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Polymer Chemistry

ABSTRACT

This review describes recent progress made in designing stimuli-responsive, functional, side-chain,
end-on mesogen attached liquid crystalline polymers (LCPs). Developments in synthetic
methodologies including controlled and living techniques provides an easy access to well-defined
liquid crystalline polymers. For example, the synthesis of linear liquid crystalline block
copolymers (LCBCPs), block copolymers with a linear, coil-coil, non-LC block and an end-on
mesogen attached LC block, provides a route to polymers with morphology and properties akin
to conventional block copolymer. However, synthesis of topologically branched LCBCPs with a
branched coil-coil non-liquid LC block and an end-on mesogen attached LC block is used to
manipulate phase behavior, morphology and alignment kinetics of the resultant polymer.
Furthermore, synthesis of branched liquid crystalline random copolymers wherein the branched
coil-coil non LC unit and end-on mesogen LC unit are statistically distributed results in never-
before-seen helical and curved interfaces with new and enhanced properties. Finally, synthetic
strategies to incorporate organic dye molecules into a variety of liquid crystalline polymer
frameworks produces new optically active and adaptive soft materials. In the outlook section, the
need for topologically-diverse synthetic as well as naturally derived liquid crystalline polymer
architectures along with processing tools and field directed assemblies to produce functional
materials and their applications are discussed.

ABBREVIATIONS

LC: Liquid crystals

LCP: Liquid crystalline polymers

BCP: Block copolymers

LCBCP: Liquid crystalline block copolymers
SmA: Smectic mesophase

SmA*: Chiral smectic A mesophase

SmC: Tilted smectic C mesophase

SmC*: Tilted chiral smectic C mesophase

N: Nematic mesophase

N* or Ch*: Cholesteric, chiral helical or chiral nematic mesophase
IMDS: Intermaterial dividing surface

PSLC: Polymer stabilized liquid crystals
CLC: Cholesteric liquid crystals
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Section 1: Introduction

Control of polymeric self-assembly by exploiting molecular and supramolecular
interactions is a useful strategy to create hierarchical functional materials. To create responsive
and functional polymeric assemblies, liquid crystalline mesogens and non-liquid crystalline
moieties are incorporated a block-like or statistically random arrangement.!-? This result in liquid
crystalline block copolymers or liquid crystalline random copolymers, respectively, Figure 1.

Coil-coil linear liquid crystalline block copolymers (LCBCPs), wherein the non-LC block
is topologically linear and the LC block has end-on LC attachment (side-chain), is a well-studied
model system. These LCBCPs exhibit hierarchical order due to the microphase separation in the
length scale of 10—100 nm and temperature-dependent thermotropic LC mesophase ordering in
the length scale of 3—10 nm, Figure 2.3-¢ Microphase segregated structures on the length scale of
10—100 nm may form spherical, cylindrical, gyroid, and lamellar morphologies dependent on (i)
volume fraction of the different blocks with LCBCPs and (ii) incompatibility factor between the
competing blocks.”!! Furthermore, liquid crystalline mesophase morphology is dependent on
orientation order, positional order, molecular shape, topology and amphiphilicity of the LC
molecules such that conventionally: 1) nematic phases are formed by rod-like or disc-like units that
have long range orientational order; ii) cholesteric phases, which reflect visible light, are formed
by chiral nematic mesogens; iii) smectic mesophases are formed when rod-like molecules arrange
in layers; iv) columnar mesophases are formed by disc-like molecules that arrange in a column,
Figure 2.1-3 ¢ However, in LCBCPs, the interplay between microphase segregation and LC order
has a strong influence on the resulting self-assembled structure, mesophase, thermal and
morphological properties as well as block copolymer order-disorder transition temperature, Figure
2.3 12-14 In most cases, microphase segregation of the block architecture dominates, followed by
parallel or perpendicular anchoring of LC molecules to the intermaterial dividing surface (IMDS).?
13,16 This determines interfacial curvature, which in turn impacts microphase segregated (10-100
nm) and LC mesophase (3-7 nm) nanostructured morphology.? ¢ '7 More importantly, and until
very recently, due to the very high surface-to-volume ratio at the IMDS, only smectic LC layers
(SmA, SmC*) or nematic (N) mesophases are favored. '8

Most research on coil-coil LCBCPs are focused on systems comprising linear amorphous
or linear semicrystalline polymers as the non-LC block and side-chain LC units in the other
block.!®- 2% For example, LCBCPs comprising linear semicrystalline PEO in one block and side-
on LC mesogen in the other block have been well-studied.?!->3 Herein, the interplay of LC order,
crystallization of PEO and microphase segregation of the block architecture on the formation of
unique morphologies have been well-documented and used to create ion conducting
electrochemical devices and batteries.?> However, in many of these examples, the order-disorder
transition temperature of the LCBCPs is very high, making it difficult to process the LCBCPs and
to attain long-range order. To overcome these issues, several different approaches are used
including (1) synthesis of non-linear topologies such as branched, brush-like or comb-like non-LC
molecules on the self-assembly and the processing of LCBCPs?* 23 and (2) utilization of the
diamagnetic property of the LC phase above the order-disorder transition temperatures to align
both the LC mesophase and the non-LC microphase segregated structures by using a magnetic
field.?6-28 Thus, the field of LCBCPs has undergone a lot of development in the synthesis and the
structure-property-processing areas to advance the use of these materials. Furthermore, in the
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recent years molecular engineering of new topologies of non-LC units within random liquid
crystalline copolymers in conjunction with processing tools are being developed to fully explore
the interplay of self-organizing LC and branched non-LC units to design the next generation of
materials.?’

( Liquid crystalline polymers )
I
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( Liquid crystalline block copolymers (LCBCPS)) ( Liquid crystalline statistically random copolymers)

(Linearcoil-coil LCBCPs ) (Coil—coil branched LCBCPs) ( Building Blocks ) ( Building Blocks )

Building Blocks

) Branched (c o a) Non-LC uenemey with a) Branched (comb, brush
3) E’ r‘mhc 6 (wmfb’ Building blocks or without functional groups star, graft) non-LC monomer
no::i C’ ?:g;](%:;etr) a) Non-LC monomer (acrylates, norbornene, of Macromonomer
or macromoner b) End-on attached acrylic acid) b) End-on attached LC
b) End-on attached side chain LC b) End—glr:aeil;tached side ——

LC monomer

a1 T

Figure 1: Thermotropic liquid crystals attached as end-on type side chains within block copolymer
framework (linear and branched LCBCPs) and statistically random copolymer framework (linear
and branched random LCPs).

Section 2: Liquid crystalline mesogens

There are many libraries of small-molecule liquid crystalline mesogens that have been developed
in the past hundred years starting with the preparation of pure cholesteryl ester.? In this Review,
we will focus on cholesterol, azobenzene, cyanobiphenyl and benzoate building blocks as end-on,
side-chain mesogens within LCPs, Figure 3. Cholesterol is a chiral molecule with planar rigid
structure, that selectively reflects light in the visible range (400-800 nm) and can be used as a
photonic band gap material.3% 3! Cholesteryl moieties can be attached to different monomers
including acrylates, methacrylates, siloxanes, norbornenes, and lactones.?'-3 These monomers are
polymerized by controlled radical, ring opening and ring opening metathesis polymerization
methods to produce LC homo-, random and block copolymers.3? Other important LC mesogens
typically used are cyanobiphenyl®, alkoxy benzoic acid®, benzoates’® and azobenzene 37- 38
derivatives.
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Figure 2. (a) Liquid crystalline mesophases. (b) An example of hierarchical structure from diblock
and triblock copolymers containing side-chain liquid crystals. Conventional hierarchical self-
assembly of liquid crystalline block copolymers result in liquid crystal order (1-10 nm) and block
copolymer microphase segregation (10-100 nm). Phase transition temperatures include liquid
crystalline mesophase transition temperature (T ¢s) and block copolymer order disorder transition
temperature (Topr), which alters the intermaterial dividing surface (IMDS) and self-assembly
behavior of liquid crystalline block copolymers. Shown here is a specific case wherein the liquid
crystals arrange in smectic A (SmA) bilayer structures. IMDS is the interface between the red
block and the blue block in this figure. Adapted with permission from Ref. 17. Copyright (2013)
John Wiley & Sons, Inc.

The LC mesogens are attached to monomers via different types and lengths of spacers and
(co)polymerized to yield homopolymers, statistically random copolymers and block copolymers.
The type and length of spacers between mesogen and backbone is used to manipulate thermal,
mesophase, optical and mechanical properties of LCPs.*?3* These functional LCPs are important
for LC displays, lasers, ferroelectrics, actuators, and photoresponsive materials.33 39-30
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Figure 3: Chemical structures of liquid crystalline building blocks that function as end-on type
mesogens.

Section 3.0: Liquid crystalline block copolymers from sequential polymerization of non-
liquid crystalline monomer and end-on attached side-chain liquid crystalline monomer

As mentioned previously, conventional LCBCPs comprising linear non-LC block and side
chain LC block present hierarchical structures similar to conventional coil-coil BCPs, wherein
microphase segregated domains will coexist with LC mesophases.> 2> 3! In many cases,
microphase separated morphologies including spheres, bicontinuous gyroids, hexagonal packed
cylinders, lamellae are obtained, in which LC packing is confined within the BCP microsegregated
domains.* 7- 2% 52 Nevertheless, the attachment of LC side groups increases the incompatibility (
parameter) between the LC block and the non-LC block, which strengthens the BCP microphase
separation.” However, the conformational or structural asymmetry of dissimilar blocks due to the
introduction of the side-chain mesogens and the anchoring of the mesogens to the intermaterial
dividing surface (IMDS) shows deviated phase diagrams compared to that of the conventional
coil-coil BCPs.3334

Typical hierarchical structures that can be formed by LCBCPs include: (1) lamellae-in-
lamellae, (2) cylinders in LC matrix and (3) LC cylinders in BCP matrix, Figure 3 and 4. (1) For
the lamellae-in-lamellae structure, the mesogens form smectic layers confined within the
microsegregated lamellar domains, where the LC layers are often perpendicular to the IMDS (also
called homogeneous anchoring of the mesogens).> *3-%! However, some also report the parallel
arrangement of the LC layers with respect to the IMDS ( also called homeotropic anchoring of the
mesogens) where the spacer between the mesogens and the main chain are sufficiently long.%2-64
(2) For the cylinders in the LC matrix structure, the non-LC blocks with minor volume fraction
form the hexagonally packed cylinders dispersed in the matrix of smectic layers formed by LC
blocks, where the director of the cylinders are usually perpendicular to the LC layers
(homogeneous anchoring of the mesogens).?!> 3% 6567 (3) When the LC block is the majority
component, LC cylinders are formed by LC layers stacking along the long axis of the cylinder with
mesogens arranged parallel to the IMDS®® and the cylinders are hexagonally packed in the matrix
of non-LC block.!”> 3% 6. 70 QOther nanostructures such as nematic phase confined in
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microsegregated lamellae or tilted smectic C phase in microsegregated lamellae have also been
reported.”!-7* While hierarchical structures with specific anchoring conditions of the mesogens
with respect to the IMDS can occur locally simply through the self-assembly process upon thermal
annealing, long range ordering of these nanostructures are often achieved through shearing,
rubbing or magnetic field alignment.%3 73

Lamellaein lamellae Cylinders in LC matrix LC cylinders

Figure 4. Different types of hierarchical structures-within-structure formed by end-on attached,
side-chain, liquid crystalline block copolymers. Depending on the volume fraction of each block
and the LC phase, the units may be present either in the bulk matrix or within the microphase-
segregated structures. Adapted with permission from Ref. 17. Copyright (2013) John Wiley &
Sons, Inc.

Several research groups are focused on developing azobenzene containing block
copolymers where in azobenzene mesogens undergo trans-to-cis isomerization when exposed to
photoradiation.’6-82 Here, photoisomerization is coupled with microphase segregation induced
nanostructure formation. Responsive functions of these azobenzene containing LCBCPs have been
harnessed for patterning nanostructures in thin films, photoresponsive elastomers, and holographic
gratings.%3

For example, Ikeda and coworkers synthesized LCBCPs containing linear PEO in one
block and side chain azobenzene in the other block, Figure 5.3 This polymer self-assembles to
form a structure of PEO cylinders dispersed in azobenzene LC matrix. This in turn increases the
diffraction efficiency which is an important parameter of holographic grating.®* 8 BCPs
containing azobenzene groups in one block helps dilute the azobenzene concentration to reduce
the optical density and increase the laser permeability of the material 8% 8- 8 Furthermore, BCP
microphase separation allows the mesogens to self-assemble within the microsegregated LC
domain with cooperative effect, which otherwise would be disrupted in random copolymers.%
They demonstrated a simple, scalable and widely application, non-contact optical method to
pattern PEO cylinders, which is aligned perpendicular to the polarization of light direct and also
controlled by the supramolecular cooperative motion between azobenzene LC and PEO blocks,
Figure 5.34
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Figure 5: Azobenzene based block copolymers find applications that require
photomechanical materials such as soft actuators. In this example, azobenzene is used as a
molecular switch to convert input light energy into conformational change which subsequently
generates strain in the polymeric materials. Trans - cis photoisomerization and trans-cis-trans
reorientation of azobenzene convert input photonic energy into a mechanical output by distorting
the local polymer network. Reprinted with permission from Ref. 84. Copyright (2006) American
Chemical Society

Synthesis of new LCBCPs in conjunction with developments in field directed assemblies
along with post polymerization reactions has been long used to produce highly ordered and aligned
porous and non-porous nanostructures in thin film and in bulk for nanolithographic templates
production.?’” Keller and Li have built on this idea and designed side-on nematic mesogens
(azobenzene or benzoate derivatives) and then prepared triblock copolymers with the side-on
nematogen in the central block and acrylate crosslinkable rubber units in the end block by atom
transfer radical polymerization chemistry.?” Using self-assembling bottom-up strategy, a series of
photoresponsive or thermoresponsive elastomers were prepared and compared with non-
crosslinked triblock copolymers.? The interesting nature of this LCBCP elastomer platform is
reflected by the correlation of dimensional change in the nanoscopic environment and its
translation into macroscopic reversible thermal actuation using the LC transition temperature as a
trigger, while the actuation effect is not well-developed in the case of the non-crosslinked material.
The thermoactuation and shape memory properties is controlled by degree of alignment of the LC
domains using shear or magnetic field, crosslink densities as well as glass transition temperature
and liquid crystalline transition temperature. The actuation response in the nanoscale is
investigated by temperature-controlled X-ray measurements and correlates well with macroscopic
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samples observed visually as well as dynamic mechanical analysis. This bottom up self-assembly
method in conjunction with top-down lithography has been exploited to develop nano-sized to
micron-sized features for the design of various devices and active surfaces.®’

There are several examples of LCBCPs comprising PEO as the non-LC block for
solubilization of lithium cations for solid state polyelectrolyte applications.?® 3% %092 Some
researchers prefer amorphous PEO over semicrystalline PEO because crystallization of PEO
reduces the chain and segmental motion which hinders the ion transportation. Within microphase
segregated PEO based LCBCP, conductivity is controlled within the amorphous PEO domains
while the non-PEO LC domains provide the mechanical supporting for the amorphous PEO
domains as reported.®? Other researchers, including Li and workers, showed that morphology can
be used to parse volume, structure and dynamic effects and can be used to control ion transport.”!

In another effort, using LCBCPs composed of PEO block and side-chain azobenzene block,
Iyoda demonstrated that PEO domains doped with lithium salts show increased anisotropic lithium
ion conductivity with perpendicularly oriented PEO cylindrical domains as ion transport channels.
93 Using commercial model LCBCP composed of a PEO block and a polymethacrylate block
bearing side-chain cyanobiphenyl LC a next step, Osuji and coworkers utilized the diamagnetic
susceptibility of cyanobiphenyl LC units to align and order microsegregated structures can be
aligned by using a magnetic field of several Tesla.?” This scalable processing method can result in
aligned, millimeter thick BCP films containing anisotropic PEO lamellar or cylindrical domains,
which show enhanced conductivity compared to the isotropic samples, Figure 6.26-%4-% Qsuji et al
have improved this approach by using, Figure 6.2 %497
a) b) c)

(+) Electrode .
discharge K & \
«\ charge J{!U!’m \!J_\

(-) Electrode “

Cylindrical Smectic ) 111A
poly(ethylene oxide) \E/\ | poly(MA!CB) block
» domains 0:
L]
* Li'ions O/\/\/\’O Q =

Figure 6: LCBCPs comprising PEO-b-PMA/CB forming cylindrical domains with higher
conductivities when doped with Li*. This arrangement overcomes chain and segmental motions
which hinders ion transportation. Reprinted with permission from Ref 96. Copyright (2010)
American Chemical Society
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Recently Osuji and coworkers have showed that self-assembly of LCBCPs in the presence
of a magnetic field result in highly oriented microstructures and mesophases using low-intensity
fields (<0.5 T) that are accessible using permanent magnets, in contrast to previous efforts that
required high fields (>4 T) and superconducting magnets.?- %7 These developments provide routes
to control mesophase order and produce complex textures and patterns that can be produced from
commercial polymer sources.

Section 3.1: Liquid crystalline block copolymers from sequential polymerization
unconventional branched non-liquid crystalline monomer (macromonomer) and end-on
attached side-chain liquid crystalline monomer

LCBCPs incorporating both LC moieties and semicrystalline polymers have received great
attention due to the additional structure forming phenomena (crystallization) built within the
system.?? In such systems, most research has been concentrated on the LCBCPs comprising linear
semicrystalline polymers (e.g., poly(ethylene glycol), PEG) as the first block and LC units in the
second block.!%-20-98 However, the impact of densely grafted PEG side-chains on the structure and
properties of LCBCPs have never been studied. These densely grafted brush-type polymers with
unique untangled side chains are known to exhibit unprecedented self-assembled objects. Kasi and
coworkers investigated the impact of LCBCP architecture comprising molecular brush-type
semicrystalline PEG units in one block and side-chain LC units in the other block on hierarchical
assembly and phase behavior.?* They reported the synthesis of well-defined poly(norbornene)-
based side-chain liquid crystalline brush block copolymers (LCBBCs) bearing cholesteryl
mesogens in the first block and semicrystalline PEG in the second block, Figure 7.4 Furthermore,
morphologies of LCBBCs investigated by scattering and microscopic techniques reveal various
hierarchical structures as a result of the interplay between the microphase segregation in brush-
like macromolecules and the LC order. Finally, microphase-segregated domains dictate the
anchoring of the LC mesogens at the IMDS, leading to the preferential development of smectic
layers over chiral mesophases.?*
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Figure 7: Synthesis of liquid crystalline brush-like block copolymers (LCBBCs). Adapted with
permission from Ref. 24. Copyright (2013) American Chemical Society

Kasi, Osuji and coworkers also explored ring-opening metathesis polymerization of n-
alkyloxy cyanobiphenyl and PLA functionalized norbornene monomers which provided precisely
controlled LCBBCs, Figure 8.3
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Figure 8: Synthesis and morphological behavior of liquid crystalline brush-like block copolymers.
Long axes from PLA cylinders are parallel to SmA normal indicating planar anchoring. Reprinted
with permission from Ref. 99. Copyright (2015) American Chemical Society.
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Morphological studies indicate that LCBBCs display a phase behavior that is very similar
to that observed in linear coil—coil diblock copolymers, Figure 8. The domain spacing scales
with molecular weight as Ly ~ MW?%6 representing a strong departure from the behavior of
bottlebrush block copolymers where Ly ~ MW!.? The self-assembly of LCBBCs may be more
analogous to side-chain LC diblock copolymers or graft—coil block copolymers than to that of
bottlebrush block copolymers. The morphology of LCBBC may also depend on the mesogen
anchoring condition at the IMDS during field directed self-assembly, Figure 8.3% %

Figure 9: Nanoporous functional materials achieved by etching out PLA resulting in magnetically
well aligned nanopores. The self-assembly of LCBBCs closely resembles that of LC diblock
copolymers and graft-coil BCPs rather than bottlebrush BCPs. Adapted with permission from Ref
35. Copyright (2014) American Chemical Society.

Recent work on magnetic field directed assembly and selective etching of poly(DL-lactide) (PLA)
microdomains in a PLA-containing brush-like LCBCP has been exploited to create aligned
nanopores in polymer film, Figures 9 and 10.26-27-33. 190 The system showed the ability to reversibly
open and close the pores due to response to Laplace pressure induced pore collapse on softening
at elevated temperatures.'? Strategies to blend reactive and crosslinkable mesogens to decrease
viscosity will help manipulate order-disorder transition temperature and self-assembly, reduce the
magnetic field strength used, pattern and align mesophases for creation of new LC elastomer based
adaptive materials.?%27
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Figure 10: Liquid crystalline brush-like block copolymers are blended with reactive mesogens to
decrease viscosity of the blends. This helps tune order-disorder temperature, aid self-assembly and
ultimately reduce magnetic field strengths needed for alignment. Low magnetic fields are used in
aligning LC domains as depicted by SAXS, followed by PLA etching and crosslinking leads to
mechanically robust nanoporous films. Reproduced from Ref. 27 with permission from The Royal
Society of Chemistry, Copyright (2017).

Section 3.2: Liquid crystalline block copolymers bearing organic dye molecules

The vast majority of LCBCPs bearing dyes reported in the literature involve azobenzene
platforms, where the azobenzene moiety functions both as a dye as well as a LC mesogen.'?! In
one study, Tian and coworkers prepared novel well-defined azobenzene containing liquid
crystalline homopolymers. They also synthesized LCBCPs bearing functional azobenzene units in
one block and PEO in the other block by ATRP.!%2 The homopolymers show SmA, SmC and
unknown SmX mesophases and the block copolymers show cylindrical and/or spherical
morphologies due to the PEG contained in the LC block when annealed in the smectic phase.!?
On using UV-vis spectroscopy to compare the photophysical and photochemical properties of the
annealed homopolymers with annealed block copolymers, it is concluded that the difference in the
results is based on the ability of the block copolymers to form nanostructures.'?? Due to lack of the
nanostructures in the homopolymers, the H aggregations of the azobenzene moiety is very strong
leading to complex trans-cis photochemical processes.!?3 19 The nanostructures formed in the
block copolymers prevent the formation of H-aggregates resulting in easier photochemical
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processes.!?? This finding can potentially open new opportunities in the field of holography and
optical storage that involves azobenzene based block copolymers.

In another example, azobenzene-functionalized siloxane oligomers are synthesized as
block molecules that resemble the block copolymer-like behavior when undergoing telechelic
supramolecular polymerization.'  In this report, the hydrogen bonding that promotes
supramolecular polymerization forbids the crystallization of azobenzene enabling
columnar/complex morphologies.'® This behavior is very different when compared to the case
without supramolecular polymerization where optimum balance between the self-assembly and
azobenzene crystallization causes lamellar to isotropic transformations due to isomerization under
UV light accompanied by fast and reversible solid to liquid phase transitions.!%-19 The mechanical
properties coupled with their nanostructures make them suitable for photolithography and photo-
switchable materials.!%

Section 4.0: Liquid crystalline statistically random copolymers from the copolymerization of
conventional non-LC monomers and end-on attached side-chain liquid crystalline monomers

Copolymerization of non-LC monomers (acrylate, methacrylate, norbornene or lactone
monomer) and LC monomers (acrylate, methacrylate, norbornene or lactone monomer) in a
statistically random process by conventional free radical, ring opening and ring opening metathesis
polymerization results liquid crystalline statistically random copolymers. These copolymers are
typically coil-coil in nature and have side-chain non-LC moiety end-on side-chain liquid
crystalline mesogen attachment.!® Synthetic strategies have been employed to achieve a high
degree of control over comonomer incorporation, composition, polymer chain architecture, and
thereby, easy to tune copolymer properties. However, due to the statistical nature of random
comonomer incorporation and lack of periodicity of the polymer chain, hierarchical self-assembly
may be difficult to attain although mesophase formation and associated liquid crystalline phase
properties are still feasible to retain.!!?

Many examples of liquid crystalline random copolymers comprising chiral side-chain LC
units with or without crosslinks have been synthesized. These random copolymers and elastomers
self-assemble to form the 1D photonic helical cholesteric (Ch*) or ferroelectric SmC* mesophase.
These materials have been used to create photonic materials as well as actuators having shape
morphing properties.46- 82 86. 111-128 With Ch* mesophase, the selective light reflection of incoming
light can be observed from the surface of the copolymer film when the result of the product of the
helical pitch and average refractive index of a material falls under the wavelength of visible light.
Additionally, the helical pitch can be altered by various methods like temperature, chiral dopants
and application of electrical or mechanical fields. This provides a handle for tuning the optical
properties of the polymeric materials and for designing tunable mirrorless lasers, electro-optical
devices, color (or contrast) tuning/recording devices and holography.3%- 43, 44, 129-132

Section 4.1: Liquid crystalline random copolymers from the polymerization of novel
branched non-LC monomers (macromonomers) and end-on side-chain liquid crystalline
monomers

Page 14 of 29
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We discussed examples of LCBCPs incorporating both LC moieties and semicrystalline
PEO-type block where there are three structure forming units: LC units, semicrystalline polymers
and block copolymer architecture that compete resulting in a hierarchical self-assembled structure.
In such systems, most research has been concentrated on the LCBCPs comprising linear
semicrystalline polymers (e.g., poly(ethylene glycol), PEG) as the first block and LC units in the
second block.?? In these cases, LC order competes with crystallization of PEG domains within
microphase segregated structures resulting mostly in cylindrical and lamellar domains.>* The
impact of semicrystalline PEG having branched architectures including graft, brush, or comb
architectures on the self-assembly of LCBCPs has yet to be explored. Furthermore, hierarchical
self-assembled structures with curvatures including spherical and helical structures need to be
identified. The densely grafted brush, comb or graft type semicrystalline or amorphous non-LC
polymers encompass reduced entanglements that exhibit unprecedented nanostructure formations
with interesting mechanical and optical properties. 3313

Using ROMP, our group has been able to design different hierarchical architectures of
polynorbornene based liquid crystalline random brush copolymers (LCRBC) consisting of (i) LC
units including cholesteryl, cyanobiphenyl and/or azobenzene mesogens and (ii) non-LC PEG side
chains, Figure 11.37-47- 136,137 This architecture provides an excellent platform to incorporate self-
assembled nanostructures on multiple length scales: LC smectic mesophase order at 3—7 nm,
microphase segregation of amorphous PEG side chain at 10—12 nm, and periodicity in cholesteric
mesophase at scales greater than 100 nm, Figure 10.37- 47> 136, 137 This hierarchical structure
formation is feasible only at weight fractions of PEG less than 25 wt% when PEG domains are
amorphous in nature.’”> 47> 136 Although helical multilevel hierarchical materials have been
demonstrated using BCP polypeptides, to the best of our knowledge cholesteric phase in
conjunction with microphase segregated domain has never been observed. The key to the observed
hierarchical assembly lies in the interplay of LC order, PEG side chain microphase segregation
into amorphous domains, and their supramolecular cooperative motion, which allow a controlled
structure formation on each discrete length scale. Similar to self-assembly of some biological
structures, this unique “single component” polymer scaffold transforms our capacity to attain
nanoscale hierarchies resulting from the combination of LC, brush-like PEG side chain, and
random copolymer architecture. However, these LC random copolymers present blue light visible
reflections and are very brittle.

E

W T
Multi-level hierarchically seif-assembled || || {
photonic material o '

Figure 11: Nanoscale hierarchical structures from liquid crystalline brush-like random copolymers
resulting in photonic band gap materials. These hierarchical structures result from the interplay
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between microphase segregation of brush-like units and LC order. Adapted with permission from
Ref. 47. Copyright (2013) American Chemical Society

To address these issues two subsequent studies were published. In one example,
polynorbornene random terpolymers consistin g of (1) two different side chain monomers bearing
cholesterol and UV-responsive azobenzene and (ii) a side chain PEG monomer respectively have
been synthesized to tune the reflection band to longer wavelengths (near IR region).?” In the work
published by Ndaya and Bosire, as shown in Figure 12, the terpolymers are compression molded
at specific temperatures based on liquid crystalline thermal transitions to achieve cholesteric
mesophase. Optical reflections can be tuned to longer wavelengths (825 nm) as a result of the LC-
LC interactions by the introduction of azobenzene mesogen in the liquid crystalline polymer
system.3” These polymer films are brittle and to improve the mechanical properties, side chain
polyethylene glycol bearing norbornene monomer are introduced in the copolymer systems to
impart plasticizing effect to the polymeric films. To overcome this issue, polynorbornenes bearing
two different LC units (cyano-biphenyl and cholesteryl mesogens) and PEG side chains were
synthesized. The polynorbornene backbone is crosslinked by thiol-ene chemistry.!3¢ 1In this
system, optimal elastomeric and shape memory features are attained in addition to blue/green light
reflecting photonic materials.!3¢
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Figure 12: Azobenzene dye, cholesterol and polyethylene glycol units are covalently attached to
norbornene backbone. In these copolymers and terpolymers, liquid crystalline-liquid crystalline
(LC-LC) interactions between the LC mesogens cholesterol and azobenzene led to a wider range
of colors reflected. An increase in temperature led to a hypsochromic shift while a decrease in
temperature led to a bathochromic shift. The shift in reflections from near-IR to visible regions
was reversible. Change in monomer composition or stimuli controlled the cholesteric mesophase
helical pitch. Adapted with permission from Ref 37. Copyright (2019) Royal Society of
Chemistry.

Thus, there is a need to develop LCPs that can change color on the application of both
mechanical and thermal stimuli exhibiting reversible mechano-thermo-chromic features. Besides,
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the reflection bandwidth in some of these materials is still very narrow (few tens of nm). Thus, the
main aim is to broaden the reflection band of these existing materials and introduce a change in
color upon both mechanical force and increment in temperature.

Section 4.2 Liquid crystalline random copolymers and networks bearing organic dye
molecules

Hybrid materials comprising LC polymer framework and dye molecules new insights on
how dyes significantly impact the optical, morphological, mechanical properties and applications
of the liquid crystalline systems are obtained. For example, dye doped LCPs as well as dyes
covalently bound with LC framework highly ordered and aligned polymeric materials that retain
both the properties of the LCs even at high dye concentrations. These hybrid materials exhibit
electro-optical effects that could be used for reversible optical information storage, optoelectronics
and displays.!38-140

Yue and coworkers reported crosslinked liquid crystalline polymers that contained a photo
melting azobenzene monomer that not only acted as a crosslinker but also as a photoresponsive
moiety. Free standing polymer films are prepared by free radical polymerization of azobenzene
monomer along with DGI (non photoresponsive LC monomer). These polymer films showed
reversible photo switchable glass transition temperature (T,) along with reversible
photomechanical response. The azobenzene monomer is photoresponsive exhibiting trans-cis
isomerization on exposure to UV. The isomerization is accompanied by a phase change from solid
(trans form) to liquid (cis form). Owing to this property the resulting liquid crystalline networks
could tune the glass transition temperature on exposure to photo-radiation. The meta substituted
methyl azobenzene monomer favored the solid-liquid phase change contrary to the H-substituted
structure which did not show similar property suggesting that precise tailoring of the monomer
played a significant role in imparting responsive properties to the polymer. The morphological
studies indicated the existence of SmC mesophase with respect to the non photoresponsive LC
monomer in the polymer film. Tensile tests on the polymer film concluded the Youngs modulus
to be high when existing in the trans form (higher T,) and lower Youngs modulus with higher
percentage elongation when existing in the cis form (lower T,). These results support the idea that
molecular engineering is the tool to introduce and even intensify stimuli responsive properties into
polymeric frameworks. Incorporating stimuli-responsive switches into highly ordered LC
polymeric networks can enhance the overall molecular motion. Such examples provide deeper
insights on the structure-property of the stimuli-responsive dyes and the impact they can have
when coupled with LC monomers.!8
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Figure 13: (i) Compounds (1- 6) are used to synthesize nematic cholesteric liquid crystalline
network. (ii) Stretching direction with respect to liquid crystal alignment in polymerized films
(inset). Storage modulus and tan delta as a function of temperature of two tested chiral-nematic
polymer networks (bottom). The solid line relates to the liquid crystal network (LCN) with low
crosslink density and the dashed line is the LCN with high crosslink density. (ii1) Shape memory
effect in LC polymer film: (a) before dual light treatment, (b) subjected to dual light illumination
and deformed into a curled shape, (c) shape after the dual light treatment and (d) recovered the
initial shape upon dual light exposure. Reproduced from Ref 123 with permission from The Royal
Society of Chemistry, Copyright (2016).

Schenning, Broer and coworkers reported a unique approach to manipulate the elastic
modulus of azobenzene containing liquid crystal networks (LCNs) by exposure to light, Figure
13.122. 123 The elastic modulus can cycle between different levels by controlling the illumination
conditions. Exposing the polymer network to UV light near the trans isomer absorption band of
azobenzene results in lower T, thereby lowering the modulus.!?3 The addition of blue light near
the cis isomer absorption band surprisingly amplifies this effect.!?? 124 A large shift of glass
transition temperature and modulus decrease has been attributed to the chain dynamics of the
LCNs. The initial high modulus and the glassy state were recovered quickly by switching off the
light sources, despite the azobenzene being in the cis state.!?> Based on these new findings, shape

memory polymer LCNs film are designed to function room temperature using light, Figure 13.123-
127

4.3 Incorporation of dyes within liquid crystalline networks and polymer stabilized liquid
crystals for smart applications

Strategic design of smart windows in buildings is advantageous as they balance access to
solar gains and thermal transmission. With the aim of developing materials that can tune optical
properties on exposure to solar radiation, many researchers have tried to tune the reflection
properties of cholesteric liquid crystals (CLCs).!?% 141 As mentioned before, the self-organized
molecular helices of the CLCs are responsible for their optical properties where the pitch of the
helix determines the wavelength of reflection. The selective reflection bandwidth of the CLCs
offers many advantages but is normally limited to 100-200 nm based on the central wavelength
and birefringence.!?® To address the issue of energy consumption for smart window applications,
responsive windows containing CLCs need to include a wider range of wavelengths by broadening
the spectrum and red shifting their reflection band. In a recent example, a UV-responsive
azobenzene chiral dye is incorporated into a cholesteric liquid crystalline network. Several
compositions are prepared by mixing a nematic liquid crystal, a chiral dopant, a nematic LC
monomer, a photoinitiator and an azobenzene chiral dopant with varying compositions.'?® It is
filled into a cell consisting of two ITO glasses with a thickness of 20 um and the cell is then
irradiated by UV light.'4? On exposure to UV light for 30 mins at 40 °C, the UV dye absorbs UV
light and creates a UV gradient throughout the cell allowing the crosslinking to occur mainly in
the upper part of the cell which is exposed to UV.130. 142 Ag azobenzene dye is known to undergo
trans-cis isomerization upon exposure to UV, the upper part of the cell is mostly converted to the
cis-isomer whereas the lower part remains in the trans form. On switching the UV light with visible
light (450 nm) for 20 mins, the cis form that possesses low helical twisting power (HTP) and which
is present in the lightly crosslinked region goes back to the trans form (high HTP) but the cis form
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present in the densely crosslinked domain is unable to convert back into the trans form. The
coexistence of both cis (low HTP) and trans (high HTP) state of azobenzenes along the thickness
of the film causes a pitch gradient from top to bottom broadening the reflection wavelength of the
sample, which is about 1400 nm covering 1000-2400 nm as compared to 100-200 nm, Figure
14,128, 131,132

To broaden the cholesteric reflection band, a polymer network is used to create a broadband
IR reflector comprising of a coumarin based fluorescent dye for generating electricity or an energy
generating window.!*3 In this study, 0.25 wt% of the coumarin dye that partially absorbed light in
the visible region is added to the cholesteric liquid crystal mixture containing the photoinitiator
and crosslinker followed by photopolymerization. On applying an electric voltage to the cell, the
peak absorption of the dye decreased indicating that the dye is well aligned with the liquid crystal
producing a homeotropic alignment.'** On exposing the cell to sunlight, the dye absorbed light
and emitted at longer wavelengths along with a portion of light undergoing total internal reflection
that could be converted into electrical current by connecting a photovoltaic cell at the edge of the
glass plate.!4

Recently, polymer stabilized liquid crystals (PSLC) gained attention as potential
candidates for fabricating smart windows. An azobenzene side chain liquid crystalline copolymer
(MAzo-co-GMA) synthesized through copolymerizing the monomer 6-(4-((4-butylphenyl)-
diazenyl)phenoxy)hexyl methacrylate (MAzo) with glycidylmethacrylate (GMA) by ATRP
proved to be a successful candidate in forming stable polymer brush on a substrate and inducing
photothermal effect. This copolymer solution is spin-coated on glass substrates followed by
thermal crosslinking which allowed the epoxy groups to crosslink with the hydroxy groups on the
glass surface. A chiral LC mixture containing nematic LCs, photoinitiator Irgacure 784, a chiral
dopant, and photopolymerizable monomer is heated to an isotropic phase and sandwiched in
between the copolymer coated glass substrates. The LCs existed in SmA* phase upon cooling, and
on exposure to white light the photopolymerizable monomer induced crosslinking ultimately
forming PSLC. The PSLC showed a transparent state due to the homeotropic alignment imparted
by the stable polymer brush in the SmA* phase. However, on exposure to UV light or heat, the
azobenzene incorporated within the copolymer brush induced a photothermal effect that led to a
phase transition from a transparent (SmA*) to opaque state (N*). It is observed that the responsive
behavior of the PSLC relied on concentration of the copolymer brush and intensity of the UV light.
The stability and good reversibility of this effect made this PSLC system a suitable candidate for
energy saving devices. This example highlights the importance of a stimuli-responsive azobenzene
dye that serves as a driving force for the LC phase change necessary for the fabrication of a smart
window. 4!
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Figure 14: a) (1-5) Components used to prepare the composite b) Schematic illustration to
demonstrate the mechanism of broadband reflector doped with chiral azobenzene in CLC network.
¢) Transmission spectrum of CLC film indicating the broadening of the band. Initial (blue) and
after exposing to UV-light (red). Reproduced from Ref. 128 with permission from The Royal
Society of Chemistry, Copyright (2014).

Lasing is another interesting application of dye incorporated cholesteric liquid crystalline
materials. Laser dyes have been physically doped within liquid crystalline polymers to combine
optical (luminescent or fluorescent) properties of the dyes with optical anisotropic properties of
the liquid crystalline polymers.!3l- 144 145 A classical demonstration of this idea is the physical
incorporation of fluorescent 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4-
Hpyran (DCM) dye doped within cholesteric liquid monodomain elastomers for tunable mirrorless
lasing.'** Finkelmann and coworkers have shown that the fluorescence emission of the dye is used
along with the selective reflection band of the cholesteric liquid crystal monodomains to produce
sharp and narrow lasing signals.** Cholesteric liquid crystal acts as distributing cavity and its
bandgap structure favors lasing without the need of external mirrors. One of the normal modes of
the emitted light is obstructed when the fluorescence emission of a fluorescent dye falls into the
selective reflection wavelength region of the helical cholesteric structure. As a result, the modified
fluorescence emission lowered its emission in the reflection band and intensified its emission along
the band edge giving rise to sharp lasing signals. Finkelmann, Palffy-Muhoray and coworkers
showed that the lasing features could be tuned by mechanical strain due to the optically responsive
nature of the cholesteric phase to mechanical strain.*3 144 146

These were some of the examples where dyes could extend the applications of the liquid
crystalline materials but there are still many more to be explored. There is a need to develop LCPs
that can change color on the application of both mechanical and thermal stimuli exhibiting
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reversible mechano-thermo-chromic features. Such materials can be well suited for mechanical
damage sensing, thermal sensing, lasing and actuators.

4.4. Chemical attachment

Dichroic dyes have been covalently attached to polymer backbone, which can be aligned
into uniaxially oriented films. Despite high dye concentrations, both the LC features and the optical
features of the dye molecules are retained. These films exhibit electro-optical effects that could be
used for reversible optical information storage, optoelectronics and displays have been reported
by incorporation of dichroic dyes along with liquid crystalline polymers.!33-140 For example, many
azobenzene LCPs have been developed for photonic and photomechanical actuation applications.®3
For example, in a recent study from our research group, statistically random copolymers containing
side chain azobenzene LC dye and side chain LC cholesteryl moiety are synthesized, Figure 12.37
Statistical copolymers of these two side chain monomers, one bearing cholesterol and the other
UV-responsive azobenzene self-assemble into cholesteric mesophase. Using the push-pull effects
of different functionalities on azobenzene LC moiety as well as the composition of the copolymer,
the reflection band can be tuned from visible to near IR wavelengths. This study proves that the
optical reflections of these materials could be tuned as a result of the LC-LC interactions by the
introduction of azobenzene mesogen in the liquid crystalline polymer (LCP) system.3’

5.0 Outlook on molecularly engineered, stimuli responsive, liquid crystalline polymers

The field of molecular engineered side-chain LCPs is focused on the impact of the polymer
architecture and choice of specific LC and non-LC moieties to influence overall self-assembly and
mesophase controlled thermo-mechano-optical properties. Homo- and copolymerization of side-
chain LC monomers with other LC or non-LC monomers is one of the synthetic methods used to
tailor the mesophase transitions of side-chain liquid crystalline polymers.®* For example, homo-
and copolymerization of chiral LC monomers results in cholesteric mesophases, which show 1D
photonic properties.'4” However other chiral LCPs present frustrated phases, including blue phases
and twisted grain boundary phases, result SmC* mesophase with selective refection changes to the
photonic band gap or fast switching electro-optical behavior.!*® These LCPs are used in actuators,
optical materials, optoelectronics, photonics, holography, display technology, telecommunications
systems, and ferroelectric applications.

The design of LCPs which respond to chemicals, heat, light, pressure, electricity or
magnetic field is being embraced. For example, dye bearing LCs for piezochromic features are
currently being explored. These materials rely on chromophores that display pronounced
fluorescence and/or absorption color changes upon self-assembly as a result of charge-transfer
interactions and/or conformational changes alongside interactions emanating from polymer
architecture, sequence and choice of blocks with specific features.!'#’

New strategies of manipulating interfaces at the molecular level with random and block
architectures are also being explored. Molecular interactions are expected to enhance the formation
of unique hierarchically ordered structures similar to cooperative LC-LC interactions. For
example, interactions between different mesophases such as SmA-SmC, SmA-SmC* or SmA-
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cholesteric mesophases results in diverse features such as photonic, ferro- and piezoelectricity.!48
Inclusion of ligand appending functionalities within these new LCP architectures enable removal
of heavy metals in filtration applications, catalysis and opportunities to couple LC properties with
that of nanoparticles that tether to the ligands.?> 4> 150 Finally using new LCP architectures in
conjunction with processing, aligning and orienting capabilities results in highly ordered
functional soft templates for lithographic applications.?®

Finally, there is a trend towards the synthesis, properties and applications of LC materials
derived from sustainable resources that will also degrade after use while retaining advantageous
properties of synthetic LC materials.'>! Use of sustainable and renewable macromolecules such as
carbohydrates, polypeptides and proteins conjugated or blended with synthetic or naturally
occurring LCs to create new stimuli responsive, functional, sustainable and degradable liquid
crystalline materials will be an important area of research.
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