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Chapter 1

Introduction

Temperature
—

Temperature responsive cholesteric liquid crystals (CLCs) are an important class of
photonic materials that show dynamic reflection properties upon temperature
changes. Such photonic materials are promising for applications in interactive
decoration, sensors, and heat-regulating windows. Development of these materials
into coatings would allow for scalable fabrication of products and a broader range of
applications. This chapter reviews the different classes of temperature responsive
CLC coatings, showing the different molecular systems and the corresponding
mechanisms of the thermochromic behavior. The last part of this chapter describes
the aim of the thesis: the development of easily-processable, robust, transparent,

reversibly temperature responsive CLC coatings.

This chapter is partially reproduced from: Zhang, W.; Froyen, A. A. F.; Schenning, A.
P. H. J.; Zhou, G.; Debije, M. G.; de Haan, L. T. Temperature-Responsive Photonic
Devices Based on Cholesteric Liquid Crystals. Adv. Photonics Res. 2021, 2 (7), 2100016.



Chapter 1

1. General introduction

Electromagnetic waves of different wavelengths are perceived by most eyes as
different colors; this perception is ubiquitous to daily life as humans rely on light for
visual recognition of objects, reception of signals, and appreciation of aesthetics.
However, the visible spectrum makes up only a fraction of solar light: many
wavelengths are invisible to the human eye but are still essential for life on Earth.
Near-infrared light, for instance, is a major component of the sun’s radiation reaching

Earth, predominantly acting as a heating source.!!l

Photonic structures are composed of highly ordered stacks of alternating materials
with differing refractive indices. This periodic modulation creates a “Bragg reflector”
that selectively reflects light of certain wavelengths. Common natural examples of
static photonic structures include the alternating layers found in butterfly wingsi23,
the opal-like structures of bird feathers!*3], and beetle carapaceslé’. However, biology
presents not only static but also dynamic color. Species such as sapphirinid
copepods!®?, panther chameleons!'’], and neon tetra fish!'"! can alter their skin colors
for camouflage or communication purposes. These dynamic, vivid colors rely on
dynamic photonic structures. Decades of biomimetic studies have been conducted to
develop iridescent reflectors in the laboratory.l'>15 Helicoid structures that act as
Bragg reflectors can be built using self-assembled nanocrystals!'¢-"! or blue-phase
liquid crystalsl?], but helicoid temperature-responsive devices are mostly realized by

using cholesteric liquid crystals (CLCs).[2122

Typical thermotropic, calamitic liquid crystals (LCs) consist of rigid mesogenic
groups and flexible spacers (Figure 1.1). The rigid mesogenic groups (cores) often
include aromatic or hexagonal rings, providing crystalline order. The cores are linked
to soft spacer units, usually aliphatic tails. The combination of cores and tails results
in a system with crystal-like order but liquid-like rheology due to the presence of both
hard and soft moieties. By introducing chiral molecules to the achiral nematic (N)
phase, the mesogens self-assemble into the cholesteric (Ch) phase, also referred to as
the chiral nematic (N") phase.® The cholesteric phase is similar to the achiral nematic
phase but with a small rotational offset of the anisotropic mesogenic units from
neighboring units, yielding a helicoidal structure, due to the presence of chiral
dopants that induce the helical twist in either a right- or left-handed manner,

depending on the stereochemistry of the dopant’s chiral center. Incident circularly
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Figure 1.1 Schematic representation of the cholesteric phase with a demonstration of selective
reflection. The central illustration demonstrates the general molecular structure of CLC
systems. The chiral dopants have stereospecific centers that induce the helical twist in the host
mesogens. A typical calamitic achiral LC molecule and a typical chiral dopant molecule are
shown as an example (left), each with a rigid mesogenic group and flexible spacer unit(s). On
the right is a schematic representation of the classical reflection band induced by planar-aligned
CLCs, which is often characterized by transmission spectra. The notch in the transmission
spectra represents the reflection center (A).

polarized light (CPL) of the same handedness as the helix is reflected while the
opposite handedness of CPL is transmitted. This means that for unpolarized incident
light a maximum of 50% of the incoming light can be reflected. The Bragg reflection
wavelength (A) of such helical structures is a function of the helical pitch (p) and 71y
of the cholesteric phase. When observed normal to the surface of the cholesteric, the

Bragg reflection equation can be simplified to Equation 2:
A=Dp Xngyg Equation 1

where A denotes the bandgap’s central wavelength, 7w, the average refractive index.
The pitch p is defined as the distance over which 2m (full) rotations take place. The
helical pitch of CLCs is determined by the helical twisting power (HTP, in um-?) of
the chiral units, the measure of the capacity of compelling the planes of LCs to rotate
through the depth of the layer in the case of planar CLC alignment, the concentration
of chiral units in the system (c), and its enantiomeric excess (ee) (Equation 3). In most

cases, ee is 1, as absolute stereospecific compounds are used. The sign of the HTP is

3



Chapter 1

defined as the handedness induced by the dopant, where a plus sign (+) stands for
right-handedness, and a minus sign (-) stands for left-handedness.

p=1/(HTP X c X ee) Equation 2

Photonic structures must consist of highly ordered periodic microstructures for
proper Bragg reflection. For CLCs, a planar monodomain alignment is required to
present selective reflection properties without light scattering. The advantage of
using CLCs lies in their ability to self-assemble into photonic structures. Compared
to other forms of photonic crystal structures such as opals, block copolymers and
alternating refractive index layers,1?*?"] structural color from CLCs can be achieved
without the presence of phase-separated materials. Furthermore, as a result of the
liquid-like flow behavior, the alignment of CLCs can easily be realized by shear or
capillary forces, or by use of alignment layers, enabling large-scale fabrication of
CLCs into various device forms, including cells (material sandwiched between
substrates), coatings (material on a single substrate), free-standing films,

microcapsules, and even three-dimensional objects.

Technologies based on stimuli-responsive CLC systems that alter their reflective color
are rapidly developing.[2?528 In particular, “smart” temperature-responsive CLCs[?’]
have found their way into numerous applications since they can alter their pitch
length, and thus their reflective color, autonomously with a change in temperature.
Such autonomously responsive CLC systems are desirable as temperature
indicatorsi?, interactive decorationsf!], smart safety labels,1®233 and energy regulating

‘smart’ windows.[34

2. Temperature responsive CLC coatings

Classical CLC systems involve only small mesogenic molecules, where the mesogens
have a high degree of freedom to rotate and displace, which allows for drastically
temperature responsiveness in reflection color (TR-RC). Although small mesogenic
molecules have been thoroughly studied in cells, recent advances in small molecule
systems have shifted the focus towards single-substrate devices, since coatings allow
for easy scale-up of production and could be introduced in a broader range of

applications (e.g. flexible devices) compared to cell-based CLC devices. Small
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Chapter 1

mesogenic molecular systems, however, suffer from poor performance stability over
time due to their fluid-like behavior. There are many modifications to a CLC system
to gain suitability for coating devices, including encapsulation of small mesogenic
molecules, stabilizing with crosslinked network, or creating polymeric CLC systems.
This section will discuss the state-of-the-art temperature responsive CLC coatings
utilizing different molecular systems, driven by different mechanisms, and fabricated

via different methods.

Small mesogenic CLC molecules often generate a temperature responsiveness
through one of two mechanisms: thermal HTP variation and smectic transition. Both
mechanisms are based on the winding/unwinding of the helix, which can achieve a

large reflection band shift.
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Figure 1.2 Schematic representations of two typical TR-RC mechanisms of temperature
responsive CLCs: (a) Heat-responsive helical twisting power and (b) Smectic-cholesteric
transition. (c) Schematic representation of TGBA (smectic A*) phase theory. Reproduced with
permission.B”! Copyright 2006, Taylor & Francis.

The HTP variation stems from different interactions between the changing molecular

conformations of the chiral dopant with the host, which is mainly related to the
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chemical nature of the chiral center (Figure 1.2a). Some CLCs have a smectic A (Sm)
phase transition at lower temperature, and passing through this phase transition can
have a dramatic effect on the photonic structure. The pitch of the unwinding helices
increases towards infinite with decreasing temperature (Figure 1.2b), resulting in an
exceptionally large reflection band shift over a relatively small temperature range. An
example of nematic E7 mixed with chiral dopant S811 in cells presents a large
bandshift of ~500 nm by only a 0.2 °C change of temperature when closing to the

transition point.[3!

The smectic *-cholesteric effect is understood as the gradual growth of smectic
moieties inside the cholesteric phase which causes an enlargement of the pitch. The
smectic phase adopts a close-to-crystal order in layered structures. The CLC that has
a smectic phase transition increases its helical pitch drastically towards infinite during
cooling when the temperature approaches the smectic transition (Figure 1.2b). This
effect is called the pre-transitional effect®l, as it takes place above the smectic

transition point over a wide temperature range.

The smectic-cholesteric transition mechanism is explained by the twist-grain-
boundary phase (TGB) theory.’”] The TGB theory reveals that the twisting of
cholesteric phase serves as an external field similar to mechanical deformation.® This
cholesteric twist deformation, combined with the twist and bend deformation of
mesogens near the smectic transition, leads to a “twisted smectic A” (smectic A*¥)
structure, where smectic domains adopt a twisted pattern between layers (Figure
1.3c). These twisted smectic layers are bound to incur defects*! at their boundaries,
called “grain boundary”. Therefore, the smectic A* phase is also named the TGBA
phase. A defect-less smectic A phase should have no photonic structure, but a TGBA
structure has helical twists due to the defects, and is thus photonic. Maintaining
planar helical alignment upon temperature variations in these systems is essential for
transparent devices. In some cases, rather than shifting the reflection band, the sharp
transition between the smectic and cholesteric phases can instead result in disruption
of the planar helical alignment into a focal conic state (multi-domain), resulting in
scattering.[4l This misalignment can be corrected by annealing in the cholesteric

temperature range with the assistance of an alignment layer.*!l

* The term “smectic” in this thesis particularly refers to the smectic A type.
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Chapter 1

The pre-transitional effect is a powerful mechanism for temperature responsive
photonic systems due to the large response. The smectic-cholesteric transition effect
is the thermochromic mechanism which drives the coating devices described
throughout Chapters 2-5 of this thesis.

(a) Coati «_ Polymer top-coat (d) ‘
‘ oating { = = = Z|«— Small mesogenic ChLC 17 Nl
/—, Substrate | ‘Substrate
/ t ;jf _ ; ; —_— ... yy = —_— = Z — 45 e 4
Coating Stratification Cured coating Coating Stratification Cured coating
deposition deposition
Cooling
(b) (c) \ (e) — ,
Skin 1 .
temperature
—_—
PrE— |
» Room 2 25°C 40°C;
pIRd temperature R &
Heating

Figure 1.3 Demonstrations of photo-induced phase separation yielding a polymeric hard top-
coat that protects the responsive CLC small mesogenic molecules underneath. (a) Scheme of a
one-step photopolymerization-induced phase separation (also known as stratification). (b) The
stratified coating shows a reflection color change upon heating. (c) Flexible devices were
possible using a polycarbonate foil as a substrate. (d) Leakage of the CLC layer can be
prevented by using a substrate with pre-designed trays. (e) A butterfly pattern was 3D printed
on poly(lactic acid). A reversible TR-RC behavior was observed. Reproduced with permission.
421 Copyright 2019, Royal Society of Chemistry.

Adopting either HTP changing or smectic-cholesteric transition mechanisms, these
small mesogenic molecules must be confined to prevent LC leakage. One possible
route is by creating a stratified top layer. To prepare such layers, a temperature-
responsive CLC mixture is blended with UV-curable acrylate monomers and a UV
absorber.[2l After applying a layer of the unreacted mixture on top of a substrate,
subsequent photo-polymerization at a low intensity initiates a polymerization-
induced phase separation (Figure 1.3a). The UV absorber creates a steep light
intensity gradient through the film thickness, causing the UV-curable monomers to
rapidly polymerize near the top surface, promoting the diffusion of additional
monomer to the film surface, thereby forming a hard, polymeric topcoat. Thus, after
photopolymerization, the CLC mixture is protected by a polymer layer and shows a
reasonable degree of alignment. Upon heating, a blueshift was observed due to the
HTP changing of chiral dopant included in the CLC (Figure 1.3b). The smectic-
cholesteric type of CLCs are also applicable here.[*#1 The devices were flexible since

a thin polycarbonate sheet was used as substrate (Figure 1.3c). Additionally,
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substrates consisting of pre-designed trays were fabricated to prevent leakage and to
enhance the structural integrity and robustness of the device (Figure 1.3d).*
Complex patterned substrates can be made in any arbitrary shape and pattern with a
3D printer, for example. Figure 1.3e gives an example of a phase-separated

photopolymerized CLC coating on top of a printed substrate.

(a) (b)

_ Dye-dissolved CLC

Alignment layer
(~2 pm thick)

Elastic shell
(~23 pm thick)

(d)

Figure 1.4 (a) Schematic of a photonic capsule composed of a CLC core with a dye dissolved
into it, an inner alignment layer, and an outer elastic shell. (b,c) Photograph and optical
microscopy image of dried CLC capsules. The capsules maintain their spherical shape and
radially aligned helical axes, which results in photonic cross-communication. (d) TR-RC
demonstration of the CLC microcapsules observed using microscopy. Reproduced with
permission.* Copyright 2018, Science (AAAS).

Encapsulation of small mesogenic CLCs can be also realized in spherical shells. This
results in the development of angular independent TR-RC devices.*”! Using a
microfluidic production method, TR-RC CLC material is confined in elastic shells of
photo-cured silicone methacrylate. Remnant glycerol and polyvinyl alcohol from the
emulsion solution at the shell interface provide a surface with planar anchoring
conditions for the alignment, with the helical axis extending in the radial direction
(Figure 1.4a-c). Due to the radial CLC configuration, the reflection color of the
particles is independent of the viewing angle. The TR-RC was preserved in these
capsules, which showed a red-to-green color shift between 18 °C and 34 °C (Figure
1.4d). A fluorescent dye was doped into the LC phase to allow for lasing. The radial

8
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alignment of the CLC leads to omnidirectional lasing, which can be used for imaging

applications.
(a) <= rod-like LC molecule (b) opaque, white (c) opaque, colored (d) transparent,
: colorless
PVA solution

0 \ D — —_—
{ heating Vi

syrings pump 3D printer

cholesteric

(e)
0go

Figure 1.5 (a,b) the 3D printing procedure of the spherical-CLC-droplet-dispersed PVA
solution into an octopus shape. (c) Upon water evaporation, spherical CLC droplets are
squeezed into oblate CLC droplets and the opaque, white octopus pattern turns into an opaque-
and-colored state. (d) Upon heating to the isotropic phase, the octopus pattern becomes
transparent and colorless. (e) TR-RC behavior of the 3D-printed octopus’ logo. Reproduced
with permission. 481 Copyright 2021, John Wiley and Sons.

One can presume that such microcapsules can be dispersed in a polymeric binder to
establish robust coatings.!*¢#”] Such polymer-dispersed liquid crystal (PDLC) systems
are often highly robust and can be produced without alignment layers, making them
well-suited for all manner of applications. PDLC systems can be also created via
emulsion that enables rapid fabrication of devices in a single production step. A
recent example of 3D printable, emulsion-based PDLC coatings that exhibit a TR-RC
response is based on CLCs having a smectic-cholesteric transition upon heating
embedded in polyvinyl alcohol (Figure 1.5a-b).* Upon emulsifying, the CLC
material is dispersed as distributed-sized droplets due to the immiscibility between
the aqueous solution and the CLC material. Although the CLC is planar-radially
aligned, an opaque white reflection is shown at this stage due to polydisperse droplet
size. After printing the emulsion, the coating is left to dry. Shrinkage of the deposited
film, induced by water evaporation, promotes alignment into oblate spheroids due to
the compression of the original CLC spheres (Figure 1.5c). The planar helix

9
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orientation is thereby acquired due to the solidification of the polymer, showing vivid
reflection colors. The smectic-cholesteric type temperature response is obtained in
these PDLC coatings, and while the temperature enters isotropic phase, the reflection

disappears as the planar alignment is erased (Figure 1.5d-e).

Commercial products, such as Feverscan® (LCR Hallcrest) and SFXC® Liquid
Crystal Sheetsl3!l (SFXC), have been developed using micro-encapsulated TR-RC CLC
inks. The formulations of these inks are confidential, but the product descriptions (for
example, the product sheets can be cut with scissors) strongly suggest these
formulations are based on one of the PDLC methods explained above. These flexible
temperature-responsive sheets can be applied directly to a substrate as a label by
using an adhesive layer. The TR-RC inks can be bought separately and used to
decorate a surface using spray coating and inkjet printing.[! Despite these promising
PDLC applications, some major challenges remain. The development of uniformly
sized CLC capsules/droplets on large scales is challenging, and they can become
inhomogeneously distributed after coating and drying. Owing to the refractive index
mismatch between the CLC spheres and the polymer binder, these films are prone to

scattering, so this technique has not been used to develop transparent devices to date.

(a)

704 1—— 30 °C (before polymerization)
2—+— 30 °C (after polymerization)
60 3—— 75 °C (after polymerization)

——
§50- 1 E _ Heating
S 404 ‘ ———
©
Z 3 | c——
230+ ‘ Cooli
E’ e ooling
20
5] Untreated “T”-pattern

400 500 600 700 800
Wavelength /nm

Figure 1.6 (a) Reflection spectra of the PSLC cell before/after polymerization at 30°C, and upon
heated to 75°C after the polymerization. A red shift of reflection color upon heated is presented,
as can be also seen by the photos. (b) The PSLC coating from the cell was demonstrated a drawn
pattern when partially heated using a hot-pen. Upon cooling, the pattern disappeared.
Reproduced with permission. Copyright 2010, Royal Society of Chemistry.
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Besides PDLCs, polymer-stabilized liquid crystals (PSLC) is an alternative category
of CLC configuration, wherein the small mesogens are interpenetrated by the LC
network. By stabilizing small mesogenic CLCs with a small amount of crosslinked LC
network, the TR-RC functions of CLCs can be expanded, such as band-broadening/50-
%31 or having both handedness of helices in one layer(>4, which have been realized in
cells. Although PSLC systems utilize polymer networks, they primarily consist of
small mesogenic molecules and are presumably not resistant enough to mechanical
forces (e.g. touching) for use in coating applications. A rare example of a temperature-
responsive PSLC applied as a coating is one using 20 wt % polymer network that
includes a chiral crosslinker species with a thermo-sensitive HTP.I5! The PSLC was
prepared via a cell filling procedure, after which one glass plate was subsequently
removed to obtain the coating. A redshift of color was observed after the
polymerization. The coating demonstrated a reversible color shift from green to red
(575-650nm) between 30 °C and 75 °C (Figure 1.6a). To demonstrate the versatility of
the film, a red pattern was drawn on the coating using a hot-pen. The color change is
reversed upon cooling, whereupon the pattern disappeared (Figure 1.6b). However,
the robustness of the coating surface when exposed to external stresses was not

demonstrated.

In contrast to small mesogenic molecules, the LC-to-crystal phase transition is
normally suppressed in polymeric LCs, which instead display glass transitions. TR-
RC coatings made of fully crosslinked CLC polymers or with oligomers are more
often based on a change in layer thickness rather than on winding/unwinding of the
helices (the HTP-changing and smectic-cholesteric mechanisms). Examples of the
latter mechanisms are limited and can only be found in cells. 5-*IAn example of a
PSLC coating with oligomers was obtained using a phase separation mechanism.!6]
The molecular system consists of an achiral siloxane oligomer that functions as a
liquid crystal elastomer (LCE) and 21 wt % of reactive chiral mesogens (RM-1 and
RM-2) that form a crosslinked network after photopolymerization (Figure 1.7a). The
coating initially has a red color at room temperature (centered at 800 nm). Upon
heating above the isotropic transition of the LCE, the coating reflection gradually
blueshifts to 515 nm after 3.5 h as the LCE slowly diffuses towards the air interface
(Figure 1.7b). A reversed shift is observed over a span of three weeks upon cooling
below the isotropic temperature as the phase separated LCE slowly mixes back into
the PSLC, causing swelling and thus the reversal of the band shift (Figure 1.7c).

11



Chapter 1

4 o o o o
s oo NN

g:ﬁ" LCE @KQJL@ »

%)i@ OM \ o\/\/\/\o

% - \QT m

(a)

3,5h (end)

Blue shift at 65 °C

1445 h

lali-lvib-N e

b=~

Red shift at 38 °C

(b) (c)

Figure 1.7 (a) Chemical composition of the TR-RC coating based on phase separation. (b)
Representation of the phase separation mechanism between mesogenic molecules. (c)
Photographs of the coating, showing the blue- and redshift during respectively heating above

or cooling below the isotropic point. Reproduced with permission.l® Copyright 2019,
American Chemical Society.

Phase separation of non-mesogenic molecules can also cause TR-RC. By including
volatile, non-covalently bonded substances in the crosslinked network which may be
removed by subsequent heating, the decreasing layer thickness results in a decrease
in pitch length, and thus a blueshift of the reflection band (Figure 1.8a). The
association of carboxylic acid groups via hydrogen bonds was exploited in a
crosslinked polymeric CLC film by incorporating a non-reactive dicarboxylic acid (R)-
(+)-3-methyladipic acid (MAA) chiral dopant.l!l Raising the temperature above
160 °C disrupts the hydrogen bonds between the carboxylic groups, leading to the
evaporation of MAA and collapse of the film with concurrent blueshifts of reflection
color irreversibly from orange to green (Figure 1.8b). Such collapse is visible by
mapping the surface topography (Figure 1.8c). The covalent crosslinking helps
maintain the photonic structures during the collapse, allowing for color patterning

12



Chapter 1

upon local heat exposure by using a laser beam as a “hot-pen” (Figure 1.8d). Upon
base treatment of this coating, the carboxylic acid groups (-COOH) are converted into
carboxylate groups (-COOr), disrupting the hydrogen bonds (Figure 1.8e). After

drying, the coating becomes hygroscopic due to the presence of the ionic species. In
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Figure 1.8 (a) Representation of the phase separation mechanism of non-mesogenic molecules.
(b) Presentation of an irreversible TR-RC coating. Upon heating to 160 °C, a blue shift was
observed, indicating the evaporation of the non-covalently bonded chiral dopant (MAA). (c)
Three-dimensional surface topography map of the CLC polymer coating that was locally
heated with a laser beam, revealing a temperature-induced reduction in coating thickness. (d)
Local heat exposure allows for topographical changes and corresponding color patterns.
Adapted with permission.l®'l Copyright 2016, Society of Photo-Optical Instrumentation
Engineers (SPIE). (e) The preparation of the humidity-gated, reversible TR-RC coatings. (f)
Temperature-induced band gap shift of the CLC coating at a constant relative humidity of RH
=75%. The coating was modified to have a broadband reflction (~400 nm bandwidth) by using
a UV absorber. Reproduced with permission.®? Copyright 2019, Royal Society of Chemistry.
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this way, a humidity-gated, temperature-responsive CLC coating was developed.[®
Experimental results show that when maintaining the RH at 75%, a band shift of 420
nm in the infrared region is seen as the temperature is varied between 70 °C and -2 °C.
In contrast to the hydrogen-bonded coating using MAA, the color change of this
coating is reversible by cooling if the RH is kept constant. Furthermore, by generating
a chiral dopant concentration gradient using a UV absorbing dye during
photopolymerization, the reflection bandwidth can be broadened to ~400 nm (Figure
1.8f). While the coatings were fabricated via bar-coating, an inkjet printing technique

is also applicable to such materials.[]

Introducing a shape memory effect causes TR-RC behavior in crosslinked CLCs.[64 In
this process, the polymer chains are immobilized by maintaining the sample under
its glass transition temperature (Tg) where the polymer has a higher modulus.
Deformation in the CLC polymer above Tg can be induced via applying a mechanical
force (such as embossing or stretching), reducing the pitch length and causing a
blueshift in the reflection band, followed by cooling the sample to below Tj to fix the
temporary shape (Figure 1.9a). The blueshifted reflection returns to its original value
by heating the temporary shape above T, allowing the polymer to return to its initial
shape as its elasticity recovers. By this principle, an irreversible, shape memory bulk
coating was fabricated, which employs an acrylic CLC polymer network that has a Tj
at around 60 °C.[*l Further modification on this system by interpenetrating with a
non-mesogenic polymer creates a wide glass transition range between 10-54 °C of the
system.[%] As a result, the coating presents a multi-stage shape recovery within the Tg
range, and therefore a more gradual temperature response in color. Inspired by the
encapsulated CLC droplets, shape memory CLC polymer particles were successfully
synthesized!® as well and used to fabricate paintable coatings. These particles are
embedded in a UV-curable acrylic binder for brush-paintable patterned coatings
(Figure 1.9b-c). The deformation of the CLC particles by embossing could be observed
using scanning electron microscopy (SEM) (Figure 1.9d). The planar-radial alignment
of the cholesteric phase in these particles results in reflection colors independent of

viewing angle.[¢7]
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Lastly, thermal deformation is also an important TR-RC mechanism of CLC polymers.
Thermal deformation, usually manifested as an expansion with increasing
temperature, is commonly seen in materials. For planar-aligned CLC polymers,
anisotropic expansion occurs primarily along the director of the helix, leading to an
expansion of pitch length and corresponding spectral redshift (Figure 1.10a).1%%l This
process is usually reversible. Obvious thermal expansion of the pitch has been
demonstrated in highly crosslinked cholesteric liquid crystal elastomers (CLCEs),
such as temperature-responsive photonic CLCE film using an acrylic network.l®! In
Figure 1.10b-e is demonstrated another example of CLCE film consisting of
crosslinked main-chain CLC oligomersl” where the color of the material changes
from blue to red when heated from 25 °C to 200 °C. A physical thickening of the film
was observed during this shift, which is proportional to the increase of reflection

wavelength (Figure 1.10e). The magnitude of TR-RC can be controlled by the amount
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Figure 1.9 (a) Representation of the shape memory mechanism. (b) Schematic representation of
the brush-paintable, shape-memory photonic coatings, in which the shape memory CLC
polymer particles are embedded into a polymer binder. (c) TR-RC of the brush-painted
multicolor coating. (d) Cross section SEM image of the coating before and after the first
embossing step, showing the deformed shape of the particles. Adapted with permission.[®!
Copyright 2020, John Wiley and Sons.
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of chain extender (BDMT) added, which correlates to the crosslinking density of the
material (Figure 1.10d). Although these examples exhibit their devices as free-
standing films, fabrication of coatings from elastomers of such kinds are possible.[”!]
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Figure 1.10 (a) Representation of the thermal expansion mechanism. (b) Schematic
representation of the chain extended and crosslinked CLCE main-chain polymer. The chemical
structures of the components are simplified as symbols. (c) Temperature-induced color changes
observed in the CLCE film upon heating. The molar ratio of chain extender BDMT was 0.7. (d)
Thickness variation along temperature change of the CLCE samples in different BDMT ratios.
(e) Assuming an average refractive index of 1.65, the thickness changes were converted to an
expected reflection wavelength and show close agreement with the optical measurements.
Reproduced with permission.”” Copyright 2019, John Wiley and Sons.
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3. Aim and outline of this thesis

As can be concluded from the review above, TR-RC devices from CLC materials have
been developed in various configurations. Mesogenic molecule systems are
preferably encapsulated under a topcoat or as dispersed droplets in a polymer binder
to produce fast-responsive reflective coatings. Polymeric CLC TR-RC materials can
be produced based on dimensional change of the helices rather than mesogen
rotations. However, the fabrication of robust, easy processable TR-RC polymeric
coatings with a wide color tuning range and fast, reversible response remains
challenging. Since the existing CLC material systems do not gather all the above

merits at once, a new design of molecular system is needed.

This thesis aims for the development of a temperature responsive CLC coating that
satisfies all the requirements for scalable, daily-life products: easy processability,
mechanically robust, wide color tuning range, operating at moderate temperatures,
full reversibility, and fast response speed. In addition, transparent coatings are aimed
for, enabling transparent devices, which would be competitive to the opaque PDLCs.
Side-chain siloxane LCs are selected to be the main material. The particularly low Tg
provided by polysiloxane backbones (usually below 0°CI”273]) allows for processibility
and responsiveness of the material near room temperature. The smectic-cholesteric
mechanism is adopted to create TR-RC effects. In Chapter 2, a simple, uncrosslinked
siloxane CLC homopolymer is synthesized and a smectic-cholesteric type mixture is
formulated by adding a chiral dopant. An infrared reflective, thermochromic coating
is successfully fabricated with this mixture via a simple wire-coating method. The
transparent coating presents a blue shift of the reflection band of ~1000 nm in the IR
region upon heating, which is reversible between 16 °C-66 °C. This demonstrates the
possibility of creating easily-processable, thermochromic coatings using siloxane CLC

materials.

In Chapter 3, a new polysiloxane CLC terpolymer containing crosslink units is
synthesized. This terpolymer is bar-coated with the help of a mediator agent and is
further polymerized to fabricate a crosslinked network. After removal of the mediator
agent, a smectic-cholesteric type TR-RC coating free of small mesogenic molecules is
obtained. With a considerable degree of crosslinking, the coating retains a large

thermochromic response between 1400 nm to 800 nm, which is presented as an
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infrared reflective smart window. Stability of the coating is examined through

multiple temperature cycles and long-term storage.

The ongoing evolution of the molecular system is focused on simplifying the
chemistry and further enhancing device durability. In Chapter 4, a reversible,
temperature-responsive photonic coating with a protective topcoat is fabricated. A
smectic-cholesteric oligosiloxane CLC without a crosslinker was synthesized. A
reactive mesogen was added to the oligosiloxane to allow the generation of a
crosslinked network after coating. Planar cholesteric alignment of the material can be
achieved via blade coating without any mediating agents. By stabilizing with 3 wt%
of the crosslinked reactive mesogen network, the photonic coating shows a reversible
color change from red to blue upon heating. The PSLC coating also features a fast
response speed, high transparency, and full reversibility. Additionally, a protective
topcoat of polysiloxane elastomer is directly applied on top of the cholesteric layer to
shield it against mild damage.

In Chapter 5, more complex optical responsiveness of the PSLC system introduced in
Chapter 4 is explored. Firstly, the responsiveness of a PSLC coating with 4 wt% of
reactive mesogen network is manipulated via controlling the polymerization
temperature. Thermochromic patterns are created by polymerization using
photomasks at different temperatures. Secondly, using a dichroic initiator and
performing the polymerization with linear polarized light, deformed helical
structures are obtained yielding reflection colors which are also linear polarization
dependent. A patterned, linearly polarized light dependent, and thermochromic
coating was fabricated for demonstration, revealing the potential towards aesthetics

and security of these CLC coatings.

In the final chapter, the potential of TR-RC polymer coatings for future product
development is assessed. As siloxane CLC materials possess the merit of easy
processability and flexibility of molecular design, commercial products from this

material can be prospected.
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Chapter 2

Easily processable temperature responsive infrared

reflective coatings based on liquid crystal oligomers
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A temperature responsive near infrared (IR) reflective coating was fabricated based
on a side-chain liquid crystal siloxane polymer by using a simple wired-bar method.
The cholesteric liquid crystalline polymer film showed a blue shift of the reflection
band of ~1000 nm in the IR region upon heating. The temperature responsive change
of the reflection band was reversible. Compared to the same mixture system in an
alignment cell, the coating showed a significantly faster response time. This research
demonstrates an easy way to prepare a temperature responsive reflective coating that
shifts its reflection to a shorter wavelength upon heating. As IR radiation of shorter
wavelengths is more strongly represented in sunlight than longer wavelengths, this

coating could be promising for a future application in smart climate control.

This chapter is partially reproduced from: Zhang, W.; Kragt, S.; Schenning, A. P. H.
J.; De Haan, L. T. & Zhou, G. Easily Processable Temperature-Responsive Infrared-
Reflective Polymer Coatings. ACS Omega 2017, 2 (7), 3475-3482.



Chapter 2

1. Introduction

Near infrared light (IR), ranging from 700-2500 nm, makes up 50% of the total sunlight
energy that reaches Earth and is a significant interior heating source of buildings.!!
Transmission and reflection of near IR from sunlight can be regulated by specialized
windows, which can reduce energy consumption for heating and cooling of buildings
while still being transparent for visible light.[25] Smart temperature responsive IR
reflectors autonomously regulate the temperature of indoor spaces.ll As IR radiation
of shorter wavelengths is more strongly represented in sunlight than longer
wavelengths,”l a window that shifts its reflection to a shorter wavelength upon
heating rejects more IR at higher temperatures, which reduces heating of the indoor
space. If this can be done in a reversible and autonomous way, it would be a major

step towards the construction of energy neutral buildings.

Temperature responsive photonic materials are the key to this kind of smart window,
as such materials can change their reflection of light in response to temperature
changes.[#] Reported temperature responsive photonic systems are based on
cholesteric liquid crystals,[1011] polymeric colloids!'>4 or thermoplastic materials.[15-17]
Temperature responsive photonic hydrogel polymer coatings have been made for
temperature sensors and indicators.l'#1%1 These hydrogel coatings rely on swelling and
de-swelling by water, and thus require specific humidity conditions. Devices based
on CLCs have been discussed in detail in Chapter 1, but at the moment the
development of a facile method to fabricate transparent temperature responsive

polymer IR reflective coatings remains a challenge.

This chapter describes the fabrication of a temperature responsive IR reflecting
coating using a simple wire-bar method. The photonic polymer film was based on a
mixture of a side chain liquid crystalline polysiloxane homopolymer (HP)[1020211 and
10% of chiral dopant 5811, which has a smectic-cholesteric phase transition. A 1000
nm reversible blue shift of the reflection band within the IR region was observed upon
increasing the temperature from room temperature to 60 °C. The same system in a
cell showed a similar change of the reflection band as a function of temperature, but
the coating showed a significantly faster response time. These results show that easily
processable responsive photonic coatings can be fabricated that function similar to

responsive systems in cells.
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2. Results and discussion
2.1. Preparation and characterization of the LC mixture

The side chain liquid crystalline HP (which stands for “homopolymer”) was
synthesized by grafting a liquid crystal with a vinyl end group onto a
polymethylhydrosiloxane backbone in the presence of Karstedt's catalyst.?2231 The
structure of the HP was confirmed by attenuated total reflectance infrared
spectroscopy (ATR-IR), gel permeation chromatography (GPC) and proton nuclear
magnetic resonance ("H-NMR). The average degree of polymerization was 6.3 while
the polydispersity was 1.21. The detailed synthesis and characterization methods are
given in the Experimental section in this Chapter. Differential scanning calorimetry
(DSC) revealed that the polymer has both the desired smectic and nematic phases (G
-8 Sm 20.7 N 75 I).
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Figure 2.1 (a) Chemical structures of the LC polysiloxane-chiral dopant mixture, (b) schematic
representation of the wire-bar coating method to fabricate the photonic coating, and (c)
photograph of the photonic coating at 52 °C with a label as background to show the good
transparency in the visible range. The photo was slightly adjusted in brightness.

An IR reflecting chiral nematic liquid crystal mixture was created by adding 10 wt%
of chiral dopant S811 to the HP (Figure 2.1a), dissolving the mixture in
dichloromethane, and evaporating the solvent overnight. The mixture had a

cholesteric liquid crystalline phase between 22 °C and 64 °C, an intermediate
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Figure 2.2 DSC traces of HP and the HP-S811 mixture. The heat flow (y-axis) is in arbitrary
units.

mesophase between -10 and 22°C, and glass transition at -10°C, as determined by DSC
(Figure 2.2). Wide-angle and small-angle X-ray scattering (WAXS and SAXS)
measurements (Figure 2.3) showed a diffraction peak located at q = 0.24 A1 (20 =
3.386°, d = 2.6 nm) at < 60 °C, which is a typical indication of the smectic order. The
peak in the WAXS measurement at q = 1.5 A" represents the side-by-side
intermolecular spacing which is present in both the nematic and smectic phase. The
existence of smectic orders through the entire cholesteric temperature range,
combined with a peak intensity increase with decreasing temperature, confirms a pre-

transitional effect of this mixture, as introduced in Chapter 1.12423

21,20°C

(a) i (b)
| __23,22,21,20°C
- 26.9°C =
3 ~-30°C L)
s s
> 40°C %'
I [\ S 50°C c
5 \‘U W 2
g 70°C _—
d = 2.609nm, 20 = 3.386° sy
02 04 06 08 10 12 14 16 18 20 22 o1 oz 03 o4 o5 06

q (A q(A")

Figure 2.3 (a) WAXS and (b) SAXS of the HP-5811 mixture at different temperatures upon
cooling.
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2.2, Temperature response of the HP-S811 coating

The mixture of HP-5811 was coated at 52 °C on a glass surface with a PVA alignment
layer using a wired bar(Figure 2.1b). After processing, a transparent colorless coating
of 11.5 um thick was obtained. Polarizing optical microscopy (POM) analysis showed
typical planar cholesteric textures (Figure 2.4a). The stripes observed are originated
from the micro pattern of the coating bar, and did not significantly influence coating

transparency and properties.

(b) ()

Figure 2.4 Polarizing optical microscopy (POM) images of the prepared HP-5811 coating, taken
in the cholesteric phase (a, at 40 °C and b, at 30 °C) and in the smectic phase at 15 °C (c). The
sample of (b) and (c) was processed by a 10 um narrow gap applicator, for the sake of better
texture clarity.

The TR-RC properties of the coating were investigated using UV/Vis/IR spectroscopy.
Figure 2.5 presents the stabilized transmission spectra of a coating at different
temperatures in two heating and cooling cycles. The bandwidth of each reflection
peak was calculated from full width at half maximum (FWHM) reflection, and the
Bragg reflection center (A) was determined by the middle point of the FWHM line.
The spectrum taken first at 47.5°C (Figure 2.5a, 47.5°C initial) had a reflection band
centered at A=~1380 nm. The reflection band had a triangle-like shape with an FWHM
of 210 nm. In the first cycle, between 56.7°C and 30°C the reflection band shifted from
1225 to 2026 nm. In the second cycle, upon further cooling to 16.5°C the reflection
band did not disappear but was centered at 2310 nm (Figure 2.5b). During the two
cycles, the reflection band showed a reversible change as a function of temperature
(Figure 2.5c). Some scattering was also observed, which was visible as a lower

transparency in the visible light region of the spectra. The scattering increased as the
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Figure 2.5 Transmission spectra of a single HP-S811 coating during two cycles of cooling and
heating between (a) 56.7 °C and 30 °C, and (b) 47.6 °C and 16.5 °C. (c) Reflection wavelength
(A) of the HP-S811 coating as a function of temperature.

temperature decreased, and finally at 16.5 °C, below the smectic-cholesteric transition
point, scattering reached the highest degree. POM images display a new “fingerprint”
texture at lower temperatures, indicating a homeotropic alignment of the helices
(Figure 2.4c), which could account for the scattering of the coating. This homeotropic
alignment of mesogens at the air-coating interface could be more favorable due to
lower surface tensions.[??7]1 In another experiment, the temperature was raised
beyond the cholesteric to isotropic transition point. This wiped out the alignment of
the molecules as expected. When the temperature was then lowered back to the
cholesteric range, the liquid crystals re-aligned poorly, and the coating became highly

scattering.
2.3. Temperature response of the HP-S811 cell

For comparison, TR-RC of the HP-S811 mixture was also studied in a cell. The
spectrum of the cell exhibited an IR reflection peak centered at A = 1390 nm at 52°C
with a transmittance of 65%. The cell was fully transparent in the visible region,
indicating planar alignment of the LCs. Compared to the coating, the FWHM of this
band was much smaller (112 nm), and its shape was not triangular. This can be

explained by the absence of a fingerprint texture, which doesn’t form due to the lack
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of an air interface, and leads to a sharper band and less scattering. The temperature
of the cell was varied between 66 °C and 16 °C. Figure 2.6a shows the temperature
dependent reflection spectra measured after stabilization. The spectra show the same
gradual change of the reflection center along the temperature range as was observed
in the coating. In the CLC temperature range, a 1000 nm red shift of A was observed,
i.e. A increased from 1215 nm to 2190 nm. This wavelength shift was fully reversible
between 66 °C and 30 °C. Below the smectic-cholesteric transition (22 °C) the reflection
bands were only partially visible due to light absorption of the glass cell, but

remained at the same position. This is similar to what was seen before in the coating.

Upon plotting the wavelength of the reflection band (A) against temperature (Figure
2.6b), gradual reflection band shifts were observed. This behavior is different from
the smectic-cholesteric systems reported earlier, where drastic reflection band shifting
takes place within a few degrees of temperature.?l The gradual reflection band shift
coincides with the gradual increase in smectic order in the CLC phase as observed by
WAXS and SAXS (Figure 2.3). Most likely, as reported for other systems, this smectic
order increase led to a gradual increase in pitch, leading to a red shift of the reflection
band.®3] Below the smectic-cholesteric transition the reflection band was not
changing, revealing that the pitch did not change at these temperatures. It should be
noted that the slight decrease of the helical twisting power of chiral dopant S811 with
decreasing temperature will only have a minor contribution to the gradual A
change.l31%2
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Figure 2.6 (a) stabilized transmission spectra, and (b) reflection wavelength (A) of the HP- S811
cell as a function of temperature. Dashed lines and hollow dots refer to the spectra data partly
out of machine detection range.
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2.4. Response time of the HP-S811 cell and coating
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Figure 2.7 Response times of the HP-5811 cell and coating. (a) Change of the reflection band
AA and (b) change of the transmittance at 625 nm upon cooling from 39 °C to 30 °C. (c) Change
of the reflection band AA and (d) change of the transmittance at 625 nm upon heating from
30 °C to 39 °C. Time zero is the status of the sample before cooling or heating. Open symbols
describe the data points collected during temperature ramp and the solid symbols describe
data points collected once the temperature has stabilized.

The response time of the TR-RC of the polymer LC mixture was studied with respect
to reflection band shift and transparency changes. Figure 2.7 shows a comparison of
the response of both the coating and cell upon cooling from 39 °C to 30 °C (Figure
2.7a-b) and heating from 30 °C to 39 °C (Figure 2.7c-d). Interestingly, the responsive
behavior of the coating was different when compared to the cell. Upon cooling the
cell, the shift of the reflection band took place over 160 min (Figure 2.7a), while the
transparency of the cell did not change and stayed high (Figure 2.7b). In contrast,
upon heating the reflection band shifted in less than 10 min (Figure 2.7c), while the
transparency initially dropped significantly due to scattering (from 98% to 65%) and
recovered only after 410 min (Figure 2.7d). For the coating, the shift of the reflection
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band was significantly faster upon cooling compared to the cell (60 min versus 160
min, Figure 2.7a), also without any drop in transparency (Figure 2.7b). Upon heating,
the change of the reflection band was also faster compared to the cell (5 min versus
10 min, Figure 2.7c). The coating had a lower initial transparency compared to the cell,
but upon heating its transmittance dropped by only 5% due to scattering (Figure 2.7d),
and it quickly recovered in 20 min. At other temperatures the effects were similar,
and this data is summarized in Table 2.1. At lower temperatures, a longer time was
needed to obtain a transparent cell in the visible region. To make sure that the
difference in kinetics between the cell and the coating was not caused by a
temperature difference, we measured the temperature during and after the ramp. The
temperature of the cell and coating differed by less than 1 °C, and vanished entirely
after the ramp. This small temperature difference cannot be the cause for the large

difference in kinetics that we observed.

Table 2.1 Thermal-optical response time of the HP-5811 cell and coating.

Response Time* (min)
Process Temperature change Rate (°C/min) i
Cell Coating

65.7°C—56.7°C 1.06 38.5 -
cooling 56.7°C—47.6°C 0.91 50.0 30.0
47.6°C—39°C 0.73 71.8 51.8
39°C—30°C 0.59 175.3 105.3
30°C—39°C 1.38 416.5 96.5
heating 39°C—47.6°C 1.29 106.7 86.7
47.6°C—56.7°C 1.21 47.5 37.5
56.7°C—65.7°C 1.06 58.5 -

*including time for heating/cooling.

2.5. Discussion of the mechanism of the temperature responsive infrared

reflective cells and coatings

The thickness of the coating (11.5 pm) was shown to change only marginally with
temperature This reveals that the HP-S811 system undergoes helix winding and
unwinding during pitch tuning without noticeable thermal expansion or shrinkage
along the helical axis. The thickness in the cell is fixed by the cell gap and therefore

the response mechanism of the cell and coating should be similar. We argue that the
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faster response of the coating stems from the lack of a top alignment layer. In the cell,
where the stronger anchoring force determines alignment of the mesogens on both
surfaces, helices can only wind or unwind by discontinuous jumps of integral 7t
rotations, 3334 which may set an energy barrier to pitch changing. The evidence of
discontinuous jumps has been observed in other cell systems. In the coating, winding
and unwinding of helices can tsake place without integer 7 rotations and barriers are
therefore removed, leading to a faster response. The scattering at intermediate
temperatures is caused by the formation of focal conic defects. At a high temperature,
the mixture has a low viscosity and the alignment, driven by the anchoring force of
alignment layers, is fast. At a low temperature, where the helical pitch is long, planar
alignment is thermodynamically favorable.®>% However, at intermediate
temperatures, neither is planar alignment favorable, nor is the viscosity low enough
to quickly recover focal-conic defects. Remarkably, the reflection band did not
disappear upon going from the cholesteric to the smectic phase, even though the
temperature was still above Tg. We assume that below the transition temperature the
mixture system adopts a twist grain boundary (TGB A¥) phase, an intermediate phase
of transition where smectic clusters form a macroscopic spiraling layer structure,

which possesses helical pitches as well.[22%7]

3. Conclusions

A mixture consisting of an LC polysiloxane and the chiral dopant S811 has been
prepared to fabricate an easily processable temperature responsive IR-reflective
coating. The photonic coating showed a blue shift in the reflection wavelength of light
along a broad range in the IR region (2350-1250 nm) upon heating and was reversible.
Interestingly, the response time of the coating was considerably faster compared to
the same material in a glass cell. This makes such a coating appealing as a temperature
responsive IR reflector that can autonomously regulate the temperature of indoor
spaces. In the future, the reflection band of the coating can be fine-tuned to a different

wavelength of IR by changing the amount of chiral dopant in the mixture.

The research shows that side-chain liquid crystal polymers can be applied as coatable
temperature-responsive IR-reflective films, opening up a promising route towards
the development of smart windows that can be applied directly on various surfaces.
Since the temperature and optical response mechanisms of the coating are similar to

the cell, this reveals that other response mechanisms already reported for a cell can

32



Chapter 2

now also be applied to coatings, opening up new opportunities to fabricate

temperature responsive polymers with novel properties.

4. Experimental
4.1. Polymer synthesis and characterization.

Materials. 4-hydroxybenzoic acid was purchased from J&K Chemical, China. 6-
bromo-1-hexene was purchased from Heowns Biochem Technologies, China. 4-
methoxyphenol and dicyclohexylcarbodiimide (DCC) were obtained from Adamas
Reagent, Ltd, China. 4-Dimethylaminopyridine (DMAP) was received from Shanghai
Macklin Biochemical Co., Ltd (China). Polymethylhydrosiloxane (PMHS,
trimethylsilyl terminated, average Mn~390), Platinum (0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution in xylene, Pt ~2 % (Karstedt’s catalyst), and
anhydrous toluene were purchased from Sigma-Aldrich. Chiral dopant S811 was
bought from Jiangsu Hecheng Advanced Materials Co., Ltd (China). All materials

were used as received without further purification.

Characterization. The compounds were characterized by ATR-IR (Bruker VERTEX
70) and by '"H-NMR (Varian as400, 400MHz) using chloroform-d. HP was analyzed
by gel penetration chromatography (GPC, Waters €2695) equipped with an RI
detector (Waters 2414) using tetrahydrofuran as eluent and monodisperse
polystyrene calibration standards. Phase transition temperatures of HP were
measured by differential scanning calorimetry (DSC, Mettler Toledo DSC 1) using
heating and cooling rates of 2°C/min. The mixture was analyzed by both wide-angle
and small-angle X-ray scattering (WAXS and SAXS, Ganesha lab instrument) at

various temperatures.

The complete synthesis route of HP is presented in Figure 2.8.
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Figure 2.8 Synthetic route towards HP.

4-(5-hexenyloxy) benzoic acid (1) was prepared according to literature methods.[8!
Synthesis of 4-methoxyphenyl 4-(5-hexenyloxy) benzoate (M1) was similar to this
literature methods. In this step we used distilled chloroform as the solvent instead of
dichloromethane, and 4-Dimethylaminopyridine (DMAP, 10 mol% to compound 1)
instead of 4-pyrrolidin-1-ylpyridine (POP).

Synthesis of homopolymer (HP): A 50 mL three-neck round-bottom Schlenk flask,
which was fitted with a condenser pipe and a rubber septum, was dried according to
standard Schlenk procedure and filled with argon. Into the flask was added liquid
crystalline monomer M1 (0.815g, 2.5 mmol), polymethylhydrosiloxane (PMHS, Mn~
390, 245 pL, 0.8eq of Si-H group with respect to M1), and a magnetic stirring bar. The
equipment was then further dried according to the Schlenk procedure and filled with
dry argon. Through the septum 5 mL of anhydrous toluene was injected into the flask.
The solution was stirred for 5 min to dissolve reactants completely. Then, into the
stirring solution 50uL of Karstedt’s catalyst was injected in one portion, and the
mixture was brought to reflux at 65 °C in an oil bath for 48 h. The obtained brown
solution was precipitated in toluene/cold methanol three times followed by
centrifugation. The brown crude product was dried in vacuum, dissolved in 25 mL
toluene, and 10 g of silica gel metal scavengers (Si-Triamine, SilicaMetS @ ,Silicycle
Inc.) was added, followed by vigorous stirring overnight to eliminate the platinum
catalyst from the product. The silica gel was filtered off by toluene washing, and the

obtained eluent was further filtered using a 0.45 um PTFE syringe filter, concentrated,
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and precipitated in hexane and cold methanol once each, followed by centrifugation.
The precipitate was finally dried at 70 °C in vacuum for 24 h, yielding a white sticky
solid. Yield: 395.7mg, 44.1%. ATR-IR (cm™): 1732 (C=0), 1065 (Si-O-5i); extinction of
vibrational band at 2160cm! (Si-H) and 1640cm? (C=C) from PMHS and M],
respectively. "TH-NMR (400 MHz, chloroform-d, o, ppm): 8.10 (2H), 7.08 (2H), 6.90
(4H), 3.99 (2H), 3.80 (3H), 1.78 (2H), 1.40 (4H), 1.40 (4H), 0.54 (2H), 0.02-0.13 (6H), GPC
(THEF, by Rl detector, in polystyrene standards): Mn = 3305 Da, Mw= 4026 Da, Mw/Mn
=1.21.

Determination of the degree of polymerization

Monomer conversion (determined by residual Si-H), average degree of

polymerization (aDP), and average molar mass (Mn) of HPs are calculated with the

peak integrals measured in the NMR graphs, using Equation 3, 4 and 5, respectively.

ASi-CHs, ASi-CHz and ASi-H are designated as the peak integrals of Si-CHs (0 = 0.02-

0.13), Si-CH2 (6=0.54) , and Si-H (0 =4.7) chemical shifts of the HP graph, respectively.
ASi-H

Residual Si-H (1) = —= x 100%
ASI-CHZ .
—  * ASi-H

Equation 3

- 18(ASi-CH, + ASi-H) |
A0 T ASi-CH,(2 — 1) — 3(ASi-CH, + ASi-H) Equation 4

Mn = 386xaDP+162 Equation 5

In Table 2.2 the calculated results from NMR of two batches of HPs used in the cell
and the coating are listed. The coating and the cell used different batches of HP having

mostly similar properties.

Table 2.2 Molecular information of HP, calculated from the NMR data.

Sample Hydrosilylation completion (1-r) aDP Mn (Da)
HP used in the cell 99.3% 6.5 2671
HP used in the coating 98.1% 6.3 2594
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4.2. Coating fabrication and characterizations.

Preparation of the CLC polysiloxane mixture. 205.8 mg HP and 22.9 mg chiral
dopant S811 (10 wt%) were dissolved in dichloromethane. The solvent was slowly
evaporated on a 55 °C hot plate and further removed in high vacuum at 70 °C

overnight to yield a homogenous polysiloxane chiral dopant mixture.

Fabrication of the IR reflective coatings. A few drops of a 5.0 wt % polyvinyl alcohol
(PVA) in aqueous solution were spin-coated onto 3x3 cm clean glass plates at 2000
r.p.m for 30 seconds. The deposited films were dried at 60.0 °C for about 1 h and
subsequently rubbed on a velvet textile cloth in one direction to induce alignment.
The glass plate with PVA alignment layer was then placed on a hot plate at 52 °C. A
coating bar having a surface microstructure with a waviness height of 24.4 um and a
wavelength of 202.6 um was heated to 52 °C. The LC mixture was put on one side of
the glass plate and coated by the bar in the direction antiparallel to the PVA layer
rubbing direction. The bar was moved over the plate several times until the material

was fully covering the plate. The resulting coating was stored on the hot plate at 52 °C.

Preparation of IR reflective cells. Two of the glass plates with rubbed PVA alignment
layers were imposed antiparallel on each other and glued together by using a UV glue
containing 15 um silica particles as spacers. The mixture was filled into the cell at 52°C

by capillary forces.

Characterization. Optical textures of the cells and coatings were investigated by
polarizing optical microscopy (POM, Leica DM 7200P or Leica DM 2700M) with a hot
stage (Linkam PE95/T95). Transmission spectra of the cells and coatings were
obtained with a UV/VIS/NIR spectrometer (Perkin Elmer Lambda 950) with a 2D
detector module. Temperature of the sample was controlled by a water-agent
temperature controller (EYELA NCB-1200) and was calibrated by a thermoelectric
couple. Thickness of the coating was measured by an interferometer (Forgale
Zoomsurf 3D).
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Chapter 3

Polymer stabilized cholesteric liquid crystal
polysiloxane for temperature responsive infrared

reflective coatings
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In this chapter is presented the development of a temperature responsive, infrared-
reflective coating consisting of a polymer-stabilized cholesteric liquid crystal siloxane.
First, a side-chain liquid crystal oligosiloxane containing acrylate, chiral and
mesogenic moieties was successfully synthesized via multiple reaction steps.
Subsequently, the coating was fabricated by bar-coating the cholesteric liquid crystal
oligomer on glass, using a mediator liquid crystalline molecule to control the viscosity.
After the UV-curing and removal of the mediator, a transparent, IR reflective coating
was obtained. This fully cured, partially crosslinked transparent polymer coating
retained a large temperature responsive color change of ~600 nm between 66°C and

room temperature, and the shift was fully reversible.

This chapter is partially reproduced from: Zhang, W.; Lub, J.; Schenning, A. P. H. J.;
Zhou, G.; de Haan, L. T. Polymer Stabilized Cholesteric Liquid Crystal Siloxane for
Temperature-Responsive Photonic Coatings. Int. ]. Mol. Sci. 2020, 21 (5), 1803.



Chapter 3

1. Introduction

In Chapter 2, a temperature responsive, infrared reflective coating was fabricated by
blade-coating a mixture of oligomeric polysiloxane and a chiral dopant. This non-
crosslinked CLC coating possessed a smectic-cholesteric phase transition, leading to
a ~1200 nm bandshift within the IR region upon varying the temperature. However,
a coating containing a low-molar-weight non crosslinked chiral dopant may suffer
robustness, because dewetting and slow evaporation may occur. To obtain an
industrially viable product, polymers are desired for a stable performance.l'! Photonic
coatings from non-polymerized CLC mixtures encapsulated in polymer binders or
protective layers were reported, showing a good stability and large bandshift range
by the smectic-cholesteric effect, but a subtle phase-separation process is required for
their fabrication.l># Alternative ways to make temperature responsive color changing
coatings from CLC polymers use either the humidity!®¢! or heat expansion of the
materials!”8l, which are not able to induce a sensitive reflection band shift or rely on

the presence of water.

Completely crosslinked LC polymers fail to retain any smectic-cholesteric effect that
is present in their precursors!®!'l, but polymer-stabilized liquid crystal (PSLC) systems
that are partially crosslinked may satisfy both coating stability and responsiveness.
-4 However, such coatings have never been realized. In this chapter, the
development of a photopolymerizable, CLC polysiloxane mixture for the preparation
of a temperature-responsive polymer network-stabilized photonic coating is
described. A siloxane terpolymer (TP) with reactive acrylate mesogenic side groups
was designed and prepared (Figure 3.1). The synthesis of the TP was performed via
a three-step route: hydrosilylation, deprotection, and esterification. From the
molecular weight of the final polydisperse terpolymer, an average estimated chain
length of approximately 8~11 was determined. This TP was processable into planarly
aligned cholesteric phase coatings by bar-coating, with the help of a nematic solvent
that mediates the alignment. With the full conversion of the acrylate groups under
UV-initiated polymerization, crosslinked networks were obtained in the coating. This
partially crosslinked polymer coating still shows a ~600 nm reflection band shift
within the IR region in response to a temperature change between 20-66 °C, owing to

the smectic-cholesteric phase transition. Such temperature-responsive polymer-
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stabilized polysiloxane photonic coatings would be attractive for a variety of
applications including foils for energy-saving windows15-21]
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Figure 3.1 Synthetic routes for the preparation of the terpolymer (TP) and the required

precursors M1, M2, and M3.
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2. Results and discussion
2.1. Synthesis and characterization of the crosslinkable CLC siloxane (TP)

A side-chain polysiloxane LC terpolymer with both cholesteric and smectic LC phases
which is crosslinkable was designed (TP, Figure 3.1). This polysiloxane-derived
terpolymer contained three mesogenic side groups (P1, P2, and P3) prepared from
three precursor molecules (M1, M2, and M3), which were attached to the polysiloxane
backbone by hydrosilylation. Mesogenic side group P1 induces a smectic-nematic
transition in the polysiloxane polymer(®??], the chiral side group P2 induces a
cholesteric phase, and the acrylate-containing mesogenic group P3 enables photo-
polymerization. Monomers M1, M2 and M3 were synthesized and fully characterized
by 'H NMR and *C NMR (See session 4.1). Although the complete synthesis of M1
has been reported(?*?], here, we use a new approach to synthesize the intermediate
product, 4-(hex-5-en-1-yloxy)benzoic acid (1) with a higher yield, by using ethyl 4-
hydroxybenzoate as the reactant followed by dehydration of the ester group. The
chiral dopant M2 is a new molecule designed to achieve a prominent helical twisting
effect at low concentration. Synthesis of M2 was performed in four steps, with an
overall yield of 40.7 %. The helical twisting power (HTP) of M2 was estimated to be
~21 um-1in E7 (by wt%). M3 contains a protecting group which was used to prepare
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[72]
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@
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Figure 3.2 GPC molecular distributions of each synthesis step product of TP. Normalized by
signal maximum. The molecular weight (M.W.) and polydispersity (PDI) are also given.
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the acrylate-containing mesogenic group after the hydrosilylation reaction. It was
used instead of the final mesogenic group to avoid participation of the acrylate group

during the hydrosilylation.

The TP was obtained from the precursors and poly(methylhydroxylsiloxane) (PMHS)
in three steps of synthesis (Figure 3.1). M1 represented the vast majority of precursor
used (88 mol%), while M2 represented 6 mol% of the amount of precursor to obtain a
cholesteric phase with a reflection band in the IR region. The amount of precursor M3
was 6 mol% in order to induce a low crosslink ratio after photo-polymerization and
to maintain a proper pre-transitional effect. The PMHS used had an average chain
length (navg) of 3.9. The polymer backbone was determined to be short in order to

obtain only a small mol% of crosslinkable oligomers, which also maintained a low
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Figure 3.3 Matrix-assisted laser desorption/ionization-time of flight mass spectrometry
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crosslinked ratio in the coatings. In the first synthesis step, TP-s1 was made through
a hydrosilylation reaction of M1, M2, and M3 with PMHS, in a yield of 77.6%. The
product TP-s1 was found to have a navs of approximately 6, calculated based on the
'"H NMR spectrum, by Equation 4. The increase of navs is most likely due to the loss of
the low-mass fraction during precipitation. In the second step, the tetrahydropyran
(THP)-protecting group was removed in the presence of pyridinium p-
toluenesulphonate and ethanol to form TP-s2. This deprotection reaction that formed
the free phenolic group was completed without affecting the other mesogen side
groups. However, gel permeation chromatography (GPC) of TP-s2 (Figure 3.2)
revealed that the average molecular weight (M.W.) of TP-s2 had increased by 42%
compared to TP-sl. Furthermore, a wider molecular weight distribution
(polydispersity increased from 1.33 to 1.40) was observed. This molecular weight
increase was disproportional to the weight loss of this step (yield = 90%). Moreover,
a considerable number of cyclic oligomers was found in the matrix-assisted laser
desorption/ionization-time of flight mass spectrometry (MALDI-TOF-MS) spectrum,
which was absent in TP-s1 (Figure 3.3). Among the signals of the cyclic oligomers, the
most intense ones are found at 1568, 1955, and 2342 Da and can be attributed to the
four-ring, five-ring, and six-ring homo-oligomer of P1 as M-Na* adducts, respectively.
Trace signals of cyclic co-oligomers with one and two P2 or P3” units are present in
the spectrum as well. The Si-OH group or trifunctional branching silicon atoms could
not be detected using the 2Si NMR of TP-s2. Based on these results and literature
reports on similar phenomenal?], we assume that an exchange of the Si-O-Si bonds
among the siloxane backbones was catalyzed by the mildly acidic PPTS, resulting in

the appearance of both longer chains and cyclic compounds.
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The third reaction step, the esterification of the phenol groups in TP-s2 with
carboxylic acid building block 5 using N,N’-dicyclohexylcarbodiimide (DCC) and
N,N-4-dimethylaminopyridine (N,N-4-dimethylaminopyridine), yielded the desired
terpolymer (TP). The 'H NMR spectrum of TP (Figure 3.4) confirmed the correct

chemical structure of the polymer. This data also confirmed the molar ratio of the

smectic-nematic mesogen (P1), chiral dopant (P2), and acrylate mesogen (P3) units to

be 88:6:6. The molecular weight of TP was found to be 5012 Da, with a polydispersity
index of 1.36, by GPC (Figure 3.2).
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Figure 3.5 MALDI-TOF-MS spectrum (top) and zoom in (bottom) of TP, with captions

indicating different species.

MALDI-TOE-MS spectra (Figure 3.5) confirmed the molecular weight of the

differently distributed mesogenic species of the polymer. Cyclic chain oligomers

generated during TP-s2 synthesis remained in the final product but were considered

a minor fraction. Based on these results, we estimated an navg of the TP between 8 and

11. The rates of different chain lengths (n) in the TP that possess no acrylate group

(Ron), one acrylate group (Rin), and more than two acrylate groups (Rz+n) have been
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calculated using the total concentration of crosslinker in the oligomers and are listed

in Table 3.1. Formulas used for the calculations are given by Equation 6-8. From the

estimated navg it can be seen that a considerable fraction of the oligomer molecules in

the TP do not contain any acrylate group (50.6%-60.1%), and, therefore, these

molecules will definitely not participate in the network formation. Creating a

crosslinked network requires molecules that contain at least two acrylate groups.

Through these calculations, we also find that the chance of TP oligomers having >2

acrylate groups is not trivial (7.9 mol% when navg = 8). Therefore, a rather high

network fraction after crosslinking is expected.

Table 3.1 Calculated rates of different chain lengths! (n) in the TP that possess no acrylate group
(Ron), one acrylate group (Rin), and more than two acrylate groups (Ra+n). In mol%.

n= Ron Rin Roin
4 78.1% 19.9% 2.0%
5 73.4% 23.4% 3.2%
6 69.0% 26.4% 4.6%
7 64.8% 29.0% 6.2%
8 61.0% 31.1% 7.9%
9 57.3% 32.9% 9.8%
10 53.9% 34.4% 11.7%
11 50.6% 35.5% 13.9%
12 47.6% 36.5% 15.9%

! The actual TP has a wide distribution of chain lengths. Therefore, the general Ro, Ri and Re: of
TP may be significantly influenced by such a complex and can not be accurately specified. This

table lists only the assumed most populated chain lengths of TP.

Ropn = €3 X 0.94"

Ryn =€}, x 094" 1 x 0.06

R2+,n =1- RO,n - Rl,n

Equation 6

Equation 7

Equation 8
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The liquid crystalline properties of the TP were subsequently examined using
differential scanning calorimetry (DSC). Despite being a complex mixture of various
species, TP shows clear peaks of phase transitions on DSC curves (Figure 3.6a). The
isotropic transition and smectic-cholesteric transition were observed at 78 °C and at
29.5 °C, respectively. The glass transition (Tg) of the material is around 0 °C. The TP
has a clear cholesteric reflection band below 70 °C, which was measured by
transmission spectroscopy of a TP-filled cell with planar alignment layers. Figure 3.6
shows that the reflection wavelength continuously increased as the temperature
decreased and stabilized below the transition point of 29.5 °C. This confirmed a

smectic-cholesteric pre-transitional effect in this liquid crystalline polymer.
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Figure 3.6 (a) DSC curves of TP (black lines), and center of the reflection band as a function of
temperature (red dots). (b) Transmission spectra of the TP, when filled in an alignment cell.

2.2 Fabrication of a Polymer Stabilized Cholesteric Liquid Crystal Siloxane
Coating

The TP was coated on a glass substrate using an easy-to-conduct bar-coating method.
The fabrication of the coatings is shown in Figure 3.7a. The mixture was first bar-
coated on glass prepared with a rubbed polyimide layer to obtain a planar cholesteric
alignment. This was preferably performed right below the isotropic transition, where
the material had a lower viscosity, in order to achieve planar cholesteric alignment
under shear force?l. However, coating the pure TP did not result in a satisfying
planar cholesteric alignment, as the viscosity was too high, causing all mesogens to
be aligned uniaxially along the coating direction. To lower the viscosity and improve
the alignment of the material, we added a coating mediator to the terpolymer. (Figure

3.7) The coating mediator is an apolar nematogenic molecule®! with structural
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similarity to the majority mesogenic side group P1 of TP, which ensured good mixing
without disrupting the LC phase. The mediator was lab-synthesized via a simple step
of esterification. Indeed, a mixture of mediator with TP in a weight ratio of 1:3 was
still liquid crystalline. This 1:3 mixture had the right properties to coat and align the
material at the cholesteric temperature of 51 °C. In addition, a photoinitiator was

added to the mixture to initiate photo-polymerization of the acrylate groups in the TP.

The coating was irradiated with UV under nitrogen, during which acrylate groups
were polymerized. Finally, after cooling, the coating was washed in heptane multiple
times to remove the mediator molecules from the coating. The fabricated pristine
coating showed good visible light transparency at room temperature (Figure 3.7b).
Polarized microscope images of the coating presented a planarly aligned cholesteric
texture (Figure 3.7c), and a reflection band centered at ~1200 nm was seen in the
transmission spectrum of the coating (Figure 3.7d). These results indicate that the
fully cured coating retained a proper planar cholesteric alignment, even after the
extraction of mediator with heptane.
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3wt Twt 0.5 wt% to TP l l
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Figure 3.7 (a) Schematic of the preparation and UV curing of terpolymer coatings. (b) Image of
a fully-cured TP coating at room temperature, with a colorful image as background showing
good visible light transparency. (c) Polarizer microscopy (POM) image of a fully-cured TP
coating at room temperature (transmission mode), showing a planar aligned cholesteric
texture. The bluish color might be due to the reduced efficiency of the polarizers. (d)
Transmission spectrum of the fully cured coating at room temperature, after the removal of the
mediator.
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To ensure full crosslinking, we initially investigated the crosslinked fraction of the
polymer coating as a function of photo initiator concentration (0.05wt% - 0.5wt%).
The coatings were collected in 0.2 um PTFE filters, and then filtrated by
dichloromethane flushing. It was found that in all cases most of the coating dissolved,
indicating that the crosslinked network was not continuous. Proton NMR spectra
were recorded of the eluents after evaporation of the solvent (Figure 3.8a). When 0.05
wt% of photoinitiator was used, which corresponds to ~1 wt% compared to the total
weight of the acrylic mesogens, it was found that acrylate groups were poorly
converted, as the acrylate signals were still prominently present in the spectrum.
When the photoinitiator concentration was increased, the peaks became less
prominent, and at 0.25 wt% (5 wt% compared to the total weight of the acrylate
groups), the acrylate signals were no longer observable, suggesting high conversion
of the acrylate groups. The concentration of 0.5 wt% was consequently selected for
sample fabrication to ensure the full conversion of the acrylate groups.
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o -
0.5wt% photoinitiator —TP not cured
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0.25wt% photoinitiator /4\\" 2 (the eluent from filtration test)
@
£
0.15wt% photoinitiator =
wVMWwWWM &
0.05wt% photoinitiator -
Aol M /NG , s
®
haN M 5
£
]
=
65 64 63 62 61 60 59 58 57 103 10t 105 105
(ppm) M.W.

Figure 3.8 (a) 'H NMR spectra of the processed coatings from mixtures with different initiator
concentrations, showing the zoomed-in region where the acrylates signals are present. (b) GPC
spectra showing the molecular weight distributions of the completely polymerized TP
coatings, compared to the original TP. Normalized by the intensity maximum of the signals.
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The crosslinked network fraction of the photonic coatings can be estimated during
the filtration experiments. The remaining solid in the filter was the insoluble part of
the coating, and was therefore considered as crosslinked polymers. 4 wt% of the
original weight of the fully polymerized coating was left in the filter, while a control
experiment of an uncured coating (made without using the photoinitiator and
processed without the curing step) yielded 0 wt%. However, this 4 wt% does not
represent all the reacted TP. The eluent from the filtration experiment contains a
substantial amount of high Mw fraction as shown by GPC chromatography (Figure
3.8b), with molecular weights as high as 200 kDa. We assume this fraction contains
larger macromolecules consisting of multiple linked TP molecules that can pass the

filter pores.
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Figure 3.9 Transmission spectra of the fully cured TP coating recorded during heating (a) and
cooling (b) between 20 °C and 66 °C, and (c) during cooling from an isotropic temperature
(74°C). The thickness of the tested coating was 12 pm. (d) The reflection band center —
temperature relation of the fully cured coating, compared to the uncured TP in an alignment
cell.
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2.3. Temperature response of the polymer stabilized CLC siloxane coating

The temperature responsive color changing properties of the polymer-stabilized CLC
coatings were investigated using UV-Vis-NIR spectroscopy. The absorption spectra
of the coatings were measured at different temperatures during stepwise heating and
cooling cycles. The results of the first cycle of heating and cooling were different from
those of the rest of the cycles. It is most likely that the cholesteric helix reassembles
from the collapse caused by the removal of mediator during the fabrication of the
coating. Further heating and cooling give the same temperature-responsive optical
changes, and multiple cycles of heating and cooling show repetitive results. Figure
3.9shows the spectra of the coating during the second heating and cooling cycle.
Increasing the temperature stepwise from 31 °C to 66 °C resulted in a ~600 nm
blueshift of the reflection band center, from 1363 nm to 775 nm (Figure 3.9a). A
reversed redshift was seen during the cooling steps (Figure 3.9b). Below 31 °C, the
reflection band redshift ceased. This TR-RC is irreversible from the isotropic
temperature, and upon cooling from 74 °C the coating did not reverse to the
transparent-reflective state but instead adopted an intensely light-scattering state
(Figure 3.9¢), indicating that the planar cholesteric structure was destroyed. The fully-
polymerized coating maintained a similar responsiveness between 31~66 °C
compared to the uncured polymer, except that the polymerized one ceases at a lower
temperature (Figure 3.9d).

24. Discussion of the temperature responsiveness of the TP coating

The DSC curve of the fully cured coating reveals a transitional peak present at 29 °C,
which is right around the temperature threshold at which the reflection band ceases
to shift. This, together with the similar temperature responsive color changing
behavior of the coating compared to the uncured one, suggest that the smectic-
cholesteric transition is still the driving force behind the reflection band shifting of

the TP coating after crosslinking.

It is interesting to see this well-preserved pre-transitional effect in this polymer-
stabilized PSLC coating, as the effect is usually strongly suppressed and in most cases
disappears completely after crosslinking has been applied. In a previously reported
example of a PSLC system in a cell containing small LC molecules and a 5%
crosslinked reactive mesogens (RM) network, the pre-transitional effect of the

smectic-cholesteric LCs was strongly reduced after the network was formed '], and
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in crosslinked polymer networks with no small molecules present, the pre-
transitional effect has never been observed at all. In the PSLC coating presented here,
31.1-35.5% of the TP has one acrylate side group and 7.9-13.9% has two, implying a
higher crosslink density; however, it maintained most of the pre-transitional effect

after crosslinking.

The above investigations on the composition of the fully cured coating show that it
consists of unreacted TP (presumably without an acrylate side group), large
macromolecules consisting of multiple TP molecules linked together, and a
continuously crosslinked network. This is different from traditional PSLC systems
which only contain small molecules and a continuous network.2% We propose that
the polymerization mechanism of the current system is very different from the
traditional PSLC systems in which continuous polymer networks are observed!?3),
as the high viscosity of the material and low concentration of acrylate groups limits
polymer chain propagation. As a result, most of the short networks are hindered from
connecting with each other to form larger networks, and only a relatively small
fraction of the TP becomes part of the continuous network. However, it seems that
the responsiveness of the TP coatings benefits from the different way of crosslinking
in this system, though some of the improvements can be attributed to the more

flexible siloxane backbone compared to RMs.

3. Conclusions

A polysiloxane smectic-cholesteric LC terpolymer with acrylate groups covalently
linked to one of the mesogenic side-groups was successfully synthesized via a three-
step route. The terpolymer obtained had an unexpectedly increased backbone chain
length, and some formation of cyclic oligomer compounds was observed —both of
which are side effects of the deprotection step. We propose the mechanism of these
side reactions takes place through catalysis by PPTS. A temperature-responsive IR
reflective coating was successfully fabricated from this terpolymer. This approach
features easy processability using a bar-coating method. We have also found that a
coating mediator can assist in the formation of planar alignment of cholesteric
polysiloxane LCs during bar-coating. The fully cured terpolymer coatings retained
~600 nm of reversible reflection band shift by heating and cooling. The partially
retained temperature responsiveness of the coatings was still caused by the inherent

smectic-cholesteric transitional effect of TP.
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The approach of using a polymer-stabilized polysiloxane smectic-cholesteric type LC
polymer to fabricate a temperature-responsive photonic polymer is promising. By
adjusting the chiral component fraction in the CLC siloxane, a reflection color in the
visible region may also be achieved, further broadening the range of potential
applications. However, as far as applications are concerned, the difficult synthesis
and relying on a mediator provide limiting factors. Mechanical stability of the coating
is not satisfying at higher temperature, either (data not shown here). These issues are

to be solved in the next chapter.

4. Experimental
4.1. Synthesis of TP

Materials. Ethyl 4-hydroxybenzoate and 3,4-Dihydropyran were purchased from
Shanghai Macklin Biochemical Co., Ltd. 6-bromohex-1-ene, 4'-hydroxy-[1,1'-
biphenyl]-4-carboxylic acid, p-toluic acid and 4-pentylphenol were obtained from
Beijing HWRK chemical Co., Ltd. 4-Dimethylaminopyridine DMAP,
Dicyclohexylcarbodiimide (DCC), (S)-(-)-1-phenyl-1-propanol and 1-ethyl-(3-
dimethylaminopropyl)carbonyldiimide hydrochloride (EDCeHCI) were obtained
from Sigma-Aldrich. 4-(5-hexenyloxy)phenol (5) was synthesized by Philips
Research Laboratories.! Pyridinium p-toluenesulfonate (PPTS) was purchased from
Acros Organics. Poly(methyl hydrogen siloxane) (PMHS), trimethylsilyl terminated,
average Mn~390, was purchased from Sigma-Aldrich (as the “OMHS”). navg of the
received OMHS was found to be 3.88 by NMR. Platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane (Karstedt's catalyst), 2% in xylene solution, was purchased
from Sigma-Aldrich. Anhydrous toluene was purchased from Acros Organics. 4-(6-
acryloxy-hex-1-yloxy)benzoic acid was purchased from SYNTHON Chemicals
GmbH & Co. KG.

Characterizations. NMR spectra were recorded on a 400 MHz Bruker Avance III HD
spectrometer. For »Si measurements, Chromium(Ill) acetylacetonate and
tetramethylsilane were added to the sample, and the measurements were performed
under the inverse-grated mode. Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) was performed on a Bruker Autoflex
Speed MALDI-MS instrument, with a DCTB as matrix agent. Differential scanning
calorimetry (DSC) curves were measured with a DSC Q2000, TA Instruments. Gel
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penetration chromatography (GPC) was performed on a Shimadzu LC-2030C.3D
instrument equipped with a PDA-254 nm detector, using chloroform as the eluent
and monodisperse polystyrene calibration standards.

Syntheses
Synthesis of 4-(hex-5-en-1-yloxy)benzoic acid (1)

A solution was made of 50 g (0.3 mol) ethyl 4-hydroxybenzoate, 53 g (0.32 mol) 6-
bromohex-1-ene and 52 g (0.376 mol) potassium carbonate in 750 mL butanone. The
mixture was stirred at 85 °C overnight, then cooled to room temperature. After
cooling, the solution was filtered, and the solvent was evaporated. The residue was
dissolved in 200 mL chloroform. The chloroform solution was extracted three times
with an aqueous 1 N NaOH solution (3x200 mL) and with brine (2x200 mL). The
organic phase was dried with magnesium sulfate, then a pale-yellow liquid was
collected by solvent evaporation. This product was mixed with sodium hydroxide
(25.2 g, 0.63 mol) ethanol (400 mL) and water (400 mL), and was refluxed for 12 hr.
After being cooled to room temperature, the solution was acidified to a pH of 2 with
concentrated HCI. The resulting precipitate was collected and recrystallized from
ethanol (500 mL) as a white solid. Yield: 49 g, 79 %.

1H NMR (500 MHz, CDCl:) 6 8.08 (d, ] = 8.9 Hz), 6.95 (d, J = 8.9 Hz), 5.85 (ddt, ] = 16.9,
10.2, 6.6 Hz), 5.04 (d, ] = 2.2 Hz), 4.06 (t, ] = 6.5 Hz), 2.20 — 2.13 (m), 1.95 - 1.76 (m), 1.73
~1.51 (m).

Synthesis of 4-methoxyphenyl 4-(hex-5-en-1-yloxy)benzoate (M1).

To a solution of 8 g (36.3 mmol) 4-(hex-5-en-1-yloxy)benzoic acid (1), 4.66 g (37.6
mmol) 4-methoxyphenol and 0.42 g (3.44 mmol) DMAP in 220 ml DCM was added
8.73 g (42.3 mmol) DCC in 30 ml of DCM. The mixture was stirred overnight at room
temperature. The suspension was filtered, and the solid was dried. The crude product

was recrystallized three times from methanol, followed by column chromatography
(pentane/DCM = 1:1). The final product was a white solid. Yield: 8.93 g, 75.4 %.

1H NMR (400 MHz, CDCls) 5 8.13 (d, ] = 8.8 Hz, 2H), 7.12 (d, ] = 9.0 Hz, 2H), 6.96 (d, ]
= 8.9 Hz, 2H), 6.93 (d, ] = 9.0 Hz, 2H), 5.84 (ddt, ] = 16.9, 10.2, 6.6 Hz, 1H), 5.05 (dd, J =
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17.1,1.7 Hz, 1H), 4.99 (dd, J = 10.2, 1.5 Hz, 1H), 4.05 (t, ] = 6.5 Hz, 2H), 3.82 (s, 3H), 2.20
~2.09 (m, 2H), 1.90 — 1.78 (m, 2H), 1.65 — 1.54 (m, 2H).

Ethyl 4'-hydroxy-[1,1"-biphenyl]-4-carboxylate (2) was prepared according to literature
methods.1?? Yield: 98.5 %.

Synthesis of ethyl 4'-(hex-5-en-1-yloxy)-[1,1’-biphenyl]-4-carboxylate (3)

8.00 g ethyl 4'-hydroxy-[1,1'-biphenyl]-4-carboxylate (2) (33 mmol), 6.00 g 6-bromo-1-
ene (37 mmol), and 8.25 g KoCOs (60 mmol) were dissolved in 180 mL butanone,
followed by stirring at 85 °C for 42 h. After cooling, the solution was filtered,
concentrated, dissolved in CHCls (150 ml), washed with 1 N aqueous NaOH (~200mL),
then washed with 1N aqueous NaCl (~200mL), then washed with water (~200mL),
and dried with MgSOa.. After filtration, the solvent was removed under reduced
pressure to give the crude product. The product was recrystallized from methanol to
obtain the product as a white solid. Yield: 8.26 g, 77 %.

1H NMR (400 MHz, CDCls) 8 8.08 (d, ] = 8.2 Hz, 2H), 7.61 (d, ] = 8.2 Hz, 2H), 7.56 (d, ]
= 8.5 Hz, 2H), 6.98 (d, ] = 8.7 Hz, 2H), 5.84 (ddt, ] = 16.9, 10.2, 6.6 Hz, 1H), 5.05 (dd, J =
17.2, 1.7 Hz, 1H), 498 (dd, ] = 10.2, 1.8 Hz, 1H), 439 (q, ] = 7.1 Hz, 2H), 4.02 (t, ] = 6.4
Hz, 2H), 2.20 — 2.09 (m, 2H), 1.89 — 1.77 (m, 2H), 1.66 — 1.53 (m, 2H), 1.41 (t, ] = 7.1 Hz,
3H).

Synthesis of 4’-(hex-5-en-1-yloxy)-[1,1"-biphenyl]-4-carboxylic acid (4)

To a solution of 8.26 g ethyl 4'-(hex-5-en-1-yloxy)-[1,1'-biphenyl]-4-carboxylate (3)
(25.5 mmol) in ethanol (100 mL) was added dropwise 9 g KOH (160 mmol) in ethanol
(250 mL), followed by reflux for 40 h. After cooling, the precipitate was collected,
rinsed with water, and then dissolved in hot THF and acidified with 2 N HCl. After
cooling the precipitate was collected, washed with water, and recrystallized once

from acetic acid. The resulting product was a white solid. Yield: 6.71 g, 88.9 %.

H NMR (400 MHz, DMSO-ds) 0 12.94 (s, 1H), 7.98 (d, ] = 8.3 Hz, 2H), 7.75 (d, ] = 8.4
Hz, 2H),7.68 (d, ] =8.7 Hz, 2H), 7.04 (d, ] = 8.8 Hz, 2H), 5.84 (ddt, ] =16.9, 10.2, 6.6 Hz,
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1H), 5.04 (dd, ] =17.1, 1.8 Hz, 1H), 4.98 (dd, J = 10.2, 1.9 Hz, 1H), 4.03 (t, ] = 6.5 Hz, 2H),
2.16 - 2.05 (m, 2H), 1.80 — 1.68 (m, 2H), 1.59 — 1.46 (m, 2H).

13C NMR (101 MHz, DMSO-ds) 0 167.67, 159.44, 144.44, 139.02, 131.55, 130.41, 129.26,
128.58, 126.55, 115.46, 115.44, 67.84, 33.31, 28.59, 25.20.

Synthesis of (S)-1-phenylpropyl 4'-(hex-5-en-1-yloxy)-[1,1’-biphenyl]-4-carboxylate (M2)

0.72 g of (S)-(-)-1-phenyl-1-propanol (5.28 mmol), 0.063 g of DMAP (0.518 mmol) and
1.565 g of 4'-(hex-5-en-1-yloxy)-[1,1'-biphenyl]-4-carboxylic acid (4) (5.28mmol) was
dissolved in 30 ml of dichloromethane. 1.088 g DCC (5.28 mmol) dissolved in 5 ml
DCM was added dropwise to the mixture. The mixture was stirred at room
temperature overnight. The resulting mixture was concentrated slightly, refrigerated,
and then filtered. The eluent was collected, dried and further purified by column
chromatography (DCM/pentane 3 : 5). Recrystallizing 3 times from methanol gave the
final product as a white solid. Yield: 1.31 g, 60 %.

1H NMR (400 MHz, Chloroform-d) & 8.19 (d, ] = 8.4 Hz, 2H), 7.68 (d, ] = 8.5 Hz, 2H),
7.61(d, J = 8.8 Hz, 2H), 7.52 - 7.45 (m, 2H), 7.45 - 7.38 (m, 2H), 7.38 - 7.30 (m, 1H), 7.04
(d, ] =8.8 Hz, 2H), 6.00 (t, ] = 6.8 Hz, 1H), 5.90 (ddt, ] = 16.9, 10.2, 6.6 Hz, 1H), 5.11 (dd,
J=17.1, 1.8 Hz, 1H), 5.05 (dd, ] = 10.3, 1.8 Hz, 1H), 4.06 (t, ] = 6.4 Hz, 2H), 2.25 - 2.17
(m, 2H), 2.19 - 2.05 (m, 1H), 2.03 (ddq, ] = 13.9, 7.4, 6.3 Hz, 1H), 1.95 — 1.82 (m, 2H),
1.71 - 1.58 (m, 2H), 1.04 (t, ] = 7.4 Hz, 3H).

13C NMR (101 MHz, CDClIs) d 165.86, 159.38, 145.31, 140.73, 138.50, 132.28, 130.16,
128.58, 128.44, 128.34, 127.82, 126.49, 126.46, 114.93, 114.81, 77.82, 67.91, 33.45, 29.63,
28.71, 25.34, 10.01.

Synthesis of M3

To a solution of 5 g of 4-(5-hexenyloxy)phenol (26 mmol) and 0.654 g PPTS (2.6 mmol)
in 100 mL DCM was added 3.55 mL 3,4-dihydropyran (39 mmol), and the solution
was stirred for 4 h at room temperature. Then the solution was concentrated, diluted
with 200 mL diethyl ether, and washed with brine and water. Column
chromatography over silica gel (pentane/DCM 5:3) resulted in a pale-yellow liquid
product. Yield: 5 g, 69.6 %. Density: 1.047g/mL at 25°C.
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H NMR (400 MHz, DMSO-ds) 8 6.91 (d, J = 9.1 Hz, 2H), 6.80 (d, ] = 9.1 Hz, 2H), 5.79
(ddt, J=16.9, 10.2, 6.6 Hz, 1H), 5.27 (t, ] = 3.5 Hz, 1H), 5.01 (dd, J = 17.2, 1.9 Hz, 1H),
4.94 (dd, J = 28.1, 17.2 Hz, 1H), 3.87 (t, ] = 6.4 Hz, 2H), 3.81 — 3.70 (m, 1H), 3.54 — 3.43
(m, 1H), 2.17 - 1.99 (m, 2H), 1.92 — 1.34 (m, 10H).

13C NMR (101 MHz, CDCls) d 154.16, 151.15, 138.72,117.90, 115.36, 114.82, 97.48, 68 41,
62.23, 33.60, 30.65, 28.96, 25.49, 25.41, 19.09.

Synthesis of TP-s1

Monomers M1, M2, and M3 were put into a Schlenk flask in a molar ratio of 88:6: 6,
for a total of 11 mmol. 0.92 g OMHS was added to the flask, in which the amount of
Si-H bonds was approximately 9 mmol. The components in the flask were flushed
continuously with argon. 25 mL of anhydrous toluene was injected under argon
atmosphere to dissolve the reactants. A catalytic amount of Karstedt’s catalyst was
then injected to start the reaction. The content of the flask was brought to reflux at 65
°C under argon atmosphere. The reaction was continued until sampling NMR
showed no residual Si-H groups at 0=4.7. The finished reaction was cooled, and the
product solution was precipitated in toluene/cold methanol (-20 °C) 3 times. After
removal of the solvent in vacuum, the resulting solid was dissolved in toluene, and
an adequate amount of silica gel metal scavengers (Si-Triamine, SilicaMetS, Silicycle
Inc.) was added. This was followed by vigorous stirring overnight to remove the
platinum catalyst from the product. The silica gel was removed through filtration and
washed with toluene. The eluent was evaporated, yielding a white, viscous solid
product. Yield: 3.01 g, 77.6 %. Navg calculated from NMR using a literature method®:
6.12.

H NMR (400 MHz, CDCls)  8.10, 7.59, 7.52, 7.41, 7.35, 7.08, 6.90, 6.78, 5.93, 5.25, 3.99,
3.80, 3.56, 2.07, 1.96, 1.79, 1.65, 1.48, 1.41, 0.97, 0.55, 0.17, 0.10, 0.05. Molar ratio of P1,

P2, P3’ units are confirmed as 88 :6: 6.

5i NMR (79 MHz, CDCls) 6 7.09, -22.29, -22.88, -22.99.

Synthesis of TP-s2
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3 g of TP-s1 (containing ~0.47 mmol THP group) was dissolved in 40 ml DCM. 4 ml
of ethanol (~100 mol. equiv. to THP amount) was added to the solution, 0.47 g of PPTS
(0.188 mmol) was then added into the mixture with vigorous stirring. After 4.5 days
the solution was precipitated into DCM/cold methanol three times. The product was

a white and viscous solid. Yield: 2.7 g, ~90 %.

TH NMR (400 MHz, CDCls) 6 8.10, 7.58, 7.52, 7.41, 7.35, 7.26, 7.08, 6.90, 6.70, 5.92, 3.97,
3.81,2.06,1.96,1.78,1.47,1.41, 0.97, 0.56, 0.10, 0.05. Molar ratio of P1, P2, P3”’ units are
confirmed as 88 : 6 : 6.

251 NMR (79 MHz, CDCls) 8 7.09, -19.96, -22.29, -22.87, -22.99.

Synthesis of TP

2.51 g TP-s2 (containing ~0.4 mmol phenol group) was dissolved in 30 ml DCM. 0.585
g of 4-(6-acryloxy-hex-1-yloxy)benzoic acid (2 mmol, ~5 equiv.) and 0.0244 g DMAP
(0.2 mmol) were added to the mixture. 0.412 g DCC (2 mmol, ~5 equiv.) was dissolved
in 10 ml solution and added dropwise to the mixture. The mixture was stirred
vigorously overnight. The solution was then concentrated and precipitated 3 times
from DCM/cold methanol and once from toluene/heptane. Yield: 2.04 g, 85 %.

TH NMR (400 MHz, CDCls) 9 8.07, 7.58, 7.41, 7.35, 7.07, 6.90, 4.16, 3.97, 3.80, 2.06, 1.96,
1.78, 1.46, 1.41, 0.97, 0.56, 0.19, 0.10, 0.05. Peak assignments and integral values are
given in Figure 3.4.

251 NMR (79 MHz, CDCls) 6 7.11, -20.09, -22.28, -22.47, -22.86, -22.98.

Synthesis of the coating mediator

A solution of 1.36 g p-toluic acid (10 mmol), 1.64 g 4-pentylphenol (10 mmol), and 122
mg DMAP (1 mmol) in 100 mL DCM was cooled to 0 °C under argon, and 1.92 g (10
mmol) of EDC-HCl was added. After stirring overnight at RT, the solvent was
removed under reduced pressure until 75 mL was left, and extracted subsequently
with 50 mL of a saturated NaHCO:s solution, 50 mL of water, and 50 mL of brine. After

drying over anhydrous MgSQOs, the solvent was removed under reduced pressure.
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The crude product was then purified by column chromatography (hexane/DCM 7 : 1)
and obtained as a white solid. Yield: 2.51 g, 89 %.

1H NMR (600 MHz, CDCls) 5 8.09 (d, ] = 7.9 Hz, 2H), 7.31 (d, ] = 8.0 Hz, 2H), 7.22 (d, ]
= 8.2 Hz, 2H), 7.11 (d, ] = 8.7 Hz, 2H), 2.62 (t, ] = 7.6 Hz, 2H), 2.45 (s, 3H), 1.67 - 1.59
(m, 2H), 1.40 - 1.29 (m, 4H), 0.91 (t, ] = 6.9 Hz, 3H).

TH NMR (400 MHz, CDCls) 9 8.10, 7.58, 7.52, 7.41, 7.35, 7.08, 6.90, 5.93, 3.99, 3.81, 2.08,
1.96,1.79, 1.47,1.41, 0.97, 0.55, 0.10, 0.05.

4.2. Preparation of TP coatings

Materials. Photoinitiator Irgacure 184 was purchased from Ciba Specialty Chemicals

Inc.

Mixtures. The TP and the mediator were weighed in brown glass vials, in a weight
ratio of 3:1. Subsequently, initiator 184 was added via solution in a volumetric flask
(2 mg/mL in unstabilized THF), precisely 0.5 wt% to the weight of TP. More
unstabilized THF was then added to dissolve all components, leading to a solution of
~45 wt% in the end.

Preparation of Rubbed Polyimide Coated Glass Substrates. The same procedure

was followed as in 1331,

Preparation of Coatings. An RK PrintCoat Instruments K control coater was used to
prepare the coatings. The mixtures were applied on polyimide-rubbed glass
substrates and placed at 60 °C for 1 h to evaporate the solvent. Then, the coatings were
applied using a 30 pm gap (4-sided applicator, ZFR 2040.8030, Zehntner), which was
pushed forward over the mixture automatically by the coater. The temperature of the
substrate surface during the application was approximately 51 °C. The speed of the
applicator movement was 0.5 cm/s. The coatings were then cooled down to 43-47 °C
at the surface, flushed with nitrogen constantly for 1.5 h, and illuminated with UVA
using an EXFO Omnicure S2000 mercury lamp, at an intensity of 20 mW/cm? for 10
min. After the exposure, the coatings were kept in nitrogen atmosphere for 1h, and
were cooled down to room temperature. The coating mediator was removed from the
coatings completely, by dipping the coatings in heptane for at least 16 h, with an
exchange of solvent three times. The coatings were then collected and dried in air.
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The thickness of the obtained coatings was measured using a Fogale Zoomsurf 3D
interferometer. The coatings fabricated for optical measurements were ~11-13 um in

thickness.

For the control experiment of the mixture without using initiator 184, the coating was

cooled to room temperature right after the coating application without UVA curing.

For the samples used in the crosslink fraction tests, the mixtures were coated on 9 x
12 cm clean glass substrates without polyimide layers. A larger portion of materials

was used to create larger coating samples.

Characterizations. NMR, DSC, and GPC measurements follow the same methods as
above. Polarizer microscopy (POM) images were taken on a Leica microscope

DM2700 in transmission mode, equipped with polarizers.

Polymeric Distribution Analysis of the Coatings. The coatings were collected in 0.2
pum PTEFE filters and weighed to find approximately 20 mg of materials on average.
The filters containing these materials were flushed with a continuous flow of
dichloromethane by syringes at room temperature, and then dried in a 40 °C oven.
The flush-dry cycle was run until the weight of the dried filters did not reduce
anymore. The crosslink fractions were calculated from the weight of the material left
in the filter divided by the initial weight of material in the filter. The eluents were
collected and analyzed with proton NMR and GPC.

Vis-NIR Transmission Spectra of the Coatings Over Temperature. Transmission
spectra of the coatings were measured on a Shimadzu UV-3102 PC UV/Vis/NIR
spectrophotometer equipped with an MPC-3100 sample compartment and a Linkam
TMS93 temperature controller. A polyimide coated glass substrate was used as
baseline. The actual temperature of the coating was calibrated using a thermometer
probe (Comark KM340). A scan of spectrum started exactly every 5 min when the
coating was kept at one temperature, until the new spectrum was identical to the

previous one.
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Chapter 4

Fully reversible thermochromic photonic coatings

with a protective topcoat

The fabrication of reversible and stable thermochromic coatings remains challenging.
In this chapter, a stable thermochromic photonic coating with a protective topcoat is
fabricated. A cholesteric oligosiloxane liquid crystal possessing a smectic-to-
cholesteric phase transition temperature response is synthesized. Planar alignment
of its cholesteric phase can be achieved with blade coating. By stabilizing with 3 wt%
of a crosslinked liquid crystal network, the photonic coating shows a fully reversible
color change ranging from red to blue upon heating. A transparent polysiloxane layer
can be directly applied on top of the cholesteric layer to protect it against damage
without affecting the optical properties. This approach satisfies the basic
requirements of thermochromic polymer coatings, as it combines easy processability,

stability, and a reversible temperature response.

This chapter is partially reproduced from: Zhang, W.; Schenning, A. P. H. J.; Kragt,
A.].].; Zhou, G,; de Haan, L. T. Reversible Thermochromic Photonic Coatings with
a Protective Topcoat. ACS Appl. Mater. Interfaces 2021, 13 (2), 3153-3160.



Chapter 4

1. Introduction

Chapter 3 presents a complex CLC terpolymer that was partially crosslinkable to form
a polymer stabilized photonic coating. This coating showed a temperature responsive
reflection band shift of about 600 nm. However, further improvements are needed
towards applications. Firstly, the thermochromic response is irreversible when the
coating is exposed above the isotropic phase transition temperature. Secondly, the
coating could not be coat-aligned (in planar cholesteric texture) without the help of

small molecule liquid crystal mediator.

On top of that, the crosslinked terpolymer coating still suffers from mechanical
damage at elevated temperatures. It can be imagined that the mechanical robustness
of the material is contradictory to the freedom of movement of the mesogens. Instead
of fully crosslinking the polymers, a solid top layer can be added for protection
instead. Protective top layers were successfully formed onto low molecular weight
CLC systems using chemical reaction-induced phase separation.!'-*! For polymeric
materials, direct methods of adding an elastomeric topcoat might be possiblel+-l,

which would make the fabrication process much easier.

The current chapter reports on a new approach for the preparation of temperature-
responsive CLC photonic coatings with full thermal reversibility from the cholesteric-
to-smectic and cholesteric-to-isotropic transitions, which also have a fast response
and good optical transparency. A temperature-responsive siloxane CLC oligomer
with a smectic-cholesteric transition (CP10, which stands for copolymer with 10mol%
chiral compound, Figure 4.1) was synthesized, which can be directly blade-coated on
glass. By introducing 3 wt% of crosslinked LC network into the CP10 coating, the
optical properties of the coating become fully reversible even when passing the
smectic and isotropic phase transitions, due to the stabilization of the planar
alignment by the LC network. On top of the photonic coating, a transparent protective
polymer layer was added via direct blade coating. The thermochromic response of
the LC layer is unaffected by the topcoat, showing a reversible and continuous color

change from blue to red between 53 °C and room temperature.
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2. Results and discussion
2.1. Synthesis and characterization of the smectic-cholesteric oligosiloxane
(CP10)
o o
OO 0
TN O £ Karstedt's T

—Si-H catalyst o ;
/ 0 — o) o
o] o n —X = o,
PR il toluene ST P1 = 90 mol%
R AN : oveY
M1 PMHS, ng,g~4 si- CP10, (x+y),y4~6.5

Figure 4.1 Synthetic route of CP10.

For the fabrication of the polymer stabilized liquid crystal coating, we synthesized a
side-chain oligosiloxane LC with a low glass transition temperaturel” and a smectic-
to-cholesteric transition (CP10, Figure 4.1) using a one-step hydrosilylation reaction.
The resulting oligomer is a random co-oligomer of mesogenic units P1 (90 mol%) and
chiral units P2 (10 mol%). The synthesis of precursors M1 and M2 has been introduced
in Chapter 3. The length of the siloxane oligomer backbone (navs) of PMHS was
designed to be short (navg ~4) in order to obtain a moderate viscosity. This way it can
be aligned in the CLC phase by coating, still has a fast response and is solid enough
to apply the topcoat without affecting the alignment. The molecular structure and the
correct ratio of P1/P2 have been confirmed by the "H NMR spectrum, and its navg is

calculated to be about 6.5 (Equation 4). This increase of navg is presumably due to the
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3 7 —a4sc g ® .
a . B 50 20°C
£ o0 ——ad4°C £ 33 ¢
& a2°c g 4 ——41°C
& —38°C & 30] 300
F 4] ——32°C = 0l - .
e 30 °C 10] —57°C
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Figure 4.2 Transmission spectra of CP10 in a cell. (a) First cooling round from 55 °C (the
temperature at which the cell was filled) to room temperature. (b) The second round of heating
untill isotropic. (¢) POM image of CP10 in a cell, from a planarly aligned cholesteric phase at
55 °C to being cooled to 20 °C (smectic phase).
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loss of the low-molar fraction during precipitation, which is supported by the yield
of 78%. When measured with GPC, CP10 shows a polydispersity of 1.18.

The oligomer has an isotropic transition (Ti) at 66 °C, a smectic-to-cholesteric
transition (Tsm-ch) around 35 °C, and the glass transition (Tg) is around -6 °C.
Transmission spectra of CP10 filled into a cell with planar alignment layers (Figure
4.2) show a clear reflection band below Ti. In the cholesteric LC phase, the central
reflection wavelength shifted from 550 to 902 nm as the temperature decreased from
53 to 32 °C (Figure 4.2a), revealing the existence of the pre-transitional effect. Below
31 °C the reflection band disappeared suddenly, followed by a loss of transparency.
Polarization optical microscopy reveals that this scattering state is a result of a
multidomain texture (Figure 4.2c). Hence, the disappearance of the reflection band
and the strong scattering is caused by the formation of the multidomain state of the
smectic phase..-!l Despite having two alignment layers, the initial cholesteric
alignment of CP10 does not recover completely upon heating back to the CLC phase
(Figure 4.2b) or upon cooling from the isotropic phase (Figure 4.2c).

2.2, Polymer stabilized photonic coatings from CP10

The oligomer CP10 can be blade-coated at 60 °C to form planar cholesteric alignment,
as the spectra show a clear reflection band with high transparency at cholesteric
temperatures (Figure 4.3a). However, the cholesteric alignment is also lost when
passing the phase transition temperatures. When heated up to the isotropic phase,

(a) 1001 (b) 100 o s
90 - 90 4
2 804 E\i 80 4
= T =
9 70 ” ~V S 704
w1 W —s53°C g
£ 604 —48°C E 60 s
= ——43°C o d q)
£ 504 _ amo 2 ] ewetted)
g e g
40 - 300 40
30 23 °C 30 4
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
wavelength (nm) wavelength (nm)

Figure 4.3 Transmission spectra of CP10 as a coating: (a) cooling to room temperature,
immediately after coating at 60°C. (b) cooling from 78°C (isotropic phase).
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apart from losing the cholesteric alignment, the coating irreversibly dewets (Figure
4.3b).

To stabilize the planar cholesteric alignment of CP10, we added a small amount of
crosslinked LC network!'?-14l (Figure 4.4). A nematic diacrylate reactive mesogen was
chosen as the monomer to prepare the network (the network monomer). We mixed
the network monomer with CP10 in different ratios (1-4wt%) in order to study the
stabilizing effect of different amounts of network. A photo-initiator was added to the
mixture to initiate the network formation. The mixtures were blade-coated on glass
substrates with planar alignment layers at the cholesteric temperature of 60 °C and
then cured with UV irradiation to crosslink the network monomer and generate the
network. The thickness of these coatings is about 10 to 12.5 um as determined by
interferometry. DSC measurements of these network-stabilized coatings show that
their Tsm-chand Ti are preserved after crosslinking. As the network ratio is increased
from 1wt% to 4wt%, Tsm-chand Ti decrease slightly from 31 to 26 °C and from 61 to
57 °C, respectively.

|

| network monomer

I rwt%, r=1-4 o
|

|

|

|

|

OH I

Initiator Q)b I
|

|

1‘22?:&%) 0.05 wt% to the above components
N ettt The Mixtures,
A
\ <4
< >
L\
— L —

Blade-coat Sylgard 184
Heat-cure for 24h

44°C

Blade-coat the mixture UV-Cure
60°C 46°C

Figure 4.4 The composition of the mixtures using the smectic-cholesteric polymer CP10, and
the fabrication of the network stabilized coatings with/without a protective topcoat.
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The thermo-optical response of the network-stabilized coatings containing 1, 2, 2.5, 3,
and 4 wt% of the network monomer were investigated with UV-Vis-nIR spectroscopy
over multiple rounds of heating and cooling from 22°C (smectic phase) to 61 °C
(isotropic phase). The stabilizing effect of the network was investigated by comparing
the transparency levels of the coatings at room temperature before and after the first
temperature cycle. We chose the transmission of 500 nm light as an indication of
transparency. Notably, the coatings with a crosslinked network have a higher
transmission of ~86% before the temperature cycle compared to a film without a
network, which has a transmission of only ~72%. Even having 1 wt% of network

significantly improves the transparency, with a clear reflection band (centered at
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g A4sA g &
-
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2 "'iiiéoﬂom WY ¥ g
- g
600 1 ﬂdoﬁo‘;) 6001 *ﬁﬁﬁﬁgggg’i‘l@ 7
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Figure 4.5 Thermochromic response of the CP10 coatings containing 1-4 wt% network. (a-b)
Reflection band center wavelength during the first (a) heating and (b) cooling cycle between
22 °C (smectic) and 61 °C (isotropic). In (b), the data of the 1 wt% network coating is not shown
due to strong scattering. (c-d) Transmission spectra of the fabricated coating with 3 wt% of
network during the first (c) heating and (d) cooling cycle.
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~1400 nm) at 22°C (smectic phase). However, after bringing it to the isotropic phase
and cooling back to 22°C, the transparency of this film drops to 32% due to the
scattering, indicating that 1 wt% of network is not enough to gain reversibility from
the isotropic phase. Increasing the network content significantly improves the
transparency of the coating after being cooled from isotropic, to 66%, 77%, 82% and
88% for 2, 2.5, 3 and 4 wt% of network, respectively.

Subsequently, we analyzed the temperature-responsive color change of these
coatings by plotting the reflection band centers as a function of temperature (Figure
4.5a-b). In general, coatings containing 1-4 wt% of network show a continuous,
reversible blueshift with increasing temperature within the cholesteric phase range
due to the pre-transitional effect. For all coatings, the reflection wavelength reaches a
minimum of ~480 nm (greenish-blue) at 54 °C, close to Ti. At 61 °C (above Ti) the
reflection bands disappear. Dewetting in the isotropic phase was not observed in
these samples. For 1 wt% of network the reflection bands became unrecognizable
when cooled from isotropic due to irreversibility. For the other concentrations, upon
cooling through the cholesteric temperature range the reflection centers red shift to
870, 690, 670, and 630 nm for 2, 2.5, 3 and 4 wt% of network, respectively. Below Tsm-
ch, the reflection wavelength does not shift further. We propose that below the
transition point, the LC layer is stable in a “twisted smectic A” structure (also known
as the “twisted-grain-boundary” state)(#°15], where the smectic A domains are twisted
at the boundaries with their neighbors and maintain an overall helical structure.
Based on this assumption, the decreased temperature response is most likely due to

the suppressed pitch increase and smectic order formation by the network.

Although high transparency reversibility is obtained with 4 wt% network, its
thermochromic response is limited so that obvious band shifts can only be observed
above 45 °C. The coating with 2.5 wt% network has a similar thermochromic response
as the one with 3 wt% but its transparency after the first temperature cycle is 10% less.
Therefore, we consider 3 wt% of network as the optimal concentration for a good
transparency and thermochromic responsiveness. It shows a reversible, full-color
bandshift from ~480 nm (blue) to ~700 nm (close to infrared) from 54 to 20 °C, while
keeping a transparency of 80% (Figure 4.5c-d). Compared to the cooling round, the
reflection band during the heating round in the cholesteric temperature range

(particularly 37-49 °C) is broader, and its band center shift is steeper at higher
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temperature. This hysteresis was also observed in the polymer-stabilized systems
introduced in Chapter 3, which is believed to be generated by the network memory
effect.

2.3. Application of the protective topcoat

On top of the network-stabilized coating layer of CP10 with 3 wt% the network
monomer network we added a protective topcoat (Scheme 2) using Sylgard 184, a
commercial silicone elastomer. The topcoat is about 17 pm thick as measured by
interferometry. At room temperature (smectic phase), the resulting sandwiched

coating presents a clear reflection band centered at ~700 nm.
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Figure 4.6 (a) Comparison of the reflection band shift of the 3 wt% network coating with and
without topcoat. Data collected during the cooling round of the cycle. (b-c) Photographic
images of the 3 wt% network coating with a topcoat (b) in front of a pictured background at a
distance, and (c) on a black background during a temperature cycle to the isotropic phase.

The reflection band center of the coating with and without a topcoat has a similar
trend of color change between 22 °C to 53 °C (Figure 4.6a), but the center wavelength
position of the sample with a topcoat appears slightly redshifted (about 30 nm)
compared to the sample without topcoat. We believe that this observation is caused

by diffraction of the spectrometer light by the Sylgard topcoat and the corresponding
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slight change of incident angle. The transparency remains at 80% after the cycle. As a
control experiment, we fabricated the Siloxane-3wt% network coating material in an
alignment cell and studied its thermochromic response. Similar to the topcoat, the cell

configuration does not influence the temperature-response of the CLC material.

At room temperature, the coating shows a faded red color, due to a combination of
reduced red reflection (the band is partially infrared) and minor scattering (Figure
4.6b). During heating, the coating shows a gradual thermochromic response, from 700
nm at room temperature (22 °C) to 480 nm (greenish-blue) at 53 °C, with various
colors observed in between (Figure 4.6c). Upon entering the isotropic phase at 55 °C,
the color disappears, and the coating becomes transparent. In the cooling round, the
color reappears below Ti as greenish blue at 53 °C. The thermochromic response is
reversed by cooling. When cooling back to 22 °C in the smectic phase, the faded-red
color reappeared. The coating still has good transparency at room temperature after
the full cycle. When the coating was cooled to room temperature from 50 °C, the

(at 20°C) 100

86.5 86.6 86.7 865 858 86.6 87 858 854 859

1 2 3 4 5 6 7 8 9 10
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Figure 4.7 Transparency (T% at 500 nm) and reflection center wavelength of the CP10 - 3 wt%
network coating with topcoat, at 20°C during 10 cycles of heating to isotropic and cooling to
room temperature (the range was 20-65 °C for each cycle). Measurements started within 1
minute after the at target temperature was reached.
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original green color changed rapidly, and turned red within a minute, proving a fast

responding speed.

Consistency in transparency and thermochromic response of the coating is confirmed
after 10 heat-and-cool thermal cycles from room temperature to isotropic while
measuring transmission spectra (Figure 4.7). At room temperature (20 °C) during
each cycle, the 500 nm transmission is around 85%. Good consistency is seen in the
reflection band centers too, with only small variations. The variation of band center
position among cycles is probably due to the minor change of environmental
temperature that could have impacted the actual sample temperature. Regardless of
these variations, both transparencies and reflection centers at the same conditions
were fluctuating only slightly over cycles and without drifting, which proves a long-

term steadiness in performance.

After touching the coating with a finger several times, the color and surface of the
coating area with Sylgard protection are intact (Figure 4.8). In contrast, on the area
where the topcoat was removed visible fingerprints are observed, indicating a
distorted surface. The Sylgard topcoat thus serves as a protective coating against

surface damage.

| topcoat

with topcoat | removed,

Finger touch

Figure 4.8 Images of the network stabilized coating with the topcoat partially removed before
and after finger touching. The experiment was performed at 50 °C.

3. Conclusions

In this chapter is developed a facile approach to fabricate reversible temperature
responsive CLC photonic coatings with a protective topcoat. A CLC oligosiloxane
with a pre-transitional effect was successfully synthesized in one reaction step and

blade-coated to obtain well-aligned CLC coatings. By adding a small amount of
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crosslinked LC network, the alignment of the CLC phase is stabilized across phase
transitions, at the cost of a bandshift range reduction. Through a systematic study, we
optimized the network concentration and found 3 wt% to be optimal for the
thermochromic response. The optimized coating shows a reversible reflection color
change from ~700 nm at room temperature to ~480 nm at 54 °C, and its color is also
reversible from the isotropic phase. The transparency of the coating is maintained

over the entire temperature variation from smectic to cholesteric to isotropic.

A layer of PDMS elastomer (Sylgard) can be directly blade-coated on top of the CLC
layer to obtain a protective topcoat. Due to this transparent PDMS topcoat, the coating
receives proper protection against mechanical force, without losing device
transparency. The thermochromic response of the LC layer is unaffected by this
topcoat. We expect that other protective topcoats could also be applicable to this CLC
system for different protective functions. The reflective coatings combine easy
processability, coating robustness, and a fully reversible temperature response,

making them appealing for a variety of applications.

4. Experimental
4.1. Synthesis of CP10

Materials. The monomers M1 and M2 were obtained from the experiments
introduced in Chapter 3. Poly(methyl hydrogen siloxane) (PMHS), trimethylsilyl
terminated, average Mn~390, was purchased from Sigma-Aldrich. navg of the received
PMHS was found to be 3.88 by NMR. Platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane (Karstedt's catalyst), 2% in xylene solution, was purchased

from Sigma-Aldrich. Anhydrous toluene was purchased from Acros Organics.

Synthesis of CP10. 9.00 mmol of M1 and 1.00 mmol of M2 were combined in a
Schlenk flask. 1026l of PMHS was added to the flask, in which the amount of Si-H
bonds was approximately 8.50 mmol. The components in the flask were flushed
continuously with argon. 15 mL of anhydrous toluene was injected under argon
atmosphere to dissolve the reactants. One drop of Karstedt’s catalyst was injected via
syringe to start the reaction. The mixture was held at room temperature and
terminated when NMR showed no residual Si-H groups at 6=4.7 ppm. The crude
product was precipitated 3 times from toluene into cold methanol (-20 °C). After

removal of the solvents in vacuum, the resulting solid was dissolved in toluene again,
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and 6.5g of silica gel metal scavengers (Si-Triamine, SilicaMetS, Silicycle Inc.) was
added. This was followed by vigorous stirring overnight to remove the platinum
catalyst from the product. The silica gel was removed through filtration and rinsed
with toluene. The eluent that has turned colorless and was evaporated, yielding a
white, viscous solid product. Yield: 2.92g, 78.6%.

TH NMR (400 MHz, CDCls) 9 8.10, 7.58, 7.52, 7.41, 7.35, 7.08, 6.91, 5.93, 3.99, 3.81, 2.06,
1.96, 1.79, 1.48, 1.41, 0.97, 0.56, 0.10, 0.05. The navs calculated according to Equation 4
is 6.52.

GPC (THF, detector: PDA254nm in polystyrene standards): Mn = 3713Da, Mw =
4404Da, M. = 5223Da, Mw/Mn = 1.186.

Phase transitions (DSC) G -6 Sm 35 Ch 66 1.
4.2. Fabrication of coatings

Materials. The initiator Irgacure 184 was purchased from Ciba Specialty Chemicals
Inc. The network monomer was purchased from Merck. Sylgard 184 was purchased

from Dow Corning.

CLC coating mixture. In a tan glass vial was weighted CP10, the network monomer,
and initiator in a weight ratio of 100-r : r : 0.05, in which r = 1, 2, 2.5, 3, or 4. The
network monomer and initiator were added into the mixture via diluted toluene
solution in volumetric flasks. More toluene was then added, and the mixture was

homogenized by stirring. The total solute comprises about 45 wt% of the mixture.

Topcoat mixture. In a vial was added Sylgard 184 base and the corresponding curing
agent in an 8:1 weight ratio. The mixture was stirred vigorously to blend the

components and was then degassed in vacuum at room temperature.

Preparation of rubbed polyimide coated glass substrates. Glass substrates of 3 x 3
cm? size were prepared following a previously reported method.!"®l Those of 9 x 9 cm?
size were treated according to a similar procedure, but using a different spin coating

rotation speed of 2000 rpm for 90 s.

Preparation of the coatings. An RK PrintCoat Instruments K control coater was used
to prepare the coatings. Below is given an example of the fabrication procedure of a

CP10 coating with a crosslinked network, and with a Sylgard topcoat:
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On a 9 x 9 cm? size glass substrate with rubbed polyimide was loaded 45 pl of the
mixture, and it was placed at 100 °C for 40 min to evaporate the solvent. Then, the
coating was applied using a 25 pm gap (4-sided applicator, ZFR 2040, Zehntner),
which was pushed forward over the mixture automatically by the coater, at 60 °C on
the substrate surface. The speed of the applicator movement was about 0.5 cm/s. The
coating was then cooled down to 46 °C at the surface and was UV-cured using an
EXFO Omnicure 52000 mercury lamp at an intensity of 20 mW/cm? for 10 min at 46 °C
in a nitrogen environment. Afterwards, the coating was kept under nitrogen
atmosphere at the same temperature for 30 min for post-curing. For application of the
protective topcoat, the coating was transferred back to the coater. The freshly
prepared Sylgard mixture was loaded onto the LC layer, and the layer was applied
using a 60 um gap (4-sided applicator, ZFR 2040.8030, Zehntner) at 44 °C. The speed
of the applicator movement was about 0.5 cm/s. After the application, the coating was
kept at 44 °C for 24 h to cure the Sylgard and was then cooled to room temperature.
The entire piece of coating was cut into several pieces for different tests using a glass
cutter. The samples were annealed by a slow heat-cool process from room
temperature to a maximum of 49 °C (CLC phase) prior to the tests. The heating and

cooling rate of annealing was approximately 0.07 °C/min.

For coatings without a Sylgard topcoat, the fabrication was finished by cooling the

sample down to room temperature after the UV-curing step.

To prepare a coating without a network, a 3 x 3 cm? glass substrate was used. CP10
was loaded on the substrate without the aid of solvents, and the coating was applied
directly by the coater, using the same procedure as for the CLC layer described above.
This procedure was assisted by other glass plates of equivalent thickness, as the
applicator is larger in width than the substrate. Afterwards, the coating was brought
to the pre-heated spectrophotometer immediately for transmission spectra

measurements.

Preparation of the CLC cells. Cells were prepared by gluing together two 3 x 3 cm?
glass substrates with rubbed polyimide. The glue contained glass bead spacers of 10

pm diameter.

The cell containing CP10 was filled at 58 °C in the cholesteric phase. After filling the
cell was brought to the pre-heated spectrophotometer immediately for transmission

spectra measurements.
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The cell containing CP10 and 3 wt% of network monomers was filled in the CLC
phase without solvent and UV-polymerized at 46 °C using the same conditions as for
the coatings.

Characterization. Proton nuclear magnetic resonance ('"H NMR) spectra were
recorded on a 400 MHz Bruker Avance III HD spectrometer. Gel permeation
chromatography (GPC) was performed on a Shimadzu LC-2030C.3D instrument
equipped with a PDA-254 nm detector, using tetrahydrofuran (THF) as the eluent
and monodisperse polystyrene calibration standards. Differential scanning
calorimetry (DSC) curves were measured with a DSC Q2000, TA Instruments.
Polarizer microscopy (POM) images were taken on a Leica microscope DM2700 in
transmission mode, equipped with crossed polarizers. Thicknesses of the coatings

were examined using a Forgale Zoomsurf 3D interferometer.

Transmission spectra were performed in a PerkinElmer LAMBDA 750 UV/vis/NIR
spectrophotometer with a 150 mm integrating sphere detector. Temperature control
of the samples was realized via a Linkam THMS600 hot-stage with a customized
aperture diameter of 6 mm. Heating and cooling of the hot-stage were programmed
using a Linkam T96 controller.

Temperature calibrations. Temperature calibrations of the transmission spectra were
performed using a Kane-May KM340O thermocouple with 1 °C precision. The
temperature recorded on the surface of a blank glass plate mounted on the hot stage
was considered as the actual temperature of the sample. When taking the
photographic images, the temperatures were recorded simultaneously. For the
transmission spectra, the temperature was pre-calibrated, resulting in a linear
relationship between “the actual sample temperature (T., °C)” and “controller

temperature setting (Ts, °C)”, as

Ta=0.8014 Ts + 1.1203 (R2=0.9997, Ts > 30 °C) Equation 9
The actual temperatures of the samples were calculated from the controller setting
using this formula. Nevertheless, due to the differences in calibration methods, and

due to changes of the environmental temperature, 1~3 °C of difference in temperature

designation among each test is expected.
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Chapter 5

Thermochromic multicolored photonic coatings

with linear polarized light dependent features

Temperature

Linear polarized light

4

This chapter presents a thermochromic coating with light polarization dependent
multiple structural colors by using a polymer stabilized cholesteric liquid crystal
siloxane oligomer. Since the structural color change can be manipulated by the
polymerization temperature, thermochromic multicolor patterns can be made via
photomasks. The temperature response depends on the color and in case of a red color
a maximal reversible reflection change from red to blue between 20°C and 56°C is
obtained. On top of that, by using a dichroic photo-initiator and linear polarized UV
light, linear polarized light dependency of the coating is obtained, too, showing
different reflection colors varying the incident light polarization angles. A multicolor,
thermochromic photonic coating with light polarization and structural color

dependent features is therefore demonstrated.

This chapter is partially reproduced from: Zhang, W.; Kragt, S.; Schenning, A. P. H.
J.; De Haan, L. T.; Zhou, G. Patternable thermochromic photonic coatings with light

polarization dependencies. Adv. Mater. Interfaces (submitted).



Chapter 5

1. Introduction

Multi-structural color patternsl'-?l as well as light-polarization dependent color!#3! are
present in many biology species. Inspired by nature, researches on helicoidal
structures are dedicated to creating colorful patterns.l-!l So far, the scientific
challenge remains to fabricate temperature responsive reflective color (TR-RC, or
thermochromic) coatings with multi-color patterns from such materials. Patterned
coatings have previously been created by photo-crosslinking oligomeric CLC
precursors at different temperatures using photomasks!?, or by painting CLC
polymer particles of different colors!’®. The latter example even presents an
irreversible color shift by heating. However, the combined features of reversible
thermochromic shift with multi-color patterns into one CLC coating remains a
difficulty, as the mesogens mobility required for a reversible response can be easily
lost by the addition of network which determines different colors.l'¥! Although the
printing of encapsulated CLC droplets of various ingredients might be viable 15141 it
would be more convenient if the thermal responses can be manipulated within a
single formulation. Besides patterning, advanced optical effects such as linear
polarized light (LPL) dependent color of CLC by deforming the circular helices into
elliptical shapes, 721l would be appealing. A recent work of chemically deformed
CLC coatings using achiral oligosiloxane LCs and chiral network monomers (>15wt%)
feature in reflection color dependency of LPL with patternability, but is not

thermochromic.[19]

In this chapter a thermochromic patternable coating with a PSLC molecular system
modified from Chapter 4 is presented. The smectic-cholesteric type CLC siloxane
oligomer CP12 is stabilized by 4wt% of diacrylate LC network. Structural colored
patterns can be made via polymerization at different temperatures using photomasks,
and a three-color patterned coating was fabricated for demonstration. When heated,
each color has its own temperature onset which causes the initially multicolored
coating to become a single color at higher temperatures. In addition, linearly
polarized light dependency can be obtained, and these stratified thermochromic
coatings show changing colors when altering the polarization angles of incident LPL.
We created a stratified two-color patterned coating for demonstration of its potential

towards aesthetics and security applications.
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2. Results and discussion
2.1. Thermochromic and multi-color pattern coatings

Mixtures containing an oligosiloxane CLC and a diacrylate LC monomer were
prepared for the fabrication of thermochromic, multi-color patterned coatings (Figure
5.1a). The siloxane random co-oligomer of mesogenic (P1) and chiral dopant (P2) was
synthesized according to the method introduced in Chapter 4. The molar ratio of
P1/P2 is adjusted to be 88/12 in order to cover the full visible color range of response.
The average backbone length is found to be approximately 6 (calculated from NMR),
with a polydispersity of 1.21 (data from GPC). The oligomer undergoes a CLC-
isotropic transition (Ti) at 65°C, a smectic-cholesteric transition (Tsm-cn) around 40°C,
and a glass transition (Tg) around -2°C. When brought into a planar alignment cell,
thermochromic behavior can be observed within the CLC temperature range due to

the smectic-cholesteric transitional effect.
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—=Si— P2 = 12mol% :
It network monomer

:s',"’_/\/\/\o OH

b 0O rbe g0
[o] o [¢]

N P1 = 88mol% surfactant

o}

7?; Initiator 1 (normal)

< [o]
—si— (X+Y)avg~6, dispersity = 1.21 O —
‘ CP12 O O N__ Plnitiator 2 (dichroic)

A 4 vy v
4}’4» “. > 1)’4» I',‘D
| | | non-pattern patterning 11 | 11 | | | |
\ /| . 6‘;:7_
UV-Cure Bar-coat the mixture UV-Cure
52/47/42/40°C 52°C 52°C 47°C 42°C

Figure 5.1 (a) Components used in the coating formulations. (b) Fabrication scheme of the
patterned responsive photonic coating using initiator 1.

We chose the optimized network ratio of 4wt% referring to the amount of diacrylate
LC in the mixture, to prepare thermochromic photonic coatings. Furthermore, 1 wt%
of methacrylate surfactant was added to the mixture to assist planar cholesteric

alignment of the coating at the coating-air interface, as well as 0.4 wt% of
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photoinitiator 1 to initiate network formation. Upon bar-coating the mixture at 52 °C
on a glass substrate with a rubbed polyimide layer, a planarly aligned cholesteric
coating was obtained. The smectic-cholesteric thermochromic response of the
oligomer remains, showing blue (470 nm), green (520 nm), orange (585 nm), and red
(630 nm) reflection at 52, 47, 42, and 40°C, respectively (Figure 5.1b). Via subsequent
polymerization of the diacrylate LC monomer under UV light irradiation at these
temperatures, polymer stabilized CLC coatings are formed. We initially prepared
individual single-color coatings cured at 52, 47, 42, and 40°C, respectively, in order to

investigate the thermochromic response of the different structural colors.

At room temperature (RT), the polymer stabilized CLC coating appears blue, green,
orange and red, respectively (Figure 5.2b). The slight scattering at room temperature
can therefore be explained by the formation of smectic domains. A slightly longer
reflection wavelength than the uncured state is observed on spectra, due to the
broader shape of the reflection bands (Figure 5.2a). This might be due to a certain
degree of phase separation between the siloxane oligomer and the network.[?2 DSC of
the cured coatings all reveal isotropic transition peak around 63 °C and smectic-
cholesteric transitions around 39 °C, regardless of the curing temperature.
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orange sample, cured at 42°C
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Figure 5.2 (a) Reflection center versus temperature of the coatings cured at cured at 40, 42, 47,
and 52°C during cooling, including a comparison to the uncured mixture. Slight variation in
central wavelength among the samples at the same temperature is expected, as the actual
temperature during each test might deviate slightly from calibration. (b) Images of the cured
coatings at different temperatures during cooling.
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Heating and cooling cycles were performed on these coatings to examine their
thermochromic responses. Cycles between 20°C (smectic) and 61 °C (isotropic)
demonstrate fully reversible thermochromic shift of these coatings, with each
structural color showing its own unique thermochromic responsiveness (Figure 5.2a).
For convenience, we first discuss the cooling cycles. When cooling from 61 °C
(isotropic) to 55 °C (cholesteric), a reflection band appears centered at 402~440 nm
(blue) for all these samples. Therefore, the planar cholesteric alignment is not lost due
to the memory of the liquid crystal network. When the samples are further cooled the
reflection color redshifts, following the same response as the uncured mixture until
reaching the according curing temperatures. Below that temperature, the shift versus
temperature slows down and stops at some point, except for the red sample, which
starts to slow down at 42°C and only stops below 35 °C (Figure 5.2a). Below 35 °C
entering the smectic phase, no further response of band center is observed but an
increase in scattering does take place, thus sealing the plateau of color shift at blue,
green, orange and red respectively. Interestingly the RT-red sample that was cured at
40°C has the largest color change (~210 nm) changing form red to blue, while the RT-
blue sample cured at 52°C, the range is the smallest (~90nm, light blue to deep blue).
During heating, the reverse thermochromic response is observed, reaching a blue
reflection at 54°C and disappearance of color when heated further. However, the
major bandshift starts later than the curing temperature and has a steeper trend near
54°C. This hysteresis is typical for polymer-stabilized liquid crystals having a

smectic—cholesteric phase transition as was also discussed in Chapter 4.

It is interesting that the reflection band shifts of these thermochromic coatings are
stopping at higher temperature than the smectic transition point. In contrast, when
using a lower network concentration (2wt%), the limit occurs at the smectic transition
and when cured at 47°C, the highest reflection wavelength is at 612nm which is over
520nm. It can be surmised that the higher density of network generates a stronger
anchoring effect!?’] to the mesogens that pushes the stopping temperature higher.
Furthermore, it is beneficial to polymerize the cholesteric sample at temperature that

is not too close to the isotropic temperature to obtain a large color change.

83



Chapter 5

Heating >
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Figure 5.3 Images of the patterned coating at various temperatures during heating and cooling
between 20°C and 61°C.

Thermochromic color patterns are created via polymerization at different
temperatures using photomasks (Figure 5.1b). The photomasks were made from
polyimide tape (Kapton) via laser-cuting. The RT-blue patterns were fabricated at
52°C using a mask containing “square”, “5” and “fire (in Chinese)” shapes, while the
RT-green patterns were created at 47°C using a mask having “circle”, “triangle” and
“E” shapes. Finally, the RT-red background was polymerized at 40 °C to receive a 3-
color pattern at room temperature (Figure 5.3). Upon increasing the temperature, the
RT-red background changes color around 40 °C, while the RT-green and the RT-blue
patterns retain their colors until the steep blueshift above 52 °C due to the hysteresis.
At 55 °C, just below the isotropic transition temperature, the background and the
patterns appear in blue colors of different shades. Upon reaching the isotropic
temperature at 61 °C, the patterns turn mostly colorless with a slight purple reflection,
which is assumed to originate from the polymer network mesogens. The colors
reappear with cooling from the isotropic, and the reversed thermochromic response
of “square-5-fire”, “circle-triangle-E”, and the background is observed, until they
settle in blue, green, and red at 52°C, 47°C, and 35°C, respectively. The thermochromic
response in each part of the patterned coating’s different areas is identical to the

corresponding non-patterned coatings.
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2.2. Thermochromic patterns with light polarization dependent color

We introduced LPL dependency features to our photonic coating by stratification
using dichroic initiator 2 following our earlier reported method.l"] The dichroic
initiator aligns with the liquid crystal molecules and preferentially absorbs light with
a polarization direction parallel to its molecular orientation (Figure 5.4). As a result,
when irradiated by linear polarized UV, polymerization is initiated in the regions
with the same molecular alignment director as the light polarization, which is every
half a pitch length. The diacrylate network monomers are polymerized in these
initiated regions, causing a diffusion of monomers from the non-initiated regions. The
stratification process distorts the helical structures by local variation of the
concentration of chiral molecules, and forms alternating layers of network-rich and

network-poor moieties with different refractive indices along the thickness.
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Figure 5.4 Schematic presentation of the stratification process on CLCs, for the fabrication of
patterned thermochromic coatings with LPL dependency. Only the areas exposed to linear
polarized UV light are stratified, whereas the nonexposed areas maintain a regular chiral
nematic helix.

The coating was polymerized with linearly polarized UV light with the polarization
direction perpendicular to the coating direction, which from this point on is defined
as 0°/180° (Figure 5.5a). When stratified at 42 °C, a red reflecting coating is obtained
at room temperature. The unpolarized transmission spectrum of the coating
demonstrates an asymmetric reflection band centered at 600 nm with a minor second

peak at 650 nm (Figure 5.5b). Compared to the symmetric reflection band of the non-
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Figure 5.5 (a) Designation of linear polarization angles in the article, defining the direction of
coating as 0°/180°, and the UV light polarizer as 90°, when observed from the same side as the
light source. (b) Comparison of reflection band shape between the stratified and unstratified
coatings cured at 42°C (spectra were recorded at 20°C). The spectrum of the uncured mixture
at 42°C is also plotted as a reference. (c) LPL dependent transmission spectra of the stratified
coating cured at 42°C in the characteristic angles of -45° and +45°, along with the unpolarized
spectra at RT. (d) Polar plots of the transmission at the reflection band center wavelength of
the stratified coatings cured at 42, 47, and 53°C, at room temperature. (e) Images of the stratified
coatings at room temperature under unpolarized light, linear polarized light at -45° and +45°.

stratified sample cured at the same temperature, this asymmetric reflection band is
broader and inclined to higher wavelength (Figure 5.5b), and therefore, its color at RT
appears to be red. Linearly polarized light transmission of 600 nm at varied
polarization angles shows a “peanut shaped” polar plot (Figure 5.5d, red curve).
Transmission at -45° is highest (60%), while at +45° transmission is the lowest (17%).
The brightness contrast is clearly seen in photographic images under a linear
polarizer, at the directions of -45° and+45° (Figure 5.5e). Apart from the brightness,
the reflection color also slightly changes with polarization angle, due to the changed
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ratios of reflection band intensity between the two edges of the reflection band (Figure
5c). RT-green and RT-blue samples were successfully prepared as well, via
stratification at 47 °C and 53 °C (Figure 5e), where the uncured mixture appears in
green and blue reflection, respectively. The reflection center at RT by unpolarized
spectra are observed at 525 and 498 nm, respectively. However, the LPL angle
dependencies of in these samples are less prominent compared to the red sample
(Figure 5.5d). The lowest and highest transmissions of the green coating at its
reflection center are 40% and 57%, respectively, whereas for the blue coating this is
only 46% and 50%, respectively. The LPL angular contrast of the RT-green sample is
minor and that of the RT-blue sample is hardly distinguishable by naked eye (Figure
5.5e). The angles showing the darkest and brightest reflection are still -45° and +45°,
respectively. We propose that proper stratification is more difficult to achieve for
shorter pitches due to a shorter diffusion distance. As the distance between two
initiated regions becomes shorter, less monomers are present within half a pitch, and
thus the gradient of network concentration is less between network-rich and network-
poor regions, resulting in a reduced LPL dependency.
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Figure 5.6 LPL dependent transmission spectra (at -45° and +45°) of the stratified coatings cured

at 42°C (a) and 47°C (b), collected at various temperatures during a cooling from the isotropic
phase.

The stratified coatings present a similar type of thermochromic response compared
to the unstratified coatings when viewed with unpolarized light. Major reflection
band shifts start above their curing temperatures, and they are fully reversible upon
cooling from isotropic. We investigated the LPL dependency at elevated temperatures
as well (Figure 5.6). It is found that the LPL dependency of the RT-red and RT-green

samples diminishes at temperatures higher than 35 °C, but fully recovers when cooled
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to room temperature. The temperature at which LPL dependency disappears is
around the smectic-cholesteric transition of the coating. Therefore, it can be inferred
that the LPL dependency is highly related to the smectic transition, in which smectic
clusters are formed along the anisotropic direction of the network, extending the

deformed areas in the helices.

A patterned coating with stratified structures was fabricated using the combination
of a linear UV light polarizer and photomasks. The patterns of “circle”, “triangle” and
“E” were exposed at 47 °C (green color) with LP UV light, then the patterns of
“square”, “5” and “fire” were exposed at 42 °C (red color) with LP UV light, and
finally the background area was cured at 42 °C with unpolarized UV (Figure 5.7a). As

the “square-5-fire” patterns were cured at the same temperature as the background,

46°C

20°C
unpolarized -45° +45° unpolarized -45° +45°

Heating =

(c)

61°C
(isotropic)

< Cooling

Figure 5.7 Images of the stratified patterned coating, showing (a) red-and-green patterns at
room temperature. The red patterns which were stratified are hidden into the unstratified
background of the same color under unpolarized light, and reveal under a linear polarizer.
Both the stratified red and green patterns show variation in optics with rotating polarization
angle, between the darkest reflection angle of -45° and the brightest reflection angle of +45°. (b)
at elevated temperature (46°C), the angular dependency of the patterns is diminished. The
hidden pattern is therefore not clearly revealed with a polarizer. (c) Thermochromic response
of the coating at various temperatures during heating and cooling between 20°C and 61°C,
under unpolarized light.
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these patterns have almost the same color as the background and are therefore hidden
with unpolarized light. The hidden red patterns can be clearly revealed under a linear
polarizer due to the contrast in color and brightness against the unstratified
background. Both the RT-red and RT-green patterns show various shades of colors
when rotating the LPL direction between -45° and +45° in good resolution. At
elevated temperatures where thermochromic shifts take place, the LPL dependency
of both patterns is largely weakened, and the “square-5-fire patterns” are not clearly

revealed by LPL anymore (Figure 5.7b).

The coating shows diverse thermochromic response for the different colored patterns,
in the same way as the unstratified coatings (Figure 5.7c). Throughout the cycle, the
RT-red patterns remained almost invisible under unpolarized light, proving the
highly similar thermochromic response between stratified and unstratified parts. In
particular, at 54°C during cooling, all 3 parts show a uniform shade of blue color, and
therefore, all patterns are hidden. This is different from the unstratified patterns
(Figure 5.3). We attribute this phenomenon to the broader reflection bands after
stratification, which reflection colors are more impure to be distinguished among
different shades. As the hidden patterns could only be clearly revealed under a linear
polarizer at room temperature, an interesting scenario of interactive art and

information encryption by this patterned sample is therefore presented.

3. Conclusion

In this work are developed thermochromic photonic coating devices that combine
features of facile processing, fast response, full reversibility, patternability, and LPL
dependent colors. By performing polymerizations at different temperatures (40-52°C)
various reflection colors from red to blue can be obtained. A three-color patterned
coating could be prepared by photomasked polymerization at three temperatures.
The initially multicolored coating becomes blue at higher temperatures, with each
color shifting in sequence instead of all colors shifting simultaneously. Linear
polarization dependent color can be achieved using a dichroic photoinitiator in the
mixture and cure with LP UV light. The deformed helical structures obtained through
this stratification process present color and brightness contrasts of reflection at room
temperature when viewed with LPL between the polarization angles of -45° and +45°.
The LPL dependency mostly disappears at elevated temperatures, but this is fully

reversible. In addition, the thermochromic responsiveness of the stratified coatings
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under unpolarized light is identical to the unstratified coatings polymerized at the
same temperature, and they are patternable as well. We demonstrate an encrypted
coating with some stratified patterns hidden into the unstratified background when
viewed with unpolarized light at any temperature. The patterns are only revealed
when viewed with LPL at room temperature. These easily-processable, multi-
functional coatings would be of interest for products in aesthetics or security
purposes. Protective topcoats are feasible upon this CLC coating to enhance

mechanical strength of the devices.[2425]

4. Experimental

Materials. The network monomer was purchased from Merck. The initiator 1
(Irgacure 184) was purchased from Ciba Specialty Chemicals Inc. The dichroic
photoinitiator, (1-(4"-heptyl-[1,1"4',1"-terphenyl]-4-yl)-2-methyl-2-
morpholinopropan-1-one), was obtained from Merck. The surfactant, (2-(N-
ethylperfluorooctanesulfonamide) ethyl methacrylate), was purchased from Acros.
The polyimide Optmer AL 1051 or alternatively, AL 1254, were purchased from JSR

Micro.

Synthesis. The cholesteric CP12 was synthesized following the methods in Chapter

4. The feed ratio of P1/P2 precursors in the reaction was adjusted to be 88/12 in mol.
Yield: 3.2192g, 69.2%.

H NMR (400 MHz, CDCls) 6 8.10, 7.59, 7.52, 7.41, 7.35, 7.28, 7.08, 6.91, 5.93, 3.99, 3.81,
2.07, 1.96, 1.79, 1.48, 1.45, 1.41, 0.97, 0.56, 0.11, 0.05. The average backbone length
(x+y)avg calculated from NMR peak integrals was 6.0 according to Equation 4 (r = 0).

GPC (THF, detector: PDA254nm in polystyrene standards): Mn = 3534Da, Mw =
4295Da, M. =5173Da, Mw/Mn = 1.21.

Phase transitions of CP12 revealed by DSC: G -2 Sm 39.7 Ch 64.9 L.

Preparation of CLC mixtures. In a tan glass vial was weighted the components of
CP12 and network monomers. The surfactant and the initiator were then added into

the mixture via diluted toluene solution in volumetric flasks. More toluene was added
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to dissolve all the components homogeneously. The total solute comprises about 45

wt% of the mixture.

The composition ~ for  non-stratified coatings is: CP12/network
monomer/surfactant/initiator 1 = 94.6/4/1/0.4, in weight ratio. The initiator 1 ratio in

the mixture is lowered to be 0.04 for the patterned, non-stratified coatings.

The composition for stratification is: CP12/network monomer/surfactant/initiator 2 =
94/4/1/1, in weight ratio.

Preparation of rubbed polyimide-coated glass substrates. The glass substrates are
of 9 x 9 cm? size, and the procedure of applying a polyimide layer follows the exact

method as the previous literature.[']

Preparation of the coatings. An RK PrintCoat Instruments K control coater was used
to prepare all coatings. The example of non-stratified, non-patterned coatings is given
below: On a 9 x 9 cm? size glass substrate with rubbed polyimide was loaded 60 pul of
the mixture, and the was placed at 100 °C for 40 min to evaporate the solvent.
Afterwards, the substrate was transported to the pre-heated coater, at 52°C on the
substrate surface. The coating was applied using a 60 um gap (4-sided applicator,
1107/80/1, Sheen), which was pushed forward over the mixture automatically by the
coater. The speed of the applicator movement was about 0.5 cm/s, at the direction
anti-parallel to the rubbing direction of the polyimide layer. The coating was then
cooled down to the desired temperature (recorded at the substrate surface) and was
UV-cured using an EXFO Omnicure S2000 mercury lamp at an intensity of 4.5
mW/cm? (unpolarized) for 1 min in nitrogen environment, followed by post-curing
for 4min. The coating was let cooled to room temperature. The entire piece of coating
was cut into several pieces for different tests, using a glass cutter. All optical
measurements including photos of the coatings were started from the second cycle of
heating-and-cooling between 20°C and 61°C.

For the stratification process, a high contrast linear polarizer (PUVD260C35S from
LOT- QuantumDesign GmbH) was placed between coating and the UV light source
during the curing. The polarization direction was perpendicular to the coating
direction (Figure 5.5b). The intensity of polarized UV light that reaches the coating

surface was ~1.5 mW/cm?2.
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For the patterned coatings, a photomask was placed above the coating during each
temperature-stage of UV curing (Figure 5.1b). The photomasks were made by a
commercial polyimide tape (Kapton) clung on glasses, and were laser-cut into
different patterns. To avoid direct contact to the coating surface, the photomask was
attached with the glass substrate using double-sided tapes, which thickness is higher

but very close to the coating thickness.
The thickness of all received coatings are 22-27um as determined by interferometry.

Characterizations. Proton nuclear magnetic resonance ('H NMR) spectra were
recorded on a 400 MHz Bruker Avance IIl HD spectrometer. Gel permeation
chromatography (GPC) was performed on a Shimadzu LC-2030C.3D instrument
equipped with a PDA-254 nm detector, using tetrahydrofuran (THF) as the eluent
and monodisperse polystyrene calibration standards. Differential scanning
calorimetry (DSC) curves were measured with a DSC Q2000, TA Instruments.
Thicknesses of the coatings were examined using a Forgale Zoomsurf 3D

interferometer.

Transmission spectra of unpolarized light were performed in a PerkinElmer
LAMBDA 750 UV/vis/NIR spectrophotometer with a 150 mm integrating sphere
detector. Temperature control of the samples was realized via a Linkam THMS600
hot-stage with a customized aperture diameter of 6 mm. Heating and cooling of the
hot-stage were programmed using a Linkam T96 controller. For linear polarized light
transmission spectra and the polar plots, a linear polarizer is equipped in the

spectrometer.

Temperature calibrations for transmission spectra and the photographs follows the

methods as Chapter 4.
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Chapter 6

Technology assessment

The technology of the temperature responsive siloxane coating is assessed. The
materials are promising before applications such as infrared smart windows,
interactive decoration, security labels, and smart packaging. The advantage as well as

challenges are discussed, and possible improvements are proposed.

This chapter is partially reproduced from: Zhang, W.; Froyen, A. A. F.; Schenning, A.
P. H. J; Zhou, G.; Debije, M. G.; de Haan, L. T. Temperature-Responsive Photonic
Devices Based on Cholesteric Liquid Crystals. Adv. Photonics Res. 2021, 2 (7), 2100016.



Chapter 6

1. Introduction

The previous chapters have shown the evolution of siloxane-based CLC materials to
become easily-processable, stable, temperature responsive photonic coatings.
Chapter 2 exhibits the proof of concept that such materials are processible as well-
aligned photonic coatings and present temperature responsive reflective color (TR-
RC, or thermochromic) behavior as coatings, which is the cornerstone of this thesis.
In Chapter 3, crosslinkable units are introduced into the siloxane CLC material in the
attempt to produce a much more stable coating with a partially crosslinked, entirely
polymeric molecular system. It was proven that with a crosslinked network, siloxane
CLCs could still retain a decent temperature response. However, the synthesis and
fabrication of the coating is complex and the TR-RC is not fully reversible. In Chapter
4, an alternative PSLC system is adopted in which crosslinked network and the CLC
siloxanes are not bonded. Siloxane synthesis is therefore easier, and most importantly
the ratio of network in the system can be precisely controlled via monomer dosage.
Finally, an optimal network ratio is found where the coating retains a proper TR-RC
while gaining full reversibility, fast response speed, and long-term stability. In
addition, it is shown that an elastomeric topcoat can be directly applied on top of the
PSLC to serve as a good protective layer, which would be beneficial for applications
development. Chapter 5 enriches the optical responsiveness of the PSLC system
described in Chapter 4, revealing that the reflection color shifting range is also
controllable via the polymerization temperature of the network, which enables
colorful patterns by masked exposure. In addition, linearly polarized light-dependent
color can be built into this patternable and TR-RC PSLC coating to bestow new
applications. The characteristics of the molecular systems in each chapter are
compared in Table 6.1. To summarize, the siloxane-based CLC molecular systems for
TR-RC coatings have evolved to be easily processable, have a fast responsiveness and

to be fully reversible, patternable, and complexed optics are also possible.

In this Chapter, potential products, i.e., infrared reflective smart windows and visible
light reflecting products such as temperature indicators, derived from these TR-RC

coatings are discussed.
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Table 6.1. Summary of molecular systems in the main chapters of the thesis.
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Chapter 2 Chapter 3 Chapter 4-5
Siloxane design P1 homopolymer P1+P2+P3 terpolymer P1+P2 copolymer
Chiral center Added 5811 In P2 In P2
. Polymerizable group Added network
Network design No network .
in P3 (6 mol%) monomer

Network fraction

40~50% of siloxane
chains (rough
estimation) in short

network segments

Tunable ratios, 3-4wt%

are the optimal

TR-RC wavelengths

2350-1250 nm

1363-775 nm

670-400nm, variable by
network ratio and
curing temperature
Linear polarized light
dependent color can be

built upon

TR-RC temperatures

16-66°C

20-66 °C

20-55 °C

TR-RC Reversibility

Irreversible from

Irreversible from

Fully reversible

isotropic isotropic
. . . Complicated, requiring .
Coating processability ~ Simple . Simple
a mediator
Chemical stability 5811 loss over storage Stable Stable
. . Susceptible to any Susceptible to any Stable when with a
Mechanical stability
force force at >30°C topcoat
Temperature sensor,
Application model IR reflecting windows IR reflecting windows  decorative art, security
labels
2. Infrared reflecting coatings for smart windows

The modern era faces a climate challenge requiring the consumption of energy by

humans to be reduced. As windows are playing an increasingly important role in the
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modern world (architecture and vehicles), they can be functionalized to reject
sunlight energy in order to lower the energy consumption needed for the cooling of
interior spaces (Figure 6.1a). As introduced in Chapter 2, coatings or foils that reflect
near-infrared light (IR), which are invisible but a major source of sunlight heating,
would be of great use for producing energy saving, transparent windows. Compared
to absorption based technologies, light reflection is more effective in terms of energy

insulation.!!

“Smart windows” refer to the on-demand light transmittance modulation of the
windows.[? Temperature responsive infrared reflectors are one category of materials
that can be used for smart windows as they can automatically adjust IR transmittance
according to the circumstance, thus regulating heat without manual operation. Such
smart window coatings are an appealing application of the siloxane based CLC
materials that have been presented in this thesis. The coatings in Chapter 2-3
demonstrated the prototypes of such infrared reflecting smart windows, which

I v light
[ visible light
I nfrared light

Salar Irradiance, Wﬂmglnm
o
0

500 1000 1500 2000 2500
wavelength, nm

Figure 6.1 (a) The concept of an ideal temperature-responsive smart window reflecting infrared
radiations during warm days (left) and allowing it to transmit during cold days (right), while
remaining transparent in the visible region. Reproduced with permission.'l'. Copyright 2017,
John Wiley and Sons. (b) Solar spectrum on Earth. Data taken from National Renewable Energy
Laboratory.B!
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exhibited good processibility as coatings and large thermal reflection bandshift over
the IR region. The system developed in Chapter 4 is suited because of the full
reversibility from being heated beyond the isotropic temperature, the fast response
speed, and excellent transparency. The easy processibility of the material may allow
for larger sized products, too. To adapt the material for smart windows, the
concentration of chiral dopant shall be lowered to relocate the reflection bandshift to

the IR region.

The reflection band of the coatings shifts towards a lower wavelength in the IR range
at higher temperatures, driven by the smectic-cholesteric transition. This
characteristic is favorable for smart windows, as sunlight contains more energy in the
lower wavelengths of IR (Figure 6.1b).%! Furthermore the coating will be transparent
in the visible light region. Moreover, the siloxane backbones have a Tg below 0 °C,

which allows for responsiveness at warm weathers on Earth.

Despite the potential of the materials, improvements have to be made for the
realization of commercial smart window products. Major improvements to focus on

are increasing reflection efficiency, scale-up production, robustness, and cost prize.
2.1. Improving heat regulating efficiency

Near infrared light covers a wide wavelength range of 700-2500 nm.®! To reject IR
light entirely, reflection of these wavelengths needs to be completely covered, with
100% reflection. However, in the materials shown in this thesis, only a single small
reflection band is observed instead of a broad reflection band. Furthermore, the CLCs
due to the single handedness a maximum of only 50% of reflection can only obtained.
Although the direction of the band shift is correct for smart windows, the general heat
regulating efficiency in these devices is presumably not high enough for practical

usage.

An ideal smart window coating would present a single reflection band at ~2500 nm
at low temperature, and broadens to the full IR range when heated. In fact, such a
band-broadening type of temperature response has been shown in PSLC systems
with small mesogenic molecules.*71 Such broadening stems from anchoring effects
(Figure 6.2) that cause the non-reactive CLC molecules near the polymer network to
be physically constrained and no longer able to respond to changing temperatures.

On the other hand, CLC molecules located further away from the polymer network
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have more freedom of motion, and their temperature response is unaffected by the

network. As a result, the reflection band of the system is gradually broadened upon

heating.
100
: —&— 0°C
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Figure 6.2 The band-broadening type of temperature respose of a PSLC cell using HTP
changing small molecules. Inset reveals the mechanism of such band broadening, which is due
to the inhomogeneity of the network induced during photopolymerization that causes an
anchoring effect. Adapted with permission.”l Copyright 2010, Taylor & Francis.

However, PSLCs utilizing smectic-cholesteric type CLCs rarely show such
broadening effects.*1%l The only reported case of band broadening when using PSLCs
with a smectic-cholesteric phase transition is seen in a cell with an ultra-thick (203 um)
LC layer containing 11 wt % acrylate network and 88 wt % of a non-reactive smectic-
cholesteric phase transition CLC mixture.'"'l For making polymer coatings based on
these results, siloxane CLCs with an HIP changing mechanisms could be used.
Materials with such properties have been discovered in a few examples!'>!3, the

chemical structures of which are drawn in Figure 6.3.
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Figure 6.3 Chemical structures of thermochromic siloxane CLCs with an HTP changing
mechanism. Cholesterol groups are used as chiral dopants. ['>13]

To achieve 100% of light reflection, both left- and right- handed CLCs have to be
present in the coating. This could be achieved by coating two CLC layers of opposite
handedness.

2.2, Realizing large scale production

In the previous chapters, the siloxane based CLC materials are proven to be
processable via a wire-bar or blade coating method, and the material can adopt a
planar CLC alignment upon coating. The maximum sample size prepared in this
thesis is seen in the patterned coatings presented in Chapter 5, where the substrate
size is 99 cm to fit the entire gap applicator, and the pattern size is approximately 4*3
cm, which is large enough for the pattern imprint. Compared to the traditional
method of capillary filling into cells to obtain alignment, the bar-coating processing
is superior in processing time for more viscous materials and avoiding
chromatography effect which causes inhomogeneity issues when applied over large
areas. It could be estimated that such lab-scale bar-coat setup should be modified for
meter-scale fabrications, as the substrates shall preferably move rather than the gap
(Figure 6.4a). Industrial flexography coaters are available for pilot testing (Figure
6.4b).

Apart from the direct application on glass as coatings, adhesive foils could be an
attractive route as well, which would be convenient for application to existing
windows. Bar-coating, however, may be not efficient for foil fabrication. An
alternative way is roll-to-roll fabrication, commonly seen in the production of foils
(Figure 6.4c). PDLC foils have been successfully fabricated as meter scale products
(Figure 6.4d).[415 Transparency tuning window foils driven by both temperature and

electricity have been demonstrated. As friction force between substrates is involved
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in roll-to-roll procedures, planar alignment of our siloxane based CLCs might be
possible. Compared to systems with small mesogenic molecules!'®'8! our full-polymer
systems could be more robust since leakage or flow of the LCs can be avoided.

monomer ink
(a) §  Doctorblade (e)
uv
“ / Ink
Printing ' Doctor G "
i ravure Cylinder
@ \:oll " blade (Image Carrier)

(b) film substrate

impression Cylinder

Figure 6.4 (a) Schematic presentation of the flexography technique. Reproduced with
permission.?’! Copyright 2019, Royal Society of Chemistry. (b) Industrial flexographic coater.
Picture provided by Guohua Optoelectronics, Shenzhen, China. (c) Schematic presentation of
roll-to-roll fabrication of foils. (d) meter scale PDLC foils produced via roll-to-roll methods. The
transparent foil turns opaque at higher temperatures. Reproduced with permission.!!%l
Copyright 2017, Royal Society of Chemistry. (e) Schematic presentation of the gravure
technique. Reproduced with permission.[*”! Copyright 2011, IEEE. (f) colored soft film by CLC
polymers, produced by gravure printing. Reproduced with permission.?'l Copyright 2019,
John Wiley and Sons.

Flexographic and gravure printing[’”l (Figure 6.4a,e) are also powerful candidates for
upscaling flexible substrate devices, as the printing speed can be fast, up to 1.5 m/s.
The frictional forces induced by the printing roll could also facilitate planar
cholesteric alignment in CLC polymer films (Figure 6.4f).[20211 Patterning on these
films is possible by designing the plate cylinder. Therefore, these processing

techniques are for fabricating TR-RC CLC polymer coatings or foils.
2.3. Enhancing mechanical robustness

The TR-RC PSLC coatings contain largely non-crosslinked oligomers to maintain a
proper temperature response. These coatings are not mechanically robust enough for
commercial products and easily suffer from mild damage such as touching and light

abrasion. If the materials are not coated on the inner sides of the double-glazed
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windows, a topcoat must be applied to enhance its robustness. Solvents or low-mass
precursors should be avoided when selecting the topcoat material, as they could
penetrate into the siloxane CLCs and disturb the alignment.

In Chapter 4, a PDMS topcoat is bar-coated on top of the siloxane CLC layer and
shown to provide decent protection against abrasion by finger touching, without
harming the TR-RC property of the coating. Tougher topcoats are needed in further
product development to provide better protection. Many candidates are available on
the market. For instance, transparent and anti-scratch solvent free polymer based
materials are promising that would not harm the CLC material during the coating

procedure.[2223]
2.4. Cost control

The cost of polymer coating in product development. This thesis shows new designs
of siloxane CLC oligomers that are suitable for TR-RC coatings. The synthesis of these
materials involves multi-step reactions with different mesogenic precursors.
Especially the chiral dopant M2 which is not commercially available is expensive to
synthesize. For instance, the retail price of (5)-(-)-1-phenyl-1-propanol used to
synthesize M2 is 287 € for 1 mL. This would impose a great burden to the cost of large-
scale fabrication. To lower the cost, selecting commercially available materials and

simplifying synthesis steps is key.

T 0L 3O MJY
_sl’{/ | s|—H + [ DW_Q_{ @

reactive mesogens M“"}_@_g j :}_Q_GW

e A Ml

Figure 6.5 Synthesis of main chain siloxane CLC materials. Some examples of mesogenic units
are given.
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Main-chain siloxane CLC materials can be considered as one possible solution. 242
Through a hydrosilylation reaction of PDMS with Si-H terminal groups and a mixture
of reactive mesogens, the material can be synthesized in one step (Figure 6.5). The
selection of mesogenic units can be chosen from a variety of diacrylate nematic
mesogens and chiral dopants which have been mass-produced. Main-chain TR-RC
CLC oligomers using thiols or amines as chain extenders have been synthesized.[26%”]
By using siloxane as an extender, the responsiveness of the oligomers might be
improved, the working temperature can be lowered to ambient temperature
conditions, and by stabilization with crosslinked networks, excellent thermal
responsiveness similar to that observed in the side-chain polysiloxanes can be

achieved.

3. Applications of visible light reflecting coatings

Visible light reflectors have been demonstrated from PSLC coatings with TR-RC CLC
siloxanes (Chapter 4). Color patterned coatings have with linear polarization
dependent colors been created too (Chapter 5). Potential applications for these
colorful TR-RC coatings include interactive decorations, security labels, and
temperature indicators. These products could be specially customized and fabricated
on a smaller scale, without requirements on full intensity or broadband reflection. The
abovementioned issues about processing methods, mechanical robustness and cost

control may still apply to their product development, though.
3.1. Interactive decoration

Decorative art such as mood rings and body-temperature sensitive sheets (Figure 6.6a)
have been produced from TR-RC CLCs as alleged solvent-based inks.[?l One could
infer from the information provided that these inks are made from PDLC systems in

that they are sold as either paintable inks, or breakable sheets.
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Compared to PDLC systems or layers with absorption-based colors, the PSLC TR-RC
coatings described in this thesis (Chapter 4) have the unique feature of high
transparency. This feature would be optimal for decorations where transparency is
needed, such as windows, showcases, or containers. Patternability of the coatings as
demonstrated in Chapter 5 can extend the option for decorative designs as well. One
possible application of the patterns is outdoor decoration or advertisement on
architecture windows, like the examples of the patterned luminescent solar
concentrator that is shown in Figure 6.6b.1? Transparent, removable decorative foils

with thermally responsive colors can also be envisioned from our materials.

Figure 6.6 (a) An example of thermosensitive CLC sheet that is sensitive to body temperature.
(b) patterned luminescent solar concentrator that can be used as window decorations.
Reproduced under terms of the CC-BY-NC-ND license.®! Copyright 2020, Elsevier.

3.2, Security labels

Chapter 5 shows the hiding and revealing of patterns in the TR-RC coating, created
via stratification in the CLC helices. The red stratified patterns are hidden in the
unstratified background of the same color, and can be revealed under linear polarized
light due to the contrast in color and brightness. This suggests the possibility for
applications as security labels, such as anti-counterfeit marks or information
encryption. The application scenario would be the identification of genuine products
or passwords. Each pattern has a unique temperature responsiveness and is
reversible, which would add extra dimensions to the verification or encryption
method. Patterns, colors, TR-RC properties, and polarization dependency could all be

programmed as the “code”.
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3.3. Temperature indicators

- 60°C might be hot
55°C
= L
B «0-c
m 25°C  too cold

Figure 6.7 A schematic illustration of warm-beverage labels using the CLC-siloxane based
thermochromic coatings described in Chapter 4.
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Several temperature indicator coatings using CLC materials have been reported.
Irreversibly responsive CLC polymer coatings as depicted in Chapter 1 are being
developed into smart labels in cold chain transportation or sterilization.3031 The
irreversible color change by heat would indicate the temperature history of the target.
Furthermore, reversibly TR-RC PDLC sheets to detect fever (Feverscan®) are already

available on the market.[32

The reversibly TR-RC coating introduced in Chapter 4 is ideal for food labels where
the working temperature range is of importance. Warm beverages (e.g. coffee, tea)
are best served at around 58°C.1*1 Consuming at a higher temperature could be
harmful to health.34%! Therefore, this TR-RC system is well suited for showing if a
beverage is at a proper serving temperature by a label on the container or package
(Figure 6.7). Above 55°C where no color is presented, the food is considered too hot
to consume, while below 40°C the reflection shifts to red, indicating a cold drink with
reduced flavor. Warning signs could be printed behind the CLC label to alert the
possible burns, too, due to the good transparency of the label. If such labels could be

fabricated at low cost, they can be produced as single-used food packages.

4. Conclusion

The chapter show a map of potential applications for siloxane-based TR-RC CLC
coatings. As can be concluded, the materials introduced in this thesis are promising
for coating-based products such as infrared reflective smart windows, temperature

indicators, interactive decorations, and security labels. Future researches and
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engineering on the material can be dedicated to remove the obstacles to allow these

products to reach the market.
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Summary

Temperature Responsive Photonic Coatings based on

Siloxane Liquid Crystals

Temperature-responsive photonic polymers are able to change their structural
reflective color upon temperature fluctuations. These “smart” materials have
potential applications as temperature indicators, aesthetics, and heat-regulating
windows. For these applications, polymer coatings are desired that are easily
processable, robust, and have a reversible response. However, the fabrication of such
thermochromic coatings remains challenging. This thesis aims at preparing
temperature responsive reflective-color coatings from cholesteric liquid crystal (CLC)
polymer materials, pursuing easy processability, fast and reversible responsiveness,
and good mechanical robustness. In the Chapters 2-5 are shown the evolution of
material system design based on siloxane CLC materials with smectic transitions to
induce a temperature responsive color change. Chapter 2 shows the proof of concept
that a siloxane-based CLC material can be bar-coated, using a simple mixture of
nematic homopolymer and a chiral dopant. In Chapter 3 a crosslinkable terpolymer
CLC is synthesized in order to achieve a polymer-stabilized coating with a high
crosslink ratio. Temperature responsiveness of this coating is remained in this
polymer stabilized liquid crystal (PSLC) system. Chapter 4 modifies the PSLC system
such that the crosslinked network is not covalently bonded to the siloxane CLC. By
using the optimal network concentration, the PSLC coating shows full reversibility in
responsiveness from both isotropic and smectic transitions. It is also shown that a
topcoat can be used to provide mechanical protection to the PSLC coating. Chapter 5
enriches the optical responsiveness of the PSLC system, showing that its
responsiveness can be controllable via polymerization temperature of the network,
which enables colorful patterns by masked exposure. In addition, linearly polarized

light-dependent colors can be built upon this coating as well.

Through these generations of material systems, the siloxane-based temperature
responsive CLC coatings are evolved to be simple in fabrication, fast and fully

reversible response, tunable wavelength range, and mechanically robust. It is
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foreseen that these coatings can be developed further into various applications

including IR reflective smart windows and temperature indicators.
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