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The work in this thesis focuses on molecular-level self-assembly to achieve autonomous
shape change in polymer materials. The breadth of this work ranges from macroscopic to
microscopic shape programming of polymers. These autonomous, shape switching materials rely
on post-polymerization modifications to the polymer network facilitated by dynamic covalent
chemistry (DCC) incorporated into crosslinked polymers to form covalent adaptable networks
(CANs). The DCC significantly utilized in this work is light activated addition-fragmentation
chain-transfer (AFT), which provides spatial and temporal control of bond rearrangement.
Furthermore, the self-assembly capabilities afforded by liquid crystals (LCs) tethered to a polymer
network create the structure through which these micro and macroscopic shape changes are made
possible, enabling molecular assembly to generate 3D structures. By disrupting LC alignment
tethered to the polymer network in a liquid crystal elastomer (LCE), reversible shape switching is
achieved by heating past the LC phase transition temperature. These shape switching structures
were programmed by simple mechanical deformations under illumination and deployed via a
thermal stimulus to reversibly actuate the material. Investigating the complex LC alignment also
allows for the achievement of visible color changes linked to structure, that are reversibly
modified.

AFT-LCEs on the order of millimeters in length, were designed and programmed into a

variety of complex shapes post polymerization. These programmed shapes were also erased by
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irradiating the materials above their phase transition temperature to erase any alignment that
existed prior. Furthermore, incorporation of a chiral LC monomer induced a handedness of
alignment throughout the thickness of the film, which resulted in a Bragg reflection on visible
wavelengths of light. The cholesteric LCE (CLCE) exhibited a red reflective character and upon
uniaxial deformation to modify the underlying structure, resulted in a blue shift of the material.
Light exposures performed programmed the strain and color change in the material. Color was
erased by irradiating the CLCE above the phase transition temperature, resulting in a transparent,
clear film.

CANSs were then translated to micro-networks. AFT-LCEMPs were generated via a thiol-
Michael dispersion polymerization, yielding particles with a diameter of 7 £ 2 um. These particles
doped with photoinitiator were compressed and irradiated with light to program them into a variety
of geometries including prolate and oblate, by tuning the temperature with which programming
was done. Switchable shapes were investigated, and these programmed shapes were also erased
by exposure of the particles to light above their phase transition temperature, which erased any
programming or alignment that existed prior.

Amorphous CAN microparticles with a diameter of 4.0 £ 0.4 um were generated by a thiol-
Michael dispersion polymerization. These particles were designed with DCC to enable
interparticle bond exchange to generate new permanent structures. The DCC utilized here was the
thiol-thioester exchange, which is base catalyzed. The ultra-violet visible spectroscopy (UV-vis)
of the particle coalescence process indicated that change to the transmission cease to occur at 3
days. The integrity of the films generated from microparticle coalescence was evaluated by

performing tensile tests, finding that films made directly from monomer and films made from
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particles had similar mechanical properties after 7 days. The modulus values were measured to be
5+ 1 MPa and 6 = 1 MPa for the monomer-films and particle-films respectively.

Ultimately in this work, investigation of the stress relaxation mechanism for network
reorganization enables the programming of new, permanent, and temporarily reversible structures
post-polymerization, while simultaneously utilizing molecular self-assembly to generate 3D
structures. Demonstrations of programming and re-programming were reported, showcasing the

adaptability achieved by polymer networks designed as CANS.
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Chapter 1: Introduction

1.1 — Overview

Autonomously shape changing materials are unceasingly captivating to not only the
scientific community, but to non-scientists as well. The ability for a material to behave or react to
a stimulus on its own has always been of great interest for a variety of applications, from soft
robots,! optics,? and drug delivery.’ Designing a material that reversibly changes shape without
requiring repeated programming steps reduces the work input done by the user. The ideal approach
is to design a material that is reconfigurable and adaptable, allowing for the recycling and
reusability of materials and thus a potential device or application.

For polymeric shape changing materials, it is important to understand the underlying
structure of the polymer network when designing a material with shape changing capabilities. A
variety of stimuli exist to actuate these materials which will be discussed in depth later. Also, there
are different methods used to program these shape changing materials which include programming
done before polymerization, during polymerization, or post-polymerization. Often, polymer
materials are designed with one functionality in mind and are not necessarily recoverable or
adaptable. This work aims to utilize dynamic covalent chemistry (DCC) to enable reconfigurations
to the polymer network post-polymerization enabling re-processability.

Overall, the work reported here will focus on the polymerization and network
reconfigurations undergone utilizing DCC. The scope of the work includes macroscopic networks
to microscopic networks and reconfigurations. Discussed in chapter one, will be chemistries used
to generate and manipulate the network for shape changing structures, followed by examples of
shape switching materials utilizing a variety of these methods. A study of the underlying self-

assembled structure will also be important to controlling shape programming and actuation.



Finally, microparticles and their applications will be discussed. The sections in this chapter will
continue as such: 1.2 Polymer Structure and Polymerizations, 1.3 Covalent Adaptable Networks,
1.4 Shape Switching Materials, and 1.5 Microparticles. This chapter will create an understanding

of the background for the work discussed throughout this thesis.

1.2 — Polymer Structure and Polymerizations
1.2.1 — Polymer Structure

The underlying network structure of polymer materials is important for translating
materials to appropriate applications. These structures fall under two main classifications, linear
polymers commonly referred to as thermoplastics, or crosslinked polymers referred to as
thermosets.* Each of these polymer categories yield materials with varying mechanical properties
for specific applications. Thermoplastics can be heated or solvated and be made to flow like a
liquid. This makes them desirable for reprocessing, but they cannot be used for high temperature
applications. In contrast, thermosets are durable and maintain network structure at high
temperatures and are insoluble, but with that, they lack reprocess-ability. The glass transition
temperature or Tg of polymer materials is an important characteristic, which determines the
temperature with which the material is glassy and stiff or rubbery and pliable. Below the Tg,
segmental motion of polymer chains is severely limited or prohibited and as the material is heated,
these chains have the ability to move. The modulus will significantly change from the glassy to
rubbery regime, from a few GPa’s to MPa’s. Thermoplastics will eventually degrade and behave
as a liquid at high enough temperatures, with a drop in the storage modulus, but thermosets will
maintain their network fidelity and the storage modulus will eventually plateau. The functionality

and characteristics of monomers determines the Ty of these materials and if they are to be a



thermoplastic or thermoset. Highly functional monomers lead to highly crosslinked thermosets,
whereas lower functionality monomers lead to more loosely crosslinked thermosets or even
thermoplastics. Monomers with stiff cores can lead to higher Tg’s. For monomers with long
aliphatic chains, depending on the combinations, this can lead to more rubbery materials or in
contrast enable chain packing and crystallize. Controlling the crystallinity of a material can be
achieved by modulating the monomers and network structure including crosslink density, along
with polymerization rates and heating and cooling rates of the material. The work discussed here
will focus on covalently crosslinked polymer networks, or thermosets.

To generate crosslinked thermosets, a variety of polymerization techniques are employed.
Traditionally, chain-growth polymerizations generate high molecular weight polymers rapidly and
often result in heterogeneous networks. Due to the ability for functional groups to react
unregulated, molecular weight between crosslinks can vary greatly. In contrast, the step-growth
polymerization results in a slower increase of the polymers overall molecular weight and more
homogenous network formation.* Scheme 1.1 depicts simplified network formation for chain and
step-growth polymerizations. The polymerizations utilized in this work include the the chain-
growth radical initiated acrylate homopolymerization, and the thiol-Michael step-growth

polymerization.
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Scheme 1.1: Network formation of a (Left) of a chain-growth polymerization, where
homopolymerization occurs and functional groups can react twice to form a network. (Right) step-
growth polymerization, where A functional groups can only react with B functional groups.
1.2.2 — Chain-Growth Polymerization

A variety of chain-growth polymerizations exist, which include the acrylate and
methacrylate homopolymerization. Radical based polymerizations are sensitive to oxygen
inhibition due to radical scavenging.® These can often yield highly crosslinked in contrast to their

step growth counterparts, where polymerization is more readily controlled by functionality of

monomers.’ Scheme 1.2 depicts the mechanism for a chain-growth acrylate homopolymerization.
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Scheme 1.2: Chain-growth acrylate homopolymerization

Often, the crosslink density of chain-growth polymerizations is much greater than that of a step-
growth mechanism. This is important to keep in mind when designing CANs to achieve optimal
stress relaxation. The more dense the network, the less stress relaxation occurs. Rearrangement of

crosslinks in a densely crosslinked network yields little change in the overall network structure in



contrast to a relatively loosely crosslinked system, where the available free volume more

significantly affects rearrangement of crosslinks and network relaxation.

1.2.3 — Step-Growth Polymerization

Some step-growth polymerizations include thiol-Michael, and thiol-ene click chemistry.
There is also the radical-mediated thiol-acrylate polymerization where there is a competition
between the chain-growth acrylate homopolymerization and the step-growth thiol-acrylate
polymerization.”® The thiol-Michael polymerization proceeds by catalysis via a nucleophile or

base, whereas thiol-ene proceeds radically, depicted in Scheme 1.3.%:1°
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Scheme 1.3: Step-growth reaction pathways.

The radical initiated thiol-ene or thiol-acrylate polymerization is less sensitive to oxygen inhibition

than the (meth)acrylate homopolymerization and the reaction proceeds more efficiently, with



insignificant change to the polymerization rate, due to the chain transfer step provided by the thiols
present.” The -ene functional monomers in the ideal thiol-ene do not readily homopolymerize
making for a more homogenous polymerization overall. Also, oxygen sensitivity can become an
issue for dilute thiol-ene reaction. The thiol-Michael polymerization becomes attractive, due to its

lack of sensitivity to ambient environments.

1.2.4 — Polymer Characterization

To characterize these networks a variety of analyses are routinely done. Dynamic
mechanical analysis or DMA, subjects rectangular shaped polymer samples to stress or strain
controlled mechanical tests, often in tension. The force applied can be an oscillating or static mode.
This determines the materials Tg, loss (E”), and storage (E’) moduli, young’s modulus, or strain to
break. The Tg of a material is measured via an oscillatory loading of the sample at a chosen
frequency along with a ramp in temperature. The Tg is measured as the tan delta or the tangent to

the phase angle between the loss and the storage modulus seen in equation 1.1.
o
tand = = (1.1)

This represents the ratio of a materials viscous to elastic response.* The Tg is a measure in the
change of the molecular mobility of polymer chains. A variety of attachments can enable
measurement of viscosity or samples in compression. There are also a variety of attachments that
can be used in the DMA such as compression to measure low viscosity materials including
thermoplastics at higher temperature or materials that flow.

Differential scanning calorimetry (DSC) is another method of polymer characterization
which subjects a sample to a controlled temperature ramp. This is used to determine the materials

Te, which is a first order process. DSC can also determine second order processes such as



crystalline melting transitions or Tm and crystal formation or T.. Heterogenous networks will have
broader Tg’s while homogenous networks will have sharper Tg’s.*

It is important to measure these material properties when designing polymers to determine
if they are appropriate for the desired application. Glass transition and crystallinity are a basis for

understanding the behavior and capabilities of the polymer network.

1.3 — Covalent Adaptable Networks (CANs)
1.3.1 — Mechanisms of CANs

Covalent adaptable networks or CANSs, transiently modify a crosslinked thermoset
network to behave like a fluid thermoplastic, upon application of a stimulus, depicted in Scheme
1.4a.'1213 The stimulus effectively allows for the breaking and reforming of the networks
covalent bonds, or total degradation of a network if desired. Often, CANs are used to modify the
shape of materials or recycle starting materials. These mechanisms have been utilized in
polymerizations as well, but this work will focus on networks and post-polymerization
modifications of those networks.!* CAN mechanisms fall into two overarching categories, addition
type mechanisms (dissociative) and, exchange type mechanisms (associative) (Scheme 1.4, i, ii).
A variety of stimuli include thermal,'>!6 light,!” or chemoresponsive.'® These dynamic covalent
chemistries (DCC) enable post polymerization processing of polymer materials. Ultimately, these
bond exchange mechanisms work to relieve stress in a polymer network. A stress is input to the
network and upon activation of the bond exchange, the network will move towards a
thermodynamic equilibrium to relieve that stress to a relatively stress-free state, depending on the

time scale of the reaction and longevity of the applied stimulus.
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Scheme 1.4: a.) Upon input of a stimulus, bonds can be broken and reformed, in a CAN, which

can follow one of two pathways i.) Addition type (Dissociative), or ii.) Exchange type
(Associative).

We will proceed with using the terminology as the addition type mechanism. In the addition
mechanism, a covalent bond is broken before it can be reformed, resulting in a change to the
crosslinking density and results in temporary depolymerization of the polymer network (Figure
1.4,i). Some addition type CANSs include urethane dissociation!” and the Diels-Alder reaction.?’
Both reactions require elevated temperatures to facilitate bond rearrangement. Another important
type of bond exchange reaction includes vitrimers, where upon elevation to a certain temperature,
bond exchange can occur, but below the activation temperature, or upon vitrification, there is no
longer mobility for the exchange to occur.?!

For the exchange type mechanism, a species must add into the covalent bond before the
bond is broken, maintaining the fidelity of the crosslinked network (Figure 1.4,ii). Some examples
of the Exchange Type include transesterification,!® boronic ester exchange,? addition-
fragmentation chain-transfer (AFT)> and thiol-thioester exchange.”* AFT and thiol-thioester

exchange are the two mechanisms that will be utilized as DCC in the work reported here.



1.3.2 — Addition-Fragmentation Chain-Transfer

As mentioned above, a variety of stimuli exist to activate bond exchange in CANs. There
is much interest in light facilitated bond exchange reactions for the spatial and temporal control it
affords. Bond exchange can occur in a network through a photothermal or photochemical stimulus.
It is more desirable to eliminate heating as a stimulus because it can often confound crystal phase
behavior or network characteristics that need to be controlled. Radical mediated reactions follow
thermal, or light activated pathways. A few examples of materials that are triggered via radical
activation include trithiocarbonates,!” disulfides,> and allyl sulfides.?? Utilizing allyl sulfide
functionality in polymer networks allows for a variety of enhanced applications including stress

2321.28 mechanopatterning,?® and

relaxation to minimize shrinkage stress,?® shape programming,
self-healing materials.?® For the AFT reaction, radical initiation is required for a radical to add into
the double bond of the allyl sulfide functionality embedded in the network backbone. This then
generates a cascading bond exchange reaction where sulfide bonds are broken to form thiyl
radicals, which then reform as covalent bonds. This mechanism is shut off once radicals have been
terminated upon depletion of initiator or removal of the stimulus. As mentioned above, this process
can be light activated, allowing for spatiotemporal control. These radical mediated processes don’t
necessarily require the presence of a photoinitiator, but bond exchange is significantly slower and
less efficient without it.

Although photo activation has advantages, some disadvantages can include light
attenuation, or some added heating effects depending on light intensities used. These materials can

be limited in thickness due to light attenuation. The radical mediated reaction is also reliant on the

availability of initiator, which can potentially be reswollen into the network.



1.3.3 — Thiol-Thioester Exchange

The thiol-thioester exchange was initially studied in peptide ligation®' or prebiotic
chemistries.”* Some newer applications include their implementation into polymer networks as
CANSs with rapid relaxation time constants dependent on environmental conditions and network
stoichiometry.3233-34 Fluid-like flow was achieved upon activation of the bond exchange in a study
performed by Worrell et al.> Hydrogels are another example of networks the thiol-thioester
mechanism has been incorporated into to create tunable viscoelastic properties for cell
differentiation.

For the thiol-thioester exchange, the presence of thiolate anions is necessary, which is
induced upon addition of a base as a catalyst. Formation of thiolate anions occur, which then add
into the carbonyl before breaking a sulfur bond.?* The bond exchange propagates until removal of
the stimulus and there is no longer formation of thiolate anions. Elevated temperature will also
enhance this exchange mechanism. Worrell et al. did a comprehensive investigation of the thiol-
thioester exchange to be used in linear or crosslinked polymer networks.3¢

CANSs have enabled reprocessing and recyclability of polymer materials that has not been

achieved before.

1.4 — Shape Switching Materials

Shape switching materials come in a variety of network structures and actuation modes. In
many cases, materials switch shape once, but require subsequent deformation events to return them
to their starting deformed shape. With more complex chemistry and design, autonomous and
reversibly shape switching materials can be achieved, which are known as two-way shape

switching.
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1.4.1 — Shape Switching Polymers

Thermoplastics are often used as one-way shape switching materials.?” Temporary shapes
can be fixed when the material is heated above the Tg to a state where chains can be made
extensible without degradation, and then fixed by cooling in that temporary position. Upon heating
above the glass transition the material shape can be actuated if it is heated below the degradation
or melting temperature of the polymer.3**° Thermosets can also act as shape switching materials,
although without complex chemistries, both these systems are limited to single modes of actuation
and cannot recover their initial deformed shape without subsequent deformation events.*’ Semi-
crystalline polymers are another class of shape switching materials. The mechanism with which
this works is a materials shape is fixed above crystalline melting transitions and cooled in place,
allowing re-crystallization to maintain the shape. Upon heating the material through these melting
transitions, the shape can be actuated, which allows for actuation of multiple modes if there are
multiple Tm’s.2>#1:4243.44 Some demonstrations of swelling and deswelling to actuate have been
reported for hydrogels.¥ Alternately, employing DCC allows for programmable and
autonomously shape switching materials, which was discussed at length in the previous section.*®
These materials can be programmed to a new permanent shape that demonstrate two or more way
shape switching.
1.4.2 — Liquid Crystal Elastomers

Another means to achieve stimuli responsive materials is by coupling liquid crystals (LCs)
with a crosslinked polymer network, which can enable autonomous and reversible shape switching
without subsequent deformation events. This enables two-way or multiple shape switching
capabilities. The anisotropy afforded by LC mesogens tethered to a polymer network results in

macroscopic actuation when this anisotropic order is disrupted by a stimulus to transition from an
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ordered nematic state to a disrupted isotropic state, depicted in Scheme 1.5.47 A variety of stimuli

exist to disrupt the LC phase including thermal,*’ light,*® and electrical.*’
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Ordered Disruption
Nearly Isotropic

v

Temperature Temperature

Increase Increase
e —————— _— <

TNI

Ty = Phase transition
temperature from
Nematic to Isotropic

Scheme 1.5: Illustration for liquid crystalline elastomer thermotropic phase transitions. LC
mesogens (dark blue) are tethered to a polymer network (light blue).

For thermotropic LCs, the temperature at which the material goes from the ordered nematic phase
to the disordered isotropic phase is known as the Tni. Liquid crystal elastomers (LCEs), amongst
other shape memory materials are often limited by the programming technique to set a new
geometry. LC alignment is necessary for reversible shape switching. Typically, a two-stage
polymerization method permanently sets the alignment and geometry, where an initial loose
crosslinking is done, the material is strained to align the LCs, and a secondary polymerization
preserves the alignment.>*>! Another means of generating shape switching structures is to pre-
align the LCs and polymerize the network around them.3> DCC has more recently been utilized to
program alignment by altering the polymer structure post-polymerization around the LCs. Static
covalent bonds are made dynamic and rearrange the network upon application of a stimulus,
afforded by a CAN.!!33 After the network undergoes a straining event and activation of the DCC,
the network will relax the stress imparted on the network towards a thermodynamic equilibrium.
A variety of DCCs have been coupled with LCE materials to program switchable shapes, including

transesterification,> transcarbamoylation,> and disulfide exchange.>® Many of these DCCs require
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a thermal stimulus to activate bond exchange, but the work in this thesis relies on light mediated
bond exchange of the AFT reaction mechanism to decouple the thermal LC phase transitions from
the network programming. Furthermore, the AFT reaction maintains network crosslink density
and material fidelity during radical mediated bond rearrangement due to its exchange type nature.

These shape switching LCEs are attractive for their autonomous behavior, but it has been
a challenge to translate these behaviors to meaningful work outputs. In glassy LC networks
(LCNs), a work output of 3.6 kJ/m? has been reported.>? Another LCE was capable of lifting a 10
g weight upon heating through its phase transition.*> A summary of LCE work outputs can be
found in Liu et al.’s review on the subject.>’ The underlying network architecture is important for
achieving a variety of strain changes in LCEs. The LC content relative to the polymer network is
also important to achieve these strain changes. A variety of configurations exist to attach the LC
mesogen to the network including a side-on, end-on, and main-chain coupling. Main-chain
configurations have been shown to demonstrate the most dramatic shape changes. These actuation

modes are also dependent on the efficiency of the stimuli.

1.4.2 — Color Switching

An important aspect of structural change is the capacity to modulate color. The color of a
material is based on two potential mechanisms. The first being absorptive properties of the material
and the second being dictated by structure. Through the absorption pathway, molecules absorb
light of certain wavelengths, and thus the overall color of the material is manifested as a reflection
of the non-absorbing wavelengths.’® An example of this are dyes, which absorb wavelengths of
light, resulting in visible colors to the human eye. Spiropyrans are commonly used as color

indicators in polymeric materials.® In contrast, through the structural pathway, the color of a
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material is dictated by the length scale of the structural repeating pattern of the material and its
ability to interact with light. Some examples of this are butterfly wings or in some cases paints,

which rely on micro or nanostructures to dictate color (Figure 1.1).5°

Scales Striae Striae fine structures

lcm 100 pm 10 um 1um 100 nm

Figure 1.1: Examples of structurally colored materials. Image used from references.®!-%2

The properties of structural color are desirable due to their robust and versatile nature.
Structural colors do not photo bleach like absorptive colors can. There is also significant ability to
modulate structural color by changing length scales, or repeating structure geometries. A variety
of structurally color changing materials has been developed from coatings based on
microstructures and colloids,>% to stretchable elastomers. %364

Cholesteric liquid crystals (CLCs) are a class of structurally colored materials with
significant interest for optical applications. These materials often have high selectivity of
wavelength reflected due to the homogeneity of the liquid crystalline mixture.®>% Often these
materials are liquids encased in glass cells. There is also a class of crosslinked CLCs known as
CLC elastomers (CLCEs).”-%8 Selectivity of the cholesteric alignment can be lost upon significant
increases in crosslink density unless processed very precisely. With higher crosslink densities,
these materials can be free-standing films, as opposed to their loosely crosslinked or non-
crosslinked counterparts confined to glass cells. Upon doping an LC system with chiral liquid

crystal mesogens, a handedness is induced in the alignment creating a helicoidal repeating
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superstructure, or photonic crystal, that results in a Bragg reflection. The length scale of this
repeating structure can be modulated a variety of ways to result in visible red and blue shifting of
the wavelength reflected. Some methods include changes to dopant concentration,® electrical,”
thermal,”! or mechanical stimuli.®*7?

A recurring theme in this thesis work is the design of reconfigurable materials. Many of

these color changing materials are not programmable, but this work utilizes CANSs to create tunable

and controllable color switchable materials, or erasure of the reflective nature.

1.5 — Microparticles
1.5.1 — Shape Switching Microparticles

Significant focus is reserved for macroscopic shape changing materials, but microscopic
materials have an exhaustive list of applications including drug delivery,® cosmetics,”
rheological,” and optical control.> Shape switching microparticles are achieved through a variety
of polymerizations including emulsions,” dispersions,’® or microfluidic setups.”’ Shape changing
microparticles are achieved via anisotropy of their networks or mechanical properties.’®7%#0 Often,
microparticles are synthesized and either deformed pre- or post- polymerization, followed by a
stabilization of the network (Scheme 1.6). This programming is permanent unless a CAN is

employed to allow network reversibility post-polymerization.

Microparticle Shape Switching

Deformation and Temporary Stabilization methods

Polymerization Stabilization of Network Recovered Shape
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Apply Stimulus for -CAN, reversible
Q © Actuation Q
——
—

Scheme 1.6: Microparticle programming and shape switching.
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To actuate the microparticles a stimulus is then applied, akin to the macroscopic shape switching
materials discussed in Section 1.4. Another class of shape switching microparticles utilizes the LC
phase transitions to shift from ordered LC alignment to disorder, resulting in an overall shape
change.”’ Significant work done by Wang et al. on clickable microparticles has paved the way for
the research on CAN-microparticles in this thesis.®!8? The particles reported by Wang are not
shape switching, but the research in this thesis expands upon the polymerization techniques used
to generate them. An instance of CAN microparticles designed with an amorphous polymer
network allow for reconfigurability into a new permanent shape, but do not switch shape.??

The various polymerization methods to generate particles result in a variety of particle sizes
and dispersities. This work focuses on the dispersion polymerization (Scheme 1.7), which provides
a facile means to scale-up the yield of microparticles. The dispersion polymerization utilizes low
concentration of monomer in a solvent, where the monomer is initially soluble. As the
polymerization is catalyzed and proceeds forward, the polymer formed precipitates out of
solution.3* A surfactant is used in this process to stabilize microparticle formation. Variables to
control microparticle size include, monomer solubility, monomer concentration, catalyst

concentration, and surfactant concentration.

Dispersion Polymerization

-Low monomer content, soluble in solvent
-Polymer is not soluble in solvent

Catalyst -Uses a stabilizer or surfactant
D -
| ™ ] C }f-\
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Scheme 1.7: Depiction of a dispersion polymerization to generate microparticles.

LC microparticles utilizing precipitation and dispersion polymerization methods have been

reported, albeit without CANs functionality.®>3¢ Current shape switching microparticle systems
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are programmed directly during polymerization or have singular programming, remaining
permanent and cannot be recycled and reprogrammed. This work fills the gap between CANs
microparticles and shape switching microparticles, to achieve reconfigurable shape switching

microparticles.

1.5.2 — Microparticles to Generate Tunable Surfaces and Films

Microparticles are also of interest for their potential use in 3D printing applications.
Designing CAN microparticles could enable selective deposition of particles and processing of
materials to generate parts with spatially controlled mechanical properties. Direct write 3D printing
techniques could be envisioned as a processing method for these materials.?” Latexes are known
for their coalescence process but yield degradable films.® Functionalizing microparticles with
DCC enables interparticle bond exchange to result in covalently robust polymers, or potentially
degradable as well, with some investigation done prior by Wang.®® Sowan et al. demonstrated
functionalization of Si nanoparticles to generate interfacial stress relaxation in composites.”

Investigating CANs designed as a micro-network will yield valuable new accessible uses
for microparticles. Microparticles that are reconfigurable post-polymerization increase the
adaptability of the particles for the multiple purposes listed above and not just as a single use

design.

1.6 — Summary
Here, the investigation of molecular self-assembly coupled with reversibly altering and
programming the polymer network through the incorporation of DCC, expands new avenues and

accessible applications for achieving macro and microscopic shape switching materials. A variety

17



of polymer networks with varying underlying alignment or lack-there-of is studied in this work.

The work presented in this thesis investigates the design of tunable and re-writable materials. This

is delineated in the following chapter and discussed as separate aims.
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Chapter 2: Objectives
This thesis hypothesizes that by utilizing covalent adaptable networks and understanding
fundamental molecular level self-assembly, re-writable and tunable dynamic materials are readily
achieved. This investigation enabled generation of autonomously shape and color changing
materials. This investigation will be implemented by achieving the following aims:
- Aim I: Investigating molecular level self-assembly to program and re-write tunable
materials
- Aim 2: Designing reconfigurable color in materials linked to shape and underlying
molecular alignment

- Aim 3: Translating CANs to micro-networks to enhance applications

Aim 1: Investigating molecular level self-assembly to program and re-write tunable materials
This aim, initially begun in collaboration with Dr. McBride, investigates the incorporation
of DCC into an LCE to relieve stress imparted on the polymer network through straining events,
upon activation via light to ultimately achieve re-writable materials capable of actuation. The
specific CAN used here implements addition-fragmentation chain-transfer (AFT) as the dynamic
covalent chemistry. The AFT-LCE is programmed post-polymerization, which is ideal for
versatility, and merely requires strain of the shape into its desired final shape, followed by
irradiation with light. The light activated mechanism decouples bond exchange from the thermally
stimulated LC phase transitions, required for actuation of the material. Heating the material above
its LC phase transition or Tnitemporarily recovers the initial shape, resulting in an autonomously

shape switching material. Irradiating the material with light above the phase transition temperature,
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erases any programming done prior, and returns the AFT-LCE to its original starting shape,
demonstrating re-writability.

Furthermore, to create an additional means of control, the material is embedded witha UV -
absorbing compound to attenuate light enabling programming by controlling light penetration

depth, creating a gradient of liquid crystal alignment, resulting in tunable actuation.

Aim 2: Designing reconfigurable color in materials linked to shape and underlying molecular
alignment

This aim expands upon the first, incorporating a cholesteric dopant into the liquid crystal
elastomer network. The incorporation of the cholesteric molecule induced a “cholesteric phase” in
the LC alignment. This alignment results in a photonic structure which reflects light within the
visible wavelength regime. Upon mechanically straining the material, the LC alignment is
deformed and results in a blue shift in color, from a very visible red, through the spectrum to blue.
Due to the latent DCC incorporated into the network from the previous aim’s material design, this
cholesteric LCE (CLCE) is also programmed to maintain a variety of colors and patterns that are
a result of strain and light irradiation. This programming is thermoreversible, temporarily restoring
shape and color upon thermal cycling. Furthermore, these colors are permanently erased by
irradiating the material above the Tni, yielding a transparent, non-reflective and non-colored,

polymer film.

Aim 3: Translating CANs to micro-networks to enhance applications

Aim 3.1 — Designing LCEMPs for one-way and two-way shape switching
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Aim 3.2 — Designing AFT capable LCEMPs for rewritable and programmable two-way

shape switching

Aim 3.3 — Designing CAN microparticles to create spatially controllable properties for

applications in 3D printed materials
Aim 3.1 — Designing LCEMPs for one-way and two-way shape switching

Expanding on the previous aims demonstrating macroscopic shape control, liquid

crystal elastomer microparticles (LCEMPs) were synthesized via a thiol-Michael dispersion. The
basic mechanism for achieving shape switching geometries understood in Aim [ was applied to
microscopic structures. It is important to first design and understand basic shape switching
capabilities in LCEMPs before introducing DCC into the system. LCEMPs were designed without
DCC. When the particles were compressed, the applied stress drove alignment to a temporary
prolate shape. Upon heating past the Tni, shape recovery back to spheres was achieved,
demonstrating one-way shape switching. Building on this understanding, another set of LCEMPs
were designed to contain an excess of acrylates in the network, capable of undergoing a 2™ stage
reaction to permanently set a new shape employing the dual cure polymerization method. After
compression, the particles pre-doped with photoinitiator underwent light exposure to crosslink the
remaining acrylates and preserve the compressed shape. Cyclic heating and cooling autonomously
switches the shape between spherical and prolate, respectively, demonstrating two-way shape

switching. The two-way shape switching particles are not reprogrammable or recyclable.

Aim 3.2 — Designing AFT capable LCEMPs for rewritable and programmable two-way shape

switching
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AFT-capable LCEMPs were synthesized in the same manner as in Aim 3.1. Incorporating
DCC into the network allows for access of rewritability of shapes, which enhances the capacity
for application in drug delivery to rheological control, and optics. The microparticles containing
the AFT exchangeable moiety were doped with photoinitator and underwent deformation events
at varying temperatures followed by light exposure to program these geometries with some
geometries capable of autonomous shape switching upon thermal cycling. These AFT-LCEMPs
were also capable of reconfiguration by irradiating the programmed particles above the Twi, to
erase any programming done prior. The AFT-LCEMPs are capable of reconfiguration and

recycling.

Aim 3.3 — Designing CAN microparticles to create spatially controllable properties for
applications in 3D printed materials

Amorphous CAN microparticles were also investigated to enable selective patterning of
material properties with potential to enhance 3D printing applications. Thioester containing
microparticles were designed with excess thiol, and upon addition of a base catalyst and clamping
between glass slides, activating the thiol-thioester bond exchange between particles resulted in
cohesive polymer films. This technology is similar to the latex coalescence process, albeit with the
difference that the resulting polymer film is a covalently crosslinked network, capable of self-
healing or further reconfiguration. Ideally, microparticles of varying mechanical properties could
be selectively deposited and processed to result in a cohesive part with controllably spaced material

properties.
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Summary

This work systematically integrates CANs into polymer soft actuating materials. Chapter
3 discusses the design of a liquid crystalline CAN, to achieve programmable shapes capable of
shape switching upon thermal cycling. This technology also enables erasure of programmed
shapes, demonstrating reversibility. In Chapter 4, this technology is translated to a material that
enables programming of color that is inherently linked to the underlying molecular assembly and
macroscopic shape of the material. Chapters 5 and 6 discuss programmable non-CAN and CAN-
LCEMPs, demonstrating the ability to translate these dynamic chemistries to the micro-scale.
Chapter 7 examines CAN-microparticles containing a thioester network, to create polymer films
from microparticles, with applications in additive manufacturing. Finally, Chapter 8§ summarizes
and draws conclusions about the work. This thesis spans a range of permanent and reversible
programming from the macroscale to the micron scale that has not been achieved previously. The
advances in this work are intended to expand CANs technology to achieve controllably adaptable

soft materials post polymerization.
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Chapter 3: Investigating molecular level self-assembly to program and re-write tunable
materials
(Manuscript published - McBride, M. K.; Martinez, A. M.; Cox, L.; Alim, M.; Childress, K.; Beiswinger, M.;
Podgorski, M.; Worrell, B. T.; Killgore, J.; Bowman, C. N. A Readily Programmable, Fully Reversible Shape-
Switching Material. Science Advances 2018, 4 (8), caat4634. https://doi.org/10.1126/sciadv.aat4634.

Work here describes contributions made to this publication.)

A liquid crystal elastomer (LCE) containing a covalent adaptable network (CAN) allows
for shape programmability post-polymerization, while the LC component allows for autonomous
shape switching upon application of a thermal, phase changing stimulus. By utilizing dynamic
covalent chemistry (DCC) afforded by the CAN, this approach enables bond rearrangement
towards a thermodynamic equilibrium to set a new shape, simply by straining the elastomer and
applying the activation stimulus for bond exchange. The DCC utilized herein is light initiated
addition-fragmentation chain-transfer (AFT), which decouples the programming stimulus from the
actuation stimulus. The thermal stimulus alters the LC phase behavior resulting in a macroscopic
shape change. Furthermore, a UV-light absorbing compound is utilized to control the light
penetration depth of the programming stimulus to set new geometries. These materials demonstrate
re-writability affording the opportunity to program new shapes and erase these shapes thereafter,

if desired.

3.1 — Introduction

Polymer based shape switching materials are highly examined due to their autonomous
ability to change shape. Controlling shape enables an increased level of control over applications
including optics,! wettability,> soft robotics,> and drug delivery.* These shape switching

mechanisms are often activated via phase transitions, crystalline melting, glass transitions, or other
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noncovalent intermolecular disruptions.>® Actuation can also result from chemical transitions such
as pH changes or swelling and deswelling methods.”-

Liquid crystal elastomers (LCEs) are an attractive means to achieve shape switching
polymeric materials. The disruption of liquid crystalline (LC) alignment while tethered to a
polymer network generates a macroscopic shape change upon application of a stimulus. For
thermotropic LCs, the temperature with which this transition occurs is known as the Tni, or the
transition from nematic and ordered to isotropic and disordered. Examples of shape switching
LCEs include work done by Finkelmann and others, utilizing a dual cure polymerization technique
to set the LC alignment.>!° The LCE is initially loosely crosslinked and upon straining the material,
the LCs are aligned, and a second polymerization stabilizes the alignment and shape. Thermal
cycling induces the disruption of LC alignment and results in shape switching, but there is no
reconfigurability thereafter. Other examples of shape switching LCEs utilize pre-alignment of LC
mesogens prior to crosslinking.!'"'> This method also results in a shape switching material,
although it is not reconfigurable after the crosslinking step.

Another means of designing shape switching LCEs, is to incorporate dynamic covalent
chemistry (DCC). DCC has garnered interest to enable reprogramming of materials. These
chemistries designed as covalent adaptable networks (CANs) allow for a thermoset to transiently
behave like a thermoplastic, by breaking and reforming covalent bonds upon application of a
stimulus. There is an expansive library of CANs activated by a variety of stimuli including
thermal,'®!* light,'®> or chemoresponsive.'® By incorporating DCC into a network, it can be made
programmable post-polymerization. A variety of thermally stimulated CAN-LCEs have been
designed, but a thermally active CAN can limit the programming and shape switching process as

the LCE phase behavior is also temperature dependent.!”-!81°
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This work utilizes light facilitated DCC to decouple the thermally activated phase behavior
of the LCs from the programming stimulus. Light activation also enables spatiotemporal control
of programming. The DCC utilized is addition-fragmentation chain-transfer (AFT), which is a
radical mediated reaction. Upon generation of a radical, this radical adds into the allyl sulfide
functionality of the polymer backbone forming a thiyl radical, and a cascading bond exchange
reaction occurs until the stimulus is removed, or initiator is depleted. Here, the programming and
erasure of LC alignment is investigated to result in controllable complex shape switching structures

demonstrating re-writability.

3.2 — Results and Discussion

Reported here is a light triggered LCE-based CAN. This combination affords at least two
things: 1) Utilizing LCs enables shape switching and 2) Utilizing a CAN enables programmability
post polymerization and reconfigurability or erasure of that programming. To implement DCC in
an LCE network, first a base catalyzed thiol-Michael reaction was done with monomers to create
a set of oligomers that are easily stored and utilized as desired. Scheme 3.1 succinctly visualizes
the process from synthesis to material programming. The monomers include the reactive liquid
crystalline diacrylate RM82, the chain extender neopentyl glycol diacrylate (NPGDA), and the
exchangeable monomer allyl dithiol (ADT), reacted in a 1:0.5:1.35 molar stoichiometry, as seen
in Scheme 3.1. The specific CAN used here is mediated by the AFT reaction, achieved by
embedding the ADT monomer into the backbone of the network. The oligomers were designed
such that an acrylate excess allows for light activated acrylate homopolymerization, to generate
crosslinked AFT-capable LCE films, upon pre-doping the resin mixture with a photoinitiator. To

generate 3D deployable shapes, the AFT-LCE was programmed post-polymerization, which is
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ideal for versatility, and merely requires strain of the shape into its desired final shape, followed
by irradiation with light. The light activated mechanism decouples bond exchange from the
thermally stimulated LC phase transitions, required for actuation of the material. Investigation by
McBride et al. included how strain, temperature, and exposure time affect programming, and this

work expands on how underlying alignment controls shape and actuation.?’

AFT-LCE Design Scheme
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Scheme 3.1: AFT-LCE Design Scheme. Monomers for the AFT-LCE (1) Liquid Crystal, RM82,
(2) NPGDA (3) CANs moiety, ADT. Thiol-Michael oligomerization done in DCM followed by a
light facilitated acrylate homopolymerization. Light facilitated AFT programming done to result
in a thermoreversible shape switching material.

Dynamic Mechanical Analysis (DMA) was used to determine the phase behavior of the
LCE along with the glass transition (Tg) of 1°C (Figure S3.1), implying that a rubbery and easily
deformable material exists at room temperature. Modulating the LC content by increasing the
amount of NPGDA resulted in a shift and reduction of the LC phase transition. The programming
scheme for the LCE is shown in Figure 3.1a, where an initially polymerized and polydomain LCE
was strained to induce alignment along the direction of strain. With latent photoinitiator available
after the initial polymerization, exposing the film to UV light activates the AFT exchange to relax
the stress imparted by the straining event, towards a thermodynamic equilibrium, stabilizing this

alignment and shape (Figure 3.1b). Upon heating above the Tni, expansion perpendicular to the

alignment director and contraction parallel to the director results in a macroscopic shape change
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of the polymer film. Alignment following light-induced programming was confirmed by polarized
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optical microscopy (POM) (Figure 3.1c¢).

a.) Programming LCE and Actuation c.) LCE Alignment
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b.) AFT exchange mechanism during light exposure

R-S’ )

Figure 3.1: a.) Programming the LCE occurs by straining the material and irradiating with light.
Heating the film returns it to its temporary starting shape. b.) AFT exchange mechanism c.) POM
of LCE A — Before programming, B — After programming, 45 degrees to the polarizer, C — Aligned
with the polarizer. d.) AFT-LCE reprogrammed by irradiating the film above the T in its
temporary recovered shape.

Panel A of Figure 3.1c illustrates the characteristic birefringence of a polydomain LCE.
After programming the monodomain alignment, seen in panel B, the material crossed with the
polarizer displayed light transmission and lack of the birefringence, indicative of the monodomain
alignment. When the film is aligned with the polarizers, seen in panel C, light transmission is
canceled, again confirming a monodomain alignment in the strain direction of the film. Finally,
demonstrating the materials re-writability, a simple, secondary light exposure above the Ty; was
required to erase the initially stabilized alignment (Figure 3.1d). The network after the first

programming step was comparatively stress-free at room temperature, but upon heating above the

Txi, the entropy dominated contraction of the material returned it to a stressed state and thus
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activation of AFT at this temperature acted to relieve that stress and erase the programming from
the first step.

A systematic investigation was performed on the programming conditions of the AFT-
LCE. Programming variables include temperature, strain, and light exposure. Figure 3.2
investigates the modulation of these variables. Figure 3.2a and b report the final programmed
shape of the LCE measured in the LC phase (Figure 3.2a) and the isotropic phase (Figure 3.2b).
These films were programmed at 25°C, 67°C and 120°C. The temperatures chosen include the
material in the LC phase, just near the phase transition indicated by DMA, and well above the Tni.
The LCE samples were strained to 45 + 10% except for the 120°C samples, which were strained
to 15 + 5%, and exposed to light for increasing amounts of time. Increasing the exposure time
prolonged the time for covalent bond rearrangement to occur, which resulted in an increased final
programmed strain measured in the LC phase. In parallel, increasing the temperature at which
programming was done also increasingly affected the final programmed strain and thus shape
measured in the LC phase. The temperature and light exposure duration with which programming
is done alter the final resulting shape, with increased temperature allowing for more mobility
during bond rearrangement and increased exposure allowing for prolonged rearrangement to

occur.
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Figure 3.2: Strain measurements of the AFT-LCE programmed at varying light exposure durations
measured in a.) the LC Phase at room temperature. b.) the isotropic phase at 120°C. c.) Erasing
programming. Samples were initially programmed with 100 s, 365 nm, 30 mW/cm?. They were
then erased by heating to 100°C and irradiated with 320-500 nm 30 mW/cm?. The LC (grey) and
isotropic (blue) phase shape was then measured.

Programming done in the LC phase at 25°C did not have a significant effect on the isotropic shape.
As reported by Terentjev et al., strain in the LC phase results in stress concentrated in the domain
boundaries during the reorientation of mesogens towards the monodomain, which minimizes the
free energy of the system.?! The soft elasticity in LCEs is also an indication of this, where stress
does not increase during mesogen reorientation since it is being concentrated in domain boundaries
instead of directly applied to the polymer network.?> The AFT programming in the LC phase more
directly anneals out stress concentrated in the reoriented LC boundaries from a polydomain
towards a monodomain. Programing above the Tni had a significant effect on the final isotropic
shape, with the LCE acting as a traditional elastomer in the isotropic phase. Behaving more as an
amorphous elastomer, stress was more uniformly distributed throughout the network above the
Tni, thus programming more directly affected the entirety of the network and the resulting isotropic
shape. Figure S3.2 displays stress relaxation for the AFT-LCE at the three temperatures

confirming the elastic behavior of the LCEs programmed at 67°C and 120°C before the light is

turned on at 100 s.
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Shape programming erasure was demonstrated by irradiating programmed samples above
the Tni, with significant shape recovery to the original shape reported in Figure 3.2c.
Measurements were taken in the LC phase and isotropic phase. Irradiation above the Tni relieves
the stress built up in the network at high temperature and acts to erase any shape programming

done prior to that exposure.

Strain was also investigated as a programming variable. LCEs were strained at 25°C to
varying degrees and irradiated with light (Figure S3.3). The maximum applied strain was about
90%, but the resulting maximum strain measured after programming only reached about 60%. The
inability to preserve 100% of the programming strain and exceed a final programmed strain of
60% is attributed to the network characteristics, with this value being near the end of the soft
elasticity of the LCE (Figure S3.4). To increase the amount of maximum programmable strain,
lowering the cross-linking density by increasing the oligomer length will subsequently increase

the maximum programmable strain.

More complex shapes were generated by folding or bending materials into a desired shape
and irradiating with light. Localized stress in folded regions is relaxed during light irradiation
which introduces shape programming and thus autonomous shape memory as first seen by the
flower in Scheme 3.1 and further illustrated in Figure 3.3. A box is programmed simply by folding
the LCE where the box hinges are desired. Irradiating the material with light relaxes the stress and
programs the strained hinge regions (Figure 3.3a). The shape is then deployed via heating above
the Tni and can autonomously switch shape upon thermal cycling. As discussed above, prolonging
or elevating programming conditions yields larger resultant deformations to the polymer network

and thus final programmed shape. The box maintained 90-degree folds, but 180-degree folds are
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realized by programming the flower at an elevated temperature of 40°C, and increased exposure

time. (Figure 3.3b).
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Figure 3.3: a.) Box shape programming at 25°C, 365 nm, 50mW/cm?, 120 s. b.) Flower shape
programming at 40°C, 365 nm, 50mW/cm?, 200 s.

Concluding from the discussion above, programming above the Tni is useful for altering
not only the LC shape but the isotropic shape as well. A demonstration was done to showcase the
dramatic shape alteration that could be achieved with this understanding. A rectangular LCE was
folded and held between glass at 120°C (Figure 3.4a). The sample was then irradiated at this
temperature and upon cooling, a tight 180-degree fold results (Figure 3.4b). Heating the free-
standing film back above the Tni deploys the shape, but full recovery to the flat starting shape does
not occur and the isotropic shape has now been permanently altered (Figure 3.4¢). This is in
contrast to the programming of the flower shape prior, where programming at 40°C, below the
Tni, enhanced the folds, but still allowed for full shape recovery back to the flat starting shape
during thermal cycling. The rectangular sample was irradiated with light above the Tni, at 120°C

which allowed for relaxation of the stress built up in the material at this temperature (Figure 3.4d).
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Cooling the film back to 25°C, the bent shape persists, and this is the new permanent starting shape

for the AFT-LCE (Figure 3.4e).

Programming above Ty,

a.) - b.) [LC Phase C.) Isotropic Phase

- — .
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o,
25°C Prog. Above Ty;: 120°C. 365 nm, 50mW/cm2. 50 s 120°C '
Irradiate. Above Ty;: 120°C. 365 nm, SOmW/cm2. 150 s

!

120°C 25°C 120°C

Figure 3.4: a.) LCE starting at 25°C (top) and heated above Tni (bottom) b.) LCE viewed at 25°C,
cooled after programming c.) LCE heated above the Tni displaying a bent shape d.) LCE after
irradiating at step c. e.) LCE cooled to 25°C displaying the new permanent starting shape.

To create an additional means of programming control, the material was embedded with a
UV-absorbing compound, Tinuvin-328 (T-328), to attenuate light penetration through the
thickness of the film and result in a through-plane gradient with respect to the liquid crystal
alignment (Figure 3.5a). Out-of-plane buckling is commonly achieved via biased regions of LC
alignment or non-uniform stresses throughout an elastomeric material.?3*>23 This same concept
is utilized here where the AFT exchange is reduced through the thickness of the film due to light
attenuation, creating a gradient of stabilized LC alignment and thus resulting in a 3D structure.
This structure arises due to the non-uniform regions of stress the polymer network undergoes from
the gradient of LC alignment tethered to the network. Employing a photomask further controls
alignment programming. To achieve bending, the film is strained uniaxially and a photomask is

placed over the region of the film where a hinge is desired. The outcome is illustrated in Figure
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3.5b, where the desired folded region remains polydomain and unprogrammed, with monodomain
alignment throughout the rest of the film. This programming technique is in contrast to the previous
programming method of origami shapes where the bulk of the film remains polydomain and
alignment is only achieved in the folds of the structure. Figure 3.5¢ demonstrates programmed
twisting by having opposing alignment at each interface. The film is strained at opposing corners
and irradiated with light on each side. Longer exposures enabled increased amounts of stress

relaxation and network reorganization to occur and thus a final more exaggerated shape arises.
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Figure 3.5: a.) Scheme for utilizing light attenuation to program LC alignment. b.) Bending LCE
programmed by light attenuation. By increasing exposure time, network reorganization and
alignment stabilization is increased resulting in enhanced 3D deformations. c.) Twisting LCE
programmed in a similar manner.

The attenuation behavior is confirmed by the Beer-Lambert law (A = €b(C), where A, absorption

is equal to &, the molar absorptivity multiplied by b, the path length and c, the concentration of the
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absorptive molecule. The 250 um thick LCE doped with 0.5 wt% T-328, yielded a calculated
absorbance of 7.6, using the reported molar absorptivity of Tinuvin, which was 1476 M-'mm! at
347 nm. The value of molar absorptivity was not reported at the programming wavelength of 365
nm, so the molar absorptivity applied was simply used as an estimation to predict absorbance. UV
light was significantly attenuated through the doped LCE at the programming wavelength, 365
nm, also confirmed by UV-vis (Figure S3.5).

More complex shapes were programmed utilizing this method. A saddle shape is achieved
by straining the material in the long and short directions respectively and irradiating on each side.
The competing strain on each interface of the saddle results in a negative Gaussian curvature and
thus the saddle shape is realized (Figure 3.6a). Figure 3.6b and ¢ display programming of a box
and pyramid by utilizing photomasks, where the film is strained and the panels of the film are
programmed to a monodomain. Due to placement of the photomask, the folds are essentially

unprogrammed, maintaining their polydomain structure.
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Figure 3.6: Programming the AFT-LCE in a variety of complex geometries using T-328 a.)
Saddle. Using a photomask, programming a b.) Box and c.) Pyramid is achieved.

Heating and cooling cycles toggled the material between their initial flat and programmed

shapes, respectively. Challenges recovering the desired shape were due to both the inherent
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material properties and mechanics of the films as well as heat transfer considerations. The rubbery
nature of the LCE makes it difficult for this monodomain stabilization to be self-supporting and

alignment recovery to be uniform as the sample exceeds tens of millimeters in length and width.

3.3 — Conclusions

Here, we have demonstrated an LCE that is programmed into complex shapes post
polymerization utilizing light activated AFT. This DCC is decoupled from the thermal LC phase
transitions to actuate the material from the light facilitated programming of the polymer network.
By understanding the underlying LC alignment, complex shapes are readily programmed.
Investigating the programming stimuli such as temperature, strain, and exposure time enabled
understanding and control of the final programmed and re-programmed shapes. Furthermore,
utilizing a light absorber T-328, facilitates control of the light penetration depth to enable another
means of programming and controlling LC alignment. Finally, AFT allows for re-programming
of polymer shapes, and materials were returned to their initial starting shapes by irradiating

materials above the Tni, demonstrating reconfigurability.

3.4 — Experimental

Materials

1,1'-(2-Methyl-1,4-phenylene) ester 4-[[6-[(1-0x0-2-propen-1-yl) oxy]hexyl]oxy]-benzoic acid
(RM82) was obtained from Wilshire Technologies. 3-Chloro-2-(chloromethyl)-1-propene,
potassium ethyl xanthogenate, NPGDA, dichloromethane (DCM), and triethylamine (TEA) were
purchased from Sigma-Aldrich. Ethylenediamine was obtained from TCI America. All chemicals

were used as received unless otherwise noted.
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Synthesis of allyl dithiol

2-Methylene-1,3-propanedithiol (allyl dithiol) was synthesized according to previously reported
procedure (34). In a 1000-ml round-bottom flask with a stir bar, potassium ethyl xanthogenate
(56.4 g, 352 mmol) was dissolved into ethanol (500 ml). 3-Chloro-2-(chloromethyl)-1- propene
(18.5 ml, 160 mmol) was added dropwise, and the reaction was left overnight. The solids were
then removed with filtration, and ethanol was removed using a rotary evaporator. Diethyl ether
(200 ml) and water (100 ml) were added to the yellow residue, and the organic phase was removed
and washed with water (2%, 100 ml), washed with brine (1%, 100 ml), and dried over sodium
sulfate. The ether was removed under a vacuum, resulting in the protected allyl dithiol as a yellow
low-viscosity liquid used without further purification in the next step. In a flame-dried, 50-ml
round-bottom flask with an addition funnel under argon, the protected allyl dithiol (10 g, 33.8
mmol) was added over 30 min to anhydrous ethylenediamine (16 ml) held at 20°C. After 3 hours,
the reaction mixture was slowly added to 200 g of ice and 32 ml of sulfuric acid (concentrated).
The milky white solution was extracted with diethyl ether (2%, 200 ml). The organic phases were
combined and extracted with 2 M sulfuric acid (2%, 100 ml) and brine (1%, 100 ml). The organic
phase was then dried over sodium sulfate, filtered, and concentrated in vacuo, resulting in a slightly
yellow low-viscosity liquid with an extremely foul odor. The allyl dithiol was distilled
immediately before use (60°C, 0.1 mmHg, 2.6 g, 60% yield). Impurities were observed if allowed
to sit overnight after purification. 1H nuclear magnetic resonance (NMR) (400 MHz, CDCI3,

25°C): 4.99 (broad singlet, 2H), 3.37 to 3.34 (multiplet, 4H), 1.48 (triplet, J = 8.15 Hz, 2H).
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Purification of NPGDA
NPGDA was purified via flash chromatography. Column conditions were 10% ethyl acetate in
hexanes using a Biotage Isolera One. Inhibitor, 4-methoxyphenol (MEHQ), was added in a 100—

parts per million (ppm) concentration.

Synthesis of Diacrylate Oligomers

Diacrylate oligomers were synthesized via a base-catalyzed thiol- Michael addition in a manner
similar to those previously reported (34). In an open 100-ml round bottom flask with a mechanical
stir bar, butylated hydroxytoluene (9 mg, 1000 ppm), RMS82 (6625 mg, 9.858 mmol), and NPGDA
(1046 mg, 4.929 mmol) were dissolved into DCM (30 ml, 0.5 M), followed by the addition of allyl
dithiol (1600 mg, 13.308 mmol). TEA (8.24 ml, 59.14 mmol) was added, and the reaction mixture
was allowed to stir for 16 hours, followed by the removal of DCM and TEA in vacuo. The resulting
viscous liquid was dissolved in DCM (200 ml) and washed with 1 M HCI (2%, 100 ml) and brine
(1%, 100 ml), followed by drying with sodium sulfate and removal of DCM in vacuo, which
produced a white semisolid resin. NMR was used to confirm the consumption of thiols and
determine the average number of repeat units through end group analysis of acrylic protons
compared to allylic allyl sulfide protons. A molar ratio of 1:0.5:1.35 (RM82/NPGDA/allyl dithiol)

was used for all results shown unless explicitly stated. Note ADT was calculated as 0.9 x acrylate

EQ.

Photopolymerization of polydomain films

Oligomers (400 mg) were dissolved in 4 ml of DCM. Photoinitiators (Irgacure 819, Irgacure 651,

and Irgacure 2959) were dissolved in DCM (10 mg/ml) and added to the dissolved oligomers in
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the appropriate proportions. Irgacure 819 and Irgacure 651 were added at 1.5 weight % (wt %) (6
mg, 600 ml) and 1 wt % (4 mg, 400 ml). Irgacure 2959 was added for multiple exposure
experiments at 1 wt % (4 mg, 400 ml). The dissolved resin was then deposited onto a Rain-X—
coated glass at 160°C on a hotplate and allowed the DCM to evaporate open to air (30 min) with
occasional stirring. The resin was then pressed between two Rain-X—coated glass plates with 500-
, 250-, or 140-mm plastic spacers and heated to 160°C on a hotplate for 5 min to erase residual
stress. Photopolymerization was then performed at 110°C on a hotplate (£10°C measured with a
thermocouple) with 400- to 500-nm (50 mW/cm?) light (Exfo Acticure Hg Bulb) for 3 min. The
resulting slightly yellow polymer network had a slight haze, confirming a polydomain structure.

Thermal cycling led to a minimal shape change.

Measurement of strain after programming

LC and isotropic shape measurements were obtained by image analysis [ImageJ, National
Institutes of Health (NIH)]. Two circular dots were marked on polydomain films (250-mm
thickness, 3.15 X 10 mm) ap- proximately 2 mm apart. Images were taken using a Panasonic Lumix
camera at room temperature (20°C, approximately room temperature) for LC strain (e() and 120°C
(£10°C measured with a thermocouple) hotplate for isotropic strain (e0; isotropic and LC were
approximately equal in all cases). The films were then placed in a stretching device and stretched
to a predetermined length and irradiated with 320 to 500 nm (50 mW/cm?) for the prescribed
amount of time. For samples irradiated at 67° and 120°C, an oven with a window was used to
control the temperature. The temperature was measured with a thermocouple placed next to the
sample, and the temperature was allowed to equilibrate for 30 min before exposure. The accuracy

of the programming temperature measurement was estimated as +1°C. The samples were removed
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from the stretching device, heated to 120°C on a hotplate, imaged for isotropic strain (el,P), cooled
to 20°C, and imaged for LC strain (eLC,P). Each data point was performed in triplicate, and SE
was reported. All strains were reported relative to the initial “as-polymerized” shape of the LCE

(€0).

DMA
Temperature scans (Tan delta and storage modulus) were run at 1 Hz, 3°C/min. Tests were run on

an TA RSA-G2.

Optical and Polarized Microscopy

Optical and polarized optical microscopy (POM) were done with a Nikon Eclipse Ci

Programming with gradient light (T-328) (bending and folding)

Samples were made using a similar approach described above with the addition of Tinuvin-328
ultraviolet (UV) absorber in 0.5 wt% in the same manner as the photoinitiators. All films were 250
mm thick. Bending was achieved by irradiating one face of an LCE through a photomask (1-mm-
thick line). Irradiation conditions: 25°C. 20% strain. 365 nm, 50mW/cm?. each side. The sample
was thermally cycled. Images of the final bent state were taken, and the bending angle was
determined using ImagelJ. Twisting was programmed straining the material at opposite corners and
irradiating on each side. 15% strain. 365 nm, 50mW/cm?. each side. Saddle was programmed
straining the sample and irradiating on each side at the long length and short length of the
rectangular sample respectively. 25°C. 35% strain. 365 nm, 50mW/cm?. 120 s. each side. Box and

Pyramid, utilizing a mask to block light at the hinges, samples were strained and irradiated on one
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side with the mask, and the other side with no mask. 25°C. 20% strain. 365 nm, 50mW/cm?. 120

s. each side.
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3.6 — Supporting Information
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Figure S3.1: DMA for three LCE stoichiometries being RM82:NPGDA:ADT, displaying the
modulation of NPGDA content, denoted diacrylate (DA), (full stoichiometry
RM82:NPGDA:ADT at 0.9 x Acrylate EQ). Data displaying a change in the LC phase transitions
as the concentration of LC monomer is changed a.) Tan Delta b.) Storage modulus.
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Figure S3.2: Stress relaxation behavior of LCE at 120°C (gray), 67°C (blue), and 25°C (red).
Conditions: 10% strain, light on at 100 s (30 mW/cm2, 320-500 nm).
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Figure S3.3: Strain measurements of the AFT-LCE programmed at varying strains in the LC
Phase (green) and isotropic phase (grey).
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Figure S3.4: Strain to break experiments for 1:0.5:1.35 RM82/NPGDA/allyl dithiol. Conditions:

3.14x0.25x6 mm was stretched at 0.1 mm/s until slip or break on a TA RSA-G2. Experiment was
run in triplicate.
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Figure S3.5: UV-vis for LCE doped with 0.5 wt% T328. Light attenuation is confirmed at the
programming wavelength of 365 nm.
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Chapter 4: Reconfigurable and Spatially Programmable Chameleon Skin-Like Material
Utilizing Light Responsive Covalent Adaptable Cholesteric Liquid Crystal Elastomers

(Manuscript published - Martinez, A. M.; McBride, M. K.; White, T. J.; Bowman, C. N. Reconfigurable and
Spatially Programmable Chameleon Skin-Like Material Utilizing Light Responsive Covalent Adaptable
Cholesteric Liquid Crystal Elastomers. Advanced Functional Materials 2020, 2003150.
https://doi.org/10.1002/adfm.202003150.)

A mechanochromic, programmable, cholesteric liquid crystalline elastomer (CLCE) was
fabricated, and after straining, resulting in a blue shift through the visible spectrum, was returned
to its initial shape and color upon heating through its isotropic phase transition. Light initiated,
radical-mediated, addition fragmentation chain transfer (AFT), facilitated permanent
programming or erasure of thermoreversible shape and color by relaxing stress imparted on the
strained network through reversible bond exchange. Thermoreversible strain was coupled with
reversible color change and could be made permanent at any desired strain by light exposure and
corresponding AFT activation, temporarily restoring nearly initial shape and color upon heating.
The optical characteristics and photonic structure, inherently linked to the network, were measured
as a function of strain, to confirm the reflection notch narrowing indicating that pre-polymerization
alignment via shearing is poor thereby causing a broad spectrum of reflected light that narrows
when the material is stretched. Beyond programming a new shape and color, the reflection notch
was erased and separately, photopatterned to achieve dynamic color schemes that are toggled with
heating and cooling, similar to that of a chameleon’s camouflaging technique that has the ability

to manipulate multiple colors in a single material, also with use for strain mapping.

4.1 — Introduction
Camouflage and synthetic mimics of it have been of interest for decades for applications

in defense, textiles, and more. 3] The mechanism with which camouflage works is not always
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simply a change in color but can include surface topography and structural changes as well.[*] The
chameleon is an ideal example of camouflaging capabilities that occur through structural changes
that result in a color change to hide it from potential predators or allow for communication to other
chameleons.’! One approach to forming synthetic analogues to camouflage and other optical
transformations in materials uses liquid crystals (LCs) to modulate light either directly or through
shape and dimensional changes including in applications for displays. Furthermore, chiral doped
or cholesteric LCs (CLCs) are one example of a class of self-assembling photonic structures with
the capacity to modulate color at the users discretion through varying stimuli such as temperature,
light, or electricity, which is highly appropriate for applications in camouflage where color
modulation is the premise. %) By adding a chiral monomer into a LC system, the handedness is
transferred into the self-assembling LC structure, thereby making a repeating, photonically active
structure known as the chiral nematic phase that reflects a corresponding wavelength of light
designated as its reflection notch.[’)’ CLC systems have been used for camouflage, optical
applications, cosmetics, strain mapping, and tunable lasing. [7:10-14]

Many color changing CLC systems are either loosely crosslinked or not crosslinked at
all.[%15] " The mechanisms through which these chiral nematic reflection notches are shifted
include a variety of stimuli such as temperature, electric field, light, or strain.[®%!5] These
techniques result in highly aligned CLC systems, achieving narrow reflection notches. The
aforementioned systems undergo minor overall changes in shape to alter the repeating structure,
or chiral nematic alignment known as the pitch, and are also limited to glass cells, making them

(16, 171 To circumvent this issue, Brannum et al. designed a crosslinked freely-

less adaptable.
standing cholesteric liquid crystal elastomer (CLCE) film that changes color via heating, which

slightly increases the thickness of the sample and thus the pitch spacing, changing the wavelength
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of light that the polymer reflects. '8! For a more dramatic demonstration of strain changes linked
to color change, Finkelmann et al. designed a PDMS dye doped CLCE that alters the wavelength
transmitted through mechanical strain.l'3) Most recently, Kizhakidathazhath et al. used an
anisotropic deswelling method to align a freely-standing CLCE film that uses uniaxial strain to
dramatically deform the material and alter the visible reflection. ') Although this method produces
robust, highly aligned elastomers, this method requires 24 hours of processing to occur, with 5
hours for the first polymerization stage, whereas the procedure reported here requires only manual
shearing of the material to achieve the necessary alignment to obtain a reflective surface in minutes
with polymerizations occurring within seconds using light irradiation to initiate an acrylate
homopolymerization.

In a separate study not linked to light modulation, research has been done on programmable
and reversible shape changing LCEs with several of these methods using covalent adaptable
networks (CANs), for soft robotic applications or dynamic optical surfaces, which is advantageous
to this research for control of the change in shape that is linked to color. (222 The reversible shape
changes in these LCEs occur due to the anisotropic alignment LCEs maintain, and by heating
through the phase transitions to the isotropic phase, results in anisotropic expansion and
contraction of the film. 22! Crosslinking tethers the LC mesogens to the mechanical framework of
the network translating molecular scale order to macroscopic shape to enable robust and repeatable
shape changes, which are not achievable for loosely or non-crosslinked CLC systems. CANs LCEs
enable permanently programmable and temporarily reversible shape changes which here are linked
to color changes for the first time.

Here, these capabilities are expanded upon by linking control over color with shape change

in a freely-standing elastomeric film by enabling it with the ability to permanently fix a new shape
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and color or erase the color at the users’ discretion using a light initiated AFT-based CAN CLCE.
CANs provide the ability to reconfigure a crosslinked network post-polymerization through
triggered bond rearrangements that relieve stress in the network and promote relaxation towards
an equilibrium state and structure. (231 The CANs-capable CLCE reported here is completely
crosslinked and doped with a chiral LC monomer, having the advantage of being a freely-standing
elastomeric film that is not limited by confinement in a glass cell, thereby improving its
adaptability and flexibility. Mechanical strain causes a change in the arrangement of the LC
structure and thus a color change from red to blue, much like a chameleon’s skin which changes
color due to expansion or contraction of the skin altering the spacing of the aligned biological
structures on the skin’s surface, which can also be used for strain mapping applications.! Strain
mapping has been demonstrated via CANs systems before, namely in a study done by Xie and
coworkers on a non-LCE material, where a CAN-capable amorphous polymer was used to map
strain to produce high resolution digital images.[** The CLCE reported is useful for strain mapping
applications due to its high extensibility and furthermore, due to its dynamic covalent chemistry
(DCC) character, the CLCE is capable of being spatially programmed to maintain the change in
color and shape of the material achieved through strain with temporary reversal upon heating. The
CLCE is thus selectively programmed to display complex optical and topographical patterns
through photopatterning techniques.

While various technologies achieve robust and extensible films, these aforementioned
methods have long processing times and are unable to be permanently reconfigured. The CLCE
material reported here is processable in under an hour, utilizing a rapid light initiated
polymerization that enables it to be permanently reconfigured to a new reflective wavelength or

erased, again with light, providing spatiotemporal control. This approach is thus advantageous for
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achieving adaptable materials that are reconfigured to a new desired color or to perform complex

patterning that can later be erased if and when necessary.

4.2 — Results and Discussion

Previous freely-standing CLCE films have demonstrated control over color changes
through thermal and mechanical strain, yet lack the ability to permanently reconfigure the optical
characteristics as demonstrated here.l'3!81%1 We demonstrate both reversible color and shape
change through transient application of strain and also permanent reconfiguration of color and
shape through photoactivated AFT-based DCC.[*° To achieve these outcomes, films were
prepared with all the necessary elements; crosslinking, an LCE host, a chiral LC monomer, a
radical photoinitiator, and incorporation of AFT-capable moieties throughout the network. For the
film preparation the synthesis of LC diacrylate oligomers was achieved via a thiol-Michael
addition reaction to incorporate the AFT chemistry into the backbone of the network. Next, to
achieve a freely-standing CLCE, 4 wt% of the diacrylate chiral LC monomer, LC756, was mixed
into a dichloromethane (DCM) solution of the oligomers, and photoinitiators, TPO (visible) and

Irgacure 2959 (UV) to ensure homogenous mixing of the components (Figure 4.1a).
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Figure 4.1: a.) Monomers used to prepare the CLCE: (1) RMS82, (2) NPGDA, and (3) allyl dithiol
were oligomerized as diacrylate functionalized oligomers and acrylate homopolymerized with
chiral LC monomer (4) LC756. b.) Schematic of chiral nematic alignment in the film as the
material is strained. Overall alignment improves along with a decrease and some deformation of
the pitch. c.) Schematic of the polymerization and programming process. LC resin was repeatedly
cooled and heated just below the Tni while manual shearing between glass to align the monomers
into the chiral nematic phase, polymerized with visible light and later programmed via straining
and irradiating with UV light. Alignment follows Figure 1b depiction.

The chiral monomer is incorporated at necessary concentrations to transfer a biased chiral
alignment to the LC oligomers to create a helicoidal superstructure that reflects visible light. The
mixture was deposited onto a glass slide and heated to 130°C to remove the DCM and achieve a
workable viscosity of the resin (Figure 4.1¢). Important to note is that the method performed to
align the LCs is due to the relatively high viscosity of the resin, which must be done manually
instead of as typically performed in thin alignment cells (< 50 um) used to align CLC systems.
Other methods to achieve a helicoidal structure use anisotropic deswelling but this process takes

~8+ hours. 131925 The approach reported here resulted in a CLCE film with thickness exceeding

50 um, contributing to variability in alignment but increasing the directionality of observable
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specular reflection. The resin was cooled between two glass slides to 60°C, between the broad
chiral nematic phase transition temperature of 40°C and the transition from a chiral nematic to the
isotropic phase (Tni) at 70°C, as indicated by differential scanning calorimetry (DSC)
measurements performed on the resin (Figure S4.1). At 60°C, the cell was gently sheared
manually, uniaxially, and repeatedly heated and cooled around this temperature to enhance the
alignment of the chiral nematic phase and obtain an apparently red, reflective surface, indicative
of the presence of the chiral nematic phase. The resin system was photopolymerized using visible
light to initiate an acrylate homopolymerization at about 57°C to stabilize the chiral nematic phase
but resulted in haze due to the crosslinking and randomness in alignment. The CLCE has a Tg
around 6.5°C, making for an easy to handle, elastomeric freely-standing film at room temperature,
with extensibility up to 130% strain (Figure S4.2a, b and Movie S4.1). The film was removed
from the glass and upon straining, the residual haze was reduced and the CLCE appeared visually
blue due to reorientation of the chiral nematic phase with a generalized depiction shown in Figure
4.1b. Development and optimization of the techniques for producing this freely-standing CLCE
film enabled the subsequent analysis and implementation of these films as elaborated in the
following sections.

The freely-standing AFT capable CLCE, demonstrates significant extensibility with over 100%
strain possible as seen in Figures 4.2a and S4.2b, and is advantageous for achieving dramatic
color changes. Figure 4.2b and ¢ display UV-vis measurements of the optical characteristics of
the film, where contributions from the imperfectly aligned chiral nematic phase and spacing lead
to reflection in the visible regime along with contributions to haze and scattering. The presence of
the reflection notch, with the reported CLCE having a center minimum of 640 nm in the UV -vis,

is indicative of the presence of the chiral nematic phase (Figure 4.2b, ¢).[¢]
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Figure 4.2: a.) Camera images of the CLCE being mechanically strained and corresponding b.)
UV-Vis spectroscopy upon straining. c.) Wavelength of the film taken at the center minimum of
the reflection notch at corresponding strain values. d.) Optical microscopy of the CLCE unstrained
and strained. e.) WAXS on an unstrained film and then strained to 60% displaying chiral nematic
alignment initially, then localization of intensity indicating a deformed chiral nematic.

As seen in Figure 4.2b and c, the reflection notch not only narrows and blue shifts from
640 nm to 500 nm when strained past 100% but also increases in transmission from 5% to 37%.
A broad reflection notch is indicative of heterogeneities in the alignment and pitch spacing. Here,
as the material is strained, the alignment and uniformity of the sample improve as seen through
the narrowing of the notch.l'®261 The CLCE displays the reflection notch and also has below 5%
transmission of light so a control sample polymerized at the same conditions of the CLCE, but
prepared without the chiral monomer, was analyzed by UV-vis. The a-chiral control displays a

lack of the reflection notch and maintains below 5% transmission as initially polymerized and

unstrained due to the polydomain alignment that forms during the photopolymerization (Figure

$4.3).
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Qualitative analysis on the domain structure and alignment was done using optical
microscopy (OM), wide-angle X-Ray scattering (WAXS), and scanning electron microscopy
(SEM). OM done on the CLCE gives evidence for the lack of a well-aligned chiral nematic phase
evident in grain like texture (Figure 4.2d). Further investigation of the material via SEM on a
cryo-microtomed sample as polymerized shows the CLCE does contain a chiral nematic phase as
seen from the signature repeating lamellar-like structure imaged through the thickness of the film
(Figure S4.4).'>181 WAXS done on the CLCE (Figure 4.2¢) displays the initial isotropic halo
expected for the chiral nematic phase. Upon uniaxial deformation, the localization of intensity is
indicative of deviation from the periodic structure observed previously when CLCEs are uniaxially

deformed.[13:2527-30]

Mechanical deformation concurrently results in a reduction of the haze and
improved transmission with the thinning of the material in the z direction. Furthermore, as the
material is strained and the thickness decreases, this change causes a decrease in the pitch along
with an unwinding of the helix of the chiral nematic phase, resulting in a blue shift or a narrowing
of the reflection notch (Figure 4.1b).[!325:27-301 WA XS done on the same control discussed above
(Figure S4.5a), shows minimal localization in the unstrained sample due to gentle shear-induced
alignment used to mimic the procedure for the CLCE. Upon deformation, apparent reorientation
of mesogens occurs in correlation to the localized intensity in the diffraction pattern, typical of an
LC system with increased monodomain alignment (Figure S4.5b). Finally, comparing the stress-
strain profiles of the CLCE and the control, it is apparent that the presence of the chiral monomer
and thus the chiral nematic phase alters the soft elasticity the material exhibits when subjected to
load (Figure S4.2b).[2?]

The CLCE was designed with the latent ability to perform bond exchange with light-

activated AFT to enable reconfiguration of the network on demand with spatiotemporal control
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afforded by light activation. An AFT capable species, the allyl dithiol, was incorporated into the
backbone of the network to facilitate reversible bond exchange when activated (Figure S4.6). The
AFT used here is initiated using light, selectively chosen for this system to decouple the
temperature sensitive phase behavior of the LCs from the bond exchange activation. Uniaxial
strain to 100% coupled with varying UV light exposure was performed at room temperature to
program the LC order to varying extents. With increased exposure time and the corresponding
continued activation of the DCC-induced relaxation of the sample towards equilibrium, the
material’s overall shape and color change are programmed to a greater degree, with the final
programmed strain measured in both the LC phase at room temperature and the isotropic phase at
high temperature (Figure 4.3a, b). The general response of AFT-capable LCEs to light
programming was examined previously by McBride et al., and these networks are expected to
behave similarly though in the presence of a chiral monomer.[?’ The AFT exchange occurs only
during radical generation while the light is turned on, allowing for spatiotemporal reconfiguration

of the network during the exposure.
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Figure 4.3: Values for CLCEs of the wavelength measured at the center minimum of the reflection
notch and % strain from the initial length after programming, measured in the a.) LC phase and b.)
Isotropic phase: programming done at 25°C, strained to 100%, exposed with light at 320-390 nm
and 70 mW/cm? intensity for varying amounts of time (20 s, 60 s, 120 s, 600 s) and corresponding
images. c.) Schematic of chiral nematic alignment before and after programming in the LC and
isotropic phase with improvement to overall alignment but some deformation to the pitch.

The dependence of programmability on UV exposure conditions was investigated and used
to manipulate the optical characteristics of the CLCE films. Measured in the LC phase at room
temperature, the unstrained film starts with a center minimum reflection notch at 640 nm. The final
center minimum in the reflection notch shifts to 577 nm, 556 nm, 505 nm, and 459 nm after
exposure times of 20 s, 60 s, 120 s, and 600 s, respectively (Figure 4.3a). Increases in exposure
time enable prolonged and more effective reconfiguration, resulting in a larger change in final
strain and color as compared to the initially unstrained state. An overall wavelength shift of 181
nm was achieved from the initial film to the film exposed at the longest time of 600 s. After this
exposure time of 600s, the permanent shape change achieved in the LC phase reaches a max of

75% strain as compared to the initial starting shape. When measured in the isotropic phase, after

the max exposure time of 600s, the center minimum notch wavelength reaches 517 nm, and the
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permanent shape change is only 20% strain. Here, the wavelength changes 123 nm from the
initially unstrained state. It is important to note that an unexposed sample strained to 20% has a
center minimum reflection notch at 611 nm, while after programming the reflection notch for 600
s, the programmed film measured in the isotropic phase having a 20% change in strain from the
initial film is 100 nm lower, at 517 nm (Figure 4.3b). When the programmed film is heated to or
above the isotropic temperature, the material reverts back in shape with only a 20% difference in
strain from the initial, unprogrammed sample, but the color is still visually blue and does not revert
back to an equivalent degree, with the color not directly correlating to the same strain/color profile
of an initially polymerized film (Figures 4.2a, b, c¢). This behavior is an indication of the
improvement and stabilization of the chiral nematic alignment from random to more selective
along with stabilization of deviations to the periodic structure during AFT activation as seen in a
generalized depiction in Figure 4.3c. It was concluded that extended exposures of the CLCE at
the same strain increasingly programmed the shape and color of the material.

After quantitative measurements were performed on the reconfigured samples, qualitative
observations were made using polarized OM (POM) on the structure of the LC phases. POM was
used to assess LC alignment after UV exposure in comparison to the initial, unprogrammed film.
The unprogrammed film displays nonuniformities in alignment as seen by a nonuniform color
under POM and little change in birefringence upon viewing at 45 degrees (Figure S4.7).
Observing the programmed CLCEs in the POM at 45 degrees to the polarizer shows the change in
birefringence in comparison to the same CLCEs observed at 0 degrees, along with increased
uniformity of color, supporting the conclusion that there is increased improvement and
stabilization of the altered chiral nematic alignment as the CLCE is exposed for longer times under

strain.
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In addition to shifting the reflection notch and improving alignment by exposure in strained
states at room temperature, erasing the reflection notch was achieved by activating AFT while the
films were heated past the isotropic phase at 120°C where the LCE prefers a more random,
isotropic configuration. Two sets of experiments were done; a set of samples kept between the
glass slides they were polymerized in, and another set where the samples were removed from the
glass as freely-standing films (Figures 4.4a, b). The samples were exposed to UV for varying
amounts of time (10 s, 60 s, 600 s) at 120°C. The samples between glass, appeared to erase the
reflection notch completely after 60 s of exposure, whereas the freely-standing films took 600 s of
exposure to achieve the same erasure. Observing the UV -vis spectra, the reflection notch gradually

disappears as the sample is exposed for longer times.
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Figure 4.4: a.) UV-vis on erasing reflection band for samples fixed between glass, exposed with
light at 320-390 nm and 70 mW/cm? intensity, at 120°C for varying amounts of time (10 s, 60 s)
b.) Same experimental conditions done on free standing films (10 s, 60 s, 600 s).

After color reconfiguration and erasure were investigated, the cyclability of the material was
examined. Concluding from the previous investigation, for both programming of and erasing of
reflection notches by low and high temperature activation of the AFT process, domain boundaries
are being eliminated resulting in increased transmission. A series of experiments were done to

demonstrate the cyclability of the CLCE where Step 1: Initially unstrained films were measured

in the UV-vis followed by Step 2: films were strained to 100% and irradiated for 180 s to program
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a blue shift. Step 3: The films were then heated to the isotropic phase at 120°C, and exposed again
for 10 s, programming the material back to a red shift. Step 4: The film was then strained again to
100%, with the associated blue shift, but transmission decreases during every step and will
eventually result in a material with a completely erased reflection notch, no longer having a

meaningful reflective nature (Figures 4.5a, b).
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Figure 4.5: Demonstration of cycling back and forth between red and blue shifts. a.) Wavelength
of the sample measured at the center minimum reflection notch of the curve done at each step and
b.) the representative UV-vis curves for those values at each step.

The cyclability for programming or erasing of the CLCE is ultimately limited by the
amount of photoinitiator in the system as well as the integrity of the remaining alignment capable
of creating a meaningful reflective surface. The material demonstrates 1 full cycle of programming
from red to blue and half a second cycle being able to program back towards red, with a significant
reduction in the integrity of the reflection notch when strained back to blue.

Control over shape and color reconfiguration of the AFT capable CLCE was displayed
which led to a series of photopatterning experiments done to demonstrate spatiotemporal control

over the programmability of the material, resulting in complex patterns within the CLCE. Using a

photomask with a striped pattern of varying line spacings, the CLCE was selectively patterned to
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achieve apparently blue shifted lines and upon heating, the patterned regions red shift, but because
of their inability to completely shift back, the lines appear a yellow/green color in contrast to the
red un-patterned regions (Figure 4.6a). Image analysis (Figure S4.8) was done on the
photopatterned samples from Figure 4.6a to demonstrate the level of spatial control that is
achieved by photopatterning the DCC activation. Quantified regions of low and high intensities
that correspond to the blue shifted exposed stripes and red unexposed regions. As expected, based
on the mechanism of the DCC activation, on these scales, there is no loss in fidelity of the pattern
during exposure and the spatial change in the behavior mimics the spatial pattern of the light
exposure. Similarly, a chameleon skin display was created by patterning the CLCE with a uniquely
shaped photomask to imitate the pattern of a chameleon’s skin, where the pattern appears blue and
yellow in the chameleon’s “relaxed” state, but upon heating the material to its isotropic phase,

appears green and red in the chameleon’s “excited” state (Figure 4.6b).

a.) LC Phase Isotropic Phase c.)

Photopatterned regions

Unstrained

\

Plastic tubing

Strained region

*

Unstrained region

Figure 4.6: a.) Photo patterned lines of varying distances indicated in the bottom left corner of
each photo, shown at room temperature in the LC phase and at 120°C in the isotropic phase. Cross-
Polarized POM images are inset in the corners. b.) Photo patterned chameleon skin, (top) shown
in the LC phase (25°C) and (bottom) shown in the isotropic phase (120°C). Chameleon
background image used from Teyssier ez al. °1 ¢.) The CLCE is wrapped around plastic tubing to
demonstrate strain mapping when the tube is pulled with the top region of the film appearing blue
under strain while the sides undergo little to no strain and remain red.
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The material behaves just like a chameleon’s skin which as discussed above, changes the spacing
of the repeating structure to achieve different wavelengths of light reflected, making it helpful in
situations where signaling or camouflage are necessary and need to become apparent at the user’s
discretion. Finally, a strain mapping demonstration was done by wrapping the CLCE around
plastic tubing (Figure 4.6¢). As the tube is bent and strained, the CLCE changes color in only the
strained regions, giving valuable information as to where strain is being applied to an object the
CLCE is wrapped around, and potentially how much strain is sustained. The strained regions of
the film appear visibly blue while the unstrained regions remain red in color. Figure S4.9 displays
a 3D rendering of the optical response of the strained material’s surface by image analysis done
through measurements taken through the center of the film, moving from low intensity values in
the blue shifted strained regions to high intensity values for the red colored unstrained regions,
further demonstrating the potential for using this approach for analysis of the material’s strain
mapping capabilities. The CLCE is capable of not only achieving complex patterns, but can also
be functional for strain mapping applications, amongst other uses even when permanent

reconfigurations with AFT are not necessary.

4.3 — Conclusions

LCEs have demonstrated their unique and useful capabilities to preserve LC phase
behavior with a polymer network for applications ranging from soft robotics to optics. Taking this
technology a step further, the CLCE reported here is a visibly reflective, freely-standing extensible
material, with the incorporation of DCC, thus allowing the user to permanently reconfigure the
shape and ultimately the color or erasure of color from the material, and also enabling complex

patterning. The color of the material was shown to be inherently linked to dimensional changes in
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the LC structure from deformations to the network and is stabilized through activation of the DCC
to reconfigure the network into an energetically favorable state. A level of temporary
thermoreversibility has been demonstrated after programming along with one and a half
programming cycles prior to loss of color integrity. The colored reflective integrity of the CLCE
is also effectively shown to be erasable. The CLCE was patterned to mimic chameleon skin
camouflage and also has use in textiles or dynamic optical applications. The CLCE is a freely-
standing film, which further enhances the potential applications of the material as it is not confined
to a glass cell like many other previously explored technologies, allowing the material to be
conformable around complex structures to demonstrate its use in strain mapping applications

amongst others.

4.4 — Experimental

Materials

1,4-Bis-[4-(6-acryloyloxyhexyloxy)-benzoyloxy]-2-methylbenzene (RM82) was purchased from
Wilshire Technologies. Irgacure 2959 and LC756 were obtained from BASF. 3-Chloro-2-
(chloromethyl)-1-propene, NPGDA, dichloromethane (DCM), Ethylenediamine, Diphenyl(2,4,6-
trimethylbenzoyl) phosphine oxide (TPO), and triethylamine (TEA) were purchased from Sigma-
Aldrich. Ethanol was purchased from Decon Laboratories Inc. Potassium ethyl xanthate was
purchased from Bean Town Chemical. All chemicals were used as received unless otherwise

noted.
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Synthesis Steps for LC Oligomers (Synthesizing Allyl Dithiol)

2-Methylene-1,3-propanedithiol (allyl dithiol) was synthesized as previously reported in McBride
et. al. 1?1 Potassium ethyl xanthate (56.45 g, 352 mmol) was dispersed into 500 mL of ethanol in a
1000 mL round bottom flask with a stir bar. 3-Chloro-2-(chloromethyl)-1-propene (20 g, 160
mmol) was added dropwise and the reaction was allowed to stir overnight. Solids were removed
with a filter funnel. Ethanol was removed via rotary evaporation. The product mixture was then
dissolved with diethyl ether (100 mL) and water (200 mL). The organic layer was removed and
washed with brine (100 mL). The organic layer was again removed and dried with sodium sulfate.
Sodium sulfate was then filtered off and the ether was then rotavap’d off to yield the protected
allyl dithiol as a yellow low viscosity liquid. In a sealed 100 mL round bottom with a stir bar,
coupled to an addition funnel, purged of air and water and backfilled with argon, ethylenediamine
(16.8 mL) was added. The protected allyl dithiol (10 g, 33.7 mmol) was then added to the
ethylenediamine dropwise and allowed to react for 4 hours while kept at room temperature. After,
the reaction mixture was slowly added to a mixture of of sulfuric acid and of ice (64 mL, 400 mL).
Diethyl ether was then added to the mix. The aqueous layer was decanted, setting the organic phase
to the side, and the aqueous layer was washed with ether again to collect any more remaining
product. The organic phases were combined and washed with 2 M sulfuric acid (200 mL). The
organic phase was then washed with brine (2x, 200 mL) to remove any excess water. Sodium
sulfate was added to further remove excess water. The sodium sulfate was then filtered off and the
remaining ether rotavap’d. The solution was then distilled (60°C, 0.1 mmHg) to obtain the purified
allyl dithiol. 1H nuclear magnetic resonance (NMR) (400 MHz, CDCI3, 25°C): 4.99 (broad

singlet, 2H), 3.37 to 3.34 (multiplet, 4H), 1.48 (triplet, J = 8.15 Hz, 2H).
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Synthesis Steps for LC Oligomers (Purifying NPGDA)
NPGDA was purified via flash chromatography. Column was set to 30% ethyl acetate, 70%
hexanes using Biotage Isolera One. Inhibitor dibutylhydroxytoluene (BHT) was added at 100-ppm

concentration.

Synthesizing L.C Oligomers

Diacrylate liquid crystalline oligomers were synthesized via a catalyzed Thiol-Michael reaction as
previously reported in McBride et. al. ?Y RM82 (8.8 g, 13.15 mmol) was added to a 100 mL round
bottom flask with a stir bar. 40 mL of DCM was added to dissolve the RM82. NPGDA (1.39 g,
6.57 mmol) was added to the flask. The BHT (0.012 g) inhibitor was added to the flask. The
reaction was then catalyzed with TEA (8 g, 78.9 mmol). The reaction was then allowed to stir
overnight with a loose plastic cap covering the opening of the flask. The reaction mixture was then
rotavap’d to remove TEA. The mixture was then rinsed out 3x with DCM into a separatory funnel
and then washed with 1 M HCL (100 mL). Washed with brine (2x, 100 mL) to remove excess
water. Sodium sulfate was added to the organic phase to further remove any water. The DCM was
then rotavap’d off and a viscous liquid remained. This was further dried over night at 40°C with
air blowing over it, yielding an opaque resin. NMR was used to confirm the consumption of thiols
using end group analysis of acylate protons as compared to protons on the allyl moiety to determine
repeat units. The molar ratio of components in this system are 1:0.5:1.35 RM82:NPGDA:Allyl

Dithiol was used for all results shown.
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CLCE Polymerization

To create the CLCE, a radical acrylate homopolymerization was done. The diacrylate oligomers
were dissolved in DCM (100 mg/mL). Photoinitiators, TPO and 2959, were separately dissolved
in DCM (10 mg/mL). The CLC monomer LC756 (4 wt%) (a diacrylate) was added directly to the
dissolved oligomers. TPO and of 2959 (1.5 wt%, 1 wt%), were added to the oligomer solution.
The solution was vortexed and deposited onto a RainX coated piece of glass where the solvent was
then evaporated off at 130°C on a hotplate, leaving a clear viscous resin. A second piece of RainX
coated glass was placed onto the material with 70 Um spacers in between. The sample was then
allowed to cool and manually sheared uniaxially (forwards and backwards), until a reflective
surface was achieved upon cooling to 60°C, with repeated heating and shearing on the 60°C
hotplate. The cell was then placed on the hotplate at 57°C and photopolymerized for 180 seconds
on each side with a light intensity of 70 mW/cm? using a 400-500 nm filter and an Exfo Acticure

Hg Bulb.

CLCE Characterization (Mechanical Characterization)

DMA: Mechanical analysis was run on a TSA RSA-G2. Tg scans were run at a ramp rate of
3°C/min at a frequency of 1 Hz. Stress strain tests were done at room temperature and strained at
arate of 0.1 mm/s. DSC: DSC was run on a TA DSC 2500. The resin was initially heated to erase
thermal history, cooled, and the test was run from -40C to 140°C, ramped at 10°C/min, then cooled

at the same rate to generate the reported curve.

71



CLCE Characterization (UV-Vis Measurements)

UV-Vis was run on a Thermo Fisher Scientific Evolution 300. Samples were measured with a
Xenon lamp in absorbance between 300-1000 nm with a scan speed of 240 nm/min. A background
was run and subtracted from the data. Data intervals were taken at 0.5 nm and a bandwidth of 2
nm. Data was then converted to Transmittance through the formula [T = 1074%2]. Quantitative
measurements of the reflection notch were done by recording the center minimum value of the

notch.

AFT Programming (Programming reflection notch)
The 100 pm thick polymerized film was strained 100% and exposed at room temperature for
varying amounts of time (20s, 60s, 120s, 600s) with a light intensity of 70 mW/cm? using a 320-

390 nm filter and an Exfo Acticure Hg Bulb. UV-vis was then run on each sample. Measurements

of color and strain after programming: Color - Quantitative measurements of the reflection notch
were done by recording the center minimum value of the notch. Strain - Two dots were placed at
the center each film and the distance between them was measured prior to straining the sample.
The sample was then strained to 100% and irradiated for varying amounts of time. After the
irradiation the sample was thermally cycled and the distance between the dots was measured at

room temperature in the LC phase and also at high temperature (120°C) in the isotropic phase.

AFT Programming (Erasing reflection notch)
As polymerized films between glass and free-standing films - The 100 um thick polymerized film

was placed on a hotplate at 120°C and irradiated for varying amounts of time (10s, 60s, 600s) with
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a light intensity of 70 mW/cm? using a 320-390 nm filter and an Exfo Acticure Hg Bulb. UV-vis

was then run on each sample.

AFT Programming (Red and Blue shift cycling display)

The 100 um thick polymerized film underwent a series of steps with programming done at a light
intensity of 70 mW/cm? using a 320-390 nm filter and an Exfo Acticure Hg Bulb. UV-vis was then
run at each step. Step 1: Prepared initially unstrained films Step 2: Films were strained to 100%
and irradiated for 180s to program a blue shift. Step 3: Films were then heated to the isotropic

phase at 120°C and exposed again for 10s. Step 4: The film was then strained again to 100%.

AFT Programming (Photopatterning)

The 100 pm thick polymerized films were uniaxially stretched to 100% strain. A photomask was
then placed over the film and it was then irradiated for 5 minutes at room temperature on one side
with a light intensity of 70 mW/cm? using a 320-390 nm filter and an Exfo Acticure Hg Bulb.
Measurements were done in Imagel of the patterned profile for each film excluding the 0.1 mm
spaced samples because the stripes were unable to be individually resolved. ImageJ was also used

for strain mapping analysis.

X-ray Diffraction Measurements

WAXS was done on the CLCE and a control film containing no chiral monomer. WAXS was
done with a Forvis Technologies instrument using a copper source (A = 1.5405 A). The detector
was a Dectris Eiger R 1 M with a 0.075 x 0.075 mm? pixel size. The 250 Om thick polymerized

films were scanned initially unstrained and then strained to 60% and scanned again.
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SEM
Cryo-microtoming was done on the CLCE for SEM analysis with a Leica EM UC7 (cryo EM FC7)
done at -80°C at NIST. Field Emission SEM (FESEM) was done with a JEOL JSM-740 1F on the

microtomed samples.
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4.6 — Supporting Information
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Figure S4.1: DSC on the cholesteric doped resin. Working temperature to shear resin between
glass is done at 60°C, between the two-phase transitions, chiral nematic phase at 40°C and Tni at
70°C.
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Figure S4.2: Analysis of CLCE mechanical properties a.) DMA Tg and storage modulus for the
CLCE with a Tg around 6.5°C. b.) DMA Stress vs. Strain to break, showing how the CLCE has an
altered strain profile due to the deformation of the chiral nematic phase.
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Figure S4.3: Control UV-Vis as the material is strained to 100%. Transmission improves as the
material is strained.

Figure S4.4: SEM on a cryo-microtomed unstrained and unprogrammed sample with imperfect
lamellar orientation indicative of random alignment.

a.) Initial - Unstrained b.) Strained 60%

Figure S4.5: Control WAX for a.) unstrained material and b.) material strained to 60%. Weak
localization of intensity at the top and bottom of the unstrained WAX diffraction pattern
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confirming some alignment induced by slightly shearing the sample before polymerization.
Straining the sample reorients mesogens to display a nematic with a biased ordering pattern.

‘R or 'SR

R-S
R-S R-S

R-S SR <= R-SJ.V@S-R - R-S\k SR
A\

Figure S4.6: AFT exchange mechanism. A radical from the photoinitiator or a thiyl radical can
induce bond exchange.

Unstrained

Unprogrammed 20s exposure 60s exposure 120s exposure 600s exposure

LC Phase

Isotropic Phase

Figure S4.7: Polarized optical microscopy of the CLCE initially unprogrammed and unstrained,
and programmed samples in the LC phase and Isotropic phase as indicated for varying exposure
times (20's, 60 s, 120 s, 600 s).

Movie S4.1: Uniaxial straining of CLCE
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Figure S4.8: Image analysis done on photopatterned films measured in the (left-blue) LC phase,
and (right-red) isotropic phase a.) 3 mm line spacing b.) 1.5 mm line spacing c.) 1 mm line spacing.
Measurements in Imagel were taken across the profile of each film from left to right recording the
change of intensity vs. distance measured. Blue shifted regions were recoded to have a lower

intensity value and the unexposed red regions recorded a higher intensity value, graphically
displayed.
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Figure S4.9: Image analysis done using Imagel on the CLCE wrapped around a plastic tube and
strained. Yellow arrows portray direction of measurement for three measurements done. The three
measurements were taken down the center of the film, recording the intensity values across the
measured region. Normalized intensity increases as strain on the material decreases and the color
of the material shifts from blue, highly strained region, to red, unstrained region.
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Chapter 5: One- and Two-way Shape Switching Liquid Crystal Elastomer Microparticles

Liquid crystal elastomer microparticles (LCEMPs) reported here demonstrate one and two-
way shape switching capabilities by modulating the network characteristics. The LCEMPs are
generated via a thiol-Michael dispersion polymerization. One-way shape switching particles are
designed with a stoichiometrically balanced ratio of monomers, while two-way shape switching
particles utilize excess acrylate in the network structure to enable a second stage polymerization
to set a new particle shape. Particles are compressed to induce alignment followed by thermal
cycling to deploy the shape. The thermal phase transition inherent to liquid crystalline materials
dictates the means for microparticle shape actuation. Controlling the shape and actuation of

microparticles enhances their applications in drug delivery or optics.

5.1 — Introduction

Microparticles have been of interest to science for decades for their unique capabilities
both as independent particles or as aggregates, for various applications including cosmetics, drug
delivery, and optics.'*>3 Research has been done on microparticles that have shape changing
capabilities from thermal,* electrical,’ or magnetic stimuli.® Cox et al. developed a system to
permanently program polystyrene particles to a flattened shape. This was achieved by
incorporating a covalent adaptable network (CAN) to alter the static network and thus the
permanent shape.” Focusing on shape memory microparticles, specifically liquid crystal
microparticles (LCMPs), have been studied for their unique capabilities to incorporate liquid

crystalline (LC) properties into a microparticle system and have demonstrated their ability to
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achieve shape changes due to manipulation of their LC alignment via thermal phase
transitions.+8%10:11

There are various methods for generating LCMPs, including microfluidic devices which
are not easily scalable systems,” emulsions,!® or dispersions,'> namely radical based
precipitations.!"13 In 2001, Cairns et al. demonstrated success in making LCMPs using a radical
based photopolymerization precipitation of LC particles.!? In 2004, Vennes et al. studied LCMPs
via a precipitation method using radicals from a peroxide initiator. More recently in 2019
Schenning et. al developed a similar system via a photoinitiated radical based precipitation. 413
These radical based systems are hindered by the presence of oxygen and the polymer properties of
the material can be limited by the radical polymerization technique. Light based radical initiated
polymerizations require an external light source which can be cumbersome or unavailable.
Microfluidics and emulsifications have been prominent methods for generating shape changing
liquid crystal elastomer microparticles (LCEMPs) but come with challenges in equipment needs
or limited properties and processes.*#%10:11

Reported here is a facile and scalable thiol-Michael dispersion polymerization of one and
two-way shape switching liquid crystal elastomer microparticles (LCEMPs). To achieve two-way
shape switching, particles undergo a deformation step followed by light exposure to crosslink
excess acrylates. In parallel, Schenning and coworkers most recently reported a thiol-Michael
dispersion polymerization method to generate LCEMPs that undergo a light initiated radical based
second stage polymerization to achieve two way shape changing LCEMPs.'® Work done by
Bowman and coworkers describes a thiol-Michael dispersion polymerization to generate scalable

microparticles.!” The dispersion polymerization reported here to generate the LCEMPs was done

via the thiol-Michael addition polymerization reaction scheme using base to catalyze the reaction.
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This method was chosen instead of radical based means demonstrated by aforementioned
precipitation type methods of preparing LCMPs, which is advantageous due to: i.) its ability to be
performed in oxygenated environments detrimental to radical based systems, and ii.) for the lack
of the need of an external stimulus for initiation (lamp setups), which can be cumbersome or
unavailable.!” This method is far simpler than a microfluidic setup required for other shape
changing systems and only requires basic mechanical agitation to a reaction solution at ambient
conditions. This polymerization method also expands the library of monomer combinations that
can be used to achieve different mechanical properties. The crosslinked LCEMPs underwent
deformation and shape recovery upon heating through their LC phase transition. One and two-way
shape switching capabilities are advantageous for soft robotics, medicine, and cosmetics amongst

other applications due to their ability to demonstrate meaningful actuation.

5.2 — Results and Discussion

Here, we demonstrate the facile polymerization of shape memory capable LCEMPs via a
thiol-Michael dispersion polymerization. Previously reported dispersion methods utilize free-
radicals to initiate their polymerizations, whereas the system reported here uses base as the catalyst,
triethylamine (TEA), which is not oxygen sensitive or reliant on a light source like many radical
based methods. Demonstrated is not only the one and two-way shape memory capabilities of the
LCEMPs, but also the capability to easily alter stoichiometry with this thiol-Michael dispersion
method to achieve particles with different material properties and/or size and behavior. Monomers
as follows: liquid crystal RM82, chain extender propane dithiol (PDT), crosslinker pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP) and surfactant polyvinylpyrrolidone (PVP) were

dissolved into solution at varying stoichiometries, and the reaction was started once TEA was
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added to the solution and allowed to run overnight (Figure 5.1a). The stoichiometries analyzed
are as follows: (PETMP:PDT:RM82): A (1:2:4), B (1:1:4), and C (1:0.5:4), with respect to moles.
System A was designed with balanced molar stoichiometry, which produced observable LCEMPs
viewed under optical microscopy (OM) and displayed the characteristic birefringence of
polydomain LC materials when viewed through polarized optical microscopy (POM) (Figure
5.1b, ¢). The particles on average are 13.0 = 4.2 um in diameter and show polydispersity with a
coefficient of variance (CV) of 33%. Upon heating the material past its isotropic phase transition
(Tnr) to 120°C, the birefringence noticeably changes indicating the phase transition, which is
important for shape memory actuation (Figure 5.1d). The stoichiometry is systematically altered
to demonstrate the versatility of the dispersion polymerization with particle size, and property
analysis investigation discussed below and summarized in Table 5.1 along with particle size

distributions recorded in Figure S5.1.

a') 1) HS” ™""0 \<, o

@) s” N Nen

() S S

Figure 5.1: a.) Monomers and surfactant for dispersion polymerization (1) PETMP, (2) PDT, (3)
RMS82, (4) PVP surfactant, and TEA catalyst b.) OM of System A particles c.) POM of System A
particles at room temperature d.) POM of System A particles at 120°C showing change in
birefringence.
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Summarized in Table 5.1 are the material properties that change as a result of the reduction
in PDT by half for each subsequent formulation along with the stoichiometric ratio (r) displaying
a decrease from the balanced formulation having an r of 1. Reduction of PDT not only changes the
crosslinking density but alters the liquid crystalline contribution and phase transition behavior. The
gel point behavior of the system having two functionalities (fA and fB) was calculated using the

Flory-Stockmayer equation (equation 5.1):!7

1
P = ——m= (5.1
gel r(fa-1(fp—1) (1)

Pgel is the probability of monomers that need to react to reach the gel point. Pgel increases with the
reduction of PDT. As a result of this, it is expected that material properties will change while still
maintaining a gelled network. Following this, analysis was done on the varying stoichiometries to

elucidate the material properties reported in Table 5.1.

Table 5.1: For System A, B and C; monomer stoichiometry and polymer properties of particles.
Where r is the ratio of thiol to acrylate, Pgel is the probability of gelation, Alignment is LC
alignment determined by WAXS, Dn is average particle diameter, CV is coefficient of variance =
(StDev/Dn*100), and Tni is the temperature for the LC phase transition from nematic to isotropic.
System Stoichiometry r Pgel Alignment D, (um) cv Tn (°C)

PETMP PDT RM82

A 1 2 4 1 0.707 Polydomain 13.0+4.2 33% 117
Polydomain with
B 1 1 4 0.75 0.756 possible secondary 9.7+20 22% 115
alignment
c 1 0.5 4 0.625 | 0.784 Polydomain or 9.4+3.7 39% 120

possibly radial

Figure 5.2a, b, and ¢ show the property analysis done on each system set of particle
stoichiometry, including corresponding POM, wide angle X-ray scattering (WAXS), and
differential scanning calorimetry (DSC). For each system, the apparent liquid crystallinity given

by the birefringence is seen in the POM images shown in Figure 5.2a. It is evident from OM and
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POM that varying the stoichiometry produces particles of varying size and aggregation, with
relatively high coefficient of variance (CV) upwards of 20%, measured using ImageJ (Table 5.1).
Particle diameter for Systems B and C were comparable and smaller than System A, at about 9.7
and 9.4 um respectively. WAXS done on dried particles shown in Figure 5.2b, displays the LC
alignment for each particle system. All systems display some polydomain characteristics. System

B displays some smaller scale order. From POM, System C suggests a possible radial phase.'®
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Figure 5.2: For all particle Systems A, B, and C a.) OM (left) and POM (right) with all scale bars
representing 100 um b.) WAXS c¢.) DSC traces.

Finally, the DSC traces shown in Figure 5.2¢, display the glass transition temperature (Tg) and the
Tni for each system. The Ty for all three systems does not vary greatly, with a value around -3°C,
indicating the particles are rubbery and easily manipulated at room temperature. System A displays
a characteristic Tni around 117°C. System B and C have noticeably broader phase transition

regions. The Tni for Systems B and C are about 115°C and 120°C respectively. The excess thiol
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content stoichiometry of Systems B and C results in more heterogeneities in the network due to
less crosslinking, allowing for a broadened thermal transition shown in the DSC traces. Following
material property analysis, the shape memory capabilities were then evaluated.

The stoichiometrically balanced functional groups of System A effectively demonstrated
one-way shape switching behavior. Following the scheme from Figure 5.3a, particles from System
A were deposited onto a glass slide and solvent was allowed to evaporate at room temperature,
followed by manual compression of the particles with a secondary piece of glass for 20 seconds.
Figure 5.3b displays the particles under OM and POM before deformation at room temperature.
After deformation at room temperature the particles exhibited a prolate shape with the manual
compression imparting some directed LC alignment (Figure 5.3c). The change in birefringence
also indicates a change in the underlying LC alignment from spherical to prolate. Upon removal
of pressure the particles maintain their deformed shape, due to characteristic LC soft elasticity. !’
The particles were then thermally cycled past their Tni to 120°C and cooled back to room

temperature, demonstrating shape recovery to a sphere (Figure 5.3d).
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\_Polydomain / shape / \_initial shape / \__Polydomain /

t |

Must deform again to achieve prolate shape
i.e. (One-way shape switching)

d)

Figure 5.3: a.) Particle deformation and shape switching scheme. System A: One-way shape
switching demonstration of LCEMPs top row OM and bottom row POM b.) Particles as
polymerized initially at room temperature c.) Particles after manual compression at room
temperature displaying prolate deformation d.) Particles after being thermally cycled from room
temperature past their Tni to 120°C and back to room temperature, displaying recovery of shape.
To demonstrate two-way shape switching, particles of System C, with a network containing
60% excess acrylates, were swollen with photoinitiator. Following the same deformation
procedure from above, the particles were compressed, maintaining their shape after removal of
pressure, followed by irradiation with light to crosslink the excess acrylates, which preserve the

compressed shape (Figure 5.4a). Upon thermal cycling, the particles toggle between their low

temperature programmed shape and a high temperature spherical shape.
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Figure 5.4: a.) Particle programming and shape switching scheme. System C: Two-way shape
switching demonstration of LCEMPs top row OM and bottom row POM b.) Particle after being
compressed and irradiated at room temperature c.) Particle in a temporary recovered shape above
the Tni at 120°C d.) Particle returned to room temperature demonstrating recovery to programmed
shape.

Figure 5.4b displays the particle after programming at room temperature. Figure S.4¢ and d

display the two-way shape switching achieved by thermally cycling the programmed particle. This

programming is not reversible.
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5.3 — Conclusions

This study reports a facile means to polymerize one and two-way shape switching capable
LCEMPs through a single stage thiol-Michael addition dispersion polymerization. Systematically
altering the stoichiometry demonstrated tunable changes in material properties, and transition
temperatures to actuate shape switching. The LCEMPs reported here were manually compressed
into a deformed shape with System A achieving one-way shape switching, while System C
underwent a two-stage polymerization process to achieve two-way shape switching. Shape
switching LCEMPs have applications in soft robotics, cosmetics, drug delivery, and surface

cleanings.

5.4 — Experimental

Materials

1,4-Bis-[4-(6-acryloyloxyhexyloxy)-benzoyloxy]-2-methylbenzene (RM82) was purchased from
Wilshire ~ Technologies.  Polyvinylpyrrolidone ~ (PVP),  Pentaerythritol  tetrakis(3-
mercaptopropionate) (PETMP), triethylamine (TEA), dichloromethane (DCM), and methanol

were purchased from Sigma-Aldrich. Propanedithiol (PDT) was purchased from TCI.

Preparation of LCEMPs

The preparation of the LCEMP sets is the same for each with only changes to monomer
stoichiometry. System A was prepared as follows: With a stir bar continuously stirring to mix the
system, 0.037 g of PVP (15 wt% to monomer) was dissolved in 6.98 mL of DCM. 0.165 g of
RMS2 was then dissolved in the solution. 14.33 mL of MeOH (45 wt% DCM/55 wt% MeOH) was

mixed into the solution and checked to ensure the monomer RM&2 remained dissolved. 0.0125
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mL of PDT was dissolved in the solution followed by 0.0234 mL of PETMP (1 wt% monomer in
solvent). 0.032 mL of the catalyst TEA (10 wt% to monomer) was then added to the reaction and
the reaction was left overnight. The mixture turns turbid after about 15 minutes. The following day
the product was centrifuged at 3000 RPM for 2 min and washed 3X with the same MeOH/DCM
mixture. The particles were allowed to dry at ambient conditions and stored in a freezer. The
stoichiometric ratios for the systems are as follows: PETMP:PDT:RMS82 A(1:2:4) B(1:1:4)

C(1:0.5:4).

Image Analysis of LCEMPs
ImageJ analysis was done on 50 particles of each formulation to determine average particle
diameter and coefficient of variance. Optical and polarized microscopy (POM) were done with a

Nikon Eclipse Ci.

X-Ray Diffraction Measurements
WAXS was run on dry particles. Scans was done with a Forvis Technologies instrument using a
copper source (A = 1.5405 A). The detector was a Dectris Eiger R 1 M with a 0.075 x 0.075 mm?

pixel size.

DSC
The particles were initially heated to erase thermal history, cooled at a rate of 5°C/min from 140°C
to 20°C, and finally heated at a rate of 20°C/min to 140°C to generate the reported curves. DSC

was run on a TA DSC 2500.
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Programming LCEMPs

One-way shape switching: After washing, particles were suspended in the MeOH/DCM solvent

mixture and deposited onto a glass microscope slide on the benchtop. After solvent evaporation, a
small piece of a microscope slide was used to compress a region of the deposited sample. The
sample was then observed under OM and POM. The sample was heated above the phase transition

temperature to 120°C and then cooled back to room temperature. Two-way shape switching:

Harvested particles were swollen over night with 5 wt% initiator I-819 in DCM. The particles were
drop cast and compressed with a piece of microscope slide. The particles were then irradiated with
400-500 nm light at 50 mW/cm? for 5 min. Upon thermal cycling past 120°C, the particles

demonstrated reversible shape switching.
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5.6 — Supporting Information

System A

3

2

3 ]

LR 11|
67 8

91011121314151617181920212223242526
Particle Diameter (um)

Count

System B
10

Count
)

6 7 8 9 10 11 12 13 14 15 16
Particle Diameter (um)

System C
10 |

Count
)

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Particle Diameter (um)
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Chapter 6: Permanent and Reversibly Programmable Shapes in Liquid Crystal Elastomer
Microparticles Capable of Shape Switching

(Manuscript published - Martinez, A. M.; Cox, L. M.; Killgore, J. P.; Bongiardina, N. J.; Riley, R. D.; Bowman, C.
N. Permanent and Reversibly Programmable Shapes in Liquid Crystal Elastomer Microparticles Capable of Shape
Switching. Soft Matter 2020, 17 (3), 467-474. https://doi.org/10.1039/DOSMO01836H.)

Reversibly programmable liquid crystal elastomer microparticles (LCEMPs), formed as a
covalent adaptable network (CAN), with an average diameter of 7 + 2 um, were synthesized via a
thiol-Michael dispersion polymerization. The particles were programmed to a prolate shape via a
photoinitiated addition-fragmentation chain-transfer (AFT) exchange reaction by activating the
AFT after undergoing compression. Due to the thermotropic nature of the AFT-LCEMPs, shape
switching was driven by heating the particles above their nematic-isotropic phase transition
temperature (Tni). The programmed particles subsequently displayed cyclable two-way shape
switching from prolate to spherical when at low or high temperatures, respectively. Furthermore,
the shape programming is reversible, and a second programming step was done to erase the prolate
shape by initiating AFT at high temperature while the particles were in their spherical shape. Upon
cooling, the particles remained spherical until additional programming steps were taken. Particles
were also programmed to maintain a permanent oblate shape. Additionally, the particle surface
was programmed with a diffraction grating, demonstrating programmable complex surface

topography via AFT activation.

6.1 — Introduction

Microparticles have been the subject of significant research efforts due to their
incorporation into a wide range of applications including cosmetics, drug therapy, optics, and
adsorption, amongst others.'-> Numerous methodologies exist for generating microparticles and a

key objective in related research has been overcoming the static nature of microparticle geometry.
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Shape changing microparticles are of growing interest since dynamic control over geometry
facilitates integration into a wider range of applications demanding optical dynamics, tunable
adhesion, rheological control, and micromechanical actuation.®

Beyond typical one-way shape switching phenomena, two-way shape switching materials
are desirable for their inherent ability to change between different shapes without requiring
repeated, direct mechanical deformation events. Shape switching microparticles often rely on pre-
alignment, or biased regions of mismatched properties, to achieve shape changes upon application
of a stimulus.!%!? A common method to generate shape switching particles is to embed them in a
film and strain that film, which deforms the particles. Such a strain is often followed by a secondary
programming process, possibly involving additional reactions, to stabilize this shape.!®!1314
Although this method is effective for achieving shape switching particles, harvesting the
programmed particles for desired application involves additional steps to embed particles in a
matrix and subsequently remove the matrix and recover the programmed particles.

Recently, the unique optical and phase changing properties of liquid crystals (LCs) have
been integrated into liquid crystal microparticle (LCMP) systems.!>!8 LCMPs demonstrating two-
way shape switching behavior have been investigated, but the fabrication methods have challenges
in scalability, or generate nanoparticles with size-limitations.!*-*> Some demonstrations of two-
way shape switching liquid crystal elastomer microparticles (LCEMPs) use radical based
polymerizations mediated by microfluidic set-ups to generate particles with pre-alignment of the
LC mesogens, enabling inherent shape switching capabilities.!6?>?4 In LCEMPs, a physical pre-
alignment of mesogens tethered to a polymer network define one of two accessible particle
geometries. When the particles are heated past their nematic-isotropic phase transition temperature

(Tnn), the polymer network contracts parallel to the alignment director and expands perpendicular
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to the alignment director, thus accessing the second geometry. Temperature modulation enables
repeated switching between geometries, resulting in a two-way shape switching capable
material.?>¢ These LCEMPs are crosslinked materials, yet microfluidic systems have challenges
with regard to scaling up. Recently, Schenning and coworkers reported a facile dispersion
polymerization method to generate scalable, programmable LCEMPs.!? Their method utilizes a
thiol-Michael dispersion polymerization, which eliminates the need for microfluidic equipment or
the oxygen controlled environments radical based polymerizations require.?’-?” To program these
LCEMPs, Schenning and coworkers deform the particles embedded in a film, aligning the LC
mesogens into a new prolate or oblate particle shape. Next, they use a second stage polymerization
to alter the chemical composition, thus permanently crosslinking these particles into the deformed
shape below the Tni, an approach which has previously been demonstrated in bulk liquid crystal
elastomers (LCEs).?® Temporary recovery of the original spherical shape is achieved by heating
past the Tni. This system is the most viable approach to a scalable system achieving switchable
particle geometries but requires particle crosslink density to be permanently altered during shape

programming, which lacks a capacity for re-programmability.

6.2 — Results & Discussion

Reported here is a facile means to generate and program LCEMPs comprised of a covalent
adaptable network (CAN) into permanent or reprogrammable shapes, achieving two-way shape
switching capabilities. By employing a CAN, a typical static polymer network is rendered dynamic
upon application of the appropriate stimulus.?*3! The dynamic network acts to relieve stress,
imparted through a straining event, by reconfiguring the network and allowing it to trend towards

a thermodynamic equilibrium through exchangeable crosslinks. A variety of stimuli exist for
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network reconfiguration of CAN-based LCE materials, including thermal activation of vitrimers;
however, in the work reported here, light activation is used to decouple the thermotropic LC phase
transition from the programming stimulus.??33 A reversibly programmable and two-way shape
switching mechanism has been demonstrated in a light activated CAN-based bulk LCE, as reported
by McBride et al., but this mechanism has not previously been demonstrated in micron-scale LC
particles.>* Furthermore, Non-LC CAN-based particles have been reported that do not switch
shape, unlike the system reported here that has two-way shape switching capabilities due to the
LCE character of the particles.? Reported here, a thiol-Michael dispersion polymerization is used
to generate CAN-based LCEMPs, which alleviates the aforementioned challenges of scale-up and
oxygen sensitivity identified in microfluidic and radical-based precipitation polymerizations. The
CAN mechanism utilized is mediated by a light initiated addition-fragmentation chain-transfer
(AFT) reaction, where the crosslink density of the network remains unchanged throughout the
duration of the programming steps following polymerization.33! Once AFT-LCEMPs are
programmed to a new shape, the original spherical shape of the particle is recovered and/or further
altered in subsequent programming steps, limited only by the amount of photoinitiator available
in the system. Particles were also programmed to have a complex surface topography.

The AFT-LCEMPs reported here were generated by thiol-Michael dispersion
polymerization. The monomers used to generate the AFT-LCEMPs include the following: a
polymerizable diacrylate liquid crystal RM82, a tetra-thiol crosslinker pentaerythritol tetrakis (3-
mercaptopropionate) (PETMP), an exchangeable moiety the allyl dithiol (ADT), and the surfactant
polyvinylpyrrolidone (PVP) (Figure 6.1a). The AFT exchange reaction chosen requires an
exchangeable moiety, in this system, the allyl sulfide functionality that is achieved by the ADT

monomer. By embedding this exchangeable moiety in the network backbone, the covalent
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crosslinks are altered from static to dynamic upon photoinitiation of a radical species, which
generates a cascading bond exchange reaction facilitated by the allyl sulfide functionality of the
exchangeable moiety during light exposure to relieve stress in the network, while maintaining the

crosslink density during the exchange reaction (Figure 6.1b).30-3!
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Figure 6.1: a.) Monomers and surfactant for the thiol-Michael dispersion polymerization (1)
PETMP, (2) ADT the AFT moiety, (3) RM82, (4) PVP surfactant b.) AFT exchange mechanism.
Crosslink density is maintained due to the exchange type mechanism where a radical adds into the
exchangeable moiety before a sulfide bond is broken. c.) Thiol-Michael dispersion polymerization
scheme with catalyst TEA added to start the reaction. AFT-LCEMPs as polymerized d.) Optical
microscopy e.) Polarized optical microscopy f.) g.) SEM.

The monomers were added to a MeOH/DCM mixture, with a slight excess of the thiol crosslinker,

in the following monomer ratios; PETMP:ADT:RMS82 1.05:2:4. A slight excess of the thiol
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crosslinker was used to increase the acrylate conversion so as to eliminate acrylate polymerization
in the second step, which requires light initiation of a radical species to start the bond exchange
reaction for shape programming. Secondary acrylate polymerizations are used in dual cure
methods from aforementioned programming techniques, but here the reaction mechanism for
programming relies on covalent bond exchange instead of a secondary polymerization. PVP was
used to stabilize microparticle formation and finally, triethylamine (TEA) was added to catalyze
the thiol-Michael reaction, which was allowed to run overnight (Figure 6.1¢).

This polymerization yielded AFT-LCEMPs with an average diameter (Dn) of 7 £ 2 um

and a coefficient of variance (CV) of 31 %, as calculated by equation (6.1),

CV% =32 %100 6.1
D.

n

where the standard deviation (SD) is divided by Dn. Particle size distribution is reported in further
detail by the bar graph included in Figure S6.1. A glass transition (Tg) of -8.5 °C was determined
by differential scanning calorimetry (DSC) on dried particles, indicating that the material is
rubbery at room temperature and well-suited for manual deformation (Figure S6.2). DSC also
indicated a Tni of 115 °C. After the polymerization was complete, the particles were washed and
observed under optical microscopy (OM) and polarized optical microscopy (POM), displaying the
characteristic birefringence of polydomain LC alignment (Figure 6.1d,e). Scanning electron
microscopy (SEM) was also performed on the as-polymerized particles, seen in Figure 6.1f and
g. The AFT-LCEMPs were then programmed to have two-way shape switching capabilities.

To program the two-way shape switching of the AFT-LCEMPs, particles were processed
following the programming scheme seen in Figure 6.2a. First, particles were deposited on a glass
slide and compressed manually by a second piece of glass (superstrate) at room temperature,

resulting in a prolate shape (Figure 6.2b, S6.3). This shape is often seen in actuatable LCEMPs
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due to the directed re-orientation of LC mesogens by the deformation mechanism.!%!® Observed
in the corresponding POM images is the change in birefringence from spherical particles,
exhibiting a consistent blue hue (Figure 6.1e), to the prolate shaped particles, exhibiting
significant variation of color (Figure 6.2b, S6.4a), indicating the change in LC alignment
associated with the change in shape. Birefringence disappears as prolate particles are angled 45
degrees to the cross-polarizers, indicating a skewed alignment along the long axis of the particle,
with some remaining birefringence seen near the tips where alignment is constrained by particle
geometry (Figure S6.4b). There are several factors which may contribute to the deformed particle
shape including crosslink density, particle size, and LC phase that are not systematically explored

here and remain open questions regarding the degrees of control afforded by these AFT-LCEMPs.

102



y ~

a.) Ambient / \ | [ Heat past phase Return to ambient

= Compress Particle, Irradiate \ Remove Stimulus e
conditions transition temperature
’ @
[ ’.,/', N
1n s Y A
"’ v \| =7 g T L\ \ P -
WYY | SEFe 2= & WYY T
AFT-LCEMP Upon compression, LC alignment is induced, New programmed Particle recovers initial || Particle returns to
Polydomain and particle network is under stress. Light | shape. Network shape. Stressed state programmed
\ Y ) activates AFT to relax stress \ reconfigured / \at high temp. Isotropic,/ | shape /
4 3 5> - P /
1% Stage 2m Stage 3 Stage

Aspect Ratio

d) 22 12 1
2 . _
A 14
.E’,-m+ ; 3 3
o
=16 og N  TTwem W 0 e
§1_4, 0 1 2 3 4 5 6 7 8 9 10 11 12

2 1.2 . _Temperature Step

¢ 3 ' ©
1 _ . .

0.8

0 1 2 3 4 5 6 7 8 9
Temperature Step

Figure 6.2: a.) Schematic of programming particles and shape switching behavior of particles after
programming. b.) Particles after programming displaying a prolate shape at room temperature (top)
OM (bottom) POM c.) Particles at 120 °C recovering their temporary spherical shape and
appearing almost fully isotropic in POM with birefringence almost completely gone. d.) Aspect
ratio plot for particles undergoing temperature cycles and switching shape from prolate to
spherical. Dashed line for ease of viewing. e.) Aspect ratio plot of particles undergoing three
programming steps: 1% Stage - Particles pictured after compression and irradiated with light,
programmed to the prolate shape at Temp. Step 1. Particles cycle shape between Temp. Step 2 and
3. 2" Stage - Particles undergo a re-programming step, light exposure at high temperature, back
to the spherical shape at Temp. Step 4. 3" Stage - Particles undergo a final programming step,
particles pictured after compression and irradiated with light, programmed back to the prolate
shape at Temp. Step 9. Particles cycle shape between Temp. Step 10 and 11. Dashed line for ease
of viewing.

Next, the glass used for compression was removed and the particles were found to maintain

their deformed shape due to soft elasticity arising from the LC mesogen reorientation.>® A bulk

103



LCE analog was fabricated to generate a stress-strain profile representative of the particle material
properties (Figure S6.5). The soft elasticity is exhibited by the decrease in stress starting at about
35 % strain, indicative of the LC mesogen reorientation. It is also important to note that the stress-
strain profile for a spherical particle might be somewhat altered due to shape confinement in
contrast to the rectangularly shaped bulk LCE analog used for analysis. The AFT reaction acts to
relieve stress on the crosslinks generated from the strain deformation event, which in this study is
compression of the particle network. Compression at room temperature shifts the polydomain LC
mesogen alignment towards a global alignment, yielding the observed prolate particle shape.
After compression, the sample is irradiated with low wavelength light, used to initiate the
AFT exchange reaction via the photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA)
and/or Irgacure 819 as indicated in the supporting information (SI), which are swollen into the
particle after polymerization. Two initiators with different absorbance profiles were used to
increase the amount of accessible initiator for programming cycles. The bond exchange facilitated
by AFT relaxes the stresses applied to the particle, and this new LC alignment is stabilized without
altering the crosslink density due to the exchange-based relaxation mechanism.3*3! Using light to
initiate the exchange reaction decouples this programming step from the temperature dependent
LC phase behavior of the particles, giving control over the conditions under which programming
and actuation occur. Following this programming step, the particles were heated past their Tni of
115 °C to 120 °C, and the original spherical shape was recovered (Figure 6.2¢c, S6.6b). A near-
isotropic phase is confirmed by corresponding POM images with nearly complete absence of
birefringence. Due to the programmed LC alignment at room temperature in the LC phase, as the
particles move through their LC phase transition to the isotropic phase, they experience a

contraction parallel to the aligned director, and expansion perpendicular to the director, returning
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them to a spherical shape, which is characteristic of shape changing LCEs.?>* Upon cooling back
to the LC phase at room temperature, the particles return to their prolate programmed shape
(Figure 6.2b, S6.6a).

Thermally cycling the programmed particles reliably cycles the particles through a prolate
shape in the low-temperature LC phase to a spherical shape in the high-temperature isotropic phase
(Figure 6.2b,c), as quantified by the aspect ratio. Aspect ratio, or the ratio of an objects’ length to
its width, was measured from OM using ImagelJ to analyze the change in shape from the prolate
shape in the LC phase to the spherical shape in the isotropic phase, upon thermally cycling the
particles multiple times after programming (Figure 6.2d). The aspect ratio was calculated using

the following equation:
_ %
Ap = N (6.2)

where di represents the particle short axis and d2 represents the particle long axis.?’ After
programming and thermal cycling, the particles measured in the LC phase achieved an average
aspect ratio of 1.89 with 90 + 4 % shape fixity, which describes the relatively high aspect ratio of
the prolate shape observed in OM and SEM. Particles measured in the isotropic phase displayed
an average aspect ratio of 1.1 with 95 + 4 % shape recovery from an un-programmed spherical
particle, corresponding to the spherical shape they temporarily exhibit. In comparison, initially
polymerized un-programmed particles exhibit an average aspect ratio of 1.

A variety of control experiments were performed to establish that AFT programming in
this study relies on the presence of the AFT moiety, and photoinitiator coupled with light exposure
to activate the exchange. In the first control, AFT-LCEMPs were not swollen with photoinitiator,
but were still compressed to a prolate shape, irradiated with light, and thermally cycled past the

Tni. These AFT-LCEMPs returned to their initial spherical shape with the aspect ratio returning to
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1, demonstrating the need for photoinitiator to program the prolate shape (Figure S6.7a,b). In
parallel, non-AFT capable LCEMPs were swollen with photoinitiator, compressed to the prolate
shape, irradiated with light, and thermally cycled past the Tni, again returning to their initial
spherical shape with an aspect ratio of 1, demonstrating the need for the AFT moiety (Figure
S6.7¢,d). In an additional control, no light exposure and no photoinitiator were used, but the
particles were compressed to the prolate shape and thermally cycled past the Tni, returning to their
initial spherical shape, both returning to an aspect ratio of 1, demonstrating the need of
photoinitiator coupled with light exposure for programming (Figure S6.8a,b and c,d). Shape
recovery back to an aspect ratio of 1 eliminates the possibility of substrate adhesion being an issue
for prolate to spherical shape recovery on glass substrates. All controls, regardless of initiator
content, were pre-irradiated with light to ensure any excess acrylate and thiol were reacted and
thus controls were started under the same conditions (Figure S6.9).

To demonstrate the re-programmability of the AFT-LCEMPs, a 3-stage programming
series was performed. Particles underwent the same programming procedure described above to
achieve the reversible prolate-to-spherical shape switching, designated by the 1% Stage at
Temperature Step 1 of Figure 6.2e. The particles pictured at Temperature Step 1 of Figure 6.2¢
have been compressed and irradiated with light at room temperature. The programmed particles
are thermally cycled past their Tni, with the corresponding particle images from Temperature Step
2 and 3 (Figure 6.2¢) being the new switchable prolate and spherical shapes, respectively. The
prolate shape has an average aspect ratio of 1.87, with a shape fixity of 93 + 2 % from the initial
compressed prolate shape.

The programmed prolate shaped particles then underwent light exposure at high

temperature, to erase the prolate shape and return to a permanent spherical shape, as performed in
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the 2" Stage at Temperature Step 4 (Figure 6.2e, S6.10). In the 1% Stage, programming to the
prolate shape, the network was reconfigured such that it is in a nearly stress-free thermodynamic
equilibrium at room temperature. Upon heating past the LC phase transition to 120 °C, the
movement of LC mesogens and polymer chains back to an entropically driven sphere puts stress
on the reconfigured network. The particles at high temperature were exposed to light to reprogram
this spherical shape by allowing relaxation of the stress generated in the network at high
temperature. Upon cooling back to room temperature, the particles maintained the spherical shape
with an average aspect ratio of 1.1 and 88 + 5 % spherical shape recovery as compared to an
initially polymerized un-programmed spherical particle, as displayed at Temperature Steps 5 and
7 (Figure 6.2¢). Cooling and heating cycles shown at Temperature Steps 4 through 8 (Figure 6.2¢)
demonstrate significant recovery of the spherical shape after stress relaxation, although not 100 %,
which is attributed to insufficient stress relaxation to completely erase the prolate shape, resulting
from either the depletion of the necessary photoinitiator or insufficient light exposure.

To demonstrate one more programming iteration, the re-programmed spherical particles
underwent a final programming event, back to a prolate shape, by manual compression and light
irradiation at room temperature, performed in the 3" Stage at Temperature Step 9 (Figure 6.2e,
S6.11). After thermal cycling past the Tni, displayed at Temperature Step 11 (Figure 6.2e), the
particles exhibited an average aspect ratio of 1.4, with 82 + 2 % shape fixity from the initially
compressed prolate shape at Temperature Step 9 (Figure 6.2e¢). This new prolate shape
consistently cycles shape between the aspect ratios recorded at Temperature Steps 10 and 11
(Figure 6.2¢).

Variables contributing to the programmability of the particles include photoinitiator

concentration, achievable applied strain, temperature, and duration of light exposure, which were
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not systematically studied here. This behavior has been studied in bulk AFT-LCEs reported by
McBride et al., and little deviation from that qualitative behavior would be expected in these
microparticles.>* The strain applied to the particles varied from 20 % to 40 % strain, a result of
particle size polydispersity, so the fixity is reported for the particles from their initial deformed
shape to their new permanent shape after thermally cycling, with an effort to analyze particles of
similar sizes and strains. About 67 £ 1 % of particles casted were successfully deformed and
programmed, while 32 + 3 % remained un-deformed and un-programmed due to lack of contact
with the superstrate, with these particles being 4 microns or smaller. There was no noticeable
threshold on size dependence for shape switching capabilities, with the limiting factor being
particle contact with the superstrate to result in deformation.

To access more particle geometries, AFT-LCEMPs were programmed by nanoimprint
lithography (NIL). NIL allows for controlled heating and light irradiation during compression.
NIL was used to achieve a permanent oblate shape configuration. Particles swollen with
photoinitiator were deposited on silicon, heated past their Tni to 140 °C, and subjected to
compression with a flat glass superstrate at this high temperature, yielding an oblate shape. The
particles being in their isotropic phase, now deform into an oblate shape with LC mesogens and
polymer chains having more mobility to deform at high temperature. The particles were exposed
to light at high temperature under compression to activate the AFT bond exchange and were then
cooled to ambient, achieving a permanent oblate shape (Figure 6.3a). Atomic Force Microscopy
(AFM) was done to confirm the height profile and aspect ratio of the particles, with a 15:3 length

to height ratio (Figure 6.3b).
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Figure 6.3: a.) SEM of particles after undergoing NIL, run with a flat superstrate under
compression at 140 °C to program a permanent oblate shape b.) AFM of an oblate programmed
particle displaying the flat particle aspect ratio of 15:3 length to height ratio.

Furthering the application possibilities of AFT-LCEMPs for photonics or rheological
control, particles were programmed to have a switchable complex surface topography, aided by
the AFT exchange. The particle surface was patterned with a line grating by NIL, substituting the
flat superstrate for one with a diffraction grating of 833 nm periodicity. Undergoing compression
at 140 °C during light exposure, with 5-micron spacers dispersed on the substrate surface to control
compression, the particles yield a line-patterned surface topography at high temperature, as
determined by AFM (Figure 6.4a). AFM of a particle cross-section indicates that the imprinting
yields about 150 £ 60 nm deep surface features, which is about 75 % of the depth of the 200 nm
deep grooves in the mold (Figure S6.12). Due to the curved particle shape, the average pattern
depth was calculated from measurements taken towards the center of the particle surface. Upon
cooling below the Tni to 35 °C, the patterned surface is disrupted (Figure 6.4b). Heating the
particles above the Tni recovers the imprinted pattern, creating a switchable complex surface
(Figure 6.4¢). Alternately, imprinting done without spacers yields a complex surface topography

below the Tni (Figure S6.13).
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Figure 6.4: a.) AFM of multiple particles imaged at 125 °C displaying the patterned surface
topography incurred by NIL programming, compressed at 140 °C using a diffraction grating mold
as the superstrate. b.) AFM of a particle surface imaged at 35 °C displaying pattern disruption c.)
AFM of the same particle surface imaged at 125 °C displaying pattern recovery. Axes for b.) and
c.) are in um as indicated by b.).

NIL has been studied on AFT capable materials, specifically on bulk AFT-LCEs as reported by
McBride et al., and separately on non-LC AFT-particles as reported by Cox et al., but has not been
reported for AFT-LCEMPs before.?**3 Influences which may contribute to controlling the surface
topography are material properties including particle size and shape, chemical composition,
temperature, irradiation, and applied strain. Complex surface topography of microparticles often
occurs during polymerization, modulated by polymerization conditions, monomer content, or
deswelling, whereas in this study, the surface topography is modified post-polymerization at the

users’ discretion.!7*738 These complex surface topographies are advantageous for photonics and

controlling surface adhesion or rheological behavior.

6.3 — Conclusions

Reported here is a facile and scalable means to achieve reversibly programmable AFT-
LCEMPs via a thiol-Michael dispersion polymerization. Undergoing a light-initiated
programming event, the particles were programmed to be two-way shape switching capable by

irradiating particles that had been compressed into a prolate shape with light to initiate AFT bond
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exchange. This exchange relieved stress in the network to achieve a low temperature prolate shape.
Upon heating and cooling, these particles cyclically transitioned between spherical and prolate,
respectively. Furthermore, these two-way shape switching particles were shown to be reversibly
programmable by irradiating the particles at high temperature, while in their temporary spherical
shape, to return them to their original permanent spherical shape. The particles were also
programmed to achieve a permanent oblate shape, and separately, the surface was programmed
with a switchable diffraction grating, demonstrating control over the surface topography. The
particles are reusable due to their AFT re-programmability and can be re-swollen with
photoinitiator to facilitate additional programming events. These AFT-LCEMPs have potential
applications in micro-actuation, photonics, or surface control, which can be made adaptable at the

users’ discretion.

6.4 — Experimental

Materials

1,4-Bis-[4-(6-acryloyloxyhexyloxy)-benzoyloxy]-2-methylbenzene (RM82) was purchased from
Wilshire  Technologies. Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and
triethylamine (TEA), dichloromethane (DCM), polyvinylpyrrolidone (PVP), 2,2-dimethoxy-2-
phenylacetophenone (DMPA), and methanol were purchased from Sigma-Aldrich. Propane dithiol
(PDT) was purchased from TCI. Irgacure 819 was purchased from IGM resins. 5-micron glass rod
spacers were purchased from Nippon Electric Glass Co., Ltd. Diffraction grating substrate was

purchased from LightSmyth Technologies, Inc.
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Allyl dithiol (ADT) synthesis
Prepared as reported by Martinez et al. — A. Martinez, M. McBride, T. White, C. Bowman, Adv.

Funct. Mater. 2020, 30, 35, 2003150.

Preparation of AFT-LCEMPs

The AFT-LCEMPs were prepared as follows: Reaction concentration was 1 mass % of monomers
to solvent. Monomer molar ratio PETMP:ADT:RM82 1.05:2:4. With a stir bar continuously
stirring to mix the system, 0.035 g (15 mass % to monomers) of PVP was dissolved in 6.73 mL of
DCM. 0.157 g of RM82 was then dissolved in the solution. 13.8 mL of MeOH was added to the
solution. 0.014 g of ADT was dissolved in the solution followed by 0.03 g of PETMP. 0.031 mL
(10 mass % to monomers) of the catalyst TEA was then added to the reaction. The mixture turns
turbid after about 15 minutes and was allowed to run overnight. The following day the product
was centrifuged at 3000 RPM for 2 min and washed three times with the same MeOH/DCM
mixture. Particles were stored dry in the freezer. A yield of 40 % was achieved. A 0.2 g batch of
starting material yields about 0.08 g of particles. Control experiments done with non-AFT capable
LCEMPs were prepared in a stoichiometric ratio of thiols to acrylates at a 1:2:4

(PETMP:PDT:RM82) monomer molar ratio, using propane dithiol instead of the ADT monomer.

Preparation of bulk LCE analog for stress-strain profile
Monomers PETMP:Propane dithiol (ADT analog):RM82 were mixed in a stoichiometric ratio of
thiols to acrylates at a 1:2:4 monomer molar ratio, in 1 mL of DCM (40 mass % RMS82 to DCM).

3.5 mass % to monomers of TEA was added, and the resin was then filled between two pieces of
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glass with 0.5 mm spacers. The resin was allowed to react overnight at 40 °C to ensure monomer

RMR82 remained dissolved.

Characterization of AFT-LCEMPs

Differential scanning calorimetry (DSC): The dry particles were initially heated to erase thermal

history, cooled at 5 °C/min to -40 °C and the test was run from -40 to 140 °C, ramped at 20 °C/min,
to generate the reported curve. DSC was run on a TA DSC 2500.

Stress-Strain profile: Stress—strain tests were done at room temperature and strained at a rate of

0.1 mm/s on rectangular samples with dimensions 13.65 mm x 4.4 mm x 0.57 mm. This results in
a volume of ~34.2 mm? with a weight of 0.05 grams. In comparison, about 0.03 to 0.05 grams of

microparticles are needed to create this same volume. Tests were run on a TA RSA-G2.

Fourier transform infrared spectroscopy (FTIR): Attenuated Total Reflectance (ATR) - FTIR was
done on dried particles. ATR-FTIR was run on a Thermo Fischer Scientific Nicolet iS50 FT-IR.

Image Analysis: Image] was used to measure particle shape to determine coefficient of variance

(150 particles analyzed) and aspect ratio from optical microscope (OM) images. For prolate
programming aspect ratio measurements, 30 particles were analyzed. Out of 180 particles
analyzed, 67 £ 1 % of particles casted were successfully deformed and programmed, while 32 + 3
% remained un-deformed and un-programmed due to lack of contact with the superstrate, with
these particles being 4 microns or smaller. OM and polarized optical microscopy (POM) were
done with a Nikon Eclipse Ci. Field emission scanning electron microscopy (FESEM) was done
with a JEOL JSM-740 1F.

AFM: Particle morphology was characterized by intermittent contact atomic force microscopy.

Specialized cantilevers with a visible tip (ATEC-FMAu, Nanosensors, nominal spring constant
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2.8 N/m) were used to align imaging with particles of interest. Particles were imaged at a setpoint
amplitude equal to 50 % of the free amplitude. Samples were place on a custom low-expansion,
low-drift hot plate inside the atomic force microscope (Cypher S, Oxford Instruments) and

controlled to either 35 °C or 125 °C, as indicated.

Programming AFT-LCEMPs

Switchable prolate shape programming (Figure 6.2b.c.d): After washing, particles were dissolved

in DCM with 5 mass % DMPA and left to swell overnight. Particles were then deposited onto a
glass microscope slide on the benchtop. After solvent evaporation, a small piece of a microscope
slide was used to compress a region of the deposited sample, and subsequently removed. The
sample was then irradiated with 365 nm light at an intensity of 70 mW/cm?, for 120 s. The sample
was observed under OM and POM and heated above to 120 °C and then cooled back to room
temperature.

Erasure of the prolate shape to permanent spherical shape (Figure S6.10): Particles from

programming done in the above procedure were heated to 120 °C and irradiated with 365 nm light
at an intensity of 70 mW/cm? for 5 min. They were then cooled to room temperature and observed

under OM.

3-Stage programming series (Figure 6.2e, S6.11): Particles were dissolved in DCM with

photoinitiators Irg-819 and DMPA (5 mass % of each) and left to swell overnight. Particles were
cast on a glass slide and underwent - 1% Stage programming with 400 to 500 nm light at an intensity
of 70 mW/cm? for 60 s. 2" Stage programming; heating to 120°C and irradiated with 400 to 500

nm light at an intensity of 70 mW/cm? for 5 min. 3™ Stage programming; at room temperature
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were compressed and irradiated with 365 nm light at an intensity of 70 mW/cm? for 10 min and
observed under OM. Lamp for programming: Exfo Acticure Hg Bulb with noted filter.

Nanoimprint Lithography (NIL): Oblate shape programming — Particles were dissolved in DCM

with photoinitiators Irg-819 and DMPA (2.5 mass % of each) and left to swell overnight. They
were then dip coated onto a silicon chip. A glass superstrate was placed on top of the coated Si
substrate to ensure light transmission for programming. The samples were run at 140 °C, 2 MPa,
while exposed to 300 to 400 nm light at an intensity of 20 mW/cm? for 2 min. After light exposure,
the samples were released from pressure and cooled. Diffraction grating programming —
Particles were dissolved in DCM with photoinitiators Irg-819 and DMPA (2.5 mass % of each)
and left to swell overnight. 5-micron rod shaped spacers were then dispersed in the mixture.
Particles were dip coated onto a glass substrate. A silicon superstrate containing a diffraction
grating with a line pattern (833 period, 416 nm line, 200 nm groove depth) was placed beneath the
coated glass substrate and the samples were run at 140 °C, 1 MPa, while exposed to 300 to 400
nm light at an intensity of 20 mW/cm? for 2 min. After light exposure, the samples were released
from pressure and cooled. NIL was done with an Eitre 3, Obducat imprinter machine. The low
temperature diffraction grating was imprinted by performing the same steps without the 5-micron

Spacers.

Glass and silicon substrates for NIL were prepared as follows: 5 min sonication in soap and water.

5 min sonication in isopropyl alcohol. Rinse with IPA and blow dry.
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Controls

All particles were cast on a glass slide and pre-irradiated with 365 nm light at an intensity of 70
mW/cm? for 30 s. Non-AFT capable particles replace the ADT monomer with a non-exchangeable
monomer, propane dithiol.

Control 1 — light exposed: AFT-LCEMPs not containing photoinitiator, and non-AFT capable

LCEMPs prior swollen in DCM with 5 mass % DMPA, were compressed at room temperature,
irradiated with 365 nm light at an intensity of 70 mW/cm? for 30 s, heated to 120 °C, and returned
to room temperature displaying spherical shape recovery.

Control 2 — no light exposure, no photoinitiator: AFT-LCEMPs and non-AFT capable LCEMPs

were compressed at room temperature, heated to 120 °C, and returned to room temperature

displaying spherical shape recovery.
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6.6 — Supporting Information
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Figure S6.1: Bar graph detailing particle size dispersity for the reported system.
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Figure S6.2: Differential scanning calorimetry for the AFT-LCEMPs.
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Figure S6.3: Scanning electron microscopy (SEM) of particles after programming displaying a
prolate shape.

Figure S6.4: Compressed AFT-LCEMPs under POM. Inset represents a microparticle and the LC
alignment director within. a.) Particles aligned with polarizers displaying a skewed alignment

along the particle long axis b.) Particles 45 degrees to polarizers displaying a disappearance of
birefringence.
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Figure S6.5: Stress-Strain profile for bulk LCE analog of the LCEMPs. Data taken until sample
slipped or broke.
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a.) Programmed shape b-) Temporary shape

Figure S6.6: Particles after programming. a.) Programmed particles display a permanent prolate
shape. b.) Particles recover temporarily to their initial shape when heated above their Tni.

b.) I past Ty, and cooled

a.) Compressed and irradiated (no pi)

AFT-LCEMPs

(3] Compressed and irradiated (pi) B] Heated past Ty, and cooled
25 °C : 25 °C

Non-AFT-LCEMPs

Figure S6.7: Control 1: light exposed - Particles were pre-irradiated with UV light for 30 s to
ensure any excess acrylates and thiols were reacted. AFT-LCEMPs without photoinitiatior (no pi)
a.) Particles were compressed and exposed to light for 30 s. b.) Particles were heated past the Tni
and returned to room temperature displaying the recovered original spherical shape. Non-AFT
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capable LCEMPs swollen with photoinitiator (pi) c.) Particles were compressed and exposed to
light for 30 s. b.) Particles were heated past the Tni and returned to room temperature displaying
the recovered original spherical shape.

=B Compressed b.) GEECL past Ty, and cooled

AFT-LCEMPs

e
N

Compressed 8] Heated past Ty, and cooled
25 °C

Non-AFT-LCEMPs

Figure S6.8: Control 2: no photoinitiator, no light exposure - Particles were pre-irradiated with
UV light for 30 s to ensure any excess acrylates and thiols were reacted. AFT-LCEMPs without

photoinitiatior a.) Particles were compressed at room temperature. b.) Particles were heated past
the Tnr and returned to room temperature displaying the recovered original spherical shape. Non-
AFT capable LCEMPs without photoinitiator c.) Particles were compressed at room temperature.
d.) Particles were heated past the Tni and returned to room temperature displaying the recovered
original spherical shape.
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Figure S6.9: Fourier Transform Infrared Spectroscopy for a.) Dried AFT-LCEMPs not containing
photoinitiator b.) Zoomed in on the faint acrylate region at 800 to 830 cm™'.
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Figure S6.10: Particles undergoing reverse programming. a.) Programmed particles display a
permanent prolate shape. b.) Particles recover temporarily to their initial shape when heated above
their Tni and are exposed to light again c.) Particles are cooled back to room temperature displaying
their re-programmed permanent spherical shape. d.) Aspect ratio for particles during temperature
steps demonstrating the initial prolate shape is re-programmed to a permanent sphere. Dotted line
for ease of viewing.
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a.) :P'régr‘a/m A:Prolate shape 1 b.) Program 2: Re- c) Program 3: Prolate shape 2 d.) High temperature
PG, PN 5 55 SR programmed to spherical

S )
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Figure S6.11: Particles undergoing 1% through 3™ Stage programming. Particles were initially
swollen with Irg-819 and DMPA a.) Programmed particles display a permanent prolate shape. b.)
Particles recover temporarily to their initial spherical shape when heated above their Tni and are
exposed to light again at high temperature, followed by cooling to room temperature, maintaining
a spherical shape c.) Particles are compressed and exposed to light again to re-program the prolate
shape. d.) Particles are heated above the Tni and are cooled back to room temperature to recover
the prolate shape and demonstrate shape switching. The shape can be toggled between prolate and
spherical by thermally cycling past the Tni.

6.2
—125 °C
6 a

."ED 5.8 -
[
T

5.6 -

5-4 T T T T

4 4.4 4.8 52 5.6 6

Distance (oam)

Figure S6.12: Zoomed in AFM cross-section of a single particle surface after undergoing NIL
programming with a diffraction grating mold utilizing spacers, imaged at 125 °C displaying pattern
profile. Axes in microns.
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: e iha.
Figure S6.13: SEM of particles after NIL programming at high temperature with a diffraction
grating mold, without the use of spacers, yielding a complex surface topography.
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Chapter 7: Tunable Surfaces and Films from Thioester Containing Microparticles

(Manuscript in preparation for submission early 2022)

Reported here, thioester containing microparticles formed from a covalent adaptable
network (CAN) were designed with 40% excess thiol to enable thiol-thioester exchange to
facilitate the formation of cohesive films from the particles. A thiol-Michael dispersion
polymerization was done to generate thioester containing microparticles with a diameter of 4.0 £+
0.4 um. The particles were then swollen with base at varying concentrations to activate the thiol-
thioester exchange and subsequently compressed between two glass slides. Resultant films were
characterized over time with profilometry and atomic force microscopy (AFM) to infer particle
coalescence at different catalyst loadings and times. Tensile tests were performed confirming the
structural integrity of the particle-based films. Furthermore, microparticles were welded to a non-
dynamic network demonstrating feasibility in potential applications to generate materials
containing differing mechanical properties. Being able to control the functionality of particles and
thus mechanical properties of the resultant films, is also important for applications in coatings,

adhesives and 3D printing where spatial patterning or selective material property control is needed.

7.1 — Introduction

Selective control over material composition is important in a multitude of applications
including 3D printing,! biological applications,? and composites.? The precision and selectivity
with which materials can be controllably deposited is a significant challenge in controlling these
properties. An example of selective deposition is direct write 3D printing, which is capable of
depositing materials with micron-scale resolution.* Investigating the chemistries for the writing

“ink” in these processes is important to understanding and controlling resultant network hetero- or
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homogeneity. Often, interfaces between materials of varying composition result in failure.
Traditionally, interfacial welding is a chemical process, achieved between two materials of the
same or differing chemistries, where a reaction takes place to covalently bond materials together.
Self-healing at these interfaces often restores the integrity or capability of the chemistry(ies)
chosen. Distinctly, the latex coalescence process can be thought about as a mechanical interfacial
welding process, with increased physical entanglements of polymer chains resulting in linear
polymeric films.®> Particle coalescence of linear or branched polymers has been studied with the
resulting materials demonstrating homogenous properties. Although, the non-crosslinked
characteristics of these materials make them degradable. Instances of coalesced crosslinked
particles have been demonstrated but have difficulty reaching a homogenous network structure.
One processing method includes vulcanization of rubber particles.5’

Covalent adaptable networks (CANs) have been at the forefront of chemistries used to
address issues of homogeneity, intermolecular network exchange, self-healing, and
reprocessability. As typically demonstrated in bulk films, interfacial welding is widely used as a
demonstration for CAN capabilities.®” A variety of dynamic covalent chemistries (DCCs) have
been demonstrated to promote self-healing or be capable of interfacial welding including Diels-
Alder,'%!"  addition-fragmentation chain-transfer,'>!3 and transesterification.'*!> With this
understanding, CANs have become an attractive means to control resultant material properties to
address interfacial complexities for the applications listed prior. Some of these DCCs including
dynamic disulfide chemistries,'® thiol-thioester exchange,!” addition-fragmentation chain-
transfer,'® and transesterification-based epoxies.!” Some reports have demonstrated successful
annealing of polymer particles into a coalesced film. Huang et al. utilized boronic ester exchange

as a DCC in polymer microparticles coated with carbon nanotubes to create a cohesive network
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structure with embedded functionality.? Another report by Lu and coworkers utilized the
transesterification reaction to study the coalescence of vitrimer particles of different sizes,
concluding particles of smaller dimension result in materials with higher mechanical properties.?!

By incorporating CANSs, networks are able to realize homogenous properties. CANs also
enable re-processability or recyclability depending on the chemistry and conditions. Combining
the advantages of particle coalescence with a CAN, there is potential to achieve homogeneity in
crosslinked structures. CAN-particles utilized as a writing ink also have the advantage of selective
deposition and structural integrity after deposition, where many liquid resins do not. Here,
interfacial coalescence of CAN-microparticles containing a thioester network capable of thiol-
thioester exchange is demonstrated. The network is designed with free thiols, which exchange
with the thioester backbone, with this mechanism being base catalyzed. By activating the DCC
within the CAN, particles are transformed into robust polymer films with comparable mechanical
integrity to polymer films made directly from monomers. The mechanism for coalescence is driven
by inter-particle bond exchange. By selectively varying the catalyst loading and processing time,
control over the particle coalescence to a film is demonstrated and evaluated with UV -visible
spectroscopy (UV-vis), optical microscopy, profilometry, and atomic force microscopy (AFM).
Furthermore, we demonstrate the ability to create a cohesive polymer film with selectively

deposited particles resulting in spatially controlled mechanical properties.

7.2 — Results and Discussion
Here, amorphous crosslinked microparticles are designed and synthesized with a CAN
achieving selectively controllable bond exchange to activate particle coalescence resulting in

crosslinked film formation. The particles include catalyst activated thiol-thioester exchange, with
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excess thiols designed into the network. To generate crosslinked particles capable of thiol-thioester
exchange, a thiol-Michael dispersion polymerization was done in MeOH utilizing PETMP and the
thioester diacrylate monomer (TEDA) at a 1.4 to 2 monomer molar ratio, leaving a 40% excess of
thiol (Figure 7.1a). Polyvinylpyrrolidone (PVP) was added at 50 wt% with respect to monomers
to stabilize microparticle formation. Triethylamine (TEA) was used to catalyze the polymerization
at 10 wt% with respect to monomers. TEA also catalyzes the thiol-thioester exchange.
Microparticles had an average diameter (Dn) of 4.0 = 0.4 um with a coefficient of variance (CV)
of 10% as determined by ImageJ analysis of optical microscopy (Figure 7.1b). Particle size
distribution is reported in Figure S7.1. Dynamic scanning calorimetry (DSC) was done to
determine the glass transition (Tg) of the particle network to be -22°C (Figure S7.2). Fourier-
transform infrared spectroscopy (FTIR) was run on dry particles to confirm the presence of

residual, unreacted thiol and practically complete consumption of the acrylates as seen in Figure
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Figure 7.1: a) Monomers and reaction constituents for the thiol-Michael dispersion
polymerization b) Optical microscopy of thioester containing microparticles.

The particle casting and coalescence process is illustrated in Figure 7.2a, where particles
are cast on a substrate, and upon addition of the appropriate stimuli, the result is a homogenous

covalent network. To demonstrate coalescence, dry particles were cast on a glass slide at room
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temperature.  Particles were then swollen with liquid base, N,N,N',N”N"-
pentamethyldiethylenetriamine (PMDETA), as the catalyst for the thiol-thioester exchange. The
initial polymerization was done with TEA, but due to PMDETA’s higher boiling point, this
catalyst was chosen to swell into particles to mitigate evaporation over sample processing times.
In the presence of free thiols, the base deprotonates the free thiol to generate a thiolate anion that
is then able to add into the thioester carbonyl (Figure 7.2b). This reaction then enables bond
exchange where the bond to another sulfide is broken, regenerating the thiolate anion, and the
reaction persists so long as the base catalyst is present. This behavior results in inter-particle bond
exchange and thus coalescence into a homogenous polymer film. The particles were compressed
between two pieces of glass, maintained at ambient conditions, and monitored over time, resulting

in free standing polymer films with a thickness of about 150 microns after 24 hours (Figure 7.2¢).
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Figure 7.2: a) Schematic of the particle deposition and coalescence process b) Mechanism for the
thiol-thioester exchange. c) Images from the actual particle casting and coalescence process over
time.

The concentration of base added was 5, 10, or 20 wt% relative to the monomers to control
the timescale with which bond exchange and coalescence occurred. Optical microscopy was
performed to observe the coalescence process over time at the three catalyst loadings seen in

Figure 7.3, including corresponding images of the polymer films (Figure S7.4). Time points
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include the particles initially just after swelling with base, 1 hour, 6 hours, and 24 hours, after
swelling. Distinct particle boundaries are observed, although in many regions, resolution of every
individual particle cannot be achieved due to their contact with the glass and each other in the
swollen state. Visually, over time, there is a reduction of visible particle boundaries with the
coalescence of the individual polymer networks. A control was run for 24 hours without the

addition of base, to confirm a lack of particle coalescence (Figure S7.5).
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Figure 7.3: Optical microscopy of the particle coalescence process over time at varying
concentrations of base: 5, 10, and 20 wt% loading. Imaged immediately after swelling, 1 hour, 6
hours, and 24 hours after swelling displaying particle coalescence through the bulk of the film over
time. A red arrow has been placed in the same position for each catalyst loading as a reference to
monitor particle coalescence.

In samples containing base, optical transparency improves over time due to coalescence, which

was observed by eye and by optical microscopy (Figure 7.4a). This increase in transparency was

also confirmed by UV-vis (Figure 7.4b). Transmission was reported at a wavelength of 600 nm.
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Complete UV-vis spectra are available in Figure S7.6. Over time, transmission increases until
about 3 days. There is very little increase in transmission from 3 days to 7 days, indicating the
coalescence process has reached near completion, optically, by the third day. Particle coalescence
at the 10 and 20 wt% catalyst loadings had comparatively similar behavior, but the 5 wt% loading
was slower and did not achieve the same final transmission value as the 10 and 20 wt% loadings,
by the seventh day. UV-vis was run for the control not containing base, with no change to the
spectrum from the initial time point to 24 hours later, confirming a lack of particle coalescence
without the presence of the exchange catalyst (Figure S7.7). These optical characterizations
measure the behavior through the thickness of the material while surface measurements are
presented later. It is important to note that samples cannot be reproduced exactly in regard to
particle distribution during casting and swelling, with variable contact points during compression,
so some variability is expected in results, with the overarching conclusion that addition of base

does induce particle coalescence.
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Figure 7.4: a) Images of films undergoing particle coalescence over time b) UV-vis for particle
coalescence over time at 5, 10, and 20 wt% catalyst loadings reported at 600 nm. c¢) Profilometry
for the 20 wt% catalyst loading at time increments of 10, 20, 30 min, and 1 hour.

To confirm control of the time scale of bond exchange and coalescence via modulation of
the catalyst concentration, stress relaxation experiments were performed on bulk polymer films
made from monomers, as an analog to replicate the particle bond exchange. Bulk films were
polymerized neat utilizing the same monomer stoichiometry used for the particle formulation of
1.4:2 PETMP to TEDA. To mirror the particle polymerization process, the reaction was catalyzed
with TEA and allowed to react overnight. TEA was evaporated from the films and the films were
subsequently swollen with indicated amounts of the exchange catalyst, PMDETA, prior to testing.

DSC was run to confirm the network of the bulk film was representative of the particle network,

with the Tg of the bulk film being -21°C, recalling that the Tg of the particles was -22°C (Figure
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S7.2). Stress relaxation was performed on rectangular films strained to 5% in tension at ambient
conditions. The results in Figure S7.8 conclude that increasing the content of the base increases
the rate at which stress relaxation occurs, which was also investigated previously from thiol-
thioester exchange studies done by Worrell et al.?? A control was run at ambient conditions without
any base to confirm stress relaxation does not occur in this formulation without the presence of
base, and also confirming the base evaporation step is successful. The 20 wt% base concentration
was chosen as the representative system to perform further characterization experiments due to its
rapid relaxation behavior determined by bulk film stress relaxation tests, although in optical
microscopy and UV-vis, particle coalescence at the 10 and 20 wt% catalyst loadings, as mentioned
prior, had comparatively similar behavior.

Profilometry was performed to measure changes in the surface topography of the particle
coalescence over time at the 20 wt% catalyst concentration (Figure 7.4¢). Samples were prepared
in the same manner as for the optical experiments. To perform surface scans, the sample was
removed from between the glass slides, and the base was evaporated off at 70°C for 6 minutes
before scanning, so the liquid base did not confound the probe measurements. The sample was
scanned, base was then re-added to the sample, and it was sealed between glass again until the next
scanning time point. The same sample was used for testing the 10, 20, and 30 minute timepoints,
following the procedure listed above, but a new sample was used to test the 1 hour time point.
Opening and closing of the sample has the capacity to disturb the coalescence behavior, so for the
longest timepoint, a pristine sample was used. Profilometry showed the reduction of surface
features measured over time on the order of millimeters to microns. At 1 hour, films reached a
relatively flat surface, although in optical microscopy particle coalescence was occurring up until

24 hours, and in the UV-vis, transmission continued to change through the bulk of the material for
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up to about 3 days (Figure 7.4, S7.6). These results indicate that stresses at the particle and glass
interface are likely much higher than through the bulk and results in faster relaxation time scales.??
It is important to note, that as reported in literature, elevated temperatures can enhance stress
relaxation.?? During the evaporation step, it is likely stress relaxation is enhanced, although, the
particles are no longer being compressed between glass. To determine that this issue was not
significant, control UV-vis experiments were performed where a sample was still clamped between
glass and heated to 70°C for 6 min to replicate the temperature and duration of heating for the
profilometry experiments. No significant change was seen in the spectrum from before and after
heating at the 30 minute time point (Figure S7.9a). The same sample after sitting for 1 hour was
heated to 100°C for 10 minutes. There was a slight increase of transmission, but it was also noticed
that the base was being removed from the film (Figure S7.9b). Heating the sample at 100°C
confirmed that processing at too high of temperatures results in depletion of the base, which would
ultimately result in retardation of bond exchange and polymer coalescence once a significant
amount of the catalyst is removed. These controls confirm that the heating steps taken to remove
base for profilometry measurements are not significantly enhancing stress relaxation or
confounding measurements. Profilometry data overall confirmed that particle surface features
reduce to flat surfaces on a shorter time scale than coalescence through the bulk of the material. It
also confirms the main phenomenon of this study that particles are coalescing into films.

AFM was performed at the surface of the particle coalescence process at the glass-particle
interface, to determine homogeneity of the network modulus. Optical characterization gave
qualitative information about particle coalescence and quantitative light transmission information
through the film thickness. Profilometry was limited to measuring surface topography, although it

was able to scan shorter time points than AFM, with the surface topography being too great to scan
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until later time points. AFM was used to measure the surface modulus changes over time after the
addition of the base catalyst. Samples were made and measured mirroring the process used for
profilometry at 20 wt% base. AFM confirmed that surface topography was relatively flat at 1 hour,
with tens of nanometers length scale changes still occurring on the surface up to 3 days (Figure
S7.10). It is important to note, that although optical characterization suggests homogeneity at 3
days, the modulus map seen in Figure 7.5a still displays a measurable interface in the modulus
between particles at this time point. Total coalescence and modulus homogeneity is not yet
achieved until about 7 days (Figure 7.5b). The particle coalescence process predicted by Long et
al. in a modeling study of vitrimer particle coalescence behavior, reports that interfaces between
particles undergo regimes of elevated stress as compared to the bulk particle, and eventually result
in coalescence.?* Initially, crosslink density may be low between particles, but at sufficient lengths
of time, the increase in crosslinking across the interface results in modulus values near that of the
bulk particle and ultimately results in a homogenous surface. It is also important to recall that
coalescence behavior at the glass-particle interface occurs on a faster timescale than through the

bulk, so the modulus through the bulk may not be homogenous at the same time as the surface.
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Figure 7.5: AFM modulus map for an interface between two particles (P1 and P2) at a) 3 days and
b) 7 days of compression.

Interestingly, at 24 hours and up to about 7 to 10 days, the sample, visible by eye, has a
noticeably heterogenous appearance through the thickness, having an almost “stained glass”
appearance (Figure S7.11). UV-vis reports relatively unchanging transmission after 3 days
although the texture is still visible at 3 days (Figure 7.4, S7.6). It has been determined by
profilometry and AFM, that the surface is relatively flat at this timepoint, so this phenomenon is
likely occurring through the bulk.

Uniaxial tensile tests were performed on dog-bone shaped films prepared from particles
via the coalescence process and compared with films formed by bulk polymerizations from
monomer, to compare the integrity of the films generated by the particle coalescence process
(Figure 7.6). Thioester containing particles were cast into a rectangular shape and 20 wt% base
was added. The sample was then compressed between glass and allowed to coalesce, with samples
setting at two timepoints, 3 and 7 days. At each time point, the samples were then thermally treated
to remove base and halt any dynamic processes thereafter. After 3 and 7 days of particle

coalescence, there are no further transmission changes, with a near identical spectrum to the
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monomer-films (Figure S7.12). For the monomer-film polymerizations, PETMP and TEDA were
mixed with TEA to catalyze the reaction and immediately cast and compressed between glass. The
reaction proceeded overnight, and the following day TEA was evaporated from the films. All

samples for tensile testing no longer contained base.
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Figure 7.6: Tensile tests for films prepared from monomer (blue + repeats), particles after 3 days
(red, dashed + repeats), particles after 7 days (black, long dash + repeats).

After 3 days of coalescence time, the modulus and toughness reported in Table 7.1 are 5 £ 1 MPa
and 19 £ 7 MJ/m? respectively, with the modulus being the same as the monomer-film, but the
toughness being lower. Modulus and toughness for the monomer-film were measured to be 5 * 1
MPa and 30 + 10 MJ/m?. After 7 days of coalescence, the particle-films appeared to have
comparable mechanical properties to that of the films made from monomer with the modulus and
toughness of the particle-films being 6 + 1 MPa and 37 + 8 MJ/ m’ respectively. The mechanical
properties are comparable and within error, concluding that the films made from particles do not
result in compromised integrity after 7 days of coalescence time, in comparison to their counterpart
made directly from monomer. From this analysis it is determined that thioester containing

microparticles are able to achieve comparable mechanical properties in comparison to bulk
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polymerized films. Particle-films also have the advantage of annealing out defects over the longer
processing time than the monomer-films.

A second network was developed not containing the thioester backbone but was designed
with excess thiols. The network is not dynamically active, but it can participate in bond exchange
with the particle network through the availability of the excess thiols. The second network was
designed with a 1:2 monomer molar ratio of 2,4,6-triallyloxy-1,3,5-triazine (TAT) and hexane
dithiol (HDT), achieving a 33% excess of thiols and a Tg of -55°C (Figure S7.13). A thiol-ene
polymerization reaction was done to form the network by mixing in photoinitiator with the two
monomers and irradiating the resin with light. The secondary network and thioester containing
microparticles were coupled via interfacial thiol-thioester exchange (Figure 7.7). Particles were
cast overlapping a rectangular film comprised of the secondary network (2™ Net.) and base was

added to induce bond exchange with the film.

1 hour

b.)

7 days

Figure 7.7: SEM for particles welding to the secondary network (2" Net.) at a) 1 hour, showing
a visible interface between the films, and b) 7 days, with a nearly indiscernible interface between
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films. The film made from the secondary network is positioned in the top of each photo and the
film made from particles is on the bottom. To the right is an image of the joined polymer films at
the corresponding weld times with the secondary network to the top of the image, and the particle
film towards the bottom.
Scanning electron microscopy (SEM) was performed on the sample after 1 hour and 7 days of
compression to confirm welding between particles and the film. At 1 hour, there are very
noticeable voids between the secondary network and the particle layer (Figure 7.7a). At 7 days
the two interfaces are almost indiscernible, but at higher magnification, there is still a faintly visible
interface (Figure 7.7b). The secondary network was designed to demonstrate the compatibility of
CAN particles with networks of differing chemistries.

Another demonstration was performed, where the thioester particles were selectively
deposited along two rectangular strips of the secondary network (Figure 7.8). Base was added to

the particles, the materials were then compressed between glass, and allowed to coalesce for 3

days.

CAN-particles

Compressed Days later Free Standing

Figure 7.8: Images of particles being welded to the secondary network in a complex geometry.
The particles are initially cast, compressed with base added, and allowed to coalesce and weld over
time, resulting in a free-standing polymer film.

After the particles were allowed to coalesce and weld over time, a free-standing polymer “part” is

achieved. There is noticeable deformation to the part due to shrinkage stress, which could be
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alleviated if the secondary network was designed as a CAN, enabling stress relaxation throughout
the entirety of both networks and welding sites.

Moving forward with this technology, different sets of microparticles with varying
mechanical properties, could be selectively deposited and coalesced together to control resultant
mechanical properties within one material. Also, it would be interesting to study the coalescence
behavior on shorter timescales if at all achievable, specifically using AFM to map the modulus

changes on earlier time scales.

7.3 — Conclusions

Thioester containing microparticles were synthesized via a thiol-Michael dispersion
method. This yielded particles capable of interparticle dynamic covalent bond exchange. The
particles designed with an excess of thiol were compressed after the addition of a base catalyst,
which resulted in coalescence into homogenous polymer films. Optical and surface analyses
measured and confirmed the particle coalescence into homogenous polymer films. Uniaxial tensile
tests were performed to compare films made from monomer to films made from particles, with the
results concluding that there is no compromise to the network integrity after particle coalescence.
Mechanical properties of the particle-films are comparable to monomer-films. Furthermore,
welding of the particles to a secondary non-CAN network, also containing excess thiols,
demonstrated the ability for this technology to be utilized for selective particle deposition to result

in spatial control of material properties in a resulting polymer film.
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7.4 — Experimental

Materials

Pentaerythritol  tetrakis(3-mercaptopropionate) (PETMP) and triethylamine (TEA),
polyvinylpyrrolidone (PVP), 2,4,6-triallyloxy-1,3,5-triazine (TAT), hexane dithiol (HDT), and
Methanol were purchased from Sigma-Aldrich. Irgacure-819 was purchased from iGM resins.

Binder clips were purchased from Staples and used brand new.

Thioester Diacrylate (TEDA) Synthesis

Synthesis largely followed after that reported and developed by Worrell et al.>

Microparticle polymerization

Microparticle polymerization was performed as follows with a monomer molar ratio of 1.4:2
PETMP to TEDA to yield a network with excess thiol. 0.09935 g of PVP (50 wt% to monomers)
was dissolved in 3.14 mL (2.48 g) of MeOH (8 wt% monomers to solvent). 0.0913 g (0.0713 mL)
of PETMP was dissolved. 0.1074 g (0.100 mL) of TEDA was dissolved. The mixture was stirred,
and TEA was then added to start the reaction at 0.01987 g (0.0274 mL at 10 wt% to monomers).
The reaction ran for 1 hour and was then quenched with 10% excess of acetic acid for 30 minutes.
The mixture was centrifuged at 3000 RPM for 2 minutes, pouring off the clear supernatant, and
subsequently washed and centrifuged 3X with MeOH at 3X the volume and spun at the same
conditions. MeOH was largely poured off, and the remaining solvent was allowed to evaporate at
ambient conditions for two days. The dry particles were then stored in the freezer (-18°C). The

polymerization resulted in a yield of about 90%.
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300 particles chosen randomly were analyzed via optical microscope images with ImagelJ to
determine average diameter (Dn) and coefficient of variance (CV). CV was calculated as CV% =
(SD/Dn *100), where SD = standard deviation. Optical microscopy was done with a Nikon Eclipse

Ci

Bulk film polymerization (particle coalescence) from particles

Done at ambient conditions. Particles were cast on a glass slide. Indicated amounts of PMDETA
liquid base were added to the particles. Ex: 10 mg of particles cast, 5 wt% base — 0.5 mg of base
added, 10 wt% base — 1 mg of base added, 20 wt% base — 2 mg of base added. The particles were
then compressed between two pieces of glass using binder clips and 100-micron spacers. Using 10

mg of particles repeatedly resulted in 150-micron films despite the spacer thickness used.

Bulk film polymerization from monomer

Ata 1.4:2 PETMP to TEDA monomer molar ratio, 0.1369 g of PETMP (0.10698 mL) was mixed
with 0.1611 g of TEDA (0.150 mL). 0.00894 g of TEA was added (0.0123 mL at 3 wt% to
monomers) and the mixture was cast and compressed between glass slides utilizing indicated
spacers to control thickness. The films were allowed to react overnight. To remove the TEA, the
films were held at 70°C in a vacuum oven overnight and the following day placed on a hot plate
at 100°C for ~2 hrs. while vacuum was pulled, to remove any remaining TEA, until the mass of

the film no longer changed (indicating TEA removal).
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Secondary network for welding demonstration

1:2 monomer molar ratio of 2,4,6-triallyloxy-1,3,5-triazine (TAT) and hexane dithiol (HDT) were
mixed with 1 wt% photoinitiator Irgacure-819. The mixture was cast and compressed between
glass using 100-micron spacers. The resin was irradiated with 400-500 nm light at 70mW/cm? for

2 minutes. Two-piece welding demo: A piece of the secondary network was cut. 10 mg of particles

were cast overlapping and extending beyond the secondary network. 20 wt% PMDETA was added
to the particles and the materials were clamped between glass and coalesced for 1 hour and a

second sample for 7 days. Complex shape demo: Two strips of the secondary network were laid

out. 30 mg of particles were split into three regions and 20 wt% of PMDETA was added to the

particles. The materials were then clamped between glass and allowed to coalesce for 3 days.

SEM

SEM was performed on a Hitachi SU3500.

Ultra-violet Visible Spectroscopy (UV-vis)

UV-vis was run on a Thermo Fisher Scientific Evolution 300. Samples were measured with a
Xenon lamp in transmittance between 200 and 1000 nm with a scan speed of 240 nm min~!. Data
intervals were taken at 1 nm and a bandwidth of 2 nm. A background was run and subtracted from

the data.

Profilometry

Samples were prepared as described in (particle coalescence) section. Samples were then opened

at each time point (10 min, 20 min, 30 min) and the base was evaporated at 70°C for 6 min. The
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samples were then scanned. Samples were reswollen with appropriate amounts of base and
clamped again until the next time point was reached, and the same steps were followed to take
measurements. For the 1-hour sample, this sample was allowed to sit unopened for 1 hour and then

scanned. Scan speed 100 s. Scans run on a Dektak 6m profilometer.

Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) analyses were performed with an Asylum Research Cypher S
force microscopy system with an etched silicon tip (Tap300Al-G, 40 N/m spring constant,
BudgetSensors, Sofia, Bulgaria). Fast force mapping (FFM) scans were performed at 250 Hz with
a peak force of 300 nN. FFM force curves were analyzed using a Hertzian contact mechanics
model to generate a maps modulus gradation at particle interfaces with sub-20 nanometer spatial

resolution.

FTIR
Attenuated Total Reflectance (ATR) - FTIR was done on dried particles. 32 scans with a resolution

of 4. ATR-FTIR was run on a Thermo Fischer Scientific Nicolet iS50 FT-IR.

DSC

The samples (particles or bulk film) were initially heated to 70°C to erase thermal history, cooled

at 5 °C/min to -70°C and the test was run from -70 to 70°C, ramped at 10°C/min, to generate the

reported curve. DSC was run on a TA DSC 2500.

DMA
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Tests were run on an TA RSA-G2.

Stress Relaxation

Bulk films made from monomers were used. Indicated amounts of liquid base PMDETA were
swollen into the films post-polymerization. 5 wt% strain was exacted on the films and run for 2
hours at ambient conditions. Control: Bulk films from monomer with base evaporated out as
described above were run at the same conditions. 100-micron thick films.

Stress-Strain

Bulk films made from monomer: Procedure as listed above utilizing 400-micron spacers. Bulk films
made from particles: Films were prepared as discussed above and allowed to process for 3 and 7
days. To remove the base, the films were held at 70°C in a vacuum oven overnight and the
following day placed on a hot plate at 100°C for ~2 hrs. while vacuum was pulled, to remove any
remaining base, until the mass of the film no longer changed (indicating base removal). Dog-bone
dimensions for all samples were approximately 12.47 mm x 2.5 mm x 0.37 mm (Ixwxt). Samples
were strained at 0.1 mm/s at ambient conditions and run in triplicate for each polymer film type.
Young’s Modulus was calculated as the slope of the tensile curve (Stress/Strain). Toughness was

found using the trapezoid rule to find the area under the tensile curve.
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Figure S7.2: DSC traces for microparticles and bulk film made from monomer.
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Figure S7.4: Images of particles coalescing into films for the designated catalyst loadings (5, 10,
and 20 wt% PMDETA).
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Figure S7.5: Optical microscopy paired with camera images of control experiment; particles not
swollen with base a) Initial time point b) After 24 hours. Camera images show particles clamped
between glass (top) and open and un-clamped (bottom).
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Figure S7.6: Camera images (top) of particle coalescence over time at the designated catalyst
loadings a) 20 b) 10 and ¢) 5 wt% PMDETA and corresponding UV-vis spectra (bottom).
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Figure S7.7: UV-vis spectra for control experiment of thioester particles not swollen with base.
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Figure S7.8: Stress strain profiles for bulk films made from monomer at different PMDETA
catalyst loadings, demonstrating control of stress relaxation rate. The control contains no base.
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conditions. Black curves are representative data for 1 hr. and 3 hr. spectra as an example to
demonstrate insignificant shift in UV-vis after heating.

24 hours 72 hours (3 days)

Figure S7.10: AFM topography scans at varying time points showing the evolution of the nm
length scale features on the surface, evolving until 3 days.
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Figure S7.11: Images of particle coalescence over time and evolution of the “stained glass”
appearance seen through the bulk of the film upon angling the film to light.
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Figure S7.12: UV-vis of films made from particles after 3 and 7 days of compression in
comparison to a bulk film made from monomer.
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Figure S7.13: DSC trace and monomers for the secondary network.
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Chapter 7: Appendix

A summary of information has been generated on varying the stoichiometry for the
thioester containing microparticles. The amount of excess thiol was varied, and material
parameters were measured and recorded for each stoichiometry. Characterization includes optical
microscopy, FTIR, and DSC.

Modulating the amount of excess thiol changes the rate with which the thiol-thioester
exchange propagates. Increasing the amount excess thiol and thus the number of generated thiolate
anions increases the rate of exchange. Other variables to consider when controlling the exchange
rate include catalyst concentration, temperature, and applied strain. The 1.4:2 stoichiometry was
chosen for the study in Ch. 7 due to its particle stability over weeks to months and its reasonably

rapid exchange rate for data analysis.

Thiol-Michael dispersion polymerization

o o
HS/\)J\OXOJ\ASH \/o\ /\/Om/\j\ /\)OL e ' @O
HS A~ O O S ° X s o \o(\ SN N
o PETMP o TEDA Triethylamine Polyvinylpyrrolidone
I e e e e e e e R T
1 1:1 100% Thiol 50 10 No Yes - - - -
2 1:1 100% Thiol 50 10 Yes (equiv.)  Yes - 20+0.3 13% -18.7
5 1.5:2 50% Thiol 50 10 Yes (excess) No No - but packed/needs 2.6 +0.4 14% -24.5
manual dissociation
7 1.4:2 40% Thiol 50 10 Yes (excess) No No 40+04 10% -21.6
6 1.3:2 30% Thiol 50 10 Yes (excess) No No 3.1+05 17% -22.0
8 1.2:2 20% Thiol 50 10 Yes (excess) No No 20+0.3 17% -19.1
4 1.1:2 10% Thiol 50 10 Yes (excess) No No 3.0+0.5 19% -20.2
3 0.9:2 Acrylate 50 10 Yes (excess) No No 2404 17% -20.3
Excess acetic acid to quench (30 min stir) Image) for particle analysis
8 wt% monomer in MeOH 100 particles randomly chosen

Rxn: 1 hour

Figure A7.1: Table for particle stoichiometry and summary of properties. Stoichiometry read as
PETMP to TEDA. Excess thiol in reference to thioester backbone.
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Corresponding optical microscopy images are displayed in Figure A7.2. It is interesting to
note that the 1:1 PETMP to TEDA stoichiometry coalesced without the addition of the base
catalyst within about 48 hours (Figure A7.3b and c). The piece of polymer in Figure A7.3¢ was
submerged in MeOH and remained a solid mass. After the dispersion polymerization is complete,
the system is washed with MeOH to remove the reaction catalyst, TEA, and surfactant (see
Experimental section of Ch. 7). The MeOH is poured off, but there is still a small amount left that
is evaporated off by allowing the particles to sit at ambient conditions for two days. During this
time, during the evaporation process capillary forces and Laplacian pressures appear to facilitate
particle coalescence for the 1:1 formulation. It is possible proton transfer occurs from the free
thiols to the MeOH, resulting in formation of the thiolate anion necessary to perform the thiol-
thioester exchange between particle networks. Another possible avenue is the formation of a small
number of disulfides, resulting in crosslinking between particles. Lowering the concentration of
free thiol resulted in stable particles beyond a week if kept in the freezer. The particles could also
potentially be stored in a mildly acidic environment until they are desired for use to prohibit
thiolate anion formation. To mitigate disulfide formation, a radical inhibitor such as 2,6-di-tert-4-
methyl phenol (BHT) could be added, which would not inhibit the thiol-Michael polymerization
or the thiol-thioester exchange for the particle coalescence because those reactions do not utilize
the radical reaction pathway required for disulfide formation and would simply be for stabilization

of the particles in storage.
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Figure A7.2: Optical microscopy for particle formulations.

Figure A7.3: a.) Example of dry thioester particles. b.) Thioester particles with a 1:1 stoichiometry
after allowing to dry over two days resulting in coalescence of particles. ¢.) A piece of the
coalesced polymer mass from b.) under the microscope.
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Figure A7.5: DSC for particle formulations.
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Chapter 8: Conclusions and Future Recommendations

The work in this thesis has demonstrated that covalent adaptable networks (CANs) can be
incorporated into a variety of polymer materials to enable modifications to the polymer network
post-polymerization. By investigating the underlying molecular alignment incorporated into the
polymer network, control over resulting shapes and colors of materials was realized. Utilizing the
dynamic covalent chemistry (DCC) afforded by the CAN, enabled preservation and programming
of the modulated molecular alignment. This thesis spans programmable structures on the
macroscale ranging in a few millimeters in length, to micron-scale shape programming and
actuation. Specifically, this work focused on light-initiated addition-fragmentation chain-transfer
(AFT) and thiol-thioester exchange, as the chosen DCCs, which will be elaborated on in this

chapter.

8.1 — Shape and Color Changing Structures

The first aim included the third chapter, which incorporated DCC into a liquid crystal
elastomer (LCE) enabling complex shape programming and actuation. DCC also enabled re-
writability of programmed shapes. Light initiated addition-fragmentation chain-transfer (AFT)
was utilized for the third through sixth chapters in LCE materials to decouple the DCC from the
thermally activated LC phase transition behavior to actuate the materials. The underlying
programmed molecular alignment dictated the shapes and actuation modes that were achieved.
This was important because many CAN-LCE:s prior to this work utilized thermal activation of the
CAN, which resulted in some limitations due to the thermal dependence of the LC phase transition,
which is critical for shape actuation. The AFT chemistry proved advantageous to not only decouple

the CAN activation from the LC phase transition, but temperature was investigated as an added

160



variable to alter and further control programming of the AFT-LCE. To generate the AFT-LCEMP,
a thiol-Michael oligomerization was done first, to incorporate the allyl dithiol (ADT) monomer
into the network backbone of the proceeding reaction thereafter. These AFT capable oligomers
were then crosslinked via an acrylate homopolymerization to produce the AFT-LCE. The resin
was pre-doped with photoinitator to carry out the subsequent light exposed reactions. The AFT-
LCE programming was dictated by modulating light exposure, temperature, and strain. After
programming, the materials were then thermally cycled to repeatably actuate the programmed
shape. Upon modulation of these variables, it was discovered that increased exposure times allow
for prolonged rearrangement of the polymer network to relieve stress imparted from the straining
event. This yielded increasingly altered final strains and thus overall shapes. Modulating the
programming temperature manifested changes to both the LC shape, measured at room
temperature below the Tni, and the isotropic shape, measured at high temperature above the Tni.
Programming the AFT-LCE below the Tni resulted in changes to the LC shape, but little to no
effects on the isotropic shape, with the material temporarily recovering its initial starting shape
during thermal cycling. Programming the AFT-LCE above the Tni, resulted in significant
alteration to both the LC and isotropic shapes. It was concluded that programming below the Tni
relieved stress in reoriented domain boundaries, without significant alteration to the entire polymer
network, while programming above the Tnxi more directly programmed the entirety of the polymer
network due to the elastic behavior of the material at high temperature.

Due to the light-initiated nature of the reaction chosen, investigation was also performed
on controlling the penetration depth of light through the thickness of the film to program the LC
alignment. A UV absorbing chemical, Tinuvin-328 (T-328) was embedded into the polymer

network. This controlled the extent of AFT activation through the thickness in the film resulting
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in controllable stabilization of LC alignment. The gradient of LC alignment resulted in an out-of-
plane buckling of the polymer film often utilized in shape programmed materials, where competing
regions of stress within the polymer network result in 3D architectures. Ultimately, this work
demonstrated that modulating variables can be utilized to control programming and shape
actuation of the light facilitated AFT-LCE. Finally, the programmed structures were erased, by
irradiating the programmed shapes above the Tni. Irradiating the material above the Tni allows for
the LC mesogens to move towards an isotropic state, and comparatively stress-free network
thermodynamic equilibrium.

This study led to the second aim and fourth chapter on investigating how CANs can be
utilized in color modulation and programming in cholesteric LCEs (CLCEs). Color modulation is
important for camouflage and other optically dependent materials, including tunable light sources,
or surfaces. The color in these CLCEs is a structural phenomenon, with the underlying LC
alignment giving rise to a Bragg reflection on the order of visible wavelengths. Upon doping the
AFT-LC oligomer resin from the previous chapter with a cholesteric LC, a handedness of
alignment induced by gentle manual shearing of the resin, resulted in a repeating structure, giving
rise to a photonic crystal and interaction with light on visible length scales. The resin, doped with
photonitiator, was then crosslinked by an acrylate homopolymerization to preserve the chiral LC
alignment. The material, initially red shifted, displaying a red sheen, was uniaxially deformed and
resulted in blue shifting to an apparent blue reflective wavelength. This mechanical deformation
altered the underlying repeating structure which resulted in the color shift. The change in color
dictated at varying strains, were preserved utilizing the AFT chemistry again, to reorganize the
network around the molecular alterations. Thermal cycling programmed films resulted in toggling

between the blue shifted programmed shape and the red shifted initial shape. Complex patterns
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were programmed utilizing photomasks. The color of the material was also erased by irradiating
the AFT-CLCE above the Tni. As was discovered in the previous chapter, irradiating the material
above the Tni enables erasure of any LC alignment maintained prior to the exposure. This chapter
led to a facile means of programming and erasing color within one material.

The achievement of post-polymerization modifications found in the Chapter 3 and 4 were
meaningful contributions to the scientific community on re-writable materials. Moving forward,
these studies have potential, exciting applications in soft robotics, optics, and drug delivery. These
LC materials are lacking in meaningful work outputs for some applications. More work needs to
be done on improving efficiency and mechanical integrity for meaningful translation to
application. These LC materials rely on the liquid crystal content to achieve meaningful actuation,
so it is important to balance the polymer network properties with the LC phase properties and leads
to challenges in optimization for application. The work reported here utilizes simple folding and
straining techniques to generate complex structures due to the rubbery nature of the material, but
this also results in drawbacks to robustness of shapes generated and lack of work output they can
achieve. Another avenue of investigation is the 3D printing of LCEs utilizing light polymerizations
and CAN reconfiguration. Light facilitated reactions have some drawbacks in penetration depth
and attenuation throughout the thickness of materials. Utilizing thermal initiation has the
possibility for more uniform dissipation throughout a 3D printed part. There is significant work
that needs to be done in terms of creating efficient methods for 3D printing these thermally
sensitive LCEs.

The color changing CLCEs have use in strain mapping, camouflage, textiles, tunable light
sources, and many other optical applications. Optimization is required to increase the selectivity

and improve the alignment in the initially red shifted reflection characteristics. Free-standing color
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changing films have a lot of potential in strain mapping applications. A large issue in
manufacturing and industrial uses are the integrity of parts made. Extreme environments or
workplace accidents can damage materials unknowingly. Applying programmable strain mapping
materials can track the integrity of a part throughout its lifetime. Utilizing a mechano triggered
CAN stimulus would be an appropriate avenue for this application, with a strain in the part
resulting in a color change and activation of the CAN to preserve the color change in the damaged
region.

The materials up to this point were on millimeter length scales, and this raised the question

of translation of these DCCs to micron-scale features.

8.2 — Shape Changing Microstructures

The third aim covered the remaining chapters on CANs incorporated in microstructures.
Chapter 5 laid the groundwork for developing liquid crystal microparticles (LCEMPs). The
LCEMPs demonstrated one and two-way shape switching. A thiol-Michael dispersion
polymerization was performed to generate the LCEMPs. One-way shape switching was achieved
via compression of particles to a new shape and thermal cycling to recover the original shape.
Two-way shape switching was achieved via a second stage polymerization after compression, to
preserve the new particle shape. These particles were then thermally cycled to demonstrate
autonomous shape switching thereafter. Again, underlying molecular alignment of LCs dictated
the shape switching behavior. The two-stage programming mechanism in Chapter 5 was non-
reversible, which was overcome by incorporating DCC into the LCEMPs.

Chapter 6 incorporated DCC, specifically AFT, into LCEMPs, to achieve re-writable and

actuatable microparticle configurations, which had not been demonstrated in the literature before.
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AFT-LCEMPs enabled post-polymerization modifications to the particle shape, but also enabled
reconfigurability of programmed shapes. A thiol-Michael dispersion polymerization was
performed incorporating the ADT monomer to generate the AFT-LCEMPs. Particles were
manually compressed at room temperature, resulting in a prolate shape. The particles pre-doped
with photoinitiator were irradiated with light, which activated the AFT exchange to preserve the
new particle shape and underlying LC alignment. Thermally cycling the material past its Tni
resulted in reversible shape switching from prolate to spherical. The prolate shape was also erased
by irradiating the programmed particles above the Tni, again also observed from the macroscale
studies prior. Compression of the particles above the Tni resulted in an oblate shape, and utilizing
a diffraction grating as the superstrate, complex surface topography was programmed. The
polydomain structure below the Tni influenced the prolate deformed shape, while deformation
above the Tni in the isotropic phase allowed for more uniform deformation.

Microparticles have significant interest in control of rheological properties and drug
delivery. Some drawbacks from the study included difficulty in programming and harvesting a
meaningful amount of the liquid crystal elastomer microparticles (LCEMPs) for testing, which
requires more optimization to move forward in studies involving measuring rheological properties
in a solution of shape changing particles. There is also room to investigate more geometries by
varying LC content, particle size, or programming conditions. The light stimulated AFT reaction
was chosen in this study to decouple the programming stimulus with the thermally activated LC
phase transitions, but there is a vast library of CANs of varying chemistries that require
investigation in micro-networks. For drug delivery purposes, chemo responsive CANs networks
would be an interesting avenue for study for biological applications, with the body having

numerous chemo responsive signals. Thermally activated CANs would also be another viable
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choice to study with a variety of biological processes and bodily functions being activated and

regulated by body temperature.

8.3 — Processable Polymer Microparticles with Potential in 3D Printing

Finally, Chapter 7 investigated CAN-microparticles to generate cohesive polymer films
with applications in coatings or selective direct-write 3D printing. The thiol-thioester exchange
was utilized in these amorphous particles due to its controllable and rapid exchange with activation
by a base catalyst. A thiol-Michael dispersion polymerization was done to generate thioester
containing microparticles designed with an excess of thiols in the network. The microparticles
were cast on a glass slide and upon addition of a base and compression between glass, the thiol-
thioester exchange was activated, which resulted in homogenous amorphous polymer films. The
material properties were characterized between films made from monomer and films made from
particles to confirm structural integrity of the films made from particles. Ultra-violet visible
spectroscopy (UV-vis) suggested particle coalescence is complete by day 7, and final transmission
is approximately the same in comparison to films made from monomer. Uniaxial tensile tests were
run to compare films made from monomer to films made from particles with the current results
potentially indicating no compromise to the network integrity after particle coalescence, but more
tensile tests are required to reach a definitive conclusion. A secondary network was designed with
excess thiols to enable bond exchange with the thioester containing microparticles. The particles
were welded to the secondary network demonstrating the welding capabilities this technology
facilitates between the two chemistries. There is still ongoing investigation on the characterization
of films made from particles, which will lead to a more cohesive picture on the phenomenon

occurring.
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These tunable films and surfaces have applications in polymer coatings to generate varying
structural properties as desired by tuning the catalyst loading and time during compression. As
mentioned, using the thiol-thioester containing microparticles to create cohesive films has
applications in direct-write 3D printing. The next step for this work would be to implement them
in a direct write type printer. A second set of thiol-thioester containing particles with different
mechanical properties would also be ideal as a secondary writing ink to achieve a cohesive network
with spatially controlled properties. The timescale with which relaxation happens would need to
be significantly shortened, for commercialized applications in 3D printing. This technology could
also be envisioned using a light facilitated CAN which would lead to an added level of spatial and
temporal control. Although, challenges with the light facilitated reaction include light attenuation
through the sample thickness and the relaxation time scale as compared with the rate of initiator
depletion. Another avenue moving forward would be to recycle the thioester films made from
microparticles. Taking the thioester containing particles and mixing them with a thiol monomer
and base catalyst, will result in depolymerization of the network at appropriate quantities of thiol
monomer. The network would exchange with the thiol monomer instead of a secondary network,
which would result in depolymerization. Recyclable materials are at the forefront of scientific

investigation in the race to address climate change and improve sustainability.

8.4 — Summary

Ultimately in this work, the underlying molecular structure dictated actuatable shape or
color configurations that were made programmable by designing the materials as a CAN.
Furthermore, CANs were utilized to generate new structures post-polymerization. The

understanding garnered from this work contributes information to the scientific community on
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how CANSs can be utilized to achieve controllable shape switching structures from the macro to
micron-scale, including programming of color. A systematic investigation of variables contributed
to the library of information amassed in this work on controlling AFT and thioester DCC for
modifying polymer materials post-polymerization. As discussed, these soft materials have
drawbacks in structural robustness and ability to perform meaningful work output, so significant

investigation still exists on pushing these chemistries forward for application.
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