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ABSTRACT

In Chapter 1, a review and background of stimuli-responsive materials is provided that identifies
dynamic liquid crystal elastomers (LCEs) as a promising class of materials with avenues for
potential study. In Chapter 2, a tailorable network design allows for the study of dynamic bond
placement within disulfide containing LCEs as it pertains to thermomechanical, morphological,
and relaxation properties. In Chapter 3, a linear phase-separated metallosupramolecular liquid
crystal polymer (MSLCP) was developed to study the impact that phase separation and
metallosupramolecular linkages have on liquid crystallinity as well as how these moieties can be
leveraged to synthesize more processable LCP materials. In Chapter 4, disulfide containing LCEs
are used as a platform for developing adaptive retrainable adhesive materials whose properties can
be synthetically tailored through the bulkiness of the mesogen and the resulting control of the
stability of the LC phase. Finally, Chapter 5 provides a summary of the work performed as well as

some perspectives and outlooks for future research directions.
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CHAPTER 1

INTRODUCTION

1.1 Summary

A new frontier in polymer science lies in the development of materials capable of responding and
adapting to their environments. Developing materials with greater utility and therefore longevity
is one route to challenge the paradigm of single use materials that currently plagues industrially
relevant commodity polymers today. Liquid crystal elastomers (LCEs) are a class of stimuli-
responsive materials that have been studied in this regard due to their ability to reversibly undergo
macroscale physical changes in response to a variety of external environmental cues. The
incorporation of dynamic bonds to create dynamic LCE materials has only further enhanced their
utility, allowing them to be reprocessed, reprogrammed, and trained. By further incorporating
additional stimuli-responsive moieties into these materials, the property profiles can be expanded

far beyond what is currently possible into many untapped application spaces.



1.2 Stimuli Responsive Polymers

The idea that the everyday materials we create and interact with should do more and go further has
pervaded the human imagination for generations. From Hollywood depictions of Flubber to the
T1000, the idea of fantastical synthetic materials capable of doing incredible things is a captivating
one that sits as a backdrop for the achievements that scientists today realize and strive toward.
Closed loop plastics recycling, competitively performing bio-based commodity materials, and
conductive polymers for soft electronics and sensors are just a few of the grand materials
challenges!!! that polymer chemists and engineers devote their time and energy to addressing
through the design and synthesis of next-generation polymeric materials. One class of materials
with particular promise is that of stimuli-responsive polymers. The field of stimuli-responsive
polymers is concerned with developing materials whose properties can be intentionally changed

n. [2-4

in response to a specific environmental conditio I These responses vary widely and include

5,6] 9,10

actions such as shape memory>%l, color change!”®), self-healing!®!%!, and mechanical property

changes."'!! The stimuli to trigger these behaviors can take many forms depending on the moieties

( Healability \ / Shape Memory \ K Color/ \ ﬁ/lechanicaI/Transpoh

Fluorescence Change Property Modulation

Multi-Shape
Memory

q}g\*_ﬁ\\er I/;,eoé
3 Ko

actio, \anal
Leretions S 7}9/)

,
(
uo\_\o“Qa

?'\\\er-i:,-//B

} _ stimulus A +Force

| stimulus A

Temporary Shape 2
(strained) / Stimulus B

Nanocomposite structure

Rubber elasticity Compeatibilization/plasticization

Polymer flow

. Glass transition *  Reversible covalent or +  Matrix-filler interactions
Dynamic bonds kit noncovalent linkages
elting transition Filler-filler interactions
In situ formation of active species o _ » On-demand
Liquid crystalline transition aggregation/dispersion «  Signal conversion from filler to

*  Microcapsulescontaining . .
K “healing monomer” / \ +  Dynamic bonds ) K Controlledordering/periodicy \ matrix

Figure 1.1: A summary of common stimuli-responses and the motifs used to produce them.
Adapted from Ref 11. [!!]



incorporated and include heat!'>!*], light!!*13] pH[!617] chemical!'®!?], and humidity®*?! to namea
few. The acting species within stimuli-responsive materials are just as varied as the stimuli they
can be activated with and include primarily include moieties such as phase transitions (melting,
glass, liquid crystalline, LCST/UCST)?*#] and reversible bonds (covalent and noncovalent

[24-26

interactions) 1. Given the large space that stimuli-responsive materials span, they find

[28 29]

applications in a range of application spaces including actuators'?’!, sensors!?®], and photonics!

1.3 Liquid Crystal Elastomers

Liquid crystal elastomers (LCE) are a subclass of stimuli-responsive polymers characterized by
their inclusion of mesogenic monomers into an elastomeric polymer network.*?l In 1975,
renowned polymer physicist (and future 1991 Nobel laureate in physics) Pierre Gilles de Gennes
proposed the existence of a unique class of materials comprised of an elastomeric polymer network
containing liquid crystalline (LC) units.**! He postulated that, in contrast to the highly confined
glasses and compact gels comprised of LC monomers that had been previously studied®*, a
material with more degrees of freedom in the polymer by way of the introduction of flexible
segments would enable the formation of stable and thermally reversible nematic LC domains
within the bulk material with the potential for remarkable non-linear elastic properties. It wasn’t
until five years later in 1981 that such systems were experimentally realized in the first work of its
kind by Finkelmann et al.l** To synthetically access these elastomeric LC systems, polysiloxane
prepolymers functionalized with silyl hydride groups were reacted with alkene bearing LC
moieties and a dialkene small molecule siloxane crosslinker. Following a careful washing and
drying procedure, these materials were evaluated via differential scanning calorimetry where they
exhibited low glass transitions in line with elastomeric materials and robust reversible LC
transitions demonstrating the first successful incorporation of stable LC phases into a bulk

3



polymeric network introducing the first generation of liquid crystal elastomers (LCEs) to the
polymer community. Notably, these materials were realized using hydrosilation chemistry and
formed side chain LCEs where the mesogens were attached in a pendent fashion to the polymer
strands of the network. Additionally, it was observed that the orientation of these phases could be
facilely altered through simple strain of the bulk LCE film which was accompanied by an
observable optical transition as the material transition from its opaque as-cast polydomain state, in
which there is local order within the domains while the domains themselves are randomly oriented
relative to one another, to a transparent strained monodomain state, in which the strain imposed on
the material aligns the mesogens in the direction of strain. Notably, the syntheses of these materials
resulted in networks whose equilibrium configuration at crosslinking was that of a polydomain
structure and alignment was only achieved when an outside mechanical stress was applied to the
material. It was also observed that one could strain these materials to alignment, and then, by
thermally disrupting the interactions between the mesogens by heating the material through its LC
transition, macroscopically return the material to its initial form factor as the entropy elasticity of
the network was allowed to contract the network back to its most energetically favorable state. A
follow up work by Kupfer et al.*®! explored materials they dubbed nematic liquid single crystal
elastomers (LSCEs). While the first generation of LCEs were materials whose alignment had to
be mechanically imposed each time, these LSCEs were partially crosslinked, mechanically
aligned, and then fully crosslinked resulting in materials whose original form factor was one with
mesogenic alignment. When these materials were heated through their LC transition, they
contracted in a similar fashion to their one-way shape memory counterparts, however, upon
cooling they returned to their as-crosslinked elongated state exhibiting reversible two-way shape

memory behavior. The actuation performance of LCEs was further improved with the realization



of main-chain LCEs by Donnio et al.l*”] where the mesogens were located in the backbone of the
network strands producing a much more substantial effect on the network upon disordering. While
other chemistries were subsequently employed to access main-chain LCEs, the use of thiol-
Michael click chemistry became popular for two key reasons. The first is due to the high
experimental accessibility of the method due to its facile setup and high conversion as well as the
large number of commercially available acrylate-functionalized mesogens. The second reason
came from work by Yakacki et al.*®) where they used thiol-Michael chemistry to demonstrate a
highly tailorable method for producing LCEs with alignment programmed into them. This method
used a base-catalyzed crosslinking to form a partially crosslinked yet robust network which could
be strained to alignment followed by a photo-crosslinking step to polymerize any remaining
acrylates and lock in the imposed alignment. As such, this method has seen much adoption in the
literature since its introduction and is currently one of the most prevalent methods for synthesizing

LCE materials.
1.4 Dynamic Liquid Crystal Elastomers

1.4.1 Dynamic Covalent Chemistries

As with conventional crosslinked polymeric materials, a major drawback of such systems is the
inability to post-synthetically modify the topology of the network structure as efforts to thermally
induce rearrangement ultimately result in the indiscriminate cleavage of chemical bonds and
subsequent degradation of the material when high temperatures are applied. One advent to
circumvent this shortcoming is the incorporation of dynamic chemistries into these materials as a

means of providing linkages that can be selectively broken with a specific stimulus to induce
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Figure 1.2: A. Synthetic scheme for side-chain LCEs using hydrosilation chemistry®>l; B.
Synthetic scheme for main-chain LCEs using hydrosilation chemistry®”); C. Synthetic formulation
and alignment programming procedure enabled by a two-step thiol-Michael click chemistry!*®]

network rearrangement and subsequently reformed upon removal of that stimulus. The first
example of the implementation of this method into LCEs was from Pei et al.l*”) where an LCE was
prepared from an epoxy functionalized mesogen and a carboxylic acid bearing chain extender via
the triazabicyclodecene (TBD) catalyzed epoxy ring-opening reaction. By allowing the TBD
catalyst to remain in the material in the presence of the newly formed alcohol functional groups
produced during the polymerization, it was possible to induce associative transesterification

exchange reactions at high temperatures with the polymer’s backbone ester groups (Figure 1.XX).



By activating these catalyzed reactions with high temperature (>160 °C) it became possible to
reprocess and reprogram these materials allowing for the post-synthetic modification of the form
factor of the bulk material as well as programming of the alignment of the mesogens. This
implementation of exchangeable ester linkages with the mesogenic properties of the LCE opened

the door for the incorporation of many dynamic chemistries including esters***!], disulfides!**#"],

[47-49] [50,51]

carbamates!*®), addition fragmentation transfer adducts , aza-Michael bonds , and boronic
esters°?). The choice of dynamic chemistry ultimately depends on the desired pathway for the
programming or reprocessing as each chosen chemistry will have its own specific set of
equilibrium kinetics, required activation conditions, and environmental/chemical tolerances. One

example of this is highlighted in work by Ghimire et al.>!! where the reaction and relaxation rates

of an aza-Michael chemistry were tuned by the choice of catalyst employed. This allowed for both
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Figure 1.3: Examples of dynamic covalent chemistries employed in LCEs A. Catalyzed
transesterification mechanism!>’l; B. A mechanism for aza-Michael addition/rearrangement!l; C.
Scheme of disulfide incorporation into a dynamic LCE using a cyclic disulfide based feedstock!*!



control over the rate of formation of the network as well as the stress relaxation properties of the
material if the catalyst was left in rather than removed. Another example of a dynamic linkage
commonly used in dynamic LCEs is the disulfide bond. Disulfides are multi-responsive as they
can be activated with heat!!?], light, redox®¥, or mechanical forcel>> which gives an array of
options for inducing their exchange within a material. One report by Huang et al. utilized cyclic
disulfide containing mesogens that they ring-opened to form disulfide containing LCE networks
(Figure 1.XX). These materials were highly reprocessable due to the high concentration and
regular incorporation of the dynamic bond along the backbone of the material. These examples
showcase the versatility of dynamic covalent interactions and their incorporation into LCEs thus

far.
1.4.2 Noncovalent Interactions

Although less explored than dynamic covalent chemistries, noncovalent interactions also have
been employed in LCEs as a crosslinking motif. While noncovalent interactions are typically
weaker in strength, incorporating them at higher concentrations or coupling them with an
additional structural mode such as phase separation allows for the formation of robust functional

[56-58]

materials despite the inclusion of a much more active exchangeable moiety. Some

61621 and ionic

noncovalent interactions of note include hydrogen bonds’®%®, halogen bonds!
interactions.!!363-%51 These weaker interactions allow for a more drastic transformation of the bulk
phase of the material as the faster exchange of “load-bearing” linkages provides a mechanism by
which rearrangement can occur at a much more substantial rate and extent. One example of
noncovalent interactions being leveraged in LC polymers is work by Lugger et al.l%! incorporated

thiourea moieties into linear LC polymers to form polythiourethane (PTU) LCEs crosslinked by

hydrogen bonds. The PTU LCE materials were capable of being melt processed using an extrusion-



based 3D printer setup offering the ability to have a fully cured feedstock of printer material as
well as the capacity for the direct recycling of the printed material post fabrication by thermally
cleaving the supramolecular crosslinks. As such, due to the enhanced processing capability
imparted through the use of noncovalent interactions instead of conventional crosslinking
approaches, further study of this class of moiety in LC materials could be advantageous in future

applications.
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- printing temperature: 200 °C .(/\‘)’ ‘Q’

1

- bed temperature: 30 °C
- nozzle diameter: 300 um
- printing speed: 5 mm s!

Figure 1.4: A. Chemical structure of a PTU LCE; B. 3D printer schematic with the conditions for
printing; C. Optical images of a 3D printed piece of PTU LCE[®®]

1.5 Applications of Polymeric Liquid Crystalline Polymers

Due to the versatile nature of their thermomechanical properties, polymeric LC materials can be
tuned to have a wide range of properties. As such, the LC transition temperature has been
controlled through a variety of methods including mesogen architecture!®’), mesogen

68]

concentration'®®! crosslink density!®’%! chain extender content’’’?), and the incorporation of

additional interpolymer interactions!”! just to name a few. By controlling the stability of the LC



phase, one can directly tailor the material to have the desired LC transition temperature for a given
application or environment. This ability to finely control these properties allows them to find use
in a range of fields including biomedical applications, damping, and adhesives which despite being
a rather disparate set of applications, each use case directly leverages the LC character of the

materials.
1.5.1 Energy Dissipating Materials

Materials for dissipating energy or damping vibration are another application where LCEs have
been utilized. Their ability to operate in this capacity stems from the rotational modes of the
mesogens within the network. Depending on the magnitude of the strain imposed by the stress
either the rotation of the nematic domains or the mesogens themselves provides a pathway by
which this energy is transferred to overcoming the inertia of the domains or mesogens respectively
before the polymer network itself is perturbed or distorted. Work by Luo et al.[’*! explored using
LCE:s as a base material in 3D printed foam architectures. In traditional polymeric foams, it is the
deformation and buckling of the foam architecture that imparts cushioning in the event of an
impact. This work used 3D printing to fabricate similar structures comparing amorphous non-LC
foams to foams printed with an LC feedstock. It was found that the LC foams had superior impact
mitigation performance in terms deceleration achieved and energy dissipation. They further
demonstrated this by dropping eggs from a set height onto amorphous and LC foam constructs
(Figure 1.XX) resulting in breakage and survival respectively highlighting the additional
dissipative character that the LC nature of the material provides. Work by Shaha et al.l”>! utilized

the damping ability of LCE:s if a different way by applying it toward biomedical applications. In
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Figure 1.5 A. Impact drop testing of eggs onto 3D printed foams comprised of LCE (top) and an
amorphous reference (bottom)!’#; B. Compression and tensile testing comparing porous and solid
LCE monoliths!™; C. Vibration spectra of a handheld drill demonstrating the difference between
no damping layer, a silicone damper, and an LCE damper

this work a series of bulk and porous LCE scaffolds with different alignments were studied as load-
bearing intervertebral disc implants in rats. In addition to proving the biocompatibility of the
materials for in vivo use, mechanical characterization of the different materials demonstrated that
porous polydomain LCE materials were significantly better at accommodating stress compared to
the other structure/alignment combinations studied (Figure 1.XX). A more recent study by Elmadih
et al.l’% showcased the use of LCEs as dissipative structures in equipment vibrational damping. A
variety of damping materials including silicone and LCE were inserted into a handheld drill whose

vibrational spectrum was measured to determine the amount of damping provided in each case.
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The LCE materials exhibited an overdamping behavior greatly reducing the amplitude of vibration
at a range of frequencies and outperforming the conventional silicone materials (Figure 1.XX)

further demonstrating the potential that LCEs have in energy dissipating materials.
1.5.2 Adhesives

One of the more recent applications for liquid crystalline polymeric materials from the last decade
or so is their use as adhesives. In 2013, work by Corbett et al.[’”! proposed that LC networks should
possess a high tack energy due to their dissipative character which would in theory make them
excellent adhesive materials. It was not until 2019 that work by Ohzono et al.[”®! experimentally
verified this hypothesis and found that LCEs do in fact function as adhesives. This experimental
work correlated the adhesive performance of the material to the stability of the LC phase by
demonstrating that upon disordering the nematic phase of the LCE, a significant portion of the
adhesive character of the material is lost. (Figure 1.XXA-B) A follow-up work by Ohzono et al.!'*!
extended this idea to photothermally-driven systems by imbibing an indocyanine green dye into
LCEs and driving their adhesion with green light. Several additional works on studying the
properties and different modes of LCE adhesion soon followed to develop a deeper understanding
of the intricacies and mechanism of these systems. Work by Farre-Kaga et al.l’”®! sought to
determine which viscoelastic parameters were important in producing adhesive behavior in LCEs.
It was found that materials with higher loss factors (tan o) at or around the adhesive testing
temperature consistently had a superior tack performance (Figure 1.XXC) suggesting that the
energy dissipation potential of the material is correlated to its adhesive behavior. Work by Pranda
et al. looked at the effect of mesogen alignment on the peel test adhesion of LCEs to determine
how alignment at the interface influenced adhesive character. This work determined that the more

rotation a mesogen was able to experience over the course of the peel test, the higher its adhesive

12
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Figure 1.6 A. Adhesive force curves demonstrating the impact of removal rate on LCE adhesive
performance!’®); B. Force vs temperature curves to illustrate the importance of the nematic state to
LCE adhesive behavior!”®l; C. Tan & and adhesive force curves demonstrating the importance of
energy dissipation as a function of temperature to the magnitude of adhesive performance!”; D.
Peel tests comparing the performance of differently aligned LCEs relative to the direction of
peell®

performance would be. To test this, a bar of LCE was processed such that half of the strip was
aligned parallel to long axis of the bar while the other half was aligned in the perpendicular
direction. When the peel test was performed, relative to the direction of peel, the perpendicularly
aligned half of the bar was found to have a significantly higher peel strength than the half aligned
in parallel. (Figure 1.XXD) These works demonstrate the interplay between the energy dissipation

potential and rotational freedom of the mesogens as they relate to adhesive performance in LCEs.
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As such, there is further work to be done in the study of LCE adhesive systems as the incorporation
of dynamic bonds should provide additional stress dissipation modes and rearrangement pathways

which would result in enhanced adhesive performance.
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CHAPTER 2
EXPLORING THE EFFECT OF DYNAMIC BOND PLACEMENT IN

LIQUID CRYSTAL ELASTOMERS

2.1 Summary

Dynamic liquid crystal elastomers (LCEs) are a class of polymer networks characterized by the
inclusion of both liquid crystalline monomers and dynamic covalent bonds. The unique properties
realized through the combination of these moieties has produced a plethora of stimuli-responsive
materials to address a range of emerging technologies. While previous works have studied the
incorporation of different dynamic bonds in LCEs, few (if any) have studied the effect of the
specific placement of the dynamic bonds within an LCE network. A series of dynamic LCE
networks were synthesized using a generalizable approach that employs a tandem thiol-ene/yne
chemistry which allows the location of the dynamic disulfide bond to be varied while maintaining
similar network characteristics. When probing these systems in the LC regime, the
thermomechanical properties were found to be largely similar. It is not until elevated temperatures
(160—180 °C) that differences in the relaxation activation energies of these systems begin to
materialize based solely on differences in placement of the dynamic bond throughout the network.
This work demonstrates that through intentional dynamic bond placement, stress relaxation times
can be tuned without affecting the LCE character. This insight can help optimize future dynamic

LCE designs and achieve shorter processing times.
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2.2 Introduction

Liquid crystal elastomers (LCEs) are a class of soft materials characterized by the incorporation
of mesogenic monomers into a crosslinked polymer network.[!?! Generally, the tethered mesogens
form randomly-oriented but locally-aligned domains in what is referred to as a polydomain LCE.
If the film is prepared in a manner that all the mesogens are aligned in the same direction, then the
result is a “monodomain” LCE. Traversing the LC to isotropic transition, via stimuli such as heat, *!
light,™ humidity,™ or metal ions,®! can result in responsive properties such as shape memory and
optical responsivity. Another key feature of these materials is their “soft elasticity” which refers
to their ability to dissipate stress through mesogenic rotational modes when an LCE is sufficiently
stressed to strains outside of its specific linear viscoelastic regime.[”! Given these unique properties,
LCEs have received much attention for emerging applications in soft robotics,®”) medical

[10,11

devices,!"%!" and adaptive optics.['>!3!

Traditionally, monodomain LCEs are accessed via either the alignment of the LC
monomers prior to crosslinking or the utilization of a two-step crosslinking approach where
materials are partially crosslinked, mechanically strained, and then fully crosslinked to lock in the

n.[>14-181 However, as these processes

aligned state as the permanent mesogenic configuratio
typically involve inducing alignment of viscous solutions or handling and manipulating fragile,
still reactive materials, the scale and physical form that these LCEs can take is limited.
Additionally, as is expected for a permanently crosslinked network, once the crosslinking reaction

has been completed these materials are fixed with the alignment and shape they were crosslinked

with and can no longer be reset or reprocessed.
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A more recent development in LCEs has been the introduction of dynamic covalent
chemistries into the structure of the network.!'’"!°! A dynamic covalent bond has the ability to be
broken and reformed, ideally without any irreversible side reactions.?>! In addition to facilitating
bulk reprocessability and enhancing stress relaxation / dissipation in LCEs, the dynamic bonds
also provide a route to (re)program the LCEs after they have been crosslinked. By manipulating
the mesogen alignment while simultaneously activating the dynamic bond, it is possible to utilize
the dynamic exchange processes to promote network reorganization such that stable alignment is
post-synthetically programmed upon bond reformation. A wide range of dynamic chemistries have
been utilized in LCEs over the past decade including transesterification,!*?4 disulfide

28-31

exchange,!*>?7! and addition fragmentation transfer reactions**!l to name a few.

Of these dynamic bonds, disulfides stand out as a particularly useful dynamic chemistry
for a multitude of reasons. The disulfide (Figure 2.1a), with a bond energy of around 60 kcal mol
1251 kJ mol™), is a well-studied multi-responsive dynamic bond, capable of being activated using
a host of stimuli including heat,*>3*1 UV light,**3] redox,*®! shear,?”! ultrasound,*! and chemical

3% The formed thiyl radicals (or thiolate ions) are also capable of exchanging with

catalysts.
existing disulfide bonds through an associative process (Figure 2.1a) that occurs at a much faster
rate than exchange mediated by the sequential breaking and reforming of disulfides.**! Naturally,
disulfides have been extended to LCEs, with a number of works incorporating disulfides into
materials to achieve enhanced reprocessability and post-synthetic alignment capabilities. 13252741
4“1 However, among these reports, the routes for installing disulfides into LCEs vary greatly and
include crosslinking through oxidizing thiols to disulfides,?>?”#># incorporating monomers with

preformed disulfide linkages,?®*!l or ring opening cyclic disulfides to form LCEs with

polydisulfide backbones.[** It is worth noting that in these dynamic LCEs the location of the
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disulfide bond within the network is never expressly considered, and the disulfide is free to exist
in the network anywhere the components or the chemistries permit. This ultimately produces
systems where the disulfide placement is either random or hyper regular making it impossible to
directly compare these systems from the perspective of dynamic LCE design. As topology is a
critical factor when considering any polymer network, it stands to reason that dynamic topology,
specifically the placement of the dynamic bond throughout the network, is also of critical
importance when it comes to considering dynamic network materials and their properties.
However, to properly test the impact of dynamic bond placement, the overall network

characteristics must be held constant to isolate the impact of dynamic bond location.

A benefit of exploring the impact of dynamic bond location in LCEs comes from the ability
to track programmed mesogen alignment, which directly correlates to the efficacy of network
reorganization resulting from dynamic bond exchange. As such, the goal of this work was to design
and synthesize a series of modular disulfide-containing LCEs to elucidate the effect that the
topological placement of dynamic bonds plays on linear and nonlinear thermomechanical
properties across different timescales. More specifically the use of a tandem thiol-ene/yne
approach was explored to allow for locking in key network characteristics (glass transition
temperature (7y), nematic to isotropic transition temperature (7ni), plateau modulus, etc.) while

systematically varying the location of the dynamic moieties.

As click chemistries, thiol-ene and thiol-yne reactions have been well-studied in polymers,

in large part for their rapid initiation and high efficiencies.[**”] Given that both alkene and alkyne
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Figure 2.1: a. Dynamic exchange of disulfide bonds; b. Radical initiated reaction mechanism for a
dialkene monomer with two thiols forming a linear backbone linkage; c. Radical initiated reaction
mechanism for a dialkyne crosslinker with four thiols forming a crosslink; d. Schematic depicting
the modular nature of this dynamic LCE system that allows for selective disulfide placement in
backbone linkages, crosslinks, or both.

bonds are capable of reacting with thiols through a radically initiated pathway where one alkene
can react with one thiol and one alkyne can react with two thiols, it follows that provided with a
stoichiometric amount of thiol, both alkene and alkyne moieties can be incorporated into a single
network using the same initiation process. As such, the current system consists of dialkene species
that serve as linear components (Figure 2.2.1b) and dialkyne species that serve as crosslinkers
(Figure 2.1c). Based on this concept, networks synthesized from a series of dynamic and covalent
components based on thiol-alkene/alkyne chemistry would allow for the controlled placement of

a dynamic bond within an otherwise identical LCE framework (Figure 2.1d). For this work, a
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modular dynamic LCE system was devised using the disulfide bond as a multi-responsive dynamic
linkage (Figure 2.1a), installed via a tandem thiol-ene/yne chemistry to allow for differentiation in

bond placement based solely on component functionality.
2.3 Results and Discussion

2.3.1 Design and Synthesis

To best isolate the effect of dynamic bond location as a variable within a dynamic LCE material,
a series of design criteria were followed that include 1) utilizing molecularly-similar monomers to
minimize differences in intermolecular interactions between non-LC components; 2) thermally
separating the LC transition temperature from the temperature where most disulfide bonds have
been cleaved (>150 °C);**) and 3) targeting a constant concentration of disulfide bonds within the
network across the materials studied. The first criterion serves to minimize differences in the
structure and properties of the networks outside of the placement of the dynamic bonds. The second
criterion ensures that there is sufficient thermal isolation of the disulfide from the liquid crystalline
transition so the similarity in LCE properties can be verified without convolution of relaxation
events that occur on account of significant dynamic bond exchange. The final criterion ensures
that the concentration of disulfide bonds present in any dynamic network studied is constant, so
observed variations are decoupled from differences in the amount of dynamic character. To satisfy
the first criterion, a series of components including a LC monomer (1), a dynamic monomer (2D),
a covalent monomer (2C), a dynamic crosslinker (3D), and a covalent crosslinker (3C) were
synthesized based on previously reported literature procedures (see Supporting Information for
complete synthetic details).!*3*’! For the design of the non-LC components, a constant number of

atoms along the molecule’s primary axis was targeted while ester linkages were used to maintain
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similar polarity and secondary interactions. To satisfy the second criterion, the 7ni of the material
system was tuned using the ratio of LC (1) to non-LC monomers (2) as it has been demonstrated
previously in literature that the concentration of LC content in the feedstock can be used as a means
of tuning the phase behavior for a given LCE.P” A ratio of 3:1 was chosen for 1:2 as this ratio
targets a material with a 7ni of around 70 °C which falls between ambient conditions and where
there is significant cleavage of the dynamic bond (>150 °C) in order to limit the impact of

thermally-induced disulfide cleavage on the LCEs’ properties.

For the final criterion, it was necessary to find a ratio of components that allowed for the
same amount of disulfide to be present in both the backbone as well as in the crosslinks. To achieve
this, the molar ratio of non-LC alkene functionalized monomers (2C + 2D) and alkyne
functionalized crosslinkers (3C + 3D) was set to be equivalent ensuring that the concentration of
disulfide would be consistent across materials with different dynamic bond placements in addition

to targeting a molecular weight between crosslinks of ca. 3,000 g mol .

Using the components and design criteria outlined above, a series of networks were
synthesized where only the location of the disulfide itself is varied within the network. Three
different dynamic LCEs with a constant concentration of disulfide were targeted (Figure 2.2): a
network where the disulfide is located in 25% of the repeat units within the backbone (4B, formed
using 2D and 3C), a network where the disulfide is located in every crosslink (4X, formed using
2C and 3D), and a network where the concentration of disulfide is split between both the backbone
and crosslinks (4BX, formed using half molar equivalents of 2D, 2C, 3D, and 3C). A nondynamic
control LCE (4N, formed using 2C and 3C) that contains no dynamic bonds was also synthesized

to determine the impact that incorporating disulfide bonds into these LCE networks has on their
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Figure 2.2: Component and network designs for a modular disulfide containing LCE network
that allows for selective disulfide placement in backbone linkages, crosslinks, and a system
containing both.

bulk thermomechanical properties. A mixture of the dithiol chain extenders 1,6-hexanedithiol
(HDT) and 2,2'-(ethylenedioxy)diethanethiol (PDT) was selected to inhibit any potential aliphatic
interactions between monomers as has been seen in previously studied systems.>?! To synthesize
these materials, calculated quantities obtained through use of Carother’s equation®*! of alkene
functionalized monomers (1, 2C, 2D), dithiol chain extenders HDT and PDT, and alkyne
functionalized crosslinker (3C, 3D) were dissolved in tetrahydrofuran (THF) with a catalytic
amount of the photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA). The reaction mixture
was then cured though exposure to UV light (320-390 nm, 100 mW cm™, 2 x 30 s) to yield a solid
film. While potential UV-induced cleavage of the disulfide can result in thiyl species capable of

reacting with alkenes and alkynes, previous works have shown the effect of these reactions to be
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minimal. For instance, Bongiardina et al. and Soars et al. both demonstrated a large difference in
efficiency between reactions initiated by thiol generated radicals and those generated by cleaved
disulfides for photo-mediated polymerizations.’**] Additionally, work by Kamps et al
demonstrated the low reactivity of aliphatic alkenes with photocleaved disulfides under ambient
conditions in a study of the photodisulfidation of aliphatic alkenes.[*®! To ensure the removal of
any unreacted monomers from the dynamic LCEs, the films were then cut into pieces and washed
with THF and methanol (MeOH) using a Soxhlet extractor. After drying under vacuum (16 h, 60
°C), the materials were melt processed under pressure (1 h, 180 °C, 4 tons) to homogenize the
materials into films. Gel fractions were taken for the materials and ranged from 87-89 wt%.
Thermogravimetric analysis was also performed to confirm the removal of solvent and unreacted

starting materials (Figure S2.1).
2.3.2 Thermomechanical Characterization

To assess the thermal transitions of the prepared LCEs, differential scanning calorimetry (DSC)
was employed (Figure 2.3a). Analysis of the DSC thermograms reveals only a minor effect in
incorporating disulfide bonds into LCEs when comparing the non-dynamic 4N to the disulfide-
containing 4B, 4BX, and 4X that manifests as a 3—6 °C decrease in both the glass 7y and 7.
However, the T,s and 7nis as measured in DSC, ca. —33 °C and 71 °C respectively, for the dynamic
LCEs 4B, 4BX, and 4X fall within a few degrees of one another. This suggests that placement of
the disulfide bond does not have a large impact on the liquid crystalline transition, implying that
the bond placement does not strongly impact the packing stability of the mesogenic units. The
similarity in thermal properties was corroborated by the small angle oscillatory shear (SAOS)
rheology data (Figure 2.3b). The measured storage modulus (G') for all samples were found to

nearly overlap across the entire temperature range probed (—50—180 °C). A steep decrease in the
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G' curve as well as a peak in the tan(o) curve corresponding to the 7, appears ca. —17 °C for all
materials which further confirms that a consistent set of thermal properties was achieved. A
shoulder from 10—70 °C in the tan(d) curve is indicative of the nematic character of the networks
and has been reported for previously studied LCEs.’”! Around 70 °C a minimum in the G’ curve
and a corresponding step in the tan(8) curve (commonly ascribed to the i for an LCEP7) further

demonstrate congruence in the liquid crystalline character of the dynamic materials and
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Figure 2.3: a. Differential scanning calorimetry thermograms of dynamic liquid crystal elastomer
films; b. Shear rheology dynamic temperature ramps of storage modulus (solid shapes) and
tan(delta) (empty shapes) for dynamic LCEs
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is in line with the trend observed in the DSC data. These data serve to establish the similarity of
these materials despite their varied dynamic bond placement. To probe the nonlinear properties of
the dynamic LCEs, tensile tests, dynamically programmed alignment, and wide-angle x-ray
scattering (WAXS) experiments were performed on the series of dynamic materials to determine
if dynamic bond placement alters the structural arrangement of the network in the nonlinear/high

strain regime where LC alignment is induced.

To determine the programming strain conditions, tensile tests were performed under
ambient conditions (22 °C) and on rectangular samples of 4B, 4BX, and 4X, where the materials
were elongated at a constant rate (5 mm min™') until failure. Much in line with the trends observed
thus far, all measured tensile curves appear highly similar (Figure S2.2), suggesting that nonlinear
tensile behavior under ambient conditions does not appear to be impacted by the placement of the
disulfide bond within the network. A representative tensile curve of 4B (Figure 2.4a) demonstrates
the different mechanical regimes inherent to LCEs.!?) At low strains (0—10 % strain), the material
possesses a primarily elastic response dominated by the LC domains. At intermediate strains (10—
60 % strain) the material passes into a soft elastic state characterized by a plateau with a low change
in stress, as stress is primarily being dissipated by mesogens rotating throughout the material. Once
the majority of the mesogens are rotated such that their alignment is in the direction of the stress,
the material enters a strain hardening regime (60—150 % strain) where the slope of the tensile curve

begins to increase as the network increasingly resists alignment.

Utilizing the stress-strain profiles, a rectangular sample of each material was subjected to
a programming process adapted from literaturel> to determine how dynamic network
reorganization in the aligned nematic phase is affected by the location of the disulfide bond. In

order to remain below 7n1 and preserve mesogen alignment, UV light was used as a dynamic
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stimulus to trigger disulfide exchange.[>>* For this process, the samples were stretched to 100 %
strain in the strain-hardening regime (to ensure rotation of the majority of mesogens had been
induced). The samples were then fixed at this strain between two glass slides and then exposed to
UV light (320-390 nm, 200 mW cm) for 15 minutes on each side. Upon removing the samples
from the slides, they were heated above their 7ni to induce a contraction to their initial state, and

upon cooling, the materials adopted their new dynamically programmed elongated state.

To quantify the extent of alignment, WAXS measurements were taken on as pressed 4B,
4BX, and 4X as well as their dynamically programmed counterparts. The as pressed 4B displays
an isotropic 2D WAXS pattern (Figure 2.4b) indicative of the statistical alignment of the domains
in the polydomain material at every angle demonstrating the lack of overall alignment in the
sample. For the dynamically aligned sample of 4B (Figure 2.4c) the 2D pattern clearly changes to
that of an anisotropic response with increased intensity of scattering in the vertical axis which
indicates preferential alignment of the mesogens in the horizontal axis along which strain has been
applied. Upon analyzing the plot of intensity as a function of azimuthal angle (Figure 2.4d), it
becomes apparent that a significant change in alignment character has been imposed on the
dynamically aligned sample. The fitting of these plots using the Kratky method™®! allows for the
calculation of the Hermans order parameter (S)°%) for these systems where the as pressed material
has an order parameter of S = 0.01 while dynamically programmed sample has an order parameter
of §=0.29. Critically, this trend holds true for the other materials as well with 4BX (Figure S2.3)
having order parameters of S = 0.01 and S = 0.29 for the as pressed and dynamically programmed
respectively and 4X (Figure S2.4) having order parameters of S = 0.03 and S = 0.30 for the as
pressed and dynamically programmed respectively. This similarity in values not only suggests that

the reorganization process under strain conditions can be achieved utilizing the multi-responsive
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character of the disulfide bond, but also that under this set of ambient and active nonlinear
conditions important for LCE actuation, the placement of the disulfide does not hinder the
processes required for network reorganization. Up to this point, it has been demonstrated that the
placement of the disulfide within the LCE network has seemingly not impacted the materials’
properties. However, it is important to note that so far, the testing was done either in the nematic
state where LC interactions are engaged or using methods that probe short relaxation timescales

(at sufficiently low temperatures) within the material.

To isolate the impact of the location of the disulfide bonds, high temperature (i.e., well
above the 71 of ca. 70 °C) shear stress relaxation studies were performed on the dynamic LCEs.
Figure 2.5 shows the stress relaxation behavior in the linear viscoelastic regime (Figure S2.5) for
4B, 4BX, and 4X across a range of temperatures from 160-180 °C (3 % strain, 1 h), which
represent an experimentally-active window (that maintains Arrhenius behavior®®!)) for the
disulfide exchange. A stretched exponential relaxation model was used to fit the data (fit
parameters shown in Figure S2.6), which allowed for acquisition of characteristic relaxation times
(7") for these highly viscous systems where the characteristic relaxation time is defined as the time
needed for the initial stress to decay to 1/e of its initial value. As shown in the insets for Figure
2.5, the fitted 7" values across the measured range behave in an Arrhenius fashion. Interestingly,
the activation energy of relaxation for 4B and 4X were found to be starkly different. The 4B sample
was found to have a considerably smaller activation energy of relaxation relative to 4X (205 = 15
vs 262 + 8 kJ mol™). For reference the reported values of the activation energy of a disulfide bond
is ca. 251 kJ mol .21 The activation energy of relaxation of 4BX (188 + 12 kJ mol!) was found
to be within error of 4B film, suggesting that the backbone-based relaxation processes dominate

this film’s overall relaxation behavior.
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Figure 2.5: Temperature dependent stress relaxation curves for dynamic LCEs fitted to stretched
exponential functions, with 7* values determined by the fit. (inset) Arrhenius curves demonstrating
the linear relationship between In (7*) and temperature for a given sample. Errors for activation
energies are derived from the linear fit of the data.

It is hypothesized that the observed differences in activation energies between systems with
differing dynamic bond location stem from the ability of the disulfide to effectively exchange
under these conditions. As demonstrated in recent work by Lessard et al., diffusion of species has
been shown to play an important role in the relaxation processes of dynamic covalent networks,

where increases in molecular weight (and therefore lower diffusability) resulted in higher
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Figure 2.6: a. A schematic of the higher molecular weight, lower relative mobility pendant active
species formed by the cleavage of a disulfide in a material with only dynamic crosslinks (4X); b.
A schematic of the lower molecular weight, higher relative mobility chain-end active species
formed by the cleavage of a disulfide in a material with only a dynamic backbone (4B).

activation flow energies, slower relaxations and lower recovery flow rates.[®*) From a dynamic
topology perspective, significant disulfide cleavage in the case of a material that is only dynamic
at the crosslinks would result in very high molecular weight linear polymer species. The diffusion
of this type of high molecular weight species and its ability to exchange are limited by the
movement of the entire polymer chain resulting in lower mobility towards finding an exchange
partner (Figure 2.6a). However, in the idealized case of significant disulfide bond cleavage in a
material with backbone-placed disulfides, an unbound lower molecular weight species (~6 kg mol”
! 4-arm stars) should theoretically be formed free from the network where the active thiyl radicals

exist at the free species’ chain-ends (Figure 2.6b). This decrease in the molecular weight associated
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with the free species would suggest a greater diffusability for the active thiyl radicals and a greater
chance of finding a disulfide to exchange with. Therefore, it is possible to tune the activation
energy for the relaxation processes in a dynamic LCE by controlling the architecture of the active

species formed under conditions where the dynamic bond is active.

2.4 Conclusions

In this work, a tandem thiol-ene/yne strategy for synthesizing disulfide-containing LCEs was
developed where the topological location of the dynamic bond was modified through targeted
choice of network components with different functional handles. Characteristic thermal transitions
such as the Ty and 71 were found to be consistent between DSC and SAOS rheology. Additionally,
the post-synthetic programming capability of these dynamic materials was found to be consistent
between the different placements of the dynamic bond with the achieved order parameter being
similar for the suite of dynamic materials. However, at higher temperatures, temperature-
dependent stress relaxation experiments demonstrated a divergence in properties emerged where
materials with disulfides only located in crosslinks (4X) have a markedly higher activation energy
than materials that incorporate disulfides into backbone linkages (4B and 4BX). These results
suggest that designing dynamic species with high degrees of diffusability for the active species
can result in lower activation energies for relaxation processes, and future works can adopt these
design principles as a means of altering properties like processing time without changing other
material properties or the chemistry being utilized. As such this provides an additional method of
tuning the programmability of dynamic LCEs and the overall processing of other types of dynamic

networks.
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2.5 Materials and Methods
2.5.1 Materials

Potassium carbonate was purchased from Fisher Scientific. 5-Bromo-1-pentene was purchased
from Combi-Blocks. All other chemicals were purchased from Millipore-Sigma and were used as
received unless noted otherwise. All solvents were purchased from Fisher Scientific and were used

as received unless noted otherwise.
2.5.2 Methods
Synthesis of 4'-(Pent-1-enyloxy)benzoic acid

9 1) K,CO,, NMP, 110 °C, 16 h 1

WBr + ol —- /@J\OH
HO 2.1) KOH, H,0, reflux, 16 h Wo

2.2) H,50,

4'-(Pent-1-enyloxy)benzoic acid was synthesized using a modified version of previously published
procedures.!'?! 5-bromo-1-pentene (50 g, 0.336 mol, 1 eq), methyl-4-hyroxybenzoate (52.145 g,
0.342 mol, 1.02 eq), potassium carbonate (50.172 g, 0.362 mol, 1.08 eq) were all added to a flask
containing N-methyl-2-pyrrolidone (150 mL, 3 vol). The flask was equipped with a condenser,
and the reaction mixture was heated to 80°C while stirring. After observing an exotherm in the
form of vigorous bubbling the temperature was raised to 110°C where the reaction was allowed to
proceed for 16 h. The reaction mixture was then cooled to room temperature and added to a
separatory funnel with toluene (300 mL) and water (100 mL). The organic layer was washed three
times with water whereafter the solvent was removed under vacuum. To the resulting oil was added
300 mL of 10 wt% aqueous potassium hydroxide solution. The reaction mixture was then heated
to 110 °C and allowed to proceed for 16 h with stirring. After cooling to room temperature, the

reaction mixture was extracted with ethyl ether (50 mL) three times. The aqueous layer was then
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diluted with water to a volume of 2 L while stirring whereupon concentrated sulfuric acid (25 mL)
was added to adjust the solution to a pH of about 2. As the sulfuric acid is added, white solid began
to precipitate from solution until the reaction mixture became a slurry that was difficult to stir
magnetically. The solid was removed from the aqueous solution using a Buchner funnel and
recrystallized three times in hot ethanol yielding white crystals. (61 g, 88% yield) '"H NMR (400
MHz, CDCl3) 8 8.16 — 7.97 (m, 2H), 7.00 — 6.88 (m, 2H), 5.98 — 5.74 (m, 1H), 5.17 — 4.94 (m,

2H), 4.04 (t, J = 6.4 Hz, 2H), 2.25 (qd, J = 7.4, 1.4 Hz, 2H), 2.03 — 1.82 (m, 2H).

Synthesis of liquid crystal monomer (1)

OM
2 DCC, DMAP, pTsOH, DCM o O.
—
OH + o OH 0
S~ 22°C, 16h 0o
WO

Liquid crystal monomer (1) was prepared using a previously reported procedure.l®! 4'-(Pent-1-
enyloxy)benzoic acid (24.3 g, 0.118 mol, 1.95 eq), methylhydroquinone (7.5 g, 0.060 mol, 1 eq),
dicyclohexylcarbodiimide (28.692g, 0.139 mol, 2.4 eq), 4-dimethylaminopyridine (14.050g, 0.115
mol, 1.9 eq), and p-toluenesulfonic acid monohydrate (21.875 g, 0.115 mol, 1.9 eq) were added to
a flask containing 400 mL of dichloromethane. The reaction mixture was stirred at room
temperature (22 °C) for 16 hours. A solid white urea byproduct was then filtered out of the reaction
mixture, and the solvent was then removed from the filtrate under vacuum. The remaining solid
was then recrystallized three times in hot ethanol to afford white powdery crystals. (44.25 g, 75%
yield) '"H NMR (400 MHz, CDCls) § 8.29 — 8.04 (m, 4H), 7.22 — 7.04 (m, 3H), 7.04 — 6.92 (m,
4H), 5.96 — 5.77 (m, 2H), 5.17 —4.97 (m, 4H), 4.07 (td, J = 6.4, 2.0 Hz, 4H), 2.35 — 2.20 (m, 7H),

2.01 — 1.87 (m, 4H).
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Synthesis of dynamic monomer (2D)

)Oj\/\ pTsOH, toluene )O]\/\
S OH S X S O.
HO -~ + NX"0oH — o - N2
W \/\!.r

o) reflux, 16 h

Dynamic monomer (2D) was prepared using a modified version of a previously reported
procedure.[*! 3 3"-Dithiodipropionic acid (10 g, 0.048 mol, 1 eq), allyl alcohol (6.911 g, 0.119 mol,
2.5 eq), and p-toluenesulfonic acid (0.913 g, 0.005 mol, 0.1 eq) were added to a flask containing
200 mL of toluene. The flask was equipped with a Dean-Stark apparatus, and the reaction mixture
was stirred under reflux for 16 h. Upon cooling to room temperature, the reaction mixture was
transferred to a separatory funnel and washed with an aqueous solution saturated with sodium
bicarbonate three times and then water three times. The organic layer was isolated and had the
solvent removed from it under vacuum. The resulting product was a yellow oil. (12.824 g, 92%
yield) 'H NMR (400 MHz, CDCl3) § 5.92 (ddt, J = 17.1, 10.4, 5.8 Hz, 2H), 5.40 — 5.20 (m, 4H),

4.61 (dt,J=5.8, 1.4 Hz, 4H), 2.94 (td, ] = 7.2, 0.7 Hz, 4H), 2.77 (td, ] = 7.1, 0.7 Hz, 4H).
Synthesis of covalent monomer (2C)

(¢} pTsOH, toluene (¢}

HOJ\/\/\/YOH + NX"oH — \/\OJ\/\/\/\H/OV\
reflux, 16 h

o [¢]

Covalent monomer (2C) was prepared using a modified version of a previously reported
procedure.[ Suberic acid (10 g, 0.057 mol, 1 eq), allyl alcohol (8.305 g, 0.143 mol, 2.5 eq), and
p-toluenesulfonic acid (1.141 g, 0.006 mol, 0.1 eq) were added to a flask containing 200 mL of
toluene. The flask was equipped with a Dean-Stark apparatus, and the reaction mixture was stirred
under reflux for 16 h. Upon cooling to room temperature, the reaction mixture was transferred to

a separatory funnel and washed with an aqueous solution saturated with sodium bicarbonate three
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times and then water three times. The organic layer was isolated and had the solvent removed from
it under vacuum. The resulting product was a yellow oil. (12.322 g, 85% yield) 'H NMR (400
MHz, CDCIl3) 6 5.92 (ddt, J = 17.2, 10.4, 5.7 Hz, 2H), 5.37 — 5.15 (m, 4H), 4.57 (dt, ] = 5.8, 1.4

Hz, 4H), 2.33 (t,J = 7.5 Hz, 4H), 1.73 — 1.54 (m, 4H), 1.43 — 1.28 (m, 4H).
Synthesis of dynamic crosslinker (3D)

o] pTsOH, toluene 0]
’ —
" o)l\/\s’SV\[rOH + O ey ///\OJ\/\S’S\/\H/O/
[¢]

reflux, 16 h Is)

Dynamic crosslinker (3D) was prepared using a modified version of a previously reported
procedure.[*! 3 3"-Dithiodipropionic acid (10 g, 0.048 mol, 1 eq), propargyl alcohol (6.671 g, 0.143
mol, 2.5 eq), and p-toluenesulfonic acid (0.913 g, 0.005 mol, 0.1 eq) were added to a flask
containing 200 mL of toluene. The flask was equipped with a Dean-Stark apparatus, and the
reaction mixture was stirred under reflux for 16 h. Upon cooling to room temperature, the reaction
mixture was transferred to a separatory funnel and washed with an aqueous solution saturated with
sodium bicarbonate three times and then water three times. The organic layer was isolated and had
the solvent removed from it under vacuum. The resulting product was a pale-yellow oil. (11.958
g, 87% yield) '"H NMR (400 MHz, CDCls) § 4.71 (d, ] = 2.5 Hz, 4H), 2.94 (td, ] = 7.1, 0.9 Hz,

4H), 2.80 (td, J=7.1, 0.9 Hz, 4H), 2.49 (1, J = 2.5 Hz, 2H).
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Synthesis of covalent crosslinker (3C)

(o] pTsOH, toluene o

Pz
i OMOH + ///\OH — /\OJ\/\/\/\H/O\//
reflux, 16 h

o o

Covalent crosslinker (3C) was prepared using a modified version of a previously reported
procedure.*! Suberic acid (10 g, 0.048 mol, 1 eq), propargyl alcohol (8.017 g, 0.143 mol, 2.5 eq),
and p-toluenesulfonic acid (1.141 g, 0.006 mol, 0.1 eq) were added to a flask containing 200 mL
of toluene. The flask was equipped with a Dean-Stark apparatus, and the reaction mixture was
stirred under reflux for 16 h. Upon cooling to room temperature, the reaction mixture was
transferred to a separatory funnel and washed with an aqueous solution saturated with sodium
bicarbonate three times and then water three times. The organic layer was isolated and had the
solvent removed from it under vacuum. The resulting product was a pale-yellow oil. (10.211 g,
85% yield) "H NMR (400 MHz, CDCl3) § 4.67 (d, J = 2.5 Hz, 4H), 2.46 (t, J = 2.5 Hz, 2H), 2.35

(t,J=7.5Hz, 4H), 1.72 - 1.59 (m, 4H), 1.42 — 1.29 (m, 4H).
Preparation of dynamic LCE networks (4B, 4BX, 4X)

Dynamic LCE networks were prepared as follows utilizing a 1:1 ratio of thiol:(alkene + (alkyne/2))
to ensure a stoichiometric amount of functionalities. For example, synthesis of 4B consisted of
adding 1 (2.25 g, 0.005 mol), HDT (0.700 g, 0.005 mol), PDT (0.849 g, 0.005 mol), 2D (0.436 g,
0.002 mol), 3C (0.415 g, 0.002 mol), and a catalytic amount of photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA) (0.092 g, 0.0004 mol) to a vial containing tetrahydrofuran (4 mL).
The reaction mixture was thoroughly mixed and sonicated until all components were well

dissolved in solution. The reaction mixture was then transferred to a Teflon dish where it was
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exposed to UV light (320-390 nm, 2 x 30 s, 50 mW cm) to initiate the polymerization and form

a solid LCE film.
Preparation of nondynamic LCE network (4N)

Nondynamic LCE network (4N) was prepared as follows utilizing a 1:1 ratio of thiol:(alkene +
alkyne/2) to ensure a stoichiometric amount of functionalities. Synthesis of 4N consisted of adding
1(2.25 g, 0.005 mol), HDT (0.700 g, 0.005 mol), PDT (0.849 g, 0.005 mol), 2C (0.381 g, 0.002
mol), 3C (0.415 g, 0.002 mol), and a catalytic amount of photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA) (0.092 g, 0.0004 mol) to a vial containing tetrahydrofuran (4 mL).
The reaction mixture was thoroughly mixed and sonicated until all components were well
dissolved in solution. The reaction mixture was then transferred to a Teflon dish where it was
exposed to UV light (320-390 nm, 2 x 30 s, 50 mW cm) to initiate the polymerization and form

a solid LCE film.
Processing of dynamic LCE networks

Freshly cured dynamic LCE networks were cut into pieces and washed in a Soxhlet extractor
apparatus using a 50/50 mixture of tetrahydrofuran and methanol for 16 h. The washed LCE pieces
were then dried under vacuum at 60 °C for 16 h. 0.5 mm thick Teflon was cut into 5 cm x 5 cm
molds and used to set the thickness of the LCE films. Pieces of the washed and dried LCE were
then thermally processed in the molds to make uniform films using a hot melt press at 180 °C for
I h under 4 tons of pressure. The as-pressed films were then used as is for subsequent

characterization.
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Processing of Nondynamic LCE network

Freshly cured nondynamic LCE network was washed by allowing the as-cured film to swell in a
gently stirring mixture of tetrahydrofuran and methanol that was changed once every hour for 6
hours. The film was then dried in a vacuum oven at 60 °C under vacuum for 16 h. The washed and

dried film was then used for subsequent characterization.
2.5.3 Instrumentation

Nuclear magnetic resonance (NMR) spectra were collected on a Bruker Avance III HD nanobay

400 MHz spectrometer.

Differential scanning calorimetry (DSC) thermograms were collected on a TA Instruments
Discovery 2500 differential scanning calorimeter. Experiments were run following a (22/200/-
90/200) ramp using heating and cooling rates of 10 °C min™!. All curves shown are from the second

heating.

Shear mechanical testing including dynamic temperature ramps and stress relaxation data were
collected on TA Instruments ARES-G2 shear rheometer. Shear rheology experiments were

performed on discs (diameter = 8 mm, thickness = 0.43 mm)

Tensile mechanical testing were collected on films (~ Smm x 0.45mm x 10mm) using a Zwick-
Roell zwickiLine Z0.5 materials testing instrument. Tensile tests were performed on at 22 °C at a

strain rate of 5 mm/min until failure.

Wide-angle x-ray scattering (WAXS) data were collected on a SAXSLAB GANESHA 300XL

utilizing a Cu Ka source (A = 0.154 nm) at a voltage and power of 40 kV and 40 mA, respectively.
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Films were affixed to a stage with Kapton tape and shot directly and measured for 5 min at q =

0.05-0.25.
Processing of WAXS Data

To capture the whole 2D scattering pattern, four individual WAXS patterns are acquired with
shifted detector location. Polar transformation is performed to align and average the four

scattering patterns. The final scattering pattern is computed by the inverse transformation of the
averaged plot. The samples show peak intensity around q¢ = 1.45 ~ 1.5A7", indicating an
average spacing of d = 4.27 A between the mesogens. To compute the order parameter, the 1D
azimuthal data is calculated by integrating the 2D data between ¢ = 0.97 A=* and ¢ = 1.90 A"
The background is subtracted by a linear fit and the order parameter is calculated by the Kratky

method as described previously.!
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2.6 Supporting Information
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Figure S2.1: Stacked thermal degradation profiles for 4N, 4B, 4BX, and 4X.
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Figure S2.2: Stacked stress-strain profiles for the representative tensile curves for 4B, 4BX, and
4X.
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Figure S2.3: a. Stress-strain profile of an as pressed sample of 4BX; b. 2D WAXS image of an as
pressed film of 4BX; c. 2D WAXS image of an aligned programmed; d. Plots of normalized
intensity as a function of angle for both an as-pressed and aligned programmed film of 4BX.
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Figure S2.4: a. Stress-strain profile of an as pressed sample of 4X; b. 2D WAXS image of an as
pressed film of 4X; ¢. 2D WAXS image of an aligned programmed; d. Plots of normalized intensity
as a function of angle for both an as-pressed and aligned programmed film of 4X.
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CHAPTER 3
SHOULD I STAY OR SHOULD I FLOW? AN EXPLORATION OF PHASE-
SEPARATED METALLOSUPRAMOLECULAR

LIQUID CRYSTAL POLYMERS

3.1 Summary

Dynamic liquid crystalline polymers (dLCPs) incorporate both liquid crystalline mesogens and
dynamic bonds into a single polymeric material. These dual functionalities impart order-dependent
thermo-responsive mechano-optical properties and enhanced reprocessability/programmability
enabling their use as soft actuators, adaptive adhesives, and damping materials. While many
previous works studying dynamic LCPs utilize dynamic covalent bonds, metallosupramolecular
bonds provide a modular platform where a series of materials can be accessed from a single
polymeric feedstock through the variation of the metal ion used. A series of dLCPs were prepared
by addition of metal salts to a telechelic 2,6-bisbenzimidazolylpyridine (Bip) ligand endcapped
LCP to form metallosupramolecular liquid crystal polymers (MSLCPs). The resulting MSLCPs
were found to phase separate into hard and soft phases which aids in their mechanical robustness.
Variation of the metal salts used to access these materials allowed for control of the
thermomechanical, viscoelastic, and adhesive properties with relaxations that can be tailored
independent of the mesogenic transition. This work demonstrates that by accessing phase
separation through the incorporation of metallosupramolecular moieties, highly processable yet
robust MSLCP materials can be realized. This class of materials opens the door to LCPs with bulk

flow behavior that can also be utilized as multi-level adhesives.
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3.2 Introduction

Liquid crystal polymers (LCPs) are a class of materials characterized by the covalent incorporation
of liquid crystalline moieties (mesogens) into a polymeric structure.!'*’) LCP materials include
traditional linear polymeric species as well as crosslinked systems such as liquid crystal networks
(LCNs) and liquid crystal elastomers (LCEs).*~! By selectively manipulating the orientation of
these mesogens and/or disrupting the liquid crystalline phase via an external stimulus (e.g. heat or
light), it is possible to induce functional responses in these materials such as complex optical
transformations, ¢ ®! thermally-induced shape memory,*~'!! and “soft elastic” damping behavior
stemming from the mesogens’ rotational modes.!">'* Due to the interplay between the entropic
elasticity afforded by the network structure and the reversible assembly of the liquid crystal (LC)

domain structure, crosslinked LCPs have been studied for use in a wide array of application spaces

15,16 [17,18 [19-21]

including reversible actuators,!!>!%! biomedical devices,"!”!®) and adaptive adhesives.

One drawback of many permanently crosslinked polymer networks is the inability to
undergo further reprocessing once crosslinking has occurred, making reprogramming and
reprocessing efforts futile. One advent to circumvent this shortcoming has been the incorporation
of dynamic covalent chemistries into the network structure as a means of providing linkages that
can reversibly cleave to induce structural reorganization.?>?*! Dynamically crosslinked LCP
materials have also been studied in this regard, demonstrating that the incorporation of dynamic
bonds can facilitate both reprocessability as well as post-synthetic programmability.[?>-27]
However, while reprocessability is achievable for many of these systems, it often requires rather
harsh processing conditions!?® 3!l due to the inherent tradeoff between stability and processability

in dynamic polymer systems and the need to balance the two.?>%]
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One potential route to enhance the processability of dynamic materials is the use of more
labile linkages to facilitate network exchange under more moderate conditions. An obvious
drawback to this approach is the diminishing stability that comes with the incorporation of a more
labile dynamic linkage. However, there are a number of examples of dynamic polymer systems
that utilize weak dynamic bonds in combination with phase separation**>7 to yield robust
materials.’®#! Supramolecular polymers formed from (macro)monomers polymerized through
noncovalent interactions, such as ionic bonds, hydrogen bonding, or host-guest interactions, are a
class of dynamic polymers that have been used to access robust functional materials.[*>#71 A
subclass of supramolecular polymers are the metallosupramolecular polymers (MSPs), in which
metal-ligand coordination is the driving force to form the polymers.[*¥3* MSPs are particularly
interesting as there are a wide range of accessible bond strengths and connectivities based on
different metal ion/ligand pairs.>>-62! Metallosupramolecular interactions have been previously
incorporated into crosslinked LCP materials as an modality for introducing new

[64]

adaptive/functional properties such as chemo-based actuation,[*! shape fixing,®¥ and

651 However, little work has been conducted in the utilization of

programmability.
metallosupramolecular interactions as the driving force to form LCPs from lower molecular weight
(macro)monomers. Work by Liang et al.[®] took inspiration from the protein chemistry of mussels
and created catechol-terminated liquid crystalline polymers which were crosslinked with an Fe
(IIT) salt. The use of these strong metallosupramolecular linkages resulted in materials that formed
tough, processable films capable of shape-memory behavior. That work showed that metal-ligand
linkages could be successfully incorporated into LCPs without significantly disrupting the LC

phase. Work reported herein focuses on the design, synthesis and characterization of

metallosupramolecular liquid crystal polymers (MSLCPs) with the goal of exploring how altering
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the nature of the metal-ligand interactions can be used to impact the thermomechanical,
viscoelastic, and adhesive properties of these materials. More specifically, the target telechelic
LCP macromonomers will bear terminal bis(benzimidazolyl)pyridine (Bip) ligands (Figure 3.1A).
It has previously been shown that the Bip ligand is capable of binding to a variety of metal ions
and has been studied extensively in the context of metallosupramolecular polymers
(MSPs) 139586771 Importantly for this study it has been shown that Bip can bind to Zn(II) ions in
a 2:1 ratio and to lanthanides, such as Eu(Ill), in a 3:1 ratio (Figure 3.1B, Figure S3.1-3).[¢]

3.3 Results and Discussion

3.3.1 Design and Synthesis

A dialkene mesogenic monomer (1) was reacted with a dithiol chain extender (2) and an alkene
bearing Bip ligand (3) using photoinitiated thiol-ene chemistry to synthesize the telechelate LCP
(4) (Figure 3.1C). Using Carother’s equation, the ratio of 1 and 2 was calculated to target a polymer
with a molecular weight of around 10,000 g/mol with thiol end groups. The monomers were
dissolved in methylene chloride (DCM) with a catalytic amount of the photoinitiator 2,2-
dimethoxy-2-phenylacetophenone (DMPA).

The reaction solution was then exposed to UV light (320-390 nm, 3 mW cm™) for 15
minutes to initiate the polymerization. Full conversion of the alkene moieties was confirmed via
"H-NMR spectroscopy via the disappearance of the signal corresponding to the alkene protons
(Figure S3.4). A stoichiometric amount of 3 (relative to thiol chain ends of the polymer) and a
catalytic amount of DMPA was then added to the reaction solution, which was then irradiated by
UV light to initiate this thiol-ene coupling of the ligand to the polymer chain ends. As before, full

conversion was confirmed by the disappearance of the alkene protons signals in the '"H-NMR
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2,6-bis(benzimidazolyl) Bidentate Zn-Bip complex
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Figure 3.1 : A. Chemical structure of the 2,6-bis(benzimidazolyl)-pyridine ligand; B. Diagrams of
the different connectivities that the Bip ligand can adopt depending on the metal center is Zn(II)
or Eu(IIl); C. Component and polymeric architectures for a modular MSLCP material that allows
for selective metallosupramolecular connectivities based on the metal adding where Zn(II)
provides linear linkages, Eu(IIl) provides crosslinks, and mixture of Zn(II) and Eu(III) provides

both
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(Figure S3.4). The telechelate polymers (4) were then purified via precipitation in methanol
(MeOH). 'H-NMR of the purified polymer confirmed a number-average molecular weight (M) of
approximately 10,000 g mol, as calculated by comparing the chain end and mesogenic proton
signals (Figure S3.5). Gel permeation chromatography (GPC) versus polystyrene standards further
verified the molecular weight of the LCPs with an M, of 8,500 g mol™!, and a P of 1.3 (Figure
S3.6). To access the desired MSLCPs, 4 was mixed with the metal salts zinc
di[bis(trifluoromethylsulfonyl)imide] (Zn(NT12)2) and europium
tri[bis(trifluoromethylsulfonyl)imide] (Eu(NTf2)3).[6"]

These metal ions not only bind in different stoichiometries with the Bip ligand but also
exhibit significantly different binding strengths - the formed Zn:Bip complex (~10° M) and
Eu:Bip complex (~10°-10* M3).47273] To form the MSLCPs, 4 was dissolved in chloroform
(CHCI3) with a stoichiometric amount (such that each Zn(II) ion would complex to two Bip ligands
and each Eu(III) ion would complex to three Bip ligands) of Zn(NTf2)2 (4-Zn), Eu(NT1)3) (4-Eu),
or a 50/50 mixture of Zn(NTt>), and Eu(NTf>)3 (4-Zn+Eu). The resulting solutions were cast into
films and dried under vacuum (16 h, 60 °C) to remove any residual solvent. The films were then
melt processed (5 min, 130 °C, 4 tons) to form homogeneous films for testing (Figure S3.7A). As
a confirmation of the formation of stable metal ligand complexes in the bulk material, the films
were imaged under UV light (Figure S3.7B). The color of the observed fluorescence directly
corresponds to the nature of the complex formed with the Zn:Bip complex fluorescing blue, the
Eu:Bip complex fluorescing red, and the mixed system fluorescing purple as a combination of the
two. Thermogravimetric analysis (TGA) was performed on the materials to determine the

materials’ thermal stability with all materials exhibiting a primary degradation onset temperature
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between 325-335 °C (Figure S3.8) which is well above any temperature accessed for any further
characterization in this work.
3.3.2 Thermomechanical and Morphological Characterization

The thermal transitions of the prepared MSLCPs were then studied using differential scanning
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Figure 3.2: A. Differential scanning calorimetry thermograms of MSLCP materials; B. A
representative atomic force microscopy phase image of 4-Zn; C. A representative atomic force
microscopy phase image of 4-Zn+Eu D. A representative atomic force microscopy phase image
of 4-Eu.
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calorimetry (DSC). The DSC thermograms revealed the existence of two transitions in the parent
telechelate polymer 4 and three transitions for each of the MSLCPs (Figure 3.2A). Each material
exhibits a glass transition temperature (7) below room temperature with 4, 4-Zn, 4-Zn+Eu, and
4-Eu possessing 7g’s of 2 °C, 4 °C, 8 °C, and 4 °C, respectively (measured by the midpoint of the
step present in the DSC thermogram). Every material also displays an endotherm peak indicative
of the clearing temperature (7¢) inherent to the liquid crystalline domains formed in the material
where 4, 4-Zn, 4-Zn+Eu, and 4-Eu have 7¢’s of 66 °C, 81 °C, 76 °C, and 72 °C, respectively.
Additionally, the width of the 7c appears to broaden as the amount Eu(III) in the material increases
with 4-Zn having the narrowest 7c and 4-Eu having the broadest, which follows literature
precedent of more crosslinked LCPs displaying broader 7c’s.l”*! As mentioned above, the MSLCP
materials exhibit an additional higher temperature third transition consistent with what has been
seen previously in metallosupramolecular polymers.>86875761 This third transition which is not
present in the parent telechelate polymer is assigned as an upper transition (7ur) potentially
corresponding to a hard phase formed in the material. 4-Zn, 4-Zn+Eu, and 4-Eu displayed Tur’s
of 126 °C, 128 °C, and 128 °C, respectively. Interestingly, this transition consists of two peaks
(Figure S3.9) that shift to slightly higher temperatures and decrease in intensity when replacing
the Zn(II) ions with the Eu(IIl) ions. Variable temperature polarized optical microscopy (POM)
was also performed to determine the liquid crystalline character of the metallated samples at
different temperatures relative to the endotherms observed in DSC (Fig S3.10A-C). All metallated
samples exhibit a birefringent liquid crystalline phase at temperatures below their respective 7¢’s
that clears to an isotropic state above 7c, as evidenced by disappearance of the birefringence. No
further changes to the images are observed at higher temperatures on either side of the 7ur

suggesting that any change corresponding to the upper endotherm is occurring at length scales not
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observable by optical microscopy. To confirm the presence of a phase separated structure in the
MSLCP materials as suggested by the DSC thermograms, atomic force microscopy (AFM) was
employed to ascertain the morphology of the materials. AFM measurements were performed on
as cast samples of 4, 4-Zn, 4-Zn+Eu, and 4-Eu at 25 °C (above the glass transition for all
materials). While the AFM height images do not show a large contrast indicative of features in 4-
Zn (Figure S3.11A), smaller features can be made out in the case of 4-Zn+Eu and 4-Eu (Figure

S3.11B-C). The phase images for the metallated materials on the other hand clearly illustrate the
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Figure 3.3: A. Room temperature wide-angle x-ray scattering spectra of 4-Zn, 4-Zn+Eu, and 4-
Eu; B. Temeprature-dependent wide angle x-ray scattering spectra of 4-Zn heated across a range
of temperature from 22 °C to 150 °C and back to 22 °C. The feature at q = 0.38 A' (d=16.5 A)
indicated by an asterisk corresponds to the polyimide tape used to seal the samples.
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presence of a hard and soft phase in each of the materials with larger hard phases in 4-Zn (Figure
3.2B), smaller hard phases in 4-Eu (Figure 3.2C), and a mixture of the two sizes in 4-Zn+Eu
(Figure 3.2D) while the phase image of 4 (Figure S3.12) shows no features.To determine the
impact of metal-ligand stoichiometry on the formation of the phase separated architecture, two
additional off-stoichiometry materials were synthesized, 4-Znso and 4-Znes, which possessed
ratios of Zn(Il) metal binding site to Bip ligand of 0.8:1 and 0.95:1, respectively. DSC
thermograms (Figure S3.13A) show the absence of 7ur’s in both 4-Znso and 4-Znos suggesting
that stoichiometry is important in the formation of a phase that exhibits a bulk endotherm.
Interestingly, AFM images taken of films of these materials (Figure S3.13B-D) reveal that while
4-Znso lacks a phase-separated structure, 4-Znos does appear to exhibit some phase-separation
albeit not to the extent of that present in 4-Zn, as evidenced by the lower contrast between the
phases in the 4-Zngs image. Both the DSC and AFM data imply a dependence on stoichiometry
on the formation of robust hard phases in MSLCP materials. Temperature dependent wide-angle
x-ray scattering (WAXS) experiments were performed across a range of temperatures to elucidate
any ordering at smaller length scales. Room temperature measurements of each of the MSLCP
materials displayed two signals in the WAXS regime (Figure 3.3A), a signal at a q-value of 1.4 A~
' (d = 0.4 nm) corresponding to an amorphous polymer scattering distance between mesogens on
neighboring polymer chains and a signal at a g-value of 0.16 A™! (d = 3.8 nm) that is consistent
with the mesogen to mesogen distance along the backbone of the same polymer chain. The strength
of the room-temperature signal at q = 0.16 A™! decreases with an increase in Eu(III) content which
falls in line with the subsequent decrease in locally aligned character of the samples possibly as a
result of the formation of branching points. A series of temperature sweeps were also performed

to determine the thermoreversibility of the structures present in the materials. From room
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temperature (22 °C), the samples were heated to 50 °C, 100 °C, and 150 °C and cooled back
through those same temperatures to relate any structural changes to the thermal transitions
observed in DSC. In all the materials the signal at q = 1.4 showed no significant change in peak
shape or location at any of the temperatures tested. For 4-Zn and 4-Zn+Eu (Figure 3.3B, Figure
S3.14), the peak at q = 0.16 A™! decreases in intensity at 50 °C and disappears by 100 °C. This
coincides with the DSC peak assigned to the Tc suggesting the WAXS peak at q = 0.16 Al is
related to the liquid crystalline ordering of the material. Upon equilibration at 50 °C during cooling,
this peak reappears in both samples, demonstrating the reversibility of the mesogenic ordering with
temperature. For 4-Eu, a weaker intensity signal at q = 0.16 A™! is present (Figure 3.3A) at room
temperature, which suggests that the increase in Eu(IIl) content diminishes local LC ordering. This
is hypothesized to be a consequence of an increase in the number of potential branching points
resulting from formation of the Eu:Bips; complex. As with the other samples at elevated
temperatures this weak peak disappears (Figure S3.15).

To probe the temperature-dependent short time scale mechanical properties of the MSLCP
materials, small angle oscillatory shear (SAOS) rheology experiments were performed (Figure
3.4A). The measured storage moduli (G') for all samples display three characteristic transitions.
The first transition at approximately 12 °C for 4-Zn, 4-Zn+Eu, and 4-Eu corresponds to 7y,
appears as a stepwise drop in the G’ and a peak in the tan(d) suggesting that variations in the metal
content and subsequent supramolecular architecture have little effect on the 7§ for these materials.
The second transition is assigned to the 7c and manifests as a local minimum in the G’ and a step
in the tan(o) appearing at 81 °C, 80 °C, and 70 °C for 4-Zn, 4-Zn+Eu, and 4-Eu respectively.
These data are consistent with the 7¢ trend observed in the DSC when replacing the Zn(II) ions

with Eu(IlIl) ions in these MSLCP materials. The third transition manifests as a downward slope
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in G’ and a sharp increase in tan(d) indicating the onset of bulk flow in the materials. In all three
MSLCPs, this transition occurs immediately after the 7c suggesting that the LC interactions play
a large part in the robustness of the materials as the films lose cohesion once the material enters
the isotropic state. Additionally, there does not appear to be an observable change in the rheology
indicative of the Tur which further suggests that the LC character is responsible for the majority
of the mechanical properties. The MSLCPs were also tested for their nonlinear mechanical
properties using tensile testing at ambient conditions. Rectangular bars of 4-Zn, 4-Zn+Eu, and 4-
Eu were elongated at a constant strain rate (5 mm min™') until failure or reaching the maximum
testing length of the instrument (Figure 3.4B). 4-Eu displayed a curve shape representative of a
soft and extensible material with a relatively low yield stress (cy) of 0.3 MPa and a maximum
measured strain of around 5500% while the stress gradually decayed to zero stress across the strain
range. 4-Zn displayed a curve shape more consistent with a yielding plastic, with a higher oy of
0.6 MPa and yield strain (gy) of 40% while decaying out to a stress of 0.1 MPa and a maximum
measured strain of >5500%. It is important to note that none of the tested samples of 4-Zn or 4-
Eu could be strained to failure with the specified sample geometry and testing apparatus.
Interestingly, the 4-Zn+Eu film exhibited a very different behavior that deviates significantly from
the stress decays and high extensions observed in the 4-Zn and 4-Eu samples. These films
exhibited a strain hardening behavior and a much larger maximum stress before failing around
1000%. One hypothesis for this behavior is that the mixture of both a strong and a weak binder in
the Zn:Bip and Eu:Bip complexes enable rearrangement while maintaining structure which allows
the network to reorganize while strengthening.

Spent tensile samples were then collected to characterize the alignment of the resulting

materials post straining. This was probed using polarized optical microscopy (POM) imaging and
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wide-angle X-ray scattering (WAXS) experiments. For POM measurements, samples were cut
from the center of the spent tensile bar and placed on glass slides after being allowed to and wide-
angle x-ray scattering (WAXS) experiments. For POM measurements, samples were relax at room
temperature for five minutes. The samples were then imaged at both 0° and 45° relative to the
direction of the polarizer to visually determine the coherence of the strain-induced alignment
imparted to the materials. All samples exhibited high levels of alignment (Figure 3.5A) as
evidenced by the stark contrast in the transmitted brightness between the 0° and 45° images for
each sample tested. To better quantify this behavior, WAXS experiments (Figure 3.5B) were

performed on the previously strained MSLCP materials as to determine the amount of alignment
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tan(delta) (empty shapes) for MSLCPs; B. Stress-strain profiles for MSLCPs
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that can be achieved. As expected, the strained samples of 4-Zn, 4-Zn+Eu, and 4-Eu exhibit an
anisotropic 2D WAXS pattern (Figure 3.5B) with regions of intensity along the horizontal axis
corresponding to alignment of mesogens in the direction of applied strain along the vertical axis.
By converting these images into plots of scattering intensity versus azimuthal angle (Figure 3.5C),
fitting them using the Kratky method””), and calculating the Hermans order parameter (S)!"*! for
the aligned materials, it is possible to compare the overall alignment in the MSLCP samples. The
samples of 4-Zn, 4-Zn+Eu, and 4-Eu possessed order parameter values of §=0.39, §=0.34, and

S =0.30 respectively. This decrease in S value with increasing amount of Eu(IIl) ions may be
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Figure 3.5: A. Polarized optical microscopy images at 0° and 45° B. 2D WAXS images of strained
MSLCPs; C. Plots of normalized intensity as a function of azimuthal angle for strained MSLCPs
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related to the weaker binding of the Eu(III) and/or an increase in the potential branching points at
the Eu(I1) metal center that results in less strain induced mesogenic alignment. As both LCPs!"]
and supramolecular polymers!®*3!l have been studied as adhesive materials, the room temperature
stress relaxation and pressure sensitive probe tack behavior of the MSLCPs were also evaluated.
Room temperature (22 °C) shear stress relaxation experiments (3% strain, 1 hr) (Figure 3.6A) were
performed to determine how the different metal ions impact the dissipative nature of the MSLCPs.
Akin to what is observed in recent studies on LCE adhesives?*7>%2] all the MSLCP materials
rapidly dissipate stress, with 4-Zn, 4-Zn+Eu, and 4-Eu dropping to 14%, 14%, and 7% of their
initial applied stress value over the course of 60 seconds. As the majority of the applied stress (>
90%) had dissipated in the first 60 seconds, this time point was used to perform probe tack tests
(Figure 3.6B) where a stainless-steel fixture was pressed into a disk of MSLCP at a constant force
and time (1 N, 60 s) after which the probe was retracted at a constant rate (0.1 mm s™'), and the
pull-off force required to break contact with the sample was measured (Figure 3.6C). For 4-Zn, 4-
Zn+Eu, and 4-Eu the sample required pull-off forces of 6.4 N, 6.0 N, and 19.4 N which are
comparable to other LCP PSAs that have been studied.[>*"#3 The probe tack results also trend
with the stress relaxation data in that at 60 s, 4-Zn and 4-Zn+Eu both have similar stress
dissipations and pull-off forces while 4-Eu has a higher stress dissipation correlating to a higher
pressure-sensitive adhesive response.

3.3.3 Adhesive Testing

Hot melt adhesive (HMA) testing was then performed to demonstrate the utility of the bulk flow
behavior exhibited by the MSLCP materials. As previously demonstrated in the temperature-
dependent rheology data, the onset of bulk flow for all MSLCP materials occurs upon reaching

Tc. However, the highest thermal transition (Tut) based on the DSC thermograms does not occur
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until 130 °C, so in pursuit of a robust adhesive joint, 3 mm diameter disk-shaped samples of each
of the MSLCPs were placed between two aluminum I-bar fixtures, fixed in place with quarter inch
binder clips, heated to 130 °C for two minutes, and allowed to cool to room temperature. The
adhesive strength of these fixtures was then measured via uniaxial tensile testing where the

adhesive strength was taken as the maximum stress achieved prior to failure (Figure 3.7A). For 4-
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Zn, 4-Zn+Eu, and 4-Eu the materials demonstrated respectable adhesive strengths of 4.5 + 0.6
MPa, 8.5 £ 1.3 MPa, and 7.6 = 1.1 MPa respectively. As evidenced by the representative images
displayed in Figures 3.7B-D, all these materials present regions of material on each of I-bars used
to form the adhesive joint consistent with cohesive failure. To further contextualize the utility of

this enhanced hot melt adhesive strength, a 5 mm disk (thickness = 0.43 mm, mass = ~10 mg)

Adhesive Strength (MPa) 3>
i
N\

0 . T

4-Zn 4-Eu 4-Zn+Eu

Figure 3.7: A. Adhesive strength comparison of 4-Zn, 4-Eu, and 4-Zn+Eu; B. Representative
sample of 4-Zn after testing to failure; C. Representative sample of 4-Zn+Eu after testing to
failure; D. Representative sample of 4-Eu after testing to failure; E. Demonstration of a sample of
4-Zn+Eu supporting the weight of a 20 kg carboy filled with water
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of 4-Zn+Eu was used to form an adhesive joint between two aluminum I-bars which was capable

of fully supporting a carboy filled with ~20 kg of water (Figure 3.7C).
3.4 Conclusions

In this work, metal-ligand interactions were utilized to develop a series of phase-separated
metallosupramolecular liquid crystal polymers (MSLCPs) whose thermomechanical, viscoelastic,
and morphological properties were tailored through selection of the linking metal ion. The choice
of metal ion impacted the dynamic connectivity of the polymer architecture

and subsequently altered the materials’ characteristic thermal transitions, namely the 7g, 7c, and
Tur as measured by DSC and SAOS rheology techniques. Additionally, the nonlinear mechanical
properties studied via tensile testing of these materials were found to depend drastically on the
identity of the incorporated metal ion with a strain hardening phenomenon only observed in the
system with a mixture of metals (4-Zn+Eu). As the materials studied herein displayed high stress
dissipation and terminal flow behavior, these materials were studied for their adhesive character
in both PSA and HMA contexts. The MSLCPs displayed robust PSA adhesive behavior that could
be tailored through the nature of the metallosupramolecular bond, while HMA behavior trended
with the modulus of the bulk material. These results demonstrate that tunable phase-separated
MSLCPs are capable of forming tough (re)processable materials with potential applications as

multi-level adhesives.

3.5 Materials and Methods
3.5.1 Materials

Potassium carbonate was purchased from Fisher Scientific. 5-Bromo-1-pentene was purchased
from Combi-Blocks. All other chemicals were purchased from Millipore-Sigma and were used as
received unless noted otherwise. All solvents were purchased from Fisher Scientific and were used

as received unless noted otherwise. 2,6-Bis(1H-benzimidazolyl)-4-hydroxypyridine (HOBip) was
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prepared following literature precedent.!! Europium  tri[bis(trifluoromethylsulfonyl)imide]

(Eu(NTf2)3) was prepared following literature precedent. !
3.5.2 Methods
Synthesis of 4'-(Pent-1-enyloxy)benzoic acid

Q 1) K,CO,, NMP, 110 °C, 16 h Q

WBr + o~ — /@)J\OH
HO' 2.1) KOH, H,0, reflux, 16 h N0

2.2) H,50,

4'-(Pent-1-enyloxy)benzoic acid was synthesized using a modified version of previously published
procedures.** 5-bromo-1-pentene (50 g, 0.336 mol, 1 eq), methyl-4-hyroxybenzoate (52.145 g,
0.342 mol, 1.02 eq), potassium carbonate (50.172 g, 0.362 mol, 1.08 eq) were all added to a flask
containing N-methyl-2-pyrrolidone (150 mL, 3 vol). The flask was equipped with a condenser,
and the reaction mixture was heated to 80°C while stirring. After observing an exotherm in the
form of vigorous bubbling the temperature was raised to 110°C where the reaction was allowed to
proceed for 16 h. The reaction mixture was then cooled to room temperature and added to a
separatory funnel with toluene (300 mL) and water (100 mL). The organic layer was washed three
times with water whereafter the solvent was removed under vacuum. To the resulting oil was added
300 mL of 10 wt% aqueous potassium hydroxide solution. The reaction mixture was then heated
to 110 °C and allowed to proceed for 16 h with stirring. After cooling to room temperature, the
reaction mixture was extracted with ethyl ether (50 mL) three times. The aqueous layer was then
diluted with water to a volume of 2 L while stirring whereupon concentrated sulfuric acid (25 mL)
was added to adjust the solution to a pH of about 2. As the sulfuric acid is added, white solid began
to precipitate from solution until the reaction mixture became a slurry that was difficult to stir

magnetically. The solid was removed from the aqueous solution using a Buchner funnel and
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recrystallized three times in hot ethanol yielding white crystals. (61 g, 88% yield) "H NMR (400
MHz, CDCl3) 8 8.16 — 7.97 (m, 2H), 7.00 — 6.88 (m, 2H), 5.98 — 5.74 (m, 1H), 5.17 — 4.94 (m,

2H), 4.04 (t, J = 6.4 Hz, 2H), 2.25 (qd, J = 7.4, 1.4 Hz, 2H), 2.03 — 1.82 (m, 2H).

Synthesis of liquid crystal monomer (1)

O~
—
WO/@)LQH + HO OH 22°C,16h /©)‘\O o]
NN

Liquid crystal monomer (1) was prepared using a previously reported procedure.l®! 4'-(Pent-1-
enyloxy)benzoic acid (24.3 g, 0.118 mol, 1.95 eq), an 2-methoxyhydroquinone (8.44 g, 0.060 mol,
1 eq), dicyclohexylcarbodiimide (28.69g, 0.139 mol, 2.4 eq), 4-dimethylaminopyridine (14.050g,
0.115 mol, 1.9 eq), and p-toluenesulfonic acid monohydrate (21.88 g, 0.115 mol, 1.9 eq) were
added to a flask containing 400 mL of dichloromethane. The reaction mixture was stirred at room
temperature (22 °C) for 16 hours. A solid white urea byproduct was then filtered out of the reaction
mixture, and the solvent was then removed from the filtrate under vacuum. The remaining solid
was then recrystallized three times in hot ethanol to afford white powdery crystals. (44.25 g, 75%
yield) '"H NMR (400 MHz, CDCls) § 8.29 — 8.04 (m, 4H), 7.22 — 7.04 (m, 3H), 7.04 — 6.92 (m,
4H), 5.96 — 5.77 (m, 2H), 5.17 —4.97 (m, 4H), 4.07 (td, J = 6.4, 2.0 Hz, 4H), 2.35 — 2.20 (m, 7H),

2.01 — 1.87 (m, 4H).
Synthesis of alkene functionalized 2,6-bisbenzyimidazolylpyridine (Bip) ligand (3)

5-bromo-1-pentene (5 g, 0.034 mol, 1 eq), 2,6-Bis(1H-benzimidazolyl)-4-hydroxypyridine
(HOBIp) (12.162 g, 0.034 mol, 1.02 eq), potassium carbonate (5.075 g, 0.037 mol, 1.08 eq) were

all added to a flask containing N-methyl-2-pyrrolidone (25 mL, 5 vol). The flask was equipped
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with a condenser, and the reaction mixture was heated to 80°C while stirring. After observing an
exotherm in the form of vigorous bubbling the temperature was raised to 110°C where the reaction
was allowed to proceed for 16 h. The reaction mixture was then cooled to room temperature and
extracted with toluene (100 mL) and water (25 mL) collecting the organic fraction. The solvent
was removed in vacuo and the remaining solid was triturated with hot ethanol and filtered until the
filtrate was colorless leaving a light pink fluffy solid. (11.07 g, 77% yield) '"H NMR (500 MHz,
CDCI3) 6 7.94 (s, 2H), 7.87 (d, J = 6.3 Hz, 2H), 7.46 (m, 2H), 7.40 — 7.33 (m, 4H), 5.86 (m, 1H),
5.13 — 5.00 (m, 2H), 4.27-4.22 (m, 8H), 2.31 — 2.25 (m, 2H), 1.98 (dt, J = 8.0, 6.5 Hz, 2H).13C
NMR (126 MHz, CDCI3) 6 166.67, 151.22, 150.33, 142.63, 137.43, 137.30, 123.64, 12291,

120.26, 115.77, 111.89, 110.02, 67.87, 32.63, 29.99, 28.20. MALDI-MS: 446.9 ((M]+Na").
Synthesis of Bip-terminated telechelate LCP (4)

To form the Bip-terminated telechelate LCP with a targeted molecular weight of 10,000 g/mol, 1
(1.032 g, 0.002 mol), 2,2-(ethylenedioxy)diethanethiol (0.281 mL, 0.0017 mol), and a catalytic
amount of 2,2-dimethoxy-2-phenylacetophenonec (DMPA) (0.031 g, 0.00012 mol) were added to
3 mL of methylene chloride. The reaction mixture was stirred until all components were well
dissolved in solution and then exposed to UV light while stirring (320-390 nm, 60 min, 3 mW cm”
2) to initiate the polymerization. A stoichiometric amount of 3 (relative to the thiol chain ends of
the polymer) (0.114 g, 0.00027 mol) and a catalytic amount of DMPA (0.0041 g, 0.000016 mol)
was dissolved in 1 mL of chloroform and added to the polymer reaction mixture and well mixed.
The polymer and ligand reaction mixture was then exposed to UV light (320-390 nm, 600 s, 3 mW
cm) after which another equivalent of DMPA was then added to the reaction mixture and the UV

light exposure was repeated. This telechelate polymer mixture was then precipitated into 100 mL
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of methanol and placed into a freezer (8 °C) for 2 hours after which the methanol was decanted

and the polymer was dried in an oven at 60°C under vacuum for 16 hours.
Synthesis of Metallosupramolecular LCPs (MSLCPs) (4-Zn, 4-Zn+Eu, 4-Eu)

MSLCPs were synthesized by adding a stoichiometric amount of 4 with the appropriate metal such
that each Bip ligand has a metal binding site. For example, 4-Zn was prepared via the mixture of
a solution of 4 (1.347 g, 0.00013 mol) in 3 mL of chloroform with a solution of zinc
di[bis(trifluoromethylsulfonyl)imide] (Zn(NTf2)2) (0.084 g, 0.00013 mol) dissolved in 1 mL of a
4:1 chloroform:acetonitrile mixture. The resulting mixture was stirred at room temperature until
well-mixed and then poured into a PTFE dish and heated to 50°C under ambient conditions for
two hours. The dish was then placed in an oven at 60°C under vacuum for 16 hours to remove
residual solvent. The resulting material was then collected and melt processed in a hot compression
molder (Carver) (130°C, 4 tons, 10 minutes) inside a mold (50 mm x 50 mm x 0.5 mm) to make

films of homogeneous thickness for further testing.
3.5.3 Instrumentation

All nuclear magnetic resonance (NMR) spectra were collected on a Bruker Avance I1I HD nanobay

400 MHz spectrometer.

All differential scanning calorimetry (DSC) thermograms were collected on a TA Instruments
Discovery 2500 differential scanning calorimeter. Experiments were run following a (22/200/-
90/200) ramp using heating and cooling rates of 10 °C min~'. All curves shown are from the second

heating.
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All shear mechanical testing including dynamic temperature ramps and stress relaxation data were
collected on TA Instruments ARES-G2 shear rheometer. Shear rheology experiments were

performed on discs (diameter = 8 mm, thickness = 0.43 mm)

All tensile mechanical testing of rectangular samples of MSLCPs and stud-pull adhesive joints
were collected on a Zwick-Roell zwickiLine Z0.5 materials testing instrument. Tensile tests were

performed at 22 °C at a strain rate of 5 mm/min until failure.

All probe-tack testing was performed on a TA Instruments ARES-G2 shear rheometer. Tests were

performed at 22 °C on discs (diameter = 8 mm, thickness = 0.43 mm)

All wide-angle x-ray scattering (WAXS) data were collected on a SAXSLAB GANESHA 300XL
utilizing a Cu Ka source (A = 0.154 nm) at a voltage and power of 40 kV and 40 mA, respectively.
Films were affixed to a stage with Kapton tape and shot directly and measured for 5 min at q =

0.05 — 0.25. For the variable temperature studies, samples were sealed inside Kapton tape.

All polarized optical microscopy images were collected on an Leica DM2700P polarized optical

microscope equipped with MC170 HD 5 camera.

All gel permeation chromatography (GPC) data were collected on a Shimadzu HPLC LC20-AD
outfitted with a Wyatt Optilab T-rEX differential refractive index detector running tetrahydrofuran
as the eluent. Samples were prepared at a concentration of 1.5 mg/mL in tetrahydrofuran and
passed through a 200 um syringe filter prior to sample injection. Molecular weights were measured

against a calibration curve created from polystyrene standards.

All UV-Vis spectroscopy data was collected on a Shimadzu UV-3600 Plus UV-VIS-NIR

spectrophotometer.
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All atomic force microscopy (AFM) images were collected using an Asylum Research Cypher ES
AFM with BlueDrive. Tapping-mode imaging was performed using Asylum Research FS-1500-
AuD cantilevers with resonant frequencies of 1.5 MHz. Images were collected at a scan rate of
4.88 Hz with a 950 mV set point in the repulsive mode (to prevent tip-induced damage of the
sample surface). Samples were equilibrated for 15 min at the desired temperature prior to imaging.
Images were processed using Gwyddion 2.61. First, a polynomial (3rd degree horizontal, 3rd
degree vertical) background was removed before aligning rows via the median method. Using
Gwyddion software, any horizontal scars were removed, and samples were colored using the

default Gwyddion palette.
WAXS Data Processing

To capture the whole 2D scattering pattern, four individual WAXS patterns are acquired with
shifted detector location. Polar transformation is performed to align and average the four scattering
patterns. The final scattering pattern is computed by the inverse transformation of the averaged
plot. The samples show peak intensity around q = 1.45 ~ 1.5 A", indicating an average spacing of
d=4.27 A between the mesogens. To compute the order parameter, the 1D azimuthal data is
calculated by integrating the 2D data between q = 0.97 A™! and q=1.90 A"!. The background is
subtracted by a linear fit and the order parameter is calculated by the Kratky method as described

previously.
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3.6 Supporting Information
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Figure S3.1: UV-Vis titrations of Zn(NTf;); against 3 from no metal ion to an excess of metal
ions.
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Figure S3.2: UV-Vis titrations of Eu(NTf2); against 3 from no metal ion to an excess of metal
ions.
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the Zn ion and Eu ion titrations
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Figure S3.4: 'H-NMR (CDCls, 400 MHz, 22 °C) spectra zoomed in on the alkene signals
illustrating the disappearance of alkene protons from both the polymerization of 1 and 2 to
poly(1+2) and the reaction of poly(1+2) and 3 to form 4 demonstrating the full conversion of
alkene functional groups for these thiol-ene reactions.
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Figure S3.5: 'H-NMR spectrum (CDCl3, 400 MHz, 22 °C) of the aromatic signals of 4 showing
the ratio of chain end protons (left) to repeat unit protons (right)
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Figure S3.6: Gel permeation chromatography curve for 4 in tetrahydrofuran with molecular
weights calculated against polystyrene standards
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Figure S3.7: A. Optical images of each of the MSLCP materials; B. Optical images under UV
light (365 nm) of each of the MSLCP materials.
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Figure S3.8: Thermogravimetric analysis of the MSLCP materials performed at a heating rate of
10 °C min™! to 600 °C.

87



-0.11 -

_0.2_ 4'Zn

0.3 4-Zn+Eu v__

4-Eu
-0.41 —_—

Heat Flow (W/g) (offset)

110 15 120 125 130 135 140
Temperature (°C)

Figure S3.9: Differential scanning calorimetry heating curve performed at 10 °C min™' zoomed
in on 7Tyt showing the bimodal nature the signal.
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Figure S3.11: Atomic force microscopy height images for A. 4-Zn; B. 4-Zn+Eu; C. 4-Eu
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Figure S3.12: Atomic force microscopy phase image for 4.
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Figure S3.13: A. Differential scanning calorimetry heating curve performed at 10 °C min™' of 4-
Zn, 4-Znys, and 4-Znso, Atomic force microscopy phase images for B. 4-Znso; C. 4-Znos; D. 4-
Zn
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Figure S3.14: Temperature-dependent wide angle x-ray scattering spectra of 4-Zn+Eu heated
across a range of temperature from 22 °C to 150 °C and back to 22 °C. The feature at q = 0.38 A
'(d=16.5 A) indicated by an asterisk corresponds to the polyimide tape used to seal the
samples.
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Figure S3.15: Temperature-dependent wide angle x-ray scattering spectra of 4-Eu heated across
a range of temperature from 22 °C to 150 °C and back to 22 °C. The feature at q = 0.38 A (d =
16.5 A) indicated by an asterisk corresponds to the polyimide tape used to seal the samples.
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CHAPTER 4
STUCK ON REPEAT: DYNAMIC LIQUID CRYSTAL ELASTOMERS AS

(RE)TRAINABLE ADHESIVES

4.1 Summary

Polymeric networks whose performance can be trained as a function of mechanical inputs provide materials
with additional possibilities as they offer an opportunity to further modulate a material’s properties post
synthesis and processing. Herein, disulfide-containing dynamic liquid crystal elastomer (LCE) adhesives
exhibiting (re)trainable multistage adhesive character are reported. Synthetic tailoring of the lateral
substituent size and ordering of the constituent mesogenic units allows for direct tuning of the thermal
properties (7 and Tni) of the network. Despite conventional adhesive benchmarking (Dahlquist criterion
and viscoelastic window) predicting poor adhesive quality for these dynamic LCEs, the materials exhibit
pressure tunable adhesive behavior as a result of their inherent soft elasticity and stimuli-responsive
dynamic bonds. Furthermore, higher strength hot melt adhesive joints can be formed through the activation
of the incorporated dynamic disulfide bonds at high temperatures (> 150 °C). General adhesive performance
can be tuned through mesogen structure while multi-cycle probe-tack tests show that their adhesion
increases with each cycle, demonstrating the trainability of the pressure tunable adhesive response with
repeated use. Thermal disruption of the LC phase resets the adhesive character which can be subsequently

reattained through mechanical training.
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4.2 Introduction

From consumer electronics to arts and crafts, adhesives have cemented their status as an integral class of
materials with a broad range of industrial applications that include construction,!'! dentistry,*®! and
packaging.”"%! State of the art adhesive materials incorporate a wide array of fillers and chemistries to

impart additional functionalities such as biocompatibility,!'*1?! conductivity, 1315

stimuli-responsive
character, 2% and wet adhesion.!*! 23] Adhesives are traditionally divided into two categories, reactive and
physically setting, depending on whether a chemical reaction occurs during the application of the
adhesive.[**! Typically, reactive adhesives include formulations comprised of low viscosity small molecules
capable of forming higher molecular weight species upon the polymerization of a chemically active
functional handle (cyanoacrylates, epoxies, etc.). Physically setting adhesives, in contrast, are composed of
higher molecular weight polymers that exhibit adhesive character upon experiencing a physical stimulus
such as melting, solvent evaporation, or the application of a mechanical force. As this category encompasses
a wide array of physical transitions, this class of adhesives includes materials ranging from hot melt
adhesives (HMAs), that are applied at elevated temperatures and tend to serve as higher strength structural
adhesives, to pressure sensitive adhesives (PSAs) which include the lower viscosity polymer films that
exhibit removable and replaceable fast adhesion with mild pressure.[*>! As the property profiles of the
materials within this class of adhesives vary dramatically due to the vast range of physical stimuli that can
be employed, a unique challenge exists for creating trainable multistage adhesives (MSAs) whose response
can be tuned/enhanced through the nature and intensity of the stimulus being employed. By incorporating
multiple tunable stimuli-responsive moieties into the design of trainable MSA materials, a single adhesive
with leveled modes of adaptive adhesion can be realized. This material has the potential to operate as a
high-strength structural adhesive under one set of stimuli or as a temporary replaceable adhesive under

another set, with the ability to interconvert between these two states.[!826-28]
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As a high surface area is essential for the formation of a robust interface between two substrates, a
material’s ability to effectively wet a surface is a critical parameter to consider when designing an
adhesive.?”! One recent advent to confer enhanced surface wettability into adhesive network materials is
the inclusion of dynamic covalent bonds.[!>!18263% Dynamic bonds are chemical bonds that can be

31,32

controllably formed, broken, and reformed (ideally without side reactions)!?) and include chemistries

18.33.34] and boronic esters.l'>*! In a sense, the addition

such as disulfides,!'®!”] thia/aza-Michael reactions,
of dynamic bonds to adhesive materials blurs the traditional delineation between reactive adhesives and
physically setting adhesives as many dynamic adhesive materials exist as high molecular weight polymer
systems while leveraging a reactive dynamic chemistry in situ to facilitate bonding or debonding. The
disulfide bond is a multi-responsive moiety that can be activated through thermal,**~*!l photo,?%4*
redox,**! mechanical,[***! or chemical! stimuli. In particular, disulfides have the ability to undergo either
an associative or dissociative dynamic pathway depending on the stimulus of choice (Figure 4.1A) and its
relatively high activation energy of 60 kcal mol! (251 kJ mol)*’! for aliphatic disulfides, the latter
resulting in the disulfide requiring high activation temperatures (T > 150 °C) to achieve the formation of a
significant number of active dynamic species in situ.l***?! These useful properties have led to several studies
investigating disulfides in adhesive applications.!!*!826:27:36381 Ope example of work incorporating
disulfides into adhesives by Michal et al.l*’! demonstrated the utility of a disulfide chemistry in a material
that exhibited leveled adhesive behavior. These materials consisted of semi-crystalline polymers
crosslinked by disulfide bonds where the melting of the crystalline domains and the thermal activation of
the disulfides afforded different levels of adhesive performance. By melting the crystalline domains (~80
°C) and applying pressure, hot melt joints of a moderate strength were formed. However, the semicrystalline
nature of the materials prevented their use as pressure sensitive adhesives under room temperature

conditions. An ideal system would utilize a material that operates effectively across a broader range of

application temperatures and offers tunability to achieve a robust yet controllable adhesive property.
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Recent work has shown that liquid crystal elastomers (LCEs) can exhibit pressure sensitive adhesive (PSA)
behavior.[*8>3 LCEs are elastomeric polymer networks whose constituent polymers contain liquid crystal
(LC) mesogens capable of forming locally ordered microscopic domains throughout the bulk
elastomer.>*>) LCEs exhibit a unique set of thermomechanical properties on account of their liquid
crystallinity, which include thermally induced mechanical and optical transformations, as well as soft
elasticity via stress dissipation through the rotational modes of their mesogens.>®%! While these materials
have mainly been studied in contexts relating to complex shape memory, modelling work by Corbett et al.
predicted that LCEs would possess adhesive character and a high tack energy due to their dissipative
nature.*®! Recently, works by Ohzono et al. directly explored the experimental tack behavior of LCEs and
demonstrated that LCEs do in fact possess stimuli-responsive adhesive character with a strong dependence
on the thermal stability of the nematic to isotropic liquid crystalline transition.!**%") Further work by Farre-

51321 have shown that LCEs display PSA character that is both rate and pressure

Kaga et al.l*! and others!
dependent, the latter takeaway being akin to observations made by Deneke et al.!'!!in their separate study

of systems they have termed “pressure tunable adhesives”.

A natural extension of these prior works would leverage the dual modalities of a mesogenic
transition and a dynamically exchangeable bond toward a singular stimuli-responsive adhesive material
(Figure 4.1B). The incorporation of dynamic covalent bonds into LCEs has been well studied and extended

62-66] However, these studies have typically focused on the utility of dynamic

to a wide range of chemistries.|
chemistries as a means to facilitate reprocessability and post-synthetic alignment within LCEs leaving the
study of these materials as stimuli-responsive adhesives largely overlooked. Reported herein are studies on

the adhesive abilities of a series of dynamic LCE to explore how the LCE thermomechanical property

profiles impacts the overall adhesive character of the material.
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Figure 4.1 A) Scheme of the dual associative and dissociative dynamic exchange mechanisms of disulfide
bond; B) Schematic depicting how a dynamic LCE can access multiple modes of adhesion through choice
of stimulus.

4.3 Results and Discussion

4.3.1 Design and Synthesis

To design dynamic LCEs capable of exhibiting stimuli-responsive adhesive character, a modular approach
was utilized that allows for variation in material properties through component selection (Figure S4.4.2). A
key feature of this synthetic strategy is the isolation of domain stability as a variable while holding constant
other parameters, such as crosslink density, average network density of liquid crystal unit, and chain
extender packing, which have the potential to coincidentally alter mechanical properties, change the
accessible phase of the LC domains, or induce crystallinity, respectively.!®”7% As such, this approach allows
for an exploration of phase transition’s impact on the adhesive properties of dynamic LCE materials. As

[711 a series of

the packing of the mesogens is directly related to the liquid crystal transition temperatures,
phenyl ester mesogenic monomers (1-R) was prepared with different sized substituents, namely methyl (1-

Me), methoxy (1-OMe), and fert-butyl (1-fBu), bonded to the mesogens’ central aromatic ring (full

synthetic details are available in the Supporting Information).’”) Additionally, an allyl functionalized
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monomer containing a disulfide bond (2) was utilized as the dynamic component for this system following
a preparation from the literature (full synthetic details are available in the Supporting Information).!”*! Using
1-R, 2, the dithiol chain extenders 1,6-hexanedithiol (HDT) and 2,2'-(ethylenedioxy)diethanethiol (PDT),
and the tetrathiol crosslinker pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) in ratios calculated
using a simplified version of Carother’s equation’¥l to target a molecular weight between crosslinks of
approximately 5,000 g mol!, a series of dynamic LCE networks (3-Me, 3-OMe, and 3-fBu) was
synthesized using a one-pot thiol-ene click reaction. The bulk materials were washed through a swelling
and deswelling process (alternating between methylene chloride and methanol) and dried to ensure the
removal of unreacted components as confirmed by thermogravimetric analysis (TGA) (Figure S4.4.1). The
gel fractions of these materials were measured to be between 85 — 88 wt.% indicating a consistently high

conversion of the monomers across the different systems. To determine the processing conditions required
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Figure 4.2. Synthesis of a representative dynamic LC network from the reaction of LC monomers (1-R),
disulfide monomer (2), chain extenders (HDT and PDT), and crosslinker (PETMP).
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for the effective thermal processing of these materials into films, high temperature stress relaxation
experiments were carried out from 150 — 180 °C (Figure S4.2). The stress relaxation curves showed that
the materials did not dissipate the majority of its stress within an hour until exposed to a temperature of 180
°C. Using this high temperature to facilitate the disulfide exchange in conjunction with compression

molding led to the conditions (1 h, 180 °C, 4 tons) used to access polydomain LCE films.
4.3.2 Thermomechanical Characterization

To understand how the sterics of the mesogens’ aryl-substituent affects the thermal transitions of dynamic
LCEs, the series of materials (3-Me, 3-OMe, and 3-fBu) was first studied using differential scanning
calorimetry (DSC) to measure the 7, and the 71 of the materials (Figure S4.3A). As expected, the Tnp of
the materials decreased with an increase in the size of the substituent attached to the mesogen!’!! with 3-
Me, 3-OMe, and 3-rBu exhibiting 7ni’s of 105 °C, 77 °C, and 28 °C respectively as measured by the
location of the minima of the endotherms present in the DSC thermogram. Conversely, the T’s of the
materials, taken as the midpoint of the step in the DSC thermogram, increases with increasing aryl-
substituent size and were measured to be —14 °C, -1 °C, and 11 °C for 3-Me, 3-OMe, and 3-7Bu
respectively. The differences in the measured 7ni’s are in line with literature precedent and provides a

straightforward method for achieving a wide range of transition temperatures. !>

To determine how this modification impacts the mechanical properties of the dynamic LCEs,
thermomechanical characterization was performed using small angle oscillatory shear (SAOS) rheometry
(Figure S4.3B). For all measured samples, dynamic temperature ramps displayed three thermal transitions,
characteristic of LCE materials.l’" The first transition, which appears as a step in the storage modulus curve
and a peak in the tan(o) curve, is indicative of the glass transition temperature and occurs at —1 °C for 3-
Me, 12 °C for 3-OMe, and 19 °C for 3-rBu (in agreement with DSC measurements). The second transition

is indicated by a broader lower intensity peak in tan(d) that occurs around 45 °C for 3-Me and 3-OMe and
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Figure 4.3: A. Differential scanning calorimetry (DSC) thermograms of dynamic LCE materials; B. Small
angle oscillatory shear (SAOS) rheology dynamic temperature ramps of storage modulus (solid lines) and
tan(d) (dashed lines) for dynamic LCE materials

around 30 °C for 3-rBu (although convoluted by its proximity to 7,) and corresponds to the dynamic soft
elastic behavior characteristic of LCE networks.[”® The third transition presents as a minimum in storage
modulus and a step in the tan(d) signal indicating the transition from the liquid crystalline to isotropic state.
Importantly, while the thermal transitions of these dynamic LCEs are different, the modulus of these
materials in both the glassy and isotropic states are similar, suggesting that the nature of mesogen does not

significantly impact the network properties beyond those directly corresponding to the thermal transitions.
4.3.3 Adhesive Testing

It is worth noting that under the conditions used for the SAOS rheology experiments, there is no evidence

of bulk flow in these dynamic LCE materials (Figure 4.3B) which indicates their robustness at shorter
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timescales (1 Hz) even at temperatures where the disulfide typically shows significant cleavage (T > 150
°C) in polymer networks.[?63%4%1 While it has been demonstrated that dynamic covalent bonds contribute to
the network relaxation of dynamic LCE materials at longer timescales (~ 1 h) in general,**77-7! this
modality has yet to be leveraged in the context of adhesive applications for dynamic LCEs particularly as
higher strength HMAs. To test the performance of dynamic LCEs as HMA materials, 5 mm diameter discs
of dynamic LCE were used to form two types of adhesive joints: one in a stud-pull geometry between two
aluminum I-bars and one in a lap-shear geometry between two rectangular aluminum fixtures (Figure
S4.4A-B). The surfaces of the aluminum fixtures were prepared via etching following a literature
preparation to clean the surface.[®”] These adhesive joints were held together with binder clips (25 N) and
heated for an hour to 180 °C. Upon cooling to room temperature, the set adhesive joints were loaded into
the clamps of a uniaxial tensile testing instrument and strained until failure to measure the adhesive strength
of the dynamic LCE HMA joints (Figure 4.4C). All three dynamic LCEs formed robust HMA adhesive
joints where the stud-pull tests for 3-Me, 3-OMe, and 3-fBu produced adhesive strengths of 2.5 £ 0.1 MPa,
2.9+ 0.2 MPa, and 3.1 = 0.4 MPa while lap-shear tests produced adhesive strengths of 0.8 = 0.1 MPa, 1.4
+ 0.1 MPa, and 2.0 = 0.1 MPa respectively. The reduced strength seen in lap shear is explained by the
debonding stress perpendicular to loading stress inducing mesogen surface realignment that results in a
failure mode at the interface.’! Based on these adhesive strength values, it can be observed that materials
possessing bulkier mesogens and a higher 7, correlate with higher hot-melt adhesive strengths. Another
observation of note is that both geometries of adhesive joint for all materials tested resulted in adhesive
failure (Figure 4.4D, Figure S4.3) indicating a higher cohesive strength of the material when compared to
the interfacial strength of the joint. Overall, these materials performed impressively in an HMA context
reaching adhesive strengths about one- third that of average commercial HMA materials (~3—4 MPa in
shear)®!! despite the fact that these materials do not achieve observable macroscopic flow at the
temperatures and timescales of application which is the typical mechanism by which HMAs wet a

surface.!®?! This surprising adhesive performance is attributed to the high-temperature processing conditions
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Figure 4.4: A. General schematic detailing the geometry of lap shear fixtures used in hot melt adhesive
(HMA) testing; B. General schematic detailing the geometry of stud pull fixtures used in HMA testing; C.
Comparison of HMA strengths between 3-Me, 3-OMe, and 3-fBu in both lap shear and stud pull
geometries; D. Representative images of stud pull hot melt joints after strength testing all demonstrating
adhesive failure.

inducing both the high mobility of the polymer chains in the isotropic state and the active exchange of the

disulfide bond allowing stress relaxation within the network.

With the HMA properties measured, the PSA performance of these materials was evaluated using
cyclic probe-tack adhesion testing. It is important to note that this is not the first use of probe tack testing
to study the adhesive character of LCE materials as a number previous studies have investigated the effects
[48,49,51,52,60]

of debonding rate, contact time, and temperature on the adhesive force generated by LCE PSAs.

The mechanism for general PSA behavior is well-debated in the field with multiple theories as to the root
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cause of the phenomenon,?”! a recent study by Guo et al.l’!l puts forward a mechanism by which LCEs
exhibit robust PSA character through both their anomalously high viscoelastic dissipation and the local
director rotation brought on by the of application of a compressive stress in forming an adhesive bond. Guo
et al. further propose that debonding in lap shear LCE specimens imposes alignment of the mesogens at the
adhesive interface in the same direction as the debonding event.>!l If this is correct then it stands to reason
that repeated cycling of an LCE adhesive in a probe-tack geometry could increase the amount of imposed

alignment and hypothetically produce an enhanced adhesive response.

To test this hypothesis, cyclic probe-tack test experiments were carried out on a shear rheometer
setup. Samples were prepared by punching 10 mm diameter discs from dynamic LCE films and heating
them through their 7ni’s to remove any temporary deformation resulting from the punching process. The
samples were mounted in the center of a stainless-steel lower rheometer geometry (25 mm diameter circular
plate) with double sided tape. For a single representative probe-tack cycle, the top plate (8§ mm diameter
circular plate) was brought into contact with the dynamic LCE disc at room temperature at a constant axial
force (0.1 N, 1 N, or 10 N) for 60 s after which the top plate was removed from the disc at a rate of 0.1 mm
s”! (Figure 4.5A). This contact and removal process was repeated for a total of 25 cycles to determine the
effect of repeated cycling on the adhesive force generated by the dynamic LCEs. The resulting force curves
were then analyzed to determine the peak force of each cycle (Figure 4.5B), defined as the maximum force
attained over the course of the cycle. The pull-off peak force was then analyzed as a function of cycle

number to determine how repeated adhesion and debonding affected the performance of the adhesive.

Remarkably, rather than deteriorating or remaining constant as is typically expected of conventional
PSA materials, the pull off strength was found to increase with cycle number for all materials and load
forces (Fload) tested (Figure 4.6, Figure S4.5-S6). This mechanically induced cyclic enhancement presents

as a predictable monotonic response suggesting that it would be possible to “train-in” a desired adhesive
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Figure 4.5: A. General schematic detailing the process of cyclic tack experiments performed on a shear
rheometry setup; B. A representative force curve for a single probe tack cycle indicating the peak force
value utilized in the analysis of cyclic experiments.

response with an appropriate mechanical input. Another observation of note is that decreases in 7w result
in increased adhesive performance with 3-zBu consistently having the largest pull-off strengths for a given
applied load while 3-Me had the lowest across the three load forces tested. As has been shown for non-
dynamic LCEs,*"! increased force applied to the dynamic LCE also resulted in increased pull off strength
proportional to the applied load force which is demonstrative of the pressure-tunable adhesive behavior

(Figure 4.6).1!

To rule out wetting effects stemming from a change in the surface roughness of the dynamic LCE
potentially conforming to the surface of the probe tack geometry, profilometry measurements (Figure 4.3)
were performed on a representative material (3-fBu) where increasing numbers of cycles had been
performed on it. While cycling produces a significant drop from the initial roughness of the material, the
roughness values are within error across 25 cycles and overall remain higher than the roughness of the probe

itself. As temperature has been previously shown to have a large effect on the general PSA behavior of
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LCEs, a temperature series was performed on a single material system (3-fBu, 1 N load) at T < T, (-10
°C), T> T (50 °C), and Ty < T < Tni1 (22 °C) (Figure 4.6) to determine how the trainability of adhesion in
dynamic LCEs responds to changes in temperature. At 22 °C, 3-fBu is in its nematic state and demonstrates
the cyclic enhancement as was seen previously. At 50 °C when 3-7Bu is isotropic, both the adhesive
response and the enhancement effect are significantly suppressed. As expected of the material at —10 °C,
the glassy 3-rBu exhibits no adhesive behavior. These temperature studies are consistent with the LC phase
being responsible for the enhancement effect that is observed in these materials. As these LCEs also contain
disulfide bonds it was interest to explore their contribution to the adhesive quality of the material system.

To probe this, in addition to the dynamic LCE 3-7Bu, similar networks that contained mesogens and no
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Figure 4.6: (top) Probe tack cycling data from experiments demonstrating the effect of the bulk of the
mesogen used (3-Bu, 3-OMe, and 3-Me) on the cyclic enhancement effect; (middle) Probe tack cycling
data from experiments demonstrating the effect of variation in applied load on the cyclic enhancement
effect; (bottom) Probe tack cycling data from experiments demonstrating the effect of variation in
temperature on the cyclic enhancement effect.
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disulfide (3-mesogenic, Fig S7A) or dynamic disulfides and no mesogens (3-dynamic, Fig S7B) were
synthesized (full synthetic details available in SI). For 3-mesogenic, the dynamic monomer (2) was
swapped out with a nondynamic analogue (2N) of similar chemical structure where the disulfide was
replaced with a carbon-carbon bond (Figure S4.6B). In the case of 3-dynamic, the composition was
identical to that of 3-rfBu except for the use of PDT as the sole chain extender which results in a depression
of the 7Tni below room temperature effectively removing the nematic character of the material for room
temperature probe tack testing (Figure S4.6C). Cyclic probe tack tests on 3-fBu, 3-mesogenic and 3-
dynamic (Figure S4.7) were performed following the procedure previously outlined. Of the three materials,
3-dynamic had the lowest relative performance in terms of both force output and rate of enhancement
which is in line with the hypothesized importance of nematic character to the training effect. 3-mesogenic
fared better in both cases demonstrating noticeable enhancement with cycling in addition to an improved
force of adhesion. However, it is interesting to note that when both functionalities are incorporated into a
single material, a synergistic effect is observed resulting in a further improvement of adhesive character.
This suggests that both the nematic character and dynamic bonds play a role in the PSA behavior exhibited

by these materials.

All the studies above utilized polydomain LCEs films as the adhesive. If mesogen orientation is
important in the adhesive properties of the LCE then it could be expected that monodomain films should
exhibit very different adhesion characteristics. To this end stress relaxation experiments and cyclic probe
tack tests were performed on both polydomain and monodomain 3-zBu films. Polydomain films were used
as initially processed while the formation of a monodomain film of 3-rBu was achieved through a
programming process where the film was strained to alignment and then exposed to UV-light to induce
network rearrangement (Figure S4.8). This process locked in the alignment similar to what has been
reported previously in the literature,!®¥ and the resulting adhesive films have the mesogens aligned parallel

to the substrate. In addition, given the relatively low 71 (~50 °C) it is possible to explore the isotropic 3-
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tBu film by slightly raising the temperature during testing to 50 °C. Each of the samples were then tested
via shear stress relaxation (3% strain, 1 h) to determine the relative dissipative character of these three
differently oriented materials (Figure 4.7A). After 60 s, the polydomain, monodomain, and isotropic
materials had relaxed 91%, 89%, and 59% of their initial stress respectively confirming the importance of
the liquid crystalline character as a relaxation mode in these materials. Subsequent tack testing (Figure
4.7B) yields results that follow a similar trend where the polydomain sample has the best adhesive
performance followed by the monodomain and isotropic sample respectively. An observation of note is that
while the trend is similar between the stress relaxation and probe tack data, the difference in adhesive quality

between the polydomain and monodomain samples does not appear to be fully explained by the few percent
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Figure 4.7: A. Shear stress relaxation experiments on 3-fBu under different orientations of the liquid
crystalline; B. Probe tack cycling data from experiments demonstrating the effect of mesogen orientation
polydomain and monodomain @ r.t. and isotropic @ 50 °C).
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difference in their bulk stress relaxation values which suggests there may be additional mesogenic
contributions beyond the dissipative character captured by these experiments that factor into the mechanism
of adhesion for this system. As a means of further exploring the adhesive behavior of these dynamic LCEs,
a series of rheological frequency studies were conducted to compare the samples against benchmarks for
PSA character commonly employed in non-LC adhesives. Frequency sweeps from 0.01 to 100 rad s™! were
performed at temperatures near the desired operating temperature for the material of 22 °C (22 °C, 25 °C,
35 °C, and 45 °C). By applying the time-temperature superposition principle and the WLF fit, a master
curve for each material was created from the frequency data (Figure 4.8A). Based on the generated master
curves it is generally possible to predict the potential for PSA behavior of a polymeric material using two
commonly employed metrics: the Dahlquist criterion and the Chang viscoelastic window (VW).[8485] The
Dahlquist criterion states that there exists, for a given material at its operating temperature, a critical storage
modulus (3 x 10° Paat 1.0 rad s™!) above which materials lose a significant amount of tack rendering themnot

(841 The application of this metric to the master curves displayed in Figure 4.8A

useful as PSA materials.
would suggest that all of the dynamic LCEs materials that were studied herein should possess poor PSA
character as their storage moduli lie above the 3 x 10° Pa threshold despite what literature precedent has
shown for nondynamic LCEs previously. As a further benchmark of the adhesive performance of these
materials, the master curves can also be used to produce VWs for determining PSA character (see SI for
full details). Based on the VWs formed for the dynamic LCEs (Figure 4.8B), all three materials overlap
with the high shear PSA regime characterized by high G’ and G". Interestingly, while the size of the LCE’s
viscoelastic window increases with increasing steric bulk of the mesogen’s substituent the fraction of
overlap with the traditional viscoelastic window decreases, suggesting that increasing the steric bulk of the
mesogens should result in poorer adhesive properties. While the Dahlquist criterion and VW techniques are

often reliably employed as measures of the PSA quality of a given material, their application to these LCE

materials gives a counterintuitive result in this work. As such these traditional benchmarking techniques

117



10 _§ v —
10° 3

: R— AL e R
1 "-V::.’.ﬁ.f' I 3x105Pa |

10" 3 o8

Dahlquist
Criterion

Storage/Loss Modulus G'/G" (Pa) >
(:d
=
(1]
@
o]
o
]
a
[ ]
[ |

4 P 1rads?

10 _I R, IR I | """"ll LR G ] "_
10* 10° 10% 10" 10° 10" 10°

Angular Frequency (rad/s)

107 3 E

©

3-tBu~—y

3-OMe,

3-Me \._
6 : \Q [
° _ i | [ 4 —

J
10" 3 3

4| Non-PsA High shear PSA E
1| Removable PSA Cold temp PSA

10° 3

Storage Modulus G’ (Pa)

10 _I T ALY | REREL AL | T T """'I—

10° 10 10°  10®° 10 10°

Loss Modulus G" (Pa)
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function of angular frequency for dynamic LCE materials with dashed lines to indicate the Dahlquist
criterion (1 rad s and 3 x 10° Pa); B. Viscoelastic windows of dynamic LCE materials plotted against the
conventional viscoelastic window (103 — 10% in storage and loss modulus).

may not be generally appropriate for LCE materials as they do not directly account for the complex
dissipative modalities stemming from the materials’ mesogenic character. Asa demonstration of the control
that can be attained over the mechanical as both sets of benchmarking results contradict the existence of
observed PSA behavior in LCE materials trainability of PSA character for the dynamic LCEs through
applied force and temperature, sequential cycling experiments were carried out to determine the robustness
of the cycling effect as it is erased and reengaged under different sets of conditions (Figure 4.9). Sequential
cycling experiments were conducted in a similar fashion to the previous cycling tests at ambient conditions

with the caveat that multiple sets of cycles at two alternating loading forces (Fioad = 1 N or 0.1 N) were run
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Figure 4.9: Multi-set experiment demonstrating the robustness of the cyclic enhancement of the PSA character of
dynamic LCEs. Sets of 25 cycles were performed in series on a single sample of 3-tBu with a thermal clearing above
the Tni in between sets demonstrating a recovery in performance that is proportional to the applied load.

in series on a single sample with a heating step (T > 7ni1) in between each set to reset mesogen alignments
that were mechanically induced by the compressive stresses applied to the dynamic LCE. As shown in
Figure 4.6C heating above the 7Tni allows for disruption of the LC interactions required for cyclic
enhancement which implies that the adhesive behavior of a given material can be (re)trained for a different

response under a new set of conditions

4.4 Conclusions

Dynamic LCEs comprised of mesogenic monomers with differing packing stabilities (1-R), a disulfide
containing monomer (2), and di- and tetra-functional thiol components were shown to exhibit trainable
stimuli-responsive MSA behavior. By activating dynamic disulfide bond exchange reactions in the bulk it
is possible to induce network rearrangements that enable these materials to perform in a higher strength
HMA context. Furthermore, despite what their viscoelastic behavior at room temperature would suggest
via the Dahlquist criterion and viscoelastic windows, cyclic tack tests demonstrated that the dynamic LCEs
were able to perform as robust PSAs with properties that can be (re)trained as a function of mechanical
cycling and thermal clearing. This behavior is believed to be a result of engagement of the additional

rotational mesogenic modes inherent to the polydomain liquid crystal phase present in LCE networks.
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Additionally, varying the mesogens’ structure has a pronounced effect on the adhesive properties, with

LCEs with lower packing stabilities leading to improved PSA and HMA characteristics. As such, utilization

of the relationships elucidated in this work between mesogenic character, dynamic bonds, and their effects

on adhesion can be leveraged toward the development of the next generation of stimuli-responsive MSA

materials.

4.5 Materials and Methods

4.5.1 Materials

Potassium carbonate was purchased from Fisher Scientific. 5-Bromo-1-pentene was purchased from

Combi-Blocks. All other chemicals were purchased from Millipore-Sigma and were used as received unless

noted otherwise. All solvents were purchased from Fisher Scientific and were used as received unless noted

otherwise.

4.5.2 Methods

Synthesis of 4'-(Pent-1-enyloxy)benzoic acid

o 1) K,CO,, NMP, 110 °C, 16 h
WBI’ + O/ —

HO 2.1) KOH, H,0, reflux, 16 h
2.2) H,50,

/©)J\OH
WO

4'-(Pent-1-enyloxy)benzoic acid was synthesized using a modified version of previously published

procedures.?! 5-bromo-1-pentene (50 g, 0.336 mol, 1 eq), methyl-4-hyroxybenzoate (52.145 g, 0.342 mol,

1.02 eq), potassium carbonate (50.172 g, 0.362 mol, 1.08 eq) were all added to a flask containing N-methyl-

2-pyrrolidone (150 mL, 3 vol). The flask was equipped with a condenser, and the reaction mixture was

heated to 80°C while stirring. After observing an exotherm in the form of vigorous bubbling the temperature

was raised to 110°C where the reaction was allowed to proceed for 16 h. The reaction mixture was then

cooled to room temperature and added to a separatory funnel with toluene (300 mL) and water (100 mL).
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The organic layer was washed three times with water whereafter the solvent was removed under vacuum.
To the resulting oil was added 300 mL of 10 wt% aqueous potassium hydroxide solution. The reaction
mixture was then heated to 110 °C and allowed to proceed for 16 h with stirring. After cooling to room
temperature, the reaction mixture was extracted with ethyl ether (50 mL) three times. The aqueous layer
was then diluted with water to a volume of 2 L while stirring whereupon concentrated sulfuric acid (25 mL)
was added to adjust the solution to a pH of about 2. As the sulfuric acid is added, white solid began to
precipitate from solution until the reaction mixture became a slurry that was difficult to stir magnetically.
The solid was filtered from the aqueous solution using a Buchner funnel and recrystallized three times in
hot ethanol yielding white crystals. (61 g, 88% yield) 'H NMR (400 MHz, CDCl3) & 8.16 — 7.97 (m, 2H),
7.00 — 6.88 (m, 2H), 5.98 — 5.74 (m, 1H), 5.17 — 4.94 (m, 2H), 4.04 (t, ] = 6.4 Hz, 2H), 2.25 (qd, ] = 7.4,

1.4 Hz, 2H), 2.03 — 1.82 (m, 2H).

Synthesis of liquid crystal monomer (1-R)

OM
Q DCC, DMAP, pTsOH, DCM 5 o
—
@AOH * HO OH . 0
N 22°C, 16h o 0
X0

Liquid crystal monomer (1) was prepared using a previously reported procedure.’! 4'-(Pent-1-
enyloxy)benzoic acid (24.3 g, 0.118 mol, 1.95 eq), an R-substituted hydroquinone (~7.5 g, 0.060 mol, 1
eq), dicyclohexylcarbodiimide (28.692g, 0.139 mol, 2.4 eq), 4-dimethylaminopyridine (14.050g, 0.115
mol, 1.9 eq), and p-toluenesulfonic acid monohydrate (21.875 g, 0.115 mol, 1.9 eq) were added to a flask
containing 400 mL of dichloromethane. The reaction mixture was stirred at room temperature (22 °C) for
16 hours. A solid white urea byproduct was then filtered out of the reaction mixture, and the solvent was
then removed from the filtrate under vacuum. The remaining solid was then recrystallized three times in

hot ethanol to afford white powdery crystals. (44.25 g, 75% yield) 'H NMR (400 MHz, CDCl3) § 8.29 —
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8.04 (m, 4H), 7.22 — 7.04 (m, 3H), 7.04 — 6.92 (m, 4H), 5.96 — 5.77 (m, 2H), 5.17 — 4.97 (m, 4H), 4.07 (td,

J=6.4,2.0 Hz, 4H), 2.35 — 2.20 (m, 7H), 2.01 — 1.87 (m, 4H).

Synthesis of dynamic monomer (2)

HO)OJ\/\S’S\/\[O]/OH # " on % \/\of’\/\s/s\/\gzo\/\
Dynamic monomer (2) was prepared using a modified version of a previously reported procedure.*! 3,3'-
Dithiodipropionic acid (10 g, 0.048 mol, 1 eq), allyl alcohol (6.911 g, 0.119 mol, 2.5 eq), and p-
toluenesulfonic acid (0.913 g, 0.005 mol, 0.1 eq) were added to a flask containing 200 mL of toluene. The
flask was equipped with a Dean-Stark apparatus, and the reaction mixture was stirred under reflux for 16
h. Upon cooling to room temperature, the reaction mixture was transferred to a separatory funnel and
washed with an aqueous solution saturated with sodium bicarbonate three times and then water three times.
The organic layer was isolated and had the solvent removed from it under vacuum. The resulting product
was a yellow oil. (12.824 g, 92% yield) '"H NMR (400 MHz, CDCI3) § 5.92 (ddt, J = 17.1, 10.4, 5.8 Hz,
2H), 5.40 — 5.20 (m, 4H), 4.61 (dt, J = 5.8, 1.4 Hz, 4H), 2.94 (td, ] = 7.2, 0.7 Hz, 4H), 2.77 (td, ] = 7.1, 0.7

Hz, 4H).
Synthesis of covalent monomer (2N)

o pTsOH, toluene o]

H O)I\/\/\/\”/OH + \/\OH — AN OJK/\/\/\H/O\/\
reflux, 16 h

O (o]

Nondynamic monomer (2N) was prepared using a modified version of a previously reported procedure.*!
Suberic acid (10 g, 0.057 mol, 1 eq), allyl alcohol (8.305 g, 0.143 mol, 2.5 eq), and p-toluenesulfonic acid
(1.141 g, 0.006 mol, 0.1 eq) were added to a flask containing 200 mL of toluene. The flask was equipped
with a Dean-Stark apparatus, and the reaction mixture was stirred under reflux for 16 h. Upon cooling to

room temperature, the reaction mixture was transferred to a separatory funnel and washed with an aqueous
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solution saturated with sodium bicarbonate three times and then water three times. The organic layer was
isolated and had the solvent removed from it under vacuum. The resulting product was a yellow oil. (12.322
g, 85% yield) '"H NMR (400 MHz, CDCl3) § 5.92 (ddt, J = 17.2, 10.4, 5.7 Hz, 2H), 5.37 — 5.15 (m, 4H),

4.57 (dt,J=5.8, 1.4 Hz, 4H), 2.33 (t,J = 7.5 Hz, 4H), 1.73 — 1.54 (m, 4H), 1.43 — 1.28 (m, 4H).
Preparation of dynamic LCE networks (3-tBu, 3-OMe, 3-Me)

Dynamic LCE networks were prepared as follows utilizing a 1:1 ratio of thiol:alkene to ensure a
stoichiometric number of functionalities. For example, synthesis of 3-fBu with a target molecular weight
between crosslinks of 5,000 g/mol consisted of adding 1-fBu (2.032 g, 0.004 mol), HDT (0.282 g, 0.002
mol), PDT (0.342 g, 0.002 mol), 2 (0.363 g, 0.002 mol), PETMP (0.301 g, 0.0006 mol), and a catalytic
amount of the thermal radical initiator azobisisobutyronitrile (AIBN) (0.049 g, 0.0003 mol) to a vial
containing toluene (4 mL). The reaction mixture was thoroughly mixed and sonicated until all components
were well dissolved in solution. The vial containing the reaction mixture was then heated to 100 °C for 16

h to initiate the polymerization and form a solid LCE plug.
Preparation of covalent LCE network (3-mesogenic)

Nondynamic LCE network (3-mesogenic) was prepared as follows utilizing a 1:1 ratio of thiol:alkene to
ensure a stoichiometric number of functionalities. Synthesis of 3-mesogenic consisted of adding 1-rBu
(2.032 g, 0.00 mol), HDT (0.283 g, 0.002 mol), PDT (0.343 g, 0.002 mol), 2N (0.317 g, 0.001 mol),
PETMP (0.415 g, 0.002 mol), and a catalytic amount of photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA) (0.092 g, 0.0004 mol) to a vial containing tetrahydrofuran (4 mL). The
reaction mixture was thoroughly mixed and sonicated until all components were well dissolved in solution.
The reaction mixture was then transferred to a Teflon dish where it was exposed to UV light (320-390 nm,

2 x 30's, 50 mW cm™) to initiate the polymerization and form a solid LCE film.
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Preparation of amorphous network (3-dynamic)

Amorphous network (3-dynamic) was prepared as follows utilizing a 1:1 ratio of thiol:alkene to ensure a
stoichiometric number of functionalities. Synthesis of 3-dynamic consisted of adding 1 (2.033 g, 0.004
mol), PDT (0.679 g, 0.004 mol), 2 (0.363 g, 0.001 mol), PETMP (0.312 g, 0.0006 mol), and a catalytic
amount of the thermal radical initiator azobisisobutyronitrile (AIBN) (0.049 g, 0.0003 mol) to a vial
containing toluene (4 mL). The reaction mixture was thoroughly mixed and sonicated until all components
were well dissolved in solution. The vial containing the reaction mixture was then heated to 100 °C for 16

h to initiate the polymerization and form a solid LCE plug.

Processing of dynamic LCE networks

Freshly cured dynamic LCE networks were cut into pieces and swelled in methylene chloride and deswelled
in methanol three times each. The washed LCE pieces were then dried under vacuum at 60 °C for 16 h.
Teflon with a thickness of 0.5 mm was cut into 5 cm x 5 cm square molds and used to set the thickness of
the LCE films. Pieces of the washed and dried LCE were then thermally processed in the molds to make
uniform films using a hot melt press at 180 °C for 1 h under 4 tons of pressure. The as-pressed films were

then used as is for subsequent characterization.

Processing of nondynamic LCE network

Freshly cured nondynamic LCE network was washed by allowing the as-cured film to swell in a gently
stirring mixture of tetrahydrofuran and methanol that was changed once every hour for 6 hours. The film
was then dried in a vacuum oven at 60 °C under vacuum for 16 h. The washed and dried film was then used

for subsequent characterization.

4.5.3 Instrumentation

All nuclear magnetic resonance (NMR) spectra were collected on a Bruker Avance III HD nanobay 400

MHz spectrometer.
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All differential scanning calorimetry (DSC) thermograms were collected on a TA Instruments Discovery
2500 differential scanning calorimeter. Experiments were run following a (22/200/-90/200) ramp using

heating and cooling rates of 10 °C min™'. All curves shown are from the second heating.

All shear mechanical testing including dynamic temperature ramps and stress relaxation data were collected
on TA Instruments ARES-G2 shear rheometer. Shear rheology experiments were performed on using a

disk-shaped sample. (diameter = 8 mm, thickness = 0.43 mm)

All tensile mechanical testing of stud-pull and lap-shear adhesive joints were collected on a Zwick-Roell
zwickiLine Z0.5 materials testing instrument. Tensile tests were performed on at 22 °C at a strain rate of 5

mm min~' until failure.

All cyclic probe-tack testing was performed on a TA Instruments ARES-G2 shear rheometer. Probe-tack
experiments were performed using a circular stainless-steel geometry (diameter = 8 mm) pressed into disk-
shaped samples (diameter = 10 mm, thickness = 0.43 mm) affixed to the lower geometry with double sided

tape.

All profilometry experiments were performed with a Bruker Dektak XT Stylus Profilometer. The system
was equipped with a 12.5 um radius tip and an applied stylus force of 3 mg was employed. Height profiles
were collected across a 6000 um scan over a duration of 30 s and an average roughness was calculated via

the default software setup.

All wide-angle x-ray scattering (WAXS) data were collected on a SAXSLAB GANESHA 300XL utilizing
a Cu Ka source (A=0.154 nm) at a voltage and power of 40 kV and 40 mA, respectively. Films were affixed

to a stage with Kapton tape and shot directly and measured for 5 min at q = 0.05 — 0.25.
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4.6 Supporting Information
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Figure S4.1: Thermogravimetric analysis (TGA) curves of 3-Me, 3-OMe, and 3-rBu indicating an onset
of degradation for all three materials studied around 300°C.
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Figure S4.2: Stress relaxation of 3-Me, 3-OMe, and 3-fBu as a function of temperature demonstrating a
lack of influence of LC domain stability on stress relaxation performed at temperatures above 7xi
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Figure S4.3: Representative images of lap shear hot melt joints after strength testing all demonstrating
adhesive failure.
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Figure S4.4: Average roughness values as a function of adhesive cycle number performed on films of 3-
fBu compared to the average measured roughness of the tack geometry (grey bar).
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Figure S4.5: Probe tack cycling data from experiments demonstrating the effect of the bulk of the

mesogen used (3-tBu, 3-OMe, and 3-Me) on the cyclic enhancement effect load forces of A. 0.1N; and B.
10N
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Figure S4.6: A. Synthetic composition of 3-mesogenic; B. Synthetic composition of 3-dynamic;and C.
Shear rheology dynamic temperature ramps of storage modulus (solid lines) and tan(8) (dashed lines) for
dynamic LCE materials
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Figure S4.7: Probe tack cycling data from experiments demonstrating the effect of functionality used (3-
tBu, 3-mesogenic, and 3-dynamic) on the cyclic enhancement effect
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Figure S4.8: Wide angle x-ray scattering experiments quantifying the amount of alignment in 3-fBu in a
A. polydomain state and B. monodomain state.
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CHAPTER 5
SUMMARY AND OUTLOOK

5.1 Summary

As polymer scientists gain a more complete understanding of the mechanisms that govern
fundamental polymer phenomena, it becomes more straightforward to effectively engineer these
concepts into the next generation of functional materials. By incorporating multiple active
modalities into individual polymeric materials, the potential appears for classes of materials with
large property profiles whose useful lifetimes can be extended by their widened application scope.
The work in this thesis builds upon this paradigm by studying the design of adaptive polymeric
materials with multiple levels of action through the incorporation of multiple independently

accessible stimuli-responsive moieties.

While there are many dynamic bond-containing liquid crystal elastomers (LCEs) that have
been studied to date, there is a host of understanding that still needs to be developed about the
interactions that these different moieties have with one another and how to best leverage them
toward materials with useful properties. As such, these materials serve as an effective platform for
studying multiple stimuli-responsive moieties within the context of a single polymeric material.
The first aim of this work was to develop systems that allowed for the systematic study of dynamic
bond placement to better understand how molecular control over dynamic topology relative to the
molecular network architecture of the material translates to the tailorability of the bulk properties
of the material. The second aim studied herein demonstrated that the incorporation of physical
crosslinking  through phase-separation into LC polymers (despite using labile

metallosupramolecular interactions) was able to produce robust functional materials capable of
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acting as adhesives with different levels of performance. The final aim of this work looked to
modify the strength of the LC interactions themselves and determine how mechanical
perturbations of these materials could produce adaptive training responses that could be imparted

and erased solely through thermal manipulation of the LC phase.

5.2 Outlook

One obstacle to overcome with the widespread adoption of next-generation LC polymers, even in
performance applications, is the cost. LC building blocks are significantly more expensive and
intensive to produce than the monomers currently isolated and used in the production of today’s
commodity polymers. Further advancements in the development of cheaper feedstocks for LC
materials or utilizing systems that can incorporate LC units at lower loadings while retaining their
desirable properties could be promising alternatives to make this class of materials more viable.
Further study of materials that combine LC interactions with other morphological features like
phase separation or spontaneous self-assembly could also be a route for producing materials with
novel sets of properties. Incorporating dynamic linkages into LC materials that can be switched on
and off while maintaining material cohesion to allow for the reorganization of polymer strands into
different morphologies is one potential avenue for the selective modulation of bulk properties. By
furthering the study of LC polymers through the incorporation of additional stimuli-responsive
moieties, this utility of this class of materials will only continue to grow into new and exciting

application areas.
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