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Abstract

Recently, a new class of free-standing chiral nematic mesoporous silica and organosilica
films was developed using nanocrystalline cellulose as a template. Due to their unigque structures
these films are iridescent, and by varying synthetic conditions it has been shown that this
iridescence can be tuned to selectively reflect incident light of different wavelengths across the
entire visible spectrum. However, upon formation of the mesostructure, these optical properties
are locked in and can no longer be altered. Herein | describe alternate techniques to modify the
optical properties of these silica and organosilica films by infiltration with guest molecules after

the films have been prepared.

Liquid crystal mesogen 5CB and 8CB were loaded into the pores of unfunctionalized and
octyl and phenyl functionalized silica films. Thermal cycling of these new composite materials
elucidated a sharp and reversible optical change in the 8CB loaded octyl functionalized silica
films. Additional studies including variable temperature POM and UV-Vis spectroscopy were
conducted on this system prepared with organosilica films. This approach was then expanded on
by doping an azobenzene derivative in 1, 5, and 10 % by weight into the 8CB liquid crystal
before loading the mixtures into the films. A reversible optical change was then brought about in
this system by irradiation at different wavelengths. Further development of these methods could
lead to their implementation in the still emerging fields of sensing and display technologies

involving colour information.
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Chapter 1: Introduction

1.1 Chemistry of Light and Colour

The world all around us appears coloured. These colours are the result of light interacting
with an object and being absorbed, transmitted, or reflected. If the wavelengths are within the
range of visible light, those which the human eye can detect, then one or a combination of these
effects allow us to see colours. Regardless of whether or not we can see their effects, these
processes can occur with all wavelengths of light throughout the whole spectrum, and can be
detected by other means. There are two general factors that determine which light is absorbed,
transmitted, or reflected: chemical and physical properties. For example, dyes and pigments rely
on the chemical properties of the molecules involved to produce colour through absorption of
specific wavelengths of light.! Azobenzene derivatives can range from yellow to orange to red
depending on their particular substitutions which give rise to subtle differences in their electronic
absorption spectra.? However, colour can also be dictated based on the physical properties of an
object and their effect on light. In fact there are many examples of periodic nanostructures
which give rise to colouration due to interference, diffraction, or scattering of light from the
physical structure of materials.>** For example, in nature the periodic chitin nanostructures of
many insects cause Bragg reflection of light which is responsible for their beautiful iridescent
colours.® These types of structures can be purely organic, inorganic, or composite materials, and
their interaction with light can yield a range of different colours. An advantage of colour

generated by physical means is that it is generally more stable. As opposed to colour generated

1



by light absorption, the materials responsible for physical colouring do not have to absorb light
which can excite molecules and change their reactivity and thus their stability. Furthermore, it is
necessary to use a different molecule or compound to produce different colours from a material
with colour originating from absorption, whereas more than a single physical colour can be

produced from one material.’

d
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Figure 1-1. Graphical representation of Bragg diffraction where d is the distance between
repeating features and 0 is the angle of incident light. Adapted from reference 8.

Photonic crystals are materials patterned with periodically varying refractive indices that
create a range of frequencies called the photonic bandgap, which forbids propagation of that
certain frequency range of light. Photons with energies lying in the bandgap cannot propagate
through the medium. The size and position of the bandgap depends on factors such as the
repeating distance, refractive index contrast, and the specific ordering of the photonic crystal. If

incident light falls within the photonic bandgap it is selectively reflected due to Bragg diffraction



(Figure 1-1), whereas if it falls outside of the photonic bandgap it is transmitted.® This behaviour
can give rise to interesting optical properties. For instance, photonic crystals can appear
coloured if their features are on the length scale of visible light. They occur naturally in many
forms, but they can also be manmade. Photonic crystals can be classified as one-dimensional,
two-dimensional, or three-dimensional depending on their organization (Figure 1-2).2° A Bragg
grating, which consists of alternating layers of materials with different refractive indices with
characteristic repeating distance, is an example of a one-dimensional photonic crystal. An
example of a two-dimensional photonic crystal is a substrate with periodically drilled holes
designed to be transparent to the wavelength of radiation that the bandgap is to block. Examples
of three-dimensional photonic crystals include opals and inverse opals (Figure 1-3).** Due to
their interesting properties, photonic crystals have found use in a wide range of applications.
One of their first commercial uses was found in fibre optics and waveguides. Porous photonic
crystals also have shown potential in sensing due to the ability for guests to bring about a colour

change by varying the refractive index contrast within the material.***

LT L7 L
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Figure 1-2. Representations of (a) 1D (b) 2D and (c) 3D photonic crystals.
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Figure 1-3. Schematic of (a) an opal and (b) and inverse opal. Adapted from reference 11.



1.2 Liquid Crystals

Liquid crystals (LCs) have properties intermediate to those of solids and liquids. They flow
like a liquid, but also have the crystal-like orientational and/or positional ordering of a solid.*
There are two general types of liquid crystals: thermotropic and lyotropic. Thermotropic phases
occur within a certain temperature range above which the sample is isotropic and below which it
is crystalline.  Lyotropic liquid crystals exhibit phase transitions as a function of the
concentration of LC molecules in a solvent, but they can also be influenced by temperature or
other factors. Liquid crystalline phases are characterized by their degree and type of ordering,
which can be short-range or long-range positional and/or orientational order. These phases rely
on self-assembly of the LC molecules involved which is governed by their fundamental order-
inducing units or mesogens. One of the most common LC phases is the nematic phase, which
consists of rod-shaped molecules with long-range directional order, but no positional order.
Smectic liquid crystal phases are found at lower temperatures than the nematic and have an

additional positional order along one direction to form layers.

The chiral nematic phase, or cholesteric phase (so named because it was first observed by
Reinitzer in cholesterol derivatives),™ exhibits a twisting of adjacent molecules parallel to the
nematic director due to their asymmetric packing and results in long-range chiral order. Chiral
nematic phases can be observed for thermotropic or lyotropic LCs, and can form either due to the
chirality of the molecules themselves or through the addition of a chiral dopant. Chiral nematic
liquid crystals (CN-LCs) have a characteristic pitch, which refers to the distance over which the

director makes a full 360° twist. If this pitch is on the order of the wavelength of visible light,



CN-LCs appear coloured. This is because they behave as one-dimensional photonic crystals,
since the helical ordering of the nematic director leads to a periodically changing refractive index
within the material. The selective reflection of light from a CN-LC occurs according to the

following equation:

in which the wavelength of light reflected (L) is related to the helical pitch (P), the average
refractive index (nay), and the angle of incidence (0).° In equation 1, A corresponds to the

center of the reflection peak, while the width is given by the following equation:
AL=PAnN (2)

where An corresponds to the birefringence of the liquid crystal. Additionally, reflection from a
CN-LC only occurs for light with a circular polarization that matches the handedness of the
helical structure (Figure 1-4). Only right-handed circularly polarized light will be reflected from
a right-handed chiral nematic structure, and only left-handed circularly polarized light will be
reflected from a left-handed chiral nematic structure, and for both cases the handedness of the

polarization does not flip upon reflection.



Figure 1-4. Schematic representation of diffraction from a CN-LC. Adapted from reference 41.



1.3 Nanocrystalline Cellulose

Cellulose is a linear polysaccharide with the formula (CgH100s), consisting of a chain of
hundreds to thousands of B-1,4 linked D-glucose units (Figure 1-5). Cellulose is the primary
structural component in plants and trees and is the most common organic compound on earth,
making it one of the most abundant and renewable resources available.*’ Its fibres are widely
used industrially in the pulp and paper industry and in textiles, mainly obtained from wood pulp
and cotton. Cellulose has remarkable mechanical properties and stability.*® The straight chain
polymer adopts a rather stiff rod-like conformation and neighbouring chains form hydrogen
bonds (Figure 1-6) holding them firmly together and imparting high tensile strength on the
microfibrils they form.*?° Cellulose is insoluble in water and most organic solvents, however

cellulose can be functionalized to form soluble derivatives.

OH

OH

HO
OH

OH

Figure 1-5. Chemical structure of cellulose.

Cellulose fibres used in industrial applications are typically tens of micrometers in width

with lengths ranging from several millimeters to centimeters. These fibres can be broken down
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further using chemical approaches to obtain nanoscale cellulose materials. Nanocrystalline
cellulose (NCC) consists of rigid, rod-like particles produced by the acid hydrolysis of cellulose
(Figure 1-7). The amorphous regions of cellulose are more susceptible to acid catalyzed
hydrolysis than the highly crystalline regions, so they can be selectively removed under the right
conditions to isolate the NCC particles which are typically purified by centrifugation and
dialysis.?** When derived from plant sources NCC particles have diameters of ~3-20 nm and
lengths of ~100-300 nm; the exact dimensions depend largely on the specific cellulose source

and exact method of preparation.
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Figure 1-6. Some possible hydrogen bonding structures of cellulose. Reproduced in part with
permission from reference 20. Copyright 2004 American Chemical Society.
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Figure 1-7. Modified chemical structure of cellulose after sulfuric acid hydrolysis.

Nanocrystalline cellulose suspensions exhibit a chiral nematic phase. This was first
reported by Revol et al. in 1992.2 Above the critical concentration of NCC, a chiral nematic
phase spontaneously separates out. This phase is in equilibrium with the isotropic phase, which
will disappear at high concentrations of NCC. On drying by slow evaporation, this phase can
solidify into twisted layers that retain the chiral nematic organization. The helical pitch of NCC
suspensions is typically on the order of microns, however a significant decrease occurs upon
drying due to the increase in concentration that occurs with evaporation. The resultant films
exhibit selective reflection of light and can appear coloured if that reflection falls within the
wavelengths of the visible region. Factors such as temperature, ions present, aspect ratio,
external field, and preparation conditions can influence the chiral nematic self-assembly of
NCC 24?2218 By varying one or many of these factors, the pitch can be tuned to alter the
properties of the resultant NCC films and produce films of different colours. It should also be
noted that due to the inherent chirality of the cellulose source, only left-handed structures

(suspensions and films) have been observed for NCC.
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There are many potential applications for NCC due to its mechanical properties (strength
and high surface area), hydrophilicity, dispersibility and functionalization potential, and non-
toxicity and environmentally friendly nature.”®*® For example NCC has found use as a filler

additive in polymer materials.*
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1.4 NCC as a Template

Templation is a common chemical practice which involves the use of molecules or larger
particles or objects to serve as a pattern for the synthesis of a consistent product. The template is
the structure which imparts order on the other species, and then after that design is transferred, is
removed. For example the use of a photolithographically patterned surface to transfer a design
or more generally the use of an inflated balloon for producing shaped papier maché are examples
of templation. Supramolecular chemistry can also involve templates in template-directed
synthesis, which involves the self-assembly of molecules through non-covalent interactions to
pre-organize the system for a chemical reaction. For example, the combination of a surfactant
liquid crystal with an inorganic precursor followed by condensation and template removal results

in a porous inorganic solid.*

Templation is often used in order to prepare porous materials, which can be either
microporous (<2 nm), mesoporous (2-50 nm), or macroporous (>50 nm) as defined by IUPAC. *
The intermediate size regime of mesopores can be especially advantageous as the pores are large
enough to be infiltrated by various guests, but small enough to give high specific surface areas.
Mesoporous silica was the first ordered mesoporous material to be prepared by template
synthesis.®****  Typically, mesoporous silica is synthesized under aqueous conditions with a
tetraalkoxysilane silica precursor, such as tetramethyl orthosilicate (TMOS) or tetraethyl
orthosilicate (TEOS). A solid silica network is formed by hydrolysis and condensation reactions
around the template, which can then be removed through calcination or solvent extraction to give

mesoporous silica. Mesoporous organosilicas have also been synthesized in a similar manner,
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but using bridged precursors of the general type (R’30)3Si-R-Si(OR’3)3.*%"*  This sol-gel
chemistry is very versatile and generally quite robust and can be carried out over a wide range of
conditions resulting in mesoporous silicas and organosilicas with many different structures and

morphologies.

Nanocrystalline cellulose has the perfect dimensions to serve as a template to form
mesoporous materials. Furthermore its properties are advantageous in a sol-gel approach. In
2003, Mann et al. reported the use of NCC as a template to form mesoporous silica.>®
Unfortunately, while the size dimensions of NCC were transferred to the pores of the resultant

materials, the chiral nematic organization was lost.

Although this early attempt to transfer the chiral nematic organization of an NCC
template to the resultant silica material was unsuccessful, more recently our group was able to do
just that by controlling the pH and concentration of the aqueous NCC suspension prior to its use
as a templation agent.*° It was found that a 3 weight % suspension of NCC at pH = 2.4 retained
its chiral nematic phase upon evaporation induced self-assembly (EISA) in the presence of a
silica precursor, thus imparting that order onto the silica, which remained in the pores even after
NCC removal. Additionally, the helical pitch of the pores in the resultant chiral nematic
mesoporous silica films could be tuned by varying the concentrations of the precursors to be on
the order of the wavelength of light throughout the visible spectrum and into the infra red, such
that the films appeared coloured due to the selective reflection of those wavelengths (Figure 1-8).
This was also recently accomplished using an organosilica precursor resulting in chiral nematic
mesoporous organosilica films with improved flexibility over the brittle silica films and similar
optical properties.* It was also shown that by infiltrating these films with isotropic liquids of a

near refractive index match that the selective reflection could essentially be shut off, but upon
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drying they revert back to their coloured, iridescent form (Figure 1-9). These new materials

show promise in chiral separations, sensing, and decorative applications.

Figure 1-8. Photograph showing the range of colours attainable in the silica films. Reproduced
in part with permission from reference 40. Copyright 2010 Nature Publishing Group.

Figure 1-9. Photograph of a silica film depicting the significant optical change after addition of a
drop of water.
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1.5 Overview of the Thesis

The goal of this thesis is to develop new methods to modify and tune the optical
properties of free-standings films of chiral nematic mesoporous silica and organosilica. Once the
films are formed their properties are locked in place, however by the incorporation of guests it is
possible to alter these after the fact by other means. Furthermore, by the incorporation of
responsive guests with stimuli induced optical changes themselves, it is possible to induce
additional multiple optical changes after the guests have been incorporated into the pores. These
new composite materials should hold potential for use in real world applications such as for

sensors and displays.

In Chapter 2, | present four new silica-LC composite materials, which exhibit thermally
induced, fully reversible optical changes. Based on their behaviour, | then present an additional
composite material, organosilica-LC, with enhanced properties, which also exhibits the desired
thermally induced, fully reversible optical change. | report the preparation, characterization, and
variable temperature studies for all of these materials. Additionally, I attempt to explain and

interpret the results of this work.

In Chapter 3, I introduce an additional set of organosilica-LC composite materials, this
time including an azobenzene component doped into the LC in various proportions. These
materials exhibit irradiation-induced reversible optical changes. | then report the preparation and
characterization of the azobenzene dopant, as well as the preparation, characterization, and
irradiation studies for all of these composite materials. Additionally, | again attempt to explain

and interpret the results of this work.
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Finally, in Chapter 4, | come to some general conclusions and put forward some ideas for

future directions of this work.
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Chapter 2: Liquid Crystal Loading

2.1 Introduction

Many sensors and display technologies, such as temperature sensors and liquid crystal
displays (LCDs), depend on controlling the order in liquid crystalline materials.******% Chiral
nematic liquid crystals (CN-LCs) are an important family of liquid crystals that have a helical
organization of mesogens.” The repeating distance, or pitch, of a CN-LC can be modified by
changing the temperature or pressure, or by applying an external field.**"*34**° One intriguing
property of CN-LCs is that they selectively reflect wavelengths of light that depend on the pitch
of the chiral nematic phase.”® The reflected light is circularly polarized, and its handedness
matches the helicity of the chiral nematic structure.”>**** CN-LCs are thus useful for developing

sensors and displays.®

The selective reflection of light, as observed for CN-LCs, is a fundamental property of
photonic crystals. Photonic crystals, which are structures with a periodically varying refractive
index, are another class of materials that are attractive for developing advanced technologies.®**
%6378 By modulating the refractive index of substances located within the pores of a photonic
crystal, one may modify the optical properties of the structures and control the wavelengths of
light that are transmitted. Photonic crystals infiltrated with liquid crystals are being used to
develop new tunable photonic structures where the optical properties (e.g., position of the stop

band) can be modulated by changes in temperature or other external stimuli.>*®° For example, a

17



photonic crystal infiltrated with 4-cyano-4’-pentylbiphenyl (5CB) showed polarization-
dependent optical properties that depend on the orientation of the liquid crystal in the nematic
phase.®® In another study, indium phosphide-based planar photonic crystals were infiltrated with
a nematic liquid crystal and also showed optical properties that depend on the orientation of the
liquid crystal. ® Other examples of photonic structures infiltrated with liquid crystals are

known 63,64,65

Brett and co-workers have used glancing-angle deposition (GLAD) to fabricate porous,

66.67.68.69.70.71 Theijr porous thin

chiral thin films with optically anisotropic helical microstructures.
films offer an alternative approach to LC alignment that provides a greater level of control than
alignment by substrate surface treatments alone. The porous thin film can act as a host and
provide a large surface area contact for embedded guest LCs, allowing for long-range orientation
control over the entire thickness of the film. Through the use of this novel method, they obtained
LC infiltrated films with enhanced optical properties, including reduced scattering and increased
birefringence compared to the unloaded GLAD films. Additionally, the switching of LCs in a
GLAD film under the influence of an applied field was explored, and preliminary results
indicated that switching remains possible and can lead to a significant change in circular

dichroism.’?"3 7475

Our group recently reported convenient methods to make free-standing mesoporous
silica,”® organosilica,* or carbon films™ with tunable chiral nematic pore structures. This was
accomplished through sol-gel synthesis in the presence of nanocrystalline cellulose (NCC),
which serves as a chiral nematic template. NCC is extracted as a colloidal suspension by acid
hydrolysis of cellulosic materials, typically bleached chemical wood pulps, but other sources,

such as bacteria or cotton can also be used. "% After combustion of the NCC, the resulting
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silica films are mesoporous and have a chiral nematic organization of pores. Consequently, the
films show selective reflection of light that can be tuned from the near-IR to the UV. By using
the organosilica precursor bis(trimethoxysilyl)ethane (BTMSE), we are able to create
mesoporous organosilicas that are less brittle than the pure silica analogues, but retain the same

chiral nematic pore structure and optical properties.

In this chapter, | set out to modify the reflectivity of the silica and organosilica films by
infiltrating the mesopores with a stimulus-responsive guest. 4-Cyano-4’-pentylbiphenyl (5CB)
and 4-cyano-4’-octylbiphenyl (8CBY), thermotropic liquid crystals (Figure 2-1),%* were identified
as excellent candidates since they are commercially available and their thermal properties have

been extensively studied. In the following, I describe the synthesis of phenyl functionalized and

(a) O O C=N

18°C 35°C
Crystalline «<— Nematic «<— |sotropic

®) ase==

20°C 34°C 41°C
Crystalline «—> Smectic «— Nematic <— Isotropic

Figure 2-1. Structures and transition temperatures of thermotropic liquid crystals (a) 5CB and
(b) 8CB.
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octyl functionalized mesoporous silica and octyl functionalized mesoporous organosilica, their
infiltration with LC guests, and subsequent investigations of these new composite materials’
reversibly switchable optical properties. The composites are iridescent, show a peak reflected
wavelength in the visible range, and undergo a sharp, reversible transition around 35 °C or 40 °C
(depending on which LC is involved), above which colourless, transparent films are obtained.
This unique switching of a guest within the pores of the chiral nematic solid-state host may serve

as the basis of a tunable filter or display.
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2.2 Experimental

Materials.

NCC was obtained as a suspension in water (pH 2.4). 1,2-Bis(trimethoxysilyl)ethane, 1-
(triethoxysilyl)octane, and phenyltrimethoxysilane were obtained from Sigma Aldrich; all were
used without further purification. 5CB and 8CB were obtained from Synthon Chemicals.
Hydrochloric acid (36.5 - 38%), sulfuric acid (95 - 98%), and hydrogen peroxide (30 - 31.6%)
were used as received from Fisher Scientific or further diluted where specified. Toluene was

dried over activated alumina prior to use.

Preparation of nanocrystalline cellulose.

For the preparation of nanocrystalline cellulose (NCC) fully-bleached, commercial kraft
softwood pulp was first milled to pass through a 0.5-mm screen in a Wiley mill to ensure particle
size uniformity and to increase surface area. The milled pulp was hydrolysed in sulfuric acid
(8.75 ml of a sulfuric acid solution per gram of pulp) at a concentration of 64 wt% and a
temperature of 45 °C with vigorous stirring for 25 min. The cellulose suspension was then
diluted with cold de-ionized water (about ten times the volume of the acid solution used) to stop
the hydrolysis, and allowed to settle overnight. The clear top layer was decanted and the
remaining cloudy layer was centrifuged. The supernatant was decanted and the resulting thick
white suspension was washed three times with de-ionized water to remove all soluble cellulose

materials. The thick white suspension obtained after the last centrifugation step was placed inside
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dialysis membrane tubes (12,000-14,000 molecular weight cut-off) and dialysed against slow
running de-ionized water, for 1 to 4 days. The membrane tubes containing the extracted cellulose
materials were placed periodically in de-ionized H,O, and the procedure was continued until the
pH of the water became constant for a period of one hour. The suspension from the membrane
tubes was dispersed by subjecting it to ultrasound treatment in a Fisher Sonic Dismembrator
(Fisher Scientific) for 10 min at 60% power and then diluted to the desired concentration (3
wt%). The final NCC suspension was measured to have a zeta potential of -59 mV and a pH of

2.4.

Preparation of Chiral Nematic Mesoporous Silica (CNMS).

200 mL of a 3 wt% aqueous NCC suspension (the NCC used is sulfated and in the acid
form, pH = 2.4) was sonicated for 30 min. The silica precursor, tetramethyl orthosilicate
(TMOS, 8.0 mL, 54 mmol), was slowly added to the NCC suspension over 2 min with constant
stirring. The mixture was then stirred until a homogeneous solution was obtained (30 min). This
solution was divided into 10 mL portions, deposited into 60 mm x 15 mm polystyrene Petri
dishes, and left to slowly evaporate at room temperature for about 48 h. After drying, free-

standing NCCl/silica composite films were obtained.

Removal of the NCC template was accomplished by treatment of the composite films
(0.6 g) in 800 mL of 6 M hydrochloric acid at 80 °C for 18 h. To prevent excessive breakage of
the film pieces, the samples were treated without stirring. After about 18 h, a brown suspension
was obtained containing the silica film pieces. This was cooled to room temperature then

carefully poured into excess cold water to dilute the acid. The silica film pieces were recovered
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by vacuum filtration and rinsed with water. Upon drying, the films were visibly iridescent
primarily in the blue, but appeared slightly discoloured. The film pieces were subsequently
immersed in 300 mL of a chilled piranha solution (1:5 hydrogen peroxide: sulfuric acid) for
approximately 5 min before quenching the reaction with water and further dilution. Free-
standing chiral nematic mesoporous silica films with peak reflectance in the blue region of the

visible spectrum were collected upon filtration.

Octyl functionalization of the Chiral Nematic Mesoporous Silica.

A batch of the CNMS films (300 mg) was prepared for octyl pore functionalization by
heating the films under vacuum at just over 100 °C for 2 h to remove adsorbed water. The
system was subsequently placed under nitrogen and the films were suspended in 5 mL of dry
toluene. 1-(Triethoxysilyl)octane (0.79 mL, 2.51 mmol) was added via syringe, and the mixture
was heated for 18 h at reflux (120 °C) under nitrogen. After cooling to room temperature, the
functionalized film pieces were isolated by vacuum filtration and rinsed with chloroform to
remove unreacted 1-(triethoxysilyl)octane. Upon drying, blue free-standing chiral nematic
mesoporous silica films with octyl pore functionalization were obtained (CNMS-octyl). A water

drop test indicated that these film pieces are hydrophobic.

Phenyl functionalization of the Chiral Nematic Mesoporous Silica.

A batch of the CNMS films (200 mg) was prepared for phenyl pore functionalization by

heating the films under vacuum at just over 100 °C for 2 h to remove adsorbed water. The
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system was subsequently placed under nitrogen and the films were suspended in 5 mL of dry
toluene. Phenyltrimethoxysilane (0.312 mL, 1.67 mmol) was added via syringe, and the mixture
was heated for 18 h at reflux (120 °C) under nitrogen. After cooling to room temperature, the
functionalized film pieces were isolated by vacuum filtration and rinsed with chloroform to
remove unreacted phenyltrimethoxysilane. Upon drying, blue free-standing chiral nematic
mesoporous silica films with phenyl pore functionalization were obtained (CNMS-phenyl). A

water drop test indicated that these film pieces are hydrophobic.

Liquid Crystal Loading of the Chiral Nematic Mesoporous Silicas.

The octyl functionalized and phenyl functionalized CNMS films were prepared for 5CB
and 8CB loading by heating the films on a glass slide to just over 100 °C on a hot plate for 30
min. Next, 5CB or 8CB (warmed to 50 °C, above the transition temperatures into the isotropic
phase) was added dropwise onto the film pieces with a micropipette. The films retained their
blue coloration upon heating, but they became clear and colourless as the LC was introduced.
Approximately 1 uL of LC was applied per 2-3 mg film piece of CNMS-octyl or CNMS-phenyl.
These loaded films were left for 30 min at 50°C to allow the LC to fully diffuse throughout the
pores. After this time the film pieces were cooled back to room temperature. If excess LC was
visible on the surface of the thin film, this was removed mechanically either by wiping with a
Kimwipe or by rinsing with warm water (heated to 45 °C). LC loaded octyl and phenyl
functionalized CNMS (5CB@CNMS-octyl, 5CB@CNMS-phenyl, 8CB@CNMS-octyl, and

8CB@CNMS-phenyl) films were obtained with peak reflectance red-shifted from the original
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blue to green or yellow. Unfunctionalized chiral nematic mesoporous silica film pieces were

also loaded for comparison (5CB@CNMS and 8CB@CNMS).

Preparation of Ethylene-Bridged Chiral Nematic Mesoporous Organosilica (CNMO).

200 mL of a 3 wt% aqueous NCC suspension (the NCC used is sulfated and in the acid
form, pH = 24) was sonicated for 30 min. The organosilica precursor, 1,2-
bis(trimethoxysilyl)ethane (5.0 mL, 20 mmol), was slowly added to the NCC suspension over 2
min with constant stirring. The mixture was then stirred until a homogeneous solution was
obtained (30 min). This solution was divided into 5 mL portions, deposited into 60 mm x 15 mm
polystyrene Petri dishes, and left to slowly evaporate at room temperature for about 48 h. After

drying, free-standing NCC/organosilica composite films were obtained (9.4 g total).

Removal of the NCC template was accomplished by treatment of the composite films
(0.6 g) in 600 mL of 6 M sulfuric acid at 90 °C for 18 h. To prevent excessive breakage of the
film pieces, the samples were treated without stirring. After about 18 h, a brown suspension was
obtained containing the organosilica film pieces. This was cooled to room temperature then
carefully poured into excess cold water to dilute the acid. The organosilica film pieces were
recovered by vacuum filtration and rinsed with water. Upon drying, the films were visibly
iridescent primarily in the blue, but appeared slightly discoloured. The film pieces were
subsequently immersed in 300 mL of a chilled piranha solution (1:5 hydrogen peroxide: sulfuric
acid) for approximately 5 min before quenching the reaction with water and further dilution.
Free-standing ethylene-bridged chiral nematic mesoporous organosilica films with peak

reflectance in the blue region of the visible spectrum were collected upon filtration.
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Octyl functionalization of the Chiral Nematic Mesoporous Organosilica.

A batch of the CNMO films (100 mg) was prepared for octyl pore functionalization by
heating the films under vacuum at just over 100 °C for 2 h to remove adsorbed water. The
system was subsequently placed under nitrogen and the films were suspended in 5 mL of dry
toluene. 1-(Triethoxysilyl)octane (0.30 mL, 0.95 mmol) was added via syringe, and the mixture
was heated for 18 h at reflux (120 °C) under nitrogen. After cooling to room temperature, the
functionalized film pieces were isolated by vacuum filtration and rinsed with chloroform to
remove unreacted 1-(triethoxysilyl)octane. Upon drying, blue free-standing chiral nematic
mesoporous organosilica films with octyl pore functionalization were obtained (CNMO-octyl).

A water drop test indicated that these film pieces are hydrophobic.

Liquid Crystal Loading of the Chiral Nematic Mesoporous Organosilica.

The octyl-functionalized CNMO films were prepared for 8CB loading by heating the
films on a glass slide to just over 100 °C on a hot plate for 30 min. Next, 8CB (warmed to 50
°C, above the transition temperature into the isotropic phase) was added dropwise onto the film
pieces with a micropipette. The films retained their blue coloration upon heating, but they
became clear and colourless as the LC was introduced. Approximately 1 pL of 8CB was applied
per 2-3 mg film piece of CNMO-octyl. Immediately following introduction of the 8CB, a
second glass slide was placed on top of the first to sandwich the film pieces. This setup was left
for 30 min at 50°C to allow the 8CB to fully diffuse throughout the pores. After this time the
glass slides were separated and the loaded film pieces were cooled back to room temperature. If

excess 8CB was visible on the surface of the thin film, this was removed mechanically either by
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wiping with a Kimwipe or by rinsing with warm water (heated to 45 °C). 8CB-loaded octyl-
functionalized CNMO (8CB@CNMO-octyl) films were obtained with peak reflectance red-
shifted from the original blue to green or yellow. Unfunctionalized chiral nematic mesoporous

organosilica film pieces were also loaded for comparison (8CB@CNMO).

Characterization Techniques.

Ultraviolet-visible/near-infrared spectroscopy was conducted on a Cary 5000UV-
Vis/NIR spectrophotometer. Transmission spectra were collected by mounting free-standing
films so that the surfaces of the films were perpendicular to the beam path. The maximum
transmittance was set to 100% in a region away from the reflectance peak. Variable temperature
spectra were obtained using an Oxford Instruments OptistatDN Cryostat. Samples were
prepared for study by sandwiching them between two 18 mm thickness 1 Fisherbrand glass cover
slips and sealing the edges with 5 minute epoxy. Polarized optical microscopy (POM) was
performed on an Olympus BX41 microscope. All images were taken with the polarizers in a
perpendicular (crossed) arrangement. Variable temperature images were obtained with the use
of an Instec hot stage. Thermogravimetric analysis was performed on a PerkinElmer Pyris 6
thermogravimetric analyser. Infrared spectra were obtained with a Nicolet 6700 FT-IR equipped
with a Smart Orbit diamond attenuated total reflectance (ATR) attachment. X-ray diffraction
spectra were collected using a D8 advance X-ray diffractometer with GADDS area detector. Gas
adsorption studies were performed using a Micromeritics Accelerated Surface Area and Porosity
(ASAP) 2000 system. Contact angle images were obtained with a mounted digital camera and

analyzed using FTA32 software.
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2.3 Results and Discussion

The chiral nematic mesoporous silica (CNMS) films and the ethylene-bridged chiral
nematic mesoporous organosilica (CNMO) films used in this study as the liquid crystal host were
synthesized in a similar manner to previously reported procedures.*®** Briefly, homogeneous
mixtures of tetramethyl orthosilicate (TMOS) and NCC or 1,2-bis(trimethoxysilyl)ethane
(BTMSE) and NCC were slowly dried to give free-standing composite films. The NCC
templates were removed by acid hydrolysis in HClq) or HaSOa4g), respectively, followed by a
brief oxidative treatment in H,O,/H,SO4pq) to remove insoluble cellulosic by-products. The
films retained a chiral nematic pore structure as evidenced by a strong selective reflection peak at

approximately 440 nm for silica and 420 nm for organosilica.

| initially investigated the loading of 5CB and 8CB into the as-synthesized CNMS films.
The liquid crystal was loaded into the films at elevated temperature as an isotropic liquid causing
the initially iridescent films to become colorless. Upon cooling to room temperature, the films
regained their iridescence with a red-shifted reflectance peak compared to the unloaded films.
This red shift is caused by the increase in average refractive index after the incorporation of LC
into the mesoporous films. These initial observations demonstrated that LC confined within
CNMS films can be used to thermally switch their optical properties. Thermal switching of
5CB@CNMS and 8CB@CNMS was further studied by variable temperature polarized optical
microscopy (POM, Figure 2-2). In both cases it was found that the LC-isotropic transition was
very broad; the decrease in birefringence with increasing temperature was very gradual and some

birefringence remained in both the LC-loaded films well above the nematic-isotropic transition
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Figure 2-2. Variable temperature POM images of 5CB loaded unfunctionalized silica.

temperature of bulk 5CB (35 °C) and bulk 8CB (41 °C). This may be attributed to strong
anchoring of 5CB and 8CB to the mesopore surface of CNMS as well as poor loading of the
hydrophobic LC molecules into the hydrophilic organosilica. To improve the compatibility and
switching of 5CB and 8CB within the mesoporous material, | functionalized CNMS with octyl
groups and phenyl groups by reacting it with triethoxy(octyl)silane and phenyltrimethoxysilane
to form CNMS-octyl and CNMS-phenyl, respectively. | postulated that this would improve LC
loading by making the silica hydrophobic and facilitate the LC-isotropic transition by providing
a more disordered mesopore surface. 883848 Scheme 2-1 illustrates the preparation of the LC-

loaded materials.
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Scheme 2-1. Synthesis of the chiral nematic mesoporous organosilica composites used in this
study.

Variable temperature POM on these samples showed a relatively sharp and reversible
transition for all four composite materials (Figures 2-3, 2-4, 2-5, and 2-6).  The octyl
functionalized films appeared to have a more complete transition and full loss of birefringence in
comparison to their phenyl functionalized counterparts, whether loaded with 5CB or 8CB.
Additionally when comparing 5CB and 8CB loaded films, those loaded with 8CB had a sharper
transition, occurring over a slightly shorter temperature range than those loaded with 5CB. Thus
when continuing with this work | chose to work exclusively with 8CB loaded octyl
functionalized films. Additionally, during the evolution of this work chiral nematic mesoporous

organosilica was synthesized and identified to be easier to handle due to its less brittle nature and
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resultant larger film piece size. As a result, only octyl functionalized organosilica loaded with

8CB was pursued with further investigations.

358C ——— 40 °C =

Figure 2-3. Variable temperature POM images of 5CB loaded octyl functionalized silica.
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Figure 2-5. Variable temperature POM images of 5CB loaded phenyl functionalized silica.
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Figure 2-6. Variable temperature POM images of 8CB loaded phenyl functionalized silica.

The organosilica films were synthesized in a similar manner to their silica counterparts,
but with an organosilica precursor, BTMSE, rather than TMOS. N, adsorption measurements
were performed on CNMO films both before and after octyl functionalization. In both the
original and subsequent octyl functionalized samples, type IV adsorption isotherms with type H2
hysteresis loops were observed (Figure 2-7). Brunauer-Emmett-Teller (BET) surface areas of
555 and 416 m? g™ and pore volumes of 1.3 and 0.96 cm®g™* were found for CNMO and CNMO-
octyl, respectively. Fairly uniform Barret, Joyner, and Halenda (BJH) peak pore diameters of 7.1
nm and 4.7 nm were found for the CNMO and CNMO-octyl films, respectively. The decreased
surface area, pore volume, and pore diameter are consistent with functionalizing the interior
surface of the mesoporous organosilica with octylsilyl groups. Elemental analysis showed that

the CNMO-octyl contained 22.44% C, and 4.19% H. This corresponds to approximately one
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Figure 2-7. Brunauer-Emmett-Teller (BET) isotherms and Barret, Joyner, and Halenda (BJH)
pore diameter distributions of chiral nematic mesoporous organosilica and octyl functionalized
organosilica: (a) The type IV adsorption isotherm measured for a chiral nematic mesoporous
organosilica film nematic mesoporous organosilica film (N,/77 K). (b) The BJH pore size
distribution for chiral nematic mesoporous organosilica film calculated from the adsorption
branch of the isotherm. (c) The type IV adsorption isotherm measured for an octyl
functionalized chiral nematic mesoporous organosilica film (N2/77 K). (d) The BJH pore size
distribution for octyl functionalized chiral nematic mesoporous organosilica film calculated from
the adsorption branch of the isotherm.
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octyl group per 10 ethyl groups in the structure.* Peaks were observed near 2900 cm™ in the IR
spectrum of the functionalized sample, which can be assigned to the C-H stretching mode of the
alkyl chains. Additionally, octyl functionalization in the interior of the pores was confirmed by
the change in optical properties of the material. There is a redshift in the peak reflectance
wavelength of the chiral nematic structure, consistent with increasing the refractive index in the
pores; this proves that the octyl functionalization occurs within the channels and not only on the
exterior surface of the film. | performed contact angle measurements to prove that the octyl
functionalized materials are hydrophobic (Figure 2-8). Before functionalization, the mesoporous
organosilica films are hydrophilic, and upon exposure to water, the films become clear and
colourless due to an approximate refractive index match between the organosilica walls and the
water in the channels. A contact angle of approximately 28° was measured upon initial contact,
which after a minute decreased by up to 25%. After octyl functionalization, addition of a drop of
water to the films resulted in no change to the colour of the film. This verified that the films are
hydrophobic. A contact angle of approximately 95° was measured upon contact with water, and

after 1 minute only a slight change in angle could be noted (a decrease of 0-2 %).

(a) | (b)

Figure 2-8. Contact angle images of (a) mesoporous organosilica and (b) octyl functionalized
organosilica.

® Assuming a fully condensed structure with a formula of [O15SICH,CH2Si01.5]10[O15SiCgH17]
gives an analysis of 22.61% C and 3.86% H.
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C, and 6.14% H, by weight. This corresponds to about 27 wt% 8CB loaded in total.” This is in
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Figure 2-9. Thermogravimetric analysis (10 C / min in air) of: (a) the NCC/organosilica
composite film, (b) the mesoporous organosilica film, (c) the octyl functionalized organosilica
film, and (d) the 8CB loaded octyl functionalized organosilica film.

b [01,5SiCHzCHzSi01_5]10[01,5SiC8H17] [CN(C6H4)2(CH2)7CH3]1,384 gives an analysis of 46.08% C
and 6.21% H.
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agreement with the TGA data, which indicated the content to be approximately 30% by weight
(Figure 2-9). IR data also confirms the uptake of 8CB into the films (Figure 2-10). An increase
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Figure 2-10. IR spectra of: (a) the NCC/organosilica composite film, (b) the mesoporous
organosilica film, (c) the octyl functionalized organosilica film, and (d) the 8CB loaded octyl
functionalized organosilica film.
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chains is observed, as expected. The appearance of a peak at 2230 cm™ and a pair of peaks near
1600 cm™ and 1500 cm™ that can be assigned to the CN stretching mode and benzene ring
stretching modes of 8CB, respectively, further verifies the incorporation of 8CB into the films.
X-ray diffraction (XRD) of the films after 8CB loading shows an increased intensity at about 20°
2-0, where a broad, intense peak is observed for bulk 8CB at room temperature (Figure 2-11).
This feature is consistent with nematic organization of 8CB within the mesopores of CNMO-

octyl.
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Figure 2-11. Overlaid X-ray diffraction patterns of the octyl functionalized organosilica film, the
8CB loaded octyl functionalized organosilica film, and bulk 8CB. There is a clear difference
between the octyl functionalized free-standing mesoporous organosilica film with chiral nematic
pore structure before and after loading with the liquid crystalline material, 8CB. The data for
bulk 8CB is also displayed for comparison.
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| studied the optical properties of the films before and after loading with 8CB by UV-
visible spectroscopy. Figure 2-12 depicts the changes in peak reflected wavelength between the
CNMO, CNMO-octyl, and 8CB@CNMO-octyl samples. For a chiral nematic structure, the peak

reflected wavelength for incident light normal to the surface is given by Eqn. 1:
Xmax = nang (1)

where nayq is the average refractive index of the material and P is the helical pitch of the chiral
nematic structure.*® The mesoporous organosilica films used in the current study typically

display a reflectance peak at around 420 nm prior to octyl functionalization. After octyl
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Figure 2-12. Overlaid UV-Vis spectra of the mesoporous organosilica film, the octyl
functionalized organosilica film, and the octyl functionalized organosilica film loaded with 8CB.
Note the small and then larger red shifts upon octyl functionalization and LC loading of the
mesoporous organosilica, respectively.
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functionalization, the color of the films does not change drastically, but there is a noticeable red
shift in the UV-Vis spectrum. After loading the films with 8CB, however, a significant red shift
of the reflection peak to =550 nm occurs causing the films to appear green in color. This red shift
can be attributed to the change in na,g brought about by the addition of 8CB, which can have a

refractive index from 1.51 to 1.68 depending on liquid crystalline phase and optical axis.®

Each sample was examined by polarized optical microscopy (POM, Figure 2-13). All of
the samples are birefringent and show textures similar to what has been previously observed for
chiral nematic silica and organosilica films.**** Different domains can be seen, but the overall
texture remains similar between subsequent treatments. Furthermore, there is an apparent color

change after each treatment that agrees with the overlaid UV-Vis spectra in Figure 2-12.

Figure 2-13. POM images of (a) the mesoporous organosilica film, (b) the octyl functionalized
organosilica film, and (c) the 8CB loaded octyl functionalized organosilica film. All
micrographs were taken with crossed polarizers (scale bar, 300 pm).

The main purpose of this work was to study the switching of 8CB within the free-
standing octyl-functionalized organosilica films with chiral nematic pore structure, and to study
the resulting change in optical properties of the host organosilica. When the films infiltrated
with 8CB are heated to 40 °C, around the same temperature as the transition to isotropic for bulk

8CB, they visibly change in appearance, transforming from green and iridescent to clear and
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colourless. Upon cooling, the loaded films return to their original iridescent, green state,
indicating that the process is reversible. | studied this in greater detail using both variable

temperature UV-Vis and POM experiments.

Figure 2-14 shows the overlaid UV-Vis spectra obtained at temperatures from room
temperature (22 °C) to almost 60 °C in 5 degree intervals. This range was chosen in order to
include the phase transition temperatures for the change in bulk 8CB from smectic to nematic,
and nematic to isotropic (35 °C and 41 °C, respectively). From the UV-Vis measurements it is
clear that a large increase in percent transmittance occurs between 37 °C and 42 °C, leaving only
a small, barely detectable peak at the latter temperature. By the next measurement at 47 °C the
peak has completely disappeared and does not change or return at higher temperatures. This
phenomenon is reversible, and upon cooling back through the appropriate temperature range, the
peak returns and increases back to its original intensity. A slight hysteresis in this reversal is
apparent and could be due to confinement in the mesopores. This data is further supported by
variable temperature POM images (Figure 2-15). At room temperature (22 °C) the loaded films
are strongly coloured and birefringent. From room temperature to approximately 38 °C little
change is detected; past 38 °C, however, some decrease in color intensity is observed. This
decrease becomes more significant by 40 °C, and the colouration is completely lost by 42 °C.°
This behavior is completely reversible, and no significant lag is apparent in the images. This
response is very promising for a variety of different applications due to the ease and reversibility

of the optical switching.®”’

¢ If the loaded films are heated much higher, 8CB can leach out of the pores.
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Figure 2-14. Normalized variable temperature UV-Vis spectra of an 8CB loaded octyl
functionalized organosilica film. (a) Heating the film from 295 K to 330 K, with spectra
recorded every 5 K. The peak at 550 nm decreases in intensity upon heating, with a large change

from 310 K to 315 K, and completely disappears by 320 K. (b) Cooling the film from 330 K to
290 K, with spectra recorded every 5 K.
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Figure 2-15. Variable temperature POM images of 8CB loaded octyl functionalized organosilica
at: (a) 38 °C, (b) 40 °C, (c) 42 °C, and (d) 48 °C. Note the sharp transition over a few degrees,
and the nearly complete loss of colour and birefringence from 38 °C to 42 °C. At higher
temperatures (48 °C +) the 8CB liquid crystal can leach out of the pores. All micrographs were
taken with crossed polarizers (scale bar, 300 pum).

The changes noted previously in our variable temperature experiments, both UV-Vis and
POM, are indicative of a phase transition of the 8CB liquid crystal within the octyl
functionalized organosilica pores. This temperature range found (=38 °C to 42 °C) contains the
transition temperature for 8CB in the bulk from the nematic to isotropic phases (41 °C).
Although bulk 8CB displays a second transition at 35°C (smectic to nematic), this transition is
not noted once the liquid crystal is confined within the pores; likely its geometry is too restrained
by the 5 nm mesopores. The helical pores modify the organization of the 8CB liquid crystal and
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it takes on a chiral nematic organization at room temperature. Upon heating above the nematic-
isotropic transition temperature of 8CB, the film’s colour and birefringence disappear, indicating
a reorganization of the LC within the pores corresponding to a loss of order and transition to the
isotropic phase. As demonstrated by the variable temperature UV-Vis and POM experiments

described earlier, this transition is reversible.

This behaviour compares well with others in the literature. Bulk 8CB itself exhibits a
sharp, reversible nematic to isotropic phase transition at 41 °C. Many studies involving altering
its environment have been undertaken, which can demonstrate departures from bulk behaviour
such as shifts in this temperature and broadening of the transition range. For example, the effect
of 8CB film thickness and surface treatment have been examined; it was found that film
thickness does have an effect on the nematic to isotropic phase shift temperature and that stress
induced by surface orientation at the boundary led to a larger transition temperature shift than
8CB films of different thicknesses on untreated surfaces.®® Confinement effects of nCB liquid
crystals such as 8CB have been further studied by lannacchione and coworkers.?>® They noted
that although present when confined to macropores, the nematic to isotropic transition
temperature shifts and there is an overall broadening of the phase transition. They showed that
confinement had a much stronger effect on the smectic phase, which due to the deformation
imposed by the pore walls had more difficulty in forming with decreasing pore size.
Furthermore, when the liquid crystal was severely constrained by a porous network with an
average pore diameter of ~7 nm, no distinct nematic to isotropic phase transition was observed at
all, but rather a continuous, gradual decrease in local orientational order was observed with

increasing temperature.
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2.4 Conclusions

Loading of 5CB and 8CB into the unfunctionalized pores of chiral nematic mesoporous
silica films and subsequent thermal cycling proved to be ineffective in producing an observable
optical change in the composite material. Preliminary work with octyl and phenyl functionalized
CNMS loaded with 5CB and 8CB established that the sharpest and most complete thermally
reversible transition was found with 8CB loaded octyl functionalized silica films. This led to
expansion of this work with the more flexible organosilica counterpart. It was demonstrated that
hydrophobic octyl functionalized CNMO is an excellent host for the liquid crystal 8CB. The
helical pore structure of the organosilica host enforces a chiral nematic organization on a non-
chiral nematic liquid crystal without the use of a chiral dopant. Variable temperature UV-Vis and
POM studies showed that the 8CB/organosilica composite material undergoes sharp and
thermally-reversible optical switching at a temperature that correlates well with the liquid
crystalline to isotropic transition of bulk 8CB. This approach should be expandable to other
nematic liquid crystals, which will allow for the thermal response of the CNMO films to be
readily tuned. The use of stimulus-induced switching of a guest to modify the optical properties
of a mesoporous host may have possible applications in the development of dynamically

switchable devices in displays or sensors.
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Chapter 3: Azobenzene Doped Liquid Crystal Loading

3.1 Introduction

The azobenzene (AB) molecule is composed of two phenyl rings linked by a nitrogen-
nitrogen double bond.”* Derivatives of azobenzene encompass a wide class of molecules, which
include the core azobenzene structure with different functional groups extending from the phenyl
rings. These compounds are strongly coloured due their absorption of light and are consequently
widely used as dyes in a variety of industrial applications.”** Azobenzene and its derivatives can
exist as two different isomers, trans and cis.®® The cis isomer is less stable than the trans isomer
due to the increased steric bulk of the distorted configuration and less delocalization of electrons.
Thus, in the ground state, the molecule will reside in the trans configuration, but interconversion
of the two can be accomplished by photoisomerization.” The exact wavelength at which
azobenzene isomerisation occurs depends on the specific structure of each azobenzene derivative
molecule. Different substitutions of the phenyl groups result in azobenzene derivatives that
range from yellow to orange to red owing to subtle differences in their electronic absorption
spectra.?  Ultraviolet (UV) light, which corresponds to the energy gap of the n-n* transition,
typically 300-400 nm, causes the trans to cis conversion, whereas visible light, >400 nm, which
corresponds to the energy gap of the n-r* transition or thermal relaxation will cause the molecule
to revert back to the trans form (Figure 3-1).*> The photoisomerization of azobenzene is fast,
occurring on the timescale of picoseconds, while the rate of thermal relaxation is much slower.
This rate can greatly vary from compound to compound, but can often require several hours.
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Figure 3-1. Generic azobenzene photoisomerization.

The light-induced molecular motion from the photoisomerization of azobenzene and its
derivatives can be harnessed to do work on larger scales. For instance, polymeric materials
containing an azobenzene moiety can reversibly deform and selective irradiation can result in

96,97

patterning. Additionally, either when directly incorporated or doped in to a LC film,

azobenzene photoisomerisation can cause a switch to the phase of the material (Figure 3-2).%%

In this work, the objective was to modify the reflectivity of the organosilica films by
infiltrating the mesopores with another stimulus-responsive guest. An azobenzene derivative,
diazene, 1-(4-butylphenyl)-2-(4-methoxyphenyl) (ABD), was selected for infiltration as a dopant
in 8CB due to its relatively facile synthesis and compatible solubility (Figure 3-3). In the
following, LC/ABD mixtures of 1%, 5%, and 10% dopant by volume were prepared (8CB/ABD-
1%, 8CB/ABD-5%, and 8CB/ABD-10%) and then loaded into octyl functionalized chiral
nematic mesoporous organosilica. These new composite materials retained iridescence; however
they also acquired the intense brown-orange colour of the azobenzene derivative. The materials
were then examined for their response to 365 nm irradiation and subsequent thermal and visible
light induced relaxation, and showed varying degrees of change by POM and UV-vis
spectroscopy. This behaviour could potentially be harnessed for applications such as in sensing

or patterning.
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Figure 3-2. Schematic of the doping of a rod-shaped liquid crystal with an azobenzene dopant.
The straight, red rods represent the azobenzene dopant in the trans configuration, while the bent,
blue rods represent the azobenzene dopant in the cis configuration. Reproduced with permission
from reference 7. Copyright 2001 John Wiley and Sons.
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Figure 3-3. Chemical structure of the azobenzene derivative, diazene, 1-(4-butylphenyl)-2-(4-
methoxyphenyl) (ABD).



3.2 Experimental

Materials.

8CB was obtained from Synthon Chemicals. DCM (> 99.5 %), acetone (> 99.5 %), and
chloroform (> 99.8 %) were used as received from Sigma Aldrich or further diluted where
specified. Potassium carbonate, K,CO3, and sodium sulfate, Na,SO., both certified anhydrous,
were purchased from Fisher Scientific. lodomethane, CHsl, was purchased from Sigma Aldrich.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. Diazene, 1-(4-
butylphenyl)-2-(4-hydroxyphenyl) was synthesized by a fellow group member according to

literature procedures.

Synthesis of diazene, 1-(4-butylphenyl)-2-(4-methoxyphenyl).

Diazene 1-(4-butylphenyl)-2-(4-hydroxyphenyl) (1.06 g, 4.13 mmol) was dissolved in
100 mL of acetone. A molar excess of K,CO3; (2 g, 6 mmol) was added to the solution.
lodomethane (388 pL, 6.23 mmol) was then added dropwise with stirring. The reaction mixture
was left at reflux (60 °C) for 18 h. After that time had elapsed, the reaction mixture was
removed from the heat and allowed to cool. The solvent was removed by rotary evaporation and
the remaining residue was partitioned between water (200 mL) and DCM (200 mL). The organic
layer was collected and set aside, while the aqueous layer was further extracted with three 75 mL

portions of DCM. The combined organic layers were dried with Na,SO,4, vacuum filtered, and
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concentrated by rotary evaporation. Diazene, 1-(4-butylphenyl)-2-(4-methoxyphenyl) (ABD), a

viscous, dark orange/brown liquid was obtained.®

'H NMR (400 MHz, CDCls): & (ppm) 7.96 (d, J = 9.14 Hz, 2H, aromatic CH), 7.86 (d, J
= 8.22 Hz, 2H, aromatic CH), 7.34 (d, J = 8.22 Hz, 2H, aromatic CH), 7.04 (d, J = 8.83 Hz, 2H,
aromatic CH), 3.89 (s, 3H, OCH3), 2.72 (t, J = 7.61 Hz, 2H, CH,), 1.68 (quin, J = 7.61 Hz, 2H,
CHy), 1.34 - 1.51 (m, 2H, CH,), 0.99 (t, J = 7.31 Hz, 3H, CHz); *C NMR (100 MHz, CDCls): &
(ppm) 161.8, 150.9, 145.7, 129.0, 124.5, 122.5, 114.1, 77.3, 77.0, 76.7, 55.5, 35.5, 33.4, 22.3,

13.9; IR (neat): v = 2956, 2929, 2857, 1599, 1584, 1500, 1249, 1152, 1140, 1030, 836, 555 cm™.

Preparation of the LC/Dopant Mixtures.

Three different 100 uL liquid crystal/azobenzene dopant (LC/ABD) samples were
prepared by mixing 99 uL 8CB with 1 uL azobenzene dopant, 95 puL 8CB with 5 pL azobenzene
dopant, and 90 puL 8CB with 10 uL azobenzene dopant, resulting in 1%, 5%, and 10% v/v doped
mixtures, respectively. The samples were prepared by combining the appropriate amounts of
8CB (warmed to 50 °C, above the transition temperature into the isotropic phase) and diazene, 1-
(4-butylphenyl)-2-(4-methoxyphenyl) in chloroform (15 mL). The resultant mixtures were
heated to 50 °C with stirring for 1.5 h. After this time, the mixtures were allowed to cool and
concentrated by rotary evaporation, yielding the final 1%, 5%, and 10% v/v doped mixtures
(8CB/ABD-1%, 8CB/ABD-5%, and 8CB/ABD-10%). They appeared orange in colour, darker
orange with higher concentrations of the dopant, and their consistency closely resembled the

phase at the corresponding temperature of their primary component, 8CB.

¢ Although this compound is available from Aldrich, it is expensive so | prepared it myself.
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Preparation of the Loaded Films.

The octyl functionalized CNMO films were prepared for LC/ABD loading by heating the
films on a glass slide to just over 100 °C on a hot plate for 30 min. Next, the LC/ABD mixtures
(warmed to 50 °C, above the transition temperature of 8CB into the isotropic phase) were added
dropwise onto the film pieces with a micropipette. The films retained their blue coloration upon
heating, but they lost their iridescence and became strongly orange coloured after the LC/ABD
mixtures were introduced. Approximately 1 pL of each mixture was applied per 2-3 mg film
piece of CNMO-octyl. Immediately following introduction of the LC/ABD mixtures, a second
glass slide was placed on top of the first to sandwich the film pieces. This setup was left for 30
min at 50°C to allow the mixtures to fully diffuse throughout the pores. After this time the glass
slides were separated and the loaded film pieces were cooled back to room temperature. If
excess LC/ABD mixture was visible on the surface of the thin films, this was removed
mechanically by wiping with a Kimwipe. 8CB/ABD loaded octyl functionalized CNMO
(8CB/ABD-1%@CNMO-octyl, 8CB/ABD-5%@CNMO-octyl, and 8CB/ABD-10%@CNMO-
octyl) films were obtained that still displayed iridescence, but were also strongly coloured
orange. Unfunctionalized chiral nematic mesoporous organosilica film pieces were also loaded
for comparison (8CB/ABD-1%@CNMO, 8CB/ABD-5%@CNMO, and 8CB/ABD-

10%@CNMO).

Characterization Techniques.

Ultraviolet-visible/near-infrared spectroscopy was conducted on a Cary 5000UV-

Vis/INIR spectrophotometer. Transmission spectra were collected by mounting free-standing
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films so that the surfaces of the films were perpendicular to the beam path. The maximum
transmittance was set to 100% in a region away from the reflectance peak. Polarized optical
microscopy (POM) was performed on an Olympus BX41 microscope. All images were taken
with the polarizers in a perpendicular (crossed) arrangement. Infrared spectra were obtained
with a Nicolet 6700 FT-IR equipped with a Smart Orbit diamond attenuated total reflectance
(ATR) attachment. 400 MHz *H NMR and 100 MHz **C NMR spectra were recorded on a

Bruker AV-400 spectrometer.
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3.3 Results and Discussion

The azobenzene dopant, diazene, 1-(4-butylphenyl)-2-(4-methoxyphenyl) (ABD), was
synthesized by methylation of diazene, 1-(4-butylphenyl)-2-(4-hydroxyphenyl) (Scheme 3-1)'%
with a reasonably good yield (~80%). The viscous, brown liquid that was obtained did not
require any further purification as seen by the *H NMR (Figure 3-4), **C NMR (Figure 3-5), and
IR (Figure 3-6) spectra of the crude product. LC/ABD mixtures were prepared in concentrations
of 1, 5, and 10 volume percent dopant by heating them in chloroform. These were then loaded
into octyl functionalized chiral nematic mesoporous organosilica films to give 8CB/ABD-
1%@CNMO-octyl, 8CB/ABD-5%@CNMO-octyl, and 8CB/ABD-10%@CNMO-octyl. These
films retained their iridescence upon loading, however they were also strongly coloured orange
due to the azobenzene dopant (Figure 3-7). Additionally, three other samples were prepared for

comparison by loading the LC/ABD into non functionalized chiral nematic mesoporous

organosilica to give 8CB/ABD-1%@CNMO, 8CB/ABD-5%@CNMO, and 8CB/ABD-

10%@CNMO.
K2C03 (1 5 eq
N, CHzl (1.5 eq.)
NOOH acetone O
reflux, 18 h

~80% yield

Scheme 3-1. Synthesis of the azobenzene dopant.
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Figure 3-5. 1*C NMR spectrum (100 MHz, CDCls) of the azobenzene dopant.
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Figure 3-6. IR spectrum of the azobenzene dopant.

POM images of the films after loading (Figure 3-8) show that birefringence is retained in
the octyl functionalized samples; however the birefringence of the non functionalized samples is
greatly diminished. Irradiation at 365 nm proved to have an effect on the loaded films. After 2

minutes of irradiation they appeared to have lost iridescence and inspection by POM showed a

10% 5% 1%

Figure 3-7. Photographs of CNMO-octyl films loaded with azobenzene doped 8CB.
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significant loss of birefringence as well (Figure 3-9). The film pieces loaded with the LC/ABD
of highest ABD percent (8CB/ABD-10%) showed a more complete transition than the films with
8CB/ABD-5%. The 8CB/ABD-1% loaded films showed little if any change after irradiation.
This would follow since it is the deformation of the azobenzene derivative dopant which
destabilizes the liquid crystalline phase and causes the transition to isotropic. When the
molecule is in the trans form, it is relatively linear and packs nicely with the chiral nematic phase
of the 8CB within the pores. Upon irradiation, however, the molecule isomerizes to the bent cis
form and destabilizes this packing. If enough dopant is present, as is the case with 5% and even
more so with 10% dopant by volume, this destabilization is sufficient to cause an overall phase

change within the films.

5% - non octyl

Figure 3-8. POM images of the films loaded with azobenzene doped 8CB.
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Figure 3-9. POM images of the composite films after irradiation with 365 nm light for 2 min.

The irradiated films were left out for 24 hours following their exposure to 365 nm light to
allow for thermal and visible light assisted relaxation back to the trans configuration. POM
images of these films reveal that their original state is restored (Figure 3-10). This process is

reversible, and upon further irradiation and time should continue to cycle the LC between phases.

Figure 3-10. POM images of the irradiated films after exposure to visible light for 24 h.

The behaviour before, during, and after irradiation was also studied by UV-vis
spectroscopy. Spectra were recorded for 8CB/ABD-1%@CNMO-octyl, 8CB/ABD-
5% @CNMO-octyl, and 8CB/ABD-10%@CNMO-octyl before exposure to 365 nm light and
then at subsequent intervals of 30 second exposures (Figure 3-11). The spectra shown display up

to a total of 1.5 minutes exposure for 8CB/ABD-1%@CNMO-octyl and 2 minutes exposure time
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for 8CB/ABD-5%@CNMO-octyl and 8CB/ABD-10%@CNMO-octyl at which point subsequent
spectra taken showed no further changes. In all cases, it can be noted that isomerization from the
trans to cis form occurs: the absorbance at ~350 nm corresponding to the m-n* transition
decreases and the absorbance at ~450 nm corresponding to the n-zn* transition increases after

irradiation.

This behaviour is promising as it shows that doped LC can be used to switch the
reflection in the films, but the strong orange colouration of the ABD and thus the loaded films

limits potential applications.
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Figure 3-11. UV-vis spectra of the (a) 1% (b) 5% and (c) 10% dopant loaded films after various
timed intervals of exposure to 365 nm light.
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3.4 Conclusions

Diazene, 1-(4-butylphenyl)-2-(4-methoxyphenyl), an azobenzene derivative suitable for
doping 8CB liquid crystal was synthesized and characterized. The molecule in its trans form
stabilizes the liquid crystalline phase of 8CB, however, once irradiated at 365 nm and if present
in high enough quantities, the bent cis form destabilizes the liquid crystal phase enough to cause
a transition to isotropic. The photoisomerization switching behaviour within octyl functionalized
chiral nematic organosilica films was fully studied by POM and UV-vis experiments. This
approach should be expandable to other liquid crystals doped with azobenzene derivatives,
allowing for the photoisomerization response of the CNMO to be readily tuned. The use of
stimulus-induced switching of a guest to modify the optical properties of a mesoporous host may
have possible applications in the development of dynamically switchable devices in displays or

SENSOrs.
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Chapter 4: Conclusions and Future Work

4.1 Conclusions

Although mesoporous silicas and organosilicas have been synthesized through a template
directed approach since 1992 3333738 it is only over the past few years that nanocrystalline
cellulose has been used to impart chiral nematic ordering on the resultant films.**** These films
display novel optical properties since the chiral nematic photonic structure is retained in the
pores once the template is removed. There are many ways to tune their properties before drying
to obtain films of different colours spanning the entire visible spectrum, however once these
films are set their properties are essentially locked in. It has been shown that infiltration of the
pores with isotropic liquids can shut off or dramatically reduce reflection due to the match or
near match in refractive indexes, which is reversible upon removal.”> The aim of this thesis has
been to explore additional methods, specifically the use of various stimulus responsive guests, to
reversibly modify the reflection in free-standing chiral nematic mesoporous silica and

organosilica films after infiltration.

| have shown two different methods to modify the reflection in free-standing chiral
nematic mesoporous silica and organosilica films. In Chapter 2, | selected two well known
thermotropic liquid crystals, 5CB and 8CB, for infiltration and subsequent thermal cycling.
Although infiltration resulted in an expected optical change due to the refractive index change,

thermal cycling resulted in broad, incomplete transitions. Consequently | sought to modify the
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pore walls to make them more slippery, and accomplished this through both octyl and phenyl
functionalization. The modified pores allowed for more favorable orientation of the guest liquid
crystal and resulted in sharp and complete transitions accompanied by dramatic optical changes.
8CB within octyl functionalized silica was identified to have the sharpest transition, so on
transitioning to organosilica films | further explored this system, including with variable

temperature UV-vis and POM experiments.

In Chapter 3, the addition of an azobenzene guest to the 8CB allowed similar behaviour
to come about through irradiation of the composite films. Mixtures of 1, 5, and 10 %
azobenzene dopant in 8CB were prepared and loaded into octyl functionalized organosilica
films. The dopant molecule in its trans form stabilizes the liquid crystalline phase of 8CB,
however, once irradiated at 365 nm and if present in high enough quantities, the bent cis form
destabilizes the liquid crystal phase enough to cause a transition to isotropic, and results in an
overall optical change of the composite film. This transition was shown to be reversible when

left out in visible light or when allowed to relax thermally.

The work presented in this thesis presents significant findings on modifying the reflection
in free-standing chiral nematic mesoporous silica and organosilica films by infiltration with
stimulus responsive guests. | have shown optical changes brought about by two different stimuli,
heat and light. These systems are very promising for applications such as in sensing and

displays.
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4.2 Future Work

While the results presented in this thesis are very promising, there is much left that can
still be done. Expanding on the work in Chapter 2, it would be interesting to explore further
triggers in addition to temperature that could be used to cycle 8CB within the octyl
functionalized organosilica films. This system could also be expanded to include other LC
guests in order to tune the temperature of the transition and thus the temperature at which the
reflection of the films is altered. Solid-state NMR or additional studies to elucidate the exact

orientation of the liquid crystal guest within the pores would also be something to pursue.

In Chapter 3, a potential drawback of the liquid crystal dopant system was the strong
colouration of the ABD. It could be interesting to examine other photoswitchable molecules that
absorb elsewhere in the spectrum to not only remove the colouration, but also tune the
wavelength of irradiation needed for the isomerization and conformational change. Work is also
underway to directly functionalize the walls of the organosilica with an azobenzene derivative
moiety. In that case, the LC could be loaded into the functionalized films without a dopant, but
the desired phase transition could in theory still be achieved through irradiation of the material

with the appropriate wavelength of light.
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