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Due to their synthetic versatility, high processability, relatively low material costs, and useful
properties, polymers are ubiquitous in modern life, from yoga mats and backpacks to construction
materials and medical supplies. In many of these applications, polymers are used as plastics, for
their thermal and oxidative stability, and chemical inertness. Over the last few decades, however,
there have been many advances in functional polymers: polymers designed to play active roles in
a variety of applications, such as stress sensing and targeted drug delivery. This thesis describes
the work done in the synthesis, characterization, and use of three different polymers whose
functions are derived from the polymer backbone. In Chapter 3, vinyl-addition polynorbornenes
are explored for their intrinsic mechanochemical reactivity, a property that is unique to polymers

of high molecular weight. In Chapter 4, anionic poly(cyclopentadienylene vinylene)s are explored



for their charge transport properties along the polymer backbone (and between them). In Chapter
5, polymers with reversible molecular recognition pairs are explored for the stimuli-responsive

folding and unfolding behaviors of their backbones.
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Chapter 1. THREE APPROACHES TO POLYMER SYNTHESIS

There are three ways | think about polymer synthesis. These three ways are not mutually
exclusive, are all useful in certain situations, and are all limiting in their own way.

One way is to group polymers by their polymerization method. For example, polymers made
by reversible-deactivation radical polymerizations (RDRP) would be in one category and polymers
made by ring-opening metathesis polymerization (ROMP) would be in another. This is the most
practical view of polymer synthesis for three reasons (and this viewpoint is the one | adopted for
my review[). First, polymers made by the same method are similar; polymers made by RDRP
have hydrogenated aliphatic backbones, and polymers made by ROMP have residual alkenes in
the backbone. Second, from a practical standpoint, academic labs that do not specialize in polymer
methodology can still become proficient at certain polymerization systems by accumulating
reagents for and knowledge of the nuances of said polymerization, allowing them to make and use
polymers in ways never imagined by a polymer methodology lab. Lastly, many people have
adopted this viewpoint and published detailed reviews for each polymerization type, resulting in a
vast field of utility-based information about each polymerization. Not sure if reversible addition-
fragmentation chain-transfer polymerization (RAFT) will fit your needs? Have you read The
Handbook of RAFT Polymerization[? or 50" Anniversary Perspective: RAFT Polymerization-A
User Guide?®® However, this approach to thinking of polymers is limiting in two ways. First,
becoming accustomed to thinking about polymer synthesis through existing mechanisms limits the
potential creativity of researchers. Second, it fails to capture the complexity of monomers that are
amenable to multiple types of polymerization. For example, norbornene can be polymerized into
vinyl-addition type polymers as well as ROMP polymers.[l Conversely, the same polymers can

be made by different polymerization methods. !
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A second way of thinking of polymer synthesis is to group polymers by their constituent
monomers. This is useful for two reasons because polymer nomenclature is such that they are
named by the monomer with which they are made. Specifically, polymethacrylates, made by
methacrylates, are identical regardless of whether they were made by atom transfer radical
polymerization (ATRP) or reversible addition-fragmentation chain-transfer polymerization
(RAFT). This way of thinking is limiting because it fails to properly describe polymers that are
reacted post-polymerization into a different polymer,®*3l and situations in which a single
monomer can be polymerized by a single method into different polymers based on changes made
to the initiator.[*4]

A third way of thinking of polymer synthesis is to group polymers by function. This is the
unifying theme of the thesis. This approach is the least defined, the least useful, but (I believe) the
most interesting. Polymerization methods, monomer classes, and other practical considerations for
synthesis are secondary. There are many “functions” that can be achieved with the use of polymers.
Functions that arise from polymer backbones are unique to polymers and the most interesting to
me. My three main projects (Chapters 3, 4, 5) look at polymer properties that can be defined by
some function along the axis of the polymer backbone. In Chapter 3, | explore an intrinsically
mechanochemically active polymer backbone. Mechanochemistry is a property unique to
polymers with high degrees of polymerization and works along the axis of the polymer backbone.
In Chapter 4, 1 synthesize, characterize, and use n-conjugated polymers which exhibit charge
transport along the polymer backbone (and between them). In Chapter 5, | synthesize and
characterize folding polymers which change their end-to-end distance in response to stimuli.

This approach to polymer synthesis, however, is also limiting. Designing backbone-derived

functions often requires thinking about a single polymer chain in a vacuum. However, polymer

22



chains rarely exist as single chains and thus translation of single-chain technologies into useful
devices and systems can be difficult. For example, polymer films, even of nanometer thickness,
still require accounting for interpolymer interactions to optimize properties such as surface
morphology. Single-chain technologies can be deployed in solution but would require ultra-dilute

conditions, making them difficult to scale due to volume limitations.
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Chapter 2. USING MORE THAN ONE POLYMERIZATION IN THE
SYNTHESIS OF A SINGLE POLYMERH!!

2.1 ABSTRACT

Block copolymers with unique architectures and those that can self-assemble into
supramolecular structures are used in medicine as biomaterial scaffolds and delivery vehicles for
cells, therapeutics, and imaging agents. To date, much of the work relies on controlling polymer
behavior by varying the monomer side chains to add functionality and tune hydrophobicity.
Although varying the side chains is an efficient strategy to control polymer behavior, changing the
polymer backbone can also be a powerful approach to modulate polymer self-assembly, rigidity,
reactivity, and biodegradability for biomedical applications. There have been many developments
in the syntheses of polymers with segmented backbones, but these developments have not been
widely adopted as strategies to address the unique constraints and requirements of polymers for
biomedical applications. In this review, we highlight dual polymerization strategies for the
synthesis of backbone-segmented block copolymers to facilitate their adoption for biomedical

applications.

2.2 INTRODUCTION

Recent advancements in polymerization techniques have afforded the ability to control, with
unprecedented precision, the composition, sequence, molecular weight, size distribution, and
mechanical and chemical properties of polymers. In turn, the precision synthesis of polymers has
enabled the development of highly tunable materials for use in tissue engineering, drug delivery,

and biomaterial implants. As of 2017, there were 8 polymeric micelle systems in clinical trials for
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evaluation as cancer treatments.[** Polymeric systems are also used in FDA-approved platforms
for prolonged drug delivery.[*®l While there has been tremendous progress in both basic polymer
science and translation into biomedical applications, there remain many unsolved challenges that
can potentially be addressed with new monomers, sequences, or polymeric architectures. Block
copolymers (BCPs), polymers with distinct repeat units connected by covalent bonds, are
particularly interesting as their behaviors differ from a physical blend of the homopolymers.

The development of reversible-deactivation radical polymerization (RDRP) and other
polymerizations such as ring-opening metathesis polymerization (ROMP) with “living”
characteristics have enabled chemists to synthesize BCPs using a single polymerization by
sequential addition of monomer to a growing polymer chain end. These advancements in polymer
synthesis have vastly expanded the potential for polymer structures.'”l Polymer with unique
architectures such as block, star, comb, brush, knot and cyclic polymers (Figure 2.1, upper) have
been shown to affect the mechanical properties of biomaterials and affect administration route,
biodistribution, and cargo loading of polymeric drug delivery systems.[*®-2 Star polymers with
internal hydrophobic blocks are used to encapsulate poorly-soluble drugs, followed by hydrophilic
blocks that ensure hydration and prevent aggregation.?! Star polymers have also been used for
imaging and diagnosis.[?®) Comb and brush polymers have been designed to contain hydrophobic
regions to encapsulate and deliver paclitaxel,?8] doxorubicin,?l and imaging agents, or to
incorporate cationic monomers to complex with nucleic acids for gene delivery applications.[?8%]
Cyclic polymers have longer circulation times compared to their linear analogs®?*:3% and have been
used as a multimacroinitiator in the synthesis of sunflower polymers for drug and nucleic acid
delivery.[?231 Other single-molecule polymeric structures, such as hyperbranched polymers and

dendrimers, have made an impact in tumor targeting.[*9%!
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Some of these polymeric architectures, as well as linear amphiphilic polymers, allow for self-
assembly into supramolecular structures.*2%1 These supramolecular structures (Figure 2.1, lower)
contain regions of hydrophobicity and regions of hydrophilicity with controlled sizes that can be
designed by the user to sequester drugs, protect proteins from the immune system, adsorb to
surfaces in the presence of a stimulus, and perform many tasks not possible with prior tools.
Micelles that contain a hydrophobic core have been used to store hydrophobic cargo such as
chemotherapeutics, hormones, and imaging agents in both academic and clinical settings.[*>%4]
Micellar structures can also utilize stimulus-responsive bonds to improve the stability of drug-
micelle complexest®], or crosslinked cores to prolong stability in vivo.®1 Polymeric micelles have
medical applications beyond drug delivery, and have been studied extensively as diagnostic

agents.[37:%

Linear block copolymer self-assembly in aqueous solution

Hydrophilic

Hydrophobic

Unimer Micelle Vesicle (Polymersome)

Single-molecule architectures

e O #RK

Cyclic Comb Brush

Figure 2.1. Polymers structures often used for biological applications. Above,
amphipathic polymers can form supramolecular structures including spherical
micelles, vesicles, and gels. Below, single-molecule structures including stars with
various numbers of arms arm, cyclic polymers, comb polymers, and brush polymers

have been used with success for the delivery of therapeutics and diagnostics.
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Polymeric micelles have medical applications beyond drug delivery, and have been studied
extensively as diagnostic agents.*”3 Polymersomes, bi-layer vesicles consisting of polymer
building blocks,*°! have also been used to deliver hydrophobic chemotherapeutics such as
doxorubicin and paclitaxel,*® and hydrophilic molecules such as genesi*! and proteins.[*?
Polymersomes exhibit prolonged circulation in the body due to diminished opsonization compared
to liposomes and slower kinetics of disassembly below the CMC due to the greater molecular
weight of the building blocks.[%#3441 Stimuli responsive polymersomes have been developed to
increase the precision of drug release. For example, reduction-sensitive polymersomes are used
for intracellular delivery of cargo in response to higher intracellular concentrations of reducing
agents such as glutathione compared to the extracellular environment.[**! There are multiple
excellent reviews on stimuli-responsive polymersomes with potential stimuli including pH,
temperature, redox potential, light, and others.[6-481[49]

Gels made with polymers with side chains that promote gelation at varied temperatures such
as hydroxyethyl methacrylate (HEMA) or n-isopropylacrylamide (NIPAM) can be made to be
sensitive to temperature and pH.’% Notably, temperature-sensitive BCPs with lower critical
solution temperature (LCST) between room temperature and physiological temperature have been
used as injectable materials since they are liquid upon injection, but can gel within the body.5
This form of polymeric system is used in an FDA-approved platform for sustained drug
delivery.l*®l Additionally, self-assembled structures can be aggregated to form larger, irregular
structures. One such example is that of micellar agglomerates which start as a multimodal
population of nanoscale micelles, but after an increase in temperature undergo a phase transition

forming macroscale gels.[?!
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In these applications, the polymer behavior is often manipulated by modifying the polymer
side chains and not the polymer backbone. While the monomer side chains of BCPs heavily dictate
the behavior and properties of BCPs, the polymer backbone can also be used to impart
biodegradability, reactivity,*”l as well as other behaviors and properties that cannot be achieved
by changing the monomer side chains. For example, the polymer backbone of guanidinium side
chain containing polymers has been shown to affect the cellular uptake of siRNA and proteins
differently.’™ Additionally, some approaches to synthesize backbone segmented BCPs allow for
the inclusion of stimuli responsive moieties between polymer blocks. %]

The ability to segment the BCP backbone into different repeats is a powerful tool to further
engineer the behavior and properties of polymeric materials. Because a polymerization is multiple
turnovers of the same reaction, it results in a repetitive backbone structure. For example, radical
polymerization of vinyl groups results in an aliphatic backbone and ring opening polymerization
of cyclic electrophilic monomers results in a backbone with electrophilic repeats.

One effective approach to achieve BCPs with segmented backbone structures is to employ
more than one polymerization. To date, there have been many developments in these dual
polymerization approaches, but these developments have not been widely adopted as strategies to
address the unique constraints and requirements of polymers used in biomedical applications. For
this review, dual polymerizations include any approaches that use more than one unique
polymerization, even if the polymer is isolated between polymerizations. We highlight useful
synthetic strategies to facilitate the exploration of backbone-segmented BCPs in biomedical
applications. Eventually, further developments in polymer synthesis will enable more feasible
permutations of backbones and side chains, expanding the potential repertoire of highly

engineerable materials for biomedical applications.
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In this review, we focus on syntheses of backbone segmented polymers by the use two or
more polymerization systems. We start with a description of BCPs and their applications, followed
by an overview of each polymerization method individually, and then a survey of different
polymerizations that have been combined in the synthesis of unique BCPs. Although viable
options for synthesizing BCPs, polymer-polymer couplings and conjugation with poly(ethylene

glycol) exceed the scope of this review.

2.3 CONTROLLED POLYMERIZATION TECHNIQUES
2.3.1 Atom Transfer Radical Polymerization (ATRP)

ATRP is a proven strategy for the precision synthesis of polymers for biomaterials.[°! ATRP
is a reversible-deactivation radical polymerization (RDRP) technique pioneered by Matyjaszewski
and coworkers in 1994 that utilizes a transition metal complex to reduce the number of active chain
ends in solution.®”! ATRP is well-studied and developed for broad monomer scope and tunable
kinetics,8 and results in a non-biodegradable polymer backbone whose behavior can be dictated
by the monomer side chains. Many functionalized methacrylates and acrylates compatible with
ATRP are commercially available. Additionally, methacryloyl chloride and related compounds are
also commercially available, allowing for in-house synthesis of custom monomers. For example,
cyclodextrin-functionalized methacrylates have been made for ATRP.5%1 Commercially available
compounds such as a-bromoisobutyryl bromide allow for synthesis of custom initiators.

ATRP has three potential drawbacks for biomedical applications. One drawback is that ATRP
has limited functional group tolerance. Vinyl monomers with charged side groups are difficult to
polymerize by ATRP. ATRP can be successful in water, but must be carefully designed to control
initiation and minimize catalyst degradation.[*®* Another drawback is that the aliphatic polymer

backbone is not biodegradable. One final drawback is the residual levels of copper in polymers
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made by ATRP may be toxic at concentrations as low as 5 ppb.[¢2 To mitigate this last drawback,
there have been many advances over the past 20 years minimizing the use of copper in ATRP
including reverse ATRP, activators regenerated by electron transfer (AGET) ATRP, initiators for
continuous activator regeneration (ICAR) ATRP, and supplemental activators and reducing agents
(SARA) ATRP, electrochemical ATRP (eATRP), photoinduced electron transfer ATRP,
organocatalyzed ATRP and sonication-induced ATRP.[5%%l Reverse and eATRP are mentioned
later in this review. Unlike conventional ATRP, in which Cu(l) is introduced to initiate the
polymerization, in reverse and eATRP Cu(ll) is reduced in situ to produce Cu(l). In reverse ATRP,
a thermal radical initiator is used to reduce Cu(ll) to Cu(l); in eATRP, electrodes can be used to

reduce the copper resulting in the active species.

2.3.2 Reversible Addition-Fragmentation Chain Transfer (RAFT)

RAFT is a robust polymerization strategy for a wide variety of vinyl monomers. RAFT
maintains a low concentration of active chain end species by degenerative transfer onto a chain
transfer agent (CTA).[%* Since its introduction by Chiefari et al. in 19985 RAFT has been widely
adopted for the synthesis of polymers for biomedical applications due to its wide functional group
tolerance, tunable Kinetics, and ease of use. Like ATRP, RAFT results in a non-biodegradable
polymer backbone whose behavior can be dictated by the monomer side chains. RAFT can be used
to polymerize methacrylates, acrylates, methacrylamides, acrylamides, vinyl esters, and vinyl
amides.®l Methacryloyl chloride and related compounds are commercially available starting
materials for the synthesis of custom RAFT monomers. Additionally, many CTAs are
commercially available.

Of the three drawbacks mentioned for ATRP, RAFT overcomes both the limited functional

group tolerance and the use of a copper catalyst. Due to the broad functional group compatibility
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of RAFT, monomers with polar side chains can be polymerized in aqueous and organic solvents.
RAFT has been used to polymerize monomers with pendant biomolecules.[56-81 RAFT
polymerization has been performed on the surface of biologics, including living cells,® and has
been shown to work in complex solvents like wine.["l Additionally, RAFT polymerizations do not
use a metal catalyst, eliminating the need for metal removal and further purification.

While the use of RAFT CTAs over ATRP has its advantages, it comes with its own
limitations. RAFT CTAs are expensive to purchase and difficult to synthesize. Additionally, some

CTAs are hydrolytically unstable.l’]

2.3.3 Ring Opening Polymerization (ROP)

ROP is a diverse class of polymerizations for cyclic electrophilic monomers such as N-
carboxyanhydrides (NCASs), lactides, lactams, polycarbonates, and related compounds. Aside from
water-sensitive condensation reactions, ROP is the most common way to synthesize polymers with
biodegradable polyester or polyamide backbones. Biodegradability, and the subsequent potential
for biocompatibility has led to the use of ROP-synthesized polymers in many biomedical
applications.l’

The synthetic approaches to ROP are more varied than the previously mentioned
polymerizations. ROP can be catalyzed by acids, bases, organometallic complexes, and
enzymes.l”*7°1 Because alcohol and amine groups are common nucleophiles used to initiate ROP,
drugs with these heteroatoms can be used to initiate ROP. For example, regioselective activation
of a hydroxyl group in paclitaxel can be used to initiate ROP of lactide.®% Polylactones,
polylactides, and polyNCAs/polypeptides are common in biomedical applications due to their
biocompatibility and biodegradability. Blocks of ROP polymers are commonly used to make up

the core of self-assembled structures since high molecular weight polyesters are hydrophobic.
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However, ROPs have limited functional group tolerance. Because ROPs require a nucleophile
to open the ring of the electrophilic cyclic monomers, other heteroatoms like water or free alcohols
can interfere with the polymerization, making polymerization difficult in some laboratory
conditions. This sensitivity also makes functionalizing ROP monomers difficult; it is more
common to functionalize the side chains post-polymerization, however specific chemistries are

required to effect efficient functionalization of ROP polymer side chains.!]

2.3.4 Ring Opening Metathesis Polymerization (ROMP)

ROMP of strained cyclic monomers is a useful strategy for the synthesis of functionalized
polymers. Many different transitional metal metathesis catalysts have been developed, each with
its own advantages, but it was the commercial production of ruthenium-based metathesis catalysts
that made ROMP feasible for bioapplications due to its functional group tolerance.¥28 ROMP
backbones are olefinic and often hydrophobic, but the olefins can be further reacted to make the
polymers biodegradable; for example, the olefins in the ROMP backbone of poly(oxanobornene)
were reacted to make alginic acid mimics.[B1 ROMP has broad functional group tolerance and has
been used to make polymers with peptides, imaging agents, and therapeutics. -8

Due to use of Ru catalysts for ring closing metathesis in commercial pharmaceutical synthesis,
there has been extensive work in modifying Grubbs’ ruthenium-based catalysts for metatheses in
aqueous and organic solvents.’®-%2 Additionally, there are many commercially available ROMP
monomers and catalysts. Custom ROMP monomers can also be synthesized by thermally cracking
commercially available dicyclopentadiene, and reacting cyclopentadiene with functionalized
alkenes, resulting in a functionalized norbornene molecule. Ru ROMP catalysts are often
extremely active and can be used to polymerize macromonomers with both synthetic polymers and

large bioactive molecules as side chains.[83%I
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There are two main disadvantages to ROMP. First is that Ru transition metal complexes are
toxic, and thus the International Conference on Harmonization guidelines limit permissible
ruthenium exposure.*l While there has been recent advances in ruthenium purification, these
strategies are energy intensive.l®0-%21 Another drawback is that commercially available catalysts for
ROMP are expensive. This problem is compounded by the fact that unlike the ring closing
metathesis commonly used by the pharmaceutical industry, in ROMP, the [Ru] species acts as the
initiator and is thus attached to the polymer chain, preventing it from being easily recycled in a

catalytic cycle.

2.4 STRATEGIES FOR DUAL POLYMERIZATIONS

Developments in RDRPs and other living polymerizations have made sequence-controlled
synthesis of BCPs easier by allowing one-pot techniques such as sequential monomer addition.
Employing multiple polymerizations for the synthesis of segmented backbone polymers offers an
additional level of control over polymer behavior and characteristics. For example, combining
hydrophobic biodegradable poly(lactic acid) with hydrophilic nonbiodegradable poly(HEMA)
may confer new pharmacokinetic properties to the polymer. This section reviews works that use
two or more different polymerizations in the synthesis of a single material and is organized by
three main approaches:

1. The use of orthogonal polymerizations (often in a single pot)
2. Post-polymerization functionalization with a new initiator motif
3. Post-polymerization functionalization with a new monomer motif
Figure 2.2 has a schematic road map for using dual polymerizations to synthesize BCPs with

different architectures.
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Figure 2.2. Schematic road map for using dual polymerizations to synthesize BCPs

with different architectures.
24.1 Orthogonal Polymerizations in One Pot

One approach to the synthesis of BCPs is the use of two or more orthogonal polymerizations.
A successful pairing of two orthogonal polymerizations for the synthesis of BCPs allows a one-
pot polymerization and removes the need for intermediate deprotection or purification. However,
orthogonal polymerization systems must be carefully selected as the reagents and conditions
necessary for one polymerization may interfere with or initiate the second polymerization,
resulting in loss of polymerization control. For example, small levels of acrylates can cause early
irreversible termination of ROMP;®! some CTARarr are susceptible to aminolysis and may be
incompatible with the use of strong bases or substituted amines, both of which are commonly used
for ROP and the latter of which are used as ligands in ATRP.["Y

The use of orthogonal polymerizations can be further broken down into two approaches. The

first approach involves the use of a single difunctional initiator 1a-1g in which Ia only reacts in
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polymerization system A and Ig only reacts in polymerization system B. As there is a thorough
review on this topic published in 20086, this section focuses on developments in this approach since
2006.1°!

The second approach involves the polymerization of an inimer Ma-lg, a monomer that
contains both the monomer motif for polymerization A (Ma) and an initiator motif for
polymerization B (Ig); initiator Ig does not polymerize monomer Ma and only polymerizes

monomer Mg in a subsequent polymerization.

2.4.1.1 The Use of a Single Difunctional Initiator

2.4.1.1.1 ROP-RAFT Initiator-Chain Transfer Agent Iror-CTARAFT (inifers)
Combining ROP with radical polymerizations is useful for biomedical applications. ROP can

be used to make biodegradable blocks while the radical polymerization can be used to make stable
blocks for prolonged circulation. Many difunctional ROP-RAFT inifers (Irop-CTARarT) in Which
one end contains an alcohol or amine (lror) and the other contains a trithiocarbonate,
dithiobenzoate, or xanthogenate (CTArarT) have been used to make block copolymers. These
inifers have been used to copolymerize a variety of vinyl monomers with many cyclic ester
monomers with dispersities lower than 1.1.°7291 These polymerizations can be done in one pot,
simultaneously or sequentially, suggesting that the polymerizations are orthogonal. The
incorporation efficiency of RAFT monomer and ROP monomer into the final polymer can be
adjusted by changing the monomer feed ratio or catalyst loading. Additionally, this strategy has
been used to incorporate thiols in the RAFT chain and subsequently attach biologically relevant
molecules for cell adhesion or metal chelators for imaging applications.[*]

Due to the relatively low reactivity of the alcohols and the mild conditions for RAFT, water

and free alcohols do not significantly hydrolyze CTArarr within the timeframe of the

35



polymerization. In fact, some common RAFT monomers have pendant alcohol groups. Unlike
alcohols, however, primary and secondary amines must be protected as they are reactive enough
to aminolyze the CTA under common polymerization conditions, leading to early irreversible
termination of the RAFT chain end and poor control over molecular weight distribution.’* The
Zhang group used an inifer (Iro,-CTARrarT) for amine-initiated ROP of N-carboxyanhydride and
RAFT of NIPAM and found their polymerization resulted in block copolymers of lower dispersity

if the ROP-initiating amine was protected during RAFT.[102]

2.4.1.1.2 ROP-ATRP Difunctional Initiators Irop-laTrp
Many difunctional ROP-ATRP initiators (Irop-latrp) in Which one end contains an alcohol or

amine (lrop) and the other contains a substituted halide (Iatrer) have been used to make block
copolymers.[93-1061 These polymerizations can be done simultaneously or sequentially in a single
pot, making it an attractive option in the synthesis of block copolymers. This combination is robust
and synthetically accessible as o-bromoisobutyryl bromide and related compounds are
commercially available and can be reacted with multivalent alcohols to synthesize Irop-laTrp.
Because these conjugation reactions can be carried out under mild conditions, stimuli-responsive
linkages can also be incorporated. For example, Irop-latre CONNected by a disulfide linkage was
synthesized by coupling chemistry and used to grow p(lactic acid)-block-p(OEGMA) (Figure
2.3).11%7 The amphiphilic polymers were used to make micelles which were found to be non-toxic
to HelLa cervical cancer cells and, upon introduction of dithiothreitol, cleave at the disulfide
linkage that covalently bound the hydrophobic and hydrophilic blocks, resulting in disassembly of

the micelle.
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Figure 2.3. ROP/RAFT from a single difunctional initiator. The polymer has been
used to make stimuli responsive micelles. Reprinted with permission from
Sourkohi, B. K. et al. Biodegradable Block Copolymer Micelles with Thiol-
Responsive Sheddable Coronas. Biomacromolecules 12, 3819-3825 (2011).
Copyright 2018 American Chemical Society.

One interesting application of Irop-latre IS the incorporation of a radical generator in the
middle of a difunctional initiator. The Chang group showed simultaneous ROP and reverse ATRP
by the use of an Iror-azo-Irop initiator in which the azo bond disassociates upon heating and
produces two active radical chains.[*%l The addition of Cu(ll) allowed the control of the radical
chain end via reverse ATRP and resulted in polymers with lower dispersity when compared to the
polymerization done without Cu(Il). When the reaction is heated to 90 °C, only the reverse ATRP
polymerization proceeds. But heating the polymerization to >110 °C in the presence of the Sn(oct)>
resulted in simultaneous ROP and reverse ATRP.

As mentioned in the ROP-RAFT section, there are potential concerns of reagents in one
polymerization negatively affecting the second polymerization. However, it is also possible to use

a single non-monomer reagent for both polymerizations. We found this to be common for the ROP-
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ATRP combination. For example, a tin species can be used both as a catalyst for ROP and a
reductant for copper in reverse ATRP;[2% a substituted amine can be used both as a catalyst for
ROP and a ligand for copper in ATRP.[M%1 The use of shared substituted amines between ROP
and ATRP has also been demonstrated when the ROP was mediated by lipase Novozym 435.112]
PMDETA and dNbpy, common copper ligands in ATRP, can also be used to coordinate metal ions
in solution which would otherwise coordinate to the histidine in the lipase active site and prevent
the enzyme-catalyzed ROP.

In a particularly interesting use of enzyme-mediated ROP, the Meijer group used Novozym
435 to make an enantiomerically rich p((S)-4-methyl-caprolactone).}*3 (S)-caprolactone was
found to be more active towards polymerization by Novoyzm 435; to prevent the (R) enantiomer
from polymerizing at low concentrations of (S)-caprolactone, a Ni species was intentionally
introduced into the polymerization to deactivate the lipase to prevent polymerization of the less
active enantiomer once most of the (S)-caprolactone was polymerized. The Ni species also acted

as a reductant for subsequent ATRP.

2.4.1.1.3 ATRP-RAFT Iatre-CTARAFT
Difunctional ATRP-RAFT inifers have been synthesized and used to perform simultaneous

and sequential ATRP and RAFT. These difunctional inifers have been made with a stimuli-
responsive linker which upon application of the specified stimulus can result in cleavage of the
diblock copolymer. Thiol/redox sensitive difunctional inifers connected by a disulfide linkage
have been used to make polymeric micelles with sheddable coronas; these polymers have been
used for more efficient gene transfection of neurons when decorated with the Tetl peptide.[4
Acid-cleavable diblock copolymers have also been made with the potential for application in

nanofabrication and stimuli-responsive micelles.!
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Because ATRP and RAFT both require the generation of a radical active chain end which is
often mediated by a third species, there is significant potential for overlap; the use of a single
organic photocatalyst for PET-RAFT and O-ATRP has recently been published.*'411% The
RAFT/ATRP combination has even been used to polymerize the same monomer.[*# Despite their
similarities, however, difunctional Iatre-CTARrarT inifers can be used to polymerize different
monomers on their respective chain ends. For example, pairs such as acrylate/styrene and

methacrylate/acrylate have been used to make BCPs with ATRP and RAFT .[5455.114-117]

2.4.1.1.4 ROMP-ATRP Iromp-laTrRP
The main consideration when employing ROMP-ATRP is the difference in polymerization

kinetics between the two approaches. Because ROMP is generally much faster than any other
living polymerization, ROMP must be slowed down in dual polymerizations by the addition of
bulky monomers or low ring strain monomers. An active ROMP chain end with no ROMP
monomer available can result in chain transfer which results in sequence scrambling and high
dispersities. If this condition is met, it is possible to do dual ROMP-ATRP. In one example, a
modified Grubbs catalyst (Iromp-1aTrRr) Was used to synthesize poly(butadiene)-block-poly(methyl

methacrylate).*8!

2.4.1.2 Polymerizing an initiator monomer Ma-lg (inimer)

In this section, we review the use of an inimer (Ma-Ig) in which a single molecule has a
monomer motif polymerizable in polymerization A (Ma) and an orthogonal initiator motif that
does not react in the first polymerization (Ig). These pendant initiators (Is) can be used to initiate
subsequent polymerizations. This approach often results in a polymer with many initiating side
chains, making it an attractive method to synthesize polymers with unique architectures. In all the

examples described, while the first polymerization used for inimer Ma varied, the pendant initiator
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(1) was almost always Iatre.2"1191241 This may be because IaTrp-functionalized monomers are
easy to synthesize for the reasons described previously. To our knowledge, there are no examples
of a monomer containing a pendant CTArarT for subsequent RAFT, perhaps due to the relative
cost and synthetic complexity of CTArartT compared to latre.

The inimer approach has been used to make dendritic nanoparticles. The Guan group
synthesized a hydrophobic core which was first synthesized by chain walking polymerization of
ethene and a vinyl functionalized ATRP initiator.l*??l ATRP was then used to grow a hydrophilic
block with OEGMA which was terminated with an NHS ester functionalized acrylate. The
terminal NHS were used to conjugate fluorescein and ovalbumin to demonstrate bioconjugation
and the potential for this system in biomedical applications such as protein delivery and imaging.

Bottle-brush polymers with high grafting densities can also be synthesized by the inimer
approach. In one example, RAFT was used to copolymerize a styrene and a maleimide-containing
monomer, the latter of which was functionalized with both Irop and latre for their respective
polymerizations.?” In a different approach, a norbornene monomer functionalized with an Irop
and an latre Were polymerized by ROMP and then ROP and ATRP were subsequently initiated
off the side chains.[***] The order of polymerization using this inimer can also be switched.[*!]

The inimer approach has also been used to make structurally tailored and engineered
macromolecular gels whose material properties can be modified by the application of a site-
specific stimulus.[*??l The Matyjaszewski group copolymerized an acrylate, a diacrylate, and an
acrylate inimer Mrart-latre by RAFT, resulting in an initial gel. The gel was then dried and
subsequently soaked in a DMF solution of copper and ATRP monomer. The gel was then irradiated

to initiate ATRP from the pendant Iatre. A wide variety of monomers were used and yielded
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segmented materials with hard and soft regions with different hydrophobic character, depending

on which sections were irradiated for ATRP (Figure 2.4).
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Figure 2.4. RAFT/ATRP combination by polymerizing an inimer. This approach
has been used to reinforce gels with a second polymerization. Reprinted with
permission from Cuthbert, J. et al. Transformable Materials: Structurally Tailored
and Engineered Macromolecular (STEM) Gels by Controlled Radical
Polymerization. Macromolecules 2018, 51, 3808-3817. Copyright 2018 American
Chemical Society.
In another example, three different controlled radical polymerization mechanisms were
combined by the inimer approach. A TEMPO-functionalized acrylate and an Iatre-functionalized

acrylate were polymerized by RAFT. The pendant initiators were then subsequently initiated,

forming bottle-brush structures.[**]

2.4.2 Post-Polymerization Modification with Ig

Polymers can be further modified post-polymerization by conjugating a new initiator (Ig) to
the polymer chain end or on monomer side chains. If a new initiator were conjugated onto the

chain end, a block copolymer could be synthesized; if a new initiator were conjugated onto a
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monomer side chain, a comb or bottle-brush polymer could be synthesized. In this section, we
review works that use post-polymerization functionalization of a polymer with a new initiator

motif or use secondary reactions to activate a latent initiator into an active one.

2.4.2.1 Post-Polymerization Functionalization/Activation with New Ig

2.4.2.1.1 Post-Polymerization Functionalization with IaTrp
Pendant alcohols on monomer side chains or chain ends can be easily functionalized to form

an latre.22125-1301 Commercially-available o-bromoisobutyryl bromide can be reacted with the
pendant alcohols of a polymer at room temperature for a few hours with excess triethylamine with
good conversion. One limitation of post-polymerization functionalization by this method is that a
hydrophilic polymer may not be soluble in suitable organic solvents like THF or DCM. In this
case, an inimer as discussed in the previous section is a suitable alternative.

Pendant IaTre has been used to make block copolymers and bottle-brush polymers with low
dispersities. In one example,***lbeta-cyclodextrin alcohols were used to initiate ROP of
caprolactone. The hydrophobic PCL block was capped with an ATRP initiator to polymerize a
second, amine containing cationic block (Figure 2.5). These cationic cyclodextrin-based star
polymers could deliver nucleic acids to R264.7 cells, a macrophage cell line, with similar
efficiencies as commercial agent Lipofectamine with comparible or decreased toxicity. A similar
strategy of conjugating | atre to chain ends was used to develop tri-block materials which form

gels at physiological temperature for potential injectable administration. 3]
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Figure 2.5. ROP/ATRP by end capping a polymer with a new initiator. This

approach has been used to make carriers for gene delivery. Cheng, H.; Fan, X.; Wu,
C.; Wang, X.; Wang, L.-J.; Loh, X. J.; Li, Z.; Wu, Y.-L. Cyclodextrin-Based Star-
Like Amphiphilic Cationic Polymer as a Potential Pharmaceutical Carrier in
Macrophages. Macromol. Rapid Commun. 2018, 1800207, e1800207.

Another approach is to functionalize a ROMP polymer chain end with an Iatre by terminating

ROMP with a symmetric cis-alkene with an Iatre.®!) Additionally, an asymmetric enol ether
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functionalized with an latre can be used to cap the polymer; however it was found that this is not
as efficient because there is a probability that the chain end is functionalized with the enol ether

group as opposed to the IaTre.

2.4.2.1.2 Post-Polymerization Functionalization with a CTArarT
The RDRP of a monomer that also contains a pendant CTArarT risks generating a

hyperbranched structure and thus is difficult to use in the synthesis of block copolymers. However,
it is possible to functionalize the polymer side chains and chain ends with CTArarT after the initial
polymerization. In one example, Bolton and Rzayev use RAFT to copolymerize a methacrylate
with a pendant Iatre and a methacrylate with a protected alcohol.'?4! After Iatre Was used to grow
some side chain polymers, the protected alcohol was deprotected post-polymerization and used to

conjugate on CTARrarT for subsequent RAFT.

2.4.2.1.3 Post-Polymerization Functionalization with Irop

One common approach to the synthesis of polypeptides is the ROP of N-carboxyanhydrides
(NCA) initiated by a primary amine. There is a more detailed review specifically on the synthesis
of biohybrid block copolymers,*321 but this section highlights the use of dual polymerization for
the synthesis of peptide-polymer copolymers. Due to the high heteroatom content of NCAs which
may be incompatible with other polymerization methods, it is common to use other
polymerizations first, followed by terminal functionalization with an amine for subsequent ROP
of NCA monomers. This strategy was utilized in the development of non-toxic pH-responsive
micelles which release prednisone more quickly at low pH.[*%l

There are many ways to functionalize different polymer chain ends with amines.[t33134
Specifically for polymers synthesized by ATRP, the halide on the polymer chain end can be a

useful reactive site for the introduction of amines. One approach is to replace the halogen chain

44



end of ATRP with an amine and use that to directly initiate ROP of NCA. The use of a multivalent
amine allows for the synthesis of miktoarm star polymers.[*35136] The Deming group further
reacted their amine terminated polymer to incorporate a nickelacycle end group which was then
used to initiate an ROP of NCA.[1¥7]

A difunctional initiator that contains a protected amine may also be used. After the first
polymerization, the amine is deprotected and used to initiate ROP of NCA. As discussed above,
an unprotected amine can result in higher polymer dispersities due to RAFT CTA

aminolysis,[1%21%1 or act as a ligand for Cu and will interfere with ATRP.

2.4.2.1.4 Post-Polymerization Functionalization/Activation with/of Iromp
While it is more common to perform ROMP before other polymerizations, it is also possible

to conjugate on an Irowmp for subsequent ROMP via cross metathesis.[**°1 Metal-free ROMP (MF-
ROMP), an organic photoinduced method for ROMP, has also been shown to be amenable to
subsequent polymerization. Because MF-ROMP can be initiated by enol ethers, latent enol ethers
such as allyl ethers can be easily isomerized post-polymerization to yield the new active initiator.
In one example, styrene was copolymerized with allyl ether-functionalized styrene by ATRP.[4%]
After polymerization, the halide chain end was removed and the allyl ether was isomerized to the

active enol ether form and used to initiate MF-ROMP.

2.4.2.2 In-Situ Modification of Latent Ig

2.4.2.2.1 In-Situ Modification of a Polymerization to Prevent Chain Transfer
ROMP and ROP result in the ring open form of the monomers which have similar reactivities

to their starting monomers and thus chain transfer can be a common problem. Chain transfer results
in scrambling of the polymer sequence and makes synthesis of block copolymers difficult. For

ROMP, unfunctionalized norbornene is never used in the synthesis of block copolymers due to
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high rates of chain transfer. Living polymerizations with ROMP typically use norbornenes with
pendant maleimides or other groups that have been shown to be too bulky or electron deficient for
chain transfer.

With regards to ROP, polymerizations of cyclic monomers exist in some ring-chain
equilibrium, high thermodynamic drive for the linear ring open form is necessary to prevent
intramolecular chain transfer or macrocyclization. One approach to polymerize low ring strain
macrolactones is to use extremely strong bases to compensate for the lack of enthalpic drive to
open the ring. However, this poses a problem for the synthesis of block copolymers as strong bases
also catalyze intra- and intermolecular chain transfer via transesterification, scrambling the
polymer sequence. One strategy that has eliminated transesterification-induced sequence
scrambling when copolymerizing low and high ring strain lactones is to first polymerize low ring
strain macrolactones with a strong base, quench the active chain, and subsequently reinitiate the
polymerization of a higher ring strain monomer with a weaker base.l**! The weaker base could be
used to polymerize higher ring strain lactones but did not induce transesterification and the block

copolymer sequence was preserved.

2.4.2.2.2 In-Situ Modification of a Polymerization to React New Monomers
Some polymerization systems such as RAFT have monomers of such disparate reactivities

that a single chain end cannot be used to polymerize both monomers. For example, the same
CTARrarT cannot be used to polymerize electron deficient vinyl acetates with more electron rich
methacrylates. Although these differences in monomer reactivity may limit the ability to
synthesize statistical copolymers, they can be exploited to synthesize block copolymers. The
Thang group developed a switchable CTArarT that can polymerize either methacrylates or vinyl

acetates depending on its charge. A protonated pyridinyl dithiocarbamate, which polymerizes
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electron rich methacrylates, can then be deprotonated by DMAP to polymerize electron deficient
vinyl acetates. While control of these polymerizations varied, some copolymerizations achieved
dispersities as low as 1.1 in a single pot.[}4?

In situ modification of ROPs have been used to make well-defined block copolymers. In situ
modification of a ROP iron catalyst allows for orthogonal ROP of epoxides and lactides. By
switching the oxidation state of the Lewis acid catalyst either chemically™*®l or
electrochemically,*44 poly(cyclohexane oxide)-block-polylactide was synthesized in a single pot.
In situ modification of an ROP chain end can be used to synthesize block copolymers of different
cyclic ester monomers. The different reactivities of carbonates, lactones, and lactides in ROP
prevent the use of a single active chain end for copolymerization. The Guo group developed a
combination of different acids and bases to controllably switch the chain end and monomer
reactivities to catalyze the ROP of different cyclic ester monomers.**! In one system, the Guo
group combined the use of their pH-switchable ROP and the work by the Thang group with pH-
switchable RAFT CTAs.[M8 With this system, these one-pot polymerizations can be taken to
nearly quantitative conversion in the synthesis of tetrablock copolymers with well-defined blocks

of low dispersities.

2.4.2.2.3 The Use of Light-Controlled Orthogonal Polymerizations
Light-controlled polymerizations allow activation and deactivation of a polymerization with

temporal and spatial control. Often, these systems pair an initiating motif with an appropriate
photocatalyst which generates an acid or radical to initiate the polymerization upon excitation by
light.[*4”l Because of the many permutations of unique photocatalyst/initiator pairs, the use of
different wavelengths to initiate different polymerizations can be a powerful technique in dual

orthogonal polymerizations. However, despite this potential, there have been few examples of this
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to date, perhaps due to limitations such as functional group incompatibility, limited mutual
solubility or poor control over molecular weight.

One approach is the use of a single switchable catalyst that behaves differentially in response
to different wavelengths of light. The use of a one-pot sequential polymerization of two monomers
has also been explored with cationic-RAFT polymerization.[414°1 |n one particularly interesting
example, the Fors group was able to use different wavelengths of light to switch between pyrylium-
catalyzed cationic polymerization of enol ether or Ir(ppy)s-catalyzed polymerization of methyl
acrylate in a single pot.*>% In another example, 550-750 nm light was used for the polymerization

of methyl methacrylate and 350-380 nm light was used for photoacid generation for ROP.[*51

2.4.3 Post-Polymerization Modification with a New Monomer Motif Mg

This approach polymerizes a macromonomer, a polymer functionalized with a monomer
motif Mg that only reacts in a subsequent polymerization (Pa-Mg). This “graft-through” approach
results in a bottle-brush polymer. There are two general strategies to synthesize a macromonomer.
One approach is to polymerize Ma from an inimer I1a-Mg, resulting in Pa-Mg. Another strategy is
to conjugate Mg onto the polymer chain end or a monomer side chain post-polymerization.

Because of the high enthalpic drive towards norbornene polymerization and the high activity
and functional group tolerance of the Grubbs metathesis catalysts, ROMP “graft-through” is a
powerful strategy in the synthesis of bottle-brush polymers. Grubbs’ catalyst has been shown to
graft-through macromonomers as large as 8.7 kDa; smaller macromonomers with molecular
weights of 2.2 kDa can be polymerized with DPs reaching upwards of 4000.[*521531 ROMP has
been used to polymerize branched macromonomers with two pendants polymers, forming bottle-
brush polymers.[1441451 ATRP of methacrylate-capped poly(ethylene oxide) macromonomers has

also been shown to result in polymers with DPs as high as 400.1%4
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2.4.3.1 Macromonomer Synthesis Starting from Ia-Mgs

Macromonomer synthesis from an inimer starts similarly to the examples in section

Polymerizing an inimer Ma-Is. However, instead of first polymerizing the monomer and then

growing a second polymer off the pendant initiator, the order is reversed. In this approach, a
polymer is first grown off the initiator 1a and then a second polymerization is used to “graft
through” the pendant monomer (Mg).

There are many papers that use a CTArarT-Mrowmp to make bottle-brush polymers, some of
which are done in a single pot.[®®15%151 |n these papers, RAFT is first used to make linear
macromonomers (PrarT-Mromp). The norbornene moiety (Mg) is then used to “graft through” with
ROMP (Figure 2.6). However, one limitation with a one-pot approach to RAFT-ROMP
polymerization is that it is important to purify away residual acrylates, as the cross metathesis of
the active ROMP chain end with the acrylate results in early irreversible termination.® These
findings have been corroborated and in fact used to functionalize ROMP polymer chain ends with
acrylates.[*311601  Modified Grubbs metathesis catalysts have also been used in
cyclopolymerizations of 1,6-heptadiene macromonomers with polycaprolactone tails.[*6%]

In a similar approach, alcohol-functionalized norbornene (Irop-Mrowmp) was first used for ROP

of lactides and the resulting macromonomer was “grafted through” with ROMP.[162]
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Figure 2.6. RAFT/ROMP by polymerizing a macromonomer. Reprinted from
Polymer (Guildf), 79, Foster, J. C., Radzinski, S. C., Lewis, S. E., Slutzker, M. B.
& Matson, J. B., Norbornene-containing dithiocarbamates for use in reversible
additione fragmentation chain transfer (RAFT) polymerization and ring-opening
metathesis polymerization (ROMP), 205-211, Copyright 2018, with permission

from Elsevier.

2.4.3.2 Macromonomer Synthesis by Post-Polymerization Functionalization of Polymer

Instead of starting with an inimer (1a-Mg), the monomer motif can be functionalized onto the
polymer post-polymerization. In one example, azide-alkyne click chemistry was used to conjugate
Mrowmp onto a polymer and then ROMP was used to “graft through™ to create bottle brush polymers
with dispersities of <1.1.11621631 QOther high efficiency reactions, such as NHS ester
transesterification, have been used to conjugate Mrowmp onto a polymer chain end.*%4! This strategy
was used in the development of a delivery system for doxorubicin, a small molecule
chemotherapeutic.

For an example with a condensation polymerization, the Zhang group exploited the same

mechanism of their polymerization to cap their polymer with a reactive end group. Poly(p-
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benzamides) were synthesized by polycondensation. The phenols of the phenyl esters are good
leaving groups and the aromatic amines can substitute them even at temperatures as low as -70 °C.
While this paper shows chain end functionalization with Irop alcohol, Irop amine, an ATRP
initiator, and even a click chemistry-compatible alkyne, we wanted to highlight the chain end

functionalization with norbornene for subsequent ROMP.[*6%]

2.5 CONCLUSION

Major advances in polymer chemistry in the last quarter century have changed the way we
conceptualize and synthesize materials. Specifically, advances in RDRP and other controlled
polymerizations with “living” characteristics have unlocked many advances in biology and
medicine: BCPs of novel architectures or BCPs assembled into supramolecular structures can be
used for targeted delivery of therapeutics and imaging agents, and for the development of new
biomaterials. We surveyed different strategies employed to synthesized BCPs via dual
polymerizations, categorized into (i) use of orthogonal polymerizations (often in a single pot), (ii)
post-polymerization functionalization with a new monomer motif. With this review, we hope to
highlight useful synthetic strategies for the synthesis of BCPs with segmented backbones to
facilitate their use in biomedical applications. As the field of polymer science and engineering
grows, we expect even more creative ways to synthesize highly engineered BCPs with any
permutations of backbones and side chains for biomedical applications.

There are many considerations for deciding which polymerization to use in the synthesis of a
particular block. To briefly summarize a few important points: ROP can be used to synthesize
polymers with biodegradable backbones but these polymerizations are sensitive to nucleophilic
heteroatoms; ROMP has broad functional group tolerance and can introduce unique reactivity into
the backbone but fewer ROMP monomers are commercially compared to those of other
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polymerization systems. Both ATRP and RAFT produce polymers with non-degradable
backbones but there are advantages unique to each. ATRP initiators are more stable towards
aminolysis than CTArarr and are easier to functionalize onto a chain end but RAFT does not
require removal of the metal species used in ATRP

Combining multiple polymerization systems further expands the repertoire of potential
materials by increasing diversity in the available polymer backbones but the drawbacks of each
polymerization determine the optimal sequence of these polymerizations. For example, because
free amines can aminolyze CTARrarT, the RAFT block is usually synthesized before amine-initiated
ROP. Because ROMP can react with residual acrylates, ATRP/RAFT blocks are usually done after
ROMP. We have included some experimental considerations for dual polymerization in their
respective sections. As each polymerization system is investigated and improved, more limitations
will be addressed, allowing more of them to be performed in a single pot.

Of the emerging polymerization techniques, we suspect that the use of light-controlled
polymerizations holds many unexplored synergies with existing strategies for dual
polymerizations. Because these light-controlled polymerizations can be spatially and temporally
controlled, they confer new degrees of tunability in polymer synthesis with the potential to expand
the complex structures available for use. New materials with varied monomer characteristics,
varied backbone characteristics via multiple polymerization techniques, and varied structural
characteristics via temporal and spatial control of polymerizations will enable polymers to meet

the expanding materials needs in medicine.
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Chapter 3. THE INTRINSIC MECHANOCHEMICAL REACTIVITY
OF VINYL-ADDITION POLYNORBORNENEM

3.1 ABSTRACT

Herein we report the discovery of the intrinsic mechanochemical reactivity of vinyl-addition
polynorbornene (VA-PNB), which has strained bicyclic ring repeat units along the polymer
backbone (Figure 3.1). VA-PNBs with three different side chains were found to undergo ring-
opening olefination upon sonication in dilute solutions. The sonicated polymers exhibited
spectroscopic signatures consistent with conversion of the bicyclic norbornane repeat units to the
ring-open isomer typical of polynorbornene made by ring-opening metathesis polymerization
(ROMP-PNB). Thermal analysis and evaluation of chain scission kinetics suggest that sonication
of VA-PNB results in chain segments containing a statistical mixture of vinyl-added and ROMP-

type repeat units.

R

Figure 3.1. Cartoon schematic of the ring-opening olefination induced by
mechanochemical activation of VA-PNB as a function of sonication time. 'H NMR
displayed on the right (bottom to top: 15, 30, 45, 60 min).
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3.2 INTRODUCTION

Mechanoresponsive polymers that undergo chemical transformations in response to
mechanical stress have been explored in many applications including force sensing, 661671 small
molecule release,*% catalyst activation,!*5® self-reinforcing materials,[*” and autonomously
healable systems.l'"* Macromolecular scaffolds can be designed to efficiently transduce tensile
forces into particular molecular-scale geometric strain which can guide mechanophore
activation.'’21781 |n most cases, a single mechanophore is incorporated into the center region of
the polymer main chain, and the tensile load on the polymer backbone activates the mechanophore.
Mechanical manipulation of the mechanophore potential energy surface is useful for analytical and
physical organic studies to elucidate novel reactions that proceed via unique pathways inaccessible
by, or impractical for, thermal or photochemical input. Mechanophore activation can also be used
as a synthetic strategy to lower the thermal or photochemical energy input required for known
reaction pathways such as ring-opening isomerization. However, due to the low concentration of
mechanophores per polymer chain, activation can be difficult to quantify and large changes in bulk
material properties are typically not observed. Additionally, small deviations in mechanophore
location, relative to the center of the polymer chain, may also affect activation efficiency.[*"”]

Incorporation of multiple mechanophores along a single polymer chain overcomes these
limitations, and offers significant advantages with regard to effecting large changes in
physicochemical properties. The increased concentration of mechanophores in the polymer chain
can facilitate quantification of mechanophore activation, induce large changes in bulk material
properties, and eliminate the need to precisely place a single mechanophore at the center of the

polymer chain for activation. Examples of these custom designed multi-mechanophore polymers
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include those containing strained rings along the polymer backbone, such as cyclopropanes*’%178-
1801 and cyclobutanes!*®!, which have been shown to exhibit high mechanochemical activity.
Inspired by these polymechanophores, we hypothesize that simple, commercially available
cyclopolymers containing inherently strained rings might also function as intrinsic
polymechanophores. We were particularly interested in polynorbornenes made by vinyl-addition
polymerization (VA-PNBs), which contain norbornane repeat units having an estimated strain
energy of 73.4 kJ/mol.*8 |n general, VA-PNBs are easy to synthesize, offer a wide variety of side
chain functionality, and display desirable mechanical and chemical properties that have thus
motivated their widespread application and industrial production.*82-11 To our knowledge, the
mechanochemical reactivity of VA-PNBs has not been reported. Herein, we report our initial
investigations into the intrinsic mechanochemical reactivity of VA-PNBs bearing trimethylsilyl
(VA-TMS), triethoxysilyl (VA-TES), and hexyl (VA-Hex) side chains, as depicted in Figure 3.2.
We hypothesize that the mechanism of ring-opening olefination would be similar to that of other
cyclopolymers containing strained rings,*¥”1 and would proceed via homolytic bond scission
within the norbornane rings to produce a diradical intermediate that could then propagate

bidirectionally to form ROMP-type repeat units.

VA-TMS R = -S@Me3 VA-units ROMP-units
VA-TES R = -Si(OEt);
VA-Hex R = -(CH2)5CH3

Figure 3.2. Schematic of the ring-opening olefination induced by mechanochemical
activation of VA-PNB.
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3.3 RESULTS
3.3.1 Synthesis of Vinyl-Addition Polynorbornene (VA-PNB)

High molecular weight VA-PNBs were prepared using the catalyst, trans-
[Ni(CsFs)2(SbPhs)2]. This catalyst has been shown to be highly active and applicable to a broad
range of norbornyl-based monomers, including some with polar functionalities.l*®! One example
synthesis: In a 20 mL scintillation vial with stir bar, trans-[Ni(CsFs)2(SbPhs)2] (5.5 mg, 5 pmol)
was added to a solution of 5-trimethylsilyl-2-norbornene (0.83 g, 5 mmol) in DCM (2 mL) and
stirred for 24 h. The reaction mixture was then diluted with additional DCM (8 mL) and added
dropwise to stirred methanol (250 mL) causing precipitation of the polymer. The polymer was
isolated via vacuum filtration, and then dried in-vacuo to constant weight to provide 0.30 g (37%
yield) of the desired product. Lower molecular weight polymers used for sonochemical control
experiments were made similarly but used the catalyst [Pd(allyl)Cl]2 (1 equiv.) and activated with
AgSbFs (2.1 equiv.) following literature procedures.[*®! Gel permeation chromatography (GPC)
analyses revealed number average molecular weight (My) values of 83.3, 219.7, and 185.0 kDa for
the VA-TMS, VA-TES, and VA-Hex, respectively.

High molecular weight ROMP-PNBs were prepared using G2. One example synthesis: In a
20 mL scintillation vial with stir bar, G2 (7.8 mg, 0.009 mmol) was dissolved in THF (12 mL). A
solution of monomer (1.005 g, 6.01 mmol) in THF (1.1 mL) was added to the solution of Grubbs
1. The solution was then stirred at room temperature for 1.5 h. Conversion was monitored by 'H
NMR spectroscopy of reaction aliquots, and determined by comparison of peak areas
corresponding to polymeric olefin signals versus those of monomer. After 1.5 h, the
polymerization was terminated by addition of ca. 1 mL of ethyl vinyl ether, followed by stirring

for 5 min. The reaction volume was then reduced under vacuum and the remaining solution was
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added dropwise into an excess of ethanol, causing precipitation of the product polymer. The
polymer was collected via vacuum filtration and then dried under vacuum to provide 864 mg (86%

yield) of the desired product.

3.3.2 Mechanochemical activation of VA-PNB by Sonication and Quantification

Sonication of polymers were performed in a dry, air-free environment. A Suslick flask was
oven dried and then attached to the sonicator probe. The arms of the flask were sealed with rubber
septa and then the flask was purged with dry N2. VA-PNB (50 mg) was added under N2 atmosphere
and the sample cell was flushed for 20 min with N2. Dry THF (10 mL) was then added via syringe.
The Suslick flask was then fitted with a balloon filled with N2 to maintain positive nitrogen
pressure. The polymer solution was left for 30 min to facilitate dissolution of the polymer. The
polymer solution was then moved to a cold room maintained at 4-6 °C and stood for 30 min to
allow for temperature equilibration. Polymers were sonicated at 8.5 W/cm? with duty cycles of 1
s on, 9 s off, for a total of 240 min of sonication on-time.

To quantify the mechanochemical activation of the VA-PNBs, aliquots were taken at 5, 10,
15, 30, 60, 120, 240 min time intervals. At each time point, an aliquot (0.5 mL of polymer solution)
was taken with a needle that was oven dried and N2 purged. The 0.5 mL solution was put under
high vacuum for 16 h to remove solvent.

Conversion from VA- to ROMP-type repeat units was determined by two methods and the
values averaged. First, the olefin signals in the polymer were integrated against unique proton
signals in the polymer side chain as they were assumed to be unaffected by the sonication. For
VA-TMS, the olefin peaks were integrated against the protons in the trimethylsilyl group (-Si-
CHs, 8 =-0.2 — 0.2 ppm); for VA-TES, against the triethoxysilyl group (-Si-O-CH2-CHs, 8 = 3.6

— 4 ppm); for VA-Hex, against the end of the hexyl group (-CHzs, 6 =0.75 -1 ppm).
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For the second method, a stock solution of 1,4-dicyanobenzene in CDCls (106.9 mg in 100
mL) was used for *H NMR spectroscopy. A known mass of sonicated polymer was dissolved in
this stock solution for NMR analysis. The vinyl proton signals (6 = 5 — 5.8 ppm) were integrated
against the 1,4-dicyanobenzene peak (6 = 7.8 ppm) to determine conversion to ROMP polymer.
The same mass of VA-PNB and ROMP-PNB were dissolved in the stock solution to determine
0% olefination and 100% olefination, respectively.

Each polymer displayed steadily increasing olefin content as a function of increasing
sonication time, up to 60 min of sonication (Figure 3.3). Analysis of *H NMR spectra showed that
up to 25% of the VA-TMS and VA-TES repeat units converted to ROMP-type repeat units within
the first 60 min of sonication, while VA-Hex only achieved 10% olefination during the same

sonication time (Figure 3.4).
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Figure 3.3. Stacked 'H NMR spectra of VA-TMS (top), VA-TES (middle), VA-
Hex (bottom) as a function of sonication time. t = 15 (blue), 30 (red), 240 (green)
min of sonication are shown. *H NMR spectra of authentic ROMP-PNB prepared
using Grubbs 2" generation catalyst (black) is overlaid in each plot. The smaller
NMR spectra on the left of each row is a zoom in on the alkene region (5-5.6 ppm).
Signal intensity of polymer side chain peaks are aligned for visual aid. *H NMR
(CDClz, 300 MHz): &H 5-5.5 (2H, broad).
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Figure 3.4. Olefination of VA-TMS (black), VA-TES (blue), VA-Hex (red) as
determined by *H NMR analysis.

These differences may be due to the large impact that side chains substituents have on each
polymer’s solution-state conformation, relaxation dynamics, and possibly even on the mechanism
for termination after ring opening. VA-TMS and VA-TES were used for further experiments due
to their greater extent of olefination. To confirm that the mechanism of activation was
mechanochemical and not thermal, VA-PNBs with lower molecular weights were synthesized and
sonicated as negative controls (Figures 3.5 and 3.6). Sonication of the low molecular weight
control VA-TES polymers did not result in any observable olefination or chain scission, which
was expected as they are below the required degree of polymerization for sonication-induced

cleavage. 18]
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Figure 3.5. Top | Stacked GPC traces of pristine 11 KDA VA-TES (black), VA-TES
sonicated for 2 h (red), and VA-TES sonicated for 4 h (blue). Bottom | Stacked 'H
NMR spectra of pristine 11 KDA VA-TES (black), VA-TES sonicated for 2 h (red),
and VA-TES sonicated for 4 h (blue).
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Figure 3.6. Top | Stacked GPC traces of pristine 51 kDA VA-TES (black), VA-TES
sonicated for 2 h (red), and VA-TES sonicated for 4 h (blue). Bottom | Stacked 'H
NMR spectra of pristine 51 kDA VA-TES (black), VA-TES sonicated for 2 h (red),
and VA-TES sonicated for 4 h (blue).
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3.3.3 Productive Mechanophore Activation vs. Unproductive Chain Scission

Aliquots were also analyzed by GPC equipped with multi-angle laser light scattering
detection. In all cases, the values were in good agreement and averaged to determine the percentage
of repeat units having undergone ring-opening olefination (Figure 3.7). The NMR and GPC data
suggest that ring-opening olefination via sonication was concurrent with chain scission, as is
expected from sonication of macromolecules.*® A representative series of GPC traces taken
during sonication of VA-TES are shown in Figure 3.8 top. In general, we observed that M,
decreased with increasing sonication time and that molecular weight distributions remained
monomodal, at least to the same qualitative extent as the pristine samples prior to sonication Figure
3.8 bottom. This decrease in molecular weight as a function of sonication time is plotted in Figure

3.8 for VA-TES (black) and VA-TMS (blue).
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Olefination of VA-TMS

Olefination
Sonication determined by: Average
fime (min} | Side Internal
chain standard
VA- 15 11.0% 13.5% 12.3%
™S 30 12.7% 15.6% 14.2%

&0 17.8% 25.3% 21.5%
120 18.0% 23.59% 21.0%
240 18.3% 29.8% 24.5%

Olefination of VA-TES

Clefination
Sonication determined by: Average
fime (min) | Side Internal
chain Standard
5 1.6% 27% 21%
VA- 10 3.2% 3.29% 3.2%
TES 15 6.5% 46% 5.5%
30 B8.7% 8.9% 8.8%

G0 15.0% 16.4% 17.2%
120 20.4% 18.8% 19.6%

240 24.5% 21.2% X2.8%

Olefination of VA-Hex

Clefination
Sonication determined by: Average
time (min} | Side Internal
chain Standard

VA-Hex 15 2.7% 4.1% 3.4%

30 4.8% 65.9% 5.7%

G0 6.7% 10.1% 8.4%

120 65.4% 9.9% 8.2%

240 8.39% 12.5% 10.4%

Figure 3.7. Values of olefin content as determined vs. polymer side chain and

internal standard.
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Figure 3.8. (top) GPC traces of VA-TES with increasing sonication time. GPC
traces shift to lower retention times with longer sonication. Samples taken at 15,
30, 60, 120, 240 minutes of sonication on-time. (bottom) Percent of starting
molecular weight (M,0)) with increasing sonication time determined by GPC (VA-
TES, black; VA-TMS, blue).

To better understand the competition between ring-opening olefination and secondary chain

scission, the relative efficiencies of olefination compared to chain scission and the absolute rate
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constants for chain scission were determined. The relative efficiencies of olefination compared to
chain scission were evaluated by calculating the number of olefination events achieved before the
polymer My, was halved (i.e., extent of olefination in one scission cycle). Scission cycle (¢) was
plotted against olefination and the slope was determined using linear regression (Figure 4). The
slope of this plot (1) is a useful metric to characterize the efficiency of mechanochemical
activation relative to chain scission because it normalizes olefination per scission cycle to compare
across polymers with different side chains and experimental conditions with indeterminant

In(My o)~In(My () - .
n(Mn,o)=In(Mn,) in which
In 2

variations.[*81% Scission cycle (¢) was calculated using the equation @ =

Mn,o is the Mn at t = 0 and M is the M, after a given time (t) of sonication. VA-TMS exhibits ¢1
= 1.0 olefination per scission cycle and VA-TES exhibits ¢1 = 0.56. For VA-TMS, with an initial
degree of polymerization (DPo) of 500 (Mno = 83.3 kDa), @1 = 1.0 equates to olefination of 500
repeat units per chain scission event. VA-TES, with DPg of 856 (Mn,0219.7 kDa), ¢1 = 0.56 equates
to olefination of 4.8 repeat units per chain scission (Figure 3.9). The two numbers are similar,
which suggests that the two side chains play similar, or perhaps generally minimal, roles in the

olefination of VA-PNBs under mechanochemical activation.
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Figure 3.9. Olefination of VA-TMS (black), VA-TES (blue) plotted against

scission cycle. Linear fit for olefination vs. scission cycle.

3.34 Thermal and Sequence Analysis of Mechanochemically-Activated VA-PNB

As discussed earlier, a distinguishing feature of polymechanophores is their ability to induce
large changes in bulk material properties in response to mechanical force. Even at low to moderate
conversions, the quantity of mechanochemical transformations far exceeds the quantity of
transformations achieved by high conversions of polymers containing only a single mechanophore.
As a proof of concept, DSC was used to determine changes in thermal properties of the sonicated
VVA-PNBs. Therein, sonicated VA-TES (26% olefination, M, = 54.5 kDa) exhibited a Tg of 111
°C, whereas pristine VA-TES (M, = 219.7 kDa) did not exhibit any detectable T4 up to 350 °C. For
comparison, ROMP-TES made by Grubbs 2nq¢ Generation catalyst (Mn = 142.6 kDa) exhibits a Tq
of 11 °C.

We initially hypothesized that the norbornane units close to the center of the chain would
activate first and propagate outward, resulting in an ABA triblock structure consisting of VA-
ROMP-VA repeat units before secondary scission. Assuming all olefination occurred in adjacent
repeat units, the short homogenous ROMP blocks should show Tg values of <11 °C according to
Flory-Fox relationships of Ty and Mn.[** Instead, the observed higher T4 of 111 °C suggests that
the mechanochemically activated region close to the center of the polymer, where ring-opening
olefination is most probable, is closer to a statistical copolymer of VA- and ROMP- type repeat
units rather than a homogenous ROMP block. As a result, the Ty is dominated by the VA-TES
structure and reduced by sequence breaks. It is possible that termination or chain transfer events
prevent the formation of homogenous blocks and the mechanism of these termination events merits

future study.
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3.4 CONCLUSION

In summary, we have demonstrated the intrinsic mechanochemical reactivity of VA-PNBs
with conversions to ROMP-PNBs of up to 25% of the repeat units.[1 More generally, the
mechanochemical activation of polymers containing strained ring repeat units is a unique method
to reconfigure the molecular structure of cyclopolymers. Due to their relative ease of synthesis,
high mechanophore content, and their ability to undergo changes in thermal properties and
chemical group functionality upon mechnochemical activation, we envision that VA-PNBs have
significant potential as functional polymechanophores.

Mechanochemistry as a field has expanded significantly in recent years and the number of
new mechanophores that have been rationally designed, synthesized, and tested has risen
significantly. Experimentally, the strategy of incorporating a mechanophore into a polymer
backbone has remained the most popular due to its synthetic accessibility and its efficient
transduction of macroscopic mechanical force into predictable molecular-scale forces. This
powerful strategy is extremely useful in probing the fundamentals of mechanochemistry as well
as serves as the basis of the many applications of polymeric mechanoresponsive materials.

Despite the substantial progress made in the field, there is significant potential in improving
the efficiency of mechanochemical activation. Although each rationally designed mechanophore
activates with extremely high efficiency, they are diluted by the inert polymer scaffold into which
the mechanophore is placed; most mechanoresponsive polymers only contain 0.1-1%
mechanophore by mass. The low concentration of mechanophores may be suitable for some
applications such as mechanochromism, but severely hinder the adoption of mechanoresponsive
polymers in other applications such as structural or self-reinforcing materials. Being able to design

polymers that are mostly or entirely made of mechanochemically active repeat units would be a
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breakthrough for the widespread adoption of mechanoresponsive polymers as functional materials.
Other groups have also recognized the potential impact of designing mechanoresponsive polymers
with multiple mechanophores and have recently reported the synthesis and mechanochemical
activity of cyclopolymers with ring-strained repeat units. We further explored the use of ring
strained repeat units but with cyclopolymers that were even more synthetically accessible without

the need of any post-polymerization modification.
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Chapter 4. SYNTHESIS AND APPLICATION OF A NEW CLASS OF
ANIONIC POLY(CYCLOPENTADIENYLENE
VINYLENE), ANEW CLASS OF WATER-
SOLUBLE IT-CONJUGATED POLYMERS!*2]

4.1 ABSTRACT

The use of n-conjugated polymers (CPs) in conductive hydrogels remains challenging due to
the water-insoluble nature of most CPs. Conjugated polyelectrolytes (CPES) are promising
alternatives because they have tunable electronic properties and high water-solubility, but they are
often difficult to synthesize and thus have not been widely adopted. Herein, we report the synthesis
of an anionic poly(cyclopentadienylene vinylene) (aPCPV) from an insulating precursor under
mild conditions and in high yield. Functionalized aPCPV is a highly water-soluble CPE that
exhibits low cytotoxicity, and we found that doping hydrogels with aPCPV imparts conductivity.
We also anticipate that this precursor synthetic strategy, due to its ease and high efficiency, will

be widely used to create families of not-yet-explored n-conjugated vinylene polymers.

4.2 INTRODUCTION

Conductive hydrogels, water-rich networks capable of moving charge when subjected to an
electric field, have significant potential for use in tissue engineering and bioelectronics.
Conductive hydrogels have been used as therapeutic patches or cell scaffolds in cardiac,9%1%
neural,2°0-2021 and skeletomuscular applications.’?! They have also been used with electronic
devices to improve the generation of ionic current and to bridge the mechanical mismatch between
electronic devices and biological tissue.[?°#2%51 Common conductive agents of CHs include metals,

carbon-based nanomaterials such as carbon nanotubes, and conjugated polymers (CPs) such as
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polypyrrolel?%6-2%1 and poly(3,4-ethylenedioxythiophene):poly (styrene sulfonate).[2°%-22 CPs are
particularly attractive because the redox behavior of the material can be paired with electrolytes in
solution to convert electric currents from electronic devices to ionic current for biological
applications.l2%4

Despite the potential of CPs in conductive hydrogels, most CPs are water-insoluble and thus
require specialized fabrication techniques to incorporate them into hydrogels, including “in-gel”
polymerizations and coatings,?%®2'%l advanced blending techniques such as dispersion or
emulsification,[196:197:206212-2141 and jonic liquid exchangel'l. Despite the use of these fabrication
techniques, some CPs still show limited biological integration, exhibit cytotoxicity, and induce
post-implantation inflammation.*%! Additionally, due to the water-insoluble nature of most CPs,
controlling conductivity without altering the mechanical properties of the gel remains an inherent
challenge. Higher CP loading onto the hydrogel can increase conductivity but also impacts its
hydrodynamic elasticity, affecting the survival and differentiation of encapsulated stem
ceIIs.[215'216]

Conjugated polyelectrolytes (CPEs), CPs with a high density of charged side chains, are
water-soluble alternatives to hydrophobic CPs as conductive agents in conductive hydrogels.?"~
2191 However, the syntheses of CPEs add additional layers of complexity to the already difficult
syntheses of CPs, such as solvent incompatibilities or additional deprotection steps. Additionally,
commonly used aromatic monomers such as thiophenes often require high temperatures, long
reaction times, and the use of air- and water-sensitive catalysts for cross-coupling chemistries.
Some of these reaction conditions can be incompatible with peptides that are often incorporated in
hydrogels to facilitate biological integration. Additionally, commonly used cross-coupling

monomers, such as organostannanes, are toxic??%l and must be rigorously removed before medical
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use.l?17:221 Some CPEs are cytotoxic due to high charge density, 219222224 pyt limited synthetic
accessibility of CPEs prevent rapid iterations with a wide array of side chains to develop
biocompatible CPE hydrogels. Thus, there remains a critical unmet need for the synthesis of a
simple CPE that can be synthesized on large-scale and formulated into biocompatible CHs without
the need for advanced fabrication techniques.

One strategy to produce CPs is to synthesize a nonaromatic precursor polymer that can be
transformed into a CP or CPE in a single post-polymerization modification step. In this strategy,
milder synthetic conditions can be used for monomer functionalization and polymerization due to
the lack of monomer aromaticity, potentially allowing for the incorporation of pendant peptides as
polymer side chains. Ring-opening metathesis polymerization (ROMP) is a particularly attractive
polymerization method for the synthesis of these precursor polymers because it is a well-studied
living polymerization with high functional group tolerance, and the residual backbone alkenes of
ROMP-based polymers can participate in w-conjugation. However, some attempts to convert a
ROMP precursor into a CP or CPE require extremely high temperatures (>200 °C) or the use of
acids that are incompatible with the incorporation of peptide or protein side chains.[®222522
Additionally, many of these polymers are insoluble post-heat treatment. More recent efforts have
been made to use milder acidic! or basic conditions™™ or even mechanochemical activation.[*23

Herein we report an operationally simple synthetic route to anionic poly(cyclopentadienylene
vinylene) (aPCPV) via a soluble, easily accessible, and modular polymeric precursor. We
synthesized a halogenated polynorbornene precursor polymer and convert this polymer into a CPE
under mild conditions and in high yield (Scheme 1). The resulting polymer is negatively charged
due to the deprotonation of an acidic proton from the cyclopentadiene repeat unit generated in situ

as well as the deprotonation of the acid groups generated from imide hydrolysis. aPCPV is highly
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water-soluble, displays visible light absorption up to 610 nm, is conductive, and exhibits low
cytotoxicity. aPCPV is oxidized in water but can be reversed either electrochemically or
chemically. Due to these properties, we believe aPCPV will be an extremely useful class of

polymers for tissue engineering applications.
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Figure 4.1. a, generalized synthetic scheme of poly(2). b, *H NMR spectra of
monomers with three different side chains. Top compound: *H NMR (CDCls, 300
MHz): 84 7.5 (3H, m), 7.2 (2H, m), 6.4 (2H, s), 3.55 (2H, m), 2.6 (1H, d), 2.2 (1H,
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d). Middle compound: *H NMR (CDCls, 300 MHz): &+ 6.3 (2H, s), 3.5 (2H, m),
2.6 (1H, d), 2.2 (1H, d), 1.5-0.8 (15H, b). Bottom compound: *H NMR (CDCls, 300
MHz): 61 6.3 (2H, s), 4.3 (2H, t), 3.7 (2H, t), 3.4 (2H, s), 2.2 (1H, d).

4.3 RESULTS

4.3.1 Synthesis of insulating precursor polymer and conversion to z-conjugated aPCPV

We sought to synthesize a halogenated precursor polymer that could undergo
dehydrohalogenation under basic conditions to yield the necessary alkenes for a m-conjugated
polymer backbone. For our initial design, we hypothesized that a polymer with allylic bromines
would undergo facile elimination. Thus, we synthesized an oxanorbornene monomer via a [4+2]
cycloaddition with 2,5-dibromofuran as the diene. Unfortunately, we could not detect any
polymerization of these oxanobornenes by H NMR spectroscopy. We then attempted to
synthesize oxanorbornene monomers with halogens one carbon further away from the alkene with
furan and dihalogenated dienophiles for the [4+2] cycloaddition. However, these monomers could
not be isolated in high yield. Instead, we used cyclopentadiene, a more reactive diene and were
able to synthesize a panel of dihalogenated norbornene monomers on gram scale using
cyclopentadiene and dichloromaleimides. In this report, we focus on three side chains of varying
hydrophobicity, M(1a-c).

M(1a) was synthesized in the following manner: dichloromaleic anhydride (1 g, 6 mmol) was
added to a round bottom flask with a stir bar, dissolved in 12 mL ethyl acetate, and placed in an
ice bath. Freshly cracked cyclopentadiene (1 mL) was added and the reaction mixture was stirred
for 16 hours. Ethyl acetate was removed by vacuum. The crude reaction mixture (0.97 g, 4.2 mmol)
was redissolved in toluene and placed over an ice bath. Octylamine (0.69 mL, 4.2 mmol) and

triethylamine (0.12 mL, 0.836 mmol) were added dropwise. The reaction mixture was refluxed
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with a Dean-Stark trap set-up. The product was purified by column chromatography. Yield =1 g
(70%). *H NMR spectrum is presented in Fig 4.1b.

M(1b) was synthesized in the following manner: dichlorophenyl maleimide (2.3 g, 9.5 mmol)
was added to a round bottom flask with a stir bar, dissolved in 50 mL acetone, and placed in an
ice bath. Freshly cracked cyclopentadiene (1.6 mL) was added and the reaction mixture was stirred
for 16 hours. The product was purified by column chromatography. Yield = 1.8 g (61%). H NMR
spectrum is presented in Fig 4.1b.

M(1c) was synthesized in the following manner: dichloromaleic anhydride (5 g, 29.9 mmol)
was added to a round bottom flask with a stir bar. The round bottom flask was placed in an ice
bath and then dissolved in glacial acetic acid (30 mL, 1 molar solution). Ethanolamine (1.9 mL,
31.4 mmol) was added dropwise. The solution was refluxed for 3 hours, until conversion was
complete by *H NMR analysis. Acetic acid was removed by vacuum and used without further
purification. *H NMR spectrum (dmso-d6): § = 4.1 (-N-CH2-CH,-OH, t, 2 H), § = 3.7 (-N-CH>-
CH»2-OH, t, 2 H), 6 = 3.5 (-N-CH2-CH>-OH b, 1 H). The crude product was dissolved in 10 mL
THF and placed in an ice bath. Freshly cracked cyclopentadiene (6 mL) was added and the reaction
mixture was stirred for 16 hours. The crude reaction mixture was re-dissolved in methylene
chloride and washed three times with 0.1 M HCI and three times with 0.1 M KOH. The product
was triturated in hexanes to remove excess dicyclopentadiene. Yield = 6.4 g (77%). H NMR
spectrum is presented in Fig 4.1b.

We polymerized M(1a-c) using Grubbs 2" generation catalyst. The syntheses of only poly(1c)
and poly(2c) are described here but are representative. Monomer (1c) (260.2 mg, 0.94 mmol) was
added to a vial with a stir bar. The vial was cycled with vacuum and N three times. Monomer (1c)

was dissolved in 8.9 mL of THF obtained from a solvent purification system via syringe. In a
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second vial, Grubbs 2" generation catalyst (4 mg, 0.00472 mmol) was added and purged with N
for 10 minutes. A small amount of THF (0.5 mL) was used to dissolve the catalyst under air-free
conditions. The solution of the catalyst was added to the solution of monomer via syringe. The
polymerization conversion was monitored by *H NMR. The polymerization was terminated by
addition of ca. 1 mL of ethyl vinyl ether, followed by stirring for 15 minutes. The reaction mixture
was precipitated into methanol and the precipitate was collected. Yield = 239.3 mg (92%).
Complete conversion of all three norbornene monomers was observed within 90 min by ‘H
NMR spectroscopy (Figure 4.2a) and the polymers were purified by precipitation. Due to
aggregation, as determined by dynamic light scattering in dimethylformamide (DMF) and
tetrahydrofuran (THF), the molecular weight of poly(la-c) could not be determined by size

exclusion chromatography with in-line multi-angle light scattering. (Figure 4.3).
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Figure 4.2. Chemical structure identification of poly(2c). ®H NMR of M(1c) in
CDCls (top) and poly(1c) in acetone-d6 (bottom). °Structures and CP-MAS *C
NMR spectra of poly(1c) (left structure, top spectrum) and poly(2c) (right structure,
bottom spectrum). “ATR-FTIR spectra of poly(1c) (blue) and poly(2c) (black)

zoomed in on the carbonyl region.

77



) 1
0
©
£ 0.8
X ——DP 200 @ 10 mg/mL in DMF
3 0.6 ——DP 200 @ 5 mg/mL in DMF
= 0.4 —DP 200 @ 2.5 mg/mL in DMF
£ L .
S 0.2 DP 200 @ 1 mg/mL in DMF
pd
0.1 IRadius (nm}O 100
7 1
©
€ 0.8
]
3 0.6 ——DP 50 @ 2.5 mg/mL in DMF
= 0.4 ——DP 50 @ 10 mg/mL in DMF
e
5 0.2
Z 0
0.1 1 10 100
Radius (nm)
(%)
(%)
©
S
S .
b - —DP 50 @ 2.5 mg/mL in THF
% . —DP 50 @ 10 mg/mL in THF
£ :
o
Z g
0.1 1 10 100
Radius (nm)

Figure 4.3. Overlapped DLS traces of poly(1c) of varying DPs and concentrations
in DMF and THF. DLS of poly(1c) of DP 200 was taken in DMF (top). Lower
molecular weight polymers of target DP = 50 were synthesized. DLS measurements
of these DP = 50 polymers were dissolved taken at concentrations in both DMF
(middle) and THF (bottom). All concentrations result in nonspecific aggregation in

both solvents, even with low molecular polymers.
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Poly(1a-c) were converted to their conjugated aromatic forms by the addition of base. We
screened a variety of bases of varying steric bulk from tert-butoxide to sodium hydride in a variety
of organic solvents. However, due to its high charge density, aPCPV exhibits limited solubility in
these organic solvents. We found that slow addition of 0.1 M aqueous KOH into a solution of
poly(1c) in DMSO resulted in complete conversion of poly(1c) to poly(2c) while keeping the
polymer soluble during the reaction.

Poly(1c) (173 mg) was dissolved in DMSO (17.3 mL). An aqueous solution of 0.1 M KOH
(18.8 mL, 1.88 mmol) was added dropwise and allowed to stir for 30 minutes. An aqueous solution
of 1 M KOH (6.26 mL, 6.26 mmol) was added and allowed to stir for 1 hour. The polymers were
purified by dialysis against water, lyophilized, redissolved in a small amount of water, centrifuged
at 12500 rcf and the supernatant was run through a 0.45 um PVDF filter to remove any unreacted
pre-polymer. The final solution was frozen and lyophilized. The purified polymer was stored under
vacuum. Yield = 138 mg (92%).

Solution *H NMR spectroscopy could not be used to monitor this reaction because both the
reaction mixture and the purified polymer exhibited extreme line broadening (Figure 4.4).
Therefore, we used solid state cross-polarization magic-angle spinning (CP-MAS) *C NMR
analysis to confirm the structure of the final purified polymer (Figure 4.2b). CP-MAS 3C NMR
were taken at 273 K and a spinning rate of 15 kHz on a 700 MHz NMR spectrometer. Parameters
were optimized to maximize signal intensity. For poly(1lc), d1 =8 sec, p3 =2.5 ps, p15=3500 ps,
pcpd2 =4.5 ps and for poly(2¢), d1 =16 sec, p3 =3 us, p15=3500 us, pcpd2 = 8 us. NMR spectra
were referenced to high frequency signal of adamantane. Three differences in the NMR spectra
are consistent with conversion of poly(1c) to poly(2c). First, the NMR spectrum of poly(2c) shows

the complete disappearance of the Cs signals at 53.8 ppm which arises from the C-Cl bond. Second,
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the spectrum of poly(2c) shows complete disappearance of alkyl signals which arises from C7 only
in poly(1c). Third, the appearance of a new peak in the carbonyl region can be attributed to a new
carboxylic acid that forms from imide hydrolysis.

We further corroborated the polymer structure by ATR-FTIR spectroscopy. We observed loss
of the prominent absorbance at 1714 cm™, which corresponds to the poly(1c) imide. We also
observed the appearance of new absorbances from 1500-1750 cm™ (Figure 4.2c). The shift into
lower wavenumbers is consistent with the formation of the carboxylate from imide hydrolysis, as
well as the weakening of the C-O bond via favored anionic “enolates” resonance structures which

are only possible in the conjugated form.
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Figure 4.4. NMR scale experiment to monitor the conversion of poly(lc) to
poly(2c) in DMSO-d6 by dropwise addition of KOD in D2O. A small amount of
DMF was added to act as an internal scale bar. Increasing equivalents of KOD
resulted in extreme broadening and ultimately elimation of the previously well-
resolved peaks of the prepolymer to the point, a phenomenon which has been
previously observed with conjugated polymers.!?*% Top to bottom shows different
equivalents of KOD added: 0, 1, 2, 3, 10 equivalents relative to the repeat unit. Left

side is a zoom in of the vinyl region.
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The use of a norbornene framework offered advantages over an oxanobornene framework. In
polynorbornene, the elimination of the two chlorides results in a new acidic proton in situ which
can be deprotonated to create the cyclopentadiene anion repeat unit that can impart high water
solubility without the need for water-solubilizing side chains. As expected, due to the anionic
backbone and acid side chain, poly(2a-c) are all readily soluble in water despite the hydrophobic
side chains in poly(2a) and poly(2b). We dissolved poly(2c) in water and found the pH to be 4-4.5
with concentrations as low as 0.15 mg/mL, consistent with the low pKa of the side chains. Poly(2a)
shows expected pH-dependent solubility from the cyclopentadiene anion and carboyxlic acid
group. Dissolved polymer crashes out of solution upon acidification to pH 1 with 1M HCI and

redissolves upon addition of 1M KOH to pH 14 (Figure 4.5).

1 2 3 4 5

Figure 4.5. pH dependent solubility switching of aPCPV. Left to right, 1-5. Picture
1 shows the polymer fully dissolved in water. Picture 2 is the sample upon addition
of HCI. Picture 3 is the sample upon addition of NaOH. Picture 4 is the same sample
after 30 minutes (fully dissolved). Picture 5 shows that addition of FeSOs in

solution results in precipitate formation.
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4.3.2 Characterization of the optical, electronic, and redox behavior of poly(2)

In its fully reduced state, poly(2c) absorbs UV-Vis light up to 610 nm (Figure 4.6a), an optical
band gap of 2.03 eV. The UV-Vis spectrum of poly(2c) shows 3 Amax Values and irradiation of the
polymer at each of its three Amax results in a different fluorescence wavelength (Figure 4.6a).

We attempted to monitor the conversion of poly(1c) to poly(2c) by UV-Vis spectroscopy
because solution *H NMR spectroscopy proved ineffective. Although 4 equivalents of KOH are
needed per repeat unit for full conversion to poly(2c), we noticed that addition of 1 equivalent of
KOH resulted in UV-Vis absorption of the fully conjugated polymer. We also observed a loss of
long wavelength absorption with addition of aqueous KOH (Figure 4.6b). We initially expected
that as more KOH is added to the solution, poly(2c) would absorb more long-wavelength light, as
more of the polymer becomes conjugated. The counterintuitive results can be explained in two
parts. First, addition of 1 equivalent likely resulted in aromatization of 1/3 of the repeat units
instead of elimination of one chloride from each repeat unit, and 1/3 of the polymer length exceeds
the persistence length of the polymer. Elimination of one chloride from a repeat unit makes every
proton on that repeat unit more acidic, resulting in accelerated aromatization. Second, the loss of
long wavelength absorption is likely due to oxidation of aPCPV from water and dissolved oxygen.

We confirmed the presence of an organic radical, consistent with oxidation of the repeat unit
from a (-1) state to a neutral radical, by electron spin resonance (ESR) spectroscopy (Figure 4.6¢).
CP-MAS *C NMR analysis corroborates oxidation of poly(2c). We originally expected there to
be complete disappearance of signals in the § = 30-50 ppm range due to the completely sp?
hybridized carbon backbone of poly(2c). We attribute the signals at § = 30-50 ppm to oxidation of

poly(2c) under experimental conditions, which would give rise to allylic signals from C12,37.
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Cyclic voltammetry data are also consistent with the oxidized state of poly(2c). Cyclic
voltammetry experiments were performed with FTO coated glass as the working electrode,
Ag/AgCI as the reference electrode, and Pt as the counter electrode. The voltage was varied
through the entire electrochemical window of the solvent two times at different rates from 10-100
mV/sec and the second sweep was plotted. The electrochemical activity of poly(2c) was measured
in an aqueous solution at a concentration of 5 mM with respect to an idealized monomer repeat
unit of 313.46 Da in a solution of 100 mM KCI as a supporting electrolyte. Poly(2c) exhibits
electrochemical activity with reducing potential with the onset at -0.42 V vs. Ag/AgCl and a peak
of -0.72 V vs. Ag/AgCI (Figure 4.6d).12311 However, no electrochemical oxidation current can be
detected by cyclic voltammetry.

We hypothesize that the lack of electrochemical oxidation of poly(2c) is due to its facile
oxidation by water, given the significant overlap between the highest occupied molecular
orbital (HOMO) of poly(2c) and the lowest occupied molecular orbital (LUMO) of water. The
energy level of the poly(2c) HOMO can be calculated using its reduction potential. Common n-
type semiconductors become negatively charged because electron injection occurs at its LUMO;
thus, the reduction potential is commonly used to determine the energy level of its LUMO.
However, we believe poly(2) houses its negative charge in the aromatic cyclopentadiene anion
HOMO, and that the reduction of poly(2c) at -0.72 V v. Ag/AgCl is due to an electron injection
into the HOMO of poly(2c). A scan of 100 mM KCI solution without polymer shows that water is
reduced at -0.75 V v. Ag/AgCl via electron injection into its LUMO. That the HOMO of poly(2c)

coincides with the LUMO of water is consistent with our hypothesis that water can oxidize

poly(2c).
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Mechanistically, we envision that oxidation of poly(2c) results in cyclopentadiene radicals
and that quickly terminate each other. But due to the resonance stabilization of the radicals, the
termination is readily reversible. Two key pieces of experimental data are consistent with this.
First, although we can detect the presence of an unpaired electron by ESR spectroscopy, extremely
high concentrations (> 50 mg/mL) are needed to observe any signal. Although it is common to use
low concentrations of organic radicals due to intermolecular quenching, poly(2) can quench itself
intramolecularly and thus high concentrations only improves signal. The low concentration of
radicals can be explained by the reversible radical-radical coupling between repeat units.

Second, poly(2) can be chemically reduced by sodium ascorbate under high pH conditions.
Sodium ascorbate is known to be a proton-coupled electron transfer agent.[?*? Poly(2c) was
dissolved in 0.1 M KOH and 100 equivalents of sodium ascorbate were added. The reaction
progress was monitored by following the absorption at A = 393 nm and A = 493 nm. Ascorbate
quenches the radical on aPCPV and the bridgehead proton can be deprotonated again by hydroxide
to regenerate the fully anionic polymer (Figure 4.7, top). The absorbance at 393 nm initially spikes
upon addition of ascorbate due to the absorption by ascorbate (Figure 4.6e). The absorbance at A
=393 nm continues to increase due to the re-reduction of the polymer but the monotonic decrease
after 15 seconds is likely due to the degradation of the sodium ascorbate. The reduction of the
polymer can be more accurately monitored by the increase in the absorption A = 493 nm which is
unique to the polymer. However, 100 equivalents of sodium ascorbate are consumed within 105
minutes and the polymer starts to oxidize again, as seen by a reduction in decrease in 493 nm
absorption at 120 minutes. The increased absorption at A = 493 nm could not be achieved in PBS
7.4 buffer, suggesting that the strong reducing power of deprotonated ascorbate and subsequent

deprotonation are essential to restore the polymer. We also explored the use of other common in-
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vivo reductants including reduced nicotinamide adenine dinucleotide, glutathione, and tris(2-
carboxyethyl)phosphine. However, the other reductants did not result in any changes to the UV-
Vis absorption spectrum of poly(2c) (data not shown). That a strong proton-coupled electron
transfer reducing agent could reduce the polymer is consistent with our hypotheses that poly(2c)
oxidation results in radicals and that the termination processes are readily reversible.

The same reducing conditions were used to determine the effect of oxidation state on the
molecular weight of poly(2c). Gel permeation chromatography (GPC) analysis of poly(2c) in water
"as is" showed multimodal traces and was consistent with the presence of crosslinked high
molecular weight species due to interpolymer radical-radical termination events. We hypothesized
that reduction of poly(2c) by sodium ascorbate under high pH conditions would result in loss of
crosslinks and formation of lower molecular weight species. Poly(2c) was treated with sodium
ascorbate and hydroxide and analyzed by GPC after a 15-minute incubation. As expected, the
polymer was reduced and the molecular weight of poly(2c) decreased (Figure 4.7). After an
additional 30 minutes, another small aliquot was taken for GPC analysis. Poly(2c) again showed
the formation of high molecular weight species, consistent with reformation of crosslinks between
the cyclopentadienyl radical repeat units. Light scattering (LS) traces are shown instead of
differential refractive index (dRI) traces because the dRI traces are dominated by the small
molecule ascorbate signal and LS ismore sensitive to the large molecular weight species.

Because poly(2c) is oxidized quickly by water, we sought alternative solvents to dissolve
poly(2c). However, polar solvents such as acetonitrile, dioxane, dimethylformamide, dimethyl
sulfoxide, and tetrahydrofuran could not fully dissolve poly(2c) without the addition of at least 5-
10 vol% water. Thus, we decided to continue to use poly(2c) “as is.” We could not obtain a uniform

film of poly(2c) for 4-point probe measurements and thus we dropcast poly(2c) onto FTO-coated
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glass substrates and determined current-voltage characteristic curves by a point scan in conductive
AFM (Figure 4.8a). Conductive AFM was performed on an Asylum Reserach MFP3D-Bio using

gold coated contact mode AFM probes (Budget Sensors, ContGB-G).
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Figure 4.6. Redox behavior of poly(2c). a, UV-Vis and fluorescence
measurements of poly(2c). Solid lines are absorbance and dotted lines are
fluorescence and spectra are color coded. b, UV-Vis measurements of poly(2c) with
0.5 equivalents (black), 1 equivalent (blue), 2 equivalents (red), and 3 equivalents
(green) of KOH supplied in a 0.1 M solution of KOH. ¢, Powder ESR spectrum of
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poly(2c) shows the presence of an organic radical. d, CV of poly(2c) at 5 mM with
respect to monomer repeat unit in a solution of 100 mM KCI. CVs were taken at
different scanning speeds. Background scan of 100 mM KCI with no polymer was
taken at 100 mV/sec. e, Reduction of aPCPV into its fully reduced form with 100
equivalents of sodium ascorbate. Top is the proposed mechanism for reduction.
Middle is stacked overlay of UV-Vis spectra of a sample exposed to reducing
conditions taken over 120 minutes. The polymer starting UV-Vis spectrum is a
dotted. Bottom is a plot of the absorbance values at 393 nm (black) and 493 nm
(blue).
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4.3.3 Preparation and characterization of conducting hydrogels for biomedical

applications

We returned to our original motivations for synthesizing a water-soluble conjugated polymer
for the purposes of simplifying fabrication procedures for CHs. Because the reduced state of
poly(2c) cannot be maintained in water, we used poly(2c) "as is." The polymer was formulated
into 2.5 wt% agarose hydrogels in water at a final concentration of 2.5 mg/mL polymer. A stock
solution of of 5%w agarose was made in Nanopure water. A stock solution of 10 mg/mL poly(2c)
was made in Nanopure water. The stock solution of poly(2c) was maintained at 70 °C to prevent
cooling of the agarose gel upon mixing. The agarose stock solution was heated with a microwave
until it was homogenous and could be pipetted. 3.5 mL of the agarose stock solution was added to
a petri dish. 1.75 mL of the poly(2c) stock solution was added to the petri dish and in mixed
thoroughly. The remaining volume was made up with 1.75 mL Nanopure water (no salt condition)
or 0.7 mL 10x HBSS and 1.05 mL Nanopure water (salt condition). The Nanopure water and 10x
HBSS were also maintained at 70 °C to prevent it from cooling of the agarose gel upon mixing. 4-
point probe measurements were taken with a Cascade Microtech C4S 4-point probe head
connected to a Keithley 2400 multimeter. Measurements were taken 10 times per sample. Sodium
polystyrene sulfonate was used as a nonconjugated polyelectrolyte control. We measured the
resistances of the hydrated and dehydrated gels 10 times for each sample with a 4-point probe
(Figure 4.8b). The hydrated gels showed higher conductivities than the control conditions.
Interestingly, the dehydrated gels doped with poly(2c) exhibited far less resistance at a high salt
concentration which suggests that ion concentration may heavily influence the electrochemical
behavior of aPCPV, a commonly observed phenomenon in CPs due to their ion-charge coupling

and the basis of organic electrochemical transistors.[?*l
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Figure 4.8. Electrical behavior of poly(2c). a, IV curve determined by a
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conductive AFM on a dropcast film on FTO functionalized glass. b,

Representative images of hydrogels doped with poly(2c). Top, blank hydrogel;

middle, hydrogel with poly(styrene sulfonate), hydrogel with poly(2c). Resistance

values determined by 4-point probe of hydrated and dehydrated agarose

hydrogels. c, cytotoxicity assays of poly(2c) determined by AlamarBlue assay in

normal cell culture conditions for NIH 3T3 fibroblasts (left), and in Matrigel
(right).

4.3.4 Cytotoxicity assays for aPCPV

The cytotoxicity of Poly(2c) was determined by AlamarBlue assay after incubating poly(2)
with NIH 3T3 fibroblasts at various concentrations for 12 hours. 7500 NIH 3T3 fibroblasts were
plated in a 96-well plate in triplicate. Each well was 100 uL media or 100 uL of a 1:60 dilution of
Matrigel. The cells were treated with poly(2c) in a range of concentrations up to 15 mg/mL.
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Polymer only conditions were also plated in triplicate. After 12 hours of incubation, 10 uL of
AlamarBlue was added to the wells and allowed to incubate for 4 hours. The 96-well plate was
analyzed by a plate reader (excitation: 560 nm, emission: 590 nm). The AlamarBlue absorbance
and fluorescence values of the polymer only wells were subtracted from the wells with cells. The
ICso of poly(2c) under normal cell culture conditions was 8.4 mg/mL and in 1:60 dilution of
Matrigel was 7.3 mg/mL (4.8c, left). We hypothesize that the toxicity could be due to the extremely
high salt concentration from the aPCPV.

Cytotoxicity assays were repeated with poly2(a-c) on neural progenitor cells isolated from the
forebrains of 8-week old mice. 15,000 mouse primary neural progenitor cells (NPCs) were plated
in a 96-well plate in triplicate. NPCs were cultured with serial dilutions of poly2 (2mg/ml) in NPC
growth-media (DMEM/F12, N2 supplement, 20ng/ml FGF, 20ng/ml EGF). After 20 hours, growth
media was supplemented with 1/10 volume of AlamarBlue and incubated 4 hours before
fluorescence analysis (excitation: 560 nm, emission: 590 nm). Poly(2c) exhibited high
biocompatibility while poly(2a) and poly(2b) exhibited extreme cytotoxicity, likely due to

interactions of the hydrophobic side chains with the cell membrane. (Figure 4.8c, right).

4.4 CONCLUSION

We report our initial efforts in the synthesis, characterization, and application of a new class
of water-soluble conjugated polyelectrolyte. aPCPV displays UV-Vis absorption up to 610 nm, is
conductive, and exhibits low cytotoxicity. Due to its high water-solubility, aPCPV can easily be
mixed into hydrogel formulations without advanced fabrication techniques, and thus we believe
that this new class of polymer will be readily adopted in the field of tissue engineering.
Additionally, this insulating precursor approach can be used to synthesize families of not-yet-
explored m-conjugated vinylene polymers from insulating precursor polymers made via ROMP.
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4.5 FUTURE DIRECTIONS FOR APCPV

451 Determining structure-function relationships of aPCPV
45.1.1 Determining the effect of polymer side chains on the electrochemical activity of aPCPV

Due to the high functional group compatibility of ROMP, it is possible to synthesize aPCPV
derivatives with a variety of side chains. Norbornene monomers with a variety of side chains have
already been synthesized (Figure 4.9).

Because the side chain is in conjugation with the n-conjugated backbone, it is possible to use
the side chains to affect the redox potential of aPCPV. The use of electron-withdrawing
substituents, such as the 4-nitroaniline substituent, would make poly(2) more easy to reduce (less
negative reduction potential) because of the stabilization of the negative charge on the polymer

backbone.
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Figure 4.9. Monomers already synthesized for synthesis of poly(1) and poly(2).
45.1.2 Determining the effect of the cation on the electrochemical activity of aPCPV
The redox properties and doping behaviors of CPs can be modulated by the ions used to
neutralize the charge injection.[®®l Due to the synthesis of aPCPV, the ion-charge pairing is
determined by which hydroxide counterion is used. Addition of KOH and NaOH have already

been proven to result in full conversion into K™ aPCPV and Na* aPCPV but the differences in the
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behavior of these two polymers have not been investigated. It may also be possible to use divalent
cations with the addition CaOH> and FeOH: although alternative synthetic strategies may have to

be adopted due to their limited solubilities in water.

45.2 aPCPV as a conductive agent in conductive hydrogels for cardiac applications

Damage to electrically active cells such as cardiomyocytes and neurons are often catastrophic
and irreparable. As of 2019, cardiovascular disease remains the leading cause of mortality in the
United States, and in 2016, over 800,000 Americans died from cardiovascular disease.?**l Every
year, 1.5 million cases of myocardial infarction (MI) occur and the subsequent ischemic heart
damage results in irreversible damage to heart function due to formation of nonconductive scar
tissue, ventricular stiffness, and altered contractibility.[?*® Heart transplantation remains the only
definitive treatment for ischemic heart damage but these procedures are risky and donors are
limited.

Cell therapies delivered have been proposed as a regenerative medicine approach for the
treatment of MIZ5271 and SCI.[2%8239] However, these cell therapies have much room for
improvement.[?°] Cell therapies for cardiac repair can be improved by differentiating, culturing,
or delivering cells in conductive hydrogels (CHs) which have been shown to benefit the culture of
excitable cells.’*1%1 For example, maturation of iPSCs in materials that better mimic
physiological adult myocardium and with early stage electrical stimulation can serve as a useful
model tissue for cardiac therapies.[%81%1

One common approach to making CHs is to dope them with -conjugated polymers (CPs).
Many reviews on the use of m-conjugated polymers (CPs) in medicine point to their potential to
revolutionize the field of tissue engineering and bioelectronics. However, despite the many

theorized advantages of synthetic CPs (such as tunability, post-synthetic functionalization, and
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large-scale production), they have not lived up to their potential. Many CHs doped with CPs
exhibit undesirable mechanical properties, limited biological integration, cytotoxicity and post-
implantation inflammation. %1%

Preliminary experiments to determine the effect of aPCPV on the calcium transients on iPSC-
derived cardiomyocytes were performed in collaboration with Eileen Brady and Prof. Kelly
Stevens. iPSC-derived cardiomyocytes were encapsulated in a 1:40 dilution Matrigel with
(experimental condition) or without polymer (control). Transient rises and reductions of cytosolic
Ca?* were studied by confocal imaging with the use of fluo-4 Ca?* indicator (Figure 4.10a),[24H
and the frequency of these Ca®* spikes were quantified (Figure 4.10b). Cardiomyocytes cultured
in the presence of aPCPV exhibited higher rate of Ca®* transients (Figure 4.10c), which is

consistent with other reports of CPs resulting in lower cell membrane capacitance.?*?
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Figure 4.10. a, Confocal micrsocopy image of iPSC-derived cardiomyocytes in
Ca?* spark detection experiment. b, Fluorescence spikes due to Ca?* transients for
cardiomyocytes cultured in 2 mg/mL aPCPV (bottom), and without aPCPV (top).
¢, Quantification of Ca?" transient spikes. Data courtesy of Eileen Brady and (Lab

of Prof. Kelly Stevens).

4.5.2.1 Strategies for incorporating aPCPV into CHs

CHs doped with aPCPV can be fabricated by direct incorporation into naturally-gelling
biomaterials, by functionalizing the polymer with self-assembling gelling peptide, and by
incorporation into 3D printable hydrogel formulations. Formulations with elastic moduli of around
9 kPa, similar to native myocardium, will be selected for further optimization in subsequent

experiments.[?4l
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CPs can be doped into naturally-gelling biomaterials (e.g hyaluronic acid, collagen, alginate,
agarose, and Matrigel). In this approach, we hope to maintain the mechanical properties of the
natural hydrogel while only changing the conductivity of the gel, as mechanical strength of
hydrogels has also been shown to affect the viability and proliferation of CM.[2162441 |t is only
possible to control the mechanical properties of the hydrogel independently of the conductivity
because our CP is readily soluble in water. The conductivity of the final CH will be determined by
4-point probe and the mechanical properties will be measured by rheology.

It is also possible to incorporate aPCPV into existing 3D printable hydrogel formulations.[?45-
2491 Due to its high water solubility and no need for organic co-solvents, incorporation of aPCPV
may require minimal adjustments to these existing hydrogel formulations.

In our final approach, we will use the polymer itself as a gelling component by functionalizing
the polymer side chains with self-assembling peptides such as FEFKFEFK.[?®® This second
approach is possible because ROMP polymers can easily be functionalized with peptide side
chains.®21 The Pun lab already has experience incorporating polymers into peptide-based
hydrogels formed by self-assembly of motifs such as FEFKFEFK. Although this approach does
not allow for independent tuning of mechanical properties from conducting properties of the
hydrogel, it allows for large amounts of the polymer to be incorporated. The conductivity of the
final CH will be determined by 4-point probe and the mechanical properties will be measured by

rheology.

453 aPCPV as a conductive agent in conductive hydrogels for neural applications

Traumatic spinal cord injuries (SCI) have devastating physical, social, and vocational
consequences for patients and their families due to patients’ loss of independence and increased

mortality. Initial traumatic events involve mechanical disruption of the vertebral column and
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damage to neurons, oligodendrocytes and nearby vasculature, and compromises the blood-brain
barrier. Secondary cellular changes which include hemorrhages, influx of inflammatory cells and
cytokines, result in a cascade that leads to permanent damage to the spinal cord and neurological
disfunction.?®! Treatments for SCI are expensive, long in duration, and include many different
approaches including surgery, electrical stimulation, and rehabilitation therapy.[?®®! Despite these
many approaches, recovery is limited. Just as CHs have been shown to improve the cell therapies
to treat MI, the use of CHs have also been shown to improve cell therapies for neural stem cell
differentiation.[200-202]

Preliminary experiments were done in collaboration with Dr. Matt K. Hogan, Dr. Robert
Krencik, and Dr. Philip J. Horner at Houston Methodist. We first examined whether doping
Matrigel with aPCPV would alter observed spontaneous bursting activity of cultured hiPS derived
neural cultures. At early timepoints, spontaneous burst rates are indicative of maturity of in vitro
neural stem cell-derived cultures. As cortical neural cultures develop, we expect firing patterns to
stabilize and complex network dynamics to inform us of synaptic and circuit level development
within the cultures.?>2 Oscillatory rhythmic firing patterns of organoids have been found to mimic
those of developing neonates and may be informative of circuit level organization of neural
ensembles within a culture.”>3 Further, the relative conductive capabilities of a hydrogel
formulation may serve to propagate local field potentials of neurons within the spinal cord. We
propose to examine the distribution of observed neural spike amplitudes as a relative indicator of
the ability of extracellular field potentials to conduct through a given formulation. As such,
spontaneous burst rate, spiking amplitudes and rhythmic activity patterns will all be assessed to
examine the ability of a hydrogel formulation to support and enhance development of neural

cultures.
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Chambers of a 6-well MEA dish were coated with Matrigel doped with 0, 0.5 and 2 mg/mL
aPCPV respectively. Neurospheres were induced to form neurospheres through DOX induced
upregulation of neurogenin over 15 days before neurospheres were plated onto the electrodes.
Spontaneous activity was collected using a MEA2100 amplifier system and analyzed for
spontaneous burst rate (Figure 4.11). After 3 days of culture, we observed significantly higher
levels of spontaneous firing rates in chambers doped with aPCPV compared with controls (p-value

= 0.039).
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Figure 4.11. a, Image of the microelectrode arrays used to monitor spontaneous
activity. b, Action potential activity of NPCs cultured in different concentrations of
aPCPV. ¢, Quantification of action potential activity of NPCs. Data courtesy of Dr.
Matthew K. Hogan (Lab of Prof. Philip J. Horner) and Dr. Robert Krencik.
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We also examined the properties of motor evoked potentials elicited from ventral cervical
spinal stimulation using both aPCPV/Gelatin doped electrodes and bare uncoated electrodes. The
Horner Lab developed a novel means for stimulating the cervical motor pool in rats via placement
of a thin film gold electrode in the ventral epidural space. By placing electrodes geometrically
closer to motor pools, we can selectively target motor associated circuitry without secondary
stimulation of sensory and propriospinal circuitry. Placement of electrodes in this space requires
higher currents to initiate motor recruitment due to relatively higher amounts of insulating white
matter between the electrode and the circuits of interest compared with epidural dorsal and
intraspinal approaches. Gold is very biocompatible, flexible and can be easily incorporated into
standard flexible electronic fabrication processes, however the charge injection capacity of gold
with CNS tissue is limited. Doping the electrode with a conductive hydrogel may improve the
charge injection and reduce the currents needed, thus facilitating a ventral spinal approach.

Electrodes were coated in crosslinked gelatin doped with aPCPV conductive polymer. Briefly,
a gelatin was prepared with EDC:NHS crosslinking at a 1:1 ratio. A 3% gelatin solution was
prepared in 85% water, 15% glycerol solution and brought to 0.1M EDC and 0.1M NHS. We then
added aPCPV to a concentration of 4 mg/mL while solution was kept at 45 deg C on a stir plate.
After 1 hour of crosslinking, we prepared an electrode via dip coating. The electrode was allowed
air dry for 1 hour and the process was repeated twice more. We examined evoked potentials in 7
muscle groups of the forelimb: Infraspinatus, Trapezius, Tricep, Bicep, Wrist Extensors, Wrist
Flexors and Hand. Evoked potential thresholds were typically between 400-600 uA using unplated
gold electrodes, however doped electrodes elicited potentials in all 7 muscles with less than 100

UA of injected current.
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45.4 aPCPV as an in-vivo magnetic resonance imaging (MRI) contrast agent
4541 Current MRI contrast agents

For the fundamentals of NMR, | would recommend reading Spin Dynamics by Malcolm H.
Levitt. It starts off with a very simple vector model description of NMR that can be understood
without a strong understanding of quantum mechanics. Even reading just the first few chapters has
revolutionized the way | understand and take NMR spectra.

Briefly, MRI contrast agents work by shortening the T1 or T2 relaxation of surrounding water
molecules. In NMR spectroscopy, a strong external magnetic field is applied along the z-axis and
the bulk magnetization of the sample aligns with this magnetic field. Commonly in 1-D 'H NMR
spectroscopy, a 90° radio frequency pulse is applied to knock the bulk magnetization vector from
being aligned with the z-axis to the x-y plane. The relaxation time for the bulk magnetization to
realign with the external magnetic field is the T1 relaxation time. In addition to the very strong
external magnetic field applied by the NMR instrument electromagnet, molecules themselves act
as tiny, weak magnets. These small internal magnetic fields act affect the ability of the bulk
magnetization vector to relax to the z-axis (T1 contrast agent) and decohere the bulk magnetization
vector and causes a loss of signal according to T relaxation (T2 contrast agent). In general, MRI
contrast agents are paramagnetic or superparamagnetic. The unpaired electrons of these commonly
used MRI contrast agents have large magnetic susceptibilities, causing them to behave like
stronger internal magnets, affecting T1 and T2 relativities. The differences in T1 and T2 are then
mapped out into an image that we recognize as an MRI image.

The most common MRI contrast agents to date include paramagnetic ion complexes,
superparamagnetic magnetite particles or contain lanthanide elements such as gadolinium (Gd®*)

and manganese (Mn?*).1254 They are commonly delivered intravenously or orally (for imaging of
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the gastrointestinal tract). The identities of the metal and chelating groups, and the delivery route
affect the pharmacokinetics and toxicity of the MRI contrast agents. In general, however, these
contrast agents accumulate in the liver, spleen and bone, and cause toxicity. Gadolinium-based
contrast agents in particular, present risk for patients with chronic kidney disease, acute kidney
injury, and dialysis because gadolinium-based contrast agents can cause nephrogenic systemic
fibrosis. 12!

There have been a few attempts at metal-free, nitroxide based polymers as an MRI contrast
agent. The Johnson group has reported the synthesis and application of nitroxide functionalized
ROMP polymers.[?56-2%€1 One problem with organic radical contrast agents (ORCAS) is that they
can be reduced by common in-vivo reductants such as ascorbate. The Johnson group protected the
pendant TEMPO molecules by incorporating it into a sterically hindered brush structure or by

burying in a cross-linked hydrophobic core of a supramolecular structure.

45.4.2 aPCPV as a potential ORCA polymer

aPCPV exhibits three properties which lends itself to a potential MRI contrast agent. First, it
IS nontoxic. Second, it itself is paramagnetic. However, electron spin resonance spectroscopy
(ESR) experiments with Prof. Stefan Stoll’s group (UW Department of Chemistry) for suggest that
the radical concentration is extremely low. We attempted to directly image hydrogels doped with
aPCPV as an MRI contrast agent in collaboration with Prof. DongHoon Lee’s group, (UW
Department of Radiology) but found very weak signal.

I hypothesize that the ESR and MRI signals can be improved by increasing the temperature.
Our current understanding of aPCPV is that its cyclopentadiene radicals are reversibly capped by
termination with another cyclopentadiene radical. It is possible that increasing the temperature will

shift the equilibrium to the radical form, resulting in higher signal.
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Third, aPCPV reacts quickly with sodium ascorbate and can be reoxidized in water. It may be
possible to combine aPCPV and nitroxide-functionalized polymers, similarly to those synthesized
previously by the Johnson group. The aPCPV can scavenge nearby ascorbate, preventing ascorbate

from reducing the nitroxide.
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Chapter 5. SYNTHESIS OF FOLDING POLYMERS USING
MOLECULAR RECOGNITION PAIRS
AZOBENZENE AND CYCLODEXTRIN[2*!

5.1 INTRODUCTION

Many critical biological functions such as protein activity and DNA replication are regulated
by the solution conformations of participating biopolymers. The complex 3-dimensional motion
of biopolymers can be approximated as "folding,” which is measured as changes in distance
between labeled points along the biopolymer. Experimentally, folding has been measured by
monitoring fluorescence between Forster resonance energy transfer pairs,! resonant frequencies
between plasmonic dimers,>® and electron spin resonance spectra between nitroxide spin labels.*
More macroscopic changes in the biopolymer have been measured without labeling via circular
dichroism® and nuclear Overhauser effect (NOE) nuclear magnetic resonance (NMR)
experiments.®

Synthetic polymers can be made to mimic biopolymer folding by functionalizing the a- and
®- ends with high affinity molecular recognition pairs. Many of these molecular recognition pairs
have been used in pioneering works that make folding polymers with hydrogen donor-acceptor
pairs,”® metal-ligand complexes,® host-guest pairs,'®!* and even click chemistries (irreversible
folding).'? Yilmaz et al. demonstrated the use of host-guest complexes formed by B-cyclodextrin
(BCD) and adamantane in a folding polymer but the polymer can only be unfolded at high
temperatures.®

Of the available molecular recognition pairs, the azobenzene-cyclodextrin pair offers
attractive features of photoreversible complexation, relative ease of synthesis and derivatization,

and subsequent tunable properties.>*> The azobenzene moeities complex with cyclodextrin in
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water to reduce the entropic penalty of water ordering around the hydrophobic azobenzenes and
the hydrophobic inner core of cyclodextrin. Azobenzene-cyclodextrin pairs have been used in
stimuli-responsive drug release,*>*" material property modulation,??> and supramolecular
assembly.'®2% Inoue et al. even demonstrated the use of azobenzene and BCD for folding polymers
by capping 2 kDa polyethyleneglycol chains with azobenzene at one end and with BCD at the other
and demonstrating their reversible solution-phase complexation.*

To date, most synthetic folding polymers are only responsive to a single type of stimulus. We
sought to create a multi-stimuli responsive folding polymer. We were particularly interested in
TMAB and B-CD as the molecular recognition pair for two reasons. First, BCD shows preferential
binding of trans-TMAB (Ka = 1524 M) over cis-TMAB (Ka = 82.1 M™1).%® Second, the cis/trans
ratio of TMAB can be modulated using multiple stimuli, including heat, light, and Brensted
acids.? In particular, the presence of Bransted acids catalyzes the cis-to-trans isomerization?*2°
and shifts the equilibrium to trans-TMAB via formation of an intramolecular hydrogen bonding
6-membered species that improves its resonance stabilization.?® Thus, we designed a multi-stimuli
responsive folding polymer by incorporating TMAB and BCD monomers into triblock copolymers
within the first and third blocks, respectively.

Herein we report the synthesis and characterization of a multi-stimuli responsive high
molecular weight folding polymer (Polyl). Polyl is a triblock copolymer with multiple TMAB
and BCD moieties and can be reversibly unfolded by photoinduced trans-to-cis isomerization of
TMAB. Polyl can also be irreversibly unfolded under acidic conditions; even though introduction
of acids favors trans-TMAB, the protonated trans-TMAB is no longer hydrophobic and does not
complex with BCD. Folding behavior was characterized by illumination-dependent extinction

spectrscopy and 2-D NOE NMR experiments.
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5.2 RESULTS AND DISCUSSION

521 Synthesis and characterization of monomers

To incorporate TMAB moieties into a polymer made by reversible addition-fragmentation
chain-transfer polymerization (RAFT), TMAB-methacrylate (TMAB-MA) and BCD-methacrylate

(BCD-MA) were synthesized according to Figure 5.1, top. TMAB was first synthesized. A

solution of 2,6-dimethoxyaniline (3.06 g, 20 mmol) in 12 mL of 6 M HCI was cooled with an ice
water bath. A solution of NaNO: (2.07 g, 35 mmol) in 20 mL water was added and stirred for 30
min. Then a solution of 3,5-dimethoxyphenol (3.08 g, 20 mmol) in 20 mL in 10 w% NaOH solution
was added. The reaction flask was removed from the ice bath and stirred for 12 h. The pH of the
solution was then adjusted to pH 2 with the addition of conc. HCI. The precipitate was then
collected by filtration and purified by column chromatography (yield = 48%).

To a flame-dried round bottom flask with a mechanical stirrer, TMAB (1.1 g, 3.5 mmol),
K2COs (1.209 g, 8.75 mmol), and Kl (5.8 mg, 0.035 mmol) were added. Dry DMF (17.5 mL) was
then added. The reaction mixture was heated to 80 °C and stirred for 1 h. Then bromoethanol (0.27
mL, 3.85 mmol) was added and stirred for 16 h. The reaction mixture was then allowed to cool to
room temperature, diluted with dichloromethane, and washed with water to remove DMF. The
organic layer was then collected, dried with brine and Na>SOs, and then the solvent was removed
in vacuo. The product was used in the next step without further purification.

To a flame-dried round bottom flask with a mechanical stirrer, the product from the previous
step (3.08 mmol) and triethylamine (1.5 mL, 10.78 mmol) were added. The reaction mixture was
cooled with an ice bath and methacryloyl chloride (0.75 mL, 7.7 mmol) was added dropwise. The
reaction was stirred for 2 h and then the solvent was removed in vacuo. The product was then

purified by column chromatography (yield = 47%, 2 steps).
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Figure 5.1. Top, synthetic schemes for small molecules used in this work. Bottom,
!H NMR spectra of TMAB-MA in DMSO-d6 as a function of green light irradiation

To synthesize BCD-MA, p-toluenesulfonyl imidazole was first synthesized and used a
tosylating agent. To a 1 L flask with a mechanical stirrer, imidazole (75 g, 374 mmol), tosyl
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chloride (25.5 g, 374 mmol) were dissolved in 300 mL dichloromethane. A solution of sodium
bicarbonate (39 g in 500 mL water) was added. Triethylamine (5.6 mL) was added as a phase-
transfer catalyst. The reaction was stirred at room temperature for 12 h. The organic layer was
separated and dried with magnesium sulfate. The volume of the organic layer was reduced to 125
mL in vacuo and 25 mL of hexanes were added. The solution was then moved to the fridge to
allow crystals to grow. The crystals were collected by filtration and washed with a cold solution
of 5:1 dichloromethane:hexanes (yield = 70%).

ToalL reaction flask with a mechanical stirrer, BCD (20 g, 17 mL) and deionized water (450
mL) were added and heated to 60 °C until the BCD dissolved. The solution was then allowed to
cool to room temperature. Tosyl imidazole (15.5 g, 69.7 mmol), was added and stirred for 2 h. A
solution of NaOH (9 g in 25 mL water) was added slowly over 20 min. NH4CI (24 g) was added
and the solvent was removed by air-drying. The product was in the next step without further
purification (yield = 150% (wet)).

To a round bottom flask with a mechanical stirrer, piperazine hexahydrate (6.4 g, 32.9 mmol)
was added and melted by heating to 80 °C. Tosylated-BCD from the previous step was added and
stirred for 24 h. The reaction mixture was then precipitated into acetone and the solids were
collected by centrifugation. The product was in the next step without further purification (yield =
45%).

To around bottom flask with a mechanical stirrer, piperazine-BCD from the previous step (2.4
g, 2 mmol), GmMA (0.8 mL, 3 mmol), and DMF (25 mL) were added. The reaction mixture was
sparged with N2 for 20 min and then heated to 60 °C for 24 h. The reaction mixture was then
allowed to cool to room temperature and precipitated into 200 mL acetone. The solids were

collected by filtration and the product was washed with acetone (yield = 100%).
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As expected, conjugation of the MA group to TMAB preserved its photoisomerization

behavior as measured by *H NMR spectroscopy in DMSO-d6 (Figure 5.1, bottom).

522 Synthesis and characterization of folding polymer (poly1)

We aimed to synthesize a water-soluble polymer (polyl) with TMAB and BCD on the a- and
o- ends of the polymer, that exhibits folding and unfolding behavior in response to the
isomerization and protonation state of TMAB (Figure 5.2). Cis-to-trans photoisomerization of
pendant TMABs on polyl would result in TMAB-BCD interactions and subsequent polymer
folding. Trans-to-cis photoisomerization of pendant TMABs on polyl would result in polyl
unfolding due to the 18.6-fold lower K, of TMAB-BCD. We also hypothesized that the reversible
photoisomerization of TMAB and poly1 folding can also be stopped via protonation of TMAB,

resulting in loss of hydrophobicity and subsequent BCD inclusion.

Ka trans-TMAB-BCD

=18.6
Ka cis-TmaB-pcD

Figure 5.2. Envisioned scheme for poly(1) folding and unfolding

Specifically, we envisioned a polymer with one block that contains pendant TMABS, a second

block to act as a spacer, and a third block that contains pendant BCDs (Eigure 5.3). Multiple goals

109



were kept in mind when designing the triblock copolymer. First, unlike adamantane and BCD
which has a K, ~ 10° M1,2%I trans-TMAB and CD have a lower K, ~ 103 M. Thus, to improve
the likelihood of folding, the first and third polymer blocks were synthesized to contain multiple
TMABs and BCDs respectively. Second, first and lack blocks were copolymerized with highly
water-soluble monoglycerol-methacrylate (GmMA) because a homoblock of hydrophobic TMAB
or poorly water-soluble BCD could induce nonspecific aggregation. Third, BCD-MA was
copolymerized with GmMA because BCD-MA shows poor homopolymerization, likely due to the

steric hinderance induced by the large cyclodextrin ring.[

N L AIBN, 70 °C
(_7 Polymer block 1

Polymer block 1 Diblock

Diblock

poly(1)

Figure 5.3. Synthetic route to polyl

Poly1 was synthesized by sequential polymerizations of macro-CTAs by reversible addition-
fragmentation chain-transfer polymerization (RAFT). The polymerization of each block was

stopped at 80% conversion of monomer to polymer and then the reaction mixture was subjected
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to dialysis against water and was then used as a macro-CTA in the polymerization of the next
block.

To a 7 mL scintillation vial with a mechanical stirrer, BCD-MA (269.1 mg, 0.2 mmol),
GmMA (288.3 mg), and ECT (5.3 mg, 0.02 mmol) were added. 1 mL of a stock solution of AIBN
(0.08 mg/mL, 0.001 mmol) in dry DMF was added. The reaction mixture was degassed with three
freeze-pump-thaw cycles. The reaction mixture was then heated to 70 °C for 15 h. The reaction
mixture was then quenched with air exposure. The reaction mixture was then moved to 5 kDa
cutoff dialysis membranes and purified by dialysis against water. Water was removed by
lyophilization.

To a 7 mL scintillation vial with a mechanical stirrer, the macro-CTA from the previous step
(190 mg, 0.01486 mmol) and GmMA (238 mg, 1.486 mmol) were added. 0.1 mL of a stock
solutition of AIBN (1.22 mg/mL, 0.000743 mmol) in dry DMF was added. More dry DMF was
added to bring the reaction mixture volume to 1.48 mL. The reaction mixture was degassed with
three freeze-pump-thaw cycles. The reaction mixture was then heated to 70 °C for 18 h. The
reaction mixture was then quenched with air exposure. The reaction mixture was then moved to 5
kDa cutoff dialysis membranes and purified by dialysis against water. Water was removed by
lyophilization.

To a 7 mL scintillation vial with a mechanical stirrer, the macro-CTA from the previous step
(200 mg, 0.0085 mmol), TMAB-MA (42.9 mg, 0.085 mmol), and GmMA (122.7 mg, 0.766 mmol)
were added. 0.851 mL of a stock solutition of AIBN (0.82 mg/mL, 0.00425 mmol) in dry DMF
was added. The reaction mixture was degassed with three freeze-pump-thaw cycles. The reaction

mixture was then heated to 70 °C for 18 h. The reaction mixture was then quenched with air
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exposure. The reaction mixture was then diluted with DMSO and moved to 5 kDa cutoff dialysis
membranes and purified by dialysis against water. Water was removed by lyophilization.
Each block and the final polyl exhibited monomodal molecular weight data, as analyzed by

GPC (Figure 5.4).

GPC traces of polymer

1
T 0.8
©
206
% ’ Block 1
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0 30 40
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Figure 5.4. SEC chromatograms for each block of polyl
523 Characterization of polyl folding behavior as determined by small-angle neutron

scattering (SANS)

Small-angle neutron scattering (SANS) was first explored to determine if the radius of
gyration (rg) of polyl changes with the isomer-state of TMAB in a collaboration with Kacper
Lachowski and Prof. Lilo Pozzo. Folded polyl would exhibit a lower rg while unfolded polyl
would exhibit a higher rg. Samples of poly1 at 1 and 5 mg/mL were prepared in DO and irradiated
with green or blue light for 10 minutes. Surprisingly, we found that polyl existed in aggregates
greater than 100 nm in diameter and these aggregates could not be disassembled by dilution in

D20 (Figure S2). We attribute the large aggregates of polyl to be due to the high insolubility of

112



BCD in D,0.128:2871 Unfortunately, because deuterated solvents are essential for SANS, polyl

folding could no longer be analyzed by SANS (Figure 5.5).
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Figure 5.5. SANS data of polyl in DO at various concentrations show no Guinier

region. Data courtesy of Kacher Lachowski and Prof. Lilo Pozzo.
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524 Characterization of polyl folding behavior via diffusion ordered spectroscopy
(DOSY) and 2-D NOE NMR experiments (NOESY)

We turned to NMR experiments to determine if polyl exhibited photoresponsive folding
behavior. To determine if polyl exhibits photoinduced reversible folding behavior, DOSY and 2-
D NOESY NMR experiments were performed. 2-D NOESY NMR experiments can be used to
determine if trans-TMAB is in close physical proximity to BCD, consistent with folding. DOSY
experiments can be used to determine if the TMAB-BCD NOE interactions are due to intrapolymer
folding or interpolymer aggregation.

One drawback common to both DOSY and 2D-NOESY NMR experiments is they can take
many hours. Although an NMR sample would not be exposed to light during the NMR experiment,
it is possible for cis-azobenzene to thermally relax back into its thermodynamically more stable
trans state. To determine the rate of cis to trans thermal relaxation in water, water-soluble TMAB-
TEG was synthesized (Figure 5.1, top), and its photoisomerization and thermal relaxation were
studied by *H NMR spectroscopy. TMAB-TEG shows maximum isomerization within 10 minutes
of irradiation (Figure 5.6, left). When additional irradiation with colored light showed no
additional TMAB isomerization, the sample was exposed to ambient light for up to 30 minutes
and the cis-to-trans isomer ratio was measured again. Exposure of the TMAB-TEG sample to
ambient light showed no measurable isomerization up to 30 minutes, indicating a highly
photostable state. TMAB-TEG was also isomerized to its cis form with the use of green light and
its relaxation to its trans state was measured at 26.1 °C and 45 °C by *H NMR spectroscopy (Figure
5.6, right). The thermal relaxation rate in darkness was determined to be negligible for both 26.7

°C and 45 °C and all further NMR experiments were done at 298 K.
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Figure 5.6. Left, quantification of the cis/trans ratio upon irradiation with blue and
green light as determined by *H NMR spectroscopy. Right, quantification of the
cis/trans ratio as a function of thermal relaxation as determined by H NMR

spectroscopy.

As we discovered during SANS, D-O resulted in BCD-induced aggregation. To avoid this
problem in our NMR experiments, all experiments were performed in a mixture of 90% H>O and
10% D>0. But due to the much higher intensity of the water signal in our NMR spectra, two
different solvent suppression pulse sequences were explored. 3-9-19 watergate suppression did
indeed suppress the water signal but also resulted in attenuation of NMR signals from the polymer.
This was an important consideration because determining diffusion constants by DOSY NMR
relies on signal attenuation. Instead, we used excitation sculpting zgesgp because it showed
improved water suppression and no attenuation of NMR signals from the polymer. A custom pulse
program was written in collaboration with Dr. Rajan K. Paranji to combine excitation sculpting
into DOSY experiments and it was used to determine diffusion constants. The pulse program is

below:
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Water suppression and DOSY pulse program.

;stelsesprgp.pkr

;avance-version (07/05/08)

:Pseudo-2D sequence for diffusion measurement using stimulated echo
;using 1 spoil gradient

;Cascaded with excitation sculpting prior to diffusion measurement
;to suppress water and measure D of solute, instead...10/4/19..pkr

;Adding a presat to effectively suppress H20 (use if needed)

:$CLASS=HighRes
:$DIM=1D
STYPE=
$SUBTYPE=
$COMMENT=

prosol relations=<triple>

#include <Avance.incl>
#include <Grad.incl>
#include <Delay.incl>

define list<gradient> diff=<Difframp>

"TAU=de+p1*2/3.1416+50u"
"DELTA1=d20-p1*2-p30-d16-p19-d16"

"p2=p1*2"
"d12=20u"

1ze
2 30m
50u pl1:f1 UNBLKGRAD
4u pl9:f2
dl cw:f2 ph29
4u do:f2
pl phl

50u UNBLKGRAD ; start excitation sculpting
pl6:gpl

d16 plO:fl

(p12:spl ph4:r):fl

4u
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d12 pl1:f1
p2 ph3

4u

pl6:gpl

d16

TAU

pl6:gp2

d16 plO:fl
(p12:spl ph6:r):fi
4u

d12 pl1:f1

p2 ph7

4u

pl16:gp2
d16 ; end excitation sculpting

p30:gp6*diff ; grad echo start; phase encoding variable gradient
d16
pl ph2
p19:gp7
d16
DELTAL ; diffusion delay
pl ph3
p30:gp6*diff ; decoding variable gradient
d16
4u BLKGRAD
go=2 ph31
30m mc #0 to 2 F1QF(igrad diff)
exit

ph1=00002222
ph2=1302
ph3=1302
ph4=0101
ph5=2323
ph6=0011
ph7=2233
ph29=0
ph31=00222200
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:pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - high power pulse

;p19: gradient pulse 2 (spoil gradient)

;p30: gradient pulse (little DELTA)

;d1 : relaxation delay; 1-5* T1

;d16: delay for gradient recovery

;d20: diffusion time (big DELTA)

:NS: 8 * n, total number of scans: NS * TDO
;DS:4*m

;use gradient ratio: gp6:gp7

; var :-17.13
;for z-only gradients:

;gpzl: 31%

gpz2: 11%

;gpz6: 1-100%

:gpz7: -17.13% (spoil)
;:use gradient files:
;gpnaml: SMSQ10.100
;gpnam?2: SMSQ10.100
;gpnam6: SMSQ10.100
;gpnam7: SMSQ10.100

;use AU-program dosy to calculate gradient-file Difframp

:$ld: stegplsld,v 1.4.6.1 2007/05/09 09:36:59 ber Exp $

DOSY NMR was then used to determine the concentration at which most polymers were
unimeric and not intermolecular aggregates. At high concentrations, interpolymer azobenzene-
cyclodextrin complexation can compete with intrapolymer folding. Because interpolymer
interactions are at least second order with respect to polymer concentration and intrapolymer
interactions are first order with respect to polymer concentration, the polymer solution can diluted

until intrapolymer folding dominates over interpolymer aggregation. To determine the dilution
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necessary, the diffusion coefficient of polyl was determined at different concentrations by DOSY
NMR. The concentration at which the diffusion coefficient stops increasing with dilution can be
determined as the maximum concentration for the single polymer regime. The polymer was

determined to be in the single polymer concentration regime at <1.6 mg/mL by DOSY (Figure

5.7).
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Figure 5.7. Diffusion constants determined by DOSY using 1-variable fitting.

At the single polymer regime, 2-D NOESY NMR was used to determine the through-space
interaction of protons. Cross-peaks of the azobenzene and cyclodextrin should be observable
during the folded state, and not in the unfolded state given a mixing time of 150 ps.[?%°1 Poly1
exhibited azobenzene-cyclodextrin cross-peaks when the azobenzene was in the trans state, and
no cross-peaks when the azobenzene was isomerized to cis (Figure 5.8). Due to the relatively low
concentration of azobenzenes and cyclodextrins per polymer, many scans were required. To limit
the amount of thermal relaxation back from cis to trans azobenzene and to limit the amount of
NMR instrument use time, free induction decay (FID) recordings were truncated to 20 ms because
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almost all the analyte signal intensity is encoded in the first few FID points. This truncation
resulted in crude NMR spectra with many truncation artifacts, but cross-peaks could still be

detected.

Figure 5.8. NOESY spectra shows cross-peaks between TMAB and cyclodextrin

only in the unprotonated, trans-TMAB state.
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525 Characterization of polyl folding behavior as determined by UV-Vis spectroscopy

We then sought to confirm self-inclusion of polyl between TMAB and BCD by extracting
relevant kinetic information of the trans-to-cis TMAB photoisomerization, in collaboration with
Kathryn N. Guye and Prof. David S. Ginger. By comparing the rate and photostationary state of
each sample, we gain insight about the local environment of the TMAB chromophore.
Isomerization of cis-to-trans azobenzene is generally believed to follow a sterically unhindered
inversion mechanism!288-2%, Trans-to-cis isomerization on the other hand, undergoes a sterically
hindered rotation or hula twist, in which case, the fraction of azobenzene able to undergo a trans-
to-cis isomerization is dependent on the local environment of the chromophorel?®-2%1 A more
sterically crowded environment, such as on the inside of a cyclodextrin molecule, will limit the
rotation of the TMAB molecule and thereby the rate and photostationary state of trans-to-cis
isomerization.

From the *H NMR photoisomerization spectra, we determined TMAB-TEG in solution was
37% in cis-form after reaching the photostationary state with 470 nm light. As the TMAB azo-
group peaks from poly1 were obscured in its tH NMR spectrum due to overlapping polymer signal,
we assumed that TMAB in poly1 is also 37% cis in the predominantly trans photostationary state.

We then obtained the extinction spectra of polyl and TMAB-TEG under low 523 nm
illumination fluence, 0.5 mW/cm?. These curves are then fit to an exponential curve as

Yt = (Vo = Yoo) €xp(—=4Ax) + Yoo 1)
where y is the fraction of cis-TMAB at times t, t=0, and the final photostationary state, X is the
time in seconds, and A is the rate of isomerization. As shown in Fig XXXa, the average rate of
isomerization for polyl is 0.0027 +/- 0.00007 s, and the fraction of cis-TMAB in the

photostationary state is 0.28 +/- 0.002. TMAB, on the other hand, displays an average rate of

121



0.0032 +/- 0.0002 s, and a fraction of cis-TMAB of 0.33 +/- 0.004 in the photostationary state.
As predicted if polyl is self-folding by inclusion complexation, the trans-to-cis isomerization is
inhibited, observed by both the reduced rate and reduced final fraction of cis-form TMAB
compared to the free chromophore, TMAB-TEG, in solution.

To confirm these differences are the result of BCD inclusion of TMAB along the polymer,
TMAB-TEG was then dissolved in an aqueous solution of excess (2-hydroxypropyl)-p-
cyclodextrin (HP-BCD). We chose to use an excess concentration to try to mimic the high local
concentration of cyclodextrin in the case of the TMAB being tethered adjacent to the cyclodextrin
units. This sample was measured in the same manner, and from the fits, an average rate of 0.0026
+/- 0.0001 s and photostationary state cis-fraction of 0.33 +/- 0.004 were extracted.

The isomerization rate of the TMAB-TEG/HP-BCD complex solution exhibited a rate similar
to polyl (Figure 5.9), indicating a similarly sterically inhibited environment, slowing the
isomerization of the free TMAB-TEG as a result of inclusion. However, the fraction of cis-TMAB
at the photostationary state matches that of the free TMAB-TEG without HP-BCD. As the TMAB-
TEG is not bound to the HP-BCD in this solution as it is for polyl, given an infinite time of
illumination, such as the photostationary state is defined, the TMAB-TEG will eventually
isomerize, but more importantly, separate from the HP-BCD.

As such, when included by BCD, both TMAB-TEG and polyl will have a similar degree of
steric hindrance while being driven from trans-to-cis and therefore a similar rate of
photoisomerization. In the photostationary state, however, both TMAB-TEG solutions should
reach the same fraction of cis-form TMAB-TEG molecules as they are now independent of the

cyclodextrin molecule, which is indeed observed.
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Figure 5.9. NOESY spectra shows cross-peaks between TMAB and cyclodextrin

only in the unprotonated, trans-TMAB state.

5.2.6 Determination of acid-catalyzed and acid-stabilized cis-to-trans isomerization
and polyl unfolding

The cis-to-trans isomerization of azobenzenes has been demonstrated to be catalyzed by
acids[?83284 and protonated-TMAB exhibits increased resonance stabilization in the trans state due
to intramolecular hydrogen bonding, rendering it unable to be isomerized back into its cis state. 282
The effect of pH was also determined for TMAB-TEG and poly1. First, *H NMR spectroscopy at
26.1 °C was used to confirm that (1) acidic protons catalyze the relaxation of TMAB from cis to
trans, and (2) acidic protons stabilize the trans state. To prevent a large water signal from the
addition of HCI in water, DCI in D.O was used. For these experiments, TMAB-TEG was dissolved
in an NMR tube and isomerized to its cis form with green light. DCI in D20 was injected into the
NMR tube and immediately moved into the NMR spectrometer for data acquisition. Although
TMAB-TEG showed negligible thermal relaxation in D0, it showed complete relaxation to trans
within 60 minutes with the addition of DCI (Figure 5.8). We then tried to photoisomerize the
acidified TMAB-TEG back into its cis state. Irradiation with either blue or green light showed no

isomerization by *H NMR spectroscopy (data not shown), likely due to the stabilization of the
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planar 6-membered ring formed by the acidified TMAB-TEG. The effect of acidic conditions was
determined for the folding polymer. The same NOESY experimental conditions were used and no

cross-peaks were observed (Figure 5.8, bottom).

5.3 CONCLUSION

We report the synthesis and folding behavior of a high molecular weight polymer with
multivalent TMAB and BCD moieties on the a- and ®- ends of the polymer. Folding behavior was
investigated with a combination of NOESY and photoisomerization quantum efficiency
calculations. The folding polymer exhibits multi-stimuli responsive behavior and can be reversibly

unfolded with the use of light and irreversible folded under acidic conditions.
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Chapter 6. SYNTHESIS OF CYCLIC POLYMERS VIA METAL-FREE
RING EXPANSION METATHESIS
POLYMERIZATION

6.1 INTRODUCTION

ROMP is a controlled polymerization that has shown great utility in newly expanding fields
such as organic electronics and drug delivery. ROMP has broad functional group tolerance, high
activity, tunable kinetics, good dispersity control, as well as the ability to make cyclic polymers.
ROMP has broad functional group tolerance, high activity, tunable kinetics, good dispersity
control, as well as the ability to make cyclic polymers. Unfortunately, transition metals like
molybdenum and ruthenium are extremely expensive, making the resulting polymers expensive.
Additionally, techniques to remove the transition metal initiators used for ROMP are difficult and
expensive. The residual transition metals in ROMP polymers, which range from 15-400 ppm, are
genotoxic and can affect their electronic and thermal properties.[t1:92.2%4]

The desire to move away from transition metal catalysis in polymer chemistry has coincided
with a growing interest in light driven reactions. Photoexcited electrons provide novel reaction
pathways, allow control of stereochemistry, and temporal and spatial resolution. However, direct
photoexcitation of organic molecules often requires high intensity ultraviolet range light. Organic
chromophores have been used as photomediators to catalyze some of the reactions previously
achieved by direct photoexcitation.?®>2%1 While the reaction mechanism is often not the same as
that achieved by direct photoexcitation, the use of photomediators allows the use of lower light
intensity in visible range. These photomediators, upon visible light excitation, will undergo
photoinduced electron transfer (PET) to initiate a reaction. Organocatalyzed PET (OPET) has been

applied to polymerizations to replace transition metals in atom-transfer radical polymerization
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(ATRP), reversible addition-fragmentation chain transfer polymerizations (RAFT)69:148,150,299-301]
and been used in many applications including metal-free microfabrication and additive
manufacturing.[302-304]

Ogawa et al. demonstrated an OPET system for the ROMP of norbornene and other common
ROMP monomers.3%3%] Dupbed “metal-free ROMP” (MF-ROMP), this polymerization results
in the same open ring metathesis polymers as traditional ROMP (Figure 6.1, top) but is
mechanistically distinct. A photomediator, in this case a pyrylium salt, is used to oxidize an enol
ether which initiates the polymerization.

MF-ROMP is a useful synthetic strategy that can potentially be adapted into metal-free ring
expansion metathesis polymerization (MF-REMP) for the synthesis of cyclic polymers (CycPs).
CycPs are academically interesting and have many potential applications. They have been shown
to exhibit smaller hydrodynamic radii in solution, higher glass transition temperatures as bulk
materials, and lower viscosities than their linear variants; they also exhibit better micelle stabilities
than their linear variants.*-3%1 CycPs have also been used in drug delivery: folate-functionalized
sunflower polymers have been synthesized as a generalizable approach for drug carriers.?? CycPs
also have potential for organic electronics; two recent examples include the synthesis of cyclic
substituted polyacetylene and the synthesis of cyclic polyphenylene ethynylene. 310311
Interestingly, cyclic polyphenylene ethynylene has higher fluorescence quantum yield compared
to its linear variant.

The full potential of CycPs has not yet been realized due to the difficulties in their syntheses,
scale-up, and purification. There are two synthetic approaches to cyclic polymers. The first
approach called “ring closing” are limited to <10 kDa molecular weight polymers, results in high

dispersity, necessitates high dilution and often click chemistry or enzymes.[?2307:312-315] Becayse

126



these approaches require large volumes of solvent, they are impractical for scale-up. The second
approach, called “ring expansion,” has limited monomer scope and results in predetermined
functional groups in the polymer backbone. For example, the tin oxide initiated synthesis of cyclic
polylactones, N-heterocyclic carbene initiated synthesis of polylactides, and even the
thiocarbamate initiated synthesis of poly(ethylene sulfide) all predetermine the backbone
functionality of the polymer.[*l The predetermined heteroatoms in backbone limit the ability for
post-modification functionality, allow interconversion between the cyclic and linear
conformations, and can also leave the polymer susceptible to hydrolysis. The field would be
greatly advanced by the facile synthesis of purely hydrocarbon backbone cyclic polymers, which
once polymerized, can access a variety of post-polymerization functionalizations, cannot undergo
ring opening to be linear, and are stable to hydrolysis.

Work by Grubbs, Boydston, and Xia et al. demonstrated the use of a modified tethered Grubbs
catalysts to use ring expansion metathesis polymerization (REMP) to synthesize cyclic
polyoctene.[t53317:318] \While these catalysts can efficiently polymerize both hydrocarbon and
functionalized monomers, they are expensive, are difficult to synthesize and purify, and have poor
dispersity control.B*! Additionally, these polymers are contaminated with linear polymers, and
face the other limitations of traditional metal-initiated ROMP listed previously.

The use of small molecule organic initiators in MF-ROMP makes it a convenient system to
adapt into MF-REMP. We hypothesize that cyclic enol ethers can be synthesized and will initiate

MF-REMP (Figure 6.1, bottom).
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Figure 6.1. General synthetic scheme for MF-ROMP (top) and MF-REMP

(bottom). Chain ends from the initiator are not shown in these figures.

6.2 SYNTHESIS AND USE OF CYCLIC ENOL ETHERS

6.2.1 Synthesis and use of cyclic enol ethers with oxygen endocyclic to the ring (oxy-
endo CycEE)

Previous experiments done in the Boydston group showed that oxy-endo CycEEs such as
commercially available dihydropyran and dihydrofuran show limited success as MF-REMP
initiators, resulting in up to 20% conversion of norbornene to polynorbornene (PNB). One possible
explanation for the low conversion is that the enol ether chain end undergoes acid-catalyzed
hydrolysis, resulting in an inactive chain end that is unable to propagate (Figure 6.2, middle).
Although linear MF-ROMP initiators such as ethyl propenyl ether can also undergo this
mechanism (Figure 6.2, top), the equilibrium of the hydrolysis reaction with the oxy-endo CycEEs

lies further to the right due to the more favorable AS term which arises from the gain in

conformational entropy from ring-opening into the linear form. Another possible explanation is
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that the reaction generates byproducts that react with the chain end and terminate the
polymerization, as these polymerizations cannot be reinitiated with addition of fresh initiator or
additional pyrylium.

One final limitation of using oxy-endo CycEEs is that hydrolysis of the enol ether into the

aldehyde will result in opening the macrocycle, resulting in a linear polymer (Figure 6.2, bottom).

acid catalyzed

O~ pyrylium o( 20
[ I —_— | HO ™
DCM hydrolysis
G— , pyrylium acid catalyzed
| | _— . -0
DCM hydrolysis |
(o]

o/

@ é , pyrylium ON acid catalyzed
DCM hydrolysis

Figure 6.2. Mechanisms and products of acid catalyzed hydrolysis of the enol
ether chain end in MF-ROMP. Proposed products of enol ether hydrolysis for
endocyclic oxygen enol ethers (middle) and exocyclic oxygen enol ethers

(bottom). The use of exocyclic oxygen enol ethers makes the resulting CycPs

resistant to ring opening from acid catalyzed hydrolysis.

6.2.2 Synthesis and use of cyclic enol ethers with oxygen exocyclic to the ring (oxy-exo
CycEE)
We hypothesized that the use of 1,1,2-trisubstituted cyclic enol ethers with the oxygen
exocyclic to the ring (oxy-exo CycEEs) as MF-REMP initiators will produce hydrolytically stable
CycPs. A panel of aliphatic enol ethers with exocyclic oxygens were synthesized from their

corresponding ketones in >80% yield over 2 steps (Figure 6.3, top scheme).2%! Methanol was
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dried by stirring over CaSO4 overnight and distillation. The dry methanol was stored in a Strauss
flask for future use. To a flame-dried round bottom flask containing a stir bar, the starting ketone
(1 equiv.) and p-toluene sulfonic acid (1 equiv.) were added. Dry methanol (1 M solution) was
added via syringe. After the ketone fully dissolved, trimethyl orthoformate (1.1 equiv.) was added
dropwise via syringe. Conversion of the ketone to the methanol ketal was monitored by *H NMR
spectroscopy with CeDe. Dissolving them in CDCls for 'H NMR analysis resulted in hydrolysis of
the ketal back into the starting ketone likely due the acidic conditions of the reaction mixture and
small amounts of HCI and water in the CDCls. After conversion was determined to be complete
by *H NMR analysis, the reaction was quenched by addition of triethylamine by syringe (0.5
equiv.). The solvent was removed under reduced pressure and the level of residual methanol was
monitored by *H NMR spectroscopy. When no more methanol could be detected by *H NMR
spectroscopy, the ketal was used in the next step without further purification.

To the round bottom containing a stir bar and the ketal, N,N-diisopropylethylamine was added
(1.8 equiv). Then, dry methylene chloride obtained from a solvent purification was added via
syringe (0.5 M solution). When the ketal fully dissolved, the reaction flask was cooled with an ice
bath and TMS-triflate was added dropwise via syringe (1.3-1.5 equiv.). The conversion was
monitored by *H NMR spectroscopy in CDCls. Conversion cannot be monitored by *H NMR
spectroscopy in CeDs because the methylene chloride peak overlaps with the enol ether alkene
proton (6 = 4-4.5 ppm). Fortunately, due to the excess amine, hydrolysis of the final product is
prevented even in CDCls. When conversion was determined to be complete, the reaction was
guenched by addition of 21%w sodium ethoxide in ethanol solution (1 equiv.). The final enol ether

was purified by column chromatography with 1%v triethylamine, 9%v ethyl acetate, 90%v
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hexanes as the running solvent. The *H NMR spectra of oxy-exo CycEEs (1-3) in C¢Ds are shown

in Figure 6.3, bottom.
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Figure 6.3. top, generalized synthetic scheme for the synthesis of oxy-exo
CycEEs. bottom, NMR spectra of oxy-exo CycEEs in CsDs in order of increasing

ring size.
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Oxy-exo CycEE (2) was synthesized first but was found to be unable to initiate MF-REMP.
We hypothesized that the mixture of (E) and (Z) diastereomers might be important for MF-REMP
and that the forced (E) alkene in the small 8-membered ring might limit propagation.
Commercially purchased ethyl propenyl ether (EPE) which is the most used initiator in MF-ROMP
exists as a mixture of 30% (Z) and 70% (E) isomers. MF-ROMP shows good initiator efficiency
and oxidation by pyrylium allows for free rotation of the enol ether in EPE and thus it is likely that
the (E) and (Z) diastereomers are equivalent for MF-ROMP. To test if the (Z) isomers are important
in initiating MF-REMP, the oxy-exo CycEE (3) was synthesized. Due to the large ring size, oxy-
exo CycEE (3) exhibited the same ratio of 30% (Z) and 70% (E) isomers as EPE. Unfortunately,
oxy-exo CycEE (3) also failed to initiate MF-REMP.

Next, we hypothesized that these oxygen exocyclic enol ethers were too sterically hindered
for MF-REMP. The increased steric crowding could raise the transition state energy of the charge
transfer complex from photoexcited pyrylium, slowing the rate of enol ether oxidation and
subsequent formation of an active chain end. The increased steric crowding could also raise the
transition state energy of the propagation complex as norbornene approaches the active chain end,
slowing the rate of propagation. All the oxy-exo CycEEs are 1,1,2-trisubstituted enol ethers, while
EPE is only a 1,2-disubstituted alkene.*%! Reports of photochemical cyclobutene synthesist®?!]
and electrochemical enol ether metathesis®? use only disubstituted alkenes and enol ethers as
substrates. However, because the oxygen must be exocyclic to the ring, these initiators are forced
to be 1,1,2-trisubstituted. To test if charge transfer to the enol ether was the rate limiting step, we
synthesized oxy-exo CycEE (1) because the phenyl ring can act as a “redox tag” to facilitate charge

transfer.21 Unfortunately, oxy-exo CycEE (1) was also MF-REMP inactive.
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We then hypothesized that all three cyclic enol ethers were impure or producing byproducts
during MF-REMP that resulted in irreversible early termination. To test this, the cyclic enol ethers
were doped into MF-ROMP initiated with EPE in a 1:1 ratio with EPE. The MF-ROMP reactions
proceeded normally and resulted in normal levels of conversion, suggesting that oxy-exo CycEEs
do not participate in this reaction.

Finally, it may be possible that charge transfer to the cyclic enol ethers was occurring, but
propagation was too slow. We hypothesized that improving the stability of the oxidized enol ether
and subsequent active chain end would allow for propagation by stabilizing the radical cation
intermediate. Although the reaction rate is determined by the energy level of the transition state
and not of the intermediate, the Hammond postulate can be used to approximate the energy of the
transition state from the intermediate.

In MF-ROMP it is thought the EPE radical cation concentrates charge density on the carbon
a to the oxygen and concentrates its spin density on the carbon f to the oxygen (Figure 6.4a). We
synthesized oxy-exo CycEE (4), which has a radical stabilizing methoxy-substitude phenyl group
on the B-carbon and (Figure 6.4b). The non-styrene like product oxy-exo CycEE (4b) is present
in 33% as an impurity and is very difficult to purify out. Fortunately, the 33% impurity is very
similar to oxy-exo CycEE (1) which has already been shown to be MF-REMP agnostic. Control
initiators oxy-exo CycEE (5, 6) were synthesized to determine the effect of the radical stabilizing
group on the a-carbon and the substitution pattern of the electron donating methoxy group (Figure

6.4c and 6.4d).
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Figure 6.4. a, EPE oxidation by pyrylium is thought to produce a radical cation that
concentrates charge density on the carbon alpha to the oxygen and the spin density
on carbon beta to the oxygen. b, cyclic enol ether synthesized with radical
stabilizing phenyl groups on the -carbon. c, control cyclic enol ether synthesized
to test the effect of a radical stabilizing phenyl group on the a-carbon. d, control
cyclic enol ether synthesized to test the effect of the substitution pattern of the

electron donating methoxy group on MF-REMP.
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6.3 FUTURE WORK

It remains to be seen if MF-REMP with 1,1,2-trisubstituted enol ethers are viable. One
experiment to test the effect of the extra substituent on MF-ROMP propagation is to use 1,2,2-

trisubstituted enol ethers as initiators.
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Chapter 7. RING-OPENING METATHESIS POLYMERIZATION OF A
STRAINED STILBENE-BASED MACROCYCLIC
MONOMERP2]

7.1 ABSTRACT

We report the synthesis of a new class of strained macrocycle that performs well in ring-
opening metathesis polymerization (ROMP). The polymerization displays chain growth
characteristics with evidence of secondary metathesis in the form of chain transfer. The unique
structure enables access to stilbene-based polymers that are traditionally prepared via uncontrolled

polymerizations.

7.2 INTRODUCTION

ROMP has become an indispensable synthetic technique in modern polymer chemistry and
materials science. 23243281 The monomer landscape for ROMP is dominated largely by four highly
strained monomer motifs: norbornenes, cyclobutenes, and cyclooctenes. The high amount of ring
strain within these systems provides a thermodynamic driving force for ring-opening
polymerizations.[*82329.3%01 |n general, increasing the diversity of the backbone composition
within ROMP is achieved by the polymerization of macrocycles (ring size >14 atoms), that in turn
have very little ring strain and thus reduce the driving force for propagation.*!l The dichotomy
exists largely between selection of monomer with high ring strain versus a macrocyclic system of
greater diversity but without an enthalpic driving force.

The lack of an enthalpic driving force for the polymerization of macrocycles demands that an

entropic driving force must be present for the polymerization to occur, and as such these
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polymerizations are categorized as entropy-driven ring-opening metathesis polymerizations (ED-
ROMPs).3313321 ED-ROMPs are controlled by a ring-chain equilibrium that exists between
macrocyclic oligomers and linear polymer. The thermodynamic drive is provided by the increase
in conformational entropy as the macrocyclic oligomers become linear polymers.33 Macrocyclic
platforms for ED-ROMP have been used to synthesize polymers with many unique features
including liquid crystalline polymers, poly(catenates), poly(calixarenes), and sequence-controlled
polymers.[333-3361 A major limitation of ED-ROMP is that when ED-ROMPs reach full equilibrium,
the B for the resulting polymer is expected to be high, around 2.0, and they will generally have
remaining macrocyclic oligomer, approximately 2%.234

Approaches to address the challenges with ED-ROMP include designing macrocycles with
high ring strain to make propagation “effectively irreversible.”t**"] The most common of these
approaches is to synthesize highly strained macrocycles. Towards this end Miao et al. were able
to utilize [2.2]paracyclophan-1-ene, a highly strained macrocycle, to synthesize a homopolymer
as well as block and random co-polymers with norbornene initiated by a Schrock type catalyst.[2%!
Since this initial demonstration, several other cyclophanenes and cyclophanedienes have been used
in ROMP to synthesize homo- and co-polymers.3334 |n addition, a series of donor-acceptor
block co-polymers have been synthesized via the ROMP of macrocycles based off of
arylenevinylenes.>*!I Inspired by this work, we set out to synthesize a strained macrocycle using

techniques previously reported for the synthesis of highly strained cycloparaphenylenes.#?

7.3 RESULTS

7.3.1 ROMP of a novel macrocycle monomer

Macrocyclic monomer 1 was polymerized using G3 in tetrahydrofuran-ds ([1]o = 1 M) with

an initial monomer to initiator ratio of 100:1 (Figure 7.11, top). With each initiator, conversion
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reached >99% within 12 h at 60 °C, as determined by *H NMR spectroscopy. *H NMR spectra of
the polymerization are shown in Figure 7.1, bottom. To monitor the polymerization we used 1H
NMR. More specifically we compared the integrations between the benzylic ether protons of the
monomer to the polymer at 5.39 and 5.48 respectively. From these experiments, we found that the
molecular weight distribution of poly(1) was monomodal with a My = 107 kDa and b of 1.7, based
upon SEC analysis using multi-angle laser light scattering and refractive index detection.
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Figure 7.1. Top, Polymerization scheme of Monomer 1 with Grubbs catalyst.

Bottom, Stacked *H NMR spectra of the polymerization over 12 hours. Top to
bottom time points: 5, 45, 60, 135, 540 min.

The structure of poly(1) was confirmed by *H NMR spectroscopy and MALDI-TOF/MS. In
the case of poly(1) there is a single vinylic signal at 7.24 ppm, consistent with a backbone of
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exclusively trans-stilbene isomers (Figure 7.2).134-3%1 MALDI-TOF/MS then was used to better
understand the structural speciation within samples of poly(1) (Figure 7.3). The repeat unit for
poly(1) has a calculated mass of 558.8 amu, which was found to be consistent with the predicted
molecular weight of 1. Notably, we did not see evidence of cyclic polymer structures from any of

the analyses.

JL JL J .
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Figure 7.2. 'H NMR of the final purified polymer. All of the highlighted H on the

polymer are consistent with trans protons, as compared to stillbene.
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Figure 7.3. MALDI-TOF data shows the repeat unit of the polymer. End group

molecular weight is consistent with linear polymers, not even larger macrocycles

The thermal properties of poly(1) were determine using DSC and TGA (Figure 4). The
decomposition temperature (Tq) for poly(1) was found to be 281 °C under N> determined by the
onset of weight loss using TGA. A glass transition temperature (Tg) for poly(1) was found to be

94 °C determined by differential scanning calorimetry, and no other thermal transitions were

observed.
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Figure 7.4. TGA (top) and DSC (bottom) data of isolated polymer.
7.3.2 Kinetics of macrocycle ROMP and concurrent chain transfer

Given the ring strain and expected enthalpic driving force for the ROMP of 1, the kinetics of
the polymerization were expected to be chain-growth-like, with better MW control than
comparable ED-ROMP systems. To better understand the polymerization mechanism of poly(1),
monomer conversion was monitored by *H NMR spectroscopy using the benzylic ether hydrogen
of the monomer and polymer at 5.39 ppm and 5.48 ppm, respectively. The polymerization
displayed first order kinetics with respect to consumption of 1 (Figure 7.5, top), as well as, a linear
correlation between M, and conversion (Figure 7.5, bottom). During the course of the
polymerization of 1 however, the B of poly(1) increased from 1.0 to 1.5 further which suggested

that chain transfer, not slow initiation, was the reason for the high b.
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Figure 7.5. Top, First order Kinetics plot of the disappearance of monomer 1.
Bottom, A plot of conversion and My shows a linear relationship, suggesting a

chain growth mechanism.

To determine if chain transfer is indeed occuring, two molecular weigh crossover experiments
were performed. In these experiments, polymers of different molecular weights are mixed together
and subjected to polymerization conditions. In the first experiment, polymer of M, = 65.2 kDa (B
= 1.6) was combined with model monomer (E)-stillbene (74 equiv) and G3 in THF at 40 °C. After
3.5 h, the polymerization was quenched with EVE and a crude reaction aliquot was taken for GPC
analysis. The resulting polymer was measusred to be M, = 16.9 (B = 1.5), suggesting that chain
transfer was possible during the polymerization. In the second molecular weight crossover
experiment, two polymers of different molecular weight were taken and subject to polymerization
conditions (Figure 7.6, top). After 3.5 h, a crude reaction mixture aliquot was taken for GPC
analysis. The resulting polymer showed an intermediate molecular weight and high dispersity

(Figure 7.6, bottom).
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Figure 7.6. Top, RI traces as determined by GPC of the two starting polymers
(red high MW, blue low MW) used for chain transfer experiments. Bottom, RI
traces as determined by GPC of the two starting polymers, and the final polymer

(purple mixed MW) from the chain transfer experiments.
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In summary we have reported the synthesis and subsequent polymerization of strained
macrocycle 1. The polymerization of 1 demonstrated first order kinetics and a linear correlation
between Mn and conversion consistent with a chain growth polymerization. The resulting linear
polymer presented through this method had a Ty 0of 94 °C and a Tq of 281 °C. Further work is being
done to use variations of 1 to make more complex polymeric materials that cannot be achieved
using traditional small molecule based poly(olefins). In this way, we hope to control and modify
the thermal and physical properties of these novel polymers. Ultimately, enthalpy driven ROMP
of highly strained macrocyclic monomers provides an exciting avenue to create and develop new

polymeric materials that would be significantly difficult to synthesize through other methods.

7.4 CONCLUSION

We envisioned a macrocycle (1) that enables predefined control of the structure of the polymer
backbone based on cis-stilbene that would contain a high amount of ring strain. By building ring
strain into the macrocycle, poly(1) was obtained with a low B as well as controlled molecular
weight. Controlling molecular weight is inherently valuable because it heavily influences the
polymer’s thermal properties according to the Flory-Fox relationship between MW and Tg. The
ability to synthesize potential high-performance polymers through readily accessible chain growth
polymerizations, instead of step growth polymerizations, could be an exciting advancement toward
more complex polymer structures that were previously thought to be unachievable.

Due to the lack of heteroatoms within the backbone, poly(1) would only be obtainable through
a synthetically intensive step growth polymerization. We demonstrate that building ring strain into
a pre-programmable macrocycle monomer is a viable synthetic strategy to make high performance

polymers with better molecular weight control that might be applicable to other high performance
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polymers made by polymerization macrocycle polymerization such as poly(phenylene)s,

poly(phenylenevinylene)s, and poly(aryletherketone)s.
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Chapter 8. FUTURE PROJECTS

8.1 FUTURE DIRECTIONS FOR APCPV

Please refer to Chapter 4.5.

8.2 ROMP FOR POLYSTAT

8.2.1 Using ROMP for polySTAT will improve synthesis and lower costs

PolySTAT, a water-soluble methacrylate-based polymer with multivalent fibrin-binding
peptides (FBP), is a promising new biomaterial solution for hemostasis.**61 PolySTAT is
synthesized by copolymerization of hydroxyethylmethacrylate (HEMA) and N-
hydroxysuccinimide ester methacrylate (NHS-MA) via RAFT. The activated NHS-esters on the
polymer are reacted post-polymerization with a primary amine on FBP.

One of the limitations in the synthesis of polySTAT is the less than quantitative conjugation
efficiency of FBP onto the methacrylate backbone. FBP is the most expensive component of
polySTAT and improving the efficiency of FBP incorporation would lower the manufacturing cost
of this promising biomaterial. One alternative approach has been explored in which an FBP-
methacrylate (FBP-MA) was synthesized and copolymerized with HEMA. However, this
approach is limiting because RDRPs are not taken to quantitative conversion due to the increased
rate of chain-chain coupling and loss of dispersity control. The unreacted monomers, including
some expensive FBP-methacrylate, are then thrown away.

Using ROMP instead of RAFT to synthesize polySTAT presents several advantages. There
are many methods for conjugating peptides onto ROMP monomers that can be achieved in high
yield, such as reacting FBP-amine with carbic anhydride, conjugating FBP onto an acrylate and
then reacting the FBP-acrylate in a [4+2] cycloaddition with cyclopentadiene or furan into a
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functionalized norbornene or oxanorbornene. Additionally, ROMP monomers can be made
directly by solid-phase peptide synthesis by making a norbornene-maleimide capped amino
acid.[5**1 ROMP has been shown to be have high functional group tolerance, ability to ROMP
peptide monomers, and can be taken to 100% conversion, resulting in no loss of expensive
FBP.[251’347]

ROMP polymers, however, have residual backbone alkenes which limit the shelf-life stability
of the final product. This can be addressed by hydrogenation with Pd/C and Hy, or acid catalyzed

hydroxylation®! which can impart additional water solubility.

8.2.2 Use of ROMP for polySTAT enables the synthesis of cyclic polySTAT

PolySTAT is primarily HEMA, which has one hydroxyl group for every 6 carbons, which is
below the minimum ratio for high water-solubility (one hydroxyl for every 3 carbons). And due to
its limited water-solubility, polySTAT must be administered in large volumes of liquid. The
translatability of polySTAT can be greatly improved by improving its water solubility, thus
allowing more concentrated formulations of polySTAT. Efforts are actively being made in the Pun
Lab to improve the solubility of polySTAT by incorporating a more water-soluble monomer,
GmMA into polySTAT.

An alternative approach to improve the water-solubility of polySTAT is to synthesize cyclic
polySTAT. As discussed earlier, CycPs have been shown to exhibit smaller hydrodynamic radii
in solution, and lower viscosities than their linear variants which may result in better water-
solubility due to lower chain entanglements.23%! The use of ROMP for the synthesis of
polySTAT will allow it to be synthesized into cyclic variants by building off the work done by

ring expansion metathesis polymerization (REMP).[153:317:318]
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