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Abstract

The implementation of dynamic chemistries into polymeric materials has led the way
towards the development of functional materials that express a multitude of targeted responses.
The use of dynamic covalent chemistries as well as mechanical bonds have shown great potential
in the rapidly growing field of stimuli-responsive polymer materials. This dissertation will focus
on moving towards tunable, functional polymer networks based on two different binding motifs:
the dynamic thia-Michael addition and the doubly-threaded [3]-rotaxane. Although there is a great
deal of dynamic covalent chemistries currently in use for functional materials, the thia-Michael
addition reaction has only recently begun to be explored as a reversible bond in polymeric
materials. Of particular interest is the benzalcyanoacetate Michael acceptor that undergoes
dynamic exchange with thiols under ambient conditions. By mindfully adjusting the chemical
composition of the Michael acceptor, it is possible to tune the chemical equilibrium of the thia-
Michael reaction and hierarchically program thermomechanical and morphological properties of
thia-Michael networks. The dynamic, phase separated films exhibit a range of functionalities
including shape memory response and adhesive applications. Similarly, the development of an
interlocked binding structure for crosslinked materials will lead to a host of unexplored responsive
properties. Utilizing a metal-templated approach to target an interlocked [3]-rotaxane, progress

towards the development of slide-ring gel materials will be described.
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1 Multi-stimuli, multi-responsive polymer materials

“ This chapter was adapted from: Herbert, K. M.; Schrettl, S.; Rowan, S. J.; Weder, C. Solid-state

multi-stimuli, multi-responsive polymeric materials. Macromolecules 2017, 50, 8845-8870.
1.1 Introduction

50 years ago, the field of polymer science had emerged from its youth and was growing
rapidly. Critical advancements were being made in the synthesis of polymers, the furthering of the
understanding of the physics of macromolecules and the structure-property relationships of
polymeric materials, as well as in the development of new techniques to probe the properties of
these emerging materials. A key objective during this time, when plastics were prominently
prophesied to have a great future,” was to design and develop polymers that maintain their
properties across a broad range of different environmental conditions and, in particular, offer high
stability over a large time-temperature space. These efforts led to the commercialization of many
long-lived, robust materials that had a tremendous influence in virtually all market segments that
impact our daily lives, including food packaging, automotive, and textiles industries. The inaugural
issue of Macromolecules is a beautiful testament of the research of the field at the time: seven of
the nineteen papers focused on either the synthesis of new thermally robust polymers! or featured
studies aimed at understanding and preventing thermo->* or photo-degradation®’ in such

materials. Much has changed in all aspects of polymer science in the intervening 50 years. One

“As prophesied, for example, by the actor Walter Brooke in his role as Mr. McGuire in the movie

“The Graduate” in 1967: “There is a great future in plastics.”
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important current area of research that has emerged during this time is the field of stimuli-
responsive polymers,®*! a subset of which is highlighted in this opening chapter. At first glance,
the fundamental idea of materials whose properties are designed to change in response to an
external stimulus appears like a 180-degree reversal when considering the goals of early polymer
research. However, robust performance in a large parameter space is also important for stimuli-
responsive polymers and ideally their property change occurs only in an intended, predictable, and
purposeful way upon exposure to a specific stimulus such as heat, light, chemicals, mechanical
force, and electric or magnetic fields. Prominent responses that have been demonstrated include
changes in mechanical properties, color, fluorescence, shape, or transport (electrical, thermal,
chemical) characteristics, and the list of functions that can be achieved only keeps growing. While
the term ‘stimuli-responsive polymer’ had been used in a few instances in the mid to late 1980°s,
the expression only gained significant popularity in the scientific literature in the 1990’s.1214
Examples of what the community nowadays calls stimuli-responsive polymers did exist before,
but at the time, these materials were referred to as stimuli-sensitive polymers,'® environmentally-
responsive'® or environmentally-sensitive polymers,*’ stimuli-reversible polymers,*® or polymers
with phase transitions.®2°

The term phase transition harkens to one specific type of mechanism that can be employed
to induce a change in the properties of a polymer. There are several types of phase transitions that
have been used over the years to impart polymers with stimuli-responsive behavior, including the
obvious melting/crystallization and glass transition, as well as transitions involving a lower critical

solution temperature (LCST) or upper critical solution temperature (UCST), or liquid crystalline
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transition/clearing points. For polymers that display an LCST and/or UCST, the temperature-
controlled mixing/demixing of different phases in a solution can be exploited to access responsive
materials. Similar phase mixing/demixing behaviors can also be employed in the solid state, for
example in block copolymers or ionomers. The controlled breaking or formation of either non-
covalent (supramolecular) or covalent bonds is another general approach that can result in
pronounced changes of a polymer’s structure and consequently its physical properties.®1°
Controlled conformational or geometric changes (e.g. cis < trans) within a polymer chain
represent another mechanism that can lead to significant property changes. The formation of
(nano)composites comprised of a polymeric component and one (or more) filler(s) or the creation
of blends of different polymers opens the door to a wide range of additional effects that can be
exploited.?* In addition to any or all of the above mechanisms, the possibility to control interactions
between the different interfaces (e.g., polymer-filler, filler-filler, polymer-polymer) can serve to
alter the properties of these materials and it is also possible to harness effects that arise from the
spatial arrangement of filler particles, for example in photonic structures. Stimuli-responsive
composites can also be accessed through the use of one inherently stimuli-responsive component,
such as liquid-filled capsules that release their cargo when broken/degraded by a stimulus, while
the other component(s) impart other useful properties, for example mechanical stability.?

Much of the early work on stimuli-responsive polymers has been focused on materials that
(ideally) display one specific property change in response to one pre-defined stimulus.!%23-28 As
such, a wide range of single-stimulus, single-response materials have been developed. One key

challenge for this specific class of polymers is to find ways to render their responses highly specific
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such that a desired response is only triggered by one stimulus and that a given stimulus causes only
one defined response. Indeed, many responsive polymers exhibit some form of (undesired) multi-
responsiveness and some of the early examples of multi-stimuli, multi-responsive (MSMR)
materials were borne through some lack of specify. Of course, the idea of specifically designing
MSMR materials has gained significant traction in recent years. Indeed, if more than one
inherently stimuli-responsive component is employed, it is at least conceptually possible to create
multi-responsive polymers, i.e., materials that respond to different stimuli and/or offer different
responses. Somewhat akin to living systems, which have evolved to adapt and respond in complex
ways to (combinations of) different environmental cues, multi-responsive polymers can offer a
broad range of complex properties and functions. Depending on the design, it is also a priori
possible to mimic the operation of logic gates on the molecular level?® and transpose such
characteristics into macroscopic materials responses. As will be discussed later, there are many
examples of multi-responsive polymer systems in which one stimulus triggers two or more
(designed) responses, whereas more complex functions such as triggering two separate responses
in an orthogonal manner (i.e., with different stimuli), or materials that require two separate stimuli
to trigger an effect (i.e., an “and” function) have proven more difficult to realize. Recent
perspectives in the context of (semi)conducting conjugated polymers® also apply here, “ideas are
cheap, and making things work is the real challenge.” Nevertheless, the field has emerged to a
point where it is clear that the fundamental idea of creating materials that respond to different
stimuli in different ways offers the prospect of accessing completely new, emergent, functions.

Looking beyond the horizon (and putting for a moment the practical challenges associated with
4



the realization of increasingly complex architectures aside), multi-responsive polymers are well
poised to serve as the basis for an approach referred to as systems polymer science.

Much work has been devoted to the investigation of multi-responsive polymers in solutions
or gels,®** and a number of excellent recent reviews have summarized the related research
activities.®>?33+4 Multi-stimuli, multi-responsiveness is arguably more difficult to achieve in
solids, but this is the state of matter in which the vast majority of polymers are actually used. It
therefore stands to reason that this is also the domain in which complex response functions could
have the greatest significant impact. Examples of possibly useful materials that have recently been
realized include healable polymers in which shape-memory driven actuation leads to improved
healing*’ and nanocomposites that combine mechanical adaptation with a drug-release to suppress
inflammatory effects*® when used as biomedical implants.*®*® Multi-stimuli, multi-responsive
materials are also attractive in situations that necessitate limiting the weight of material that can
be carried, for example by a solider in the battle field, an astronaut on Mars, or simply a hiker in
the wilderness, if different functions, depending on the situational needs, are to be offered. In this
Perspective article, we sought to summarize the most important mechanisms used by researchers
in the field, highlight important developments, discuss examples that may provide at least a
glimpse of the potential (and also the challenges) of the general design approach, and outline some

potential new directions and opportunities for the next decade and beyond.

1.2 Stimuli-Responsive Materials — the Basic Mechanisms
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To set the scene, a brief summary of some of the most prominent stimuli-induced functions
that have been realized in solid polymeric materials over the years and the general concepts that
have been employed to access these functions is provided.

Healing and self-healing: One area that has attracted considerable interest in the last
decade is the creation of polymers that can be healed or which can heal autonomously.>>" In many
instances this was demonstrated by removing a scratch or other defect or by mending two broken
pieces, usually with the goal of restoring the material’s original mechanical properties, but the
approach is also applicable to reinstate other properties, e.g. transport (electrical, ions, thermal,
etc.), optical characteristics, and so on. Two conceptually different types of healing mechanisms
can be distinguished: those that require an external stimulus, such as heat or light (stimuli-
responsive healing), and those that offer autonomous healing (self-healing). As it has become
common practice to refer to materials based on either mechanism as “self-healing”, it is perhaps
worthwhile pointing out that in many scenarios where “self-healing” or “autonomous healing” is
touted, some form of external action or activation is required, such as bringing the two pieces in
contact with each other to allow healing or thermal activation. It is also important to realize that
some mechanisms which enable truly autonomously healing can limit the practical usefulness of
the resulting materials, for example, room temperature reversible dynamic bonds can result in
significant unwanted creep. There are four major mechanisms that have been used to access
healable materials, including (1) polymer flow, (2) dynamic/reversible bonds, (3) formation of

highly reactive species during damage, and (4) polymer embedded with “healing monomer” filled



microcapsules (Figure 1.1). The various approaches have their pros and cons with different

mechanisms being more useful for different applications.

Figure 1.1. Four common mechanisms used to create healable or self-healing polymeric solids:
polymer flow (blue), dynamic/reversible bonds (pink), formation of highly reactive species
(green), and monomer-filled capsules (amber).

Any linear polymer can in principle be healed by heating above its glass transition
temperature (Tg) or, in the case of semicrystalline polymers, melting temperature (Tm), for a
sufficient time.®® The main problem with this approach is that the healing efficiency depends on
the diffusion of high-molecular-weight species, which is slow at realistic/useful temperatures and

therefore limits the healing process. To circumvent this problem, dynamic (covalent or



supramolecular) bonds can be incorporated into a polymer backbone.'® This concept exploits the
fact that the weaker dynamic bonds will be preferentially broken (either during the damage process
or upon exposure to an external stimulus) to yield low-molecular-weight species, which in turn
can diffuse more easily/rapidly and lead to faster healing. The advantage of this approach is that
the original polymer structure is restored upon healing, which means that the original mechanical
properties can be fully reinstated and that the material can be healed repeatedly. However, the
addition of weaker/dynamic bonds generally affords materials that are mechanically less robust
than their covalently connected counterparts, and unless phase separation effects are exploited to
stabilize the dynamic bonds, creep is often an issue, as the dynamic bonds can also re-arrange
under normal mechanical load. Alternatively, there are two basic concepts in which the need for
diffusion of the polymer strands is omitted, both of which rely on the mechanical damage to
generate or release reactive species that are responsible for the healing. For example, if the
breaking of the polymer chain results in reactive (radical) species and within the material there are
radical “trapping sites”, then when one bond breaks and a new bond can be formed.> Another
approach is to use monomer-filled microcapsules that are embedded within a polymer.69-63 If the
microcapsule is broken during damage, the monomer is released and polymerized (either by a
catalyst embedded within the polymer or by exposure to air) to result in healing of the damage.
These latter two cases have the distinct advantage that the damage itself can be used as the stimulus
to trigger the healing, but the material after healing is not the same as the original matrix and

generally will not have exactly the same properties of the original, undamaged material.



Shape memory and shape changing: The design of polymers that have the ability to
change their shape in a controlled and predicable way has garnered a lot of attention in the last few
decades and there are a number of ways that this can be achieved. One of the most widely explored
effects in this area is that of shape memory, which is the ability of a material to be deformed into
a temporary fixed state and then recover its original shape upon application of a stimulus.54"
Polymers can be equipped with shape-memory characteristics by merging rubber elasticity, which
is generally introduced via cross-linking a low-Tg polymer by either physical or covalent means,
with a fixing element that can be switched by an external stimulus to enable (i.e., during
programming and recovery) or prevent (i.e., to fix/trap a temporary shape) elastic recovery.
Conceptually, the easiest way to think about this is that there are two different cross-linking units:
one cross-linker is permanent, while the other can be switched off during deformation and then
switched back on for fixing. The most widely used fixing elements are the glass transition of an
amorphous phase or the melting of crystalline domains. Shape memory materials based on such
mechanisms generally need to be heated above Ty or Tm, deformed, then cooled down to below Tg
or Tm before the stress is removed. Alternative fixing mechanisms have been devised to expand
the property profiles as well as the nature of the stimulus that can be used to trigger the shape
memory effect. For example, liquid crystal elastomers exhibit shape memory properties where the
liquid crystal clearing temperature (Tic-1) is used as the “fixing” transition.”>"® Materials based on
this framework are elastic in both states and the orientation of the mesogen impacts the overall

shape of the film, which allows extension/contraction actuation modes, in addition to bending or

twisting modes more commonly seen in the Tq or Tm-based systems. Dynamic/reversible cross-
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links (either supramolecular or covalent) represent another way to achieve fixing. One advantage
of reversible bonds is that they are often susceptible to stimuli other than heat, such as light or
chemicals, allowing access to photo- or chemo- shape memory materials, which is important in
the context of multi-stimuli, multi-responsive materials. Another concept is fabrication of
(nano)composites that consist of an elastic matrix and a filler that permits fixing the temporary
shape.” This can be achieved by either the formation/break-up of a mechanically reinforcing filler
network on account of changing the interactions among the individual filler particles or a phase

transition of the filler itself, which can be induced by a variety of stimuli.
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Shape Memory

Effect

Figure 1.2. Schematic representation of a generic shape memory process A-D with a depiction of
the corresponding rearrangements on the molecular level in the insets. Clockwise from the top, A)
a specimen in its permanent shape with hard domains (green) and permanent cross-links (red) on
the molecular level, B) a stimulus such as heat disrupts the hard domains and the network is held
together by the permanent cross-links, which allows for C) deformation of the sample causing
strain on the polymer network and D) fixation of the temporary shape by reformation of the hard
domains (after removal of the stimulus and force) that locks the network in the strained
configuration. Recovery is then triggered by an external stimulus that disrupts the hard domains
leading back to the original shape.

Color/Fluorescence Change: Polymers that have the ability to change their absorption
and/or fluorescence color upon exposure to a specific stimulus are a priori useful in a diverse range
of sensor applications; accordingly, examples of such chromogenic materials are abundant and

many different mechanisms for the design of stimuli-responsive (fluorescence) color changing
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polymers have been developed over the years.”>®° For example, the use of chemical binding to
specific motifs has proved popular in accessing chemo-sensing materials. Here, the binding of the
chemical analyte to a chromophore within the polymer results in a color or fluorescence change
(e.g. Figure 1.3A). Another general approach is the use of chromophores whose photophysical
properties can be switched upon exposing the polymer system to heat, light, or mechanical stress,
typically as a result of a (reversible) molecular rearrangement, or a change of the assembly state.
For example, the spiropyran moiety,2-®2 which can undergo a reversible ring-opening reaction to
a merocyanine form has proved popular, originally as a photochromic, and more recently as a
mechanochromic motif (Figure 1.3B). Another widely used family of compounds are
“aggregachromic” dyes (Figure 1.3C), whose absorption and/or emission characteristics change
upon aggregation or disassembly, on account of electronic interactions between the chromophores
and/or conformational changes of the dye molecules upon (dis)assembly.”®8 In the case of
fluorescent molecules, aggregation often leads to the formation of static excimers, which emit light
of lower energy (longer wavelength) than the solitary molecules. The introduction of non-
fluorescent and fluorescent aggregachromic dyes into polymeric matrices has been widely
exploited to access stimuli-responsive materials, notably compositions that change their optical
properties upon exposure to heat, chemicals, light, and other stimuli. Another prominent approach
to create color-changing polymer systems is based on the use of photonic crystals (PCs) (Figure
1.3D), i.e., structured materials with a spatially periodic variation of the dielectric permittivity with
a length-scale that is of the order of hundreds of nanometers. This architecture leads to a frequency

domain in which no radiation of the respective frequency can propagate (i.e., a photonic band gap)
12



and is therefore reflected. The optical characteristics of PCs depend primarily on the geometry of
the structure and the refractive indices of the components. To exhibit well-defined “structural”
colors, the periodic structures must be highly regular, which in the case of polymeric PCs is
feasible by using a range of techniques, including the assembly of block copolymers, the assembly
of spherical particles into colloidal crystals or “opals” and the preparation of the corresponding
inverse-opal structures, as well as the fabrication of multi-layered polymer films by sequential
spin-coating or continuous multi-layer co-extrusion. Polymer PCs display stimuli-induced color
changes if the stimulus causes either a change of the refractive index contrast between the
components or a variation of the dimensions of the periodic structure.®® This can be easily achieved
by exposure to heat (if the components have dissimilar thermal expansion coefficients), chemicals
(which preferable swell one of the components), mechanical force (if both components permit

deformation) and other stimuli.
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Figure 1.3. Examples of mechanisms that can be used to impart polymers with the ability to change
their (fluorescence) color upon exposure to a stimulus. A) Non-covalent chemical binding to a
chromophore. B) Change of a chromophore’s molecular structure. C) Change of the assembly state
of a chromophore. D) Change of the periodic arrangement in a photonic crystal.

Mechanical Property Change: A common objective of many stimuli-responsive
polymeric materials is to achieve a change of the mechanical properties as a response. This may
include a drop in stiffness as the polymer is heated above Ty or Tm, weakening of a cross-linked
network upon disengaging of (supramolecular or dynamic covalent) reversible bonds, or stiffening
a material, e.g., through chemical binding of a metal ion to ligands in the polymer backbone.
Mechanical property changes along a “normal” thermal transition are trivial and there are a

multitude of ways in which a stimulus can be used to impact them without the resulting response
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generally qualifying in the sense of a stimuli-responsive behavior. For example, the generally
observed increased mobility of polymer chains at elevated temperatures leads to a weakening of
the mechanical properties. However, as a rule, materials that exhibit this behavior alone would not
be termed thermo-responsive (although they qualify by the strictest definition of the term).
Likewise, the simple plasticization of a polymer film though exposure to a solvent would in and
of itself not necessitate the term chemo-responsive. However, as is exemplified in shape-memory
and healable polymers, such thermally (or chemically) induced transitions can play key
mechanistic roles in many stimuli-responsive materials.

On the other hand, supramolecular or dynamic covalent polymers, which can undergo
stimuli-induced depolymerization or decross-linking, will also exhibit a massive change of the
mechanical properties upon application of a stimulus. This mechanical response is generally
referred to as stimuli-responsive and has been used extensively to access stimuli-responsive
healing (as described above) and/or stimuli-responsive/rebondable adhesives.?*¢7#8 For example,
Balkenende et al. have reported the stimuli-responsive adhesive nature of hydrogen-bonded
supramolecular polymer networks utilizing the pyridine-isophthalic acid binding motif (Figure
1.4A) that exhibit thermoset-like properties.® Inspired by epoxy resins, they prepared two sets of
prepolymers based on bisphenol A diglycidyl ether and 5-aminoisophthalic acid with varying
concentrations of isophthalic acid groups. These prepolymers were mixed with different
difunctional pyridines in equimolar carboxylic acid to amine ratios (Figure 1.4B), furnishing a
series of glassy, hydrogen-bonded networks. The resulting supramolecular polymer networks

showed high room temperature storage moduli of up to 3.9 GPa, while heating the samples to
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temperatures above the T4 (103-132 °C, depending on the composition) sufficiently weakened the
supramolecular interactions and allowed for facile melt processing (Figure 1.4C). Lap joints with
stainless steel substrates were prepared by applying the supramolecular polymer to the substrate
at 150 °C. The cooled lap joints displayed shear strengths of up to 1.5 MPa, and, after failure,
heating to 150°C allowed for a rapid rebonding of the lap joints with complete recovery of the
mechanical properties. At the same time, the low melt viscosity of the supramolecular polymer

network provided for a means to thermally debond by heating the samples.
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Figure 1.4. A) Schematic of the reversible hydrogen-bonding motif utilized in the supramolecular
polymer networks based on B) isophthalic acid-terminated bisphenol A diglycidyl ether
prepolymers as supramolecular epoxy resins and different bipyridines. C) Heating of the rigid
materials furnishes viscous liquids for facile processing, or use as healable adhesives with facile
debond-on-demand properties. Adapted and reproduced with permission from ref 89. Copyright

2016 American Chemical Society.

There is a growing number of polymers that display stimuli-induced mechanical changes
and which have been shown to exhibit stimuli-induced healing or switching of adhesive properties,
but it is not always clear cut if the qualification as being “stimuli-responsive” is appropriate. For

example, most linear polymers can be “healed” if they are heated well above their T¢/Tm and left
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for long enough,®® but this behavior is usually not considered as stimuli-responsive. Similarly, hot
melt adhesives, which are simple thermoplastic polymers, are normally not classified as stimuli-
responsive materials, although they are rebondable and require heat as a stimulus to exhibit their
adhesion capabilities, like the supramolecular polymers discussed above. Does this mean then that
in order to consider something stimuli-responsive we require it to exhibit a behavior that goes
beyond the expected norm?

Multi-component materials: Conceptually, the easiest way to access multi-responsive
materials is to combine two responsive materials together, marrying response A with response B
and thereby creating a system where the response of both A and B are available. Thus, it makes
sense that the creation of polymer composites is a broadly useful design approach to create stimuli-
responsive materials.?-%-% Not only is there the possibility for additive responses, composites that
use non-polymeric fillers can be used to impart properties that are hard to obtain with just
polymers, e.g. enhanced electrical or thermal conductivity, and can lead to new classes of
functional materials that are not readily accessible by other means. The interfaces between the
different components create further opportunity to tailor the response of a material. For example,
in the case of a nanofiller embedded within a polymer matrix, it is known that both the filler-filler
and filler-matrix interactions play significant roles in determining the properties of the material. If
the nanofiller is conductive, for instance, the material’s conductivity could be altered depending
on the connectivity of the pathway defined by the filler-filler interactions. Thus, a stimulus that
changes the nature of these interactions can also result in a change in the properties of the materials.

For example, studies on the mechanical switching ability of the sea cucumber dermis have revealed
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that this responsive behavior (Figure 1.5) is related to the multicomponent architecture of the
collagenous tissue,®°® in which interactions between rigid collagen “filler” fibrils, which are
embedded in a viscoelastic matrix, are regulated by neurosecretory proteins. Inspired by this
biomodel it has subsequently been shown that cellulose nanocrystal composites also exhibit
mechanical switching upon exposure to water. In these materials, it is proposed that in the dry state
hydrogen bonding interactions between adjacent CNCs (and the CNC and matrix) play a role in
this reinforcing network, transferring mechanical stresses across the sample, and resulting in stiff
materials (Figure 1.5). However, once water diffuses into the nanocomposite, it competitively
hydrogen bonds to the CNC surfaces disrupting the stress-bearing CNC scaffold and softening the

nanocomposite.
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Figure 1.5. A) Images of a sea cucumber in its (top) rigid and (bottom) soft state. B) Schematic of
a nanocomposite model highlighting the disengagement of a fiber network with hydration as the
mechanism of softening of the material. C) Picture of a PVAc/cellulose nanofiber nanocomposite
in its (top) dry rigid state being pierced into jelly and in it (bottom) wet soft state demonstrating
its inability to pierce the jelly. Adapted and reproduced with permission from refs 94 and 96.
Copyright 2008 American Association for the Advancement of Science and 2008 Wiley-VCH.

Stimulus Transformations. A powerful tool in the development of multi-stimuli, multi-
responsive materials is the concept of transforming one stimulus into another. Several mechanisms
are known that are capable of converting an external stimulus (i.e. light, sound, electric or magnetic
field) into a different signal (i.e. heat) to elicit a response from the material.®”-1%2 One of the most
common examples is the photothermal effect or the ability to transform light into thermal
energy.19-1% While most polymers are not intrinsically responsive to light, adding materials that
generate heat in the presence of light, such as metallic nanoparticles or conjugated, light absorbing
compounds, creates a medium through which researchers can increase the temperature within the
system without directly exposing it to heat. Thus, the thermally responsive properties of the

polymer (i.e. Tg, Tm, TLc-1, reversible bonds) become accessible through exposure to light. Similar
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transformations can be achieved using other inputs that include, but are not limited to ultrasound,
magnetic fields, and electrical fields.

These illustrations highlight some of the range of mechanisms employed to evoke a variety
of responses from a material upon application of a defined external stimulus. When used in
combination with one another or when carefully tuned to elicit functionality beyond their standard
behavior, these mechanisms can give rise to multifunctional polymer materials that show more
than a single type of response to one or more external stimuli. To classify such materials, the
number of responses and stimuli seem appropriate denominators. Accordingly, the following
discussion focuses on selected representative materials that (1) show multiple responses to a single
stimulus, (2) show a single response to multiple stimuli, and (3) yield multiple different responses

upon exposure to different stimuli.

1.3  Single Stimulus, Multiple Responses

The first group of responsive polymers discussed here includes (increasingly complex)
examples of materials in which the same stimulus can elicit different responses, either
simultaneously or as a function of the exposure levels.

Perhaps the most prominent family of multi-responsive polymers are materials that involve
shape memory effects.%" In contrast to the “simple” two-way shape memory materials discussed
in the introductory section, which can be switched between a permanent and a temporary shape,
multi-responsive shape memory materials are designed to either access multiple shapes or to be

reprogrammable (Figure 1.6). As the name suggests, multi-shape memory materials display
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multiple, distinct shape changes that can, in many embodiments, be triggered by a single stimulus.
This allows for complex adaption of the materials’ shape into different temporary configurations,
and recovery back to the permanent shape. The key to achieving multiple shapes is the design of
systems that feature different types of responsive cross-links (physical and/or chemical), which
can be accessed individually and provide a means by which more than one temporary shape is

programmable.
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Figure 1.6. Schematic representation of shape changes in multi-responsive shape memory
polymers. The first permanent shape can be fixed into a second temporary shape via the application
of a stimulus and force followed by the removal of the stimulus, then the removal of the force. In
multi-shape memory materials, another strained shape can be programmed into the material and,
upon the application of a (different) stimulus, the entire process is reversible so that the original,
permanent shape can be restored. For reprogrammable materials, the second shape undergoes a
relaxation process that establishes the temporary shape as the new, stress-relaxed, permanent shape
into which other temporary shapes can be programmed.
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Very broad glass transitions lend themselves as fixing elements that allow for programming
multiple temporary shapes at different temperatures across the broad transition. Using this
approach, Nafion® (a commercially available copolymer based on tetrafluoroethylene and a
perfluorosulphonic acid monomer, Figure 1.7A) has been programmed with up to four distinct
temporary configurations.'® This copolymer, which is normally used for membranes on account
of its ion-transport properties, is characterized by two physically complex phase transitions: a very
broad glass transition at lower temperatures (60 °C < Tg < 150 °C, Figure 1.7B) and a transition
related to its physical ionic cross-links at higher temperatures (> 240 °C).1%-112 While the complex
morphology of these perfluorosulfonate ionomers remains a topic of debate, it is generally
accepted that the low-temperature transition corresponds to short-range segmental motion between
the physical (ionic) cross-links that are stable up to the higher temperature transition.*'! The latter
thus fixes the permanent shape, while heating above the lower transition (to 140 °C) allows a
temporary shape to be programmed with subsequent recovery at the same temperature.
Furthermore, the broad temperature range of this transition allows temporary shapes, with very
good fixing and recovery ratios, to also be programmed with these perfluorosulfonate ionomers at
the lower end of the transition temperature regime, e.g. just above the onset of the T4 (60 °C).
Interestingly, the amount of recovery observed at any given temperature depends on the fixing
temperature. The strain-induced deformation at a higher temperature (e.g. 140 °C) is found to be
only fully recovered at that same temperature; while only an incremental recovery is observed at
lower temperatures. It is this behavior that allows one to program different shapes at different

temperatures.t'® Thus, researchers were able to program a quadruple-shape memory effect by
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successively heating and fixing temporary shapes in Nafion® at discrete temperatures (e.g., 140,
107, and 68 °C in Figure 1.7C; or 140, 90, and 53 °C in Figure 1.7D). While shape recovery was
very high, shape fixation of the temporary shapes programmed at higher temperatures was found
to be reduced when comparing to the single-shape memory effect of the same material at the same
temperature. The loss in shape fixation was found to be closely related to the difference between
the temperatures at which the deformations are performed, but the recovery remains sufficiently

high for all three temporary shapes.
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Figure 1.7. Demonstration of multi-shape memory behavior in a polymer exhibiting a broad glass
transition temperature. A) Chemical structure of Nafion®. B) Dynamic mechanical analysis
(DMA) results showing the breadth of the glass transition in this polymer. C) Shape changes in
the film during the quadruple shape memory process with fixing and recovery temperatures of 140,
107, and 68 °C. D) Graphical representation of the shape memory process in terms of time,
temperature (blue), stress (red), and strain (green) with fixing and recovery temperatures of 140,
90, and 53 °C. Adapted and reproduced with permission from ref 108. Copyright 2010 Nature
Publishing Group.

The conceptual approach of employing a broad glass transition as a means to program
shape memory materials has been generalized beyond the special case of perfluorosulfonate
ionomers. For example, Shao et al. prepared norbornene copolymers via the ring-opening

metathesis copolymerization of norbornene monomers carrying either cholic acid or pendant
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triethylene glycol monomethyl ether moeities.*'* In this case, the permanent shape is thought to
arise due to the physical entanglement of the high-molecular weight polymers, while the pendant
group interactions furnish the broad glass transition used for the programming of the temporary
shapes. In another example, Luo et al. prepared compositionally graded styrene-methyl acrylate-
styrene copolymers that were styrene-rich at the peripheries and methyl acrylate-rich in the center
via reversible addition—fragmentation chain transfer (RAFT) polymerization by controlling the
monomer feed.!™® In the solid state, the formation of a morphology with styrene-rich domains in a
methyl acrylate-enriched matrix without distinct boundaries was observed that led to an
exceedingly broad Tgq (20-103 °C), effectively spanning the entire range between the
corresponding transitions of the individual homopolymers. The upper limit was defined by styrene-
rich glassy domains that served as physical cross-links; up to four temporary shapes could be
successfully programmed and recovered at discrete temperatures within the glass transition.

The combination of a covalent or physical network that defines the permanent shape with
two or more fixing elements that involve distinct (as opposed to the above-discussed broad/graded)
phase transitions is another pathway to multi-shape memory materials. With each additional phase
transition, another shape can be programmed. Lendlein and coworkers utilized this approach to
create triple-shape memory polymers based on covalently cross-linked phase-segregated networks
featuring two types of domains with different melting and glass transition temperatures.*67 This
was achieved by the polymerization of cyclohexyl methacrylate in the presence of poly(e-capro-
lactone) dimethacrylate, affording a polymer network, with two distinct thermal transitions, i.e.,

the melting of crystalline poly(caprolactone) (PCL) domains at Tm = 50 °C and the glass transition
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of amorphous poly(cyclohexyl methacrylate) domains at Tq =140 °C). In a similar manner, a
polymer network of poly(ethylene glycol) acrylate with a poly(e-caprolactone) dimethacrylate
cross-linker was prepared, which exhibited two melting transitions for the PCL (Tm = 50 °C) and
the poly(ethylene glycol) domains (Tm = 34 °C). In both cases, the two distinct phase transitions
were successfully employed for the programming of a triple-shape memory effect. Besides the
glass and melting transitions, Qin and Mather also reported the use of a cross-linked liquid
crystalline polyester that combines the glass transition of the polymer with the isotropic-nematic
transition of mesogens in the polymer backbone to achieve a triple-shape memory effect,'!8 and
similar shape memory materials were obtained when the mesogens were implemented as pendant
groups.tt®

In addition to multi-shape memory polymers that ultimately return from their temporary
shape to the original, permanent configuration, reprogrammable shape memory materials can be
designed in such a way that a temporary shape can be “locked”, thereby becoming the new
permanent geometry. One favored way to achieve this function is to use dynamic bonds that allow
stress relaxation in the high-strain temporary shape upon application of a stimulus that initiates the
dynamic exchange.'?%2! Targeting such reprogrammable materials, Lawton et al. designed shape
memory composites that feature a reconfigurable elastic matrix and an electrospun poly(e-
caprolactone)-based polyurethane fiber network as the percolating phase that fixes the temporary
shape through crystallization.'?® Such materials were accessed by imbibing the electrospun fibers
with a mixture of 4-pentenoic anhydride and pentaerythritol tetrakis(3-mercaptopropionate).

Thiol-ene reactions afforded a polyanhydride network in which the exchange between the dynamic
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anhydride groups allowed for the reconfiguration of the matrix into a new permanent shape at
elevated temperatures (Figure 1.8). In the absence of the poly(e-caprolactone)-based polyurethane
fibers, the polyanhydride elastomers displayed a time-dependent stress relaxation at temperatures
above 50 °C with full reconfiguration to a new, stress-free shape when the temperature was
increased to 90 °C. The composite of the poly(e-caprolactone)-based polyurethane fibers and the
polyanhydride matrix displayed simple shape memory behavior when a temporary shape was
programmed at 40 °C by melting the crystalline poly(e-caprolactone) domains (Tm of ca. 30 °C),
cooling under deformation, and thermally triggering shape recovery. In addition, heating deformed
samples of these composites above 90 °C provided a means to reconfigure the material into a new

permanent shape without macroscopic fluidization.

28



HS o] o SH (‘s o) o) s~ \}
VO oy_f _\—40 OV ’
oXo : . oXo
HS—/_<O O>_\—SH (,sﬂo ohs\ a,
B.
o) H H
[ o o Wl N. O | N b
° I ° ] o7, "N Y N I
0 o) o
" permanent temporary recovered

.L."‘nh

nA-l'lllI““”"“"' "'
CM

a1l 2

)i,

’uh‘“u " .‘"“'“"'_’
huane
(> 1)

new permanent new temporary new recovered
(via reconfiguration)

Figure 1.8. Reprogrammable shape memory composites based on a reconfigurable polyanhydride
matrix and an electrospun poly( ¢ -caprolactone)-based polyurethane fiber network. A) Scheme
depicting the synthesis of the cross-linked polyanhydride network with exchangeable anhydride
bonds. B) Chemical structure of the poly( ¢ -caprolactone)-based polyurethane. C) Schematic of
the preparation process that involved imbibing a fiber mat with the polyanhydride matrix. D)
Pictures demonstrating the reprogrammable shape-memory effect. Adapted and reproduced with
permission from ref 120. Copyright 2016 American Chemical Society.

The possibility of combining the shape-memory effect with stimulus-induced healing is an
attractive method to induce the “automatic” recovery of the pre-damage shape by bringing the
surfaces separated during damage into close contact and thereby facilitate the healing of such
interfaces. Several groups have reported embodiments of this general idea.®>%12212° Rodriguez et

al. achieved such multifunctional responses in a single-phase interpenetrating two-component
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blend consisting of a cross-linked poly(e-caprolactone) network and a linear poly(e-
caprolactone).!?® These materials were prepared from a linear PCL having a weight-average
molecular weight (My) of ca. 65,000 g/mol, well-above the entanglement molecular weight, a
lower-molecular weight telechelic PCL diacrylate (number-average molecular weight, My, ca.
3,100 g/mol), and a tetrathiol cross-linker. The latter two components reacted via thiol-ene
chemistry to form a poly(e-caprolactone) network (thermoset), which provided the desired shape-
memory response, whereas the linear PCL (thermoplastic) was utilized as the healing agent. The
materials displayed a single melting transition of the crystalline PCL domains, which triggered
both the shape memory effect as well as the healing. Beyond the conventional shape-memory
behavior, the materials also displayed reversible plasticity. In other words, if the deformation from
the permanent to a temporary shape was performed below the phase transition of the crystalline
domains past the yield point, subsequent heating above the Tr, led to full recovery of the permanent
shape. Gratifyingly, the shape-memory effect displayed by the materials aided the healing process
as intended. Thus, samples without and with inflicted collinear edge cracks at the center of the
dogbone-shaped samples were investigated by uniaxial tensile deformation, followed by healing,
and repetition of the tensile deformation. Complete healing that left no evidence of the initially
inflicted crack was observed directly after the first thermal treatment at 80 °C for all samples with
a fraction of at least 25 wt% of linear PCL. Tensile testing of such samples showed an efficient
recovery with reversible plasticity as the mechanical strength of the original samples was virtually
fully restored (> 95%). In cases where samples with edge cracks were healed, repeated tensile

deformation furnished a necking effect of the material rather than a reopening of the former cracks.
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Thus, a single heating step triggered a shape-memory effect that assisted in the closure of a
damaged region of the sample, while the efficient diffusion of the (viscous) liquid linear
component successfully healed the sample, restoring its original properties.

In a different example involving a shape-memory effect, Mather, Weder, and coworkers
combined a shape-memory polymer featuring a thermally responsive fixing element with a
fluorescent chromogenic dye to create a shape-memory polymer with a built-in temperature
sensor.'?’ The latter was designed to signal reaching of the set/release temperature of the polymer
with pronounced changes of the absorption and emission colors (Figure 1.9). This was achieved
by incorporating a fluorescent, excimer-forming cyano-substituted oligo(p-phenylene vinylene)
(cyano-OPV) dye (Figure 1.9A) into a cross-linked poly(cyclooctene) (PCO) matrix. Using a
previously reported guest diffusion process, the polymer films were simply swelled with solutions
of the dye.'?®12 The concentration of the dye was selected to allow for aggregation of the dye
molecules upon drying, resulting in an orange appearance and emission color of the film (Figure
1.9B), on account of the formation of electronic ground-state interactions and emission from
excimers. Heating these phase-separated blends to above the PCO’s T led to dissolution of the
aggregates and caused pronounced changes of the materials absorption (yellow) and fluorescence
(green) color (Figure 1.9B). The thermally induced optical changes were fully reversible upon
cooling and crystallization of the PCO. The absorption and emission characteristics were shown
to be dictated by the phase behavior and to be independent of mechanical treatment. The material
otherwise displays the characteristic shape-memory behavior of cross-linked PCO,313 je. a

temporary shape can be programmed into the polymer network by deformation above the melting
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transition of the PCO (Tm ca. 50 °C) and subsequent cooling (Figure 1.9C). Recovery of the
permanent shape by renewed heating led to a simultaneous dual response, i.e., shape recovery and

concomitant optical changes, as the dye molecules were (temporarily) dispersed (Figure 1.9D).
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Figure 1.9. Shape-memory effect and color change in cyano-OPV/PCO blends. A) Chemical
structure of the cyano-OPV chromophore used. B) Fluorescence spectra of an initially phase-
separated PCO/cyano-OPV blend film at 25 °C (solid line) and after annealing for 1 min at 100 °C
(dashed line). C) One-way shape memory cycle. The asterix indicates the start of the cycle; the
sample was elongated by increasing stress at 75 °C (i) before it was cooled (ii) and the stress was
removed (ii1) to yields a temporary “fixed” strain that was recovered to the original strain upon
heating (iv). D) Picture demonstrating the dual response (fluorescence color change and shape
recovery) that is triggered upon immersion of a PCO/cyano-OPV blend film into silicon oil at ca.

80 °C. Adapted and reproduced with permission from ref 127. Copyright 2008 Royal Society of
Chemistry.

1.4 Multiple stimuli, single response

Many responsive materials show a single response that can be triggered by the application
of different stimuli. Beyond the intrinsic interest in these materials themselves, they also constitute
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an important stepping stone for the development of an understanding of the fundamental
requirements for the implementation of multi-responsive properties in polymers.

An example of a shape-memory material that was designed to be both thermo and photo-
responsive was reported by Pilate et al.,*3 who prepared a poly(ester-urethane) copolymer that
contained thermo-responsive, semi-crystalline poly(caprolactone-co-p-dioxanone) segments and
polyurethane segments with photo-responsive cinnamide moieties as side chains (Figure 1.10A).
The resulting phase-separated materials are comprised of semi-crystalline polyester regions and
amorphous polyurethane regions. When the polyurethane segments were photocross-linked via the
dimerization of cinnamide groups (Figure 1.10B) they can act as the permanent cross-linking
component and the crystallinity of the polyester regions could be used as the thermally-responsive
“fixing” component. As such, simple heating above the T, stretching, and then cooling allowed
for high degrees of fixing and recovery (>90%) after reheating (Figure 1.10C). Alternatively, light-
induced shape memory could be achieved at room temperature by using the crystalline domains as
the component providing permanent physical cross-links. Exposure to UV light of specific
wavelengths allowed to form (A > 260 nm) and remove (A < 260 nm) the cross-links by means of
the photo-induced dimerization of the cinnamide groups (Figure 1.10D). For highly crystalline
polyester derivatives good degrees of shape fixing could be achieved using this approach, while
the shape recovery was limited. Decreasing the crystallinity of the polyester segment (by
increasing the amount of the p-dioxanone in the ester) led to increased shape recovery, but the
degree of fixing significantly dropped. Interestingly, however, it was found that the incorporation

of ca. 10 wt% of an end-capped linear or four-armed PCL into the material resulted in an increase
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of the photo-responsive fixing (up to 75%) and recovery (up to 76%) while the fixity and recovery

under thermal stimulation remained excellent (>95%).
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Figure 1.10. A) Chemical structure of a poly(ester-urethane) copolymer with thermo-responsive,
semi-crystalline poly(caprolactone-co-p-dioxanone) segments and polyurethane segments with
photo-responsive cinnamide moieties. B) Schematic of the reversible, photo-induced dimerization
of the cinnamide moieties that was employed to cross-link the polyurethane segments. C) Scheme
depicting the thermo-responsive shape-memory effect. D) Scheme depicting the photo-responsive
shape-memory effect.

An alternative approach to multi-stimuli single-response materials is to use
dynamic/supramolecular bonds that can be disassembled by multiple stimuli. Rowan and
coworkers have exploited dynamic, responsive, metal-ligand complexes for the preparation of

materials that change their color in response to thermal and chemical stimuli.®** Ditopic
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macromonomers based on low-molecular-weight poly(tetrahydrofuran) (PTHF) cores with
terminal terdentate 2,6-bis(1’-methylbenzimidazolyl) pyridine (MeBip) ligands were prepared.
These macromonomers formed thermoplastic elastomers when complexed with zinc ions (Zn?")
in a 2:1 ligand:metal ion complex, wherein the phase separation of the metal ligand complexes
into a hard domain is the basis for the observed elastomeric behavior. To achieve a dynamic
colorimetric response, a fraction of the zinc ions was replaced with europium ions. The 3:1
complexes of the latter are more responsive to external stimuli (on account of weaker binding) in
addition to featuring a pronounced optical response in the form of a metal-centered luminescence
when coordinated by the ligands. When supramolecular polymer films containing both zinc and
europium ions were employed, a colorimetric response was observed upon exposure to either a
thermal or chemical stimuli. For example, heating a film with a 70:30 Zn?* to Eu®* ratio to
approximately 120 °C shifted the fluorescence color from pink (combined emission from the red
Eus*:MeBip complexes and blue Zn?*:MeBip complexes) to blue on account of a diminishing
emission band of the Eu®*:MeBip complexes, an effect that was found to be reversible. Moreover,
exposure to reagents that can disrupt the Eu®*:MeBip ion ligand complexes were also found to
trigger a similar colorimetric response. Thus, exposure of the films to vapors of triethyl phosphate
that can competitively bind to the europium ion and therefore disrupt the Eu®*:MeBip complexes
results in a same red to blue change in fluorescence color.

Metal ligand complexes were also found to be useful for the preparation of responsive
materials when these complexes were straightforwardly blended with polymers.t3* Square-planar

platinum(Il) complexes of the MeBip ligands were prepared and dispersed into methacrylate
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polymers, to yield mechanically stable polymer films that showed a colorimetric response to
chemical or mechanical stimuli. Similar to the previous example of the responsive
metallosupramolecular polymers, the metal ligand complexes microphase segregated from the
polymer matrix, in this case, in the form of small yellow crystallites. Exposure of these yellow
films to solvent vapors that plasticize the crystallites (e.g. acetonitrile) lead to a structural change
to the local packing of the square-planar platinum(Il) complexes that occurs with a concomitant
color change to red. A color change of these blends was also effected by application of mechanical
stimuli. Thus, scratching, beating, or stretching the yellow films resulted in a change of the
emission color to orange in the damaged area, presumably due to a force-induced rearrangement
of the structure of the complex aggregates.

As mentioned before, incorporating “aggregachromic” dyes, whose optical characteristics
are altered upon aggregation or disassembly, into a polymeric matrix was found to constitute a
very successful strategy for the development of chromogenic materials that respond to multiple
stimuli (Figure 1.11A). Weder and coworkers reported the use of blends of either poly(ethylene
terephthalate glycol) or linear low-density polyethylene with small amounts (0.5-2 wt%) of the
excimer-forming cyano-substituted oligo(p-phenylene vinylene) chromophores (see section 1) to
elicit colorimetric responses to mechanical and thermal stimuli.®*® In a straightforward process,
the dye was melt-mixed with either poly(ethylene terephthalate glycol) or poly(ethylene) under
conditions at which the dye dissolves in the matrix. Subsequent quenching of the processed
polymer/dye blend kinetically traps the state in which the dyes are molecularly dispersed. When

such poly(ethylene terephthalate glycol) films were subsequently heated above the polymers glass
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transition temperature (78 °C), the chromophores could diffuse through the matrix, leading to
aggregation and an associated, irreversible color change to orange (Figure 1.11B,C). The
aggregation rate and corresponding color change were directly controlled by the T4 of the polymer
matrix and the concentration of the dye. In blends with low linear low-density poly(ethylene), the
chromophores were found to aggregate in the amorphous portion of the low-Tq polymer matrix,
even after formation of crystallized polyethylene domains.**® The resulting, orange- or yellow-
colored, nanometer-sized chromophore aggregates equipped these blends with mechanoresponsive
properties (Figure 1.11D). Thus, macroscopic mechanical deformation lead to shear-induced
disruption of the aggregates furnishing a color change from orange to yellow, or yellow to blue,

respectively.
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Figure 1.11. A) Schematic representation of the general approach to create (fluorescence) color
changing polymers by incorporating “aggregachromic” dyes, whose optical characteristics are
altered upon stimuli-induced aggregation or disassembly. B,C) Pictures of quenched blends of
poly(ethylene terephthalate glycol) and 1.1% w/w (B) or 3.1% w/w (C) of a cyano-OPV dye,
illustrating the time-, temperature-, and concentration-dependent colorimetric response of this
platform. D) Pictures demonstrating the mechanochromic behavior of films of poly(ethylene)
containing the cyano-OPVs shown. E) Pictures showing the fluorescence color change of cyano-
OPV containing epoxy resins upon exposure to various chemicals. Adapted and reproduced with
permission from refs 135, 136, and 139. Copyright 2006 Wiley-VCH (B,C), 2003 and 2009
American Chemical Society (D,E).



The same principles of aggregation and re-dispersion of excimer-forming dyes has been
successfully employed to prepare a range of materials that display a colorimetric response to
multiple stimuli. For examples, binary blends of the oligo(p-phenylene vinylene) with polar,
semicrystalline poly(ethylene terephthalate) and ductile, amorphous poly(ethylene terephthalate
glycol) were explored to prepare materials that feature thermally as well as mechanically-
responsive behavior.**” In addition to these stimuli, it was also observed that the crystallization of
domains of the semicrystalline polymer matrix led to changes of the photoluminescence emission.
Presumably, the crystallization process increased the concentration of the chromophores in the
amorphous fraction of the polymer, promoting aggregation, and increasing the fraction of excimer
emission. In addition to these investigations with polyesters, Weder and coworkers also explored
polyamide/cyano-OPV blends that additionally respond to the humidity in the atmosphere as a
chemical stimulus,*®® and reported epoxy resin-based coatings that respond with a change of the
absorption and fluorescence color to a range of chemical stimuli such as organic solvents, water,

as well as acid and base (Figure 1.11E).**°

1.5 Multiple Stimuli, Multiple Responses

The critical development necessary for advancing the next generation of responsive
materials comes from going beyond the single stimulus and single response materials to systems
that have the ability to react to multiple stimuli with multiple different responses. Using a
combination of techniques that have proven successful in the production of either multi-

stimuli/single-response or single-stimuli/multi-responsive materials (as discussed in the previous
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sections), researchers are now starting to develop systems that have a balance of properties that
result in multi-stimuli, multi-responsive (MSMR) materials. One way to target MSMR is to design
both the stimuli and response mechanisms to be orthogonal and as such the MSMR behavior is
simply the additive of the multiple effects. However, perhaps conceptually a more intriguing and
interesting aspect of combining different responsive mechanisms is the potential interplay between
the mechanisms and/or components that can lead to more complex (emergent) behavior and greater
utility. Drawing an analogy to systems chemistry, in which interactions between different
molecules/reaction cycles in a mixture can give rise to emergent properties such as amplification
and feedback,'*? if there is synergy between the reversible chemistries, thermal transitions and
physical form in a single material then additional properties, and as such greater functionality, to
the materials can be obtained.

As discussed in the single-stimuli, multiple-response section, a change of temperature can
be used to access multiple responses and therefore one conceptually facile way to impart an
additional stimuli sensitivity to such materials is to include components that can convert a different
stimulus into heat. As mentioned before, the photothermal effect allows conversion of light into
(localized) heat, and this was exploited by Zhang and Zhao to prepare polymer composites that
display both shape-memory and healing behaviors in response to an optical stimulus.!*! A
permanent (thermoset) polymer network was established by radically induced cross-linking of
telechelic, diacrylate-terminated semicrystalline poly(ethylene oxide) (20,000 g/mol) in the
presence of gold nanoparticles that had been functionalized with shorter poly(ethylene oxide)

chains (2,000 g/mol) (Figure 1.12). A low concentration of gold nanoparticles (0.003 wt%) in the
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composites ensured a sufficient transmittance, such that light can serve as an efficient stimulus
across the sample. The composite displayed a uniform melting transition (ca. 60 °C) of the
crystalline poly(ethylene oxide) (PEO) domains. After such films had been transformed into a
temporary shape by deformation above the melting transition and subsequent cooling, light
exposure by means of a laser beam (A =532 nm) induced local strain energy release and shape
recovery as the photothermal effect of the gold nanoparticles (surface plasmon resonance at ca.
530 nm) caused localized heating (> 60 °C) in the light-exposed areas. When the same samples
were damaged by imposing a cut, the damage was rapidly repaired after exposure of the damaged
region to the laser beam with, e.g., recovery of 62% of the original tensile strength after only 3 s
of laser exposure (13 W/cm?). According to the proposed mechanism, the observed fast healing
arises due to the melting of the semicrystalline PEO chains in proximity of the fracture surface and
a subsequent recrystallization of entangled polymer chains after cooling. In addition, the
constrained local thermal expansion of the region exposed to the laser beams appears to play a role

in ensuring that the corresponding crack surfaces are pushed into a close spatial proximity.
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Figure 1.12. Healable shape-memory nanocomposites obtained by the incorporation of
functionalized gold nanoparticles in a cross-linked PEO network. A) Schematic of the ingredients
used and the structure of the material formed. B) Pictures showing an original composite film (i)
that was heated (80 °C), stretched, and cooled into a temporary shape (ii); stepwise recovery (iii
to v) was triggered by laser exposure from left to right on the film. C) Pictures revealing the
difference in thermal-responsive and photo-responsive behavior in crack healing; thermal heating
causes bulk expansion of the film preventing healing of the crack while the laser exposure creates
a localized effect that closes the crack. Adapted and reproduced with permission from ref 141.
Copyright 2013 American Chemical Society.

Lu et al. developed a cross-linked poly(e-caprolactone)/poly(urethane) network that
features urethane- and caprolactone-rich microdomains and displays shape-memory as well as
healing responses upon exposure to high-intensity focused ultrasound.t#? This stimulus provides
acoustic energy to a focused area of the sample, resulting in viscous shearing, polymer chain
relaxation, and a concomitant localized increase of the sample temperature.'*® The temperature

increase in the network polymers could be controlled by the ultrasound power. To render the
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material dynamic, furan-maleimide Diels-Alder adducts were incorporated in the polymer
network. Ultrasound-induced heating led to retro Diels-Alder reactions in the targeted area,
reversibly cleaving the dynamic cross-links and allowing for a reshuffling of the network
connectivity (Figure 1.13A). Upon cooling, the dissociated furan and maleimide moieties
reformed the cross-links through cycloaddition. The initial investigations of the thermally
triggered shape-memory effect of these polymer networks revealed that a temporary shape could
be programmed above the melting transition of the PCL domains (Tm at ca. 65 °C) and thermally
triggered shape recovery was found to be very efficient (99%). When the ultrasound beam was
directed at the fold of a deformed temporary shape, recovery was locally activated for the duration
of the sonication, allowing for a spatially and temporally resolved shape recovery.'** The shape-
memory effect also assisted in crack closure and healing of damaged regions of the polymer
network (Figure 1.13B). Control experiments corroborated that the healing mechanism was indeed
based on the reversibility of the linkage of the Diels-Alder units that allows for a rearrangement of
the polymer network, diffusion and entanglement of the chains across the crack surface, and

reformation of the linkage after removal of the ultrasound stimulus.
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Figure 1.13. Ultrasound-responsive materials combining dual shape-memory and healing
characteristics. A) Conceptual depiction of the shape-memory and healing mechanisms based on
reversible Diels-Alder chemistry. B) Pictures illustrating the healing and shape-memory behavior
of a macroscopic sample treated by high-intensity focused ultrasound. Adapted and reproduced
with permission from ref 142. Copyright 2014 Royal Society of Chemistry.

The materials discussed in the two prior examples are effectively multi-stimuli (heat and
light or ultrasound), multi-responsive (healing and shape-memory) systems, but in both cases the
different stimuli can induce both responses and the ability to separately address either response is
limited. A few conceptually different approaches to overcome this problem and access materials
that respond in a selective manner to at least one of the stimuli have been proposed. One popular
approach is the systematic incorporation of stimuli-responsive units into the polymer architecture.
An early example of this design is the addition of metal binding ligands into a polymer network.
Ligands impart a system with the ability to respond structurally to the presence of metal ions, and
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they have the potential to contribute other responses including color changes and if the ligand is
mesogenic also liquid-crystalline transitions. Furthermore, if the ligand is a chromophore (as many
are) there is the potential of exploiting the photo-thermal effect. For example, building on the
fluorescence-changing metallosupramolecular polymers based on complexes formed by the 2,6-
bis(1’-methylbenzimidazolyl)pyridine (MeBip) ligand and Eu®* ions discussed above,*3* Kumpfer
et al. accessed thermo-, photo-, and chemo-responsive shape-memory/fluorescence responsive
polymers.*® To achieve this, a telechelic MeBip-terminated polybutadiene macromonomer was
assembled into a metallosupramolecular polymer through the formation of metal coordination
complexes with europium bistriflimide (3:1 binding of ligand to metal ion) (Figure 1.14A). The
materials thus produced consisted of a hard phase formed by the metal ligand complexes and a soft
polybutadiene phase. The soft phase was subsequently covalently cross-linked by UV irradiation-
induced radical thiol-ene chemistry that involved a tetrathiol cross-linker to fix the permanent
shape. Heat, irradiation with UV light, as well as exposure to suitable solvents (e.g. methanol,
acetone, amines) resulted in a reversible softening of the metal ion/ligand hard phase, with a
concomitant increased decomplexation and reshuffling rate of the metal-ligand complexes.
Accordingly, such stimuli could now be used both to program a temporary shape or to trigger the
shape-memory effect of these polymer films. Indeed, high strain fixing and recovery ratios were
observed when samples were heated to 100 °C (well above the hard phase thermal transition of ca.
50 °C) for fixing of a temporary shape and subsequent shape-recovery. Furthermore, higher
intensity UV irradiation (1000 mW/cm?) generated enough localized heat (through the photo-

thermal effect) to decomplex the europium metal ion-ligand complexes and induce a fluorescence
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change in the material (Figure 1.14C), shifting the luminescence in the affected region from red
(indicative of the ligand:Eu®* complex) to blue (fluorescence of the free ligand). The absorption
of light by the metal-ligand complexes and the conversion of this energy to heat, also allows for
the activation of the shape-memory effect in a targeted sample area. In this way, selective
irradiation of the edges of a folded box allowed a controlled stepwise recovery of the original open
shape (Figure 1.14D). The hard phase of the metal-ligand complexes that fixes the temporary shape
can also be weakened by exposure to solvents that induce plasticization or even decomplexation.
Accordingly, a polymer film that was bent and fixed using UV light irradiation could subsequently
exposed to a methanol atmosphere, which led to an almost full recovery of the permanent shape
within 2 min of exposure (Figure 1.14E). Variations of metal ions influence the properties of the
hard phase and allowed for a tuning of the fixing behavior, and higher covalent cross-link densities

in the soft phase were found to further increase the strain fixing ratios.
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Figure 1.14. Multi-responsive material based on a metallosupramolecular network. A) Chemical
structures of the network components, which include a MeBip ligand-terminated telechelic
poly(budadiene) (black ropes), a tetrathiol cross-linker (green), and complexed MeBip ligands
with Eu(NTf2)3 (red). B) General scheme for the reversible binding of MeBip with Eu3+ ions. C)
Pictures demonstrating the UV-induced fluorescence change as the highlighted area is exposed to
high-intensity UV light. D) Pictures documenting the step-wise recovery of a permanent box shape
by targeted UV exposure (see arrows) of the edges. D) Pictures revealing the solvent-responsive
shape recovery after 90s in solvent (methanol) vapor. Adapted and reproduced with permission
from ref 145. Copyright 2011 American Chemical Society.

Of course, how exactly the responsive element is incorporated into the polymer architecture
can have a significant role on the overall properties of the MSMR materials. For example, in the
above metallosupramolecular polymer system, the functional components can be rearranged so
that the ligand is incorporated in the backbone of a polymer, as opposed to the chain ends. The
resulting polymeric network would retain the multi-stimuli-responsive characteristics of the

previous system while accessing new responses; in this case these are a result of the liquid
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crystalline behavior inherent to the alkyl functionalized ligand.#® It had been shown previously
that the terdentate EtBip ligand (the N-ethyl derivative of the MeBip discussed above) could
exhibit liquid crystalline properties if alkyl units are placed on 5’-positions of the benzimidazolyl
moiety (Figure 1.15A).14"148 This combination of characteristics results in a mesogenic ligand with
the ability to undergo not only a standard, thermally induced liquid crystal phase transition, but a
chemically induced liquid crystal to isotropic transition as well (Figure 1.15B) upon the
complexation of the ligand with a metal ion (Figure 1.15 C). By incorporating a bifunctional Bip
mesogen into a polymeric network, these stimuli-responsive properties were utilized to create a
MSMR material. This liquid crystalline elastomer (LCE) exhibited the standard properties of other
LCEs (Figure 1.15 D), such as thermally induced shape-memory and actuation. However, the
incorporation of the EtBip ligand imparted additional stimuli-sensitivity to the film. The ligand
possesses chromophoric properties and as such UV light can be used to induce a thermal shape
change/actuation via the photothermal effect. More exclusively, these films demonstrate the ability
to actuate or shape-change upon exposure to metal ions. As such, placing the thermally-fixed film
in a solution containing Fe®* ions activates the shape-memory recovery while simultaneously
shifting the color of the film to purple on account of the complex formation of the Fe?* and the
EtBip (Figure 1.15E). The recovery here is controlled by the metal ion coordination inducing the
liquid-crystalline to isotropic transition. The strength of this response was noted in the film’s
ability to lift a 10 g weight when exposed to a solution containing metal ions, as the presence of
metal ion induced the liquid crystalline to isotropic transition which resulted in the contraction of

the film (Figure 1.15F).
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Figure 1.15. A) Chemical structure of a 5'-functionalized EtBip-based elastomer. B) Schematic of
ordered and disordered configurations of the mesogenic moieties in response to mechanical,
thermal, optical, or chemical stimulus. C) Schematic of the EtBip transition from mesogenic to
non-mesogenic upon coordination with a metal ion. D) Photographs documenting the thermally-
induced optical clearing of the liquid-crystalline elastomer. E) Pictures showing simple shape-
memory behavior with recovery induced by metal ion exposure resulting in color change from
orange to deep purple. F) Pictures of the metal-ion induced actuation demonstrated by the lifting
of a 10g weight in a 1:1 water/tetrahydrofuran solution containing 1mM Fe(OTf)2. Adapted and
reproduced with permission from ref 146. Copyright 2015 American Chemical Society.

Building on the metallopolymers based on similar building blocks as the above-discussed
materials, Balkenende et al. demonstrated multiresponsive behavior in the solid state.'*® The Eu®*
complexes serve as dynamic binding motifs and built-in fluorophores that allow monitoring the
metal-ligand complex (dis)assembly via their characteristic photoluminescence. This was
exploited to demonstrate reversible metal-ligand dissociation upon ultrasonication in solution.

Such mechanochemical transduction was also possible in the solid state and enabled the mending

49



of damaged objects through exposure to ultrasound. It was further shown that it is possible to
induce a color change by a sequence of stimuli, i.e., the infusion of the solid Eu®*-based
metallopolymer with an Fe?* salt, which was selected on account of its much higher binding
constant to MeBip (vs. Eu®*) and the deep purple color of the corresponding Fe?*-MeBip
complexes, and subsequent exposure to mechanical force. Indeed, while mere swelling with an
Fe(ClOa4)2 solution did not trigger any perceptible color change, the color changed to the deep
purple color of the metal-to-ligand-charge-transfer transition characteristic of Fe?*-MeBip
complexes if the samples were also exposed to a mechanical force, such as gripping with tweezers
or puncture by a needle. At the same time the Eu-based fluorescence was switched off. Both optical
changes indicate the (irreversible) mechanically induced exchange of Eu®* complexes for those of
Fe?",

The design of supramolecular polymer systems involving multiple types of non-covalent
binding motifs is an attractive approach to accessing multi-responsive polymers, %! but many
initial experiments to explore this concept were limited to solutions. Coulibaly et al. investigated
supramolecular polymer blends composed of a physically cross-linked metallosupramolecular
polymer based on a 2,6-bis(1'-methylbenzimidazolyl) pyridine (MeBip) terminated poly(ethylene-
co-butylene) core (PEB) and metal ions ([M(MeBip-PEB-MeBip)]?* (M = Zn, Fe)) and another
physically cross-linked supramolecular polymer based on a building block involving the same
poly(ethylene-co-butylene) core and ureidopyrimidinone (UPy) hydrogen-bonding motifs (UPy-
PEB-UPY).> The degree of orthogonality of the binding motifs in solution was investigated by

UV-vis spectroscopic titrations, and small-angle X-ray scattering and dynamic mechanical
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analysis (DMA) were used to characterize the solid-state properties. Blends of UPy-PEB-UPy and
[Fe(MeBip-PEB-MeBip)](ClO4)2 assembled in an orthogonal manner and adopted microphase
separated lamellar morphologies in the solid state, with two hard phases formed by UPy-stacks
and the metal-ligand motifs, respectively, that serve as physical cross-links, and a low-Tg phase
formed by the PEB cores. DMA experiments revealed that the two hard phases melt and
disassemble at different temperatures. The storage modulus of the blend decreased in a step-wise
manner upon heating, with discrete steps around ca. 60 and ca. 180 °C, associated with the
selective melting/disassembly of the UPy and Fe?*-MeBip hard phases, respectively. The Fe?*-
MeBip interactions could also selectively be switched off by immersing the solid blends in
solutions of N,N,N’,N”,N”-pentanemethyldiethylenetriamine (PMDETA), which binds to Fe?*
more strongly than Mebip. This caused the deep purple color of the films to disappear, and the
mechanical properties of dried samples suggest the absence of the Fe?*-MeBip hard phase. The
results demonstrate that the metal-ligand interactions can be selectively switched off by exposure
to PMDETA, while the UPy-UPy interactions appeared largely unperturbed. Thus, the study
confirmed the possibility to use supramolecular polymer blends to create multifunctional materials
that display orthogonal behavior with respect to stimulus and function.

Supramolecular polymers are inherently responsive and generally show a level of healing
ability. Thus, by simply incorporating another stimuli-responsive moiety into the supramolecular
polymer will allow access to MSMR materials. This design approach was pursued by Lavrenova
et al., who equipped a cyano-substituted oligo(p-phenylene vinylene) dye (cyano-OPV,

Figure 1.16A), whose mechanically responsive luminescence behavior is associated with different
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solid-state assemblies (vide supra), with two UPy groups, which support the formation of a
dynamic supramolecular polymer.t>® This design exploits two types of orthogonal non-covalent
interactions; the hydrogen bonds between the UPy motifs are utilized for supramolecular
polymerization, whereas m-m stacking directs the packing of the cyano-OPV moieties
(Figure 1.16B) and therewith their emission characteristics. The material exhibits the thermo-
mechanical characteristics of a glassy supramolecular polymer, can be readily melt-processed into
self-supporting objects, and three different solid-state structures with different emission colors can
be accessed. The material exhibits both mechano-responsive and thermo-responsive luminescent
behavior; while heating/cooling permits one to reversibly switch between green- and red emitting

states, the fluorescence changes from to yellow upon exposure to mechanical force (Figure 1.16C).
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Figure 1.16. A) Chemical structure of the UPy-functionalized cyano-OPV. B) Schematic
representation of supramolecular assemblies in which the cyano-OPV motifs display green,
yellow, or red photoluminescence. C) Pictures of films made from the UPy-functionalized cyano-
OPV, illustrating mechano- (left) and thermo-responsive (right) luminescent behavior. The
fluorescence changes from red to yellow upon scratching (left). Upon heating (180 °C) a viscous
green-light-emitting fluid is formed, which solidifies into a red-light emitting solid when cooled
(right). Images displaying fluorescence were recorded under illumination with 365 nm UV light.
Adapted and reproduced with permission from ref 153. Copyright 2017 American Chemical
Society.

By combining metallosupramolecular motifs and a spiropyrane-based mechanophore,
Hong et al. created polymeric materials in which different stimuli permitted healing and a change
of color.® The materials studied relied on a high-molecular weight polyurethane backbone based
on poly(tetrahydrofuran) and hexamethylene diisocyanate, into which the tridentate 2,6-bis(1,2,3-
triazol-4-yl)pyridine (BTP) ligand and the spiropyran mechanophore were incorporated
(Figure 1.17A). The materials were cross-linked by the addition of either a Zn?* or a Eu®* salt.

These metal ions coordinate with the BTP ligands and trigger the formation of a phase-separated
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morphology, involving a metal-ligand hard phase and a soft phase comprising (some of) the
mechanophores. Deformation of the highly elastic materials causes activation of the
mechanophore, which is converted from the closed spiro into the open merocyanine form,
concomitant with a pronounced color change (Figure 1.17B). Interestingly, the samples gradually
turned blue upon stretching, but assumed a red color upon fracturing and retraction (Figure 1.17C).
The explanation provided by the authors involves shattering of the hard phase and (partial)
dissociation of the metal-ligand motifs at high extension and binding of the merocyanine to the
metal ions liberated from the BTP ligands in that process. Upon exposure to nonpolar solvents
such as toluene or chloroform, deliberately applied cuts in the Zn?*-based material disappeared
(Figure 1.17D) and the mechanical properties were fully restored, although the process required
several hours. The authors argue that the materials’ ability to heal is related to the dynamic ligand
exchange involving the metal ion:BTP complexes. The healing process is much slower than the
light-induced healing of metallosupramolecular polymers in which similar binding motifs are used
as chain-extenders.®%¢ This may be related to the much higher molecular weight of the
polyurethane used here on the one hand, and the moderate influence of the nonpolar solvent on the
ligand-exchange process on the other.

It appears that the design principle of combining a supramolecular motif with a
mechanophore can be generalized, as long as the binding motif is strong enough (or trapped in a
glass or crystalline phase) to allow enough stress to be focused on the mechanophore. In this
respect, combining dynamic covalent chemistry with an appropriate mechanophore may provide

an alternative, successful approach. Indeed, it should be possible to combine functions driven by
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supramolecular/dynamic covalent (dis)assembly (healing, shape memory, adhesion, etc.) with
mechano-responses that include color changes, spontaneous emission, cross-linking, and other

intriguing functions.
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Figure 1.17. A) Chemical structure of a polyurethane with segments featuring a spiropyran
mechanophore and segments with tridentate 2,6-bis(1,2,3-triazol-4-yl)pyridine ligands that form
metal-ligand complexes. B) Schematic representation of the morphology and force-induced
changes the polyurethane. The addition of either a Zn2+ or a Eu3+ salt causes cross-linking via
ligand binding and the formation of a metal-ligand hard phase, which shatters upon excessive
deformation. At the same time the spiropyran mechanophore is converted to the merocyanine form,
which binds to the metal ions released from the complexes upon deformation. C) Stress-strain
curves of the neat polymer and the corresponding materials containing Zn2+ or Eu3+ salts. The
images shown document the color at various stages of extension. D) Images documenting the
healing of a Zn2+ containing film upon exposure to a solvent. Adapted and reproduced with
permission from ref 154. Copyright 2013 American Chemical Society.

v

In addition to chromogenic responses based on chemical changes or aggregation/dispersion
of dye molecules, color changes in responsive materials can also be achieved by altering the
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periodicity of photonic structures. As discussed before, the bandgap depends primarily on the
geometry of the structure and the refractive indices of the components. Stimuli-responsiveness can
accordingly be imparted by introducing at least one component that can translate an external
stimulus into a change of its refractive index and/or the dimensions of the periodic structure.’
Achieving a dimensional change with a mechanical stimulus is conceptually straightforward, and
crystalline colloidal arrays of polymer spheres in hydrogel- or elastomer matrices have been
developed that display a mechanically tunable photonic band gap.*>"*%3 The incorporation of a
light- and temperature-responsive dye that exhibits switchable fluorescence and color into either
the core or the shell of such colloidal particles afforded elastomeric opaline films whose optical
properties could be altered in a perfectly independent manner via mechanical deformation
(addressing the photonic structure) and through exposure to light/heat (addressing the responsive
dyes). Thus in an intriguing approach to MSMR materials, the Rehahn group took advantage of a
stepwise emulsion polymerization to form responsive beads featuring an incorporated fluorescent
dye (Figure 1.18A).1%* The very low dispersity of these beads allowed for their assembly into
photonic structures that respond to mechanical strains with color changes and a transition from
fluorescent to non-fluorescent in response to light and heat, respectively. By synthesizing a
polymerizable version of a light- and temperature-sensitive dye, rhodamine B methacrylamide
(RhBMA), the group was able to covalently integrate the dye into either the core or the shell of
sub-micrometer sized particles (e.g. 303 + 19 nm) via emulsion polymerization. The particles were
subsequently processed into films using a combination of coagulation, extrusion, and uniaxial

compression molding techniques to effectively order the beads into colloidal crystals and
56



elastomeric opal films were obtained. When placed under strain, the mechanochromic behavior of
the opal films was clearly visible as the color changed from red (A = 660 nm) to green (A = 560 nm)
as the strain on the films increased from 0 to 90%, respectively (Figure 1.18B). The color change
was attributed to two sequential processes taking place within the films during deformation: first,
from 0 to 30% strain, the shifting of the original 111 crystalline lattice of the beads and second,
from 40 to 90% strain, formation of a 200 plane within the film. In addition to the mechanochromic
behavior, the materials displayed switchable fluorescence associated with the RhnBMA moiety.
The fluorophore has two forms, one open (fluorescent) and one closed (non-fluorescent). The
fluorescent form is accessed via a ring-opening reaction upon exposure to UV light of a wavelength
of 366 nm, whereas conversion back to the closed non-fluorescent form occurs upon heating. By
using a mask and irradiating the film with light at 366 nm, a well-defined pattern can be formed
on the opal film. This pattern was effectively erased by heating the film to close the dye structure

and eliminate and fluorescent that was present (Figure 1.18C).
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Figure 1.18. A) Schematic representation of the architecture of core-shell particles made via
stepwise emulsion polymerization; seed with dye-labeled monomer (yellow), hard core
surrounding the seed composed of styrene cross-linked with butanediol diacrylate (gray),
interlayer of poly(ethyl acrylate-co-allyl methacrylate), and an outer soft shell comprised of ethyl
acrylate, iso-butyl methacrylate, and hydroxyethyl methacrylate monomers for later cross-linking
during film formation. B) Schematic and pictures illustrating principle and result of the strain-
induced change of the colloidal crystal structure, resulting in color changes within the film with
increasing strain. C) Schematic of the light-induced ring-opening and heat-induced ring-closure of
the fluorescent and non-fluorescent RNBMA forms, respectively, and pictures demonstrating the
erasable printing of a figure on the film. Adapted and reproduced with permission from ref 164.
Copyright 2013 American Chemical Society.

In a related approach to multi-stimuli responsive color changing polymer systems, Schafer
et al. relied on the combination of effects that occur at very different length scales in stimuli-

responsive photonic crystals (PCs) and light- or thermo-responsive small molecules.’®* The

58



approach should be readily applicable to other types of responsive photonic crystals, such as
multilayer films or responsive PCs based on a (thermally or otherwise triggered) shape-memory
polymer.1® Moreover, other types of responsive molecules can be used in this context, e.g.,
photoreactive chromogenic compounds,*®®167 or chemical sensor molecules.'®

Another popular approach to MSMR polymers is the application of structurally dynamic
polymers/networks that utilize reversible, dynamic covalent bonds, such as thermally reversible
Diels-Alder chemistry discussed above (Figure 1.13). The reversible behavior of these bonds, as
previously mentioned, imparts on the material the inherent ability to heal or be reprocessible under
appropriate conditions. Thus, for example, Michal et al. have shown that by simply incorporating
covalent disulfide bonds, which are dynamic upon exposure to light or heat (ca. 150 °C), into a
semi-crystalline polymer network (Figure 1.19A) that exhibits shape-memory properties, a MSMR
material can be accessed that can be healed upon exposure light or high temperature (ca. 150 °C)
(Figure 1.19B) and which displays a shape-memory effect that can be triggered by heating above
the Tm of the crystalline domains (ca. 65°C).1%%10 Thus, healing and shape memory can a priori
be selectively triggered by separate stimuli. When the films are heated above the melting
temperature of the crystalline regions (ca. 60°C, but well below the thermal transition temperature
for the disulfide exchange), reshaped (by applying a force), and cooled back to room temperature,
a temporary (high strain) shape is fixed. If the force is removed and the sample is simply heated
above the Tm, the original (low strain) shape is recovered, i.e. standard shape-memory behavior is
observed. In addition, new properties emerge from the combination of the dynamic bond exchange

with the melting temperature of the semicrystalline covalent network, which are not simply a
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combination of the two responses. One key emergent property here is the ability to reprogram the
permanent shape of the material. Thus, if a conventionally accessed temporary shape is exposed
to a stimulus that induces the dynamic disulfide exchange (such a light or high temperature if the
sample is kept strained), then relaxation processes occur and convert this highly strained “fixed”
shape into a new, low energy, reprogrammed “permanent shape” (Figure 1.19C). Thus, it was
shown that an original flat tape can be processed such that its new remembered state is a coil.
Furthermore, the combination of properties was found to be especially effective in accessing new
classes of active adhesives. The dynamic covalent semi-crystalline network is not tacky to the
touch and does not act as an adhesive at room temperature. Softening the material by heating above
the Tm does result in some adhesion. However, activation of the dynamic disulfide bonds by
heating above 150°C (with subsequent cooling) or exposure to light significantly increases the
adhesion strength (Figure 1.19D). The hypothesis is that the decrease in viscosity associated with
the dissociation of the network upon disulfide exchange, allows better surface wetting and
increases the surface contact area. Upon removal of the stimulus, the cohesive strength of the
adhesive returned as the semi-crystalline network reformed. The second level of enhanced
adhesion also allow the adhesive materials to exhibit shape-memory when bonded, i.e. an active
shape-memory adhesive. Thus, simply heating the bond above the Tm allows
deformation/repositioning of the joint which can be fixed upon cooling. Reheating the joint to

above the Tm allows the joint to recover it original position. (Figure 1.19E)
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Figure 1.19. A) Chemical structures of disulfide adhesive components that, when combined, form
a semi-crystalline network. B) Pictures illustrating the shape-memory-assisted healing of a scratch;
the scratched film is heated to push the sides of the scratch together and UV light heals the
remaining seam. C) Pictures illustrating the reprogrammable shape memory behavior; the original,
permanent shape, capable of simple shape memory, is reprogrammed to a new, relaxed shape (via
the introduction of UV light or thermal stimulus >150 °C) that is also capable of simple shape
memory, D) release of adhesive (holding 200 g weight) by UV exposure. E) Pictures illustrating
the thermal shape memory of the disulfide adhesive; the permanent shape (i) is heated (>80 C),
deformed, and cooled to fix the temporary, kinked shape (ii), which can be returned to the original
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shape upon reheating (iii). Adapted and reproduced with permission from refs 169 and 170.
Copyright 2013 and 2016 American Chemical Society.

The MSMR materials in the above-discussed example relied on the combination of
dynamic covalent bonds with a semi-crystalline network that exhibits thermally responsive shape-
memory properties. Of course, dynamic networks can be merged with other responsive
mechanisms, such as molecular conformational changes. Azobenzene motifs, for example, have
been used in many responsive materials as they are inherently responsive to both UV and blue
light.1”* When exposed to UV, the azobenzene moiety undergoes a conformational change from a
trans-isomer to a cis-isomer (Figure 1.20A), resulting in a kinked structure that can disrupt any
ordered (liquid crystalline) packing of the rod-like trans-isomer (Figure 1.20B). Blue light
exposure also causes a trans-cis isomerization, however, the blue light process is a two-way
transition as the molecule can return to the original orientation of the trans-isomer. Combining
azobenzene with a dynamic covalent network, specifically an polyester that can undergo reversible
transesterification, an MSMR polymer was prepared that displays a triple shape-memory effect,
can be healed/reprocessed, and exhibits photo-activated bending through the interplay of four
distinct mechanisms: photo-induced conformational changes of the azobenzene moiety, reversible
transesterification reactions, glass transition (Tg), and liquid crystalline phase transitions (Tic)
involving the azobenzene mesogens.t’? In this particular example, the azobenzene molecule was
functionalized with epoxy end groups to afford a mesogen that could be incorporated into a cross-

linked polyester network via the reaction with sebacic acid (Figure 1.20C). Very much like other
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systems that use dynamic covalent chemistries, the materials were shown to be healable and
reprocessable above the vitrification temperature (Tv ca. 150°C) associated with the dynamic
(catalyzed) transesterification reaction between the ester and hydroxyl groups in the network
(Figure 1.20D). As a result of the photo-responsive behavior of azobenzene, exposure to blue light
caused films of the material to bend selectively, either towards or away from the light source,
depending on the orientation of the azobenzene mesogens in relation to the long axis of the film
and with respect to the angle of the polarized light (Figure 1.20B). As seen in Figure 1.20Ei, the
azobenzene-containing polyester networks exhibited a characteristic opaque to transparent
transition upon heating to above Tic (>103 °C). The material demonstrated a triple shape-memory
behavior that was illustrated by the folding and unfolding of a box-shaped object. The permanent
box shape was heated above Tic (ca. 140 °C) to clear the LC phase, flattened, and cooled to a
temperature below Tic, but still above Tg(ca. 85 °C). At this temperature, the LC phase reformed,
fixing the flattened, strained configuration and establishing the first temporary shape. The flattened
box was then refolded 85 °C and cooled to room temperature (below Tg) to fix the second
temporary shape. Upon reheating the box unfolded itself (Figure 1.20Eii) then reformed (Figure
1.20Eiii) as the temperature first passed Tq then Tic, respectively. Given the light absorbing
properties of the azobenzene moiety triple shape memory could also be achieved using UV-light

via a photo-thermal conversion process.
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Figure 1.20. A) General schematic of the photo-induced trans-cis isomerization of azobenzene. B)
Schematic illustrating the perpendicular alignment of azobenzenes in response to the polarization
direction of incident polarized blue light that results in preferential bending of polyester networks
containing azobenzene mesogens. C) Scheme showing the synthesis of azobenzene-containing
polyester networks based on an epoxide-functionalized azobenzene and sebacic acid. D)
Generalized schematic of the dynamic transesterification exchange that imparts the azobenzene
networks with thermal- and UV-induced (via a photo-thermal process) healing. E) Pictures
showing changes in transparency above TLC (>103 °C) (i) and thermal-responsive triple shape-
memory behavior as a temporary shape (box) is recovered to another temporary shape (flattened
box) with heating above Tg (ii) and the original, permanent shape (second box) is recovered above
the TLC (iii). Adapted and reproduced with permission from ref 172. Copyright 2016 American
Chemical Society.

While the systems discussed so far all exhibit responses to physical stimuli (i.e. heat and
light), adding a component that is capable of responding to chemical stimuli can extend the utility
of a MSMR material. For example, the incorporation of an amino-capped aniline trimer (ACAT)

allows access to new responses, such as pH-responsive transmittance changes, color changes
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influenced by electric fields, and metal ion absorption, to pre-existing responsive materials.
Consider a system containing similar features to the prior example — a polyester-based network
that can be reconfigured via transesterification and displays the ability to be healed, welded, and
reprocessed — that also incorporates the ACAT (instead of the azobenzene) in the network
(Figure 1.21A). The addition of the chemo-responsive component resulted in a material that was
shown to have multiple responses to six different stimuli — heat, light, redox, electrical, pH, and
metal ion.>”® As in the case of the azobenzene-containing networks discussed above, the material
exhibited healing/welding/reprocessing properties made possible by the presence of the dynamic
(catalyzed by triazobicyclodecene) transesterification exchange within the polyester network. The
ACAT, like azobenzene, also has photothermal properties that convert light (in case, infrared (IR)
light was used) to heat and when added to the thermally-responsive network, imparts the network
with the ability to access shape memory and healing/welding via a photo-induced process (Figure
1.21B). What makes the ACAT material more unique compared to the previous system is the
chemo- and electrochemo-responsiveness of the molecule in the presence of acids/bases, metal
ions, redox conditions, and electrical fields. Changes in redox conditions (oxidizing or reducing
the aniline trimer) triggered a change in the transmittance of films: in the presence of an oxidant,
the film appeared light colored and transparent while the addition of a reductant resulted in a darker
film with significantly reduced transparency (Figure 1.21C). A similar effect is observed upon
electrochemical stimulation from 0 to 0.8 V. The protonation and deprotonation of the trimer
resulted in the expansion and contraction of the bulk film. In the presence of metal ions (Cu?*, in

this case), ACAT-containing film binds to the metal ion resulting in bulk contraction of the
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network film. It should be noted that in this case, the hydroxyl groups from the epoxy network is
proposed to also contribute to the metal ion absorption capability of the film. Interestingly, the
group was able to demonstrate numerous methods of combining these properties in unique ways,
such as forming ACAT-dynamic network/nonACAT-dynamic network bilayer films (via thermal
welding) which exhibit directed bending in response to metal ions (Figure 1.21D) and pH (Figure
1.21E). These techniques highlight the versatility of dynamic systems and demonstrate a different

approach to combining responsive mechanisms to create new MSMR materials.
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ACAT-
A Dynamic Network
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Figure 1.21. A) Chemical structures of the monomers used to create MSMR polyester networks:
bisphenol A diglycidyl ether, suberic acid, and the amino-capped aniline trimer (ACAT) combined
with triazobicyclodecene (TBD) under heat to form the ACAT-dynamic networks. B) Picture
showing a permanent, flat film having been thermally programmed (heating above Tv, deforming,
cooling to room temperature, and releasing force) into a coil that is recoverable via infrared (IR)
exposure in the case of the ACAT network, but not recoverable by IR in the neat, dynamic network.
C) Picture of the MSMR polyester film, demonstrating the optical response of the ACAT molecule
upon oxidation/reduction. D) Pictures demonstrating metallo- and acid-response in a bilayer film
consisting of one layer made of the ACAT-dynamic network, and one layer made by the neat
dynamic network only; the film was placed in THF and exposed to copper ions causing the ACAT-
vitrimer side to swell and the shape to change. When the film was subsequently placed into a 0.1M
HCI solution the metal coordination and bending were reversed. E) Pictures demonstrating that the
bilayer film also exhibits reversible shape changes as the pH of the solution is changed between
acidic and basic and the responsive side swells and shrinks. Adapted and reproduced with
permission from ref 173. Copyright 2017 Royal Society of Chemistry.
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1.6 Conclusions

Nature is awash with fascinating examples of materials that adapt in response to
environmental cues, ranging from the complex color changing behavior of chameleons, cuttlefish,
and cephalopods to seeds that have the ability to “drill” themselves into the ground, and pine cones
that open up and release their seeds upon drying.!”* While all these functions are vital for the
survival of the respective species, all of them would certainly be extinct if the materials systems
at play would not have evolved to serve their hosts in a multifunctional manner. Indeed, most
living materials systems are characterized by a high level of complexity in order to go well beyond
a single responsive mechanism. The current generation of MSMR polymers (and short of a major
breakthrough in the field, presumably also the next few generations) do not come anywhere close
to such a level of complexity, but the first tentative steps towards the lofty target of achieving a
comparable multifunctional behavior in artificial materials have been made. Indeed, artificial
MSMR polymers have evolved in the last three decades from a few obscure examples to a point
where there is no doubt that materials can be programmed to display several functions that can
each be triggered in a highly specific manner upon exposure to appropriate stimuli. The vast
majority of materials systems have been created by combining at least two ‘“orthogonal”
mechanisms/functions in rational ways and first systems that display emergent behavior, i.e. a new
property/behavior in addition to the simple addition of the combined responses associated with the
individual components, have also been realized. Indeed, it appears that the fact that new
properties/behaviors can emerge from the “simple” combination of two or more functionalities or

responses is a very powerful tool for polymer scientists and engineers. In the interest of exploring
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new methodologies to target this combinatorial approach, this thesis focuses on the design,
synthesis, and characterization of functional materials whose properties can be tailored through

the molecular engineering of dynamic or mechanical bonds.
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2 A tunable, dynamic thia-Michael addition reaction: Studies on

the thiol addition to benzalcyanoacetate derivatives

2.1 Introduction

As described in Chapter 1, an attractive method by which to access stimuli-responsive
materials is to incorporate dynamic covalent chemistry (DCC) into the polymer structure. DCC
refers to covalent chemistries that can undergo dynamic exchange in which the bonds break and
reform again, ideally, without the encumbrance of unwanted side reactions.™? Popular examples
of these chemistries include Diels-Alder reactions®®, disulfide bonds’°, and boronic esters'*3,
all of which have been employed to access materials that are recyclable/reprocessable and show

healing properties.

In recent years, the reversible thia-Michael (TM) reaction has grown in popularity as a
class of dynamic covalent chemical reactions that have utilized to access adaptive polymeric
materials. Typically described as the base- or nucleophile-catalyzed addition of a thiol across an
electron-deficient double bond (Figure 2.1A), the TM reaction has long been a member of the
“click” reactions family'* and has become a staple synthetic technique in polymer chemistry and

materials science.
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Figure 2.1. A) Generic scheme for reversible thia-Michael conjugate addition. B) Thiol-acrylate
Michael addition reaction catalyzed by base and reversible with heat.® C) Thiol-maleimide
Michael addition reaction catalyzed by base and reversible with heat and changes in pH.'® D)
Thiol-benzalcyanoamide Michael addition reaction catalyzed by base and reversible with heat."8
E) Meldrum’s acid derivative capable of reversible thiol conjugate addition with heat.®

While its reputation as a versatile addition reaction is well established, its ability to act as
a reversible bond has only recently begun to be explored in the realm of dynamic polymeric
materials. Although the field is small (but growing rapidly), the current array of thia-Michael

chemistries in dynamic polymers is remarkably diverse. For example, Konkolewicz et al. showed




that thiol-acrylate-based polymer networks are thermally-reversible at elevated temperatures (90
°C), affording them such properties as healing and malleability (Figure 2.1B).> The same group
also reported pH-responsive TM systems in which the thiol-maleimide adduct was reversible under
basic conditions, again leading to healable films (Figure 2.1C).*® Schubert and coworkers utilized
a polymer with benzalcyanoacetamide side chains in combination with multifunctional thiols to
access thermally healable films both in crosslinked small-molecule networks and in crosslinked
polymers (Figure 2.1D).}"'® Small-molecule networks by the same group, composed of a
trifunctional thiol crosslinker and bisbenzalcyanoacetamide compound, were formed via base-
catalyzed thiol-Michael addition and ultimately resulted in heat-induced, irreversible
decomposition of the networks arising from the interactions between the catalyst and the thiol
derivative to reportedly form HzS gas. This limited the applicability and functionality of the
materials as the heat necessary for dynamic exchange (> 60 °C) was found to ultimately reduce
the mechanical properties of the material over time, due to the loss of viable thiols. Using an
alternative approach, Kalow et al. developed a Meldrum’s acid derivative capable of reversibly
crosslinking siloxane polymers containing pendant thiol groups without the use of a catalyst
(Figure 2.1E).%® They showed that the resulting silicone network could be reprocessed at least ten
times without significant loss of mechanical properties, demonstrating the viability of a catalyst-

free approach to dynamic thia-Michael polymer networks.

In a protein targeting study, Taunton et al. explored catalyst-free TM chemistry by
investigating the addition of thiols to different electron-deficient Michael acceptors based on a-

cyanoacrylates.?® The results of their studies demonstrated that the presence of the electron
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withdrawing nitrile group in the a-position (highlighted in violet in Figure 2.2A) in the acceptor
increases the rate of the reverse thia-Michael reaction while maintaining a thermodynamically
favorable adduct. Anslyn et al. also took interest in the catalyst-free approach to the dynamic
reaction, noting that the nature of substituents on the s-phenyl ring (highlighted in orange in Figure

2.2A) played a role in determining the kinetics and thermodynamics of the reaction.?
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Figure 2.2. Base-catalyzed, reversible reaction of thiol with benzalcyanoacetate (a-nitrile
highlighted in violet, -phenyl highlighted in orange) demonstrating the formation of a transition
state followed by an enolate intermediate that eventually progresses towards the final adduct
formation.

In 2016, Houk et al. executed an extensive computational investigation into the substituent

effects on the mechanism of base-catalyzed thiol binding across activated Michael acceptors that

provided mechanistic insight of Anslyn’s and Taunton’s observations.?> While the in silico

experiments were conducted to reflect basic conditions, it is expected that similar mechanistic
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trends would be in effect in the catalyst-free reaction. According to Houk et al., the reversibility
of the benzalcyanoacetate species is driven by two primary characteristics. First, the presence of
the a-electron withdrawing group (-CN) stabilizes the transition state and enolate intermediate in
the thia-Michael reaction. The negative charge on the enolate is delocalized between the methyl
acetate group as well as the cyano-substituent, creating an intermediate that is 21 kcal/mol more
stable than the same acceptor without the —CN group. The enhanced stability of the transition state
increases the rate of reaction for addition while the more stable enolate is responsible for a more

facile reversibility in the base catalyzed system.

Second, the presence of the g-phenyl group alters the kinetics and thermodynamics of the
reaction. The aromatic substituent increases the energy barrier of thiol addition by 3 kcal/mol as
compared to an unsubstituted analogue. This effect both reduces the rate of thiol addition to the
acceptor and increases the favorability of the reverse reaction back to starting materials. When
used in combination with the a-electron withdrawing group (-CN), the thermodynamic equilibrium
was found to exhibit a lower overall AG than an unsubstituted Michael acceptor. This was
determined to be due to the influence of conjugation within the benzalcyanoacetate component.
While conjugation works to stabilize the free acceptor, it equally contributes to a destabilization
of the non-conjugated adduct that results from its reaction with a thiol. Therefore, the thia-Michael
product formed from the benzalcyanoacetate species possesses a higher free energy (and smaller
overall -AG) than a non-conjugated Michael acceptor. The overall contributions of the substituents
on the double bond to the kinetics and thermodynamics of the thiol addition results in a room

temperature dynamic covalent bond that weakly favors the formation of the products.
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The above work emphasized the fact that an a-electron withdrawing coupled with a -
phenyl substituent on a Michael acceptor aids the reversibility of the thia-Michael reaction.**?! In
addition to these conclusions, Anslyn, et al, showed that the presence of electron-donating or
electron-withdrawing species on the g-phenyl ring allows the ability to alter the kinetics and
thermodynamics of the reaction without drastically modifying the reactive site.’® While the
chemical behavior of these Michael acceptors is intriguing, the investigation of their reversible
and tunable properties has been limited to aqueous, solution-based conditions. The amide-based
compound, benzalcyanoamide, was explored by Schubert, et al, in organic solvent and in bulk,
however, the benzalcyanoamide networks reported required the use of basic conditions which, as
discussed earlier, led to the breakdown of the thiol component. The acetate-based acceptors, on
the other hand, have been largely set aside due to their reported instability in the presence of
water.?’ Preliminary results by Anslyn, et al, showed that the benzalcyanoacetate acceptors are
indeed capable of participating in thiol-Michael addition although the aqueous conditions applied
in those experiments prevented further analysis of their equilibrium properties. Therefore, the
utilization of the benzalcyanoacetate motif in catalyst-free and organic conditions remained an
important, yet unexplored line of inquiry with the potential to expand the application of the

reversible thia-Michael reaction in bulk materials.

With the goal of accessing catalyst-free thia-Michael networks this chapter focuses on
model small molecule solution studies on the thiol addition to benzalcyanoacetate derivatives.
These solution-state studies were utilized to evaluate two key hypotheses: 1) that the

benzalcyanoacetate thia-Michael reaction does indeed proceed in the absence of a catalyst in
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organic solvent and 2) that the equilibrium of this reaction can be adjusted by modifying the aryl-
substituents on the electrophile. While previous reports (discussed above) have eluded to these
hypotheses being correct, the necessary studies had not yet been completed and it was critical to

confirm the results before proceeding.

2.2 Results and Discussion

Studies were conducted on a series of four benzalcyanoacetate compounds differentiated
by the electron-withdrawing/-donating capabilities of the substituent on the para-position of the
f-phenyl ring (1, Scheme 2.1). Nitro- (IN), bromo- (1B), hydrogen- (1H), and methoxy-
substituted (1M) benzalcyanoacetate were synthesized via a Knovenagel condensation of methyl
cyanoacetate with the corresponding benzaldehyde. The benzalcyanoacetate species were titrated
with 1-octanethiol in deuterated methyl sulfoxide (de-DMSO) (Scheme 2.1) following NMR
titration procedures and considerations outlined by Thordarson.”®> The DMSO was treated with
activated molecular sieves before use in the titration experiments to reduce the amount of water
present. Excess water can promote the hydrolysis of the Knovenagel product resulting in a
reformation of methyl cyanoacetate and corresponding benzaldehyde. Stock solutions of 1 (0.025
M in de-DMSO, T1) were prepared in 5 mL batches. The T1 solution (0.782 mL) was added to
0.218 mL (50 molar equivalents to 1) of 1-octanethiol, resulting in a second, concentrated stock
solution (T2) with total concentrations of 1 and 1-octanethiol at 0.0195 M and 1.25 M,

respectively. The T2 solution was allowed to equilibrate for 18 hours.
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Scheme 2.1. Schematic of benzalcyanoacetate electrophile equilibrium reaction with 1-
octanethiol.

Following the equilibration of T2, the titration study commenced. In an NMR tube, 0.782
mL T1 and 0.218 mL of ds-DMSO were combined, ensuring that the concentration of 1 remained
the same throughout the titration experiment. To this sample, 5 uL of T2 was added followed by
an 18 hour equilibration. After the equilibration period, the sample was analyzed via *H NMR
spectroscopy (Figure 2.3), then an additional 5 pL of T2 was added to the NMR tube and the

process was repeated.
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Figure 2.3. Stacked array of *H-NMR spectra for each thiol addition during the titration of 1H.
Beginning at the top with the free electrophile, each subsequent spectra moving down the stack
has an incrementally higher thiol content (6.25 mM added per step). (500 MHz in de-DMSO)
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Figure 2.4. Fully annotated *H NMR of the free 1H electrophile (top) and the 1H adduct after
titration (bottom) highlighting the appearance of Ha and Hp upon addition of the thiol. Inset

T
4.0

illustration shows an example of diastereomers present in the adduct. (500 MHz in de-DMSO)

As demonstrated in Figures 2.3 and 2.4, the formation of the thia-Michael adduct was
clearly evident by *H-NMR. Peaks associated with the electrophile shifted upfield (as indicated by
the prime labels in Figure 2.4) and several of the new peaks appeared in pairs. This splitting is to
be expected given the chiral nature of the a- and f-carbon centers, post-addition. The two chiral
centers give rise to four stereoisomers (2", n = number of chiral centers) of the adduct and
subsequently, two diastereomer pairs are detected via NMR (one pair is illustrated in the inset of

Figure 2.4). Quantitatively, the extent of adduct formation was defined by monitoring the growing
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doublets between 4.50 — 5.20 ppm (Ha and Hp, respectively in Figure 2.4) in conjunction with the
subsequent loss of 1 by the diminishing singlet at ca. 8.50 ppm (D, in Figure 2.4). As the total
integration of these peaks accounts for the total amount of benzalcyanoacetate moiety (reacted and
unreacted) in the system, the extent of reaction at each titration step could be calculated by
comparing the area under each peak. For example, during the titration of 1H (Figures 2.3 and 2.4),
if the integral of the singlet at 8.44 ppm was one and the integral of the doublets at 4.52 ppm was
also one, then half of the original electrophile in the solution was reacted with 1-octanethiol and
the concentration of both 1 and the adduct at that point would be 9.75 x 102 M (0.0195 M 1H in
the starting solution divided by two). The equilibrium constant (Keq) could then be extrapolated
from the titration experiments by plotting the concentration of the product versus the thiol

concentration and fitting the data using a 1:1 binding isotherm.

kl
E+SH <> P
k

-1

(2.1)

This equilibrium process is represented mathematically as a function of the concentration
(represented by brackets around the variables) of E, SH, and P (equation 2.3). When the reaction
is in equilibrium, the formation of the adduct does not change with time and therefore can be

equated to zero.
— =k [E][SH] — k_4[P] =0 (2.2)

Rearranging equation 2.3, we arrive at equation 2.4:
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ki[E][SH] = k_4[P] (2.3)

Given that the initial concentration of the electrophile remains constant throughout the
experiment, it is useful to express the free electrophile concentration as a function of the constant,
initial electrophile concentration and adduct formation ([E] = [E]o — [P]) which results in equation

2.5:
ki([Elo — [PDISH] = k_4[P] (2.4)
Expanding equation 2.4 and solving for P gives equation 2.5:

[E]o[SH]
pl = 2lolof]
[P] k-1, [sH]

k1

(2.5)

The quotient of the rate constants in equation 2.5 is equivalent to the equilibrium
dissociation constant, Kq, which is inversely related to the equilibrium association constant, Ka. As
Ka is the extent to which the reaction has proceeded towards the products in equilibrium, Ka is used
to define the Keq for the thia-Michael reactions. Therefore, the final model for fitting the titration

data is equation 2.6%*:

Elo|SH
[P] = Ebolst]

Kog +[SH] (2.6)

By plotting the titration data as [P] versus [SH] (note that this is free thiol, not added thiol
and is determined by [SH] = [SH]o — [P], for each titration step), it is possible to extrapolate both

the Keq and [E]o, which serves to check the fit as the modeled data should match the original
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electrophile concentration (Figure 2.5A-D). Table 2.1 summarizes the Keq values determined for

each of the benzalcyanoacetate compounds after fitting the titration data with the binding isotherm.
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Figure 2.5. Plot of product concentration ([P]) versus free thiol concentration ([SH]) during the
titration of A) 1N, B) 1B, C) 1H, and D) 1M with 1-octanethiol. Result were fit with the 1:1
binding isotherm (red line). E) Hammett plot of average equilibrium constants (Keq) for 1N (red),
1B (orange), 1H (blue), and 1M (green). The line indicates a linear fit of averaged data with slope,
p =1.46.
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Table 2.1. Summary of experimental equilibrium constants measure at room temperature in de-

DMSO.
1M 1H 1B 1N
Obara -0.27 0 0.23 0.78
Keq (M) 9.4+1.0 58.0 + 3.8 160.0 +20.0 | 470.0 + 150.0

In order to confirm that the equilibrium constants, as extrapolated from the model, were
indeed reflective of the electronic nature of the s-phenyl substituent, the experimental results were
evaluated in a Hammett plot (Figure 2.5E). Hammett plots are used to compare the properties (in
this case, Keq) Of electronically diverse compounds as normalized by the properties of the
unsubstituted compounds (R = -H). When these values are plotted versus their respective Hammett
sigma values? (opara, Table 2.1), the slope of the linear fit of the data (o) reveals whether the given
property is dependent (o > 1) or independent (o < 1) of the electron-withdrawing or —donating
nature of the R-group. A Hammett plot of the benzalcyanoacetate equilibrium constants reveals a
positive trend, with p = 1.46 suggesting a system whose equilibrium properties are dictated by the
electron-donating/-withdrawing nature of the g-phenyl substituent. While the overall trend was
positive, the data clearly showed a downward curve, typically indicative of changes to the reaction
mechanism as a result of changes to the transition state. Interestingly, this data correlates well with
findings from the prior work discussed above. Anslyn, et al, reported a positively correlated
Hammett plot for benzalcyanoacetamides reacted with thiols in aqueous media, but also noted the
presence of a slight downwards curve in the data.’® Moreover, Houk, et al., observed significant
changes to the energetics of the transition state corresponding to the addition of the s-phenyl group
as a result of enhanced delocalization.? It is therefore likely that the electron-donating and
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electron-withdrawing groups would affect the thiol-benzalcyanoacetate reaction mechanism in
response to changes in charge delocalization. Figure 2.6 illustrates how the proposed thiol addition
across the benzalcyanoacetate might vary depending on the electronic nature of the benzal moeity

(e.g. IN vs. 1M).

Figure 2.6. Examples of proposed variations in thiol addition mechanism as a consequence of
variable electron density between A) 1N and B) 1M.

For 1N (Figure 2.6A), the electron withdrawing capabilities of the nitro group creates an
electron density gradient throughout the conjugated molecule, leaving the g-carbon electron
deficient. This would promote the addition of the thiol to the S-position, followed by protonation
of the resulting enolate. Conversely, the electron donating power of the methoxy substituent in 1M
pushes electron density into the conjugated system, promoting an acid-base interaction between
the more electron-rich carbonyl and the thiol proton (Figure 2.6B). This then leads to addition via

the thiolate and tautomerism of the resulting enol derivative. Future studies using combined
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computational methods and quantitative chemical analyses will surely elucidate a more definitive

description of these mechanisms.

2.3 Conclusions

Using 'H-NMR titrations, it was demonstrated that the electron-withdrawing/-donating
capabilities of the para-substituent on the s-phenyl ring of the benzalcyanoacetate play a key role
in defining the chemical equilibrium of the reversible thia-Michael reaction. The thermodynamic
equilibrium of the reaction could be shifted towards the adduct (electron-withdrawing substituents)
or towards the reactants (electron-donating substituents), providing a useful platform upon which

to tune the reaction in the absence of a catalyst.

2.4  Experimental Methods

2.4.1 Instrumentation

Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance Spectroscopy was performed using the 500 MHz Bruker
AVANCE II* 500; 11.7 Tesla NMR at the NMR facilities at the University of Chicago. Analysis

of NMR results was done using MNova NMR processing software.

Gas Chromatography-Mass Spectrometry (GC-MS)
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Gas Chromatography-Mass Spectrometry was performed using the Varian Saturn 2200
GCMS/MS at the Mass Spectroscopy facilities at the University of Chicago. Samples were

prepared at 10 uM concentration in acetonitrile and were tested at room temperature.

2.4.2 Synthetic Procedures

R-Benzalcyanoacetates (1)
() o
H
_h...

0 0
G e - rp
CN R R CN

Scheme S2.1. General reaction scheme for formation of benzalcyanoacetate compounds (1).

Methyl cyanoacetate (1 mol, 0.11 mL) and R-benzaldehyde (1.05 mol) were combined in
a round bottom flask with methanol (15 mL) and catalytic (2-3 drops from glass pipette) piperidine.
The reaction was stirred using a magnetic stir bar at room temperature for three hours. After 3
hours, the solution was placed in the freezer for 24 hours and the precipitate was collected via

vacuum filtration.
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4-Nitrobenzalcyanoacetate (1N). *H-NMR (500 MHz in de-DMSO; & ppm: 3.90 (s, 3H), 8.26 (d,
2H), 8.42 (d, 2H), 8.59 (s, 1H)). 13C-NMR (101 MHz in CDCl3; § 162.11, 152.22, 149.94, 136.98,

131.75, 124.52, 114.68, 107.06, 54.06). GC-MS (MW = 232.20).

4-Bromobenzalcyanoacetate (1B). *H-NMR (500 MHz in de-DMSO; & ppm: 3.88 (s, 3H), 7.84 (d,
2H), 8.00 (d, 2H), 8.43 (s, 1H)). 3C-NMR (101 MHz in CDCls; 5 162.91, 153.98, 132.88, 132.46,

130.35, 128.59, 103.31, 53.73). GC-MS (MW = 266.09).

4-benzalcyanoacetate (1H). *H-NMR (500 MHz in dg-DMSO; § ppm: 3.88 (s, 3H), 7.61 (t, 2H),
7.67 (t, 1H), 8.08 (d, 2H), 8.44 (s, 1H)). 3*C-NMR (101 MHz in CDCls; & 163.06, 155.41, 133.53,

131.48, 131.21, 129.40, 115.57, 102.62, 53.53). GC-MS (MW = 187.20).

4-Methoxybenzalcyanoacetate (1M). *H-NMR (500 MHz in de-DMSO; § ppm: 3.85 (s, 3H), 3.88
(s, 3H), 7.18 (d, 2H), 8.11 (d, 2H), 8.35 (s, 1H)). *C-NMR (101 MHz in CDCls; 5 164.06, 163.83,

154.86, 133.91, 124.48, 116.41, 114.98, 99.01, 55.84, 53.40). GC-MS (MW = 217.22).
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Figure S2.1. *H-NMR of 1 benzalcyanoacetates. (600 MHz in ds-DMSO)

104



2.5

1)

()

©)

(4)

(5)

(6)

(7)

(8)

9)

(10)

(11)

(12)

References

Rowan, S. J.; Cantrill, S. J.; Cousins, G. R. L.; Sanders, J. K. M.; Stoddart, J. F. Dynamic
Covalent Chemistry. Angew. Chemie Int. Ed. 2002, 41 (6), 898-952.

Chakma, P.; Konkolewicz, D. Dynamic Covalent Bonds in Polymeric Materials. Angew.
Chemie Int. Ed. 2019, 58 (29), 9682-9695.

Reutenauer, P.; Buhler, E.; Boul, P. J.; Candau, S. J.; Lehn, J.-M. Room Temperature
Dynamic Polymers Based on Diels—Alder Chemistry. Chem. Eur. J. 2009, 15 (8), 1893—
1900.

M. Imbesi, P.; Fidge, C.; E. Raymond, J.; I. Cauét, S.; L. Wooley, K. Model Diels—Alder
Studies for the Creation of Amphiphilic Cross-Linked Networks as Healable,
Antibiofouling Coatings. ACS Macro Lett. 2012, 1 (4), 473-477.

Adzima, B. J.; Aguirre, H. A.; Kloxin, C. J.; Scott, T. F.; Bowman, C. N. Rheological and
Chemical Analysis of Reverse Gelation in a Covalently Cross-Linked Diels—Alder Polymer
Network. Macromolecules 2008, 41 (23), 9112-9117.

Oehlenschlaeger, K. K.; Mueller, J. O.; Brandt, J.; Hilf, S.; Lederer, A.; Wilhelm, M.; Graf,
R.; Coote, M. L.; Schmidt, F. G.; Barner-Kowollik, C. Adaptable Hetero Diels—Alder
Networks for Fast Self-Healing under Mild Conditions. Adv. Mater. 2014, 26 (21), 3561—
3566.

Canadell, J.; Goossens, H.; Klumperman, B. Self-Healing Materials Based on Disulfide
Links. Macromolecules 2011, 44 (8), 2536-2541.

Michal, B. T.; Jaye, C. A.; Spencer, E. J.; Rowan, S. J. Inherently Photohealable and
Thermal Shape-Memory Polydisulfide Networks. ACS Macro Lett. 2013, 2 (8), 694-699.

Michal, B. T.; Spencer, E. J.; Rowan, S. J. Stimuli-Responsive Reversible Two-Level
Adhesion from a Structurally Dynamic Shape-Memory Polymer. ACS Appl. Mater.
Interfaces 2016, 8 (17), 11041-11049.

Cudjoe, E.; Herbert, K. M.; Rowan, S. J. Strong, Rebondable, Dynamic Cross-Linked
Cellulose Nanocrystal Polymer Nanocomposite Adhesives. ACS Appl. Mater. Interfaces
2018, 10 (36).

P. Bapat, A.; Roy, D.; G. Ray, J.; A. Savin, D.; S. Sumerlin, B. Dynamic-Covalent
Macromolecular Stars with Boronic Ester Linkages. J. Am. Chem. Soc. 2011, 133 (49),
19832-19838.

J. Cash, J.; Kubo, T.; P. Bapat, A.; S. Sumerlin, B. Room-Temperature Self-Healing
Polymers Based on Dynamic-Covalent Boronic Esters. Macromolecules 2015, 48 (7),

105



(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

2098-2106.

R. Cromwell, O.; Chung, J.; Guan, Z. Malleable and Self-Healing Covalent Polymer
Networks through Tunable Dynamic Boronic Ester Bonds. J. Am. Chem. Soc. 2015, 137
(20), 6492-6495.

P. Nair, D.; Podgorski, M.; Chatani, S.; Gong, T.; Xi, W.; R. Fenoli, C.; N. Bowman, C.
The Thiol-Michael Addition Click Reaction: A Powerful and Widely Used Tool in
Materials Chemistry. Chem. Mater. 2013, 26 (1), 724-744.

Zhang, B.; A. Digby, Z.; A. Flum, J.; Chakma, P.; M. Saul, J.; L. Sparks, J.; Konkolewicz,
D. Dynamic Thiol-Michael Chemistry for Thermoresponsive Rehealable and Malleable
Networks. Macromolecules 2016, 49 (18), 6871-6878.

Chakma, P.; Rodrigues Possarle, L. H.; Digby, Z. A.; Zhang, B.; Sparks, J. L.; Konkolewicz,
D. Dual Stimuli Responsive Self-Healing and Malleable Materials Based on Dynamic
Thiol-Michael Chemistry. Polym. Chem. 2017, 8 (42), 6534-6543.

Kuhl, N.; Geitner, R.; Bose, R. K.; Bode, S.; Dietzek, B.; Schmitt, M.; Popp, J.; Garcia, S.
J.; van der Zwaag, S.; Schubert, U. S.; et al. Self-Healing Polymer Networks Based on
Reversible Michael Addition Reactions. Macromol. Chem. Phys. 2016, 217 (22), 2541-
2550.

Kuhl, N.; Geitner, R.; Vitz, J.; Bode, S.; Schmitt, M.; Popp, J.; Schubert, U. S.; Hager, M.
D. Increased Stability in Self-Healing Polymer Networks Based on Reversible Michael
Addition Reactions. J. Appl. Polym. Sci. 2017, 134 (19).

A. Ishibashi, J. S.; A. Kalow, J. Vitrimeric Silicone Elastomers Enabled by Dynamic
Meldrum’s Acid-Derived Cross-Links. ACS Macro Lett. 2018, 7 (4), 482-486.

Serafimova, I. M.; Pufall, M. A.; Krishnan, S.; Duda, K.; Cohen, M. S.; Maglathlin, R. L;
McFarland, J. M.; Miller, R. M.; Frodin, M.; Taunton, J. Reversible Targeting of
Noncatalytic Cysteines with Chemically Tuned Electrophiles. Nat. Chem. Biol. 2012, 8,
471.

Zhong, Y.; Xu, Y.; Anslyn, E. V. Studies of Reversible Conjugate Additions. European J.
Org. Chem. 2013, 2013 (23), 5017-5021.

H. Krenske, E.; C. Petter, R.; N. Houk, K. Kinetics and Thermodynamics of Reversible
Thiol Additions to Mono- and Diactivated Michael Acceptors: Implications for the Design
of Drugs That Bind Covalently to Cysteines. J. Org. Chem. 2016, 81 (23), 11726-11733.

Thordarson, P. Determining Association Constants from Titration Experiments in
Supramolecular Chemistry. Chem. Soc. Rev. 2011, 40 (3), 1305-1323.

Steed, J. W.; Atwood, J. L. Supramolecular Chemistry; John Wiley & Sons, Ltd, 2009.
106



(25) Hansch, C.; Leo, A.; Taft, R. W. A Survey of Hammett Substituent Constants and
Resonance and Field Parameters. Chem. Rev. 1991, 91 (2), 165-195.

107



3 Reaction-induced phase separation in tunable dynamic covalent

networks®

¥ Contents of this chapter adapted from: Herbert, K. M.; Getty, P.; Hertzog, J.; Lettow, J.; Romulus,
J. R.; Rowan, S. J. Reaction-induced phase separation in tunable dynamic covalent networks. J.

Am. Chem. Soc. 2019 [in preparation]

3.1 Introduction

Dynamic covalent networks (or covalent adaptable networks) are polymeric networks that
incorporate dynamic covalent chemistries (DCC).1 Dynamic covalent bonds can undergo bond
exchange (bonds break and reform again), ideally, without the encumbrance of unwanted side
reactions.*® The incorporation of dynamic chemistries such as transesterification®’, Diels-Alder
reactions®! | disulfide bonds'>14, and boronic esters®>’, allows access to adaptive materials that
can exhibit (self-)healing, reprocessing, strain relaxation and shape-memory properties. Recently,
the reversible thia-Michael (TM) reaction has been added to the list of DCC reactions utilized to
access adaptive polymeric materials.'® Typically described as the base- or nucleophile-catalyzed
addition of a thiol across an electron-deficient double bond, the TM reaction has been a staple
synthetic technique in polymer chemistry and materials science.!® While its reputation as a
versatile addition reaction is well established, its ability to act as a reversible bond has only recently
begun to be explored in the realm of dynamic polymer networks.2%2* An interesting subset of the

TM reaction is the thiol addition to benzalcyanoacetate Michael acceptors. Small molecule studies
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by Taunton?®, Anslyn?®, and Houk?’ have shown that thiol addition to such Michael acceptors
requires no catalyst, is dynamic at room temperature, and that the thermodynamics and kinetics of
these reversible reactions are sensitive to the nature of the substituent on the S-phenyl ring.
Reported, herein, are studies on a series of dynamic polymeric networks based on this dynamic
covalent bond where the tetrathiol (pentaerythritol tetrakis(2-mercaptopropionate), PTMP) is
mixed with ditopic benzalcyanoacetate derivatives that differ in the electron-withdrawing/-

donating capabilities of the substituent on the para-position of the s-phenyl ring.

3.2 Results and Discussion

A series of ditopic acceptor compounds were prepared with nitro- (3N), bromo- (3B),
hydrogen- (3H), and methoxy-substituted (3M) benzalcyanoacetate on the chain ends of a
triethylene glycol (TEG). Titration experiments on monotopic analogues of the acceptors with 1-
octanethiol determined the equilibrium constant (Keg) of the nitro-, hydrogen-, and methoxy-
substituted acceptors in deuterated dimethyl sulfoxide (de-DMSO) to be 470 ML, 58 M1, and 9 M-
! respectively (See Chapter 2 for details). These ditopic compounds were synthesized in two steps
(Scheme 3.1).3° Triethylene glycol (TEG) was bis-functionalized via esterification with
cyanoacetic acid in the presence of catalytic p-toluenesulfonic acid (p-TSA) (Scheme 2.2A). The
resulting TEG-biscyanoacetate compound (2) was reacted with two molar equivalents of the
desired benzaldehyde compound (containing the appropriate para R-group functionalization)
using a catalytic amount of trimethylamine (TEA) to aid the Knovenagel condensation (Scheme

2.2B). The subsequent ditopic electrophiles (3) were confirmed via *H-NMR (Figure 3.1), *C-
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NMR, and mass spectrometry (See Experimental Methods for spectra and synthesis details). This

synthesis work was done with contributions from undergraduate Patrick Getty at the University of

Chicago.
A.
o] o] CN
o OH P-TSA o 0
21 OH + HO™ "~ N~ S S e
CN Toluene CN
105 °C @
B. 0 o N 0 CN R
| TEA o o) =
. /@) . HLO/\/O\/\O/\/O\H) - . WQN ~ o
R CN (2) 0 oem - CN (3) o

Scheme 3.1. Synthetic schemes for A) triethylene glycol biscyanoacetate (2) and B) triethylene
glycol bisbenzalcyanoacetate (3).
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Figure 3.1. *H NMR (500 MHz, CDCls) of A) TEG-his(4-nitrobenzalcyanoacetate) (3N), B) TEG-
bis(4-bromobenzalcyanoacetate) (3B), C) TEG-bis(benzalcyanoacetate) (3H), and D) TEG-bis(4-
methoxybenzalcyanoacetate) (3M).

Thermal characterization was conducted on the derivatives of 3 using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) (Figure 3.2, Table 3.1). All Michael
acceptor compounds were found to be thermally stable up to approximately 300 °C, as determined
by TGA (Figure 3.2A). In DSC (Figure 3.2B), neither 3M nor 3H showed any crystalline behavior

within the testing range (-80 °C — 200 °C), but rather exhibited a phase transition, likely a glass
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transition temperature (Tg), below 0 °C. In contrast, the calorimetric behavior of 3N was dominated
by a broad melting phenomenon (Trm) that peaked at 145 °C. 3B demonstrated a more complex
thermal behavior with a phase transition (Tg) below 0 °C (akin to 3M and 3H), a cold crystallization

peak (T¢) at 47 °C, before finally, a sharp melting peak at 160 °C.

A. B.
100 %
90 \ ——
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= 604 =
< - 3
% 50 4 o
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] 5
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30 3B —3M
1 —3H -
204 3H
| —3M —3N
104 ——3N Exo Up 3B
o 1 (offset)
T T T T T 1 T T T T T
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Figure 3.2. A) TGA data for TEG-bisbenzalcyanoacetates. 10% weight loss is marked by the gray
dashed line (ramp rate = 10 °C/min). B) DSC curves of TEG- bisbenzalcyanoacetates. Both
analyses run at 10 °C/min, DSC showing results of second heating (exotherm up, ramp rate = 10
°C/min, curves offset for ease of viewing).
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Table 3.1. Summary of thermal properties of neat electrophiles.

Sample Ta (°C)? TP/ TS/
(°C)
3N 313 145/8/*
3B 334 160/-4/48
3H 322 *[-21/*
3M 349 *[-7/*

T4 defined as the temperature required to reach 10% weight loss by TGA.
5T defined as temperature at peak of melt
Ty defined as temperature at onset of glass transition
4T, defined as temperature at peak of crystallization

Networks were formed by simply mixing the 3 with PTMP (Figure 3.3B) in solution and
casting onto a Teflon® dish. Although films could be prepared using DMSO to mimic conditions
in the titration studies, the nonvolatile nature of the solvent was not conducive to casting films.
Therefore, chloroform, a good solvent for both 3 and PTMP, was selected as the casting solvent.
The ratio of reactive sites (thiol:alkene) was kept constant to target a 1:1 ratio, unless otherwise
noted. These samples are denoted 4Mx, 4Bx, 4Hx, and 4Nx to indicate the use of 3M, 3B, 3H, and
3N, respectively, to form the network. The x relates the mole percent (mol%) of each acceptor site
(x =100 or 50) relative to the total amount of thiol. Hybrid systems were also prepared that utilized
networks containing a 50/50 (mol%/mol%) combination of electrophiles (combinations of 3H with
3M did not result in robust films suitable for mechanical testing). For example, 4NsoHso is
comprised of 50 mol% of Michael acceptor groups from 3N and 50 mol% from 3H. The cast films

were dried (24 hours at 60 °C then 30 minutes at 150 °C) and compression molded (10 minutes,
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10 kpsi, 90 °C for 3N-containing films, 70 °C for others) using a stainless-steel rectangular spacer,
resulting in a polymeric film approximately 400 um thick. It is worthy of note that under these

conditions, PTMP alone (without the acceptors) remains a free-flowing, viscous liquid.

(3) R
o CN
@”‘ﬁ"’\ﬁf*\“@
R N 3

R = -OCH,, -H, -Br, or -NO,

Hs/\j)\o Oj\/\SH
HS o:><:o SH
\/\g/ \g/\/

Pentaerythritol tetrakis(2-mercaptopropionate)
(PTMP)

B.

Figure 3.3. Chemical structures of A) ditopic electrophiles and B) tetrathiol crosslinker, PTMP.
C) Hlustration depicting the network formation of electrophiles crosslinked with PTMP.
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Table 3.2. Contents of dynamic thia-Michael films and corresponding material properties.

Sample R1- e R2- 6 eq. Tgl? Tg2° | G'»5°c®(MPa) | G'soec®(kPa)
Name group 9 group 9 | pTMP (°C) (°C)
4M 100 -OCHs 2 - 1 -20.9 113 n/a n/a
4H100 -H 2 1 -10.8+4.9 114 0.64 46.0
4B100 -Br 2 1 -05+1.6 n/a n/a n/a
4N10o -NO; 2 - - 1 19.5+3.7 133 2100 342.3
4NsoMso | -OCHs 1 -NO; 1 1 1.0+2.0 110 150 104
4NsoHs0 -H 1 -NO; 1 1 1.7+29 109 1800 110.6
4NsoBso -Br 1 -NO, 1 1 14.0+0.8 135 2200 180.7

4 Calculated from onset of glass transition (n > 3), ® Calculated from onset of glass transition,
¢ Determined by observed tensile storage modulus (E’) at 25 °C, ¢ Determined by observed shear
storage modulus (G") at 80 °C.

To probe the ability of the catalyst-free thia-Michael adducts to yield robust films, an initial
series of films (4N1oo, 4B100, 4H100, and 4M10o) were prepared using the different bis-functional
acceptors, in combination with PTMP. Raman spectroscopy was used to analyze the formation of
the thia-Michael bond within the network. All spectra were collected using a 633 nm laser source
and were post-processed using OriginPro software to smooth, baseline correct, and normalize the
data (see Experimental methods for full details). Three key regions within the spectrum were
identified as markers for the reaction progress, mainly the alkene regime (C=C stretch, 1550-1640
cmY), the nitrile regime (C=N stretch, 2260-2200 cm™), and the thiol regime (S-H stretch, 2600-
2540 cm™). Figure 3.4 shows the C=C stretch (Figure 3.4A) and the C=N stretch (Figure 3.4B)
regions for the solid, unreacted ditopic electrophiles. While the C=N shifts are nearly identical (all
within 6 cm™), there is notable variations in peak location within the C=C regime, demonstrating
the effect of atomic mass and electron donating/withdrawing behavior on the conjugated double

bonds.?®
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Figure 3.4. Select Raman spectra of ditopic Michael acceptors (3N (red), 3B (orange), 3H (blue),
and 3M (green)). Isolated regions show A) C=C stretch and B) C=N stretch.

Once the ditopic compounds are incorporated into thia-Michael networks, shifts in the
Raman spectrum indicate the formation of crosslinks via thia-Michael addition. As shown in
Figure 3.5, the progress of the reaction can be observed by the disappearance of the C=C peak
associated with the reactive alkene (higher frequency C=C signal at 1587 cm™ — 1615 cm, Figure

3.5A, C, E, and G) as well as the shift of the C=N signal to higher frequencies as a result of this
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loss of conjugation (Figure 3.5B, D, F, and H). Furthermore, there is a decrease in the thiol peak
intensity at 2570 cm™ as a result of the PTMP reactive groups participating the in crosslinking
reaction (Figure 3.6A). As the elimination of thiols from the spectra could equally be attributed to
disulfide formation within the network, the spectra were compared to a control sample composed
of diethylene glycol dithiol and PTMP crosslinked via disulfide bonds using previously reported
methods (Sample prepared and donated by Arvin Sookezian). As shown in Figure 3.6, while a
broad disulfide peak is clearly visible at ca. 510 cm™ in the control sample, no notable peaks were
found in any of the thia-Michael networks that could be definitively characterized as a disulfide

bond.
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Figure 3.5. (cont. from page 11) Raman spectra of C=C (left) and C=N (right) vibrational stretches
for the neat electrophiles (dotted lines) overlayed with the respective thia-Michael networks (solid
lines). A/B) 3N and 4Nuoo, C/D) 3B and 4Bioo, E/F) 3H and 4Ha100, G/H) 3M and 4Moo.
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Figure 3.6. Raman spectra of A) thiol regime and B) disulfide regime highlighting the
disappearance of the thiol peak as well as the absence of disulfide formation within the thia-
Michael networks. PTMP (dotted line), disulfide network (black), 4Nioo (red), 4H100 (blue), 4B1oo
(orange), 4M1oo.

Aside from confirming the formation of crosslinks based on the thia-Michael reaction,
Raman spectroscopy also provided insight concerning the extent of crosslink formation within the
different networks. Examination of the network spectra reveals that peaks associated with the neat
electrophiles remain (i.e. C=N stretch at 2226 cm™), signifying that all of the networks exhibit
some percentage of free, unreacted species. The amount of unreacted species was found to vary
depending on the electrophile used in the network with 4Nioo having the least remaining free

acceptors and 4M1oo having the most. 4B10o0 appear anomalous in its high relative concentration of
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unreacted species, however, as thermomechanical evaluations will show, this variation likely

results from the bulk film phase behavior.

Thermogravimetric analysis (TGA) confirmed the thermal stability of the films reflected
the stability of the parent molecules with 10% degradation near 300 °C for all network samples
(Figure 3.7A). Differential scanning calorimetry (DSC) of the films revealed that most of the
networks exhibited two phase transitions, identified as glass transitions (Tg) (Figure 3.7B). It is
worthwhile noting that the Tgs of these films approximately track with equilibrium constant, with
higher Tq4s being observed for the networks formed with the more thermodynamically stable
dynamic bonds. The outlier in the thermal studies was 4B100 Which demonstrated multiple phase
transitions at elevated temperatures, presumably resultant from the cold-crystallization of the
electrophile (see Figure 3.2 for 3B DSC). Consequentially, the 4Bioo film was unsuitable for
mechanical testing as the processing conditions necessary to achieve a dry, pressed film promoted
catastrophic phase separation as the electrophile crystallized from the network. This observation
further explains the aforementioned Raman spectroscopy results where the 4Bioo network
exhibited more free electrophile than its counterparts. In this case, it is evident that the
crystallization event traps the 3B Michael acceptor compounds, leaving them unable to react
further with the PTMP crosslinkers. As for the remaining TM networks, the presence of dual glass
transitions is an interesting observation given the fact that only two small molecule monomers are
being reacted. The dual transitions suggest that as the networks form, two distinct amorphous

phases develop that have significantly different thermal properties.

120



100

90

80 4 @
_. 704 S
NS 3
5 50 2
1]
s g

401 ——4N,, o

304 4B,y %

20 4 —4H, g0

4M100
07 —prmp
0 T T T T T L) ) ) U T
100 200 300 400 500 600 -100 -50 0 50 100 150 200

Temperature (°C) Temperature (°C)

Figure 3.7. A) Thermogravimetric analysis (TGA) of 4N1oo (red), 4B1oo (orange), 4Hioo (blue),
4Maoo (green), and PTMP (black) with 10% weight loss highlighted by gray dotted line. B)
Differential scanning calorimetry (DSC, exotherm up) 2" heating curve of 4N1oo (red), 4B1oo
(orange), 4H100 (blue), and 4M1oo (green). DSC plots offset for ease of viewing.

Similar results were found with regards to the thermal properties of the hybrid films,
4Ns0Bso, 4NsoHso, and 4NsoMso (Figure 3.8). Each hybrid material exhibited degradation
temperatures (by TGA) at or near the parent networks (Figure 3.8A) as well as two glass transitions
in DSC (Figure 3.8B). Furthermore, the onset of the lower temperature Tgin the hybrid films
reflects an approximate Fox-like blend of the glass transitions of the homo-Michael acceptor films.
Evaluation of the three hybrid materials with respect to the Fox Equation (inset in Figure 3.9)
shows that the lower Tq of the films can generally be described as a blend of the two Rioo (where

R =N, B, H, or M) components within the hybrid. For example, 4NsoHso0 has a low T4 onset at ca.
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4 °C, reflecting an approximately equal contribution of 4N1o00 and 4Ha1oo0 lower Tgs at 20 °C and -
11 °C, respectively (Table 3.2). The offsets from the predicted Fox behavior provide further
evidence towards a phase separated systems where the composition of the phases is slightly
asymmetric. A parallel trend is observed for the higher temperature transition, although the breadth

of the transition in the hybrid films makes the precise transition temperature difficult to accurately

compare.
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Figure 3.8. A) TGA data for thia-Michael films including hybrids. 10% weight loss is marked by
the blue dashed line (ramp rate = 10 °C/min). B) DSC curves for thia-Michael films including
hybrids showing results of second heating (exotherm up, ramp rate = 10 °C/min, curves offset for
ease of viewing). 4NsoBso (gold), 4NsoHso (violet), 4NsoMso (Cyan).
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Figure 3.9. Predicted values from Fox equation (inset) for Tgs of hybrid materials containing 3N
and one other biscyanoacetate compound plotted with actual T4 data retrieved from DSC analysis
for 4Ns0Bso (orange), 4NsoHso (violet), and 4NsoMso (green).

As the DSC studies indicated a phase separated internal structure, atomic force microscopy
(AFM) of as-cast films was undertaken to confirm and further elucidate the microphase
morphology of the networks (Figure 3.10). For the homo-acceptor networks 4Hz100 and 4Mioo (high
Tq of 4N10o prevented differentiation of hard/soft regions at the operating temperature of AFM
instrument while the crystallinity of 4Bic0 damaged AFM tips and inhibited the use of the

technique), the results clearly show a dual-phase system composed of hard, circular regions within
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a soft matrix (Figure 3.10A,B). This suggests the possibility of reaction-induced phase separation
(RIPS)?%% occurring during the casting/processing of these dynamic films. With RIPS, the
miscibility of the components within a system changes as a reaction proceeds in forming a polymer
(termed polymerization-induced phase separation, PIPS*!*) or, as in this case, a network. The
evolving properties of the material (i.e. molecular weight, crosslink density, viscosity) eventually
promote the differentiation of two phases within what began as a homogeneous system. With the
dynamic thia-Michael reactions, the thermal and morphological data suggests that as the films are
cast and dried, higher T, acceptor-rich regions form that eventually become immiscible with the

evolving network matrix.

124



Phase (degrees)

Height (nm) Height (nm)

Figure 3.10. Atomic force micrographs showing phase (top) and height images (bottom). A/C)
4H100 and B/D) 4Maoo. Images taken using tapping mode.

Particle analysis of the images using ImageJ Image Processing Software was used to
calculate the two-dimensional area of the bright phases within the films (Figure 3.11). Each film
demonstrated a distribution of particle sizes, however, the aggregates of 4M 100 reached sizes up to
0.40 um? whereas 4H100 contained larger phases reaching over 5 um2. Further analysis revealed
that the overall area taken up by the encapsulated phases within a 400 pm? image varied

considerably between films with 4Mio0o containing ca. 9%, and 4Hio00 containing ca. 25%. When
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taken into consideration with the relative enthalpic change within the DSC curves for each material
(Figure 3.7B), it becomes apparent that the higher percentage of encapsulated phases is reflected
in the larger change in heat flow at the second transition of the DSC heating curve. This evidence
suggests that the bright phases observed in the AFM images are likely responsible for the high

temperature phase transition.

B 4M,
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Figure 3.11. Particle size distribution of A) 4Maoo, and B) 4Hao0 with the inset on B detailing the
distribution of particle sizes under 0.5 um?.
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The hybrid systems, on the other hand, revealed emergent morphologies that are indicative
of a physically complex combination of phase separation phenomena (Figure 3.12). For example,
4NsoHso reveals concentric phase development in which the hard phases have encapsulated softer
phases, while the 4NsoMso shows circular regions of two drastically different phases that are both
distinct from the continuous phase. The phases appear inverted in the 4NsoBso films that were

found to have a higher concentration of hard phase within the as-cast sample.
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Figure 3.12. Atomic force microscope (AFM) images of 4NsoBso (A — height, B — phase), 4NsoHso
(C — height, D — phase), and 4NsoMso (E — height, F — phase). Images taken using tapping mode
AFM.
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Thermomechanical studies were carried out on 4Naioo, 4Hi00, 4NsoBso, 4NsoHso, and
4NsoMso, using dynamic mechanical analysis (DMA). As can be seen in Figure 3.13A, the tensile
storage modulus (E") of the crosslinked networks in the glassy state are all on the order of 2 GPa.
The lower temperature Tg by DMA was found to be 47.5 °C and 8.9 °C, for 4N1o0 and 4Haoo,
respectively, notably resulting in drastically different mechanical behavior at room temperature.
Following the initial glass transition, a significant difference in performance within the rubbery
plateau was also observed and evaluated via shear rheology (Figure 3.13B). Where 4N10o0 exhibited
a clear plateau on the order of 10° Pa up to ca. 120 °C, 4Hi00 was weaker by two orders of
magnitude and began its second transition at ca. 90 °C. The relative location of both Tgs as

observed via DMA corroborates the trend observed in DSC: higher Keq results in higher Tg.
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Figure 3.13. A) Dynamic mechanical analysis (DMA) and B) shear rheology results for 2Hz1o0
(dashed blue), 2NsoMso (orange), 2NsoHso (violet), and 2N1oo (dashed red).

129



In the hybrid networks, the combination of crosslinks within the system enabled a
systematic tuning of Tg. 4NsoBso exhibited a first Tq at 39 °C, 4NsoHso at 29 °C, and 4NsoMso at
21 °C, systematically decreasing the Tq with the use of lower Keq acceptors. Shear rheology (Figure
3.13B) showed that both rubbery moduli and second Tg followed suit, with 4NsoBso having a higher
modulus and higher second T4 than 4NsoHso, and both 4NsoBso and 4NsoHso having higher moduli
and second Tg4 than 4NsoMso. Thus, these initial evaluations of dynamic reaction-induced phase
separation demonstrate the ability to tailor thermal, mechanical, and morphological properties of
dynamic networks by shifting the chemical equilibrium of the reaction through mindful compound
modification. The implementation of thermally responsive thia-Michael bonds into the network
creates a fully reversible, tunable environment that allows the films to be reprocessed and
reprogrammed. To demonstrate, 4NsoHso was annealed at 200 °C for 30 minutes then either cooled
slowly (1 °C/min) or quenched in liquid nitrogen. This thermal treatment resulted in a drastically
different phase structure as compared to the as-cast films (Figure 3.14). The annealing process
allowed the two phases to become more distinct with large, circular hard phases within a
continuous soft phase while the cooling process defined the extent of differentiation between the

phases.
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Figure 3.14. AFM images highlighting change morphology of 4NsoHso after annealing at 200 °C
then A) slow cooling (1 °C/min) to room temperature and B) quenching liquid nitrogen.

As a result of the dynamic, phase separated morphology, these systems exhibited
reprogrammable shape memory behavior. In a representative example, the one-way and
reprogrammable shape memory behavior of the 4NsoHso film was evaluated using force-controlled
DMA shape memory experiments (Figure 3.15). During the course of the one-way shape memory
experiment (Figure 3.15A) a temporary shape was imparted at 60 °C and fixed upon cooling below
Tg, to room temperature where the applied force was released. The original shape was recovered
once the sample was reheated once again to 60 °C. For one-way shape memory, 4NsoHso
demonstrated a perfect fixing ratio of 100%, showing no change in strain after the temporary shape
was set (maximum strain, em, and unloading strain, &, = 0.365). The sample returned to 90% of its

original shape upon reheating (recovery strain, & = 0.0371), with the residual 10% likely lost due
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to creep within the sample that occurred throughout the shape memory process (a phenomenon

common to dynamic covalent materials).

A. Temporary Shape
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Figure 3.15. Force-controlled dynamic mechanical analysis (DMA) experiments demonstrating A)
one-way and B) reprogrammable shape memory behavior of 4NsoHso. Violet line depicts recorded
strain, orange dashed line is applied tensile force, and gray dotted line is applied temperature.

The reprogrammable shape memory experiment was conducted in a similar fashion (Figure
3.15B). Shape 1 was programmed as the new permanent shape by heating a sample to 90 °C (just
below the second phase transition temperature) and applying an instantaneous tensile force.
Relaxation of the network at this temperature (discussed in detail in Chapter 4) allows the dynamic
crosslinks to rearrange in response to the applied force and upon cooling, the bonds are reformed
in their new configuration. From this new, permanent Shape 1, a temporary geometry (Shape 2)
was set by heating to 60 °C (during reheating, some recovery of the original shape was observed
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as the film partially relaxed in response to the heat), applying a force, and cooling once again to
room temperature. Once the force was removed, the fixing ratio of the new, temporary shape
(Shape 2 in Figure 3.15B) was determined to be 100%. The sample was reheated to 60 °C and the
temporary Shape 2 recovered back to the programmed Shape 1. The 4NsoHso film recovered back
to 95% of the relaxed, temporary shape ((em,2- er2/em2- er,1)*100), demonstrating the material’s
ability to reprogram its permanent shape while still maintaining temporary shape memory

properties.

Using this reprogrammable shape memory behavior, it was possible to use the 4NsoHso
material to construct folded architectures (for example, an airplane, Figure 3.16). By folding the
films at elevated temperatures (over a hot plate at 105 °C) and cooling them to room temperature,
the programmed permanent shape was the folded geometry. Therefore, the films could be unfolded
at lower temperatures (45 °C). cooled and fixed into a flat, temporary geometry, and then upon

heating again to >45 °C, the sample folded itself into an airplane.
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Heat from RT to 45°C

Figure 3.16. Reprogrammable shape memory behavior of 4NsoHso film. A film is folded into the
shape of an airplane at 105°C and fixed by cooling to room temperature. The airplane is then
flattened to achieve the room temperature (RT) temporary shape (left), but refolds into an airplane
upon heating to 45°C (right).

En route to the shape memory geometry (i.e. the folded airplane), an interesting observation
was made upon folding — the films could be creased. Creasing, defined here as plastic, localized,
and permanent deformation in the material, is not common among polymeric materials as polymers
typically either bend or fail under the conditions necessary for creasing. Above the onset of the
lower temperature Tg, the 4NsoHso film could be folded into the airplane shape and would maintain
the crease lines upon unfolding (Figure 3.17). These creases could be used repeatedly and could
be reversed (bent in the opposite direction of the original fold), similar to paper. We hypothesize
that the dynamic nature of the thia-Michael system allows the locally stressed bonds to exchange

during crease formation, creating a deformation that is permanent, but does not immediately fail
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due to local relaxation. While this remains simply an observation-based hypothesis until future
studies can be conducted on the relevant variables (effect of film thickness, crease radius, micro-

morphology along the crease, etc.), it is nonetheless a noteworthy property of these networks.

1 2
CENTIMETERS

INCHES

Figure 3.17. A) 4NsoHso film folded into an airplane geometry, B) film from image A unfolded
showing creases where folds were made, C) cartoon showing plane with creases highlighted, D)
2D cartoon of airplane-forming creases as they appear on a flat surface.
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In summary, shifting the equilibrium of a reversible TM reaction created the opportunity
to tailor the thermal, mechanical, and morphological properties of the resulting materials through
dynamic reaction-induced phase separation or DRIPS. In addition to their static physical
properties, the networks exhibited reprogrammable shape memory behavior as a result of their

dynamic, thermo-responsive transitions.

3.3 Conclusion

These results have demonstrated the ability to form reprocessable, shape memory dynamic
covalent networks using the benzalcyanoacetate-based thia-Michael reaction. This tunable
equilibrium reaction was used to tailor the thermal, mechanical, and morphological properties of
the resulting materials through dynamic reaction-induced phase separation or DRIPS. In addition
to their static physical properties, the networks exhibited reprogrammable shape memory behavior
as a result of their dynamic, thermo-responsive transitions. Above Tg, the films also demonstrated
a creasing behavior similar to paper, presumably a result of the local relaxation of dynamic bonds,

but nonetheless, an intriguing avenue of investigation for future studies.

This investigation into the thia-Michael reaction has opened the door to a multitude of
fundamental and applied macromolecular research. The ability to form a strong, robust network,
without any catalyst or initiator is in itself an attractive feature. Coupled with the added advantage
of being able to continuously reprocess these films due to their dynamic nature, this thia-Michael

motif has much potential in the applied polymer sciences. The programmable thermomechanical
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properties stemming from the fundamental kinetic and thermodynamic effects of substituents adds
yet another layer of complexity and intrigue to the system. Continued exploration to understand
and improve the functional and mechanical properties of these thia-Michael networks will surely

yield exciting results.

3.4 Experimental Methods

3.4.1 Instrumentation

Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance Spectroscopy was performed using the 500 MHz Bruker
AVANCE I1" 500; 11.7 Tesla NMR at the NMR facilities at the University of Chicago. Analysis

of NMR results was done using MNova NMR processing software.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a TA Instruments Discovery
Thermogravimetric Analyzer in the Soft Matter Characterization Facility at the University of
Chicago. Samples were tested under nitrogen atmosphere using platinum pans. Tests were

conducted using a ramp of 10 °C/min from starting operating temperature (ca. 35 °C) to 600 °C.
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Differential Scanning Calorimetry (DSC)

DSC was performed using a TA Instruments Discovery 2500 Differential Scanning
Calorimeter in the Soft Matter Characterization Facility at the University of Chicago. Samples
were prepared in aluminum hermetic pans from TA Instruments and were hermetically sealed.
Typical test conditions involved a heat-cool-heat procedure from (/200 °C/-80 °C/200 °C) run at

10 °C/min.

Raman Spectroscopy

Raman spectroscopy was conducted using a Horiba LabRamHR Evolution confocal Raman
microscope in the Materials Preparation and Measurement Laboratory (MPML) that is part of the
NSF Materials Research Science and Engineering Center (MRSEC) at the University of Chicago.
Data was collected using a Horiba Synapse OE CCD detector and a 633 nm laser source. The
spectral range of 400 — 3300 cm™ was probed for all samples using 4 windows with 60
accumulations per window. (Other testing parameters: Objective = 50x LWD [long working
distance]; grating = 600 gr/mm; ND Filter (i.e. laser power) = 50%; acquisition time = 1 second;

RTD time = 1 second; Hole size = 100)

Raw data collected on the instrument was processed using OriginPro 2017 v9.40 by
OriginLab Corporation. For each sample, data was first smoothed using the Savitzky-Golay

method (window of 10 points; 2" order polynomial fit). The baseline of the smoothed data was
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calculated using the asymmetric least squares method (parameters: asymmetric factor = 0.001;
threshold = 0.01; smoothing factor = 4; iterations = 10) in the software’s Peak Analyzer function
and then subtracted from the smoothed data. The smoothed, baseline corrected data was then
normalized using the standard normal variate (SNV) method in which the Raman intensities of the
sample were divided by the standard deviation of the Raman intensities over the entire frequency

range of the spectrum.

Atomic Force Microscopy (AFM)

Atomic force microscopy was performed using an Asylum Research Cypher ES AFM with
BlueDrive in the University of Chicago's Materials Preparation and Measurement Laboratory as
part of the NSF Materials Research Science and Engineering Center (MRSEC). Scans were
conducted in tapping mode using a NanoWorld Arrow™ Ultra High Frequency (UHF) AFM

probe.

Samples were prepared for AFM by pipetting a small (< 0.5 mL) aliquot of the thia-Michael
solution (the same solution to be used to make the bulk film) onto a glass microscope cover slip.
The cover slip sample was then exposed to the same drying routine as the bulk films with images

taken after the 60 °C drying step and after the 150 °C annealing step.

Dynamic Mechanical Analysis (DMA)
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DMA was performed using the TA Instruments RSA-GA DMA with Forced Convection
oven (20 °C — 500 °C) attached to an Air Chiller System (-120 °C — 20 °C) and running TA Trios
Software in the Soft Matter Characterization Facility at the University of Chicago. Pressed films
were cut on a warm plate (temperature slightly above Tq of the network) into strips ca. 4 mm wide
and ca. 10 mm long, then cooled back to room temperature on a flat surface. The strips were loaded
into the tensile geometry above the Tq4 of the network (for example, 60 °C for 4N1o0 or 40 °C for
4NsoHso) and finger tightened to prevent film breakage and ensure good contact with the tensile
geometry. A typical procedure included an amplitude sweep (0.01% — 5%) above Tq at a frequency
of 1Hz to define the linear viscoelastic region (LVR) as well as maximize the oscillatory force
signal being picked up by the instrument. After the amplitude sweep, the samples were cooled to
-20 °C using an IsoForce Temperature Ramp (0.01 N tension, 3.0 °C/min). Samples were soaked
for 1 minute at -20 °C and a second amplitude sweep (0.01% - 5%) was conducted at a frequency
of 1 Hz to optimize conditions below Tq. The samples were quite brittle at low temperatures and
as such, it was important to closely monitor both the cooling process and the amplitude sweep for

critically high force values (> 15 N) that could break the films.

Once parameters had been identified for optimal amplitude and frequency, temperature
ramps could be conducted. Samples were loaded as previously described. A typical procedure
included cooling to -20 °C using the IsoForce temperature ramp (0.01 N tension, 3.0 °C/min) and
holding at -20 °C for 1 minute. Following the cooling step, conditioning options were enabled to

account for automatic axial force adjustment (0.01 N £ 0.5 N tension, Set Initial Value box
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unchecked) and automatic strain adjustment set to the minimum oscillatory force for LVR above

Ty and maximum oscillatory force for LVR below T4 as determined by the amplitude sweeps.

Samples were then heated using the oscillatory temperature ramp procedure from -20 °C
to 150 °C (or until failure) at a rate of 3.0 °C/min with an amplitude set in the LVR of the -20 °C

amplitude sweep and a frequency of 1 Hz.

Shape Memory

A sample was cut into a strip (ca. 10 mm x 3 mm x 0.4 mm) and mounted onto the tensile
geometry in the DMA instrument. During the course of the one-way shape memory experiment,
the samples were equilibrated at 60 °C for 10 minutes under no tensile force. After equilibration,
an instantaneous tensile force of 0.5 N was applied to the sample and held while the internal oven
temperature was cooled to 20 °C at a rate of 5 °C/minute. The sample was held under 0.5 N force
for 10 additional minutes after cooling and the strain was recorded as the maximum strain, em. The
force was removed, revealing the sample’s new, temporary shape and the unloading strain, ey, was
measured. The fixing ratio (sample’s capacity to hold its shape in the absence of applied force, Ry)
was determined by calculating the percent strain change after unloading, (eu/em)*100. After 10
minutes at 20 °C under no tensile force, the sample was reheated to 60 °C at 5 °C/minute and the
strain after recover, &, was evaluated. Finally, the recovery ratio (extent to which the sample
returns to its original shape, Rr) was determined as the percent strain recovered from the maximum

strain, (em- &r/em)*100.
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The reprogrammable shape memory experiment was conducted in a similar fashion. A
sample strip was equilibrated in the tensile fixture of a DMA at 90 °C (just below the second phase
transition temperature) for 10 minutes. At this temperature, the film creep can be seen as the
instrument moves to keep the force on the material at zero. After ten minutes, an instantaneous 0.1
N tensile force was applied to the strip and the film was cooled to 20 °C at a rate of 5 °C/minute.
Once cooled, the force was removed from the film and the first fixing ratio of the new, permanent
shape was determined (Rf1 = 100%). Then the sample was reheated to 60 °C to set a temporary
shape. Upon reheating, some recovery of the original shape was observed (Rr1 = 31%). Once
equilibrated at 60 °C, 0.5 N tensile force was applied (same force as used in the one-way shape
memory experiments) and the sample was once again cooled to 20 °C. Once the force was
removed, the fixing ratio of new, temporary shape was determined (Rs2 = 100%). The sample was

reheated to 60 °C and the temporary Shape 2 recovered back to the programmed Shape 1.

Shear Rheology

Rheology was performed using the TA Instruments RSA-G2 ARES with Forced
Convection oven (20 °C — 500 °C) attached to an Air Chiller System (-120 °C — 20 °C) and running
TA Trios Software in the Soft Matter Characterization Facility at the University of Chicago. An 8

mm parallel plate was used for all tests.
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Pressed films were cut into 8 mm circles using a die on a warm surface (just above Tg4 of
the sample). Circular samples were loaded onto the parallel plate geometries above Tg, centered,
and heated further to pressing temperatures (70 °C or 90 °C) with an axial compression force of
0.1 N. Samples were held at pressing temperatures for 1-5 minutes until geometry gap was no
longer increasing indicating an equilibrated sample. Compression force was adjusted to 0.01 and
sample was cooled to 80 °C for amplitude and frequency sweeps to establish a linear viscoelastic
region (LVR). The LVR amplitude and frequency were used to parameterize the temperature

sweeps.

Samples were cooled to 60 °C, held for 5 minutes, and temperature ramp studies were
conducted. Conditioning options were set to 0.01 N axial compression force and strain adjustments
were disabled. Temperature sweeps were conducted at 3 °C/min from 60 °C to 150 °C, held at 150
°C for 10 minutes, then ramped down to 60 °C again at the same rate. After holding isothermally
at 60 °C for 10 minutes, the sample was ramped once again to 150 °C. The second heating was
used for reported measurements. This method ensured equivalent thermal history between samples

and allowed each network ample time to reorganize and reform the network upon cooling.
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3.4.2. Synthetic Procedures

Triethylene glycol bis(cyanoacetate) (2)

0 0 CN
p-TSA N, atm
/\/o\/\ /\/OH + 2.1 HJ\ A0~ O
HO 0 OH toluene, 105 C 0 0
CN CN ]

Scheme S3.1. Reaction scheme for the synthesis of the triethylene glycol bis(cyanoacetate) core.

The ditopic compounds were synthesized in two steps as previously reported by Sassi and
Gupta.®® In the first step, building the bis-cyanoacrylate core, triethylene glycol (TEG, 20.0 g,
0.13 mol, 0.78 M) and cyanoacetic acid (23.2 g, 0.27 mol) were combined in a 500 mL round
bottom flask with 0.12 molar equivalents of catalytic p-toluenesulfonic acid monohydrate (3.0 g,
0.016 mol) in toluene (166.7 mL). The setup was equipped with a waterless condenser and Dean-
Starks trap, heated to 105 °C under nitrogen atmosphere, and stirred using a magnetic stir bar for
ca. 18 hours (overnight). Once complete, the solvent was removed via rotary evaporation. The
resulting yellow oil was diluted with ca. 300 mL methylene chloride (DCM) and remaining salts
were filtered out. The filtrate was washed thoroughly (3 or more times) with brine (sodium chloride
-saturated water) and dried with magnesium sulfate. DCM was removed from the solution via
rotary evaporation and the resulting yellow oil was dried overnight under high vacuum (MW =
284.15 g/mol, yield = 70% by mass). *H NMR (500 MHz in CDCls; § ppm: 3.54 (s, 2H), 3.68 (s,
2H), 3.76 (t, 2H), and 4.39 (t, 2H)). 3C NMR (101 MHz in CDCls; & 163.11, 112.99, 70.68, 68.62,

65.77, 24.73). This TEG bis(cyanoacetate) product routinely contained some contaminate of
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starting material, however the contaminate did not affect the second step and was sufficiently

removed in the workup of the final product.
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Figure S3.1. *H NMR of TEG bis(cyanoacetate) with peaks at 3.55 (d, 2H), 3.62 (d, 2H), 4.03 (d,
2H), and 4.18 (d, 2H) in deuterated methyl sulfoxide (ds-DMSQ) with water (3.33) and DMSO
(2.50) solvent peaks visible. Remaining impurities removed in subsequent reactions.

Triethylene glycol bis(4-nitrobenzalcyanoacetate) (3N)
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TEG bis(cyanoacetate) (5 g, 0.018 mol. 0.14 M) and 4-nitrobenzaldehyde (5.74 g, 0.038
mol) were added a 250 mL flask round bottom flask with dichloromethane (DCM, 130 mL) and
0.15 molar equivalents of catalytic triethylamine (TEA, 0.3 mL, 0.003 mol). The flask was then
placed under a nitrogen atmosphere and allowed to stir using a magnetic stir bar overnight. DCM
was removed using rotary evaporation and the resultant oil was triturated in MeOH two hours.
The solution was filtered and a solid powder was collected. This trituration process was repeated
until the filtrate was clear and colorless, leaving behind a reddish, clumpy powder. *H NMR (500
MHz in CDCls; & ppm: 3.77 (s, 2H), 3.89 (t, 2H), 4.54 (t, 2H), 8.16 (d, 2H), 8.34 (s, 1H), and 8.37

(d, 2H)), *C NMR, and mass spectrometry. Yield by mass = 45%.

? o} CN
. O O - >
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O CN
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Scheme S3.2. General reaction scheme for the synthesis of TEG-core crosslinker.

Triethylene glycol bis(4-bromobenzalcyanoacetate) (3B)
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TEG bis(cyanoacetate) (5.00 g, 0.018 mol. 0.14 M) and 4-bromobenzaldehyde (7.03 g,
0.038 mol) were added to a 250 mL flask round bottom flask with dichloromethane (DCM, 130
mL) and 0.15 molar equivalents of catalytic triethylamine (TEA, 0.3 mL, 0.003 mol). The flask
was then placed under a nitrogen atmosphere and allowed to stir using a magnetic stir bar
overnight. DCM was removed using rotary evaporation and the resultant oil was triturated in
MeOH two hours. The solution was filtered and a solid powder was collected. This trituration
process was repeated until the filtrate was clear and colorless. *H NMR (500 MHz in CDCls; §
ppm: 3.76 (s, 2H), 3.87 (t, 2H), 4.50 (t, 2H), 7.66 (d, 2H), 7.87 (d, 2H), and 8.21 (s, 1H)), 3C NMR
(101 MHz in CDCls; 6 162.25, 153.81, 132.71, 132.30, 130.23, 128.42, 115.14, 103.39, 70.90,

68.76, 65.92). Yield by mass = 64%.

Triethylene glycol bis(benzalcyanoacetate) (3H)

TEG bis(cyanoacetate) (5.00 g, 0.018 mol. 0.14 M) and benzaldehyde (4.03 g, 0.038 mol)
were added to a 250 mL flask round bottom flask with dichloromethane (DCM, 130 mL) and 0.15
molar equivalents of catalytic triethylamine (TEA, 0.3 mL, 0.003 mol). The flask was then placed
under a nitrogen atmosphere and allowed to stir using a magnetic stir bar overnight. DCM was
removed using rotary evaporation and the resultant oil was triturated in MeOH two hours. The
solution was filtered and a solid powder was collected. This trituration process was repeated until
the filtrate was clear and colorless. *H NMR (500 MHz in CDCls; § ppm: 3.77 (s, 2H), 3.88 {t,

2H), 4.51 (t, 2H), 7.53 (t, 2H), 7.58 (t, 1H), 8.01 (d, 2H) and 8.28 (s, 1H)). 13C NMR (101 MHz in
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CDCls; 6 162.51, 155.35, 133.40, 131.45, 131.15, 129.30, 115.36, 102.80, 70.91, 68.80, 65.81).

Yield by mass = 51%.

Triethylene glycol bis(4-methoxybenzalcyanoacetate) (3M)

TEG bis(cyanoacetate) (5.00 g, 0.018 mol. 0.14 M) and 4-methoxybenzaldehyde (5.17 g,
0.038 mol) were added to a 250 mL flask round bottom flask with dichloromethane (DCM, 130
mL) and 0.15 molar equivalents of catalytic triethylamine (TEA, 0.3 mL, 0.003 mol). The flask
was then placed under a nitrogen atmosphere and allowed to stir using a magnetic stir bar
overnight. DCM was removed using rotary evaporation and the resultant oil was triturated in
MeOH two hours. The solution was filtered and a solid powder was collected. This trituration
process was repeated until the filtrate was clear and colorless. *H NMR (500 MHz in CDCls; §
ppm: 3.77 (s, 2H), 3.87 (t, 2H), 3.91 (s, 3H), 4.48 (t, 2H), 7.01 (d, 2H), 8.02 (d, 2H), and 8.20 (s,
1H)). 3C NMR (101 MHz in CDCl3; & 163.86, 163.14, 154.66, 133.74, 124.36, 116.08, 114.79,

99.14, 70.90, 68.87, 65.54, 55.64). Yield by mass = 51%.

3.4.3 Film Preparation Procedure
The electrophile(s) (100 mg/mL) and PTMP (300 mg/mL) were dissolved separately in
chloroform, then combined and stirred for two hours at 50°C, allowing the system to homogenize.

It is important to note here that heat is not required for this reaction to take place (as demonstrated
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by the initial NMR studies at room temperature), however, the samples were heated in order to
ensure that all components were sufficiently soluble. After two hours, the solution was poured
onto a Teflon dish and dried, overnight, at room temperature. An additional 24 hours of drying in
a vacuum oven at 60 °C under vacuum was carried out to remove as much residual solvent as
possible, followed by a final drying step under vacuum at 150 °C for 30 minutes to complete the
drying process, as confirmed by TGA. The dried films were compression molded at 90 °C (70 °C
for films containing only 3H or 3M) for ten minutes under 10,000 psi. A 400 pm spacer and
Kapton®/Teflon® blend substrates were used to limit adhesion and deformation of the films at
higher temperatures. It is important to note that under these conditions, PTMP alone (without the

acceptors) remains a free-flowing, viscous liquid.

3.4.4 Processing Conditions Case Study: 4NsoBso

As described in the main text, the processing conditions for these thia-Michael films were
critically important to the final properties of the films. In particular, the process of drying the films
proved to be more difficult than initially expected and had a notable effect on the mechanical
performance of the films. In this section, the 4NsoBso film serves as a case study to describe the

evolution of the final drying procedure and its effect on the thia-Michael networks.

When the TEG-based thia-Michael networks were first conceived, they were stirred at 50

°C for 2 hours in chloroform (CHCIs), cast onto a Teflon dish, and dried overnight at room
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temperature. It was important to allow the films to dry overnight in air, without vacuum as the
immediate addition of heat and vacuum after casting resulted in bubbling of the volatile solvent
within the network. As CHClz is a volatile solvent (boiling point = 61.2 °C at room temperature
and atmospheric pressure), it was expected to be mostly removed at room temperature with any
residual solvent removed via drying oven. However, given that these thia-Michael networks were
constructed using a triethylene glycol core that is prone to the absorption of water, there was the
possibility that water contamination within the films would also present a problem. Therefore, the
initial drying procedure after the room temperature evaporation was to move the film into a

desiccator under house vacuum.

Thermogravimetric analysis (TGA) of this sample clearly showed the deficiency of this
procedure as there was approximately 17% weight loss due to solvent within the film (Figure S3.2).
Upon realizing this, the procedure was modified by eliminating the desiccator step and instead
moving the films to a vacuum oven at 60 °C and under vacuum after room temperature drying and
letting them dry overnight (18-24 hours). TGA showed a marked improvement in the weight loss
between 40 °C — 200 °C, decreasing it to 3.3 % total weight loss. Curiously, the same sample was
tested three days later after spending three days in ambient conditions, and the weight loss profile
had changed. Not only had the total mass loss increased to 5.5 %, but the onset of the additional
2% weight loss was at ca. 130 °C, higher than would be expected for either water or chloroform.
This sample was then melt processed for 10 minutes at 60 °C and 10k psi and the resulting TGA

was slightly improved, yet followed the same path as the previous iteration.
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Figure S3.2. A) Full TGA curve of 4NsoBso showing different drying procedures. B) Enlarged
region highlighted in A showing initial weight loss before 200 °C.

The differences in these results led to significant inconsistences in the thermal and
mechanical properties (i.e. Tgand crosslink density). Therefore, to ensure that all residual material
was removed, an extra step was added to anneal the samples at 150 °C under vacuum for 30

minutes. At this temperature, all materials were in the melt and, according to TGA results, all

residual material was eliminated from the sample.
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3.5

Supplemental Results
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Figure S3.3. Raman spectra of 3N and 4N1oo.

Table S3.1. Raman spectroscopic assignments for 3N.

Wavenumber (cm™?) | Assignment®
2226 vC=N
1724 vC=0
1615 vC=C
1594 vCC (ring)
1347 VNO2 (sym.)
1109 vC-NO>

& yCX: stretching
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Figure S3.4. Raman spectra of 3B and 4B10o.

Table S3.2. Raman spectroscopic assignments for 3B.

Wavenumber (cm™) Assignment?
2260/2226 vC=N
1729 vC=0
1608 vC=C
1584 vCC (ring)
1070 vCC (ring) + vC-Br

2 CX: stretching
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Figure S3.5. Raman spectra of 3H and 4Haoo.

Table S3.3. Raman spectroscopic assignments for 3H.

Wavenumber (cm™) Assignment?
2260/2226 vC=N
1721 vC=0
1603 vC=C (shoulder)
1595 vCC (ring)
1000 aCC

& vCX: stretching, aCC: in-plane ring bending
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Figure S3.6. Raman spectra of 3M and 4Maoo.

Table S3.4. Raman spectroscopic assignments for 3M.

Wavenumber (cm™) | Assignment?®
2260/2226 vC=N
1718 vC=0
1587 vC=C
1562 vCC (ring)

2 CX: stretching
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4  Rheological investigation of dynamic, phase-separated thia-

Michael networks

4.1 Introduction

In dynamic covalent or supramolecular networks, the thermodynamic stability and kinetic
lability of the reversible/dynamic bond is often tied to the material’s responsive and adaptive
properties, which can include shape memory characteristics, healing properties, and
reprocessability.>? In a conceptual network where the connectivity and mechanical robustness of
the material is controlled primarily by a dynamic bond (as opposed to crystallinity, phase
separation or entanglement, for example), the overall relaxation of the system can be directly
linked to the dissociation rate (kg) of the reversible reaction. This relationship between bond
kinetics and bulk material properties provides a useful means by which to tune the functionality
and mechanical robustness of a polymeric system through hierarchical design. For instance, Craig,
et al, used a metal-ligand coordination motif to demonstrate that “strong means slow” or, in other
words, that a slow kinetic exchange between transient crosslinks in polymer gel results in more
mechanically robust materials.? In a later publication, the same group showed that the rheological
properties of the same gel system could be scaled based on the dissociation rate of the dynamic
metal-ligand bond, revealing the direct effect on the kinetics of bond dissociation on the
rheological profiles of the dynamic polymer networks.* By simply modifying the kinetic properties
of the coordination complex, the overall mechanical performance of the gels could be drastically

altered.

Since this pioneering work by Craig, et al, other studies have also been conducted to further

investigate the relationship between dynamic bond kinetics and material properties in systems
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based on supramolecular motifs or dynamic covalent bonds.>® For example, Guan, et al, explored
the differences in mechanical behavior within dynamic boronic ester-based polymeric networks.®
By modifying the ortho-substituent on diphenylboronic acid, they were able to tune the exchange
rate of the boronic ester exchange reaction. By implementing this motif into a polymeric network,
the study demonstrated that the “fast” exchanging reaction contributed to more efficient
malleability and healing behavior in the final material. The boronic ester transesterification was
later used by Anderson, et al, to tune the mechanical response of hydrogels.'® By combining a
“fast” and “slow” boronic acid in a transesterification network at variable molar ratios, the
relaxation rates of the hydrogels could be systematically adjusted. Zhang, et al, also noted variable
relaxation behavior in dynamic polyurethane networks. By increasing the steric hindrance of the
substituent associated with the dynamic bond and thereby weakening the dynamic bond, the

networks (at a similar crosslinked density) exhibited increased stress relaxation rates.!

The aforementioned studies draw connections between the Kkinetics of bond
formation/breaking and the rheological relaxation behavior of a dynamic network, however,
oftentimes it is difficult to decouple the kinetic lability of the bond influence from other
considerations. For example, it is common for more labile bonds to also have a smaller
thermodynamic driving force for formation and as such a common conundrum in dynamic
networks is that more labile bonds will also result in networks with decreasing crosslink density:
does the loss of crosslink density afford greater chain mobility and therefore faster relaxation times
or is the larger bond dissociation rate mainly responsible for the network relaxation? Other, equally
complex phenomena to account for include the effect of bond reassociation after breaking (“sticky”

Rouse behavior)'?™®, increased relaxation rate of segmental clusters (Semenov/Rubinstein
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model)*®’, and the effect of phase separation in dynamic networks, which to the best of our

knowledge, has yet to be studied in detail.

Thus far, the studies detailed in Chapters 2 and 3 have revealed an ability to tailor the
thermodynamic equilibrium of the thia-Michael reaction by altering the para-substituent on a
benzalcyanoacetate-based Michael acceptor. This resulted in control of thermomechanical (plateau
modulus, glass transition, etc.) and morphological aspects of the resulting networks. Previous
studies by other groups suggest that the kinetics of the reversible thia-Michael reactions are also
reliant on the nature of the acceptor’s substituents. According to work by Houk, et al., that details
the computational kinetics and thermodynamics of the reversible thia-Michael reaction, changes
to the electronic nature of the Michael acceptor (i.e. presence of electron-donating and/or electron-
withdrawing groups) not only shifts the thermodynamic equilibrium, but also significantly affects
the kinetics of the reaction.!® As an example, the addition of an electron-withdrawing nitrile group
to the a-position (as shown in Scheme 4.1) stabilized the reaction intermediate by 21 kcal/mol as
opposed to an unsubstituted acceptor. This stable intermediate facilitates both the forward and
reverse reactions by significantly lowering the activation energies for both processes. The
substituent effect was also observed by Taunton, et al, and Anslyn, et al., during their experimental
evaluations of the reversible thia-Michael reaction in small molecules.?®? While these in silico
and solution-state studies initially exposed the intriguing behavior of the benzalcyanoacetate-based
thia-Michael addition, the question remained as to how this tunable equilibrium would manifest in
a bulk polymeric material. Furthermore, the observation of phase separation within the thia-
Michael networks creates an intriguing opportunity to evaluate the rheological properties of
dynamic networks whose reversible bonds exist in multiple phase environments. With this in mind,

we employed rheological methods to probe how the electronic nature of the Michael acceptor and
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the resulting phase separated morphology affects the relaxation behavior of the dynamic thia-

Michael networks.

4.2 Results and Discussion

The benzalcyanoacetate-based thia-Michael reaction is the catalyst-free reversible
formation of a thia-Michael adduct from the addition of a thiol to a benzalcyanoacetate acceptor

as shown in Scheme 4.1.
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Scheme 4.1. Chemical structure of reversible thia-Michael reaction based on benzalcyanoacetate
acceptor.

The overall reaction is governed by the rate laws

% = —k4[A][SH] + kq4[P] (4.1)
d
) = kalAlISH) ~ kol (42)

where [A], [SH], and [P] are the concentrations of the Michael acceptor, thiol, and adduct (or

product), respectively. The formation of the adduct proceeds at a rate denoted by ki while the
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reverse reaction rate, the dissociation rate, is denoted by kq. At equilibrium, equations 4.1 and 4.2
are equivalent and equal to zero, therefore the equilibrium constant (Keq) for the reaction can be
written as

Pl Ky
Kea = TAIIsH] ~ 7y

(4.3)

In a dynamic thia-Michael network, the dynamic bonds formed within a film is proportional to the
equilibrium constant. The rate at which these bonds are formed is dictated by ki whereas the rate

at which the bonds disengage is controlled by k.

Chapter 2 demonstrated the dependence of Keq 0on the electron-withdrawing or electron-
donating abilities of the Ry group on the Michael acceptor with Keq of R = -OCH3< -H < -Br < -
NO,, varying from 9 M to 470 M in deuterated dimethyl sulfoxide (ds-DMSO). Chapter 3
applied this concept in reversible thia-Michael networks, revealing an ability to tune the
mechanical, functional, and morphological properties by varying the acceptor substituent. In order
to probe the substituent effect on the relaxation behavior of the network, the same series of
triethylene glycol (TEG) bisbenzalcyanoacetate compounds containing (from most electron-
withdrawing to electron-donating) a nitro-substituted (3N), bromo-substituted, (3B), unsubstituted
(3H), and methoxy-substituted (3M) bisbenzalcyanoacetate (Figure 4.1) was prepared using
previously described synthetic methods (See Chapter 3 for full details). Networks based on the
thia-Michael reaction were assembled targeting a 1:1 ratio of thiol:double bond, by combining one
molar equivalent of PTMP (300 mg/mL in chloroforom) with two molar equivalents of 3 (150
mg/mL in chloroform) and stirring for two hours at 50 °C. After two hours, the solutions were cast

onto a Teflon® dish and dried at room temperature for ca. 18 hours. The films were further dried
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under vacuum at 60 °C for 24 hours then heated to 150 °C for 30 minutes to remove any remaining
solvent residue. Dried films were compression molded at 90 °C for 10 minutes using a stainless-

steel spacer to control thickness (400 um — 600 pum).
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Figure 4.1. Chemical structures of A) ditopic electrophiles and B) tetrathiol crosslinker, PTMP.
C) Hlustration depicting the network formation of electrophiles crosslinked with PTMP.

The networks are denoted 4Myx, 4Bx, 4Hx, or 4Nx to indicate the incorporation of 3M, 3B,
3H, and 3N, respectively, as well as the mole percent (x mol%) of each acceptor relative to the
amount of thiol groups added to the network. Films that utilize more than one TEG-
bisbenzalcyanoacetate are named in a similar fashion. For example, 4N1oo only incorporates 3N
which accounts for 100 mol% of the reactive alkenes, whereas 4NsoHso contains 3N and 3H, each

accounting for 50 mol% of the total acceptor sites.

Before addressing the relaxation behavior of the dynamic networks, it is important to revisit

the thermomechanical properties of the films discussed in the previous chapter (see Chapter 3 for
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full details). Key observations (as they pertain to this current study) include: 1) the presence of

two glass transition temperatures (T4s) in each film, 2) the tunable nature of the Tgs and rubbery

plateau based on selection of ditopic acceptor, and 3) the manifestation of a phase separated

morphology for all films. Figure 4.2 summarizes these findings.
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Figure 4.2. A) Dynamic mechanical analysis (DMA) and B) shear rheology results for 4Hioo
(dashed blue), 4NsoMso (orange), 4NsoHso (violet), 4NsoBso (yellow), and 4N1oo (dashed red). C)

AFM phase images for (left to right) 4NsoBso, 4NsoHso, and 4NsoMso (scale bar = 1 um).

165



To evaluate the relaxation behavior of the thia-Michael networks, experiments were
focused on two rheological regimes: the rubbery plateau and terminal relaxation. The relaxation
processes on the rubbery plateau were probed using stress relaxation experiments conducted using
shear rheology (Figure 4.3). By applying a small strain to the material and monitoring its stress
response over time, it is possible to observe the relaxation of internal stresses within the material.
While typical thermosets lack the ability to relax on these short time scales, dynamic bonds enable
the release of stresses caused by application of strain through the exchange of reversible bonds.
This technique facilitates the evaluation of the relaxation behavior of the films at temperatures on
the rubbery plateau where the storage modulus of the film remains constant, but bond exchange in
the soft segment is accessible as the system is above its lower Tg4. For these experiments, a 0.1%
strain was applied to a sample and the relaxation of internal stress was monitored over the course
of 10 minutes (Figure 4.3). This procedure was repeated at multiple temperatures to establish a
trend in the relaxation time with respect to temperature. In accordance with Maxwellian behavior,
the characteristic relaxation time (t) was reported as the time at which the storage modulus relaxed
to 37% (G'/Go = 1/e) of its maximum modulus immediately following the instantaneous strain

(marked by the dashed grey line in Figure 4.6).
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Figure 4.3. Stress relaxation curves of A) 4NsoBso, B) 4NsoHso0, and C) 4NsoMso at increasing
temperatures with 37% (1/e) total relaxation highlighted (grey line). D) Plots showing natural
logarithm of characteristic relaxation time versus inverse temperature and demonstrating
Arrhenius behavior as shown by linear fit of data. (0.1% strain applied, test duration = 10 minutes)

The characteristic relaxation times determined by the stress relaxation studies were plotted

versus inverse temperature to evaluate their fit to Arrhenius law (Figure 4.3D). In dynamic
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polymeric systems, the relaxation behavior of the network can be related to activation energy

required for the relaxation mechanism to occur by
T, = Ty exp(E,/RT) (4.4)

where 7. is the characteristic relaxation time, 7o is the relaxation time at infinite temperature, Ea is
the activation energy, R is the gas constant (8.413 J-mol™*-K™), and T is temperature in kelvins. A

plot of the natural logarithm of zc versus 1/T results in a linear regression fit with slope of Ea/R and

y-intercept of 7o. As shown in Figure 4.3D, the thia-Michael networks follow Arrhenius law at

temperatures that correspond to their plateau modulus and indeed exhibit a clear linear trend. The
overall activation energy of the materials (Ea) calculated from the slope of the Arrhenius plot and
was found to be 190.5, 192.1, and 225.6 kJ/mol for the 4NsoBso, 4NsoHso, and 4NsoMso films,
respectively. The relaxation times of the networks were shown to decrease with increasing

temperature, with zc at a given temperature inversely associated with the Keq of the hybrid films.

The fact that the films’ relaxation exhibits Arrhenius behavior suggests that there is one
dominant, temperature-dependent relaxation process occurring in these materials within this
temperature range. Using linear van’t Hoff relationships as a first approximation, Keq values are
predicted to reduce by roughly half at 100 °C (Keq at 100 °C: 3N = 136 M, 3B =58 M%, 3H = 26
M1, and 3M = 6 M), indicating that as the temperature increases, the dynamic bonds become
increasingly labile within the soft phase limiting the contribution of the soft phase to the plateau
modulus at elevated temperatures. Considering the low equilibrium constants for the dynamic thia-
Michael bonds, the activation energy of relaxation is disproportionately high making it unlikely

that the stress relaxation studies directly observe the thia-Michael bond exchange. One potential
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source of the elevated observed activation energy is the presence of a phase separated internal
structure. As observed in the AFM images of cast samples (Figure 4.2C), there is a variable amount
of hard phase (light regions) within the hybrid films. Those with a higher percentage of hard phase
(e.g. 4NsoBso) exhibit a higher plateau modulus and higher 2" T than thia-Michael films with less
hard phase (e.g. 4NsoMso). The presence of a hard phase creates an energy barrier for the relaxation
process and therefore would require a higher energy of activation than a non-phase separated

system relaxing solely on the basis of dynamic bonds.

To explore the impact of phase separation further, studies were conducted to investigate
the relaxation behavior of the films approaching the terminal flow regime. Using small amplitude
oscillatory shear rheology, each thia-Michael network was subject to frequency sweeps (0.01 rad/s
— 100 rad/s) at discrete temperatures approaching the terminal flow regime of the dynamic
networks. The temperatures at which flow is observed coincide closely with the second glass
transition observed for the thia-Michael networks (2" T4 onset temperatures by DSC as reported
in Chapter 3: 4N100 = 133 °C, 4N50Bso = 135 °C, 4NsoHs0 = 109 °C, and 4NsoMso = 110 °C). Figure
4.4 shows the results of these sweeps for all samples at four different temperatures. Each sample
exhibits a plateau in the storage modulus at higher frequencies and a crossover of the storage and
loss modulus (G' and G", respectively) at lower frequencies consistent with the presence of a
dynamic network.2* With increasing temperature, the plateau modulus drops and the terminal peak
of the loss modulus shifts to higher frequencies, resulting in the crossover frequency (wc) being
observed at higher frequencies. The same trend is observed in all thia-Michael systems within this
series, however, the temperature at which the frequency sweeps were conducted was kept sample
dependent in order to maintain a linear viscoelastic testing regime on the rubbery plateau while

simultaneously observing the crossover point.
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Figure 4.4. Oscillatory shear rheology frequency sweeps of A) 4N1oo, B) 4NsoBso, C) 4NsoHso, and
D) 4NsoMsp at increasing temperatures demonstrating crossover of G' (closed symbols) and G"
(open symbols) at higher frequencies as temperature is increased.

Figure 4.5 shows the frequency curves for each sample at 105 °C fit to two different

rheological models used to describe the relaxation behavior of the films. The standard Maxwell

model (dashed lines in Figure 4.5) provides a reasonable first-estimation fit for some thia-Michael

systems, however, the data deviates from the model in the terminal regime at low frequencies (a

phenomenon that is exaggerated at higher temperatures). This suggests the presence of multiple

processes being associated with the global terminal relaxation of the network as opposed to the
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single relaxation process assumed by the Maxwell equation. This is especially apparent in the
4NsoMso sweeps where an intermediate peak in G" indicates another relaxation process not
attributed to the Rouse relaxation or terminal behavior. In order to more accurately describe the
complex relaxation behavior of the dynamic networks, the frequency data was fit using an infinite
relaxation spectrum (solid lines in Figure 4.5).2* The relaxation spectrum accounts for a continuous
distribution of relaxation times brought on by infinite parallel Maxwell elements, rather than a
discrete relaxation time associated with a single dashpot. This allows multiple relaxation modes to

be considered.
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Figure 4.5. Frequency sweeps at a single temperature (105 °C) demonstrating the Maxwell model
fit for A) 4N10o, B) 4Ns0Bso, C) 4NsoHso, and D) 3NsoMso.

The same frequency data as described in Figure 4.4 was fit with the following equations

using TA Instruments TRIOS software:
0212

G'(0)= f HO Ty ki —din(7) (4.6)

dIn(t) (4.7)

¢'()= [ 1) s
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where w is the measurement frequency (rad/s), z is the relaxation time equivalent to 1/w, and H(z)
is the continuous relaxation function (fitting curves for G' and G" plotted as solid lines in Figure
4.5). Plotting the function of H(z) versus z, reveals the distribution of relaxation modes over the
timescales covered in the experiment (Figure 4.6). Within a single distribution, the area under the
H(z) curve corresponds to the energy stored in the network (i.e. the storage modulus, G') while the
height of the curve at a given time corresponds to the energy dissipated. The presence of peaks

along the distribution curve indicate local maxima of the loss modulus, G".
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Figure 4.6. Relaxation spectrum for A) 4N10o, B) 4Ns0Bso, C) 4NsoHso, and D) 4NsoMso. Symbols
correspond to markers used in Arrhenius plot to indicate different timescales.
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The relaxation spectra for the thia-Michael networks revealed a distribution of relaxation
modes for all the samples in the terminal flow regime, with clear changes in the magnitude and
location of the peaks as temperatures were increased. The differences in magnitude with elevated
temperatures correspond to the decrease in the plateau modulus (as observed in the raw data shown
in Figure 4.4) whereas the peaks shifting along the x-axis is associated with faster relaxation times.
In other words, the higher the temperature, the faster the rate of the relaxation in the thia-Michael
network, and the softer the overall material. Of particular note was the relaxation behavior of
4NsoMso. This hybrid system clearly demonstrated multiple relaxation modes — both fast and slow
— indicating a complex combination of processes contributing to the overall relaxation of the

network.

Once again, the relaxation results were plotted versus inverse temperature to evaluate their

fit to Arrhenius law (Figure 4.7), substituting zc with the peak relaxation time (Zmax).
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Figure 4.7. Arrhenius plots of tmax for thia-Michael films. Symbols indicate experimental peak
relaxation times (tmax) derived from relaxation spectra at given temperatures; lines highlight linear
fit to Arrhenius law (inset equation).

From this information, it is apparent that the terminal relaxation process for the thia-
Michael networks is also Arrhenius in nature. Activation energies for these terminal relaxation
processes derived from the slope of the linear fit (equation 3.9), were found to be 117.5, 157.3,
and 154.9 kJ/mol for 4N1oo, 4Ns0Bso, and 4NsoHso, respectively. Since 4NsoMso exhibits both a
“fast” and “slow” relaxation mechanism, the two were plotted separately in the Arrhenius plot.
The “fast” relaxation which corresponds to the intermediate G" peak follows the trend of an

increasingly fast relaxation time with lower Keq compounds. Conversely, the “slow” relaxation
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mechanism that corresponds with the G'/G" crossovers takes place at longer times than any of the
other networks’ terminal processes. The activation energies for these processes were 148.6 kJ/mol
and 167.1 kJ/mol for fast and slow, respectively. It is interesting to observe the deviation from the
initial Arrhenius law in the 4N1oo film beginning at 120 °C. Above 120 °C, the material maintains
a linear relationship, but with a dramatically lower slope than the lower temperature regime.
Calculating the activation energy from this high temperature data reveals Ea = 22.3 kJ/mol, much

more realistic in describing the lifetime of the thia-Michael bond.

The persistently elevated activation energy throughout all the thia-Michael networks poses
a compelling line of inquiry in the fundamental understanding of bulk reversible networks. It
suggests that while the dynamic nature of the thia-Michael bonds may influence the relaxation
behavior, it is not the primary source of stress relaxation in the films. Rather, it is more likely that
the rheological properties of the films are dominated by the presence of the phase separated
morphology. Although the precise mechanism of relaxation is not yet understood, several parallels
can be drawn between these phase-separated dynamic networks and rheologically similar
materials. Consider the mathematical models proposed by Rubinstein and Semenov’2>% that
detail the viscoelastic behavior of dynamic or associating polymers. According to Semenov-
Rubinstein (SR) theory, dynamic networks assemble and disassemble on timescales that are
reflective of a complex combination of intrinsic polymeric properties, rather than being solely
dependent on the kinetics of the reversible reaction. The theory proposes that the relaxation
behavior of “sticky” (i.e. reversible, dynamic) molecules can be attributed to the relaxation of
“clusters” of these molecules in addition to the relaxation of the crosslinking bond (Figure 4.4A).

The motion of the clusters through a network enables a secondary, diffusion-related relaxation
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process to occur that often manifests with a higher activation energy than the typical bond

dissociation.

Figure 4.8. A) lllustration of Semenov-Rubinstein cluster formation. B) Illustration of the proposed
relaxation mechanism in phase separated dynamic networks.

It is hypothesized that a similar effect is observed with dynamic phase separated systems,
but on a larger scale. On the rubbery plateau, the high Tq hard phase acts as the proposed

hyperbranched clusters that are released by the exchange and relaxation of dynamic bonds (Figure
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4.4B). As with the molecular clusters, the relaxation of these phases is more responsive to
temperature change and thereby exhibits a higher observed activation energy than would be

expected from a dynamic bond.

As the temperatures approach the terminal flow regime, the observed activation energies
are lower, although they are still higher than can be attributed to the dynamic bond. At these
elevated temperatures, the hard phase begins to pass through its glass transition, contributing yet
another potential relaxation mechanism. As the phase softens, the activation energy of relaxation
deviates from the lower temperature Arrhenius behavior, decreasing the slope of the Arrhenius
behavior and reflecting a lower activation energy for relaxation at the higher temperatures. Future
studies will further elucidate the relaxation mechanisms behind these complex systems and grant
a deeper understanding as to the bulk structure-property relationships of phase-separated, dynamic

covalent networks.

4.3 Conclusions

From these studies, it is apparent that the morphology of dynamic, phase separated thia-
Michael networks plays a key role in defining the rheological profile of the systems. By combining
different acceptor compounds within the same thia-Michael network, it was possible to tailor the
phase composition of the films, thereby tuning the relaxation behavior of the networks. The
temperature dependent relaxation behavior of the networks followed Arrhenius law, however, the
activation energies derived from Arrhenius were higher than expected for dynamic covalent
networks based on the thia-Michael bond. The elevated activation energies pointed towards a

complex rheological profile reflective of relaxation mechanisms beyond just the kinetics of the
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dynamic bond. It was hypothesized that the observed activation energy results from a Semenov-

Rubinstein type cluster relaxation of the hard phases.

4.4  Experimental Methods

Shear rheology sample loading

Rheology was performed using the TA Instruments RSA-G2 ARES with Forced
Convection oven (20 °C — 500 °C) attached to an Air Chiller System (-120 °C — 20 °C) and running
TA Trios Software in the Soft Matter Characterization Facility at the University of Chicago. An 8

mm stainless steel parallel plate was used for all tests.

Samples were cut from a larger film into 8 mm disks approximately 400-600 um thick. A
sample was loaded onto an 8 mm stainless steel parallel plate geometry equipped with
thermocouples that had been preheated to 90 °C and trimmed of any excess overlap. The loaded
sample was heated to 150 °C using a forced convection oven and the gap was manually controlled
to minimize normal force, yet retain contact with both plates. At 150 °C, the sample was a viscous
liquid. After approximately 30 seconds at 150 °C, the sample was subject to 1.0 rad/s steady shear
for 10 seconds to remove any inhomogeneity or bubbles. After 10 seconds, the shearing was halted
and the axial position was adjusted to ensure the sample was flush with the edges of the 8 mm
plate. Satisfied with the sample configuration, the temperature in the oven was cooled in 10 °C
increments until 0.01 N axial force could be applied (if the temperature was too high, 0.01N axial
force caused the sample to seep out of the geometry, creating erroneous conditions for testing).
Once the sample was stable enough to be tested, an isoforce (0.01 N) temperature ramp of 3 °C/min

was used to bring the sample to the lowest testing temperature. At the lowest temperature, the axial
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force was set to automatically maintain 0.1 N (x 0.05 N) compressive force on the sample, ensuring

good contact throughout the tests.

Small amplitude oscillatory shear frequency sweeps

The sample was equilibrated at testing temperature for 5 minutes before the experiment
was started. After equilibration, a frequency sweep from 0.01 rad/s to 100.0 rad/s was done at 1.0%
strain. Subsequent sweeps were conducted by increasing the temperature by 5 °C and re-

equilibrating for 5 minutes before beginning the frequency experiment.

Shear stress relaxation

The sample was equilibrated at testing temperature for 5 minutes before the experiment
was started. Following equilibration, an instantaneous 0.1% strain was applied to the sample and
the relaxation of the modulus was monitored over the course of 10 minutes. This process was
repeated for subsequent tests 2 °C intervals. Raw data was smoothed in OriginLab OriginPro

software using the Savitzky-Golay smoothing method.
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5 Dynamic thia-Michael networks as multi-stage adhesives

5.1 Introduction

Chapters 2, 3, and 4 highlighted the tunable mechanical and functional properties of
polymeric networks based on the reversible thia-Michael reaction. Using a combination of
chemical, thermomechanical, and rheological analysis, the bulk material properties of the
crosslinked networks were shown to be linked to the electronic nature of the benzalcyanoacetate
Michael acceptor. Control of the thermodynamic equilibrium was achieved by altering the
electron-donating or electron-withdrawing character of the pg-phenyl substituent on the
benzalcyanoacetetate component (Figure 5.1A). Electron-withdrawing groups promoted a higher
equilibrium constant (Keq) in reactions with thiols which resulted in a more mechanically robust
network than those with electron-donating groups whose Keq was lower. Kinetic trends were also
found to relate to the S-phenyl substituent with electron-donating groups having faster relaxation

rates than groups with electron-withdrawing properties.
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Figure 5.1. A) Schematic summary of the property trends associated with electron-withdrawing
and electron-donating groups on the benzalcyanoacetate compounds. B) Chemical structure of bis-
benzalcyanoacetate triethylene glycol Michael acceptor used in Chapter 2 and 3. C) Tetrathiol
crosslinker (PTMP) used in thia-Michael networks in Chapters 2 and 3.

The studies described in the previous chapters focused on benzalcyanoacetate-based thia-
Michael materials constructed using a ditopic, triethylene glycol-core acceptor (Figure 5.1B) in
conjunction with the tetrathiol crosslinker, pentaerythritol tetrakis(3-mercaptopropionate)
(PTMP). Moving forward, the focus shifted towards expanding the utility of the
benzalcyanoacetate-based system beyond this initial small-molecule network and branching into
such domains as multi-stimuli responsive materials and application-driven material design. This
sparked an exploratory investigation to evaluate the efficacy of the thia-Michael reaction in various
network environments en route to the next generation of dynamic TM materials. Thus, new
systems were designed with two goals in mind: 1) to assess the functional and mechanical

properties of dynamic networks that utilizes the previously developed Michael acceptors in
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combination with an oligomeric thiol component, and 2) to evaluate the ability of a thia-Michael

network to perform in adhesive applications.

The integration of dynamic bonds into covalent networks has previously been shown to
impart adhesive behavior into thermosets that are otherwise be incapable of adhesion.'® The
dynamic bonds’ ability to continuously break/reform in response to a stimulus without unwanted,
irreversible side reactions®*2 provides a means through which critical adhesion properties (i.e.
surface wetting) can be achieved. For example, Michal, et al,** and Cudjoe, et al,” both
demonstrated the adhesive application of dynamic covalent networks containing disulfide bonds.
By disengaging the disulfide bond using heat (>150 °C) or UV light, an adhesive bond could be
formed between two glass or metallic substrates. Moreover, this adhesion was reversible given the
dynamic nature of the disulfide bond and was shown to be rebondable even after failure.
Unfortunately, this system’s utility was limited to either optically clear, UV inert substrates or
substrates that were capable of withstanding high temperatures. The room-temperature dynamic
behavior of the thia-Michael bond makes it a promising candidate for dynamic covalent adhesives

targeting applications in ambient conditions.

While the dynamic chemistry of the thia-Michael reaction provide the opportunity for
adhesive properties, it is the viscoelastic behavior of the dynamic polymeric system that dictates
the application of the resulting adhesive. Soft, viscoelastic solids are well suited for pressure
sensitive adhesives (PSASs), such as those on the back of Post-It® notes or adhesive tapes.!* These
are commonly characterized as having high dissipation properties which allow the material to
readily deform and adhere to a substrate with minimal pressure and without a curing agent.*® While

this high dissipation helps the material to quickly adhere to a substrate, it is not typically attributed
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to a material that is suited to withstanding large structural loads. On the other hand, a hot melt
adhesive, such as hot glue, is designed to permanently withstand large loads and as such, is often
referred to as a type of structural adhesive.® The hot melt adhesive bond is generally formed in
the melt, but evaluated for performance in the solid state once the adhesive has cooled. Although
this type of adhesive is classically a thermoplastic polymer, previous chapters have demonstrated
the thia-Michael networks’ ability to reversibly “melt” and reform as a high modulus material,

giving them the potential to act as hot-melt adhesives.

One potential issue surrounding the thia-Michael materials discussed in the prior chapters
is the temperature of their 1% glass transition (7). The robust PTMP networks had low temperature
Tgs (as determined by loss modulus peak in dynamic mechanical analysis, DMA) ranging from ca.
21 °C to 48 °C, depending on the g-substituent on the acceptor prohibiting their use as a pressure
sensitive adhesive. Ideally, a pressure sensitive adhesive has a broad 7; roughly 25-45 °C below
operating temperatures in order to achieve the dissipation necessary for adhesion.!® Thus, with an
eye toward accessing thia-Michael networks with lower Tgs, the commercially available
poly(mercaptopropyl methyl) siloxane (PMMS, Figure 5.2) was used in place of PTMP. This
reactive thiol-containing polymer not only functions as the polymer matrix, but has the added
advantage of possessing numerous pendant thiol groups (one per silicon atom) that are accessible
to the Michael-accepting crosslinker. By incorporating a siloxane polymer, it was hypothesized
that low glass transition (Tg) networks would be accessed thus granting access to dynamic

exchange at or below room temperature.

The studies reported herein focus on the preparation and evaluation of the thia-Michael,

PMMS system towards multi-stage adhesive applications. Utilizing benzalcyanoacetate-based
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Michael acceptors in conjunction with PMMS (Figure 5.2), several polymeric networks were
assembled and analyzed (See Appendix for preliminary work involving hexyl-core compounds).
The resulting materials exhibit a broad range of working conditions as well as an aptitude for both

structural and pressure sensitive adhesion.
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Figure 5.2. A) Chemical structures involved in generally assembly scheme for thia-Michael
crosslinking reaction between alkyl bisbenzalcyanoacetate and poly(mercaptopropyl methyl)

siloxane (PMMS). B) Cartoon depicting the dynamic formation of a crosslink between PMMS
chains.
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5.2 Results and Discussion

Thia-Michael films composed of the ditopic Michael acceptors (Figure 5.3A, see Chapter
3 for synthesis details) with poly(mercaptopropyl methyl)siloxane (Figure 5.3B, PMMS, Gelest
SMS-992, 4k-7k Da) were prepared following procedures similar to those reported in previous

chapters. Briefly, the acceptors and PMMS were dissolved in chloroform, stirred for 2 hours at 50
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°C, and cast onto Teflon® drying dishes. The films were allowed to dry overnight at room
temperature then transferred to a vacuum oven at 60 °C and dried under reduced pressure for 24
hours. The networks were then heated to 200 °C and held isothermally under reduced pressure for
30 minutes to remove any trapped solvent before the final compression molding step. PMMS films

were pressed at 70 °C for 10 minutes under 10 kpsi (films containing only 3N were pressed at 90

°Q).
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Figure 5.3. Chemical structures for A) TEG-core bisbenzalcyanoacetate compounds and B)
poly(mercaptopropyl methyl) siloxane (PMMS).

Five samples were prepared: 5Maoo, SHi00, and 5N1oo to indicate the use of 3M, 3H, and
3N, respectively, as well as two hybrid materials composed of 3N with 3H (5NsoHso0) and 3N with
3M (5NsoMsp). The x relates the mole percent (mol%) of each acceptor site (x = 100 or 50) relative
to the total amount of thiol.

Raman spectroscopy was employed to verify the formation of thia-Michael linkages within
the network. Previous solution-state studies have shown that the chemical equilibrium of the
benzalcyanoacetate-based thia-Michael reaction is reflective of the substituents on the f-phenyl
ring. Electron-withdrawing groups (i.e. NOy) result in higher K¢q that pushes the reaction towards

completion whereas electron-donating groups (i.e. OCH3) exhibit lower Keq and form fewer
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linkages. This trend can be observed in the Raman spectra of the films by noting shifts and changes
to the intensity of peaks affected by the thia-Michael reaction, mainly, the peaks corresponding to
the stretching modes of the C=C (1520 cm™' — 1640 cm™!, Figure 5.4A/C/E) and C=N (2200 cm’!
— 2280 cm™!, Figure 5.4B/D/F) bonds in 3. Figure 5.4 A and B show the spectral changes within
these regions when 3N (dashed red line) is incorporated into a TM network with PMMS to form
5Ni10o (solid red line). A minor shift to higher frequencies is observed in the C=C stretch, however,
the presence of reacted acceptor group is clearer in the C=N frequency range. For 3N, an unreacted,
conjugated C=N peak is clearly visible at 2227 cm™. The addition of the thiol across the double
bond of 3N eliminates the conjugation surrounding the C=N group, thereby causing the stretching
mode to shift to higher frequencies and appear at 2255 cm™'. The presence of the non-conjugated
peak serves as evidence towards the formation of thia-Michael crosslinks within the PMMS
network. In comparison, films formed using 3M demonstrated minimal formation of the non-
conjugated adduct (Figure 5.3E/F) at room temperature which likely contributes to their inability

to form robust films.

190



R = -NO,

T T T T T L L L
1520 1560 1600 1640 2200 2220 2240 2260 2280

C. c=C D. »xxy¢
cN
R=-H h
0
N N T
1520 1560 1600 1640 2200 2220 2240 2260 2280
F. >3y
cN
R = -OCH,

T T T T T L L L
1520 1560 1600 1640 2200 2220 2240 2260 2280

Figure 5.4. Raman spectra of C=C (left) and C=N (right) vibrational stretches for the neat
electrophiles (dashed lines) overlaid with the respective thia-Michael networks (solid lines). A/B)
3N and 5N100, C/D) 3H and 5Ha00, E/F) 3M and 5M1o.

In addition to identifying changes in the structure of 3, Raman was also useful for tracking
changes to the thiols present in PMMS. Regions associated with free thiol (2500 cm™ — 2625 cm

1 Figure 5.5A) and lower frequency ranges associated with disulfide formation (400 cm™ — 600
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cm, Figure 5.5B). While PMMS has a prominent S-H stretch at 2572 cm™, the thia-Michael
networks showed no peaks differentiable from baseline that could be associated with free thiol,
even though analysis of the acceptors suggested that there was free, unreacted species within the
films. The presence of a medium intensity peak at 502 cm™ provides a potential explanation for
the missing thiols: formation of disulfide bonds. From the spectrum of the as-received PMMS, it
appears that the oligomer contains a percentage of disulfide bonds which could account for the

absence of free thiol as well as the presence of unreacted acceptor compounds.
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Figure 5.5. Raman spectra of A) disulfide region and B) thiol region. Disulfide network (solid
gray), as-received PMMS (dotted black), 5Nioo (red), SHioo (blue), 5NsoHso (violet), SNsoMso

(cyan).

Following the chemical characterization of the crosslinking reaction, each film was
evaluated via thermogravimetric analysis (TGA, Figure 5.6A) and differential scanning

calorimetry (DSC, Figure 5.6B). The TM films demonstrated improved thermal stability over the
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neat PMMS oligomer (10% weight loss at 265 °C), with degradation temperatures (calculated at
10% weight loss in TGA) of 286 °C for all films except 5Muoo which was slightly more stable with
10% degradation occurring at 296 °C. DSC results exhibited dual glass transitions (Tg) in these
films that were characteristic of dynamic reaction-induced phase separation (DRIPS) in previous
thia-Michael films (see Chapter 3 for details). The first T4 (as calculated by onset of the transition)
in all of the films occurs well below room temperature with the highest at 11 °C for 5N1oo and the
lowest at -36 °C for 5Hioo. The hybrid films, 5NsoHso and 5NsoMso, had low Tgs intermediate to
the low Tgs of the parent networks at -13 °C and -12 °C, respectively. The second glass transition
is prominent in 5N1oo as well as the hybrid systems, however, the same transition for 5Hi0 and
5M100 was not apparent within the DSC testing conditions. It is worth noting that PMMS does not

show any phase transitions between -80 °C and 200 °C.
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Figure 5.6. A) TGA data for thia-Michael/disulfide films including hybrids (ramp rate = 10
°C/min). B) DSC curves for thia-Michael/disulfide films including hybrids showing results of third
heating (exotherm up, ramp rate = 10 °C/min, curves offset for ease of viewing). 5Nioo (red
dashed), 5H100 (blue dashed), 5M100 (green dashed), 5NsoHso (violet), 5NsoMso (Cyan).
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As briefly mentioned above, the dual glass transitions in DSC for the films suggests a phase
separated morphology akin to that which was observed in previous studies with the
bisbenzalcyanoacetate Michael acceptors. With SMieo and SHioo, this phase separation was
catastrophic preventing the formation of a robust film. These samples could be heated again to 200
°C (as they were in the final drying step of film preparation) and would appear as tacky, transparent
viscous liquid, but over time (1-6 hours) an opaque, waxy solid would form, presumably as a result
of the weakly bound acceptors separating from the matrix. While still phase separated, SNioo,
5NsoHso, and SNsoMso were all capable of forming testable films. Optical microscopy (OM) was
employed to observe the physical phases within drop-cast samples of the networks (Figure 5.7).
Small aliquots of the starting thia-Michael solution (ca. 200 puL) were cast onto glass coverslips.
The samples were dried following the standard protocol for the bulk films as outlined earlier. For
the hybrid films (Figure 5.7), a bicontinuous phase separated structure was observed with small

inclusions present in either phase.

Figure 5.7. Optical microscope (OM) images of A) 5NsoHso and B) 5NsoMso taken at 10x
magnification.
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Small amplitude oscillatory shear (SAOS) rheological analysis was used to investigate the
mechanical behavior of these materials. For the thia-Michael films, SAOS rheology was conducted
using 8 mm parallel plates on a TA Instruments ARES-G2 rheometer equipped with a force
convection oven (FCO) and low temperature range chiller (See Experiment Methods for detailed
procedures). Temperature-dependent mechanical behavior was first evaluated using a temperature
ramp from -30 °C to 200 °C with an oscillatory frequency of 1 Hz (Figure 5.8). To accommodate
changes in material stiffness, the oscillatory strain was automatically adjusted using the

instrument’s software (Trios).
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Figure 5.8. Small amplitude oscillatory shear (SAOS) rheology temperature sweep of 5N1oo (red
dot-dash line), 5NsoHso (violet solid line), and 5NsoMso (cyan dash line) showing storage modulus
(top) and tan & (bottom).

The temperature ramp revealed two transitions for the systems tested (SHio0 and SMioo
were both phase separated liquids at room temperature and as such, were not tested). The first glass
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transition (as defined by tan o) occurred at 38 °C for SN1oo, while both SNsoHso and SNsoMso had
initial glass transitions below room temperature, at 15 °C and 16 °C, respectively. As shown in
Figure 5.8, the temperature dependence of the hybrid materials is remarkably similar, suggesting
that the composition of the continuous phase in the two films is similar. Furthermore, the two
hybrid samples exhibited a rubbery plateau modulus of ranging from ca. 2.8 x 10° Pa to ca. 5.8 x
10° (a slight increase in modulus was noted from all samples that is likely a result of entropic gain
within the network with increased temperature) over a temperature range of more than 100 °C,
creating a large window of operation before the films fail mechanically. At higher temperatures,
the thia-Michael films reach their second 7, which is accompanied by the onset of macroscopic
flow for the systems. Above this temperature (ca. 140 °C for hybrids), the dynamic networks
demonstrate a significant drop in modulus, thereby creating an opportunity for hot-melt adhesion.
On the other hand, 5N100 gradually softens following this second transition (ca. 145 °C) and does
not enter a Newtonian-like flow regime.

The SAOS rheology temperature studies suggest that the hybrid thia-Michael films have
the potential to act as both PSAs and hot-melt adhesives, depending on the careful selection of
composition and working conditions. In the interest of exploring adhesive applications for these
TM systems, evaluations were focused on the hybrid materials, given their lower 7 and notable
modulus drop at higher temperatures. SAOS frequency studies were used to further probe the PSA
characteristics of the hybrid systems (Figure 5.9A/B). Frequency sweeps from 0.01 rad/s to 100
rad/s were conducted at different temperatures centered around the target operating temperature of
25 °C. Using time-temperature superposition (TTS), a master curve was generated at a reference

temperature of 25 °C. Figure 5.9C/D shows the master curves for SNsoHso and SNsoMso as
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determined by multiple frequency sweeps shifted according to WLF fit. Using these master curves,
two principles were applied to define their ability to act as pressure sensitive adhesives: the
Dabhlquist criterion and the viscoelastic window. According to the Dahlquist criterion, for materials
to be useful as pressure sensitive adhesives, they should possess a storage modulus (G") less than
3 x 10° Pa (at 1.0 rad/s) at the operating temperature.!” This criterion is highlighted with dashed
lines in Figure 5.9C/D and it is clear that SNsoMso meets this criterion at room temperature. On the
other hand, SNsoHso has a modulus slightly higher than would be ideal according to Dahlquist,

however, the material was close enough to still be considered for this investigation.
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Figure 5.9. Small amplitude oscillatory shear (SAOS) rheology frequency studies on A) 5NsoHso
and B) 5NsoMso at temperatures surrounding 25 °C. Master curves based on the WLF shift of the
frequency data for C) 5NsoHso and D) 5NsoMso. Dashed lines in C/D highlight Dahlquist criterion

(3 x 10° Pa at 1 rad/s).

While useful as a first approximation, the Dahlquist criterion serves only as a benchmark

for PSAs and does little to categorize the potential function of an adhesive. To this end, Chang

defined PSAs by identifying a viscoelastic window (VW) within which PSA applications could be

identified.'® Using isothermal frequency studies, a VW is defined by the operating temperature
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storage and loss modulus (G™) at 0.01 rad/s and 100 rad/s. In a plot of storage versus loss modulus
(Figure 5.10), the values can be plotted as coordinates to form four corners of a rectangle which
constitutes the VW: 1) G' at 0.01 rad/s and G" at 0.01 rad/s, 2) G' at 0.01 rad/s and G" at 100 rad/s,
3) G' at 100 rad/s and G" at 0.01 rad/s, and 4) G' at 100 rad/s and G" at 100 rad/s. Their
investigation determined that this window varies depending on the PSA application and as a result
they were able to identify five viscoelastic regimes for PSAs based on the location of their VW in
the G'/ G" plot: non-PSA (quadrant 1), high shear PSA (quadrant 2), removable PSA (quadrant 3),
cold temperature PSA (quadrant 4), and general PSA (central region).

Using the frequency data acquired for the master curves, it was possible to establish
viscoelastic windows for SNsoHso and SNsoMso. As shown in Figure 5.10, much of the VW for
SNsoHso and SNsoMso falls in quadrant 2, suggesting that the two materials would perform as high
shear PSAs. These types of PSAs are typically characterized by a high storage modulus which
contributes to the higher shear strength relative to other PSAs. When this high storage modulus is
accompanied by a low loss modulus, the material falls into quadrant 1 (non-PSAs) and is unable
to function as a pressure sensitive adhesive. However, when the loss modulus is also high, there
exists a mechanism within the material that allows dissipation to take place, promoting adhesion.
The location of the VWs for both hybrid materials spans into quadrant 1 and beyond the standard
plots as defined by Chang (upper limits in Chang’s plots were 1 x 10° Pa, moduli higher than the
original limits are highlighted in gray in Figure 5.10). The addition of 3M to the hybrid network
shifted the VW moduli further into a typical PSA regime, suggesting that future optimization of

the network composition could target specific PSA applications for the thia-Michael systems.
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Figure 5.10. Viscoelastic windows for 5NsoHso (violet) and 5NsoMso (cyan). Gray region
highlights moduli outside of typical viscoelastic window plot

Inspired by the rheological characteristics of the TM hybrid films indicating potential
adhesive behavior, the mechanical performance of these materials was assessed for both pressure-
sensitive and hot-melt adhesion. Three different testing methods were employed to evaluate the
adhesive properties of the films: tack and 180-degree peel tests for probing their PSA abilities,
and normal force pull-off tests to determine their adhesive strength as hot-melt adhesives (Figure
5.11). To test the films as PSAs, the networks were prepared as rough “tapes” with a Kapton
backing. Briefly, SNsoHso (or 5Ns0Mso) was prepared following the procedure outlined earlier. The
resultant film was re-pressed between two Kapton sheets at 200 °C and 1 kpsi (lower limit of

current press) for 10 minutes, creating an adhesive layer that was approximately 100 um thick. To
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use, the desired shape was cut from the Kapton-5NsoHso-Kapton sample and the two Kapton sheets
were pulled apart to expose the adhesive material. This process served to protect the adhesive
surface from contaminants and oxidation while also ensuring that the material was firmly attached

to the Kapton substrate, facilitating an accurate measurement of PSA properties.

Figure 5.11. Schematic illustration of adhesive test setup for A) tack, B) 180-degree peel strength,
and C) hot-melt adhesive strength.

The tack of the TM tapes was evaluated using the ARES-G2 rheometer equipped with an
8 mm stainless steel parallel plate. Samples were cut in 8 mm x 8 mm squares and mounted onto

the lower plate using double-sided tape. An axial force (0.1 N, 1.0 N, or 10 N) was applied to the
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sample for a pre-determined period of time (20s, 60s, or 120s) after which the upper plate was
removed from the adhesive at a constant rate of 0.1 mm/s. The resultant force curve was then
evaluated for both pull-off strength (peak force reached during tack test) and area under the force
curve (adhesive/cohesive strength of tack). Figure 5.12 summarizes the effect of both time and

applied force on these adhesive properties of SNsoHso.
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Figure 5.12. Force curves showing tack test results for 5NsoHso with different applied forces and
adhesion times of A) 120s and B) 10s. Graphical summary of A) pull-off force and B) area under
the curve for tack test of 5NsoHso at different adhesion times and applied forces. 8 mm parallel
plate and 0.1 mm/s strain rate.

Longer application times and higher applied forces resulted in an increase in both peak
force and adhesive/cohesive tack strength. However, a typical PSA functions under working
conditions that are relatively short in adhesion time and small in applied force. Therefore, a

middling set of parameters (60 second adhesion time and 1 N applied force) was selected for

comparing the two hybrid materials. Using the same tack test setup as previously described, five
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different samples of each material were tested for 10 consecutive rounds at room temperature
(Figure 5.13). From this analysis, it became clear that the PSA properties for both TM hybrids was
relatively consistent over the course of the 10 repeated adhesions, indicating the PSAs ability to
re-adhere to a surface after failure. When comparing the tack of the two hybrid materials, SNsoHso
consistently outperforms SNsoMso. On average, SNsoHso had a peak tack of 5.2 + 0.2 N (peak force
of first test was excluded as an outlier) and an adhesive/cohesive strength of 21 + 2 N whereas

SNsoMso had a peak tack force of 4.1 + 0.3 N and an adhesive/cohesive strength of 12.0 0.7 N.
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Figure 5.13. Graphical summary of A) peak force and B) area under the curve for 10 consecutive

repeat tack experiments on 5NsoHso (violet) and 5NsoMso (cyan). 8 mm parallel plates, 0.1 mm/s
strain rate, 60 second adhesion time, 1.0 N applied force.

It was also intriguing to compare the effect of time and applied force on the two different
hybrid samples. As stated earlier, increasing adhesion time and applied force results in an increase

in the peak pull-off force and adhesive/cohesive strength of the PSA bond. However, these changes
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impacted the two hybrid materials to a different extent. Figure 5.14 shows that with a 10 second
adhesion time, SNsoHso still hold a slight edge on SNsoMso in peak force, but the adhesive/cohesive
strength of SNsoMso is equal to or higher than SNsoHso on this time scale. This demonstrates a
time-dependent factor that impacts the PSA performance of the two materials: the lower moduli
of 5Ns0Mso (as demonstrated by its VW) allows this slightly weaker adhesive to deform quickly,
allowing the material to more fully contact the substrate, thereby creating a stronger adhesive bond
than the higher moduli of SNsoHso can form. Therefore, depending on the intended application, an
adhesive could be tailored to adhere faster or more strongly by modifying the composition of the

dynamic adhesive.
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Figure 5.14. Graphical summary of A) pull-off force and B) area under the curve for tack test of
5NsoHso (violet) and 5NsoMso (cyan) with variable applied force. 8 mm parallel plate, 10 second
application time and 0.1 mm/s strain rate.
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The PSA properties of the hybrid systems were further evaluated using a 180-degree peel
test on a Zwick-Roell zwickiLine Z0.5 materials testing instrument. The adhesive “tape” was cut
into a strip ca. 5 mm wide and 75 mm long. The strip was adhered to a glass microscope slide
using double-sided tape. The Kapton not adhered to the slide was then removed and a strip of
aluminum foil (approximately 10 mm wide and 200 mm long) was pressed by hand to the exposed
thia-Michael adhesive. The aluminum foil was folded in half and the setup was mounted into the
Zwick grips. Peel tests were run for a travel distance of 50 mm after the first peak and at a strain
rate of 10 mm/min. Figure 5.15A shows a representative peel test result for each film. As
highlighted in the figure, the average peel strength and the maximum peel strength were calculated
for each series. As shown in Figure 5.15B, the average peel strength of the hybrid materials falls
within error of each other while the maximum peel strength was stronger with the SNsoMso film.
In the future, the optimization of tape preparation and testing conditions could improve the error

in the test and allow for better differentiation between the two similar samples.
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Figure 5.15. A) representative peel test curves for 5NsoHso (violet) and 5NsoMso (cyan)
highlighting the average peel strength (dashed line) and maximum peel strength (star).
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Finally, the hybrid films were evaluated as hot-melt adhesives. A 5 mm x 5 mm square of
the original pressed films (not tape) was situated between two aluminum I-bars which were then
clamped together using 1-inch binder clips. The entire setup was placed in an oven at 180 °C for
10 minutes after which it was removed and allowed to cool on the benchtop with the clips attached
for another 10 minutes. Once cooled, the clips were removed and the adhered I-bars were loaded
onto the Zwick clamps. Adhesive strength of the hot-melt bond was measured at 1 mm/min and
the area used for calculating the adhesive strength was estimated from the average area of the
circular adhesive footprint left after the bond failed (ca. 0.3 cm?). The average hot-melt adhesive
strength of SNsoHso was determined to be 0.8 MPa (+ 0.1 MPa), enough to hold over 50 pounds

of tensile force.
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Figure 5.16. Graphical comparison of adhesive strength of 5NsoHso (violet) and 5NsoMso (cyan)
binding two aluminum substrates adhered at 200 °C. Test parameters: adhesive area = 0.3 cm?;
strain rate = 1 mm/min.

Currently, the investigation of the thia-Michael/PMMS materials as adhesives has been

localized to high surface energy substrates (i.e. aluminum and stainless steel). However,
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throughout the course of these studies, qualitative explorations have revealed that the films have
the ability to adhere to a range of surface energies and topologies. The photograph below (Figure
5.17) demonstrates a single strip of SNsoHso holding (from left to right) a Styrofoam cube, a strip
of aluminum foil, a glass microscope slide, and a strip of PTFE, all of which were simple pressed
to the adhesive surface at room temperature. Although these results are merely preliminary
demonstrations, they reveal a great deal of potential for future applications of the dynamic thia-

Michael materials as multi-functional adhesives.

Styrofoam

Aluminum
Foil

Teflon

Figure 5.17. Photograph of various substrates pressed and adhered to 5NsoHso.

5.3 Conclusions

Hybrid thia-Michael networks composed of an oligomeric thiol component (PMMS)
demonstrated the ability to function as multi-stage adhesives. Their viscoelastic behavior at room
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temperature met the Dahlquist criterion (modulus < 3 x 10° Pa at a testing frequency of 1.0 rad/s)
indicating their potential for use as pressure sensitive adhesives (PSAs). Small angle oscillatory
shear rheology near the operating temperature established a viscoelastic window for the two
materials that highlighted their ability to act as high shear PSAs. In addition to their PSA
properties, the adhesives demonstrated viscoelastic flow at elevated temperatures (>150 °C)
making them also candidates for hot-melt adhesives. Both pressure sensitive and hot-melt adhesive
behavior was evaluated using tensile techniques (tack test and 180° peel test for PSA and normal
force test for hot-melt adhesion) that demonstrated the multi-stage adhesive characteristics of

hybrid thia-Michael networks.

5.4 Experimental Methods

Raman Spectroscopy

Raman spectroscopy was conducted using a Horiba LabRamHR Evolution confocal
Raman microscope in the Materials Preparation and Measurement Laboratory (MPML) that is part
of the NSF Materials Research Science and Engineering Center (MRSEC) at the University of
Chicago. Data was collected using a Horiba Synapse OE CCD detector and a 633 nm laser source.
The spectral range of 400 — 3300 cm™ was probed for all samples using 4 windows with 60
accumulations per window. (Other testing parameters: Objective = 50x LWD [long working
distance]; grating = 600 gr/mm; ND Filter (i.e. laser power) = 50%; acquisition time = 1 second,;

RTD time = 1 second; Hole size = 100)

Raw data collected on the instrument was processed using OriginPro 2017 v9.40 by

OriginLab Corporation. For each sample, data was first smoothed using the Savitzky-Golay
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method (window of 10 points; 2" order polynomial fit). The baseline of the smoothed data was
calculated using the asymmetric least squares method (parameters: asymmetric factor = 0.001;
threshold = 0.01; smoothing factor = 4; iterations = 10) in the software’s Peak Analyzer function
and then subtracted from the smoothed data. The smoothed, baseline corrected data was then
normalized using the standard normal variate (SNV) method in which the Raman intensities of the
sample were divided by the standard deviation of the Raman intensities over the entire frequency

range of the spectrum.
Optical Microscopy (AFM)
Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a TA Instruments Discovery
Thermogravimetric Analyzer in the Soft Matter Characterization Facility at the University of
Chicago. Samples were tested under nitrogen atmosphere using platinum pans. Tests were

conducted using a ramp of 10 °C/min from starting operating temperature (ca. 35 °C) to 600 °C.
Differential Scanning Calorimetry (DSC)

DSC was performed using a TA Instruments Discovery 2500 Differential Scanning
Calorimeter in the Soft Matter Characterization Facility at the University of Chicago. Samples
were prepared in aluminum hermetic pans from TA Instruments and were hermetically sealed.
Typical test conditions involved a cool-heat-cool-heat procedure from (-20 °C/200 °C/-80 °C/200

°C) run at 10 °C/min.

Small amplitude oscillatory shear (SAQOS) rheology
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Shear rheology sample loading

Rheology was performed using the TA Instruments RSA-G2 ARES with Forced
Convection oven (20 °C — 500 °C) attached to an Air Chiller System (-120 °C — 20 °C) and running
TA Trios Software in the Soft Matter Characterization Facility at the University of Chicago. An 8

mm parallel plate was used for all tests.

Samples were cut from a larger film into 8 mm disks approximately 400-600 um thick. The
samples were loaded onto an 8 mm stainless steel parallel plate geometry equipped with
thermocouples and trimmed of any excess overlap. The loaded sample was heated to 200 °C using
a forced convection oven and the gap was manually controlled to minimize normal force, yet retain
contact with both plates. At 200 °C, the sample was a viscous liquid. After approximately 30
seconds at 200 °C, the sample was subject to 1.0 rad/s steady shear for 10 seconds to remove any
inhomogeneity or bubbles. After 10 seconds, the shearing was halted, and the axial position was
adjusted to ensure the sample was flush with the edges of the 8 mm plate. Satisfied with the sample
configuration, the temperature in the oven was cooled in 10 °C increments until 0.01N axial force
could be applied (if the temperature was too high, 0.01N axial force caused the sample to seep out
of the geometry, creating erroneous conditions for testing). Once the sample was stable enough to
be tested, an Isoforce (0.01 N) temperature ramp of 3 °C/min was used to bring the sample to the
lowest testing temperature. At the lowest temperature, the axial force was set to automatically
maintain 0.1 N (£ 0.05 N) compressive force on the sample, ensuring good contact throughout the

tests.

Small amplitude oscillatory shear frequency sweeps
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The sample was equilibrated at testing temperature for 5 minutes before the experiment
was started. After equilibration, a frequency sweep from 0.01 rad/s to 100.0 rad/s was done at 1.0%
strain. Subsequent sweeps were conducted by increasing the temperature by 5 °C and re-

equilibrating for 5 minutes before beginning the frequency experiment.

Tensile analysis

Tensile analysis was performed using a Zwick-Roell zwickiLine Z0.5 Materials Testing
Instrument with a 100N load cell in the Soft Matter Characterization Facility at the University of

Chicago.
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6  Towards the preparation of slide-ring gels utilizing doubly

threaded [3]-rotaxane architectures

*The synthesis and characterization in this chapter was done in collaboration with Eric Bruckner
whose Master’s thesis compliments this work: Bruckner, E. P. Integrated synthetic and
computational techniques for the design of poly[3]rotaxanes. Masters Thesis, Case Western

Reserve University, Cleveland, OH 44106.

6.1 Introduction

In the continued pursuit of soft materials engineered with dynamic crosslinks, a new line
of inquiry was started with an eye towards polymeric networks based on topologically bound
compounds. Topologically interlocked compounds are held together by a mechanical bond defined
by Stoddart, et al, as, “an entanglement in space between two or more molecular entities
(component parts) such that they cannot be separated without breaking or distorting chemical
bonds between atoms.”* Architectures including catenanes, rotaxanes, and molecular knots, are all
part of the mechanically interlocked family.? Rotaxanes and their relatives, in particular, have
shown great potential for applications® that include dynamic signaling,* catalysis,> and molecular
muscles.®” While the historical focus on interlocked compounds has been on synthesis and theory,
the path forward requires a fundamental understanding of their behavior in bulk materials. As such,
the studies described herein look to move towards these fundamental studies by providing a

foundation upon which future investigations of interlocked materials can be built.
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These compounds are comprised of two key components: a dumbbell, which consists of
large stopper groups (Figure 6.1A) attached to either end a linear molecule referred to as a thread
(Figure 6.1B), and a macrocycle (Figure 6.1C). Together, one dumbbell and one macrocycle can
form a [2]rotaxane (generic [2]rotaxane pictured in Figure 6.1D) whose structure is composed of
two discrete molecules assembled to constitute a single, interlocked unit. Given the fact that
covalent bonds must be broken to disassemble a [2]rotaxane, it acts as a single molecule rather

than an assembly of individual components.

(&) (B) (©) (D)

Figure 6.1. Schematic of a stopper group (A), thread (B), and macrocycle (C) to form a generalized
[2]rotaxane (D).

While the utility of the rotaxane molecule has led to numerous applications of the
individual species, the architecture also provides an intriguing route to mechanically interlocked
polymer networks commonly known as slide-ring gels.® These slide-ring gels, so named for their
uniquely mobile interlocked crosslinks, have been shown to exhibit fascinating mechanical
properties due to their energy dissipating abilities.® Inspired by theoretical work by de Gennes,°
successful reports of slide-ring gels prepared on laboratory as well as industrial scale have been
documented throughout the last few decades. Important advancements in this area have been
accomplished by implementing the popular self-assembly combination of a-cyclodextrin (a-CD)

and polyethylene glycol (PEG) (Figure 6.2). The PEG chain is incorporated into the cavity of the
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a-CD units via hydrophobic interactions between the polymer chain and the inner circumference
of the macrocycle. In this way, multiple a-CD molecules can be introduced to the PEG chain,
creating a polyrotaxane.!* The a-CD can then be crosslinked to form a figure-eight crosslink that
holds the chains together, but allows reptation through the rings.*? Using this approach, Ito, et al,
has described a “pulley effect” between the chains that contributes to the high extensibility and
mechanical strength of the gels.!®!* Rather than the stress of deformation being localized to the
crosslinking bonds between chains, the PEG chains are able to slide through the o-CD rings,*®

allowing the stress to be dissipated throughout the entire material.

d MW e

a-CD PEG Stopper

Figure 6.2. Cartoon depicting a slide-ring network formed via crosslinking (highlighted in pink)
of a-CD on PEG chains to form polyrotaxane networks connected with mobile, topological bonds.
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The success of the a-CD/PEG slide-ring materials has rapidly generated a host of
investigations probing both the fundamental and applied aspects of the materials. Inspired by these
results, we sought to probe a variant of the slide-ring gel that connects the unique mechanical
behaviors of the topological networks with the stimuli-responsive behavior of a metal:ligand
coordination bond. In the past, the 2,6-bis(N-alkyl-benzimidazolyl)pyridine (Bip) ligand, in
coordination with several different metals (zinc, iron, europium, etc.), has demonstrated significant
versatility as a stimuli-responsive motif.1*'8 In systems where it has been incorporated into a
polymeric chain (i.e. metallo-supramolecular polymers, MSPs), the Bip:metal complex has been
shown to respond to multiple stimuli including light, heat, and chemical treatments. In response to
these stimuli, the polymeric materials have demonstrated healing, shape-memory, and changes in
stiffness that are a result of the reversible association/dissociation of the metal:ligand interaction.

In addition to responsive behavior, the Bip ligand can be utilized in the metal-templated
assembly of interlocked molecules. The assembly of components to construct an interlocked
macromolecule can take on a wide variety of forms and employ equally diverse methodologies.®
Where the a-CD/PEG systems takes advantage of host-guest supramolecular interactions to ensure
that the PEG chain is threaded through the cyclodextrin molecule, metal-templating utilizes metal-
ligand complexes to direct the assembly of an interlocked molecule. Pioneered through the works
of Sauvage, metal-templating has been successfully implemented to form a variety interlocked
structures.?®?* As an example, Wu, et al, recently reported the formation of a metal-templated
poly[n]catenane using bis-functionalized, Bip-based rings.??> Self-assembly of the tridentate Bip-
ligand into a 2:1 metal:ligand complex (Figure 6.3A) served as a driving force to promote the

linkage of rings upon addition of a transition metal ion (Figure 6.3B). Using the metal-templated
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technique for the construction of [3]-rotaxanes and slide ring gels provides a controlled,
predictable method of assembly. This promotes a systematic approach to investigating the effect
that variables such as crosslink density, polymeric backbone composition, and entropic effect of

extra rings along a slide ring gel chain might have on the material properties of a resultant network.

OO
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Figure 6.3. A) Chemical structure of Bip ligand and its 2:1 binding assembly with transition metal
ions. B) Simplified schematic showing catenane self-assembly with Bip-metal coordination. C)
Schematic depicting targeted [3]rotaxane assembly with Bip-metal coordination and stopper group
addition.

Building on these developments, we identified an opportunity to expand the Bip-based

topological motif into stimuli-responsive materials that included rotaxanes, polyrotaxanes, and

219



slide-ring gels. Whereas the poly[n]catenane focused on linking macrocycles together, the
assembly of the rotaxane would consist of the ditopic macrocycle with two Bip-based dumbbells,
forming a [3]rotaxane (Figure 6.3C). Alternatively, the pseudo[3]rotaxane (a metallated,
interlocked molecule without stopper groups attached) could be used as a tetra-functional,
topological crosslinker in polymer networks. We hypothesize that this Bip-based slide-ring
material could mark the beginning of a host of explorations into multi-stimuli, multi-responsive
topological gels whose unique mechanical properties could be coupled with tunable, reversible
functionality.

In order to pursue these lines of inquiry, the first objective was to establish synthetic routes
for the principal components of the interlocked structure, mainly the macrocycle, thread, and
stopper groups. Second, the methodology for the metal-templated assembly of the [3]rotaxane
needed to be determined as well as the characterization of the interlocked species. Finally, the
integration of the topological bond into a polymeric system would complete the development of
the slide-ring material and would open the door to further studies as to the functional and
mechanical properties of the system. The study described herein focuses on these three primary

objectives and lays the groundwork for future exploration of Bip-based slide-ring gels.

6.2 Results and Discussion

6.2.1 [3]Rotaxane component design
The targeted design of the doubly-threaded [3]rotaxane involved a ditopic macrocycle

capable of binding two threading components that could then be stoppered with bulky end groups.

220



An integral component in this construction is the 2,6-bis(N-alkyl-benzimidazolyl)pyridine (Bip)
ligand whose metal binding ability facilitates the templating process necessary to form the
interlocked structure (Figure 6.3A). Following previously reported methods, a modified Bip ligand
was synthesized in order to optimize its incorporation into the [3]rotaxane assembly.???® The
structure of the ligand was adapted to include an N-butyl chain at the R1 position to improve
solubility and a phenol extension at the Rz position to promote further functionalization of the

compound.
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Scheme 6.1. Chemical structures and scheme for synthesis of modified Bip ligand, 6.4.

The modified Bip was synthesized in four steps (Scheme 6.1, see Experimental section for
detailed synthetic procedures and characterization). First, 2,5-dibromonitrobenzene was combined
with 1-butylamine to form 6.1 in 90% yield. Next, a Suzuki reaction was carried out using
equimolar quantities of 6.1 and 4-methoxyphenylboronic acid with a palladium catalyst
(tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)s)) to yield the desired biphenyl derivative,
6.2 (85% yield). The ligand, 6.3, was formed by combining two molar equivalents of 6.2 with 2,6-

pyridinedicarbonyl dichloride in anhydrous dimethylformamide (DMF) to yield 6.3 in 70% yield
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after purification. The targeted, hydroxylated compound was formed by exposing 6.3 to boron
tribromide (BBr3) in dichloromethane (DCM) under cold (0 °C water bath), inert conditions. The
solution of 3 and BBrs was stirred for 24 hours and slowly warmed to room temperature over that
time. The reaction was quenched in 1 M NaOH and neutralized. The resulting precipitate was
collected and recrystallized in a solution of chloroform and methanol to obtain the final product,
6.4, in 93% vyield from 6.3.

With the templating ligand in hand, the focus shifted to the selection and synthesis of the
individual [3]rotaxane components. Previous work by Wu and Wojtecki extensively investigated
the viability of a variety of ditopic macrocycles for catenane architectures.?*?° Based on their
observations, the 68-membered macrocycle (count reflective of atoms constituting the inner
circumference) (Figure 6.3, 6.5) composed of tetraethylene glycol linkers (4PEG) connecting two
molecules of 6.4, was chosen as the initial interlocking component in the [3]rotaxane. Its solubility
in organic solvents, ability to allow threading of two Bip-based moieties, and its inability to self-
bind in the presence of a single metal made it a suitable candidate for the [3]rotaxane assembly.!
The synthesis of the macrocycle was conducted by Dr. Qiong Wu following procedures reported

for the poly[n]catenane (see Supplemental Methods for full details).
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Figure 6.4. Chemical structures of the 4PEG macrocycle (6.5) and alkene-terminated thread (6.6).

The thread molecule (6.6) was derived from the same ligand (6.4) utilized for the formation
of 6.5. The N-butyl functionality on the ligand had previously been shown to fit into a 68-
membered ring in addition to the advantages imparted on the molecule given the improved
solubility in organic solvents.?224% In order to make the component accessible to a variety of facile
reaction conditions (including thiol-ene click reactions) both ends of the ligand were modified with
an alkene-terminated 5-carbon extension that would promote future utility. The thread was
synthesized in one step as shown in Scheme 6.2. Following procedures for a typical Williamson-
ether reaction, 6.4 was reacted with 3 equivalents of 5-bromo-1-pentene in a 3:1 solution of
dimethylformamide/acetonitrile (DMF/MeCN) in the presence of excess potassium carbonate.
Following 18 hours of stirring at 65 °C, the product, 6.6, was isolated in 68% yield using silica gel

column chromatography.
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Scheme 6.2. Chemical structures and scheme for synthesis of thread compound (6.6).

The final component necessary for the [3]rotaxane assembly was the stopper group. As
mentioned earlier, the key to the successful formation of a rotaxane is the ability of the end group
to ensure that the macrocycle is confined to the length of the thread. Two different bulky molecules
were synthesized and evaluated as stopper groups for the 4PEG macrocycle. The smaller, first
generation stopper (Scheme 6.3, 6.7) was composed of three, 4-tert-butyl-phenyl groups

surrounding a carbon center.

Br MgBr cnou O
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Scheme 6.3. Chemical structures and scheme for synthesis of 4-tert-butyl-phenyl stopper
compound (6.7).
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This stopper group was synthesized using three sequential reactions (Scheme 6.3). First, a
Grignard reaction was preformed, initiated by the formation of the Grignard reagent of 1-bromo-
4-tert-butylbenzene. Once the reagent was formed, methyl-4-tert-butyl benzoate was slowly added
to the Grignard solution followed by 18 hours under reflux. Upon completion, the reaction mixture
was quenched in an acidic ice bath and the tri-aryl compound, 6.8, was isolated from the remaining
material.

The second step of the stopper group formation involved a Friedel-Crafts reaction that
introduced a phenol group to the tri-functional carbon center. 6.8 was dissolved in excess (ca. 10
eq.) phenol at 60 °C (above the melting point of phenol) along with a catalytic amount of 36%
HCI. The system was flushed with argon and reacted at 110 °C for 24 hours while stirring. Once
the reaction was finished, 6.9 was purified from the reaction.

Finally, the stopper group underwent a Williamson-ether reaction to functionalize the final
compound with a terminal alkene. In the same manner as the alkene termination reaction for the
thread compound, 6.9 was combined with 4 equivalents of 5-bromo-1-pentene and 4 equivalents
of potassium carbonate in a 3:1 solution of DMF/MeCN at 65°C. After reacting for 18-24 hours,
the first generation stopper, 6.7, was extracted with dichloromethane and purified using silica gel

column chromatography.
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Figure 6.5. 'H-NMR of 4-tert-butylphenyl stopper group (6.7). (600 MHz in CDCls)

The second generation stopper (Scheme 6.4, 6.10) had a similar chemical structure as 6.7,
but with biphenyl substituents rather than single benzene rings. As with 6.7, the formation of the
larger stopper was done in three steps (Scheme 6.4). For the Grignard reaction, the Grignard
reagent of 4-bromo-4’-tert-butylbiphenyl was reacted with diethyl carbonate following the same
method as for 6.7 to form 6.11. The Grignard reaction was followed by the Friedel-Crafts synthesis
to yield 6.12 and then by the Williamson-ether reaction to finally arrive at 6.10, again using the

same conditions as for the smaller compound.
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Scheme 6.4. Chemical structures and scheme for synthesis of 4-tert-butyl-biphenyl stopper
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6.2.2 Metal-templated assembly of pseudo[3]rotaxane

(6.5) (6.6) (6.13)

:

Figure 6.7. Schematic assembly of pseudo[3]rotaxane (6.13).

The assembly of the precursor, pseudo[3]rotaxane, 6.13 (Figure 6.7), (pseudo indicating
that there is no stoppering group present) was carefully monitored using proton nuclear magnetic
spectroscopy (*H NMR) (Figure 6.8). A solution of 6.6 in deuterated chloroform (CDCls, 20
mg/mL) was titrated in 20 pL aliquots into an NMR tube containing a solution of 6.5 in CDCls (10
mg/mL). Peaks corresponding to protons at the 3- and 4-position of the Bip pyridine were located
8.30 ppm (2Hp; d, 2H per thread) and 8.02 ppm (2Hz; t, 1H per thread) for 6.6 and 8.35 ppm (1Hb;
d, 4H per macrocycle) and 8.07 ppm (1Hy; t, 2H per macrocycle) for 6.5. The titration proceeded
until the integration of the pyridine protons from the thread and macrocycle were equivalent,

indicating a 2:1 ratio of thread:macrocycle (i.e. one thread-Bip per every macrocycle-Bip).
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Figure 6.8. 'H-NMR spectra showing assembly process of 6.13. From bottom to top Pyridine peaks
for free macrocycle (6.5, red) are integrated versus free thread peaks (6.6, blue) as the thread is
titrated into the solution of macrocycle. Once the integrations are equivalent, Zn?*, is added to the
solution and the pyridinal peaks shift upfield until the free species are no longer present. (Solvent
= CDClI3 (+CD3CN with Zn?* addition), 600 MHz NMR, 25 °C)

Once a 2:1 ratio of the organic components was achieved, a solution of zinc bistriflimide
(Zn(NTf2)2) in deuterated acetonitrile (d3-MeCN) was titrated into the thread/macrocycle solution

in 40 pL aliquots. Bip is known to bind to Zn?" metal ions in a 2:1 stoichiometry and as such, the
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ligands contained within the thread and macrocycle were assembled in an interconnected, 2:1
fashion. With increasing amounts of Zn(NTf,)2, the *H-NMR pyridine peaks shifted upfield as the
metal-ligand complexes were formed until no free ligand remained (Figure 6.7). The fully
metallated pseudo[3]rotaxane was then isolated from solution using rotary evaporation yielding a

quantitative formation of 6.13.

6.2.3 Towards the assembly of the [3]rotaxane

® ®
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Figure 6.9. Schematic of the proposed assembly of a doubly threaded [3]rotaxane.

In order to construct a [3]rotaxane, the stopper group molecules were extended using 1,6-
hexanedithiol to impart a thiol functional group to the terminus of 6.7 and 6.10 to yield 6.14 and
6.15, respectively (Figure 6.10). To synthesize the thiol terminated compounds, 6.7 (or 6.10) was
combined with an excess of 1,6-hexanedithiol in DCM. A catalytic quantity of the photoinititor
Irgacure-19® (IR-19, phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide) was added and the
solution was exposed to high intensity UV light (320-390 nm, 50 mW/cm?) for 1 hour. The thiol-

ene product was precipitated in cold hexanes and 6.14 (or 6.15) was isolated via vacuum filtration.
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Figure 6.10. Addition of thiol end group to stopper compounds by reaction of 1,6-hexanedithiol
with 6.7 (A) and 6.10 (B) under photoinitiated thiol-ene conditions.

This thiol functionality created an opportunity to utilize thiol-ene reactions to attach the
stopper to the end of each thread. However, by using a metal-templated approach for the formation
of the pseudo[3]rotaxane, there arose some complications in the application of the classic thiol-
ene conditions. In particular, the Bip:Zn** complex is known to absorb light between the
wavelengths of ca. 200-375 nm.?® This absorption spans much of the ultraviolet (UV) light
spectrum, thereby limiting the ability of any UV-activated thiol-ene initiators (such as the Irgacure-
19® used for the thiol addition to the stopper group and thiol oligomer synthesis) to absorb enough

energy to produce the radicals necessary for the reaction to take place. Therefore, alternative
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methods for thiol-ene initiating were explored including thermal initiation (azobisisobutyronitrile,
AIBN), redox initiation (benzoyl peroxide, BPO), and blue light initiation (camphorquinone, CQ).
By using 6.13 in combination with stopper group (1:1 molar ratio of thiol:ene) and a catalytic
quantity of initiator (see Experimental section 5.5.8 for detailed procedures), the subsequent thiol-
ene reactions were monitored using *H-NMR. Table 6.1 summarizes the conversion capabilities

of the different initiating methods.

Table 6.1. Efficacy of various thiol-ene initiators to initiate thiol-ene in the presence of Bip:Zn?*

complex.
Initiator | % Conversion* Notes
IR-19 0 % UV-light is absorbed by the Bip:Zn" complex
AIBN 0% After heating, no macrocycle Bip:Zn?" interactions
visible; only thread Bip:Zn**

BPO 0% Complex disrupted during reaction, macrocycle

partially removed
CQ 30-95% Some complex disruption with long, high intensity

exposure to light

*Calculated based on integration of 4-pyridine triplet and 2-alkene multiplet.

These studies served to shed light on the complexity associated with carrying out a thiol-
ene reaction in the presence of 6.13. The Zn?* complex with Bip is reported to have a binding
constant on the order of ca. 10 M which should be sufficient to firmly bind 6.13 in place.?’
However, the Bip:Zn?* complex is also reported to be stimuli responsive, which creates a narrow
window to define working conditions for the stoppering reaction. As shown in Table 6.1, while

the thiol-ene conditions associated with CQ are capable of disrupting the metal-ligand complex
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(as noted by the broadening of peaks associated with the complex and by the reappearance of free
macrocycle in tH-NMR), it was the only initiator tested that showed any ability to initiate the thiol-
ene reaction.

The first attempt at forming a [3]rotaxane was made using the smaller stopper group, 6.14.
10 molar equivalents of 6.14 were added to 1 molar equivalent of 6.13 in 90 % deuterated
dicholoromethane (d-DCM) with 10 % deuterated acetonitrile (d-MeCN) in a 1 dram vial. A
catalytic amount of CQ was added to the solution as well as a magnetic stir bar. The vial was
capped tightly and sealed with Teflon® tape. The solution was exposed to a UV light source (390
— 500 nm filter) situated 2 cm from the side of the vial while the solution stirred. After 1 hour of
exposure, the solution was removed and evaluated. *H-NMR spectra of the crude reacted species
(Figure 6.11, red spectra) revealed a completed reaction of the alkene peaks (6.0 — 4.8 ppm) and
further showed that the reaction conditions were mild enough to keep the Bip:Zn?* complex intact

as evidenced by the remaining aromatic peaks associated with complexation (8.65 — 9.05 ppm).
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Figure 6.11. *H-NMR spectra tracking the thiol-ene reaction of 6.13 with 6.14, specifically
highlighting the presence of the alkene peaks between 6.0 — 4.8 ppm in the unreacted solution
(bottom) which are absent after 1 hour of blue light treatment (top). The aromatic peaks
corresponding to the metal-bound Bip remain intact after reaction.

Having verified the applicability of the CQ-initiated thiol-ene reaction, the metallated
[3]rotaxane species was further purified via precipitation in ethyl ether. The ether mixture was
refluxed for 3 hours to remove any residual contaminants and the product was isolated using
vacuum filtration. The metal was then removed from the interlocked species using a bilayer
extraction with the [3]rotaxane solubilized in DCM and stirred with a 1 M NaOH solution (1:1
vol/vol). Over the course of 1 hour, the organic solution went from yellow to colorless, indicating

the loss of Bip-Zn?* complex.
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If the [3]rotaxane had been formed, it would be expected to maintain its interlocked
structure after the removal of Zn?*. Post-demetallation evaluation of this first [3]rotaxane revealed
that this was not the case. *H-NMR spectrum of the demetallated species showed the Bip proton
signals returning to their original shifts. TLC of the product revealed spots corresponding to
macrocycle and dumbbell (thread with two stopper groups on either end) rather than to a single,
interlocked molecule. MALDI-TOF mass spectroscopy further confirmed a lack of the targeted
high molecular weight species, although the dumbbell and macrocycle (m/z 2161 and 1534,
respectively) were noted (Figure 6.12). Based on this analysis, it was determined that 6.14 was not

an effective stopper group for the 4PEG macrocycle.
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Figure 6.12. MALDI-TOF mass spectrum of demetallated [3]rotaxane using 6.14 as a stopper.
Highlighted are the fragments associated with the macrocycle and dumbbell, indicating that the
[3]rotaxane was not held together after Zn?* was removed. (Linear positive mode, dithranol matrix,
Na* salt)

Moving forward, the stopper group size was increased by adopting 6.15. Using similar
methods as were used with 6.14, the larger stopper was attached to the threads of 6.13 via thiol-
ene click. Over the course of experimental optimization for the thiol-ene click reaction with 6.15,
the conditions were optimized to use CQ in equimolar quantities with 6.15. Under these conditions,
the reaction could proceed to >80% conversion, ensuring that a sufficient number of the alkene

groups had been reacted to yield some [3]rotaxanes.
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Figure 6.13. 'H-NMR spectrum showing A) thiol-terminated stopper group 6.15, B) thread 6.6, C)
4PEG macrocycle 6.5, D) metallated pseudo[3]rotaxane 6.13, and E) demetallated [3]rotaxane.
The spectra are highlighted to show the returned shift of the ligand peaks back to their original
position (I) once the metal has been removed in E and the loss of the double bond peaks at 5.8 ppm
(11) and 5.0 ppm (111 in E indicating a completed thiol-ene reaction. (Solvent = CDCI; A-C and
E; d>-DCM/MeCN for D); 600 MHz NMR; room temperature; Solvent peaks at 7.23 ppm for
CDCl3 and 5.31 ppm for DCM).

Once again, 1H-NMR was used to evaluate addition of the stopper group to the
pseudo[3]rotaxane. Figure 6.14 presents a stack of relevant 1H-NMR spectra to highlight the
changes associated with the formation of a [3]rotaxane molecule. Of particular note in comparing
the final product (Figure 6.13E) to the preceding spectra is the return of the aromatic peaks from

the Bip ligands to their original shifts after the metal was removed from the molecule (Figure 6.13,
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). Figure 6.13E also shows the absence of the peaks associated with the double bond at 5.8 ppm
(m, 2H) (Figure 6.13, 11) and 5.0 ppm (dd, 1H) (Figure 6.13, 111) indicating the completion of the
thiol-ene reaction. The initial evaluation of the [3]rotaxane by *H-NMR offers strong evidence that
the stopper groups were indeed added to 6.13, however, it does not provide concrete proof for the
successful formation of an interlocked [3]rotaxane. The MALDI-TOF mass spectrum of the
demetallated species shows the stopper group and macrocycle present in the product, as well as
two higher molecular weight species in reflective mode. The likely architecture associated with
the peak at m/z = 2445 is a [2]rotaxane with two zinc salts still associated with the compound.
Table 6.2 lists possible m/z values for likely combinations of [3]rotaxane components and charged
species. While not an exhaustive list (Table 6.2 excludes the many fragmented species that may
be possible), it does provide some insight as to the many potential m/z variations that could be
detected over the course of a [3]rotaxane evaluation. Unfortunately, there is no evidence of the
formation of a [3]rotaxane, however, the current methodology developed throughout the course of

this study provides a platform upon which future generations of [3]rotaxanes can be developed.
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Figure 6.14. MALDI-TOF mass spectrum of products following [3]rotaxane formation attempt
with 6.13 and 6.15. (Positive reflective mode, matrix = dithranol, salt = Na*)

Table 6.2. Potential m/z values for [3]Rotaxane system components with 6.13 and 6.15.

H* [Zn*(NTR)]* | Zn* | 2Zn*2(NTH)]* | 2Zn?*(NTH)]* 2Zn*
[3]Rotaxane | 6823.97 7168.48 3444.185 3756.5 2411.297 1738.445
[2]Rotaxane | 4178.46 4522.97 212143 2433.745 1529.46 1077.068
2 Dumbells = 5292.05 5636.56 2678.225 2990.54 1900.657 1355.465
Dumbell 2646.53 2991.04 1355.465 1667.78 1018.817 694.085
Macrocycle | 1532.94 1877.45 798.67 1110.985 647.62 415.6875
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6.2.4 Initial studies towards accessing slide-ring gels

In conjunction with the ongoing effort towards synthesizing a single [3]rotaxane molecule,
steps were taken to initiate studies on gels crosslinked using the pseudo[3]rotaxane. The design of
the slide-ring gels utilized a thiol-terminated oligomeric species to connect the pseudo[3]rotaxane
crosslinks. Using previously reported methods, the thiol oligomer was synthesized using a UV-
initiated thiol-ene reaction to combine 1,6-hexanedithiol and 1,5-hexadiene in a stepwise fashion.
Briefly, the two components were combined in DCM with the UV initiator, Irgacure-19®. The
solution was exposed to UV light for 1 hour and the resulting oligomer was precipitated in

methanol, then isolated via vacuum filtration.

A.

UV Light "
NG e NSNSH —) s\/\/\/\s'(\/\/\/s\/\/\/\s).“

Figure 6.15. A) Reaction scheme for the synthesis of the thiol-terminated oligomer. B) General
assembly of the slide-ring gel.

This thiol-terminated oligomer provided a means through which a crosslinked network
could be formed through thiol-ene reaction with an alkene-terminated crosslinker. The

pseudo[3]rotaxane assumed the role of a tetra-functional crosslinker and was combined with the
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thiol-terminated oligomer under CQ-initiated conditions. 25 mg (5.85 umol) of 6.13 and 21.89 mg
(12.9 pmol, M, = 1700 g/mol) of thiol oligomer were dissolved in 0.6 mL DCM/MeCN (9:1 v/v)
with 4.28 mg CQ (25.8 umol) in a 1 dram vial. The solution was exposed to blue light (390-500
nm, 50 mW/cm?) for 1 hour, forming weak, yet cohesive gel. 1.88 mg (2.3 umol) of 6.15 were
dissolved in additional 0.6 mL of solvent along with 4.28 mg CQ and the solution was added to
the existing gel. The system was exposed to blue light for another hour (Figure 6.17A), then the
solvent was removed, resulting in a robust film (Figure 6.17B). However, the network dissolved
upon addition of an ethylene diamine which is used to remove the metal ion from the network.
Recalling the results of the [3]rotaxane small molecule trials whereby the current stoppering
mechanism was found to be ineffective in sustaining a [3]rotaxane, it is hypothesized that the same
issues are present within the gel. Although crosslinking between the metallated pseudo[3]rotaxane
and the linear thiol component was sufficient to form a robust network (i.e. pseudo-slide-ring gel),
the removal of the metal resulted in a disentanglement of the thread chains from the crosslinking
macrocycles and subsequently, the gel dissolved. While this work holds much potential for
exciting material studies, it is crucial to first confirm the formation of the [3]rotaxane before further

progress can be made towards slide-ring gels.
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Figure 6.16. A) Metallated pseudo-slide-ring gel after blue light exposure. B) Metallated pseudo-
slide-ring film after removal of solvent.

6.3 Conclusions

In this chapter, the synthetic groundwork for the construction of the [3]rotaxane molecule
was established. Using a metal-templated approach, a pseudo[3]rotaxane was formed in
quantitative yields, successfully combining a Bip-based thread with a ditopic macrocycle. The
alkene functionality of the pseudo[3]rotaxane provides a convenient means by which to further
utilized the metallated compound through thiol-ene reactions. Two bulky, tri-aryl compounds were
synthesized and evaluated as stopper groups for the pseudo[3]rotaxane. By imparting both groups
with thiol functionality, they were successfully attached to the termini of the pseudo[3]rotaxane
using CQ-initiated thiol-ene reaction. Even with these bulky groups on either end of the thread
moieties, the [3]rotaxane disassembled after the metal was removed, implying that the system
requires further optimization of the macrocycle and stopper group combination in order to maintain

an interlocked macromolecule.
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Although the stoppering mechanism for the interlocked structure requires further
investigation, the successful formation of a slide-ring gel precursor using the metallated
pseudo[3]rotaxane creates a promising step forward in the evaluation of a topologically
crosslinked network. In this effort, the CQ-initiated thiol-ene reaction was sufficient to establish a
robust network between the pseudo[3]rotaxane and linear bis-functional thiol component. Upon
the resolution of the stopper/macrocycle compatibility, future investigation into the slide-ring

network will surely generate a host of intriguing results.

6.4 Future Work

The work detailed in this chapter has already spawned several new directions for future
students. One of the primary thrusts in the new studies is the evaluation of different macrocycle
sizes for the current system. Recent literature suggests that a macrocycle larger than 38 atoms
(within the internal circumference) is not stoppered by the smaller stopper group (13).%2 As our
currently selected macrocycle contains 68 atoms within the internal circumference, it is not entirely
surprising that we have yet to isolate the proposed [3]rotaxane structure. With this in mind, it will
be important to establish a minimum size of macrocycle in which two threads can still be
incorporated, but the stopper still ensures that the assembly stays interlocked. That will provide a
baseline from which new studies can grow that evaluate the effect of macrocycle size on properties
in both the single interlock molecule and the slide-ring gels. These alternative sizes can be
approached using a number of different methods including changing the linker (smaller PEG
chains, ditopic phenyl units, etc.), eliminating the phenol extension on the Bip ligand, or altering

the ligand itself.
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Another optimization currently being investigated is the efficiency of the thiol-ene reaction. While
the CQ conditions were shown to be adequate for reacting a majority of the alkene groups, the
overall yield was certainly lacking, especially considering the thiol-ene reaction should be fast and
quantitative. By utilizing different click reactions, such as Michael addition, Diels-Alder, or
maleimide reactions, it may be possible to establish a means to attach the stopper groups in a more

effective fashion.

6.5 Experimental Methods

6.5.1 Instrumentation
Matrix assisted laser desorption/ionization — time of flight (MALDI-TOF)

MALDI-TOF mass spectra was obtained using a Bruker AUTOFLEX Il MALDI
TOF/TOF mass spectrometer at Case Western Reserve University with 1,8-Dihydroxy-9(10H)-

anthracenone (dithranol) as a matrix and sodium trifluoroacetate.

Nuclear magnetic resonance (NMR)

NMR spectra was obtained from a 600 MHz Varian Inova NMR spectrometer at Case

Western Reserve University. NMR analysis was done using MNova Analysis software.
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6.5.2 Synthesis of extended 2,6-bis(N-butyl-benzimidazolyl)pyridine (6.4)%

CcocCl
0\ OH
B(OH), \\L Cz
. I\L © coc nBu-N n-Bu~y O
r
NO, H NN
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o no, ' DNF 1. BBr —
—> No, ———> e \ /N N W
Pd(PPh;), 2. Na,S,0, 2. NaOH
Br K,CO, EtOH/H,0 3. Hcl =N
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e O @
O\ OH
(6.1) (6.2) (6.3) (6.4)

50 g (178 mmol) of 2,5-dibromonitrobenzene was combined with 150 mL of 1-butylamine
in a 500 mL round bottom flask equipped with a magnetic stir bar and condenser. The solution
was heated to 85 °C and stirred for 18 hours. The resulting orange solution was precipitated in 1L
of ice water followed by an addition of 2 M HCI to neutralize the pH. The precipitate was collected
via filtration and recrystallized in methanol to yield (ca. 90% by mass) product 6.1. *H-NMR (500
MHz in CDCls; & ppm: 1.01 (t, 3H), 1.50 (m, 2H), 1.74 (m, 2H), 3.37-3.27 (m, 2H), 6.79 (d, 1H),
7.51 (dd, 1H), 8.06 (s, 1H), 8.34 (d, 1H). ¥C-NMR (126 MHz in CDCl3; & ppm: 13.90, 20.34,
31.04, 43.02, 106.26, 115.68, 129.06, 132.14, 139.03, 144.66. MALDI-MS (295.2, [M]+Na").

30 g (109.8 mmol) of 6.1 was added to a 1L round bottom flask containing 16.9 g (110.9
mmol) of 4-methoxyphenylboronic acid, 138.2 g (440 mmol) of potassium carbonate, 360 mL of
tetrahydrofuran and 180 mL of deionized water. The flask was equipped with a magnetic stir bar
and condenser and the setup was purged (while stirring) with argon for 30 minutes. After 30

minutes, 0.64 g (0.55 mmol) of tetrakis(triphenylphosphine) palladium[0] catalyst was added, then
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the reaction was heated to 75 °C and stirred for 24 hours under inert atmosphere. The resulting red
solution was cooled to room temperature and the organic layer was collected using a separation
funnel. The residual solvent was removed via rotary evaporation after which 6.2 was recrystallized
from acetonitrile (yield = 85% by mass). *H-NMR (500 MHz in CDCls; & ppm: 1.00 (t, 1H), 1.53-
1.46 (m, 2H), 1.75 (m, 2H), 3.40-3.29 (m, 2H), 3.85 (s, 3H), 6.93 (d, 1H), 7.00-6.95 (m, 2H), 7.51-
7.46 (m, 2H), 7.68 (d, 1H), 8.08 (s, 1H), 8.38 (s, 1H)). *C-NMR (126 MHz in CDCls; & ppm:
13.91, 20.38, 31.21, 42.98, 55.49, 114.46, 114.48, 123.96, 127.38, 128.17, 131.62, 131.99, 134.88,
144.61, 159.14). MALDI-MS (323.3, [M]+Na").

20 g (78 mmol) of 6.2 was combined with 8 g (39 mmol) of 2,6-pyridinecarbonyl
dicholoride in a 1 L round bottom flask with magnetic stir bar and flushed with argon. 200 mL of
anhydrous dimethylformamide (DMF) was cannulated into the flask and the solution was stirred
for 24 hours. Next, a solution of sodium hydrosulfite (33g, 188 mmol, saturated in 5:1 vol/vol
solution of deionized H,O/ethanol) and an additional 100 mL of DMF were added to the flask
followed by the addition of a condenser to the top neck of the flask. The setup was flushed again
with argon to re-establish inert atmosphere. The system was heated to 90 °C and stirred for 24
hours. After 24 hours, the solution was cooled to room temperature and refrigerated overnight (ca.
18 hours). The resulting precipitate was collected via vacuum filtration then boiled in choloroform
and filtered once again to remove residual salts. The filtrate was dried using rotary evaporation
and the product was recrystallized from chloroform/acetonitrile to yield (70% by mass) 6.3. *H-
NMR (500 MHz in CDCl3; & ppm: 0.73 (d, 2H), 1.11-1.19 (m, 4H), 1.71-1.79 (m, 4H), 3.88 (s,
6H), 7.01-7.04 (m, 4H), 7.50 (d, 2H), 7.58 (dd, 2H), 7.61-7.64 (m, 4H), 8.03 (d, 2H), 8.07 (t, 1H),

8.35 (d, 2H)). *C-NMR (126 MHz in CDCls; § ppm: 13.66, 20.03, 32.32, 44.91, 55.51, 110.60,
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114.43, 118.23, 123.25, 125.66, 128.53, 134.45, 135.63, 136.30, 138.30, 143.56, 150.14, 150.85,
159.05). MALDI-MS (636.4, [M]+H").

10 g of 6.3 was added to 150 mL of dicholoromethane (DCM) in a 500 mL round bottom
flask with stir bar. The solution flushed with argon and cooled to 0 °C using an ice bath. While
stirring the solution vigorously, 10 mL of boron tribromide were injected into the flask.
(CAUTION: boron tribromide is extremely reactive with water and will smoke even in the presence
of humidity. Use appropriate precautions to avoid contact with water.) The solution was allowed
to naturally warm to room temperature with constant stirring over the course of 24 hours. The
reaction was added to a 2 L beaker containing 1 L of 1 M NaOH solution and stirred until the
mixture was yellow in color. Using 1 M HCI, the mixture was neutralized (pH = 7) and the product
was collected via vacuum filtration. The crude product was recrystallized in chloroform/methanol
to yield (89% by mass) 6.4. tH-NMR (500 MHz in DMSO-ds; § ppm: 1.48 (t, 6H), 1.90 (m, 4H),
2.50 (m, 4H), 5.62 (t, 4H), 7.68-7.74 (m, 4H), 8.37-8.43 (m, 6H), 8.58 (d, 2H), 8.75 (d, 2H), 9.05-
9.10 (m, 1H), 9.15-9.20 (M, 2H), 10.32 (s, 2H)). 3C-NMR (126 MHz in DMSO-ds; § ppm: 13.20,
19.15, 31.69, 44.06, 54.88, 111.32, 115.70, 116.60, 122.36, 125.27, 127.95, 131.65, 135.15,

135.34, 138.74, 142.92, 149.55, 150.08, 156.71). MALDI-MS (608.4, [M]+H").
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6.5.3 Synthesis of ditopic macrocycle (6.5)°

o - O o m},,-n.m

(6.4) (6.16) (6.17) (6.5)

(procedure by Dr. Qiong Wu as described in reference 10 and 11)

In a 100 mL round-bottom flask equipped with stir bar, 5 g (8.23 mmol, 1 eq.) of 6.4, 11.5
g (4 eq., 32.9 mmol) of tetraethylene glycol mono-p-toluenesulfonate and 6.8 g (6 eq., 49.4 mmol)
of potassium carbonate were added. The flask was then flushed with argon and 40 mL dry DMF
was then added by cannula. The mixture was heated in an oil bath to 70 °C and allowed to react
for 24 hrs. DMF was then removed under reduced pressure and the resulting mixture extracted
with CHCI3 and then filtered. The filtrate was collected and the solvent removed under reduced
pressure to yield a yellow-brown waxy solid. The product was purified by column chromatography
(silica gel, chloroform/methanol gradient) to yield the pure product 6.16 in an 89% yield as light
yellow waxy solid. *H NMR (600 MHz, CDCls; & ppm: 8.39 (d, J = 7.9 Hz, 2H), 8.10 (t, J = 7.9
Hz, 1H), 8.05 (s, 2H), 7.62 — 7.58 (overlapped, 6H), 7.51 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 8.4 Hz,

4H), 4.76 (t, J = 7.4 Hz, 4H), 4.21 (t, J = 4.8 Hz, 4H), 3.90 (t, J = 4.8 Hz, 4H), 3.79 — 3.59 (m,
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20H), 2.66 (br, 2H), 1.75 (p, J = 7.4 Hz, 4H), 1.15 (h, J = 7.4 Hz, 4H), 0.73 (t, J = 7.4 Hz, 6H)).
13C NMR (126 MHz, CDCls: § ppm: 158.07, 150.66, 149.92, 143.33, 138.24, 136.11, 135.45,
134.43, 128.34, 125.56, 123.12, 118.00, 115.02, 110.52, 72.90, 72.61, 70.80, 70.65, 70.59, 70.51,
70.33, 69.98, 69.77, 67.53, 61.65, 61.51, 44.78, 32.17, 19.87, 13.53). MALDI-TOF MS (960.69,
[M]+H™).

59 (5.21 mmol, 1 eq.) of 6.16 and a catalytic amount of 4- dimethylaminopyridine (DMAP)
(0.41 mmol, 0.05 g, 0.08 mol. %) was added to a 100 mL round bottom flask (equipped with a stir
bar) followed by 20 mL of dichloromethane (DCM) and 4.5 mL of triethylamine (TEA). The
mixture was flushed with argon and then submerged in an ice bath. 2.48 g (13 mmol, 2.5 eq.) of
TsClI (dissolved in 10 mL of DCM) was then added dropwise by syringe. The reaction was allowed
to warm to room temperature and stirred overnight. The mixture was then filtered to remove the
salt and the solvent was removed under vacuum yielding a yellow-brown oil. The resulting
material was purified by column chromatography (silica gel, chloroform/methanol gradient) to
yield colorless oil, 6.17, in 76% yield by mass. *H-NMR (600 MHz in CDCl3; § ppm: 8.35 (d, J =
7.8 Hz, 2H), 8.07 (t, J = 7.9 Hz, 1H), 8.02 (d, J = 1.6 Hz, 2H), 7.80 (d, J = 8.3 Hz, 4H), 7.62 — 7.59
(m, 4H), 7.58 (dd, J = 8.4, 1.7 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.0 Hz, 4H), 7.03 (d,
J=8.7Hz, 4H), 4.77 (t, J = 7.4 Hz, 4H), 4.22 — 4.18 (m, 4H), 4.18 — 4.14 (m, 4H), 3.91 — 3.88 (m,
4H), 3.76 — 3.73 (M, 4H), 3.71 — 3.68 (m, 4H), 3.68 — 3.65 (m, 4H), 3.63 — 3.59 (overlapped, 8H),
2.43 (s, 6H), 1.75 (p, J = 7.5 Hz, 4H), 1.15 (h, J = 7.4 Hz, 4H), 0.73 (t, ] = 7.4 Hz, 6H)). 3C-NMR
(151 MHz in CDCls; & ppm: 158.07, 150.67, 149.96, 144.72, 143.37, 138.13, 136.06, 135.46,

134.43, 132.99, 129.76, 128.31, 127.94, 125.49, 123.07, 118.03, 114.97, 110.44, 70.80, 70.74,
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70.66, 70.61, 70.55, 69.75, 69.20, 68.66, 67.52, 53.38, 44.74, 32.15, 21.59, 19.85, 13.48). MALDI-
TOF MS (1268.75, [M]+H").

A 125mL dropping funnel containing 6.4 (1.39 g, 2.29 mmol, leq.) and 6.17 (2.9 g, 2.29
mmol, 1leq.) in 100 mL of anhydrous DMF was fitted to a 1 L twonecked round bottom flask
containing Cs2COs3 (2.98 g, 9.14 mmol, 4 eq.) and a stir bar. The reaction vessel was flushed with
argon before anhydrous DMF (450 mL) was added by cannula. The reaction was submerged in an
oil bath and heated to 70 °C while rapidly stirring. The dissolved mixture of components in the
dropping funnel was then added dropwise to this suspension over the course of 2 days. The reaction
was stirred at 70 °C for a total of 4 days, after which the solvent was removed and the crude product
was triturated with CHCl3 and filtered. The filtrate was collect and solvent was removed under
vacuum. The resulting solid was purified by column chromatography (TEA pretreated silica gel,
chloroform/methanol gradient) and recrystallization (CHCIs/MeCN) to yield 6.5 as white solid
crystals in 53% vyield by mass. *H-NMR (600 MHz in CDCls; § ppm: 8.30 (d, J = 7.8 Hz, 4H),
8.02 — 7 7.96 (overlapped, 6H), 7.52 — 7.48 (m, 8H), 7.39 (dd, J = 8.4, 1.7 Hz, 4H), 7.27 (d, J =
8.4 Hz, 4H), 7.00 — 6.94 (m, 8H), 4.56 (t, J = 7.3 Hz, 8H), 4.14 — 4.11 (m, 8H), 3.93 — 3.90 (m,
8H), 3.79 — 3.76 (m, 8H), 3.74 (dt, J = 6.0, 2.0 Hz, 8H), 1.60 — 1.52 (m, 8H), 1.01 — 0.91 (m, 8H),
0.59 (t, J = 7.4 Hz, 12H)). **C-NMR (126 MHz in CDCls; & ppm: 158.16, 150.49, 150.01, 143.35,
138.05, 135.97, 135.40, 134.18, 128.26, 125.50, 123.11, 117.86, 115.02, 110.45, 70.91, 69.79,

67.65, 44.58, 32.07, 19.74, 13.54, 13.45). MALDI-TOF MS (1553.13, [M]+Na").
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6.5.4

round bottom flask (equipped with magnetic stir bar) along with excess potassium carbonate (ca.
8 eq., 0.9 g) and 3 eq. (0.12 g [0.98 mL], 2.46 mmol) of 5-bromo-1-pentene. The solution was
stirred at 65 °C for 18 hours under argon atmosphere. After 18 hours, the reaction was cooled to
room temperature and the product was extracted with DCM and washed with deionized water
using a separatory funnel. The organic, DCM layer was dried with magnesium sulfate which was
filtered off and the remaining solvent was removed via rotary evaporation. The product was
isolated using silica gel column chromatography (chloroform/methanol gradient) to yield 6.6 in
68% yield. H-NMR (600 MHz in CDCls; § ppm: 0.73 (t, 6H), 1.15 (m, 4H), 1.75 (m, 4H), 1.93
(m, 4H), 2.28 (m, 4H), 4.04 (t, 4H), 4.76 (t, 4H), 5.00-5.11 (dd, 4H), 5.82-5.95 (m, 2H), 7.01 (d,

4H), 7.50 (d, 2H), 7.57-7.62 (overlapped, 6H), 8.03 (s, 2H), 8.08 (t, 1H), 8.35 (d, 2H)).

Synthesis of alkene-terminated thread (6.6)

K,CO,
DMF/MeCN
65°C

(6.4)

OH

0.5 g (0.82 mmol, 0.2 mM) of 6.4 was added to a 3:1 DMF/MeCN solution in a 25 mL
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6.5.5 Synthesis of Generation #1 stopper group (6.7)

Br MgBr cnou O
? 21" ? BN _
2 —_— 2 Q OH ————> @ O 0NN
THF, I, THF HCI K,CO;
50 °C reflux 130°C DMF/MeCN O
70 °C

(6.8) (6.9) (6.7)

Note: Grignard reactions require completely anhydrous conditions. All glassware used here was
dried for at least 24 hours in a drying oven, all solvents are anhydrous, and all liquid transfers
were made using either a cannula or syringe.

1 g magnesium turnings (Mg, 41.1 mmol, 0.625 M in anhydrous THF) and a catalytic
amount of iodine crystals were added to a 500 mL 3-neck round bottom flask equipped with a
condenser, magnetic stirring bar, and under argon atmosphere. A solution of 7.0 mL of 1-bromo-
4-tert-butylbenzene (40.3 mmol, 2.345 M) in anhydrous THF was added to an addition funnel
which was then clamped into one arm of the round bottom flask containing Mg. The mixture in
the flask was vigorously stirred while heating to 50 °C. Once at temperature, the addition funnel
was opened and 1-bromo-4-tert-butylbenzene solution was added dropwise over the course of 2
hours. Following this addition, the Grignard reagent solution was cooled to room temperature and
a second solution was prepared in the addition funnel consisting of 1 eq. (4 mL, 20.5 mmol) of

methyl-4-tert-butyl benzoate and 10 mL of anhydrous THF. The second solution was added
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dropwise to the round bottom flask with stirring. Once the funnel was empty, the solution was
heated to reflux and allowed to proceed for 18 hours. Upon completion of the reaction, the reaction
mixture was quenched in an acidic ice bath (25 ml of 1M HCI per 25 g of ice). The tri-aryl
compound was removed from solution by washing the contents with hexanes and deionized water.

The organic layer was collected, dried with MgSO4, and the solvent was removed by rotary
evaporation. The remaining powder was boiled in hexanes for 30 minutes in order to remove any
remaining impurities. The hexane solution was recrystallized overnight. The solution was filtered
to collect the remaining precipitate, which was then dried under high vacuum overnight to obtain
6.8 in 65% yield. 'H-NMR (600 MHz in CDCls; 8 ppm: 1.29 (s, 27H), 7.30 (dd, 12H)). MALDI-
MS (411, [M]+H*-0). Melting point (214 °C — 216 °C).

1.0 g of 6.8 (2.33 mmol) was dissolved in excess (ca. 10 eq.) phenol at 60 °C (above melting
point of phenol) in 10 mL round bottom flask with stir bar and condenser. A catalytic amount of
36% HCI was added to the solution. The system was flushed with argon and reacted at 110 °C for
24 hours with stirring. Upon completion of the reaction, the solution was cooled to 60 °C and ca.
5 mL of toluene were added to the mixture. Any insoluble particulates were removed via vacuum
filtration. The organic filtrate was washed with 1 M NaOH until the aqueous layer returned to a
clear, colorless solution. The organic layer was collected and solvent was removed by rotary
evaporation. The remaining powder was boiled in hexane for 15-20 minutes in order to remove
any remaining impurities. The hexane solution was filtered to collect the remaining precipitate,
which was then dried under high vacuum overnight to obtain 6.9 in 73% yield. *tH-NMR (600 MHz

in CDCls; & ppm: 1.29 (s, 27H), 6.59 (d, 2H), 7.00 (d, 2H), 7.07 (d, 6H), 7.20 (d, 6H)). *C-NMR
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(126 MHz in CDCls; 6 ppm: 31.36, 34.24, 62.99, 114.36, 123.99, 130.66, 132.52, 138.91, 144.16,
148.16. MALDI-MS (524.2, [M]+Na").

1.0 g (1.98 mmol) of 6.9 was reacted with 1.18 g (4 eq., 7.92 mmol, 0.94 mL) of 5-bromo-
1-pentene and 1.10 g (4 eq., 7.92 mmol) of potassium carbonate in a 3:1 solution of DMF/MeCN
(0.10 M) at 65°C under argon atmosphere. All reactants were placed in a round bottom flask
(equipped with stir bar and condenser) and dissolved in 3:1 DMF/MeCN. The system was then
flushed with Ar(g) and reacted at 65°C for 18-24 hours while stirring. Upon completion of the
reaction, the product was extracted with DCM and washed with deionized water. Solvent was
removed through rotary evaporation and excess heptane was added to facilitate the removal of
DMF. Product was further purified through silica gel column chromatography with a 5:2 solution
of hexane/DCM to obtain 6.7 in 80% yield. *H-NMR (600 MHz in CDCls; § ppm: 1.31 (s, 27H),
1.88 (m, 2H), 2.24 (m, 2H), 3.95 (t, 2H), 5.00 (d, 1H), 5.07 (d, 1H), 5.86 (m, 1H), 6.77 (d, 2H),

7.08-7.09 (overlap, 8H), 7.24 (d, 6H)).

O Hs S O

O O 0 NANF — > 7N\ O O NN NSNS SH

O IR-19, DCM O
25°C

\ 4

(6.7) (6.14)
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100 mg (174.3 pmol) of 6.7 and 262 mg (0.27 mL, 17.4 mmol) of 1,6-hexanedithiol were
dissolved in 7.2 mL (20 mL/g) DCM in a 25 mL round bottom flask equipped with a stir bar. A
catalytic quantity of the photoinititor Irgacure-19®  (IR-19, phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide) was added to the mixture. The flask was capped with a balloon
and exposed to high intensity UV light (320-390 nm, 50 mW/cm?) for 1 hour. The product was
precipitated in cold (-18°C) hexanes overnight and 6.14 was isolated via vacuum filtration in 70%
yield. *H-NMR (600 MHz in CDCls; & ppm: 1.29 (s, 27H), 1.39 (m, 3H), 1.55-1.67 (overlapped,
9H), 1.79 (m, 2H), 2.49-2.54 (overlapped, 6H), 3.93 (t, 2H), 6.75 (d, 2H), 7.06-7.08 (overlapped,
8H), 7.22 (d, 6H)). 3C-NMR (126 MHz in CDCl3; & ppm: 24.51-34.25 (-CH, peaks), 63.00, 67.51,

112.87, 123.97, 130.68, 132.17, 139.39, 144.12, 148.23, 156.79). MALDI-MS (745.4, [M]+Na").

6.5.6 Synthesis of Generation #2 stopper group (6.10)

Br MgBr 0 OH O O
> O O BrNNF O

3 %Fglu:a O . :>=° ? @ @ oH % @ @ @ OH _K;? @ @ Q 07 NNF
O 50°C O ) reflux @ 130°C O DM;!.,'I\:ISCN @
J JJ J

(6.11) (6.12) (6.10)
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Note: Grignard reactions require completely anhydrous conditions. All glassware used here was
dried for at least 24 hours in a drying oven, all solvents are anhydrous, and all liquid transfers

were made using either a cannula or syringe.

1.0 g magnesium turnings (Mg, 41.1 mmol, 0.625 M in anhydrous THF) and a catalytic
amount of iodine crystals were added to a 500 mL 3-neck round bottom flask equipped with a
condenser, magnetic stirring bar, and under argon atmosphere. A solution of 11.9 g of 4-bromo-
4’-tert-butylbiphenyl (41.1 mmol, 2.345 M) in anhydrous THF was added to an addition funnel
which was then clamped into one arm of the round bottom flask containing Mg. The mixture in
the flask was vigorously stirred while heating to 50 °C. Once at temperature, the addition funnel
was opened and the 4-bromo-4’-tert-butylbiphenyl solution was added dropwise over the course
of 2 hours. Following this addition, the Grignard reagent solution was cooled to room temperature
and a second solution was prepared in the addition funnel consisting of 0.3 eq. (1.7 mL, 13.7 mmol)
of methyl-4-tert-butyl benzoate and 33.5 mL of anhydrous THF. The second solution was added
dropwise to the round bottom flask with stirring. Once the funnel was empty, the solution was
heated to reflux and allowed to proceed for 18 hours. Upon completion of the reaction, the reaction
mixture was quenched in an acidic ice bath (25 ml of 1M HCI per 25 g of ice). The tri-aryl
compound was removed from solution by washing the contents with hexanes and deionized water.
The organic layer was collected, dried with MgSOas, and the solvent was removed by rotary
evaporation. The remaining powder was boiled in hexanes for 30 minutes in order to remove any
remaining impurities. The hexane solution was recrystallized overnight. The solution was filtered

to collect the remaining precipitate, which was then dried under high vacuum overnight to obtain
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6.11 in 65% yield. 'H-NMR (600 MHz in CDCls; & ppm: 1.35 (s, 27H), 7.40 (d, 6H), 7.45 (d, 6H),
7.53-7.56 (overlapped, 12H)).

1.0 g of 6.11 (1.52 mmol) was dissolved in excess (ca. 10 eq.) phenol at 60 °C (above
melting point of phenol) in 10 mL round bottom flask with stir bar and condenser. A catalytic
amount of 36% HCI was added to the solution. The system was flushed with argon and reacted at
110 °C for 24 hours with stirring. Upon completion of the reaction, the solution was cooled to 60
°C and ca. 5 mL of toluene were added to the mixture. Any insoluble particulates were removed
via vacuum filtration. The organic filtrate was washed with 1 M NaOH until the aqueous layer
returned to a clear, colorless solution. The organic layer was collected and solvent was removed
by rotary evaporation. The remaining powder was boiled in hexane for 15-20 minutes in order to
remove any remaining impurities. The hexane solution was filtered to collect the remaining
precipitate, which was then dried under high vacuum overnight to obtain 6.12 in 73% yield. *H-
NMR (600 MHz in CDCls; & ppm: 1.35 (s, 27H), 6.74 (d, 2H), 7.17 (d, 2H), 7.31 (d, 6H), 7.44 (d,
6H), 7.50 (d, 6H), 7.54 (d, 6H)). 3C-NMR (126 MHz in CDCls; & ppm: 31.34, 34.50, 63.62,
114.31, 125.68, 125.90, 126.56, 131.41, 132.43, 137.66, 138.37, 139.23, 145.75, 150.13, 153.50).
MALDI-MS (755.3, [M]+Na*).

0.5 g (0.68 mmol) of 6.12 was reacted with 0.63 g (4 eq., 2.72 mmol, 0.60 mL) of 5-bromo-
1-pentene and 0.38 g (4 eq., 2.72 mmol) of potassium carbonate in a 3:1 solution of DMF/MeCN
(0.10 M) at 65°C under argon atmosphere. All reactants were placed in a round bottom flask
(equipped with stir bar and condenser) and dissolved in 3:1 DMF/MeCN. The system was then
flushed with argon and reacted at 65°C for 18-24 hours while stirring. Upon completion of the

reaction, the product was extracted with DCM and washed with deionized water. Solvent was
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removed through rotary evaporation and excess heptane was added to facilitate the removal of
DMF. Product was further purified through silica gel column chromatography with a 5:2 solution
of hexane/DCM to obtain 6.10 in 80% yield. *H-NMR (600 MHz in CDCls; § ppm: 1.35 (s, 27H),
1.88 (m, 2H), 2.24 (m, 2H), 3.97 (t, 2H), 5.00 (d, 1H), 5.07 (d, 1H), 5.86 (m, 1H), 6.82 (d, 2H),

7.20 (d, 2H), 7.30 (d, 6H), 7.45 (d, 6H), 7.50 (d, 6H), 7.55 (d, 6H)).

Vaw,
Uaw,

Hs/\/\/\/SH
Q @ O O NANF —)320_390 — O O Q 0NN g SN SH
IR-19, DCM
0 25°C 0
(6.10) (6.15)

100 mg (174.3 pmol) of 6.10 and 262 mg (0.27 mL, 17.4 mmol) of 1,6-hexanedithiol were
dissolved in 7.2 mL (20 mL/g) DCM in a 25 mL round bottom flask equipped with a stir bar. A
catalytic  quantity of the photoinititor Irgacure-19® (IR-19, phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide) was added to the mixture. The flask was capped with a balloon
and exposed to high intensity UV light (320-390 nm, 50 mW/cm?) for 1 hour. The product was
precipitated in cold (-18°C) hexanes overnight and 6.15 was isolated via vacuum filtration in 70%
yield. *H-NMR (600 MHz in CDCls; & ppm: 1.35 (s, 27H), 1.39 (m, 3H), 1.50-1.67 (overlapped,
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9H), 1.79 (m, 2H), 2.49-2.54 (overlapped, 6H), 3.95 (t, 2H), 6.80 (d, 2H), 7.19 (d, 2H), 7.31 (d,
6H), 7.44 (d, 6H), 7.49 (d, 6H), 7.54 (d, 6H)). *.C-NMR (126 MHz in CDCls; 5 ppm: 25.48-34.49
(-CH2 peaks), 67.58, 113.25, 125.63, 125.87, 126.55, 131.41, 132.16, 137.68, 138.31, 138.80,

145.81, 150.10). MALDI-MS (973.5, [M]+Na*).

6.5.7 Synthesis of thiol oligomer

320-390 nm HS s
HS/\/\/\/SH + M > \/\/\/\S‘(\/\/\/ \/\/\/\S)»H
IR-19, DCM n
25°C

0.72 mL (0.70 g, 4.6 mmol) of 1,6-hexandithiol and 0.48 mL (0.33g, 4.0 mmol) were
combined in 10 mL of DCM in a 25 mL round bottom flask with magnetic stir bar. 10 mg of IR-
19 were added to the reaction. The flask was capped with a balloon and exposed to high intensity
UV light (320-390 nm, 50 mW/cm?) for 1 hour while stirring. After reacting, the solvent was
reduced and the remaining solution was precipitated (dropwise) in methanol. Product was isolated
via vacuum filtration. *H NMR (600 MHz in CDCls; § ppm: 2.49 (t, CH,), 1.58 (m, CH_), 1.38 (m,
CHy>)). 13C NMR (150.8 MHz in CDCls; § ppm: 33.8, 32.1, 29.5, 28.5, 28.3, 27.9, 24.5). M, (by

end group analysis) = 4210 g/mol.

6.5.8 Trial Thiol-ene Initiation Conditions
AIBN — 10 mg 6.13, 9 mg 6.15, 2.2 mg AIBN in 1 mL tetracholorethane. Reaction stirred

in conical vial (with condenser and stir bar) at 70 °C for 4 hours.

259



IR-19 -10 mg 6.13, 13.1 mg 6.15, 2 mg IR-19 in 0.2 mL DCM. Reaction stirred in 1 dram
vial under argon atmosphere for 1 hour during exposure to UV-light (320-390 nm, 50 mW/cm?).

BPO - 20mg 6.13, 10 mg 6.15, 4.5 mg BPO, 2.5 mg trimethyl aniline (TMA, co-initiator)
in 1.0 mL DCM/MeOH (9:1 v/v). 6.13 and 6.15 were added to 1 dram vial with 0.5 mL solvent.
BPO in 0.25 mL solvent and TMA in 0.25 mL solvent (prepared in separate vials) were pipetted

into vial containing 6.13 and 6.15. Reaction was allowed to proceed for 1 hour.
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Appendix: Adhesives using alkyl-core thia-Michael acceptors

In an effort to explore the effect that changing the composition of the Michael acceptor has
on the mechanical and adhesive behavior of the TM films, a second generation of ditopic acceptor
was developed to contain an alkyl core. A series of ditopic benzalcyanoacetate compounds were
synthesized using 6-carbon chain in combination with the same nitro-, methoxy-, and unsubstituted
Michael-accepting groups utilized thus far. Using procedures adopted from literature,! 2
equivalents of methyl cyanoacetate (7.41 mL, 0.084 mol) were combined in bulk with 1 equivalent
of 1,6-hexanediol (5.00 g, 0.042 mol) and catalytic amounts of titanium butoxide (0.35 mL, 0.001
mol) (Figure Al). The mixture was heated to 100 °C and stirred overnight (ca. 18 hours) with
constant argon flow. Once the reaction was complete, the mixture was cooled and the titanium
catalyst was removed using a deactivated alumina pad. 1,6-bis(cyanoacetate) hexane, 7,
crystallized from the residual oil and was isolated via vacuum filtration. 7 was then reacted with 2
equivalents of the selected benzaldehyde (R = -NO2 (8N), -H (8H), or —OCHz (8M)) under
Knovenagel conditions to yield a precipitate of the final, ditopic product (8, Figure 5.7B). Proton
nuclear magnetic resonance (*H-NMR) was used to verify the structures of 7 and 8 as shown in

Figure A2 (see Experimental Methods for detailed synthesis and characterization).
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Figure Al. A) Transesterification of methyl cyanoacetate and 1,6-hexanediol using titanium
butoxide catalyst to yield the bis-cyanoacetate precursor 7 B) Knovenagel condensation of 7 with
para-substituted benzaldehyde to yield the final bis-benzalcyanoacetate with alkyl core, 8.
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Figure A2. 'H-NMR spectra of A) 8M, B) 8H, C) 8N, and D) 7. Peaks labeled R correspond to
protons from respective S-phenyl group and the a peak in D corresponds to the protons of the a-
carbon to the cyano group in 7. (600 MHz NMR in ds-DMSO (A-C) or CDCIz (D), 25 °C).

Thermal characterization was conducted on the derivatives of 8 using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) (Figure A3, Table Al). As with the
previous version of the ditopic linkers, the alkyl Michael acceptor compounds were found to be
thermally stable up to approximately 300 °C, as determined by TGA (Figure A3A). It was with
DSC that the differences within this class of compounds became apparent. In the TEG-core set,

neither 3M nor 3H showed any crystalline behavior within the testing range (-80 °C — 200 °C),
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but rather exhibited a phase transition, likely a glass transition temperature (Tg), below 0 °C. The
calorimetric behavior of 3N was dominated by a broad melting phenomenon (Tm) that peaked at
145 °C. In contrast, the hexyl-core electrophiles all exhibited highly crystalline characteristics,
marked by the sharp endothermic peak at ca. 150 °C for 8M and at ca. 200 °C for both 8N and 8H
(Figure A3B). The strong crystalline characteristics of the 8 series, provides an opportunity to
develop more mechanically robust materials while also exploring the utility of crystalline domains
in these oftentimes phase separated systems. However, as the following discussion will show, the

crystallinity can also contribute to challenges in developing a homogeneous polymeric film.
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Figure A3. A) Thermogravimetric analysis (TGA) of alkyl bisbenzalcyanoacetate compounds and
PMMS. B) Differential scanning calorimetry curves of the alkyl bisbenzalcyanoacetate
compounds. 8N (red), 8H (blue), 8M (orange), PMMS (black). Both analyses run at 10 °C/min,
DSC pictured with exothermic heat flow up.
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Table Al. Summary of thermal properties of neat alkyl electrophiles.

Sample Tq (°C)? Tm (°C)
8N 307 203
8H 290 196
8M 327 152

T4 defined as the temperature required to reach 10% weight loss by TGA.

Having synthesized and characterized a series of alkyl-core bisbenzalcyanoacetate
compounds, the investigation shifted to evaluating the viability of these compounds as cross-
linkers in a thia-Michael network with PMMS. Films were prepared by first dissolving the PMMS
and the electrophile in dimethylformamide (DMF, 150 mg/mL) in separate 20 mL vials. Given the
high melting temperature of the neat acceptors, heat was applied as needed (via heat gun) to initiate
dissolution, but once the components were fully solubilized, the solutions were stable at room
temperature. The PMMS solution was added to the solution containing the electrophiles and the
combined solution was stirred for 24 hours at room temperature. After 24 hours, the solution was
cast onto a Teflon dish with a perforated aluminum foil cover and dried on a hot plate at 50°C for
18 hours. The films were further dried under vacuum in a vacuum oven at 40°C for 48 hours. The
dried films were melt processed at 110°C (150°C for films containing 8N) under 6,000 psi
compression for 5 minutes. The resultant, robust films verified the applicability of the catalyst-
free, benzalcyanoacetate-based thia-Michael reaction to form crosslinked networks under a
completely different set of environmental conditions (reactants, solvent, etc.) as compared to those
used in Chapter 3, while still maintaining the reversible, reprocessible behavior attributed to the

dynamic bond.
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The first series of studies focused on the material properties of networks composed of
PMMS and either 8N, 8H, or 8M. Two sets of networks were constructed using a single type of
acceptor: one to target 100 mol% acceptor sites to thiol, denoted 9N100, 9H100, and 9M100 and one
to target 50 mol% acceptor sites to PMMS thiol, denoted 9Nso, 9Hso, and 9Mso. Thermal
characterization of the networks was carried out using TGA and DSC (Figure A4). TGA analysis
demonstrated thermal stabilities of the films ranging from 270 °C — 290 °C (based on the

temperature at 10% weight loss), which was reflective of the combined thermal stability of PMMS

and 8.
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Figure A4. A) Thermogravimetric analysis (TGA) and B) differential scanning calorimetry (DSC)
curves of networks containing 8. 9N1oo (red solid), 9H100 (blue solid), 9Muoo (green solid), 9Nso
(red dashed), 9Hso (blue dashed), 9Mso (green dashed). Both analyses run at 10 °C/min, DSC
pictured second heating with exothermic heat flow up.
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DSC showed variability in the thermal phase transitions dependent both on the composition
of the acceptor group as well as the mol% acceptor group available for cross-linking (Figure A4B).
9N100 exhibited multiple phase transitions with a first Tg below room temperature (onset at 23.5
°C) and two higher temperature transitions onset at 96 °C and 126 °C. Two phase transitions were
present in 9H100, one below 0 °C (onset at -17 °C) and a second, higher temperature transition with
an onset at 88 °C. While both 9N100 and 9H100 were amorphous in nature, the presence of multiple
phase transitions points towards the formation of a phase separated system within the films. In
contrast, the only phase transition apparent in 9Maoo was the melting peak at ca. 150 °C, coinciding
with the melting point of the 8M crosslinker. The combination of the highly crystalline nature of
8M and the low Keq of the methoxy-substituted benazalcyanoacetate reaction likely contributed to
insufficient incorporation of 8M into the polymer network, allowing it to become trapped in highly
crystalline regions. The phase separation was visibly apparent in films at these ratios, resulting in
an opaque, red-orange film for 9N1oo (the precursor, 8N, is a beige powder that appears red-orange
in solution), an optically clear, yellow tinted film for 9H100 and a waxy, non-processable substance

for 9Muoo (Figure A5).

Figure A5. Photographs of films from A) 9N1oo, B) 9H100, and C) 9Moo.
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When the amount of acceptor group in the film was decreased to 50 mol% (versus thiol),
DSC profiles of 9Nso and 9Hso maintained the same phase transitions as seen for 9N100 and 9N1o0,
but the temperature at which these transitions occurred decreased by approximately 10 °C. In
contrast to the 9M1oo films, the 9Mso networks were not dominated by the melting peak of the 8M
acceptor. Instead, the system exhibited the same phase behavior as its counterparts with a low Tq
of -37 °C (lower than either 9Nso or 9Hso) as well as the step-like high temperature phase

transitions at 95 °C and 125 °C.

Dynamic mechanical analysis (DMA) of the film-forming networks (9Mzio0 was excluded
as it did not form a robust film) shows a well-established rubbery plateau for both 9N100 and 9H100
(Figure ABA). As expected from previous thia-Michael films, 9N1oo has a higher plateau modulus
and higher T4 as compared to 9H100. This follows the trend established with regards to Keq as the
electron-withdrawing g-phenyl substituent with the higher Keq would be expected to form more
thia-Michael adducts which is realized within the network as a greater number of crosslinks. 9N1o0
also maintained its rubbery plateau well beyond the point at which 9Hi00 demonstrated flow
behavior. While the 9Nso and 9Hso films demonstrated the same trends (albeit at lower
temperatures for the initial Tg and with lower plateau modulus), the 50 mol% films were more
mechanically stable throughout the duration of the test than the 100 mol% samples. Presumably,
the higher thermal stability of the 50 mol% films is less a reflection of the reversible nature of the
dynamic bonds, but rather attributed to the overall stability of the films in the absence of

catastrophic phase separation.
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Figure A6. A) Dynamic mechanical analysis (DMA) temperature ramp curves for 9N1oo (red solid),
9H100 (blue solid), 9Nso (red dashed), and 9Hso (blue dashed). Ramp rate = 3 °C/min, frequency =
1Hz, amplitude = 0.01%. B) Representative uniaxial tensile curves for 9Nioo (red solid), 9H100
(blue solid), 9Nso (red dashed), 9Hso (blue dashed), and 9Mso (green dashed). 25 mm dogbone
geometry, thickness = 400 pum, Strain rate = 50 %/min.

The polymeric networks were further characterized using uniaxial tensile analysis (Figure
A6B). Dogbone samples were cut (see Experimental Methods for dimensions) from the films and
stretched uniaxially at a rate of 50 %/minute until failure. Figure 4.8B shows representative curves
for 9N100 and 9Ha100 as well as 9Nso, 9Hs0, and 9IMso. From the tensile curves, it is apparent that
tensile strength increases with increasing Keq (8M < 8H < 8N). Furthermore, as a result of the
lower acceptor content in the 50 mol% films, the tensile strength of the two networks containing
8N and 8H decreased while the ductility of the 9Nso film increased to 1.5x the maximum
elongation of 9N100. Notably in the 9Mso system formed a robust enough film to test via tensile
analysis. Although the material exhibited minimal mechanical strength, it was quite ductile,
reaching out to ca. 80% elongation.
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In an effort to probe the mechanical effect of combining two different equilibrium profiles
into one film, two mixed-electrophile networks were prepared for preliminary testing: one
containing 8N with 8H (9NsoHso) and one containing 8N with 8M (9NsoMso). Using identical
methods as the previous films, both systems were prepared using an equimolar amount of
electrophiles and a targeted 100 mol% acceptor group versus thiol. Tensile analysis on these films
was particularly interesting as they exhibited emergent tensile properties of the parent networks
(Figure A7). For example, 9NsoHso had a toughness of 140 MJ-m as opposed to 63 MJ-m™ for
9N100 and 6 MJ-m for 9H100. While the overall toughness of 9NsoMso did not exceed 6N, the
9Ns0Mso sample stretched to 115% strain before breaking as opposed to 9N100 breaking near 40%
and 9NsoMso reached a maximum stress of approximately 1 MPa which was a marked

improvement on the 9Mso sample (Table A2).
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Figure A7. Representative uniaxial tensile curves for 9NsoHso (violet) and 9NsoMso (cyan) in
comparison with 9N1oo (red), 9H100 (blue), and 9Mso (green dashed). 25 mm dogbone geometry,
thickness = 400 pum, Strain rate = 50 %/min.

Table A2. Summary of mechanical properties of alkyl thia-Michael films.

Sample Stress at Strain at Toughness
break (MPa)  Break (%) (MJ-m®)

9N100 26%0.2 41+4 637
9H 100 09+04 23+7 6+2
9M100 n/a n/a n/a
9Nso 1.84+0.18 72+3 69+6
9Hs0 0.28 £ 0.03 23+3 3.3+0.7
9Mso 0.04 £ 0.00 85+7 1.5+0.6

9NsoHs0 42+05 60 £ 4 140 + 30

9Ns0Mso 1.3+0.3 115+6 60 £ 10
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Lap Shear Adhesion Studies

Lap shear adhesion studies were conducted as part of the preliminary studies probing the
potential application of the alkyl-PMMS system as pressure sensitive adhesives. Focusing efforts
on the hybrid films (9NsoHso and 9Ns0Msp), samples were cut into 6 mm x 6 mm squares (exact
dimensions were measured using calipers). The squares were loaded onto glass microscope slides
(Figure A8) and clamped on either side of the overlap using large binder clips (approximately 4 N

of force applied).

75 mm .

—
6 mm ! ! =
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=
My SR

25mm

Figure A8. Schematic demonstrating lap shear adhesion setup.

In pressure sensitive adhesives, binding time often dictates the strength of the bond,
therefore samples were left in a temperature-controlled oven at 25 °C for varying lengths of time
before testing. After their time in the oven, the clamped samples were loaded onto a tensile analysis

apparatus, secured in the tensile clamps, and the binder clips were removed once the lap shear
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setup was secure. Tests were run in tensile mode at 1 mm/min and the shear stress (z) was

calculated post-failure of the adhesive using

t=F/(l*xw)

F=0pnge*hx*l

where |, w, and h refer to the length, width and height (or thickness) of the film, respectively, and

omax 1S the maximum stress reached before the sample failed.

The studies showed that both 9NsoHso and 9NsoMso have potential as room temperature
pressure sensitive adhesives, with 9NsoHso having a maximum shear strength of 0.60 MPa after 60
minutes of pressure and 9NsoMso demonstrating 0.30 MPa shear strength after 60 minutes (Figure
A9). While these studies are only preliminary results, there is potential for future investigations to
optimize both the mechanical properties of the thia-Michael films and the binding conditions in
order to access a competitive pressure sensitive adhesive on a variety of substrates (over the course
of this study, both the 9Nio0 and 9Mso materials were found to adhere to both Teflon® and

Kapton® during the film preparation stage, although this line of inquiry was not pursued further).
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Lap Shear Adhesion - Equilibration Time Study
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Figure A9. Lap shear adhesion results for alkyl/PMMS thia-Michael networks.

Conclusions

The use of the alkyl core in the synthesis of the ditopic benzalcyanoacetate electrophile in
combination with the PMMS oligomer proved to be a viable means by which to produce thia-
Michael networks. Once again using a catalyst-free method, we showed that robust films could be
formed using a simple solution casting strategy. By incorporating a polymeric component into the
thia-Michael system, the resultant films were notably more robust that their small molecule
counterparts which allowed the mechanical properties of electron-donating and neutral Michael
acceptors to be evaluated. When two different electrophiles were combined with the PMMS, the
films demonstrated emergent mechanical properties that were reflective of both parent
electrophiles. Early results from lap shear studies show that the alkyl-PMMS thia-Michael systems

have the potential to act as room temperature pressure sensitive adhesives.
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This preliminary work primarily functions to demonstrate the utility of the
benzalcyanoacetate moiety as a part of a thia-Michael system. While this particular system has
displayed a few flaws, mainly its challenges in processing and propensity to catastrophically phase
separate, it was nonetheless capable of forming polymeric films without the use of a catalyst.
Future work in this area to optimize the components of the thia-Michael networks could prove

fruitful and reveal applications that are derivative of different core compounds.

Experimental Methods

Instrumentation

Nuclear Magnetic Resonance (NMR) spectroscopy

Nuclear Magnetic Resonance Spectroscopy was performed using the 500 MHz Bruker
AVANCE 11+ 500; 11.7 Tesla NMR at the NMR facilities at the University of Chicago. Analysis

of NMR results was done using MNova NMR processing software.

Tensile analysis

Tensile analysis was performed using a Zwick-Roell zwickiLine Z0.5 Materials Testing
Instrument with a 100N load cell in the Soft Matter Characterization Facility at the University of
Chicago. Samples were cut into 25 mm dogbones (Gauge length x width x thickness = 25 mm x
6 mm x 0.5 mm). Specimens were clamped using silicon rubber clamps to prevent tearing of the
soft material. Test were conducted at various rates as indicated and at room temperature under

ambient conditions.
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Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR)

Attenuated total reflectance infrared spectroscopy (ATR-IR) was conducted using the
Shimadzu IRTracer-100 Fourier Transform Infrared Spectrometer equipped with a GladiATR

single bounce attenuated total reflectance attachment with a diamond prism.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a TA Instruments Discovery
Thermogravimetric Analyzer in the Soft Matter Characterization Facility at the University of
Chicago. Samples were tested under nitrogen atmosphere using platinum pans. Tests were

conducted using a ramp of 10 °C/min from starting operating temperature (ca. 35 °C) to 600 °C.

Differential Scanning Calorimetry (DSC)

DSC was performed using a TA Instruments Discovery 2500 Differential Scanning
Calorimeter in the Soft Matter Characterization Facility at the University of Chicago. Samples
were prepared in aluminum hermetic pans from TA Instruments and were hermetically sealed.
Typical test conditions involved a cool-heat-cool-heat procedure from (-20 °C/200 °C/-80 °C/200

°C) run at 10 °C/min.

Dynamic Mechanical Analysis (DMA)

DMA was performed using the TA Instruments RSA-GA DMA with Forced Convection
oven (20 °C — 500 °C) attached to an Air Chiller System (-120 °C — 20 °C) and running TA Trios
Software in the Soft Matter Characterization Facility at the University of Chicago. Pressed films

were cut on a warm plate (temperature slightly above T4 of the network) into strips ca. 4 mm wide
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and ca. 10 mm long, then cooled back to room temperature on a flat surface. The strips were loaded
into the tensile geometry and finger tightened to prevent film breakage and ensure good contact
with the tensile geometry. A typical procedure included an amplitude sweep (0.01% — 5%) above
Ty at a frequency of 1Hz to define the linear viscoelastic region (LVR) as well as maximize the
oscillatory force signal being picked up by the instrument. After the amplitude sweep, the samples
were cooled to -20 °C using an IsoForce Temperature Ramp (0.01 N tension, 3.0 °C/min). Samples
were soaked for 1 minute at -20 °C and a second amplitude sweep (0.01% - 5%) was conducted at
a frequency of 1 Hz to optimize conditions below Tg. The samples were quite brittle at low
temperatures and as such, it was important to closely monitor both the cooling process and the

amplitude sweep for critically high force values (> 15 N) that could break the films.

Once parameters had been identified for optimal amplitude and frequency, temperature
ramps could be conducted. Samples were loaded as previously described. A typical procedure
included cooling to -20 °C using the IsoForce temperature ramp (0.01 N tension, 3.0 °C/min) and
holding at -20 °C for 1 minute. Following the cooling step, conditioning options were enabled to
account for automatic axial force adjustment (0.01 N £ 0.5 N tension, Set Initial Value box
unchecked) and automatic strain adjustment set to the minimum oscillatory force for LVR above

Ty and maximum oscillatory force for LVR below T as determined by the amplitude sweeps.

Samples were then heated using the oscillatory temperature ramp procedure from -20 °C
to 150 °C (or until failure) at a rate of 3.0 °C/min with an amplitude set in the LVR of the -20 °C

amplitude sweep and a frequency of 1 Hz.
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Synthetic Procedures

1,6-bis(cyanoacetate) hexane (7)

(0] (0] CN
HLOMe + HO AN OH + Ti(OBu), M» HLO A0
CN CN (0]

Scheme Al. Reaction scheme for the synthesis of the hexyl bis(cyanoacetate) core.

Methyl cyanoacetate (7.41 mL, 0.084 mol), 1,6-hexanediol (5.00 g, 0.042 mol), and
catalytic titanium (I1V) butoxide (0.35 mL, 0.001 mol) were added to a 25 mL round bottom flask
with condenser. Mixture was heated, with stirring using a magnetic stir bar, to 100 °C and reacted
overnight (~18 hours) with constant argon flow (nitrogen flow sufficient as well). After reaction,

vial was cooled to room temperature under inert atmosphere.

Flask contents were solubilized in chloroform and filtered through deactivated neutral
alumina pad (ca. 200 mL deionized water run through alumina pad to deactivate before exchanging
solvent — water to methanol to chloroform — for filtering). Filtrate was dried using magnesium
sulfate and excess chloroform was removed via rotary evaporation leaving a yellow-orange oil.
Cyanoester was recrystallized from oil in freezer (-18 °C) for three days. Crystals were filtered
and washed with ether then dried under high vacuum overnight. Final product was a white,
crystalline powder. Product was characterized by *H NMR (600 MHz, CDCls; § ppm: 1.41 (m,

2H), 1.72 (m, 2H), 3.43 (s, 1H), 4.22 (t, 2H)). Yield by mass = 45%. Melting point 69°C.
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Figure A10. 'H-NMR of 1,6-bis(cyanoacetate) hexane (7).
1,6-(bis(4-nitrobenzalcyanoacetate)) hexane (8N)
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1,6-bis(cyanoacetate) hexane (1.00 g, 0.004 mol, .05 M) and 4-nitrobenzaldehyde (1.27 g,
.0084 mol) were added to 80 mL methanol in a 250 mL round bottom flask. Piperidine (500 uL,
.005 mol) was added to the solution and the reaction was stirred using a magnetic stir bar at room

temperature for 3.5 hours. 8N precipitated from solution and was filtered out upon completion of
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reaction. Filtered solid was washed several times with methanol (until filtrate was clear) then
collected and dried under high vacuum for 24 hours. Final product was a clumpy, beige powder.
Product was characterized by *H NMR (600 MHz, ds-DMSO; & ppm: 1.48 (m, 2H), 1.70 (m, 2H),

4.27 (t, 2H), 8.18 (d, 2H), 8.32 (d, 2H), 8.51 (s, 1H). Yield by mass = 55%.
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Figure A11. 'H-NMR of 1,6-(bis(4-nitrobenzalcyanoacetate)) hexane (8N).
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1,6-bis(cyanoacetate) hexane (1.00 g, 0.004 mol, .16 M) and benzaldehyde (0.90 g, .0084
mol) were added to 25 mL ethanol in a 100 mL round bottom flask. Piperidine (500 pL, .005 mol)
was added to the solution and the solution was stirred using a magnetic stir bar. Reaction was
heated to reflux (85 °C) and proceeded for 2 hours. After 2 hours, the reaction was cooled to room
temperature and placed in a freezer (-18 °C) for 24 hours. 8H precipitated from solution and was
separated via vacuum filtration. Filtered solid was washed several times with ethanol (until filtrate
was clear) then collected and dried under high vacuum for 24 hours. Final product was a fine white
powder. Product was characterized by *H NMR (600 MHz, ds-DMSO; & ppm: 1.45 (m, 2H), 1.70

(m, 2H), 4.27 (¢, 2H), 7.52 (t, 2H), 7.60 (t, 1H), 8.30 (s, 1H)). Yield = 67%.

283



DMSO
600 MHz NMR
. S0 Q£ G o Cf'\
N NN
A CN F 0
DMSO
H,0
D E
B
C
G
A
F

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.
Chemical Shift (ppm)

Figure A12. 'H-NMR of 1,6-(bis(benzalcyanoacetate)) hexane (8H).

1,6-(bis(benzalcyanoacetate)) hexane (8M)
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1,6-bis(cyanoacetate) hexane (1.00 g, 0.004 mol, .16 M) and 4-methoxybenzaldehyde

(1.14 g, .0084 mol) were added to 25 mL ethanol in a 100 mL round bottom flask. . Piperidine

(500 pL, .005 mol) was added to the solution and the solution was stirred using a magnetic stir

bar. Reaction was heated to reflux (85 °C) and proceeded for 2 hours. After 2 hours, the reaction
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was cooled to room temperature and placed in a freezer (-18 °C) for 24 hours. 8M precipitated
from solution and was separated via vacuum filtration. Filtered solid was washed several times
with ethanol (until filtrate was clear) then collected and dried under high vacuum for 24 hours.
Final product was a fine, light yellow-green powder. Product was characterized by *H NMR (600
MHz, de-DMSO; 6 ppm: 1.45 (m, 2H), 1.70 (m, 2H), 3.80 (s, 3H), 4.27 (t, 2H), 7.14 (d, 2H), 8.05

(d, 2H), 8.30 (s, 1H)).
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Figure A13. 'H-NMR of 1,6-(bis(4-methoxybenzalcyanoacetate)) hexane (8M).
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Film Preparation for films containing 8

Electrophile(s) and PMMS were weighed into separate vial. To each vial, DMF was added
(~0.5mL/100mg; extra solvent added if necessary to get solids into solution) and solutions were
heated with heat gun until clear. PMMS in DMF was added to electrophile solutions (if mixed
system, electrophiles were combined first, then PMMS was added to combined crosslinkers) and
heated once more to ensure solution was clear. Solubilized networks were allowed to equilibrate
for 24 hours (more than enough time for equilibration of all electrophiles based on NMR studies).
Once equilibrated, the networks were cast onto Teflon dishes with aluminum cover, heated

overnight on a hotplate (~50 °C), and dried in a vacuum oven for 24 hours.

Supplemental Results
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Figure Al4. Full variable temperature ATR-IR of 9H100.
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Figure A15. Full variable temperature ATR-IR of 9Hso.
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Figure A16. Full variable temperature ATR-IR of 9N1oo.
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Figure A17. Full variable temperature ATR-IR of 9NsoHso.
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