/(433) 34.3 34.2
(523)/(334)/(044)/(442)/(343) 33.2 33.2
(053) 32.2 32.3

(514) 31.2 311
(235)/(006)/(260) 305 305
(116)/(062) 29.8 29.9
(206) 29.6 29.4

(444) 28.3 28.2

(453) 276 277

(354) 27.1 27.1

(017) 26.0 26.0

(046) 25.7 257

(080) 23.8 238

(536) 233 233

(082) 22.9 23.0

a=217.0A,b=190.0A c=1835 A

7.2.3 The diffused la3d phase

Compound B2 and B13 form the 1a3d phase which seems to be normal with powder X-ray
diffraction. However, when the compounds were cooled from the isotropic phase and big
domains form, interesting diffusion stripes were observed in the diffraction patterns, as
shown in Figure 7.6. The stripes pass through intensity maxima that are at the same positions
as observed for the normal la3d phase, as indicated in Figure 7.6 of the (211) and (220) peaks.
The main stripes that we observe, go along the (110) direction, either between neighbouring
(220) and (211) peaks, or between two neighbouring (211) peaks. This is suggesting the

existence of phononic fluctuations, along (110) directions, in such la3d phases.
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202 (21—1).(220) 4220 .
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(220)

Figure 7.6 Diffraction patterns of B13 in the diffused la3d phase at 232 <C, at two different positions.

7.2.4 The orthorhombic P2,212; phase

Compound A4 shows complex phase transitions on first heating. The crystal melts at around
82 <C. Then four different LC phases are formed before isotropization at 128 <C. Apart from
Im3m, distorted la3d and la3d phases discussed before, the first LC phase upon melting of
the sample was found to be orthorhombic with a P2,2,2; space group symmetry.

distorted

S

1. heating \k
—_— i A
- A 1. cooling
2. heating i e S -
» P ML
50, 60 70 80 90 100 110 120 130
T/°C
Isoglass

Figure 7.7 DSC traces of compound A4.
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Determination of the lattice and space group symmetry is based on the high resolution
powder diffraction pattern taken of the phase at 93<C (Figures 7.8 and 7.9). The best-fit
lattice is orthorhombic with lattice parameters a = 134.4 A b = 128.9 A ¢ =59.0 A (Table
7.5). The extinction rules found of the diffraction pattern is that only (h00), (0k0) and (0O0I)

peaks with odd h, k or | are extinct, and the only space group satisfy such conditions is
P2,2:2;.

Figure 7.8 2D pattern diffraction pattern of compound A4 at 93 <C.
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Figure 7.9 Reduced 1D diffraction pattern of compound A4 at 93<C. Peaks are marked with their
corresponding indices.
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Table 7.5 Indices, experimental and calculated d-spacings, and intensities of diffraction peaks of
compound A4 at 93<C. The best-fit lattice is orthorhombic with lattice parameters a = 134.4 A, b = 128.9
A c=59.0A

(hk1) dobs. —spacing (A) dcal, —spacing (A) intensity
(110) 93.2 93.0 0.423
(200) 67.2 67.2 62.4
(020) 64.5 64.5 0.713
(210) 59.5 59.6 0.308
(120) 58.1 58.1 0.793
(101) 54.0 54.0 100
(111) 49.9 49.8 26.3
(220) 46.4 46.5 25.8
(201) 44.3 44.3 12.3
(021) 435 435 8.79
(310) 42.2 423 245
(211) 41.9 41.9 16.2
(121) 413 414 16.8
(130) 40.8 40.9 33.1
(221) 36.5 36.5

(230) 36.1 36.2

(301) 35.6 35.7

(031) 34.6 34.7

(311) 343 34.4

(400) 335 33.6

(040) 321 32.2

(330) 311 31.0

(231) 30.9 30.9

(420) 29.7 20.8

(002) 295 295

(012) 28.7 28.8

(041) 284 28.3

(112) 28.1 28.1

(141) 276 27.7

(331) 274 274

(202) 27.0 27.0

(022) 26.8 26.8

(212) 26.4 26.4

(340) 26.2 26.2

(150) 25.2 25.3

(222) 24.9 24.9

(302) 24.6 24.6

(032) 243 243

(250) 24.1 24.1

(132) 2338 23.9
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(051) 23.5 23.6
(440) 23.2 23.3
(232) 22.9 22.9
(530) 22.8 22.8
(332) 22.7

(402) 22.2 22.2
(042) 21.7 21.8
(060) 21.5 21.5
(332) 21.4 21.4
(160) 21.1 21.2
(540) 20.6 20.6
(450) 20.5 20.5
(061) 20.3 20.2
(630) 19.9 19.9
(342) 19.6 19.6
(113) 19.2 19.2
(710) 19.1 19.0

a=1344A b=1289A c=59.0 A

Using the intensities of the four strongest peaks: (200), (101), (111) and (220), we have
tentatively reconstructed the electron density map of this orthrombic P2,2,2; phase (Figure
7.10). The map suggests a complex single network formed by rigid aromatic cores, with 3
and 4 ways junctions. However, further detailed studies of the electron density maps are
needed in order to construct a realistic molecular model of the phase and to understand its

relationship to other phases observed.
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Figure 7.10 Electron density map (A-C) and corresponding network model (D-F) of the orthrombic
P2,2,2, phase of compound A4. The electron density map is represented by yellow isoelectron surface
which encloses the high electron density (aromatic) regions in the unit cell. (A)(D), view along x-axis;

(B)(E), view along y-axis; (C)(F), view along z-axis.

7.3 Conclusions

A number of previously unidentified 3D phases have been observed and characterized by
SAXS in polycatenar compounds. We have been able to index the diffraction patterns and
retrieve their lattice parameters, and for most of them have determined their space groups as
well. For some phases we have a good idea of their molecular level structures, but for the rest

there is still a lot of work to be done before their structures can be fully elucidated.
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Chapter 8

Double Gyroid and Single Diamond Network Cubic
Phases Formed from Bundled Bolaamphiphiles with a
Terphenyl Core and a Swallow-Tailed Side Group

8.1 Introduction

In this chapter we examine the cubic phases formed by a series of bolaamphiphiles, each with
a terphenyl core, two glycerol end groups, and a swallow-tailed side group (Figure 8.1). With
changing length of the side group, two different bicontinuous cubic phases were observed.
With shortest side group length, a double gyroid (la3d) cubic phase is formed; with longer
side group lengths, a single diamond network cubic phase (Fd3m) is found. In both cubic
phases, the segments of the network is formed from the rigid aromatic cores of molecules.
However, unlike that observed in polycatenar molecules, the rigid aromatic cores are parallel,
instead of perpendicular to the direction of the network segment. Each network segment is in
fact a bundle of rigid aromatic cores of molecules, and it connects to other network segments
through hydrogen bondings between the glycerol end-groups of the molecules, while the rest

of the space in the unit cell is taken by the side groups.

HO OH

O
‘>;CmH2m+1

H2m+1Cm
C16: m=16; C18: m = 18; C20: m =20; C22: m =22
Figure 8.1 General molecular structure of bolaamphiphiles with swallow-tailed side group.
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Two cubic phases, with space groups Fd3m and la3d are observed. The Fd3m phase has a
single diamond network structure, and is found in SP135 (C22) and SP118 (C18) and a
sample (SP130, C20) previously sent. In SP105 (C16) an 1a3d (double gyroid) phase is found.
In all cases a ~ 65 A, and the length of each segment is ~28A for the Fd3m phase, and ~27A
for the 1a3d phase. This is suggesting that in both cases each segment consists of a single
bundle of aromatic cores. The length of segment for Fd3m phase is longer, probably due to

more segment at each junction point (4 in Fd3m and 3 in la3d) in the Fd3m phase.
The other low temperature LC phase found in SP118 and SP105 is the correlated layers phase

(p2mm), with a ~ 30 A and b ~ 20A. As expected b is similar to the length of the aromatic

backbone of the molecule.
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8.2 Results and Discussions

The diffraction patterns were taken on first heating (on cooling generally large domains form
so not suitable for accurate measurement of d-spacings and intensities) from as received
samples, using a lab SAXS machine featuring a microfocus beam with Xenocs focusing
mirrors, and a Bruker Vantec-2000 multiwire detector. The samples were held in Imm glass
capillaries and the sample temperature was changed stepwise during heating. The 2D
diffraction patterns were reduced to 1D plots by radial integration, using FibreFix, with

necessary calibration and corrections applied.

8.2.1 Compound C16

As shown in Figure 8.2, two liquid crystal phases were observed with distinct diffraction

patterns in compound C16.

Iq2 (a.u.)

130°C, la3d

e

:j 120°C, la3d
110°C, la3d

——

e NS ncrcrpercenmnn 98°C, p2MM
S\ T 90°C, p2mm

0.1 0.2 0.3 0.4 0.5 0.6
q (1/4)

Figure 8.2 SAXS diffractograms of compound C16 from 90 °C to 130 °C during the first stepwise heating.

Only three diffraction peaks are observed for the lower temperature phase below 100 <C, and
they can be assigned to the (10), (01) and (20) peaks of a 2D rectangular lattice, with lattice
parameters a = 30.9 A and b = 20.9 A at 90<C. (Figure 8.3 and Table 8.1). Previous studies
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on bolaamphiles with similar size ratio between side group and the aromatic core suggest this
to be the so called “lamellar smectic” phase, with p2mm plane group symmetry. In the
“lamellar smectic” phase, the rigid cores and the flexible side groups of the molecules
separate into neighbouring layers (the lamellar structure). In the layers of rigid cores, the
direction of the cores are parallel to the layer surface instead of perpendicular to it. Moreover,
there is phase separation between the aromatic core and the end groups, which forms a
Smectic order inside the layers of rigid cores. The lamellar thickness of 30.9 A and the
smectic layer thickness 20.9 A match the size of the molecule. With the measured intensities
and assignment plane group, the 2D electron density map was reconstructed and shown in

Figure 8.4, with the schematic molecular organization overlaid on top.

T=90°C
(10)

S

S

T
(01) (20)

0.1 0.2 0.3 0.4 0.5

q(1/A)

Figure 8.3 Powder diffraction pattern of compound C16 at 90 <€.

Table 8.1 Experimental and calculated d-spacings of compound C16 at 90 €

(hKk) dobs, —Spacing | dear. —spacing (A) intensity phase
A

(10) 30.9 30.9 100 T

(01) 20.9 20.9 3.43 0

(20) 15.5 15.5 3.60 0

a=309A b=209A
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High

Low

Figure 8.4 Reconstructed electron density map of the p2mm phase, with schematic molecular arrangement

in the structure overlaid on top.

As shown in Figure 8.5 and Table 8.2, seven diffraction peaks were observed for the high
temperature phase of C16. The diffraction conditions observed, that (h00) must have h = 4n,
(hk0) must have both h and k even, (hhl) must have 2h+l = 4n, and (hkl) must have h + k + | =
2n, point to the la3d space group symmetry. Similar to the bicontinuous cubic phase found in
polycatenar compounds, (211) is much stronger than any other diffraction peaks observed.
The reconstructed electron density map is also similar, with two interpenetration gyroid
networks as the high electron density regions occupied by the rigid cores of the molecules,

surrounded by a continuum of low electron density of aliphatic side groups (Figure 8.6).

Even though the electron density map looks similar to that found in polycatenar compounds,
the rigid cores of the molecules in this case should not be perperdicular to the network
segment as this would cause a serious clash between the side groups of the molecules. Instead,
the rigid cores of the molecules should lie parallel to the network segment and form a bundle,
with side group fanning out laterally and occupying the space between the two networks (see
schematics in Figure 8.6). The segment length is proportional to the lattice parameter a by a
factor of +/2/4, and can be calculated to be 27.5 A. This agrees extremely well with the

length of the molecular backbone, which is estimated to be 28 A by molecular modelling.
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Assuming a density of 1 g cm™ of the compound, it can be calculated that there are 313
molecules in the cubic unit cell. As there are 24 network segments in the unit cell, in each

segment bundle, there are on average 13 molecules.

Skeletal la3d cubic phase [1], and a double diamond Pn3m phase [2], have previously been
found in bolaamphiphiles, with a biphenyl core and also a swallow tailed side group. There
each network segment consists of two bundles connected end-to-end, instead of one bundle as
observed here. The number of molecules per bundle in the previous two phases is ~12, very

close to what has been observed here in C16.

T=120°C
(211)

Ig°(a.u.)

(332)
/
(220) (321)(400)(4202/(422)

0.1 0.2 0.3 0.4 05
q(1/A)

Figure 8.5 Powder diffraction pattern of compound C16 at 120 € can be indexed to a cubic lattice with

la3d space group symmetry.

Table 8.2 Experimental and calculated d-spacings of compound C16 at 120 <€ (la3d)

(hk) dobs. —Spacing (A) dcar. —spacing (A) Intensity phase
(211) 317 317 100 -
(220) 27.4 275 1.50 -
(321) 20.8 20.8 0.85 0
(400) 195 19.4 121 1
(420) 17.4 17.4 2.14 o
(332) 16.6 16.6 0.31 0/n
(422) 15.9 15.9 1.05 0
a=777A
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Low

Figure 8.6 Reconstructed electron density map of the la3d phase of compound C16.

8.2.2 Compound C18

The SAXS diffractograms of Compound C18 on first heating from 75<C to 125<C is shown
in Figure 8.7. Two distinct LC phases were observed: the p2mm phase at temperatures below

100<C as observed also in C16, and another cubic phase at higher temperatures, with an

Fd3m symmetry.

£
S
=

— 125°C, Fd3m

ﬂ 115°C, Fd§m

L 105°C, Fd3m

RN |, S 95°C, p2mm

tt s b, —— 85°C, p2mm

A\ ¥ 4 N 75°C, p2mm

0.2 0.3 0.4 0.5 06
q(1/A)

Figure 8.7 First heating run of compound C18 from 75 °C to 125 °C.

The lower temperature p2mm phase of C18 has essentially the same structure of that

observed in C16. The lamellar thickness a, corresponding to the separation between aliphatic
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side groups and the rigid cores, increased from 30.9A to 33.1A with the increasing length of
the side group; and the smectic layer thickness, corresponding to the length of the rigid cores,

stayed virtually the same (20.9A and 21.1A) as expected.

7=85°C
(10)
S
S
T
(01) (20)
0.1 0.2 0.3 04 0.5
q(1/A)

Figure 8.8 Powder diffraction pattern of compound C18 in the p2mm phase at 85 <.

Table 8.3 Experimental and calculated d-spacings of C18 in the p2mm phase at 85 <.

(hk) dobs, —Spacing (A) dear. —spacing (A) intensity

(10) 33.1 33.1 100

(01) 211 211 255

(20) 16.6 16.6 6.59
a=331Ab=211A

The higher temperature cubic phase of C18, however, is completely different to that found in
C16. As shown in Figure 8.9 and Table 8.4, the four diffraction peaks observed have indices
(111), (220), (311) and (222) respectively, with a lattice parameter a = 63.9A. The extinction
rule observed that (hkl) must be all even or all odd points to a faced centred cubic lattice.
Furthermore, (200) peak is not observed, suggesting that (h00) must have h=4n, and the only
space groups that satisfy these conditions are F4,32, Fd3 and Fd3m. We have assigned the
phase to Fd3m symmetry as LC molecules tend to assemble into structures with high

symmetry as it normally increases the entropy of the system.
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T=125°C
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(311) (222)
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(220)
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Figure 8.9 Powder diffraction pattern of compound C18 in the Fd3m phase at 125 €.

Table 8.4 Experimental and calculated d-spacings of C18 in the Fd3m phase at 125 €.

(hk1) dobs, —spacing (A) | dcar. —spacing (A) intensity phase

(111) 36.9 36.9 100 0

(220) 225 22,6 0.70 -

(311) 19.3 19.3 1.46 -

(222) 185 18.4 2.24 0
a=63.9A

Low

Figure 8.10 Reconstructed electron density map of the Fd3m phase of compound C18.
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In the reconstructed electron density map of the phase (Figure 8.10), on the basis of the Fd3m
space group, the high electron density regions form a network of straight segments. There are
two important differences between the Fd3m network and that observed in the Ia3d phase. In
the 1a3d phase there are two interpenetrating, but new intersecting, networks, but in the
Fd3m phase there is only one single network. The second is that in the la3d phase there are
three segments joining each other at one junction point, in the Fd3m phase there are four
segments at each junction. It is believed that like in the la3d phase found in C16, Fd3m
phase network segments are formed by bundles of rigid molecular cores, with the aliphatic

side groups filling the rest of the space.

The positions of the junction points in the unit cell, is exactly the positions of carbon atoms in
a diamond unit cell, and the network segments are equivalent to the covalent bondings
between them. The Fd3m phase is in fact closely linked to the double diamond cubic Pn3m
phase, where instead of a single diamond network, there is two interpenetrating diamond
networks. Starting from the Fd3m network, one can generate the double diamond network by
making of copy of the network and shift it by (a/2,0,0) in the Fd3m unit cell. Therefore, we

call this Fd3m phase the single diamond network cubic phase.

The length of the network segment in the Fd3m phase is proportional to the lattice parameter
a with a factor of v/3/4, and it can be calculated for C18 that the segment length is 27.7A.
This value is virtually the same as found for C16 in the la3d phase, and is in line with our
molecular models that in both cases the network segment is formed from a bundle of
molecular cores, the length of it is determined as a consequence by the length of the rigid
molecular core. The number of molecules in each segment/bundle is found to be 10, slightly
fewer than the 13 in the la3d phase of C16.

It should be noted that cubic phase with Fd3m space group has been observed before in
Lyotropic systems [3]. However, there the surfactant molecules form spherical micelles
instead of being continuous in our case. This Fd3m phase is the first bicontinuous single

diamond network cubic phase in liquid crystals, including both thermotropic and lyotropic.

114



Chapter 8 Double Gyroid and Single Diamond Network Cubic Phases Formed from Bundled
Bolaamphiphiles with a Terphenyl Core and a Swallow-Tailed Side Group

8.2.3 Compound C20

T=127°C

lq2 (a.u.)

(400)337)  (333)

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
q (1/A)

Figure 8.11 Powder diffraction pattern of C20 in the Fd3m phase at 127 €.

Table 8.5 Experimental and calculated d-spacings of the Fd3m phase in C20 at 127 €.

(hkl) dobs, —spacing (A) dcar. —spacing (A) Intensity Phase
(111) 374 374 100 0
(220) 22.8 22.9 1.84 -
(311) 19.8 19.5 0.230 n
(222) 18.7 18.7 5.22 0
(400) 16.1 16.2 0.189 0
(331) 14.8 14.9 0.167 0
(333) 12.4 12.5 0.247 0
a=648A

In compound C20, only Fd3m phase is found. The lattice parameter (Table 8.5) is very
slightly increased to 64.8 A (63.9A in C18), with segment length 28.1A (27.7A in C18).
Again, this is in line with our proposed model of the phase. There are 10 molecules in each
bundle/segment, the same as in C18. In this compound seven diffraction peaks, (111), (220),
(311), (222), (400), (331) and (333) are observed, consistent with the Fd3m space group. The
reconstructed electron density map (Figure 8.12), shows clearly the single diamond network

formed by rigid molecular cores.
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Figure 8.12 Reconstructed electron density map of the Fd3m phase of C20.

8.2.4 Compound C22

lq2(a.u.)

150°C, Fd3m
130°C, Fd3m

110°C, Fd3m
90°C, Fd3m
80°C, Fd3m

_/ 70°C, Fd3m
_/\ 60°C
0.1 0.2 0.3 0.4 0.5
q(1/A)
Figure 8.13 SAXS diffractograms of C22 from 60 °C to 170 °C in the first heating scan.

, 170°C, Fd3m
/ J
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(111) T=110°C

Iq2(a.u.)

(311) (222)
(2200 \ A

0.1 0.2 03 0.4 05
q(1/A)

Figure 8.14 Powder diffraction pattern of C22 in the Fd3m phase at 110 €.

Table 8.6 Experimental and calculated d-spacings of C22 in the Fd3m phase at 110 €

(hkI) dobs, —spacing (A) dear. —spacing (A) intensity phase

(111) 38.3 38.3 100 0

(220) 23.3 234 2.57 T

(311) 19.9 20.0 2.50 T

(222) 19.0 19.1 6.18 0
a=66.3A

High

Low

Figure 8.15 Reconstructed electron density map of the Fd3m phase of C22.
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In compound C22, only LC phase found is the Fd3m phase. The lattice parameter a (Table
8.6) is increased to 66.3 A (63.9A in C18), with segment length 28.7A (27.7A in C18). Again,
there are 10 molecules in each bundle/segment, the same as in C18 and C20. The

reconstructed electron density map is shown in Figure 8.15.

8.3 Conclusion

A series of bolaamphiphiles, with a terphenyl core, two glycerol end groups, and a swallow-
tailed side group of different lengths, were studied. Three different LC phases were observed,
including two bicontinuous cubic phases with la3d and Fd3m space group symmetries,
respectively. In both cubic phases, the rigid cores of the molecules (about 10 of them) come
together and form a bundle, and these bundles connected with each other through H-bonding
between their end-groups, and form networks. While in the la3d phase there are two
interpenetrating networks, in the Fd3m phase there is only one, the first of its kind in liquid

crystals.
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Conclusions and Future Work

The results presented in this PhD thesis show how simple modifications of classic liquid
crystalline compounds could lead to a variety of 2D and 3D complex modes of self-assembly.
The determination of such structures and understanding of how molecules self-assemble to
form such phases have provided us unprecedented insight into the controlling parameters of
such phases. For example, there is now strong evidence to support that helical columns
formed by polycatenar compounds is in fact a universal underlying feature of all bicontinuous

phases they form.

X-shaped polyphiles, composed of a rigid aromatic rod and two flexible lateral chains, have
been found to form a series of 2D and 3D structures at different temperatures. The meso-
phase separation is caused by the incompatibilities of different moieties in the molecules. As
the temperature influences in varying degrees on the volumes of the lateral chains, structures
with different symmetries can be formed. 2D “single colour” and “two colour” (chessboard-
like) square honeycombs, as well as rhombic honeycombs are observed. Also, 2D-3D
transitions take place, resulting in distorted columns or a “double-wigwam” cage-like

tetragonal phase.

Polycatenar liquid crystalline molecules usually consist of a long rigid rod-like aromatic
central core and a number of flexible side chains in terminal positions. In polycatenars, the
highly conjugated aromatic cores of the neighboring molecules are attracted together due to
van der Waals forces. This attraction leads to microphase separation and results in the
formation of liquid crystal structures. A variety of mesogenic phases can be observed by
changing the length or number of the terminal chains. Here, the achiral bicontinuous la3d
phase, the chiral tri-network Im3m phase and many complex 3D phases, such as SmQ,
P2,2:2;, distorted la3d, distorted Im3m phase, are observed. Also, the dynamic mirror
symmetry breaking phenomena is found in the isotropic liquid formed by achiral polycatenar
liquid crystalline compounds, which leads to the formation of the chiral isotropic phase.

For the swallow-tailed T-shaped bolaamphiphiles, three different LC phases were observed,
including two bicontinuous cubic phases with la3d and Fd3m space group symmetries,
respectively. In both cubic phases, the rigid cores of the molecules come together and form a

bundle, and these bundles connected with each other through H-bonding between their end-
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groups, and form networks. While in the 1a3d phase there are two interpenetrating networks,

in the Fd3m phase there is only one, the first of its kind in liquid crystals.

The current project also points to many directions to further explore and some of them are

listed below.
In X-shaped molecules

e Study of critical transitions between single and two-coloured honeycomb columns
with square cross-sections.

e Design molecules for “multi-colour” columnar liquid quasicrystals.
In polycatenar compounds

e Study, more quantitatively, the transitions from chiral isotropic phases to bicontinuous
cubic phases by spectroscopy. This should be combined with molecular modelling.

e Determine the structures of a number of newly discovered non-cubic phases and
achieve a better understanding of their relationship to previously known bicontinuous

cubic phases.
In bolaamphiphiles

e Understand the parameters that control the formation of the single network cubic
phases and how it is linked to double network cubic phases.

e Design molecules that can possibly form other single network cubic/non-cubic phases.
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