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Abstract

Self-immolative polymers (SIPs) are a subclass of degradable polymers that can be triggered
to depolymerize when exposed to a specific stimulus. The main advantages of SIPs are the
controlled and predictable depolymerization pathway, signal amplification, and tunability of
the polymer regarding which stimuli it responds to. The work presented in this thesis details
the synthesis, characterization, and applications of two different families of SIPs:
polycarbamates (PCBs) and polyglyoxylates (PGs). PCBs are known to have depolymerization
rates that are sensitive to environmental conditions surrounding them. In efforts to modify the
depolymerization, PCB was incorporated into amphiphilic diblock copolymers, first with
multi-stimuli-responsive  poly(2-(dimethylamino)ethyl — methacrylate) (PDMAEMA).
Evaluation of the ultraviolet (UV) light-responsive depolymerization behaviour under different
pH and temperature conditions indicated that temperature was determining factor driving faster
depolymerization. Secondly, PCB was incorporated into a block copolymer with thermo-
responsive poly(N-isopropylacrylamide) (PNIPAAmM), which responds at lower temperatures
than PDMAEMA. However, this system appeared to aggregate irreversibly in solution even at
lower temperatures, making it problematic in experiments. PGs are one of the newer classes of
SIPs. Previously, many glyoxylate monomers were inaccessible because of problems
synthesizing the monomers or achieving large volumes of sufficiently pure monomers for
polymerization. Overall, only a few new monomers were successfully polymerized, only
yielding lower degrees of polymerization compared to PEtG. To expand the usefulness of this
family, previously inaccessible PGs were achieved through a transesterification reaction with
PEtG. A family of alkyl PGs and functional PGs were created, with the latter being used in
further post-transesterification modification. This work represents significant advancements in

the synthesis, and applications of SIPs.
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Summary for a Lay Audience

Self-immolative polymers (SIPs) are a type of degradable polymers that can breakdown into
their building blocks when exposed to a small amount of a specific stimuli, that could include
pH, light, or heat. When exposed to the specific stimulus, the responsive end-group is cleaved,
and the polymer quickly breaks down end-to-end, like beads falling off a string. This thesis
investigates two different types of SIPs. The first class of SIP was attached to a water-soluble
polymer, to create a polymer with two distinct sections (one water soluble, and one insoluble
in water). When the polymer is in water, a ball like structure formed with the insoluble SIP on
the inside and the water-soluble portion sticking outside the polymer. The percentage of
polymer breakdown was monitored at different temperatures and acidities. The second type of
SIP was studied to find new ways of creating subclasses of the polymer. There are two methods
of forming new polymers. If we think of a polymer as beads on a string we can either create
new coloured beads and then put them on the string (referred to as monomer synthesis), or we
can take an already existing beaded string and spray paint it to achieve a new colour (referred
to as post-polymerization modification). When monomer synthesis failed, new classes of the
SIP were achieved through post-polymerization modification, allowing us to achieve
previously inaccessible SIPs.
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Chapter 1

1 Introduction

Portions of the introduction have been adapted from:

R. E. Yardley, A. Rabiee Kenaree, E. R. Gillies. Triggering Depolymerization: Progress

and Opportunities for Self-Immolative Polymers. Macromolecules, 2019, ASAP.

1.1 Polymers: a (brief) history

Humanity has been using polymeric materials for centuries, with known records of ancient
Mesoamerican cultures processing natural rubber to create balls and statues as far back as
1600 BCE.! Flash forward to 1869 CE when John Wesley Hyatt created the first
industrially produced polymer, celluloid, as a substitute for ivory.? Celluloid is modified
cellulose and was widely praised for saving the dwindling elephant and tortoise
populations. This was the beginning of the polymer revolution, as humanity was no longer

constrained by the scarcity of natural resources.
But what defines a polymer?

The word polymer means “of many parts,” and the modern definition of a polymer is a
macromolecule made up of many repeating units called monomers. As these long strings
of connected repeating units increase in molecular weight, their physical, chemical, and
optical properties will change relative to the properties of the starting monomer. The
change in properties is caused by chain entanglement, which occurs after a critical
molecular mass is achieved. Many of the original synthetic polymers were strong,
lightweight, and flexible, which is why synthetic polymers are often referred to as plastic

which means “pliable and easily shaped.”

Since the first fully synthetic polymer, Bakelite, was created in 1907 by Leo Baekaland,
there have been numerous advances in the field of polymer chemistry.> World War 11 led

to many developments, including nylon,* as natural resources were incapable to keep up



with the demands of war. Plastic production has continued to increase on an almost
exponential scale since the ending of the war, with over 350 million tonnes of plastic resin
being produced in 2015 (Figure 1.1).> With the sheer amount of plastic being produced

every year, there has been a constant effort to create new polymers.
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Figure 1.1: Global resin production in metric tonnes from 1950 to 2015.°

There are many ways to classify polymers depending on which characteristics are being
evaluated. For the purpose of this thesis, polymers will be broadly classified into

degradable and non-degradable polymers (Figure 1.2).

Synthetic

Polymers

N
Non-Degradable Degradable
Polymers Polymers
—T
| | | \ |
Stimuli- Stimuli-
Non-Responsive Responsive Biodegradable Responsive Self-Immolative
Polymers Non-Degradable Polymers Degradable Polymers (SIPs)
Polymers Polymers

Figure 1.2: Synthetic polymer classification.



1.2 Non-degradable polymers

No polymer is non-degradable given enough time or exposure to environmental conditions.
Non-degradable polymers can be loosely defined as polymers that will not completely
breakdown until well after their commercial lifespan under common environmental
conditions. For example, consumers rely on plastic beverage packaging to retain its
structure and impermeability under a wide range of conditions and polyethylene used in
joint replacements should resist degradation in the human body over a period of decades.
These polymers often have backbones composed entirely of strong carbon-carbon bonds
that withstand many chemical, biological, mechanical, thermal, and photochemical
conditions. Some commonly used non-degradable polymers include polyethylene (PE),
polypropylene  (PP), polystyrene (PS), poly (vinyl chloride) (PVC), and
polytetrafluoroethylene (PTFE) (Figure 1.3). These polymers are relatively inert, and do

not respond to outside stimuli.
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Figure 1.3: Chemical structures of common non-degradable polymers.
1.2.1  Non-degradable stimuli-responsive polymers

Non-degradable stimuli-responsive polymers are polymers that can detect and respond to

external stimuli by changes in the physical properties such as shape, solubility, and colour.®



These changes in physical properties can be triggered by a variety of stimuli, including
changes in pH, heat, light, and specific chemicals or gases. Depending on the specific
application and environment of use, each stimulus has inherent advantages and
disadvantages. For example, light and heat are great stimuli for closed systems, as they can

be applied externally.

1.2.2  pH-Responsive polymers

By changing the pH of an aqueous system, pH-responsive polymers can be triggered to
undergo reversible physical changes relating to their solubility, volume, configuration, and
conformation.” Polymers that are pH-responsive contain either acidic or basic functional
groups, such as organic acids, pyridines, and amines on the polymeric side chains. Weak
polyacids and polybases are protonated at low pH and deprotonated at neutral or high pH.’
Whether a polymeric side chain is in its protonated or deprotonated state will affect the
charge and consequently the solubility of the polymer in aqueous media. The solubility is
affected by altering the ionic interactions, hydrogen bonding, or hydrophobic interactions.
Some examples of pH-responsive polymers include poly(acrylic acid) (PAA), poly(4-
styrenesulfonic acid) (PSSA), poly(2-vinylpyridine) (P2VP), and poly(2-N,N-
dimethylaminoethyl methacrylate) (PDMAEMA) (Figure 1.4). pH-Responsive polymers
have been used as pH sensors,? as switches for adhesive to antifouling surfaces,® as ionic
purification/separation materials,’® and in various supramolecular assemblies, including
drug and gene delivery systems.'"¥2 The design of polymers responsive to changes in pH
represents an important advancement for drug delivery, as several areas in the body,
including the gastrointestinal tract, mucus membranes, and tumors are mildly acidic (i.e.
pH 5.8-7.4).1



Weak Polyacids Weak Polybases
PSSA PAA P2VP PDMAEMA
pKa 2.5 pKa 4.5 pKa 5.0 pKa 7.5
HO O ~ "N (0] @]
S~ H
O=§=O N
OH

Figure 1.4: Chemical structures of weak polyacids and polybases, with their associated
pKa values, that have pH responsive behaviour.

In 2014, the incorporation of two pH-responsive polymers, PAA and P2VP, along with
quantum dots (QDs) allowed for the creation of a pH sensor. The pH sensor was highly
stable and could detect pH in the range from pH 1-7. P2VP chains were grafted to orange
QDs (cadmium selenide/zinc sulfide) and PAA was grafted to blue QDs (cadmium
sulfide/zinc sulfide). Through -7 interactions, the polymers were deposited in a single
layer on to a sheet of graphene oxide. At low pH (< 3) the P2VP is protonated leading to
swelling and chain extension, whereas the protonation of PAA causes insolubility. Ata pH
higher than 4.5, both polymers are deprotonated causing the reverse, where P2VP is
insoluble and PAA is soluble. Depending on the pH of the system, the polymer that is

extended and the associated QD will determine the colour of the system (Figure 1.5).



Figure 1.5: Structures of a) P2VP-QD and b) PAA-QD; c) schematic illustration of the
conformation and behaviour of these polymers grafted to graphene-oxide and the
associated colours over a pH range of 1-7. (Adapted with permission from reference 8.
Copyright American Chemical Society.)

1.2.3  Thermo-responsive polymers

One of best studied and well understood stimuli in terms of polymers and their response is
temperature. It has been extensively studied because it can be readily applied to closed
systems.'® Research in the area of thermo-responsive polymers mainly focuses on polymers
in aqueous solutions that show a miscibility gap (area where the mixture becomes
heterogeneous) in their phase diagrams. Depending where the miscibility gap is found, the
system may have an upper critical solution temperature (UCST) or a lower critical solution
temperature (LCST). The USCT is an upper bound temperature, below which the polymer
will be insoluble at all concentrations. The LCST is a lower bound temperature, above
which the polymer will be insoluble for all concentrations based on entropically driven

demixing. Factors that affect LCST include polymer chain length, pH, salt concentration,



and polymer concentration.'* Some polymer systems may experience both an LCST and

UCST (Figure 1.6) depending on their composition.
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Figure 1.6: Phase diagrams from polymer compounds containing a a) UCST, b) LCST or
both (c) and d).

One of the most widely studied polymers that exhibits LCST behavior is poly(N-
isopropylacrylamide) (PNIPAAmM). PNIPAAmM has an LCST of ~32 °C, which is close to
physiological temperature, making it ideal for many biomedical applications. As the
solution temperature rises above the LCST, the PNIPAAmM chains undergo a transition from
the extended (solvated) random coil to a compact (desolvated) globular conformation. The
entropically driven demixing is driven by the hydrogen bonds that form between the
polymer chains and water. The mixing of the system possesses a negative entropy, and
therefore the mixing is temperature dependent, with low temperatures producing a negative
Gibbs free energy.

Biomedical applications of PNIPAAm are based on the principle that a polymer-drug
complex is formed at room temperature when the polymer is soluble. After injection into
the body, the polymer will warm, allowing the coil-globule transition to occur, and the drug
contents are released. More recently, other polymers have been investigated for use in the
biomedical field such as PDMAEMA and poly(ethylene glycol methacrylate) (PEGMA)
(Figure 1.7).



PNIPAAmM PDMAEMA PEGMA

DGR

n
i,\L 0] HO (0] 20\ 0
N $>@

Figure 1.7: Chemical structures of common thermo-responsive polymers.

Temperature-responsive systems can be used as thermo-gelling polymers, which are
temperature-sensitive physical hydrogels. Loh and coworkers synthesized a random
copolymer of PDMAEMA and poly(methyl methacrylate) (PMMA), PDMAEMA-ran-
PMMA.** The addition of the 12 mol% PMMA caused a decrease in the LCST of up to 5
°C from pure PDMAEMA of the same molecular weight. Below the LCST of the polymer,
the solution was clear and free flowing, however above the LCST (~26-38 °C depending

on concentration and polymer composition) it became and opaque gel (Figure 1.8).
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Figure 1.8: Photographs showing the reversible sol-gel transition of a PDMAEMA-ran-
PMMA copolymer. (Reproduced from reference 14 with permission from The Royal
Society of Chemistry.)

1.2.4  Light-responsive polymers

Light-responsive polymers have also been extensively studied because light can be applied

externally to a closed system, similarly to temperature. Other advantages include the ability



to precisely target a location, and to apply very narrow wavelength bands of light.*>" Over
the years, many functional groups have been used including azobenzenes and spiropyran
which have a reversible response to light irradiation (Scheme 1.1).1822 Azobenzenes
undergo a trans-cis isomerization from irradiation with 330-380 nm light, and undergo the
reverse cis-trans isomerization when irradiated with >420 nm light.?® Another reversible
light-responsive moiety is a hydrophobic spiropyran which can isomerize to a hydrophilic
merocyanine upon irradiation with 420 nm light.2° Often, these transitions are accompanied

with a colour change.
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Scheme 1.1: Representative molecules found in light-responsive polymers: 1) azobenzene
undergoing a cis-trans isomerization and b) hydrophobic spiropyran converting to
hydrophilic merocyanine.

A block copolymer composed of PNIPAM and modified spiropyran was used as a
temperature sensor.?> When irradiated, the colourless spiropyran results in a colourless
solution, but upon irradiation and consequent isomerization to the merocyanine, the
solution becomes coloured. A bathochromic/hypsochromic shift of the absorption
spectrum within a wide temperature range will then occur (Scheme 1.1). The heat-induced
bathochromic shift could be explained by the formation of a less polar domain by polymer

aggregation when the polymer changed from a coiled to a globular structure at the LCST.
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poly(NIPAM-o-SP)

Figure 1.9: Chemical structure of PNIPAM and modified spiropyran containing polymer,
and the associated thermo-responsive colour changes visible when irradiated with UV-
light. (Reproduced with permission from reference 22. Copyright 2009 American
Chemical Society.)

1.2.5 Gas-responsive polymers

Small molecules, such as gases, can be easily removed or added to a system, especially
when dealing with large volumes that may be common in industry. Several gaseous triggers
have been reported in the literature, including work studying C0O2,%#% C0,% and NO.?’
Gas-responsive polymers have been used in applications as drug delivery vehicles, cell

signaling systems, microgels, and nanoreactors.?®

CO2 has been the most widely studied trigger for gas-responsive polymers as it is a
naturally-abundant and non-toxic gas.?® Functional groups that respond to CO; include
tertiary amines, guanadines, and imidazoles.?* Many of these polymers are used in aqueous
systems, and changes in pH occur in the system as CO: is introduced. Therefore,
compounds with tertiary amines, that possess pKa values in the appropriate range (pKa
from 6.5-8.1) have been extensively explored. Bubbling CO; through a system results in
the protonation of the polymer, and the deprotonation of the polymer is triggered by
sparging the system with inert gas such as Ar or N2. These systems are much desired as the

stimuli is non-toxic and aqueous environments are tenants of green chemistry.

Recently, Tam and co-workers synthesized grafted PDMAEMA onto cellulose nanofibers
to create CO; responsive aerogels (Figure 1.10).2° In the presence of CO; the surface of
the aerogel switches from hydrophobic to hydrophilic in nature. When in ambient

environments (pH of 7 and temperature of 25 °C), the surface of the aerogel was
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hydrophobic, and when used as a filter could separate oil from an oil-water mixture. After
exposure to CO. for 15 min, the surface of the aerogel changed from hydrophobic to
hydrophilic and the separation process was completely reversed (Figure 1.10). This was

shown to be stable for multiple cycles.
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Figure 1.10: Schematic representation of PDMAEMA functionalized cellulose nanofibers
aerogels and the associated oil/water operations in the presence of an inert environment or
CO:s.. (Reproduced with permission from reference 29. Copyright 2019 American Chemical
Society.)

1.3 Stimuli-responsive Degradable polymers

Many traditional applications of polymers have relied on their long-term stability, as
previously discussed. In recent years, however, there has been increased interest in
polymers that can be readily degraded. This interest is on the one hand motivated by
increasing attention to the global problem of plastic pollution.3*3! However, degradable
polymers are of significant interest for the growing biomedical fields of drug delivery®

and tissue engineering.®
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Degradable polymers may be naturally occurring (e.g. polysaccharides and proteins) or
produced synthetically. Both natural and synthetic versions tend to share common
characteristics in their architecture, often being composed of ester, amide, and/or ether
bonds. These polymers typically undergo a gradual degradation, either in vivo or in the
environment, often assisted by microbes. Much attention in the area of degradable
polymers has focused on polysaccharides®* and polyesters.®>- In many cases, a polymer
would ideally remain highly stable while being used in its application, and then would

degrade rapidly on demand under specified conditions.

While the concept of triggered degradation is not new, over the last decade there has been
a resurgence of interest in controlling polymer degradation. In particular, significant
progress has been made in the ability to trigger degradation with specific stimuli and in
demonstrating its application in smart materials and devices. In general, there are three
main classes of stimuli-responsive degradable polymers: acid-, redox-, and photo-

degradable polymers.

1.3.1 Acid-degradable polymers

Acid-degradable polymers are usually created by the incorporation of acid-sensitive
functional groups, including acetals, ketals, imines, and hydrozones (Scheme 1.2). These
functional groups are stable in neutral environments but undergo rapid degradation in

acidic environments.
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Scheme 1.2: Chemical structures and hydrolysis products of generic a) acetal/ketals,
b) imines, and ¢) hydrazones.

The degradation of acetal and ketals has been the subject of interest because they are
charge-neutral and undergo hydrolysis at a rate proportional to the hydronium
concentration of the local environment. This makes them ideal for biomedical applications
as they remain stable under physiological conditions but can break down upon exposure to
the more acidic medium encountered within a tumor cell (pH 5.7-7.8), triggering polymer
degradation and release of the drug, for example.

Polymers were prepared from estradiol-polyketal conjugates, by incorporating estradiol
into the polymer backbone (Figure 1.11a).%” These polymers were then incorporated into
microparticles that showed prolonged release that was pH responsive, as the faster drug
release occurred at low pH (Figure 1.11b).
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Figure 1.11: a) Synthesis of a estradiol-polyketal conjugate and the release of estradiol
from various microparticle assemblies at pH 7.4 (unless otherwise indicated). (Reproduced
with permission from reference 37. Copyright 2016 American Chemical Society.)

1.3.2 Redox-degradable polymers

Another class of biologically relevant stimuli are reducing and oxidizing reagents as
diseased tissues are known to have higher concentrations of redox-active species.® For
example, cancer cells have up to 10 times the concentrations of reducing glutathione
compared to healthy cells. One method of utilizing this property is to synthesize polymers
with disulfide linkages built into their backbones (polydisulfides), as they can be cleaved
by reducing agents such as dithiothreitol (DTT) or glutathione.3%-4?

Over the years there has been a number of degradable disulfide-based systems used in the
biomedical field for drug delivery.'® %> These systems had limitations, however, such as
complicated syntheses, lack of tunable properties, and a lack of acceptable host response.
Recently, Farokhzad reported the development of a biodegradable and biocompatible
poly(disulfide amine) that is prepared in one-step, in under 10 minutes, via a
polycondensation reaction between fatty diacids and L-cysteine esters (Figure 1.12).%
These were incorporated into nanoparticles for drug delivery and were shown to
completely disassemble in the presence of reducing agents DTT or glutathione. It was also
shown that increasing the chain length of the hydrophobic fatty acid caused an increase in
the retention time for hydrophobic molecules, such as Nile red, allowing for tunable drug

retention.
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Figure 1.12: Chemical structure of a reduction-sensitive L-cysteine based polymer and the
the mechanism for its incorporation into nanoparticles and subsequent depolymerization
on contact with a reducing agent. (Reproduced with permission from reference 43.
Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGA, Weinhiem.)

1.3.3  Photo-degradable polymers

As discussed previously, light is a convenient stimulus as it can be controlled in both
temporal and spatial dimensions. Photo-degradable polymers differ from the previously
discussed photo-responsive polymers because they incorporate units that undergo
irreversible changes upon exposure to stimuli. These polymers often include
photocleavable linkers such as coumarin dimers,!” 4 o-nitrobenzyl esters and

carbonates,*-*6 and 2-diazo-1,2-napthoquinones*’ (Scheme 1.3).
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Scheme 1.3: Chemical structures of light sensitive moieties and their irreversible
decomposition: a) o-nitrobenzyl, b) coumarin, and c¢) 2-diazo-1,2-napthoquinones.

Photocleavable moieties are extensively used as protecting groups because they have many
of the following characteristics: 1) strong absorption at wavelengths above 300 nm, 2) high
quantum yield, 3) stable in media prior to irradiation, 4) soluble in various media, 5)
photochemical by-products do not absorb in the same range, 6) biocompatible, and 7) the
cleavage event is rapid.*® The most used family of photocleavable groups is the nitrobenzyl
family. This is because the cleavage event is rapid, and therefore not the rate determining
step for most systems.*® The nitrobenzyl group absorbs a photon, allowing for the cleavage
of the N=O =-bond via a Norrish Type Il reaction.*® This brings the molecule into a
diradical excited state, which then abstracts a proton from the benzylic carbon. A five-
member ring is formed followed by cleavage of the 2-nitrosobenzaldehyde group. This
system has also been extensively studied over the years leading to variations that work in

a variety of wavelengths and media.*8
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Two common degradable polymers are poly(lactic acid) (PLA) and poly(lactic-co-glycolic
acid) (PLGA) which degrade based on their hydrolytic cleavage, which is a slow and
uncontrolled process. Almutairi and coworkers incorporated a UV-responsive modified o-
nitrobenzyl group.*® Upon UV cleavage of this photolabile group, an internal cyclization
reaction occurred to produce a 5-membered ring. After successive cleavages, complete

degradation of the polymer was achieved.
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Figure 1.13: Schematic showing the photo-degradable behaviour of o-nitrobenzyl
modified PLA and PLGA. (Reproduced with permission from reference 46. Copyright
2015 American Chemical Society.)
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1.3.4  Limitations of stimuli-responsive degradable polymers

Stimuli-responsive degradable polymers break down in response to external stimuli but
need multiple stimuli-mediated events to achieve complete depolymerization. These levels
may be easy to achieve in laboratory conditions, however, can be difficult to achieve in

natural or in vivo environments.

1.4 Self-immolative polymers

Inspired by the notion of self-destruction, polymers that depolymerize end-to-end upon
triggering have often referred to as self-immolative polymers (SIPs).>® Other naming

conventions including continuous head-to-tail depolymerization®® and cascade
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depolymerization®? have also been used. A defining feature of SIPs to be their ability to
undergo complete end-to-end depolymerization following a single bond cleavage event by
a stimulus. This provides an amplified response to the stimulus, as many molecules are
released from a single stimulus event. End-to-end depolymerization can occur following
the stimulus-mediated cleavage of a polymer end-cap (Figure 1.14a), or backbone bond of

either a linear (Figure 1.14b) or cyclic SIP (Figure 1.14c).
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Figure 1.14: Depolymerization can be triggered by (a) end-cap cleavage; (b) backbone
cleavage of a linear polymer; (c) backbone cleavage of a cyclic polymer. After the initial
cleavage, the arrows represent a cascade of sequential reactions leading to
depolymerization.

Depolymerizable SIP backbones can be categorized as either irreversible or reversible.
Irreversible SIPs degrade to products that differ from the monomers from which they were
synthesized, and therefore they cannot be repolymerized (Figure 1.15a). In contrast,
reversible SIPs depolymerize to the monomers from which they were synthesized, making
repolymerization possible, at least in principle (Figure 1.15b). The different SIP
backbones and their derivatives vary widely in terms of their depolymerization rates,
triggering chemistry, degradation products, as well as their thermal and mechanical
properties. Therefore, they must be carefully selected and tuned according to the target

application. Several comprehensive reviews on SIPs have been published over the years.>!
53-55
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Figure 1.15: After end-cap or backbone cleavage, SIPs can (a) irreversibly depolymerize
to molecules different from the original polymerization monomers or (b) reversibly
depolymerize back to monomers.

141 Irreversible SIPs

The first reported irreversible linear SIPs were inspired by self-immolative dendrimers.>®-
%8 Unlike the step-wise synthesis of dendrimers, the polymers were prepared in one-step
reactions. Irreversible SIPs have been prepared by step-growth polymerizations and
depolymerize by elimination and/or cyclization reactions. Poly(benzyl carbamate)s (PBCs)
derived from 4-aminobenzyl alcohol have been the most widely used irreversible SIPs.
Polycarbonates and variations incorporating different linkers have also been introduced to
tune the depolymerization rate and to introduce new properties and functions. Proof of
concept studies with these polymers in different applications such as sensors and drug

delivery vehicles have been performed.

1.41.1 Poly(benzyl carbamates) (PBCs)

The first PBC SIP was introduced by Shabat and coworkers in 2008.%° A phenyl carbamate
(1.1) was polymerized using dibutyltin dilaurate (DBTL) as a catalyst at 100 °C with an
alcohol end-capping agent to afford PBCa (Scheme 1.4). The polymerization reaction is
quite versatile and a variety of functional monomers as well as different end-caps have
been incorporated. PBCs have also been incorporated as depolymerizable side chains on
bottlebrush polymers.>® However, the degree of polymerization (DPy) has typically been
limited to < 20, and the step-growth polymerization mechanism results in relatively broad
dispersities (P) ranging from ~1.4-2.0. Following end-cap cleavage to reveal a terminal
aniline, the depolymerization of PBCs is based on a 1,6-elimination-decarboxylation

cascade.®® The released azaquinone methides (1.3) react with water or other nucleophiles
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to generate 4-aminobenzyl alcohol or its derivatives (1.2). In the presence of water, the
depolymerization is relatively rapid, reaching completion over several hours.>® However,
in less polar media the depolymerization reaction is very slow,®:®3 often requiring days.
Phillips and coworkers accelerated the depolymerization rate of PBC oligomers through
the introduction of electron-donating methoxy groups or by reduction of the aromatic
character of the repeat units using naphthalene derivatives.®* Both of these approaches
lowered the energetic costs of dearomatization involved in the depolymerization.
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Scheme 1.4: Synthesis and depolymerization PBCs having different pendant groups and
end-caps.

PBCs have been incorporated into a number of different sensor designs. Shabat and
coworkers incorporated ortho-acrylate substituents onto a PBC and 4-hydroxy-2-butanone
as an end-cap, resulting in the water soluble SIP PBCb-4H2B.* While the polymers were
not fluorescent, cleavage of the end-cap by bovine serum albumin resulted in
depolymerization to the corresponding aniline derivative, which fluoresced at 510 nm.
Alternatively, 4-nitroaniline carbamates were incorporated as pendant groups, along with
ortho-acrylates and a phenylacetamide end-cap (Scheme 1.4 PBCb/c-PAA).%® Cleavage
of the end-cap by penicillin-G amidase triggered the backbone depolymerization by the
1,6-elimination-decarboxylation cascade and release of 4-nitroaniline reporters by an

analogous pendant group fragmentation.

PBC-based materials have also been explored for encapsulation and release applications.
The ability to achieve high degrees of payload release in response to subtle chemical

stimuli can provide advantages over traditional stimuli-responsive polymers. For example,
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Moore and coworkers prepared microcapsules from PBCs (Scheme 1, PBCe-BOC and
PBCe-FMOC).% The hydroxyl pendant groups of the PBCs were activated with 2,4-
toluene diisocyanate, then microcapsules were prepared using an emulsion process with
butanediol as a chain extender. The capsules prepared from BOC and FMOC end-capped
polymers released their payload over 24 — 48 h using HCI and piperidine as stimuli
respectively. Liu and coworkers also explored this concept by combining PBCs with
hydrophilic poly(N,N-dimethylacrylamide) (PDMA) to afford amphiphilic block
copolymers that self-assembled to form vesicles.®® End-caps including perylen-3-ylmethyl
carbamate (P3M), 2-nitrobenzyl carbamate (NB), and a PDMA-functionalized disulfide
carbamate (PDMA-SS) were incorporated to enable triggering with visible light, UV light,
and thiols respectively. Thiols in particular are biologically relevant stimuli as the reducing
peptide glutathione is known to be present at higher concentrations in hypoxic tumors and
also within cells compared to the extracellular environment.® Stimuli-triggered
depolymerization of the SIP block and consequent vesicle disintegration resulted in the

release of various payloads such as doxorubicin (DOX), camptothecin, and enzymes.

Most recently, Shabat and coworkers also developed poly(benzyl carbonate)s that
depolymerized to release quinone methides.®” Schaap’s adamantylidene-dioxetane turn-
ON chemiluminescence probe was incorporated into each monomer unit such that trapping
of the quinone methide by water generated a phenolate-dioxetane, which spontaneously
decomposed by a chemically initiated electron-exchange process to generate an excited
state benzoate and adamantanone. Emission of blue light (499 nm) occurred as the benzoate
decayed to the ground state. In all of the above examples, a key characteristic was the
release of multiple reporter molecules in response to one end-cap cleavage, exemplifying
the key amplification feature of SIPs. Signal amplification is particularly important for the

fabrication of sensors as higher sensitivities provide better detection limits.®

1.4.1.2 Polycarbamates containing linkers

Cyclization spacers have been incorporated into SIPs to modulate their properties and
depolymerization rates. In the early days of SIP development, our group began working on
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PBCs without pendant functional groups. They were poorly soluble in most solvents, which
hindered our efforts to study their depolymerization. While Shabat and coworkers
introduced pendant solubilizing groups, based on the known favorable cyclization of N,N’-
dimethylethylenediamine (DMED) derivatives to N,N’-dimethylimidazolidinones,%® we
inserted DMED spacers to improve the solubility.>? The target SIP was synthesized from
monomer 1.4, containing a protonated amine (Scheme 1.5a). The addition of 4-
dimethylaminopyridine (DMAP), NEts, and BOC-protected monomer as an end-cap,
afforded the BOC end-capped polycarbamate PBC-L with a DP, of ~16 and D of 1.6.
Depolymerization was triggered by cleavage of the BOC group with trifluoroacetic acid
(TFA) then immersion in pH 7.4 phosphate buffer:acetone (3:2). It occurred by a cascade
of cyclization-1,6-elimination-decarboxylation reactions, requiring about 3 days to reach

completion.
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Scheme 1.5: (a) Synthesis and depolymerization of a polycarbamate based on 4-
hydroxybenzyl alcohol and DMED (PBC-L)); (b) Chemical structures of related analogues
containing 2-methylaminoethanol (PBC-L2) or mercaptoethanol (PC-L) spacers.

We also incorporated different cyclization spacers (Scheme 1.5b).”° For example, the
replacement of DMED with 2-methylaminoethanol in PBC-L2 or the mercaptoethanol

spacer in PC-L resulted in more rapid cyclization reactions. While PBC-L required 7 h to



23

reach 50% depolymerization after triggering, PBC-L2 was 50% degraded in 1 h, and
polymer PC-L was 50% degraded in less than 30 min. Thus, the insertion of cyclization
spacers allowed tuning of the depolymerization rate. However, a limitation of all of these
backbones is the tendency to form cyclic oligomers during the polymerization (~20 wt%).
These cyclic species are difficult to separate from the desired linear polymers and do not
depolymerize upon end-cap cleavage as they do not possess end-caps. Cyclic species have
not been reported for PBCs (Scheme 1.4), likely because their more rigid structures make

intramolecular cyclization less favorable.

Polycarbamates with linkers were the first SIPs incorporated into block copolymers and
used in encapsulation and release studies.>? For example, we prepared an amphiphilic block
copolymer by conjugating a hydrophilic PEG block to the end-cap of the hydrophobic SIP
block. The resulting block copolymer PBC-PEG (Figure 3a) was self-assembled to form
nanoparticles. Hydrolysis of the ester linkage between PEG and the SIP block resulted in
the depolymerization of the SIP and degradation of the nanoparticles. Nile red, a
hydrophobic dye molecule, was encapsulated into the SIP nanoparticles and was released

as the nanoparticles degraded.

Almutairi and coworkers incorporated end-caps responsive to UV and near-infrared (NIR)
light onto PBC-L and prepared nanoparticles from the resulting polymers using an
emulsion process.’* The nanoparticles were degraded using UV or NIR light and released
Nile red in response to these stimuli. The cytotoxicity of the polymers and their degradation
products were also explored. The materials were found to be as well tolerated as
poly(lactic-co-glycolic) acid, which is approved in certain clinical applications.
Nevertheless, like the poly(benzyl carbamate)s described above, this class of
polycarbamates releases azaquinone methides during their depolymerization and further

investigations of potential toxicity are required.
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1.4.2 Reversible SIPs

Reversible SIPs are typically based on polymers with low (i.e., below room temperature)
ceiling temperatures (Tc), where Tc is defined as the temperature above which, polymer of

high molar mass is not formed in a given chain polymerization:’2
P,+M & P, (Equation 1)

where Py is the growing chain with DP of x and M is a monomer. By definition, at the
ceiling temperature AG = 0 for Equation 1, and consequently T = AH/AS. Thus, the ceiling
temperature for a given polymerization depends on both enthalpic and entropic
contributions. T¢ also depends on the initial monomer concentration, and T¢(c®) denotes the
ceiling temperature for an initial monomer concentration of 1 M, while T¢(bulk) denotes
the ceiling temperature for undiluted monomer. Polymers can be synthesized below the T,
but above the Tc, depolymerization occurs spontaneously. Capping or cyclization of the
polymer below its T¢ prevents the depolymerization, but when the end-cap or backbone is
cleaved at room temperature, depolymerization can occur. Many of the reversible SIP
backbones have actually been known for decades, but in the past decade, there have been
significant developments in the introduction of stimuli-responsive end-caps that enable
depolymerization to be triggered by a wide range of stimuli. This has facilitated the
application of triggered depolymerization in diverse fields ranging from smart composites
to drug delivery. Their depolymerization back to the monomers from which they were
initially synthesized also endows reversible SIPs with the potential to be recycled through
depolymerization and subsequent repolymerization. The most important classes of
reversible SIPs are poly(benzyl ether)s, polyphthalaldehydes, polyglyoxylates, and
polyglyoxylamides

1.4.2.1 Poly(benzyl ether)s (PBES)

Inspired by the work of McGrath and coworkers on PBE dendrimers,>® as well as prior
work on the anionic polymerization of quinone methides,”® Phillips and coworkers

introduced depolymerizable PBEs.”* They polymerized 2,6-dimethyl-7-phenyl-1,4-
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benzoquinone (1.8a) using 1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-22°,4°-
catenadi(phosphazene) (P2-t-Bu) and an alcohol initiator at low temperatures (-10 to -20
°C) to afford polymer PBEa with high DPys, up to 2300 and P of 1.3-1.5 (Scheme 1.6).
The methyl groups on monomer 1.8a were incorporated to prevent the uncontrolled
polymerization’ and the phenyl moiety was incorporated to make depolymerization more
favorable, as extended conjugation stabilizes the initial quinone methide depolymerization
product compared to the (aza)quinone methides generated in the depolymerization of the
polycarbamates and polycarbonates described above. End-capping was performed using
chloroformates or alkyl or silyl chlorides to afford the corresponding PBES responsive to
light, fluoride, acidic environments and redox reactions.
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Scheme 1.6: Synthesis and depolymerization of PBEs with different pendant groups and
end-caps.

The ether backbone imparted higher stability to PBEs compared with other backbones such
as PBCs when exposed to base, acid, and heat. However, they depolymerized by 1,6-
elimination reactions (Scheme 1.6) in less than 1 h when exposed to stimuli, even in
organic solvents. Different groups such as tri(ethylene glycol)s,” fluoroalkyl chains,”™
alkenes for thiol-ene reactions,’®"" alkynes for CUAAC,® and masked self-immolative

moieties,”® were incorporated onto the pendant phenyl ring of PBEs (Scheme 1.6, PBEb-
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f). Furthermore, Zhang and coworkers prepared bottlebrush PBEs by grafting PEG or
polystyrene (PS) side chains.’® Interestingly, the PS-grafted polymer depolymerized more
slowly, which was attributed to conformational constraints that made it more difficult for

the backbone to attain the ideal geometry for the 1,6-elimination reaction.

Phillips and coworkers explored the triggered depolymerization of PBEs in the solid state.
They combined hydrogen-terminated PBEs (PBEb-H and PBEc-H) with other polymers
such as PS, polyethylene, and polypropylene, resulting in mixtures of plastics that could
not be separated based on properties such as solubility.” Addition of the base 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) resulted in selective depolymerization of the PBE
in about 2 h at 23 °C (Figure 1.16). After recovering the monomers by extraction, they
were repolymerized to afford PBE in 83% yield, compared to 87% yield for the original
polymerization. Optimization of aspects such as cost and efficiency of monomer recovery
would be required, but this was an interesting proof of concept for the use of SIPs in mixed

plastic recycling.
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Figure 1.16: Separation of solid PBE (U) from solid polyethylene (P) and polypropylene
(S) by selective depolymerization induced by DBU. (Adapted from reference 73 with
permission from The Royal Society of Chemistry.

While depolymerization occurred for the hydrogen-capped PBE in 2 h with DBU, Phillips
and coworkers also noted that the depolymerization of most PBEs was very slow in the
solid state.” They attributed this to a lack of accessible end-caps at the solid-liquid

interface, and therefore incorporated stimuli-responsive triggers, such as TBS-protected
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phenols, on each backbone repeat unit (e.g., PBEf-A, Scheme 1.6). Cleavage of these
moieties resulted in 1,6-elimination reactions of the resulting phenols, cleaving the
backbone. Rigid polymer disks prepared from polymer PBEf-A were depolymerized to
soluble products in less than 5 h in the presence of fluoride ions at 23 °C. In a related
approach, Zhang and coworkers reported PBEs with pendant disulfide groups (PBEg-TBS,
Scheme 1.6).8° Conjugation of PEG-SH via disulfide exchange led to graft copolymers,
while reaction with HS-PEG-SH led to gels. The materials were degraded by a reducing
agent (DTT), as the released thiol cyclized onto the carbonate group, releasing the phenol,
which underwent a 1,6-elimination to initiate the depolymerization. In these latter two
examples, the cleavage of the PBE through the pendant groups resulted in one fragment
terminated with a phenol, that depolymerized, and another fragment terminated with a
benzylic alcohol, which did not immediately depolymerize. In this sense, PBEs differ from
polyaldehydes where backbone cleavage results in two unstable fragments as described in

the next sections.

Ergene and Palermo explored cationic PBEs as potential antibacterial polymers.”®"” They
grafted primary and tertiary amines as well as quaternary ammonium groups onto alkene-
functionalized PBEs using thiol-ene chemistry (PBEd-TBS, Scheme 1.6). The primary
amine-functionalized PBEs had the highest activities. The tertiary amine-functionalized
PBEs were much less active, and the quaternary ammonium systems had intermediate
activities. Hemolysis, the lysis of red blood cells, often serves as an initial indicator of
toxicity to mammalian cells. The primary and tertiary amine-functionalized PBEs were
highly hemolytic, but the quaternary ammonium-functionalized PBE was much less
hemolytic. Depolymerization of the primary ammonium-functionalized polymer, induced
by fluoride, greatly reduced its hemolytic toxicity, while retaining high antibacterial
activity. In a follow-up work, Ergene and Palermo grafted varying ratios of PEG and
primary amines to PBEd-TBS to modulate their hydrophobic-hydrophilic balance.®* With
25-50 mol% of 800 g/mol PEG, high antibacterial activities were retained while reducing
hemolytic activities, and only minor changes in these activities were observed upon

depolymerization. In contrast, grafting of 2000 g/mol PEG resulted in similar decreases in
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antibacterial and hemolytic activities. Overall, this work demonstrates a potential role for
depolymerization in modulating the behavior of antibacterial polymers. Further work will
be needed to determine the toxicity of the PBEs and their depolymerization products. The
authors also noted the potential for SIPs in the development of antibiofilm coatings with a
triggerable self-cleaning characteristic. Some initial efforts towards this approach were
recently reported by Lienkamp and coworkers in collaboration with our group using UV
light-sensitive PEtG as a sheddable coating layer.?

1.4.2.2 Polyphthalaldehydes (PPAS)

PPAs are polyacetals composed of o-phthalaldehyde (0-PA) or its derivatives.®® Because
of the relatively small enthalpy change associated with the conversion of the aldehyde’s
carbon-oxygen double bond to two carbon-oxygen single bonds in the polymer, the entropy
gained through depolymerization overrides the enthalpic cost of depolymerization at
relatively low temperatures, leading to low T¢ values (e.g., -40 °C for 0-PPA).8* Metastable
PPAs can be prepared via cyclization or end-capping reactions, but when terminal
hemiacetal moieties are revealed through either a backbone or end-cap cleavage, they
rapidly depolymerize to the monomers at ambient temperatures. Significant advancements

have been made in both the synthesis and application of PPAs over the past decade.

1.4.2.2.1 Cyclic polyphthalaldehydes (cPPA)

In 1960s, Aso and Tagami studied different acid catalysts for the polymerization of 0-PA,
including BF3-OEt, (Scheme 1.7), TiCls, SnCls4, and [Ph3C][BF4] at —78 °C and suggested
cyclic structures of the polymers (cPPAa).858 The polymerizations were rapid (less than
1 h) but they could not control the DP, of the isolated PPAs. Ito and coworkers used
BFs-OEt; for the polymerization of 0-PA derivatives including 4-chlorophthalaldehyde, 4-
bromophthalaldehyde, and 4-trimethylsilylphthalaldehyde affording cPPADb-d.8” The
electron-withdrawing groups made the backbones less susceptible to cleavage. Moore and
coworkers finally confirmed the cyclic structures of cationically synthesized PPAs via end-
group analysis using NMR spectroscopy and mass spectrometry.®® They also discovered

that under cationic conditions, the cyclic polyacetal backbone of PPAs could reversibly
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cleave to release or incorporate monomers before backbiting and forming the final cyclic
polymers. Taking advantage of this scrambling mechanism, they prepared random and
multi-block copolymers by simply mixing PPAs with different derivatives of o-PA (Figure
1.17).8% Kohl and coworkers later suggested that the BFs-OEt, mediated synthesis of PPAs
involves zwitterionic intermediates and that the interactions of two chain ends with

opposite charges allows the ring formation events.*
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Scheme 1.7: BFs-OEt; catalyzed polymerization of 0-PA and its derivatives to give PPAs.
Cleavage of the backbone leads to depolymerization to the corresponding monomers.
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Figure 1.17: Block and random cyclic copolymers of 0-PA can be prepared by a
reversible opening and closing of the cyclic PPA backbone. (Reproduced from reference
87. Copyright 2013, American Chemical Society.)

Kohl and coworkers also recently employed BF3-OEt to copolymerize o-PA with a series
of aliphatic aldehydes.® The copolymerization yield and average molar mass decreased by
increasing the aliphatic aldehyde feed percentage. However, the mechanical properties of
the lower molar mass copolymers were enhanced by crosslinking using radiation-induced
thiol-ene click chemistry. These results were important as pure PPAs are highly brittle,
and the copolymerization strategy provided access to a range of PPA-based copolymers
with varying mechanical properties and also functional groups. As for many commercial
plastics, the properties of PPA have also been tuned through the incorporation of additives.
For example, Sottos and coworkers showed that remaining solvents, such as CHCls,
CH:Cly, or dioxane, from a solvent-casting process could serve as plasticizers and change
the mechanical properties of PPA films.*? For example, depending on the solvent, they
found different elastic moduli (2.5-3 GPa), tensile strengths (25-35 MPa), failure strains
(1-1.5%), and Tg values (6495 °C). The additive strategy was also explored by Kohl and
coworkers through the incorporation of ionic-liquid and ether-ester plasticizers.®® Their
study showed that plasticizers changed the thermal stability and mechanical properties. For
example, 20 parts per hundred bis(2-ethylhexyl) phthalate (BEHP) reduced the storage
modulus to ca. 1.2 MPa, which is about half that of pure o-PPA. In addition, the additives
lowered the melting point of the degradation products from 54.3 °C (pure 0-PA) to 37.5 °C
(for formulated mixtures), which enabled the degradation products to better maintain the
liquid state. This can potentially improve the transient nature of PPA devices by allowing

them to be more readily absorbed into the environment.
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Cyclic PPAs are metastable solids due to their susceptibility to backbone cleavage and
depolymerization. This feature has garnered interest for a number of applications. Early
work focused on lithography applications, wherein a resist was patterned using a
depolymerization-inducing beam to dry-develop a pattern. Ito and Willson initially
exploited the pH-sensitivity of PPA’s acetal backbone by combining the polymer with
photoacid generators (PAGs).%* In their early studies using linear PPAs, good light
sensitivity and pattern development were observed.®>® However, the required
formulations were too sensitive and the depolymerization product o-PA contaminated the
expensive optics. They also investigated the more stable halogenated derivatives cPPAb
and cPPAc.8” However, they were not able to self-develop at temperatures below 100 °C

and required a postbaking step.

More recently, the groups of White, Rogers, and Moore fabricated transient electronics
based on cyclic PPAs.®” They combined PPA with a PAG to create substrates for free-
standing transistor arrays. Upon exposure to a UV light (379 nm), acid-triggered
depolymerization led to disintegration of the array (Figure 1.18a). They also prepared
thermally-triggerable transient electronics based on PPAs layered with an acid
microdroplet-containing wax.% Melting the wax released the acid, resulting in rapid device
destruction (Figure 1.18). Kohl and coworkers also explored strategies for the fabrication
of PPA-based electronics.®® For example, they prepared materials by layering PAG-free
PPA with a thin layer of PPA/PAG blend and showed that this method improved the shelf
life of the materials.’® Building on this work, they investigated the application of different
polynuclear aromatic hydrocarbons as PAGs and showed that the combination of a
pentacene-based sensitizer with PPAs afforded a transient material able to depolymerize

after 1 min in direct sunlight.1%
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Figure 1.18: Acid release and destruction of PPA-based transistor arrays due to (a) the
activity of a photoacid generator after irradiation with UV light and (b) melting an acid
microdroplet-containing wax within the PPA. Adapted with permission from reference 95
(a) and reference 96 (b). Copyright 2014, John Wiley and Sons.

Mechanically-triggered depolymerization of cyclic PPA has also been investigated by the
Moore and Boydston, groups.1%? Their study showed that for PPA above a critical molar
mass of about 30 kg/mol, mechanical forces applied using pulsed ultrasound induced
heterolytic chain scission, created hemiacetalate and oxocarbenium chain ends, leading to
subsequent depolymerization. Exploiting the potentially reversible depolymerization back
to monomer, they recycled 67% of the resulting 0-PA and repolymerized it to produce high

molar mass PPA.

Moore and coworkers used cyclic PPAs for ion-triggered release of payloads from
microcapsules.’®® The core-shell microcapsules were prepared by emulsification followed
by rapid solvent evaporation, and were then suspended in acidic solutions with or without
coactivating salts such as LiCl. The microcapsules selectively depolymerized in the
presence of specific ions and released their contents due to a specific ion coactivation
effect. Moore and coworkers also recently reported o-PPA-based composites which can be
quantitatively recycled.’®* As PPAs are not thermally stable, a 14 min heat treatment at 120
°C was sufficient to fully disintegrate the composite and yield the monomer in addition to
the reinforcing materials before reusing them to reproduce the identical composites (Figure
1.19). Even after three full cycles of depolymerization and repolymerization, the

composites retained the same moduli (4.5 GPa) and tensile strengths (30 MPa).
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Figure 1.19: Composites composed of carbon fiber and PPA (left) can be fully
disintegrated to the starting carbon fiber (right, bottom) and o-PA (right, top) before the
reproduction of the composite. Adapted with permission from reference 102. Copyright
2019, American Chemical Society.

1.4.2.2.2 Linear polyphthalaldehydes

Linear PPAs can be produced by anionic polymerization methods as the propagating
species have only one charged terminus and thus the chance of cyclization by backbiting
onto the other neutral terminus is negligible. In an early work, Aso and Tagami used
anionic initiators including t-BuOL.i, Na with naphthalene, and Na with benzophenone to
prepare linear PPAs.1% End-capping was performed with reagents such as acetic anhydride.
Similar to cPPA, the backbones of linear PPAs can be cleaved using heat, acid, or
mechanical force. To enable PPA cleavage using different stimuli, Phillips and coworkers
incorporated different end-caps. Using an n-BuLi-initiated o-PA polymerization, they
introduced fluoride ion-responsive t-butyldimethylsilyl (TBS) and Pd(0)-responsive allyl
carbonate (AC) end-caps.1® However, the polymerization reactions were slow (3—12 days)
and showed a negative deviation from the targeted DP, values. Building on a work by
Hedrick, Knoll, and Coulembier, showing that phosphazene superbases served as suitable
initiators for rapid and well-controlled polymerization of 0-PA,X71% Phillips and
coworkers used P>-t-Bu with functional alcohol initiators to successfully polymerize o-PA
in 3 h, and directly installed stimuli-responsive end-caps (Scheme 1.8).109-110
Depolymerization was successfully triggered using stimuli corresponding to the specific

end-caps.
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Scheme 1.8: Anionic polymerization of PAs using phosphazene and various responsive
end-caps.

As the synthesis of different 0-PA derivatives is tedious, a limited number of linear PPA
derivatives have been reported. Phillips and coworkers used the phosphazene/alcohol
initiated polymerization method to prepare poly(4,5-dichlorophthalaldehyde)s (PPAD,
Scheme 1.8).1! Post-polymerization modification is an alternative approach to modify the
structure and properties of PPAs. Moore and coworkers used the phosphazene/alcohol
initiated polymerization to copolymerize benzaldehyde derivatives with 0-PA, resulting in
random copolymers with functional groups for post-polymerization reactions.t?-113
Pendant nitrophenyl, bromophenyl, aldehyde, alkene, alkyne, imine, and hydroxyl groups

were then used for the formation of nanoparticles, networks, and graft copolymers.

As noted above, linear PPAs were investigated in early lithography applications with PAGs
due to the intrinsic acid-sensitivity of their polyacetal backbones.®*® More recently, Knoll

and coworkers exploited their intrinsic thermo-sensitivity in thermal scanning probe
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nanolithography (t-SPL).*415 In this method, a cantilever, resting at ca. 300 nm above the
surface, was heated to 700 °C and created a 3-D pattern by the thermal depolymerization
of a PPA film. The pattern could also be transferred to the silicon substrate by reactive ion
etching (RIE) (Figure 1.20).1":116 Taking advantage of the high precision of t-SPL, a PPA
pattern was created for a sorting device that separated 60- and 100-nm particles in opposing

directions in seconds.*’

Figure 1.20:. Scanning electron micrograph of a nanoscale pattern prepared by t-SPL of a
PPA film followed by transfer to a silicon substrate by RIE. Adapted with permission from
reference 114. Copyright 2010, John Wiley and Sons.

Phillips and coworkers have employed PPA end-cap cleavage in their applications. In their
early work, they prepared stimuli-responsive plastics via patterning of a TBS end-capped
PPA within a control allyl ether (AE)-capped PPA (PPAa-TBS and PPAa-AE, Scheme
1.8).1% The depolymerization of PPAa-TBS was induced with fluoride ion, and resulted
in a cylindrical hole. Using PPAa-TBS, they also prepared microcapsules with aqueous
cores containing fluorescein-labeled dextran.''® Exposure to fluoride ion resulted in holes
in the capsule wall, causing release of the dextran. Exploiting its high stability, Phillips and
coworkers later created multi-layered macroscopic patterns composed of PPAb with
different stimuli-responsive end-caps.!! Different layers were selectively degraded in the
presence of specific stimuli such as Pd(0) and fluoride ion (Figure 1.21). They have also
fabricated self-powered microscale pumps which generated flow based on the

depolymerization of PPAa-TBS to soluble monomers in the presence of fluoride ions.!!8
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Figure 1.21: Visual ion sensors based on PPAb (red triangles, blue circles, and yellow
grids are Pd(0), fluoride ion, and non-responsive PPAs respectively. Adapted with
permission from reference 109. Copyright 2015, John Wiley and Sons.

1.4.2.3 Polyglyoxylates (PGSs).

PGs are another class of polyaldehydes that exhibit low T¢, and consequently undergo
depolymerization following an end-cap or backbone cleavage. Poly(ethyl glyoxylate)
(PEtG),**® poly(methyl glyoxylate) (PMeG),'?° and poly(glyoxylic acid) salts*?! were
reported over the past few decades and were initially stabilized through end-capping with
isocyanates or vinyl ethers. With these end-caps, PGs degraded gradually by the hydrolysis
of the pendant esters, backbone acetal cleavage, and backbone depolymerization, leading
to the corresponding alcohols and glyoxylic acid hydrate (GAH).}22 The conversion of
GAH to CO» occurs through the glyoxylic acid cycle, an anaerobic variant of the Kreb’s
cycle, which occurs in bacteria, plants, and protists. The degradation products of PEtG
were found to be non-toxic to plants and also in an invertebrate model.*>®> GAH is also a
metabolic intermediate that can be processed in the human liver, so it is anticipated to be

nontoxic at low concentrations.?*

In 2014, our group introduced stimuli-responsive end-caps to PGs to allow their triggered
end-to-end depolymerization.'?> We polymerized ethyl glyoxylate (EtG) in CHCl using
catalytic NEtz at -20 °C to afford PEtG (Scheme 1.9a). Rigorous purification of the
commercial EtG, through distillation over P4O10, was critical to depolymerize oligomers,
and dehydrate the EtG hydrate. Based on size exclusion chromatography and end-group
analysis using NMR spectroscopy, the polymerization is initiated by trace EtG hydrate.
Thus, the molar mass of PGs is strongly dependent on the monomer purity. We have
reported PEtGs with My values between ~5-250 kg/mol and D of 1.4-2.1. Initially, 6-

nitroveratryl carbonate (NVOC) was introduced as a stimuli-responsive end-cap, allowing
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depolymerization to be induced by UV light.!? It was later expanded to other stimuli
including reducing thiols (DS, Azo), H202 (AB), acid (Trit, MMT, DMT), heat (DA), and
multiple stimuli (light, reducing agents, and H202; MS) (Scheme 1.9a).126-128
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Scheme 1.9: (a) Synthesis of PEtGs with different end-caps, its depolymerization back to
monomer, and eventual monomer hydration and hydrolysis to afford GAH; (b) Synthesis
of different glyoxylates from their fumaric or maleic acid esters.

In addition to EtG, other glyoxylate monomers were synthesized and polymerized.
We prepared methyl glyoxylate (MeG), n-butyl glyoxylate (BuG), benzyl glyoxylate
(BzG) and L-menthyl glyoxylate (MenG) from their corresponding maleic or fumaric
diesters (11) by ozonolysis under reducing conditions (Scheme 1.9).12% 2 So far, a key
criterion for obtaining pure monomer has been the ability to purify the glyoxylate by
distillation over P4Oi0, at less than 165 °C, as the P4Oi1o drying byproduct HzPOs
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contaminates the distillate at higher temperatures. Other drying agents such as CaH:
resulted in slow cracking of oligomers and impure product.**®® In addition, the monomer
precursors must be stable to ozonolysis, preventing the incorporation of double and triple
bonds as pendant groups, as they would undesirably be cleaved by ozonolysis. We
polymerized MeG, BuG, BzG, and MenG, and copolymerized them with EtG.*?>1?° The
homopolymers had low My (2.1-3.8 kg/mol), which can in some cases be attributed to
steric hindrance (e.g., BuG, MenG). However, it has also been challenging to achieve
purities as high as we achieved for EtG. With further optimization of the monomer
distillation process, higher DPxs will likely be achieved. In contrast, copolymers of the
different glyoxylates with EtG typically had relatively high DPns (M ranging from 30—40
kg/mol), suggesting that this approach mitigates issues of monomer purity and steric

hindrance.

In addition to the NEts-mediated polymerization method, anionic polymerization of
glyoxylates has also been investigated. Moore and coworkers used n-BuLi as an initiator
for EtG polymerization and end-capped the resulting polymer with phenyl isocyanate.'*!
However, the fact that the resulting polymer had two end-caps, based on NMR
spectroscopy, suggested that the polymerization was not directly initiated from n-BuL.i.
Instead, EtG hydrate quickly quenched the n-BuLi, producing hydrate-based initiators that
grew bidirectionally, resulting in two polymer termini that were later end-capped. To
address this, we developed and reported a rigorous purification procedure for EtG and re-
explored its anionic polymerization.** Initiation with n-BuLi at 20 °C, followed by cooling
to -20 °C for 10 min, led to good dispersity values (P ~1.5) and good control over DP, up
to ~200 repeating units (Mn ~20 kg/mol). Beyond this, the concentration of added initiator
became so low that even trace hydrate initiators became significant and the DP, deviated
from the expected value. Up to a DP;, of 200, the end-group fidelity was greater than 90%,
dropping to 71% at a targeted DP, of 400. Different alkyl-lithium reagents and alkoxides

were also effective initiators.
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Moore and coworkers have also investigated the cationic polymerization of EtG using
different initiators such as BFs-OEt,, SnCls, and PhsCBF4."*! No end groups were found
on cationically synthesized PEtG, suggesting a cyclic structure. Based on mass
spectrometry results, Lewis acid initiators and high monomer concentrations led to
backbiting of the growing PEtG chain on a pendant ester, leading to loss of an ethyl group.
On the other hand, lower concentrations and carbocationic initiators led to backbiting on
the backbone acetal. Both cyclic and lariat-shaped polymers were formed. Cationic
copolymerization of EtG and o-PA was used to reduce the brittleness of PPA and increase
its thermal stability.**! The T4 and decomposition temperatures varied according to the ratio
of monomers, with higher EtG leading to lower T4 and increased decomposition

temperature.

PGs are attractive for biomedical applications as they eventually degrade to GAH, a
metabolic intermediate. We prepared PEG-PEtG-PEG block copolymers by first
introducing a linker end-cap containing both a photo-responsive moiety and a terminal
alkyne (Scheme 1.9a, NVOC-Ilink), and then attaching the PEG blocks using copper-
assisted azide-alkyne cycloaddition (CuAAC).'® The resulting amphiphilic block
copolymers were self-assembled to form micelles in aqueous solutions. Irradiation with
UV light led to the depolymerization and disintegration of the micelles in less than 1 hour.
The approach was also extended to linker end-caps such as DS and AB-link (Scheme
1.9a), which are responsive to reducing thiols and H.O> respectively.'*? These stimuli are
intrinsically present in the body and are associated with inflammation and cancer.
Conjugation of PEG via disulfide exchange or CUAAC led to triblock copolymers that
could also be self-assembled to form micelles. Treatment with the appropriate stimulus led
to rapid depolymerization and micelle disintegration. The micelles were used to
encapsulate Nile red, Dox, and curcumin. All payloads were rapidly released in the

presence of low concentrations of stimuli, suggesting an amplification effect.

In the course of the work on PEG-PEtG-PEG micelles, we found that not all of the drugs
we investigated could be encapsulated at high loadings into the PEtG micelle core. This
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was addressed by changing the pendant groups on the PG block.'?® By incorporating BuG,
MenG, or chloral (non-glyoxylate aldehyde), we tuned the hydrophobicity of the micelle
core and its compatibility with the drug celecoxib. Cytotoxicity studies were performed on
the micelles in MDA-MB-231 human breast cancer cells. The different glyoxylate systems
had different effects on cell metabolic activity and the degraded (triggered) micelles had
different effects than the intact micelles. However, caution must be used in interpreting the
results of these studies, as it is known that degradation products such as glyoxylate and

ethanol can be metabolized in the liver but not in MDA-MB-231 cells.*?*

Using a thermally-triggerable PEG-PEtG-PEG triblock copolymer that was prepared using
the DA-link end-cap (Scheme 1.9a), capable of undergoing a retro-Diels-Alder-
elimination cascade, we also investigated the indirect triggering of nanoassemblies in
collaboration with the Sandre group.'?” A 63 kg/mol PEtG block was coupled to either 750
or 5000 g/mol PEG, leading to vesicle and micellar assemblies respectively (Figure
1.22a,b). Direct triggering of PEtG was achieved by heating the assemblies at 75 °C. For
indirect triggering, we encapsulated iron oxide nanoparticles (IONPs) into the micelle
cores (Figure 1.22c). Oscillating magnetic fields are known to induce localized heating
around IONPs, an effect termed magnetic field hyperthermia (MFH).**3 MFH led to a rapid
increase in particle diameter and decrease in DLS count rate for the IONP-loaded micelles,
which was attributed to their depolymerization followed by aggregation and sedimentation
of the released hydrophobic IONPs.

Figure 1.22: TEM images of assemblies formed from thermo-responsive PEG-PEtG-PEG
triblock copolymers (a) micelles; (b) vesicles; (c) IONP-loaded micelles. Adapted from
reference 125 with permission from The Royal Society of Chemistry.



41

We also prepared PEtG-based particles for drug delivery applications by using an emulsion
process.’** We blended PEtG with PLA to achieve a two-stage release process, where a
portion of loaded drug was released through an initial triggered depolymerization of PEtG,
and a slower second-stage release occurred through the gradual degradation of PLA. Both
NVOC and DS end-capped PEtG were used and gave particles with diameters of 130-150
nm. The particles were loaded with Nile red as a probe and with the drug celecoxib. In each
case, the extent of release following triggering with the stimulus (UV light or DTT)
increased with an increasing PEtG:PLA ratio, showing in principle that the extent of initial
release could be tuned according to the particle composition. However, in cytotoxicity
studies with MDA-MB-231 cells we found that the sodium cholate surfactant was

relatively toxic. Thus, less toxic surfactant should be used in future studies.

While the above work involved PG-based assemblies in solution, we also investigated the
solid state depolymerization of PEtG. For example, PEtG-NVOC (Scheme 1.9) films were
immersed in aqueous buffer solutions at pH 3 to 8.12% For irradiated films, the percent
degradation depended on the pH, with pH 5 being the fastest, consistent with a hemiacetal
fragmentation mechanism. The degradation time was also dependent on the film thickness.
For instance, a 25 um thick film required 3 days for complete erosion and increasing the
film thickness to 150 um increased the time to 10 days. Another determining factor was
the temperature as much faster erosion was observed at 30 °C compared to that at 20 °C.
We also found that the percent degradation was not dependent on the presence of water,
and complete depolymerization was observed in the dry solid state.'?® In the absence of
water, the monomer remains unhydrated. With a boiling point of 110 °C, EtG can readily
evaporate from the surface. We used this feature to demonstrate single step micropatterning

as well as a depolymerization-repolymerization sequence.

While PEtG-NVOC films are very stable in the absence of UV light, we observed that
trityl end-capped PEtGs such as PEtG-MMT and PEtG-DMT (Scheme 1.7a) were
surprisingly unstable in the solid state.3 For example, films of PEtG-DMT were stable

for more than 30 days at 6 °C, but completely degraded in less than 5 days at 30 °C. PEtG-
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MMT films were more stable, requiring more than 30 days for complete depolymerization
at 30 °C. We attributed this behavior to an equilibrium between the capped and uncapped
polymer, the position of which depends on the stability of the corresponding trityl cation.
In the uncapped state, depolymerization occurs and is irreversible due to evaporation of
monomer from the surface. To demonstrate the potential application of the system as a
thermal history sensor, we incorporated Nile red and IR-780 dyes into the films.
Depolymerization led to aggregation of the dyes and changed the colour of the films. We

envision that these materials can potentially be used for smart packaging applications.

PEtG is an amorphous polymer with low Tq of about -10 °C. Therefore, it forms tacky and
rubbery coatings at ambient temperatures. To improve its properties, we recently blended
PEtG-NVOC with polyesters including polycaprolactone (PCL), poly(lactic acid) and
poly(R-3-hydroxybutyrate.'3® We found that PEtG exhibited micro-scale phase separation
with the polyesters, resulting in glassy or crystalline polyester domains. The mechanical
properties of the blends were intermediate between those of the corresponding
homopolymers, indicating that it was possible to tune the physical properties of the films
through blending and to achieve non-tacky films. For example, while PCL had a Young’s
modulus of 490 MPa and tensile strength of 13 MPa, the 50:50 PCL:PEtG blend has values
of 192 MPa and 5 MPa respectively. Mass loss studies and SEM images of the films
showed that light-triggered degradation of the PEtG blocks was achieved, leaving a porous
matrix of polyester that eroded more slowly. These coatings may be useful for the
controlled release of drugs or fertilizers, as the payload may be released through the porous

eroded film.

1.4.2.4 Polyglyoxylamides (PGAMS)

We recently reported PGAMs as a new class of SIPs with the aim of removing the
hydrolytically labile pendant esters of PGs and enabling further structure-property
tuning.'?® The PGAMs were synthesized by the reaction of PEtG with different amines at
ambient temperatures for 48 hours (Scheme 1.10). High (> 95%) conversions of the esters

to amides were obtained with a variety of primary amines, and with the secondary amine
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pyrrolidine. Other secondary amines led to lower conversions, suggesting steric hindrance
impeded the reaction. Another consideration is that the PEtG end-cap must be stable under
the amidation conditions. For example, the carbonate-based end-caps were cleaved during
the amidation, leading to depolymerization, while trityl end-caps were stable. The
depolymerization mechanism for PGAms is the same as that of the polyglyoxylates,
involving hemiacetal degradation, and produces the corresponding glyoxylamide hydrates
as depolymerization products.
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Scheme 1.10: Synthesis of PGAMSs with different pendant groups starting from PEtG with
a MMT end-cap.

The PGAMs had very different properties than their corresponding esters. For
example, PMeG and PEtG have Ty values of 25 and -9 °C respectively,'?® whereas
poly(methyl glyoxylamide) (PGAMa) and poly(ethyl glyoxylamide) (PGAMD) have Tgq
values of 90 and 85 °C respectively.?® These differences can be attributed to the abilities
of the PGAMSs to form hydrogen bonds. Some PGAMs (PGAMa,f,g) were soluble in
water, opening opportunities for applications requiring water solubility. For example, in
collaboration with Ree and Kelland we reported the study of PGAMs as kinetic hydrate
inhibitors for the prevention of gas hydrate plugging in oil and gas lines.*®" Overall, there
are many potential applications of PGAMs that remain unexplored. However, the limited
availability of end-caps that are stable to the amidation reaction, yet undergo stimuli-
selective cleavage is an ongoing challenge that must be addressed to fully exploit the
PGAMs.
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1.5 Aqueous self-assembly of block copolymers

Blends of different polymers with different physical properties can undergo phase
separation. Phase separation of polymers is driven by thermodynamically-favourable
interactions between polymers of the same identity and unfavourable interactions between
different polymers, and often leads to macrophase separation of polymer mixtures.3 When
two polymers with different physical properties are covalently joined to create block
copolymers they are now unable to undergo macrophase separation, but will undergo
microphase separation.'*® Given the appropriate conditions, the polymers will achieve the
most thermodynamically favourable arrangement.?*® This self-assembly behaviour has
been extensively studied and can occur in either the solid state or in a solution. Aqueous

self-assembly will be discussed as it pertains to this thesis.

Block copolymers that undergo self-assembly in solution are referred to as amphiphilic, as
they typically have a distinct hydrophobic and hydrophilic region.**® A driving factor of
aqueous self-assembly is the is that one of the blocks is soluble in water (hydrophilic) and
will orient its self on the periphery of the self-assembled structure, while the other block is
insoluble (hydrophobic) and will be on the inside of the structure.'®° This thesis will discuss
self-assembly in aqueous environments, but any solvent could potentially be used to induce
self-assembly. A less common situation is when double-hydrophilic block copolymers
undergo self-assembly by modifying conditions such as temperature,**-14 pH,'*® jonic
strength, or the addition of a complexation additive.** This is how self-assembly occurs
for some PDMAEMA and PNIPAAm block copolymers.

For block copolymers to aggregate in solution, they must first achieve a minimum
concentration, called the critical aggregation concentration (CAC).**® Below the CAC, the
polymer will be molecularly dissolved in solution, and above the CAC, assemblies will
begin to form, with an equilibrium existing between polymers both in and outside of the
assemblies. The main factor determining the CAC in aqueous solution is the length of the
hydrophobic block in an amphiphilic block copolymer, as the interactions between the

hydrophobic block drive core formation and associated self-assembly architecture.38 140
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Once the CAC has been achieved, there are a number of morphologies that can be obtained.
The self-assembly of block copolymers in solution is largely controlled by three factors:
packing of the core forming block, the interfacial energy between the core and the solvent,
and the packing interactions of the coronal chains.'® Which morphology is formed is
predominantly determined by the hydrophilic volume fraction, and how it relates to the
curvature of the surface. This relationship has been extensively studied by Eisenberg and
coworkers on block copolymers of polystyrene-b-poly(acrylic acid) (PS-b-PAA).14° The
longer the hydrophilic block (PAA), the larger the hydrophilic volume fraction, the larger
the curvature of the surface which will encourage the formation of lower order
morphologies, such as micelles. In contrast, the smaller the PAA block, the more likely
higher order morphologies (e.g. rod-like micelles, vesicles, and lamella structures) will
occur, which can be attributed to the lower interfacial curvature caused by the smaller
coronal interactions (Figure 1.17). The interfacial energy between the core and the solvent
will influence the morphologies in the early stages of formations. As water is added, the
energy of the packing of the core chains is minimized through arrangement into particles
with different morphologies, if the core chains are effectively swelled by a non-selective

solvent.

Surface Curvature

[ Hydrophilic

"~ [ Hydrophobic

Decreasing hydrophilicfraction

@5@@

rod-like

micelle . lamella
micelles vesicle

Figure 1.23: Influence of the interfacial curvature on the available morphologies of
amphiphilic block copolymers, and representative morphologies.
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1.6 Scope of thesis

This thesis will focus on improvements to two of the major SIP classes: polycarbamates

and polyglyoxylates.

Studies combining SIPs with other stimuli-responsive blocks to create amphiphilic block
copolymers had not been reported. Although work has been reported on tuning the
depolymerization behavior of polycarbamates by adding cyclizing spacers, preparing
multi-stimuli-responsive SIPs to study the properties of these systems and understand how
one triggering event could affect another, and possibly control the percent
depolymerization, was of interest. The motivation behind this work was foundational proof
of concept. In addition, while polyglyoxylates had been reported, they had limited
structural diversity due to the requirement to prepare and polymerize different monomers.
The aim of one project in this thesis was to access synthetic diversity in a more efficient
manner using transesterification. The motivation behind this work was to develop a
universal method of creating previously inaccessible polyglyoxylates with unique chemical
and physical properties. This would allow for the creation of new polyglyoxylates in the
future with unique properties that could be used in more applications than currently

available to poly(ethyl glyoxylate).

Chapter 2 will focus on the synthesis of multi-stimuli-responsive amphiphilic block
copolymers and their self-assembly. The block copolymer is composed of a hydrophobic
polycarbamate block and a pH- and thermo-responsive PDMAEMA as the hydrophilic
block. Added stimuli-responsive behaviour was introduced by the synthesis and
subsequent incorporation of a novel UV-responsive linker or a non-responsive control
linker between the blocks. The effects of pH, temperature, and UV light on the
depolymerization behaviour of the SIP block were evaluated, with a focus on how the

chain-collapse of PDMAEMA above its LCST affected the depolymerization behaviour.

Chapter 3 is an extension of Chapter 2 and explores the effect of thermo-responsive
PNIPAAmM as the hydrophilic block in a block copolymer with a hydrophobic
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polycarbamate. As PNIPAAmM has a lower LCST than the previously discussed
PDMAEMA, the effects of chain-collapse on this SIP depolymerization were studied at

lower temperatures.

Chapter 4 explores the transesterification of poly(ethyl glyoxylate) with a guanidine base
catalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). Transesterification was only possible
due to novel end-capping and synthetic methods for poly(ethyl glyoxylate).
Transesterification eliminated issues with the purification of monomers discussed in
Chapter 4 and allowed the creation of functionalized polyglyoxylates that could undergo
further modification using click reactions. It also allowed for the elucidation of trends in

the thermal properties of polyglyoxylate systems.
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Chapter 2
2  Multi-stimuli-responsive self-immolative polymer
assemblies
Adapted from:

R. E. Yardley, E. R. Gillies. Multi-Stimuli-Responsive Self-Immolative Polymer
Assemblies J. Polym. Sci. A. Polym. Chem., 2018, 56, 1868-1877.

2.1 Introduction

Over the past few decades, there has been significant interest in degradable polymers such
as poly(lactic acid),'* poly(glycolic acid)>® and polycaprolactone* 7 for a wide range of
applications from nanomedicine to compostable consumer products. The degradation rates
of these polymers can be controlled to some extent by modifying their chemical structures
or chain lengths, but it occurs gradually under all aqueous conditions and may be slower
or faster than desired for a given application. To address this limitation, stimuli-responsive
polymers that degrade in response to external stimuli have been developed. Stimuli-
responsive units or linkages have been incorporated into the polymer backbone and later
cleaved in response to stimuli causing a breakdown of the polymer. For example, acid-
labile acetals and ketals,®° reduction-sensitive disulfide linkages*'"** or photochemically-
sensitive units such as coumarin dimers,'>1 o-nitrobenzyl esters and carbonates,’*® and
2-diazo-1,2-napthoquinones®® have been used. However, many stimuli-mediated reactions

must occur in these systems in order to completely degrade the polymers.

Self-immolative polymers (SIPs), which depolymerize end-to-end in response to the
cleavage of stimuli-responsive end-caps at the polymer termini, were introduced to provide
amplified responses to stimuli.?%??> The stimulus to which they respond can be easily
modified by simply switching the end-cap, while retaining the structure of the polymer
backbone. Cleavage of end-caps in response to stimuli such as acid,? reducing agents,?*?

heat,?® or light?* 2728 has been shown to trigger depolymerization. Various SIP backbones
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have been developed. Polyphthalaldehydes®® 232 and polyglyoxylates?” 2334 rely on low
ceiling temperatures, which allow them to undergo reversible loss of monomers after end-
cap cleavage. Systems such as polycarbamates,®*° poly(benzyl ether)s,* and
poly(carbamate-thiocarbamate)s®® undergo cyclization and/or elimination reactions that
result in their depolymerization to products that are different from the monomers from
which they were prepared. The degradation rate of this latter class of SIPs is generally quite

sensitive to environmental factors such as pH and solvent. 3% 38-3°

Another class of stimuli-responsive polymers is thermo-responsive polymers, which
undergo changes in their physical properties when exposed to changes in temperature. For
example, poly(N-isopropylacrylamide) (PNIPAAm) exhibits a lower critical solution
temperature (LCST).*>*3 Below the LCST, the polymer chains are soluble, but above the
LCST an entropically driven phase separation occurs. Another well-studied polymer that
has an LCST is poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA).*-4 |t differs
from PNIPAAm in that it is responsive to both pH and temperature. The LCST of
PDMAEMA is only observed when the pH of the solution is above the pKa of the polymer
(~7.5). Both PNIPAAmM and PDMAEMA have been used in recent years in the preparation

of thermo-responsive nanomaterials.*®

The synthesis of block copolymers is an approach that allows for the combination of two
known polymers to create a new polymer with unique properties. Amphiphilic block
copolymers can self-assemble in aqueous solution to form a wide variety of morphologies
including spherical micelles, vesicles and bilayers.*” Previous work has investigated the
self-assembly of amphiphilic block copolymers that were prepared by combing a
hydrophobic SIP block with a simple non-responsive hydrophilic block such as
poly(ethylene glycol) (PEG) and poly(N,N-dimethylacrylamide).2* 34 36 48 These
copolymers self-assembled to form nanoparticles and vesicles that degraded upon
application of the stimulus and depolymerization of the hydrophobic SIP block. To the best
of our knowledge, the use of hydrophilic blocks that are also responsive to stimuli has not

yet been investigated.
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Herein we report the synthesis, self-assembly, and stimuli-responsive depolymerization of
block copolymers composed of a hydrophobic self-immolative polycarbamate (PCB)%* and
a hydrophilic PDMAEMA block, conjugated by a UV light-responsive linker. It was
proposed that irradiation should result in depolymerization of the hydrophobic
polycarbamate block, leading to disintegration of the copolymer assemblies.
Concomitantly, the PDMAEMA block should exhibit responsiveness to pH and
temperature. As the depolymerization of the polycarbamate SIP block is sensitive to its
environment, it was hypothesized that collapse of the PDMAEMA chains around the
assembly cores might hinder water access to the cores, thereby modulating the amount of

the polycarbamate depolymerization (Figure 2.1).
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Figure 2.1: a) Schematic of PCB block breakdown and b) Initially proposed behaviour of
PCB-PDMAEMA block copolymer assemblies.

2.2 Experimental

2.2.1  General materials and procedures

Compounds 2.1, and 2.3*° from Scheme 2.1 and 2.5*® (Scheme 2.2) and 2.6 (Scheme
2.3) were prepared as previously reported. 3-Bromo-1-propanol, 2-bromo-2-

methylpropionyl bromide and 4-nitrophenol chloroformate were purchased from AK
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Scientific. 1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA) was purchased from
Alfa Aesar. Copper (I) bromide, sodium azide and 2-(dimethylamino)ethyl methacrylate
were purchased from Sigma-Aldrich and used without further purification unless otherwise
noted. Anhydrous dimethylformamide (DMF) was obtained from a solvent purification
system equipped with aluminum oxide columns. Pyridine, NEts and CH.Cl, were distilled
from CaH: (particle size 0-2mm). Column chromatography was performed using silica gel
(0.063-0.200 mm particle size, 70-230 mesh). Ultrapure deionized water was obtained from

the Barnstead EASYpure Il system.

Unless otherwise stated, all reactions were performed under a N2 atmosphere using flame
or oven dried glassware. Dialyses were performed using Spectra/Por regenerated cellulose

membranes.

2.2.2 Instrumentation

'H NMR spectra were obtained at 600 MHz or 400 MHz using Varian INOVA
spectrometers. *C NMR spectra were obtained at 150 MHz using a Varian Inova
spectrometer. NMR spectra were referenced relative using tetramethylsilane (TMS) using
the residual solvent signals of CHCIs (7.26 ppm), (CH3)2CO (2.05 ppm), and CH3CN (1.94
ppm) as internal standards. A Thermo Scientific DFS (Double Focusing Sector) mass
spectrometer, utilizing a reversed Nier Johnson geometry was used for high resolution mass
spectrometry. Size exclusion chromatography (SEC) was carried out at a flow rate of 1
mL/min in DMF with 10 mM LiBr and 1% (v/v) NEts at 85 °C using a Waters 515 HPLC
pump and Waters Temperature Control Module 11 equipped with a Wyatt Optilab T-rEX
refractometer and two PLgel 5 um mixed-D (300 mm x 7.5 mm) columns from Polymer
Laboratories by Varian connected in series. The calibration was performed using
poly(methyl methacrylate standards) (PMMA) standards. Infrared (IR) spectra were
obtained on a PerkinElmer Spectrum Two FTIR Spectrometer using the attenuated total
reflectance accessory. Dynamic light scattering (DLS) was preformed using a Zetasizer
Nano ZS instrument from Malvern Instruments at 25 °C at a concentration of 0.8 mg/mL

of polymer assemblies. Transmission electron microscopy (TEM) imaging was performed
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using a Phillips CM10 Microscope operating at an acceleration voltage of 80 kV. 10 uL of
micelle suspension (0.8 mg/mL) was placed onto a copper grid. After 5 min, the resulting
liquid was wicked away using strips of Fisherbrand™ Qualitative-Grade Filter Paper
Circles and allowed to air-dry for 2 hours. Fluorescence spectra were obtained using a QM-
4 SE spectrometer from Photon Technology International (PTI) equipped with both
excitation and emission monochromators. UV-visible spectra were obtained on a Varian
UV/vis Cary 300 spectrophotometer equipped with a Varian Cary 8453 Temperature
Controller. Infrared (IR) spectra were obtained on a PerkinElmer Spectrum Two FTIR

Spectrometer using the attenuated total reflectance accessory.

2.2.3  Synthetic procedures

Synthesis of end-cap 2.2

Compound 2.1%" (1.20 g, 5.12 mmol, 1.00 equiv.) was dissolved in dry pyridine (1.30 mL,
15.9 mmol, 3.10 equiv.) and dry THF (25 mL). 4-Nitrophenyl chloroformate (2.07 g, 10.3
mmol, 2.00 equiv.) was added and the reaction was stirred for 3 hours. The volatiles were
removed in vacuo and the resulting residue was dissolved in ethyl acetate (EtOAc) (50
mL). The solution was then washed with 1 M HCI (50 mL) then the aqueous layer was
extracted with EtOAc (3 x 50 mL). The organic layers were combined and dried with
MgSO4 and concentrated. The product was purified using silica gel chromatography with
1:1 hexanes:EtOAc as the eluent to yield a pale yellow solid (1.64 g). Yield: 81%. 'H NMR
(600 MHz, CD3CN, &, ppm): 8.55 (s, 1H), 8.30 (d, J = 9.2 Hz, 2H), 8.18 (d, J = 6.0 Hz,
1H), 7.87 (d, J = 7.8 Hz, 1H), 7.61 (br s, 1H), 7.48 (d, J = 9.2, 2H), 5.71 (s, 2H), 4.16 (d, J
= 6.0 Hz 2H), 2.13 (s, 1H). **C NMR (150 MHz, acetonitrile-Ds, §, ppm): 169.4, 160.8,
157.5,152.7,151.1, 140.5, 139.1, 137.7, 134.9, 130.8, 129.3, 127.6, 85.2, 76.5, 72.2, 34.2.
IR (cm™): 3277, 3114, 3081, 2920, 2852, 2129, 1749, 1613, 1588, 1517. MS (m/z): calcd
for C18H13N30g, 399.07026; found, 399.06970 [M]".

Synthesis of end-cap 2.4
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In a dry round bottom flask, compound 2.3*° (1.17 g, 7.20 mmol, 1.00 equiv.), pyridine
(2.30 mL, 28.8 mmol, 4.00 equiv.) and dry CH>Cl> (50 mL) were combined and stirred for
10 min. 4-Nitrophenyl chloroformate (2.90 g, 14.4 mmol, 2.00 equiv.) was added and the
reaction was stirred for 2 hours. The mixture was then filtered to remove solids. The filtrate
was washed with 1 M HCI (50 mL) and water (2 x 50 mL), dried with MgSQOs, and
concentrated. The crude product was dissolved in CH.Cl, (20 mL) and imidazole (1.63 g,
21.6 mmol, 3.00 equiv.) was added. The resulting mixture was stirred for 30 min, then
passed through a silica plug. The filtrate was concentrated to yield white crystals (2.12 g).
Yield: 94%. *H NMR (600 MHz, CDCls, 8, ppm): 8.27 (d, J = 10.8 Hz, 2H), 7.41-7.36 (m,
4H) 7.01 (d, J = 8.9 Hz, 2H), 5.24 (s, 2H), 4.72 (s, 2H), 2.53 (s, 1H). *C NMR (150 MHz,
CDCls, 8, ppm): 158.6, 155.9, 152.9, 145.8, 131.1, 127.7, 125.7, 122.2, 115.6, 78.7, 76.2,
71.2, 56.3. IR (cm™): 3380, 3304, 3126, 3080, 2949, 1776, 1645, 1521 cm™. MS (m/z2):
calcd for C1gH13N30sg, 327.07429; found, 327.07498 [M]".

Synthesis of PCBuv and general procedure for synthesis of the self-immolative block

Monomer precursor 2.5%° (2.04 g, 4.04 mmol, 1.00 equiv.) was dissolved in 1:1
TFA:CH2Cl; (dry) and the reaction mixture was stirred at room temperature under Ar for
2 hours. The solvent was removed via a stream of Ar gas. Additional dry CH2Cl, (5 mL)
was added and removed again to ensure all TFA has been removed. The flask was then
placed under vacuum to remove all residual solvent. The resulting monomer was dissolved
in 1:3 dry THF:Toluene (24 mL) and the solution was cooled to 0 °C. End-cap 2.2 was
added (79.8 mg, 0.2 mmol, 0.05 equiv.), followed by NEts (7.04 mL, 50.5 mmol, 12.5
equiv.) and 4-(dimethylamino)pyridine (DMAP). The reaction was warmed to room
temperature and stirred for 24 hours. The solution was then diluted with CH2Cl> (50 mL),
washed with 1 M HCI (50 mL) and 10% Na>CO3 (2 x 50 mL). The organic layer was dried
over MgSOs and the volatiles were removed in vacuo to provide a yellow solid. The crude
polymer was further purified by dialysis using a 3.5 kg/mol molecular weight cutoff
(MWCO) membrane against DMF followed by ultrapure deionized water over 24 hours.
The sample was lyophilized to afford the product as a white powder (979 mg). Yield: 49%.
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IH NMR (600 MHz, CDCls, &, ppm): 8.50 (s, 1H), 8.18-7.87 (m, 2H), 7.38-7.24 (m, 40 H),
7.11-7.04 (m, 35 H), 5.56 (s, 2H), 5.13-5.08 (m, 37 H), 4.17 (s, 2H), 3.69-3.40 (m, 76 H),
3.12-2.88 (m, 135 H), 2.28 (s, 1H). IR (cm™Y): 2962, 1694, 1505. SEC: My = 4.64 kg/mol,
Muw = 10.70 kg/mol, B = 2.31.

Synthesis of PCBcon

This polymer was synthesized by the same procedure as described above for PCBuv except
that end-cap 2.4 was used (65.4 mg, 0.2 mmol, 0.05 equiv.). The product was obtained as
a white powder (1.04 g). Yield: 51%. *H NMR (600 MHz, CDCls, §, ppm): 7.38-7.25 (m,
52 H), 7.11-7.04 (m, 39 H), 7.05-7.03 (m, 2H), 5.13-5.08 (m, 40 H), 4.69 (s, 2H), 3.69-
3.40 (m, 79 H), 3.12-2.88 (m, 154 H), 2.54 (s, 1H). IR (cm™): 2961, 1690, 1510. SEC: M,
=5.40 kg/mol, My = 11.3 kg/mol, b = 2.11.

Synthesis of PDMAEMA-Ns3

2-(Dimethylamino)ethyl methacrylate (DMAEMA) was passed through a neutral alumina
plug to remove the inhibitor. In a Schlenk flask, DMAEMA (5.00 g, 31.8 mmol, 40.0
equiv.), HMTETA (0.44 mL, 0.80 mmol, 1 equiv.) and CuBr (114 mg, 0.80 mmol, 1
equiv.) were dissolved in 1,3-dichlorobenzene (4 mL) and degassed by bubbling N2
through the system for 30 min. In a separate flask, a 0.8 M (200 mg/mL) solution of initiator
2.6 in 1,3-dichlorobenzene was prepared and degassed for 30 min. The Schlenk flask was
heated to 50 °C. The initiator solution (1.0 mL, 0.80 mmol, 1.0 equiv.) was added to the
Schlenk flask via a degassed syringe once 50 °C was achieved and the reaction was stirred
for 55 min. The flask was then cooled to -78 °C, the stopper was removed, and air was
bubbled through the solution to quench the polymerization. The volatiles were removed in
vacuo, then the product was redissolved in THF and passed through a neutral alumina plug
to remove copper. The polymer was then precipitated from THF into hexanes three times
to yield the pure final product, a clear, colourless solid (3.43 g). Yield: 67%. *H NMR (600
MHz, CDCls, 8, ppm): 4.26 (t, J = 5.85 Hz, 2 H), 4.07 (m, 69 H), 3.39 (t, J = 6.79 Hz, 2
H), 2.75-2.59 (m, 98 H), 2.39-2.25 (m, 200 H), 2.01-1.82 (m, 64 H), 1.14-0.87 (m, 100 H).
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IR (cm™): 2948, 2863, 2821, 2769, 2098, 1723, 1517. SEC: M, = 5.31 kg/mol, My = 6.17
kg/mol, b = 1.16.

Synthesis of PCBuv-PDMAEMA and general procedure for the Cu(l)-assisted azide-
alkyne cycloaddition (CuAAC) of self-immolative block and PDMAEMA

In a Schlenk flask, PCBuv (170 mg, 0.02 mmol, 1.0 equiv.), PDMAEMA-N3 (175 mg,
0.03 mmol, 1.2 equiv.), and HMTETA (46 mg, 0.20 mmol, 10 equiv.) were dissolved in
DMF (10 mL). 3 cycles of freeze-pump-thaw were performed. CuBr (15 mg, 0.1 mmol,
5.0 equiv.) was then added and the reaction mixture was heated at 50 °C for 17 hours. The
solution was then cooled to room temperature and passed through a neutral alumina plug
to remove most of the copper. The product was then dialyzed using a 10 kg/mol MWCO
membrane against DMF, water with EDTA (1.0 g/L, adjusted to pH 8.0 by the addition of
NaOH pellets), and finally ultrapure deionized water. The product was then lyophilized to
provide a white solid (251 mg). Yield: 76%. *H NMR (600 MHz, CDCls, 5, ppm): 7.37-
7.23 (m, 42 H), 7.12-7.04 (m, 40 H), 5.11-5.04 (m, 43 H), 4.67 (m, 2 H), 4.19 (s, 2H), 4.15-
3.87 (m, 145 H), 3.69-3.40 (m, 91 H), 3.12-2.88 (m, 173 H), 2.57 (m, 147 H), 2.29 (m, 440
H), 2.01-1.73 (m, 240 H), 1.14-0.89 (m, 229 H). IR (cm™): 2963, 2881, 2846, 2785, 1718,
1701, 1687, 1513. SEC: My = 9.42 kg/mol, My = 16.4 kg/mol, b = 1.74,

Synthesis of PCBcon-PDMAEMA

This polymer was synthesized by the same procedure as described above for PCBuv-
PDMAEMA except that PCBcon (250 mg, 0.2 mmol, 1.0 equiv.) was used. The product
was obtained as a white powder (380 mg). Yield: 74%. *H NMR (600 MHz, CDCls, 3§,
ppm): 7.38-7.24 (m, 36 H), 7.11-7.04 (m, 37 H), 5.13-5.04 (m, 38 H), 4.41 (s, 2H), 4.10-
3.90 (m, 96 H), 3.69-3.40 (m, 77 H), 3.1-2.78 (m, 149 H), 2.62-2.46 (m, 94 H), 2.29-2.15
(m, 290 H), 2.01-1.56 (m, 140 H), 1.28-0.85 (m, 151 H). IR (cm™): 2962, 2879, 2785,
1716, 1689, 1509. SEC: M, = 10.2 kg/mol, M\ = 18.9 kg/mol, b = 1.85.
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2.2.4 LCST determination

10 mg of polymer was dissolved in 1.0 mL of 100 mM, pH 7.0 or pH 8.0 potassium
phosphate buffer. The transmittance was then monitored at 500 nm using a UV-visible
spectrometer as the solution was heated at 2 °C/min. This measurement was repeated in

triplicate.

2.2.5 Block copolymer self-assembly and characterization

Self-assembly was performed using a nanoprecipitation method.® 8 mg of the block
copolymer was dissolved in 1.0 mL of DMF with stirring overnight. Then, 0.1 mL of the
polymer solution was rapidly injected into 0.9 mL of ultrapure deionized water while
stirring at 700 rpm. Alternatively, 0.9 mL of ultrapure deionized water was injected
dropwise over one min into 0.1 mL of polymer solution with stirring. After stirring
overnight, the suspensions were dialyzed using a 2 kg/mol MWCO membrane against
ultrapure deionized water (500 mL, 24 h, water changed once at ~12 h). Each system was

prepared in triplicate.

2.2.6  Assembly degradation and depolymerization studies

The assemblies and depolymerization were monitored via Nile red florescence
encapsulation, dynamic light scattering (DLS) count rate, and NMR Spectroscopy.

2.2.6.1 Assembly degradation studied by Nile red fluorescence

In a vial, 30 uL of 0.1 mg/mL solution of Nile red in CH2Cl, was added and then the solvent
was evaporated. Next, 8 mg of the copolymer was added and then dissolved in 1.0 mL of
DMF. Assemblies were then prepared as described above but dialyzed against 100 mM
potassium phosphate buffers of pH 7.0 or 8.0. The samples were incubated at 20 or 65 °C.
After 30 min, the fluorescence of each system was measured using an excitation
wavelength of 540 nm and recording the emission at 600 nm. The samples, in a quartz
cuvet, were then irradiated with UV light using an ACE Glass photochemistry cabinet
containing a mercury light source (450 W bulb, 2.8 mW/cm? of UVA radiation) for 30 min.
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The samples were again incubated at 20 or 65 °C in the dark. The emission intensity at 600

nm was measured at select time points over 168 hours.

2.2.6.2 Assembly degradation studied by DLS

Assemblies were prepared as described above for the Nile red studies, except that no dye
was used. The samples were incubated at either 20 or 65 °C. After 30 min, the count rate
was measured by DLS, with the attenuator fixed at 9 to obtain the t = 0 count rate. The
samples were then irradiated with UV light as described for the Nile red study and
incubated at either 20 or 65 °C in the dark. The count rate was measured at selected time

points over 168 hours.

2.2.6.3 Nanoparticle  depolymerization studied by NMR
spectroscopy

In a small vial, 40 mg of the copolymer was dissolved in 1.4 mL of 100 mM, pH 8.0
potassium phosphate buffered D>O and stirred for 30 min. The sample was then split
between two NMR tubes with one being incubated at 20 °C and the other at 65 °C. After
30 min, 'H NMR spectra of the suspensions were obtained. The samples were then
irradiated with UV light as described for the Nile red study, and incubated at either 20 or
65 °C in the dark. 'H NMR spectra were obtained at select time points over 30 days. The
integration of emerging peaks associated with the formation of PCB degradation products
was compared to that of the PDMAEMA peaks, which remained constant to the over the
28 days.

2.3 Results and discussion

2.3.1  Polymer design and synthesis

To investigate the influence of PDMAEMA on the depolymerization of the PCB block,
two target polymers were designed (Figure 2.2). The first polymer PCBuv-PDMAEMA
contains a UV-responsive o-nitrobenzyl carbonate linker between the polycarbamate and
PDMAEMA blocks, while the second (control) polymer PCBcon-PDMAEMA contains a

non-stimuli-responsive benzyl carbonate.
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Figure 2.2 Chemical structure of target polymers PCBuv-PDMAEMA and PCBcon-
PDMAEMA.

2.3.2  Synthesis of end-caps

To prepare the two target polymers, two linker end-caps were synthesized, one being
sensitive to UV light and the other being not responsive to stimuli. Both end-caps contained
alkynes for the conjugation of the PDMAEMA block using a Cu(l)-assisted azide-alkyne
cycloaddition (CUAAC). The light-responsive moiety was an o-nitrobenzyl derivative
cleavable at the benzylic site to release uncapped PCB SIP. The un-activated form of the
end cap (compound 2.1) was synthesized in two steps from commercially available 4-
(bromomethyl)-3-nitrobenzoic acid and has been previously reported.?” The alcohol on 1
was activated with 4-nitrophenyl chloroformate to yield end-cap 2 (Scheme 2.1a). For the
control end-cap, the propargyl ether-functionalized benzyl alcohol 3*° was activated with

4-nitrophenyl chloroformate for afford end-cap 4 (Scheme 2.1b).
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Scheme 2.1: Synthesis of linker end-caps: a) UV-responsive end-cap 2.2 and b) control
end-cap 2.4.

2.3.3  Synthesis of polymers

To prepare the PCB blocks, our previously reported monomer precursor 2.5% was first
deprotected by being treated with 1:1 CH2Cl.:TFA to cleave the t-butyloxycarbonyl
protecting group (Scheme 2.2). This monomer was then immediately immersed in CH2Cl;
in the presence of DMAP, NEtz, and 0.05 equiv. of either end-cap 2 or 4. After 24 h, the
resulting polymers were isolated by extraction followed by dialysis to afford PCBuv (from
end-cap 2) and PCBcon (from end-cap 4). *H NMR spectroscopy indicated that PCBuv
and PCBcon had M, values of 4752 g mol™! and 5280 g mol™ respectively based on
integration of the end-cap peaks relative to those of the backbone repeat units (Figure
A2.5-6). Size exclusion chromatography in DMF relative to PMMA standards provided an
Mn of 4640 g/mol and D of 2.31 for PCBuv and a M, of 5400 g/mol and D of 2.11 for
PCBcon. These SEC values are in good agreement with those obtained from NMR

spectroscopy.
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Scheme 2.2: Polymerization of PCBuv and PCBcon.
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To compliment the alkyne on the PCB block, an azide moiety was incorporated at the
terminus of the PDMAEMA block. This was achieved using a modified atom-transfer
radical-polymerization (ATRP) initiator with an azide functionality (6) (Scheme 2.3).*
The polymer was synthesized using a 20:1 monomer:initiator ratio in the presence of
HMTETA and CuBr to yield the targeted PDMAEMA-N3 with an M, of 5310 g/mol and
D of 1.16 as determined by SEC and was in agreement with NMR data. The length of time,

monomer:initiator ratio, and ligand system were optimized prior to the polymerization

0._0 H

B

P SRS P
3 HMTETA, CuBr, DMF

2.6 PDMAEMA-N,

Scheme 2.3: Synthesis of PDMAEMA-N3 using an azide-functionalized ATRP initiator.

2.3.4  Synthesis of block copolymers

The PCB and PDMAEMA blocks were then conjugated together via CuUAAC using
HMTETA and CuBr to afford PCBuv-PDMAEMA and PCBcon-PDMAEMA (Scheme
2.4). The resulting polymers were then purified by dialysis, with EDTA added to remove
copper in the first dialysis cycle. *tH NMR spectroscopy showed that the product polymers
had peaks corresponding to both the PCB and PDMAEMA blocks (Figure 2.3a and
A2.10a). Annotated *H NMR spectra of the final polymers are located in the Sl (Figure
A2.8 and A2.9). SEC showed an increase in the hydrodynamic volumes of the block
copolymers relative to those of the PCB and PDMAEMA, with an M, of 9420 g/mol and
D of 1.74 for PCBuv-PDMAEMA and an M, of 10200 g/mol and b of 1.85 for PCBcon-
PDMAEMA (Figures 2.3b and A2.10b). There was with no evidence of contaminating
homopolymer. Finally, IR spectroscopy showed disappearance of the peak at 2100 cm™
corresponding to the azide stretch, suggesting that the coupling went to completion
(Figures 2.3c and A2.10c).
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Figure 2.3: Characterization of PCBuv-PDMAEMA: a) 'H NMR spectroscopy (600

MHz, CDCls); b) DMF SEC traces (refractive index detection); ¢) IR Spectra.
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2.35 LCST measurements for PDMAEMA-N3

PDMAEMA is known to exhibit LCST behaviour when above its pKa.*** The pKa of
PDMAEMA-N3 was determined to be 7.2 by performing a titration with 0.5 M KOH on a
solution of PDMAEMA in water (Figure A2.11). The cloud point of 10 mg/mL
PDMAEMA-N3 was then evaluated in 100 mM pH 8.0 phosphate buffer by measuring the
transmittance at 500 nm, while increasing the temperature from 20 to 70 °C at a rate of ~1
°C per minute. The cloud point, corresponding to a large sharp drop in transmittance, was
found to be ~58 °C (Figure 2.4). In contrast, at a concentration of 10 mg/mL in 100 mM
pH 7.0 phosphate buffer, no cloud point was observed. The cloud point at a range of pH

and buffer concentrations were also determined, but have be left out for brevity.
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Figure 2.4: Transmittance of a 10 mg/mL solution/suspension of PDMAEMA-N3s or
PCBuv-PDMAEMA versus temperature in 100 mM pH 7.0 or 8.0 phosphate buffer.

2.3.6  Block copolymer self-assembly

The self-assembly of the amphiphilic diblock copolymers PCBuv-PDMAEMA and
PCBcon-PDMAEMA was performed by nanoprecipitation, involving either the addition
of a DMF solution of the polymer into water or the addition of water into the DMF polymer
solution. DMF was then removed by dialysis. The resulting assemblies were first
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characterized by DLS and TEM. Assemblies with diameters ranging from 68 — 95 nm and
polydispersity indices (PDI) of 0.16 — 0.27 were obtained based on DLS (Table 2.1). TEM
showed that the assemblies were solid particles with diameters ranging from ~20 - 50 nm
(Figure 2.5). The smaller diameters observed by TEM can be attributed to the dried state
of the particles versus the hydrated state measured by DLS. For subsequent studies, the
water into DMF method was chosen because of the more similar diameters observed for

the two copolymers and their lower PDI values.

The cloud point of the PCBuv-PDMAEMA assemblies was measured using the same
method described above for PDMAEMA-Ns. The cloud point at pH 8.0 was ~58 °C, the
same temperature determined for PDMAEMA-N3, and no cloud point was detected at pH
7.0.

Table 2.1: Average micelle diameters and PDI from DLS

DMF into Water Water into DMF
Diameter PDI Diameter PD]
(nm) (nm)
PCBuv-PDMAEMA 95+8 0.27 68 +0.6 0.19

PCBcon-PDMAEMA 717 0.21 68 +0.5 0.16
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Figure 2.5: TEM images of assemblies formed from a) PCBuv-PDMAEMA via DMF
into water; b) PCBuv-PDMAEMA via water into DMF; ¢) PCBcon-PDMAEMA via
DMF into water; d) PCBcon-PDMAEMA via water into DMF.

2.3.7  Depolymerization studies

First, the depolymerization of the assemblies was investigated by florescence spectroscopy
using Nile red as an encapsulated probe molecule. Nile red fluoresces strongly in the
hydrophobic cores of particles, but undergoes extensive aggregation and quenching in
water.>2® Thus, a decrease in Nile red fluorescence can correspond to its release from
particles into the aqueous environment as they degrade. The micelles were prepared by the
water into DMF nanoprecipitation method with the addition of 2 wt% Nile red relative to
polymer in the DMF. The resulting assemblies were dialyzed against a 100 mM phosphate
buffer of pH 7.0 or 8.0. Before the stimulus was applied, a sample of each system was
equilibrated at room temperature (20 °C) or above the LCST (65 °C) and the initial Nile
red fluorescence was measured. UV light was then applied to both the PCBuv-
PDMAEMA and PCBcon-PDMAEMA assemblies and they were incubated at either 20
or 65 °C. The fluorescence was measured at various time points over a period of 168 h (7

days).
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Comparing the PCBuv-PDMAEMA and PCBcon-PDMAEMA at 20 °C, the stimuli-
responsive polymer exhibited a decrease in fluorescence of ~30 % at pH 7.0 and ~20% at
pH 8.0, whereas the control exhibited only a negligible decrease (< 10%) (Figure 2.6).
This result suggests that stimuli-responsive depolymerization occurred and that
background degradation of the control was minimal. At 65 °C, the decrease in Nile red
fluorescence was also greater for PCBuv-PDMAEMA than PCBcon-PDMAEMA at both
pH 7.0 and 8.0 for most time points. This suggests that stimuli-responsive
depolymerization was still occurring at this temperature. Comparing pH 7.0 and pH 8.0 at
65 °C for PCBuv-PDMAEMA, it appears that the release was faster at pH 7.0 over the
first ~75 hours. As the cyclization and elimination reactions involved in depolymerization
should normally be faster at pH 8.0 than 7.0,% this suggests a possible slowing of the
amount of depolymerization due to PDMAEMA chain collapse at pH 8.0 and 65 °C.
However, by 100 h, the systems at the two pHs were very similar with ~60% decrease in
Nile red fluorescence. It was also noted above that the fluorescence decrease was slightly
more at pH 7.0 even at 20 °C, so this might relate to the overall hydrophilicity of the
PDMAEMA and resulting water access to the particle cores as opposed to chain collapse
specifically. The decrease in fluorescence for PCBcon-PDMAEMA was ~40% over 168
h at both pHs, indicating that background degradation of the assemblies also occurred at
65 °C. This degradation can likely be attributed to cleavage of the carbonate linkage on the
end-cap linker or cleavage of backbone carbamate bonds in the PCB block. Either of these
cleavages would result in depolymerization of PCB, thereby amplifying the non-specific
degradation. In addition, it is clear that for each system the release of Nile red was faster
at 65 °C, suggesting that acceleration of depolymerization was resulting from the
temperature increase dominated over the environmental effects associated with
PDMAEMA chain collapse.
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Figure 2.6: Change in the fluorescence of Nile red encapsulated in PCBuv-PDMAEMA
or PCBcon-PDMAEMA assemblies following irradiation with UV light at a) pH 7.0 and
b) pH 8.0 (100 uM phosphate buffer).

DLS can also provide an indication of assembly degradation because the scattered light
intensity, measured as the mean count rate, is proportional to the number of scattering
species and their masses. Depolymerization of the assemblies was expected to result in a
decrease in the mean count rate over time. The particles were again assembled as they were
in the florescence study, but without Nile red, at pH 7.0 or 8.0. They were then irradiated
with UV light and incubated at either 20 or 65 °C. At 20 °C, a minimal change in count
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rate was observed over 180 h for PCBuv-PDMAEMA and PCBcon-PDMAEMA at both
pH values (Figure 2.7). While depolymerization was expected to result in a decrease in
count rate due to disintegration of the assemblies, the situation may be more complicated.
Upon cleavage of the soluble PDMAEMA blocks from the assembly coronas, the resulting
hydrophobic particles can aggregate at the same time as depolymerizing, which may result
in a net negligible effect on the count rate. In contrast, at 65 °C, all assemblies underwent
a significant decrease in scattering count rate of 30-60%. At pH 7.0, where the PDMAEMA
should remain soluble, PCBuv-PDMAEMA underwent a larger decrease than PCBcon-
PDMAEMA, indicative of the specific triggering that was observed for the Nile red study.
In contrast, at pH 8.0, where the PDMAEMA exhibits an LCST, the count rate was erratic
for both systems. This can likely be attributed to aggregation of the PDMAEMA with itself
and with the remaining PCB cores as they were depolymerizing. This aggregation would
contribute to an increase in count rate, while depolymerization would contribute to a
decrease. Thus, there is an effect arising from the PDMAEMA LCST, but it is difficult to
elucidate. Overall, the accelerated reactions at 65 °C resulted in more rapid degradation of

the assemblies.
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Figure 2.7: Change in DLS count rate for PCBuv-PDMAEMA or PCBcon-PDMAEMA
assemblies following irradiation with UV light at a) pH 7.0 and b) pH 8.0 (100 uM
phosphate buffer).

'H NMR spectroscopy was used to confirm the depolymerization of the SIP block at pH
8.0 (where the LCST was be observed) to support data from the Nile red and DLS studies.
For this, assemblies were obtained by sonication of the PCBuv-PDMAEMA or PCBcon-
PDMAEMA in 100 mM, pH 8.0 phosphate buffered D,O. Initial spectra were obtained,
and only peaks corresponding to the PDMAEMA blocks were observed. Peaks
corresponding to the PCB block were attenuated as this polymer was packed into the

assembly core, resulting in long proton relaxation times (Figures A2.14-A2.17). Samples
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were then irradiated with UV light and incubated at either 20 or 65 °C. Upon
depolymerization, peaks corresponding to the depolymerization products emerged
(Figures A2.14-A2.17). The emerging peaks at 2.63 ppm and 3.26 ppm from the cyclic
urea formed by the depolymerization of the PCB block were integrated against the peak
corresponding to the CH> adjacent to the ester on the PDMAEMA block. Over 4 weeks at
20 °C, more rapid depolymerization was observed for PCBuv-PDMAEMA than for
PCBcon-PDMAEMA, confirming that it occurred in a stimuli-responsive manner (Figure
2.8). However, at 65 °C there was less difference between the behavior of the two
polymers, indicating that the elevated temperatures needed to be above PDMAEMA’s
LCST resulted in a high level of background depolymerization. This result was consistent
with those of the Nile red and DLS studies.
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Figure 2.8: Percent depolymerization measured by *H NMR spectroscopy for the PCB
blocks of PCBuv-PDMAEMA and PCBcon-PDMAEMA after irradiation and incubation
in 100 mM, pH 8.0 phosphate buffered D20 at either 20 or 65 °C.
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2.4 Conclusion

In conclusion, we successfully synthesized PCB-PDMAEMA block copolymers
containing a hydrophobic SIP block and a pH- and thermo-responsive hydrophilic block.
Both a UV light-responsive system PCBuv-PDMAEMA and a control system PCBcon-
PDMAEMA were prepared and studied. Both block copolymers were self-assembled via
nanoprecipitation to afford solid particles with diameters of ~70 nm. The assemblies had
an LCST at the same temperature (~58 °C) as the PDMAEMA-N3s homopolymer.
Depolymerization of the assemblies in response to UV light irradiation was studied using
Nile red as a fluorescent probe, and by DLS and NMR spectroscopy. In each case, stimuli-
responsive degradation was observed at 20 °C. A possible effect of PDMAEMA solubility
change or chain collapse on the amount of depolymerization was suggested by the Nile red
data at pH 8.0, but at 65 °C there was significant background degradation of the PCB,
reducing the differences in the behavior of PCBuv-PDMAEMA and PCBcon-
PDMAEMA, and masking this effect. In addition, as the effects of elevated reaction rates
dominated over any environmental effects from PDMAEMA chain collapse above the
LCST, the depolymerizations were always faster at higher temperatures (Figure 2.9). In
the future, it may be possible to observe the effects of chain collapse more clearly by using
an SIP lacking non-specific degradation pathways or by using a thermo-responsive
polymer with a lower LCST so that depolymerization can be studied with chain collapse at

lower tem peratures.
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Figure 2.9: Out of the three stimuli investigated (pH, UV and temperature) the elevated
temperature dominated the depolymerization behaviour, masking any other environmental
factors.
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3 Effects of poly(N-isopropylacrylamide) on the
depolymerization behaviour of polycarbamate based
block co-polymers

3.1 Introduction

Self-immolative polymers (SIPs) are a class of stimuli-responsive polymers that
depolymerize end-to-end in response to the cleavage of stimuli-responsive end-caps at the
polymer termini. Their design allows for amplified responses to stimuli,’® and end-caps
can be incorporated that respond to stimuli such as acid,* reducing agents,>® heat,” or
light.> 8 The stimulus to which they respond can be easily modified by simply switching
the end-cap, while retaining the structure of the polymer backbone. Various SIP backbones
have been developed in the last decade, although this chapter will be focusing on a
polycarbamate (PCB) system,!%* which depolymerizes irreversibly via a series of
cyclization and elimination reactions. In previous work it has been found that the
depolymerization rate of this class of SIPs is generally quite sensitive to environmental

factors such as pH and solvent.** 3.5

Another class of stimuli-responsive polymers are thermo-responsive polymers, which
undergo changes in their physical properties when exposed to changes in temperature. For
example, poly(N-isopropylacrylamide) (PNIPAAmM) exhibits a lower critical solution
temperature (LCST).25Y7 Below the LCST, the polymer chains are soluble, but above the
LCST an entropically driven phase separation occurs. Unlike the previously studied
thermo-responsive polymer, poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA),*®-
19 PNIPAAM is not pH-responsive. Both PNIPAAmM and PDMAEMA have been used in

recent years for the preparation of thermo-responsive nanomaterials.?

Amphiphilic block copolymers can self-assemble in aqueous solution to form a wide
variety of morphologies including spherical micelles, vesicles, and bilayers.?! Building on
our previous efforts to control the depolymerization behaviour of self-immolative PCBs,
the PCB block will be incorporated into amphiphilic block copolymers. The PCB block
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will act as the hydrophobic block and will be attached to either a thermo-responsive
hydrophilic PNIPAAm block, or a non-thermo-responsive hydrophilic polyethylene glycol
(PEG) block. It was proposed that irradiation should cause depolymerization of the
hydrophobic polycarbamate block, leading to disintegration of the copolymer assemblies.
Concomitantly, the PNIPAAm block should exhibit thermo-responsive behaviour. As the
depolymerization of the polycarbamate SIP block is sensitive to its environment, it was
hypothesized that the collapse of the PNIPAAmM chains around the assembly cores might
hinder water from accessing the cores. This would hopefully reduce the amount of the
polycarbamate depolymerization when compared to a nanoassembly with an extended

corona at the same time point (Figure 3.1).

In the previous chapter, PDMAEMA was used as the thermo-responsive block, but the high
temperature (~58 °C) needed to induce the chain collapse of the corona allowed significant
background degradation of the PCB. This background degradation masked the possible
effect PDMAEMA chain collapse had on the depolymerization. The use of a hydrophilic
block with a lower LCST such as PNIPAAm should minimize this background
degradation. Herein, we report the synthesis, self-assembly, and stimuli-responsive
depolymerization of block copolymers composed of a hydrophobic self-immolative PCB!!
and a hydrophilic PNIPAAmM or PEG block, conjugated by a UV light-responsive linker.

Increase
temperature

Depolymerization
(Uv-light)
Fast Slow

':”"-;J
SRR G

Figure 3.1: Initially proposed behaviour of PCB-PNIPAAmM block copolymer assemblies.
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3.2 Experimental

3.2.1 General materials and procedures

Compounds 3.1,%2 and 3.2%2 as shown in Figure 3.3, 3.3!! (Scheme 3.1), and 3.4 (Scheme
3.2) were prepared as previously reported. 4-Nitrophenyl chloroformate, tris[2-
(dimethylamino)ethyl]amine (MesTREN), and, N-isopropylacrylamide (NIPAAm), were
purchased from AK Scientific. Copper(ll) sulfate was purchased from Alfa Aesar.
Copper(l) bromide, and (+)-sodium L-ascorbate were purchased from Sigma-Aldrich and
used without further purification unless otherwise noted. Anhydrous DMF was obtained
from a solvent purification system equipped with aluminum oxide columns. Pyridine, NEt3
and CHCl were distilled from CaH (particle size 0-2mm). Column chromatography was
performed using silica gel (0.063-0.200 mm particle size, 70-230 mesh). Ultrapure
deionized water was obtained from the Barnstead EASYpure Il system. Unless otherwise
stated, all reactions were performed under a N2 atmosphere using flame or oven dried

glassware. Dialyses were performed using Spectra/Por regenerated cellulose membranes.

3.2.2 Instrumentation

'H NMR spectra were obtained at 600 MHz or 400 MHz using Varian INOVA
spectrometers. NMR spectra were referenced relative using tetramethylsilane (TMS) using
the residual solvent signals of CHCIs (7.26 ppm), (CH3)2CO (2.05 ppm), and CH3CN (1.94
ppm) as internal standards. Size exclusion chromatography (SEC) was carried out at a flow
rate of 1 mL/min in DMF with 10 mM LiBr and 1% (v/v) NEtz at 85 °C using a Waters
515 HPLC pump and Waters Temperature Control Module Il equipped with a Wyatt
Optilab T-rEX refractometer and two PLgel 5 um mixed-D (300 mm x 7.5 mm) columns
from Polymer Laboratories by Varian connected in series. The calibration was performed
using poly(methyl methacrylate) (PMMA) standards. Infrared (IR) spectra were obtained
on a PerkinElmer Spectrum Two FTIR Spectrometer using the attenuated total reflectance
accessory. Dynamic light scattering (DLS) was preformed using a Zetasizer Nano ZS

instrument from Malvern Instruments at 25 °C at a concentration of 0.8 mg/mL of polymer
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assemblies. Transmission electron microscopy (TEM) imaging was performed using a
Phillips CM10 Microscope operating at an acceleration voltage of 80 kV. 10 pL of micelle
suspension (0.8 mg/mL) was placed onto a copper grid. After 5 min, the resulting liquid
was wicked away using strips of Fisherbrand™ Qualitative-Grade Filter Paper Circles and
the grid was allowed to air-dry for 2 hours. Fluorescence spectra were obtained using a
QM-4 SE spectrometer from Photon Technology International (PTI) equipped with both
excitation and emission monochromators. Samples were excited at 540 nm with a slit width
of 5 nm. UV-visible spectra were obtained on a VVarian UV/vis Cary 300 spectrophotometer

equipped with a Varian Cary 8453 Temperature Controller.

3.2.3  Synthetic procedures

Synthesis of PCBuv and general procedure for synthesis of the self-immolative block

Monomer precursor 3.3 (2.04 g, 4.04 mmol, 1.00 equiv.) was dissolved in 1:1 TFA:CH.Cl;
(dry) and the reaction mixture was stirred at room temperature under N2 for 2 hours. The
solvent was removed via a stream of N2 gas. Additional dry CH2Cl (5 mL) was added and
removed again to ensure all TFA was removed. The flask was then placed under vacuum
to remove all residual solvent. The resulting monomer was dissolved in 1:3 dry
THF:toluene (24 mL) and the solution was cooled to 0 °C. End-cap 3.1 was added (79.8
mg, 0.2 mmol, 0.05 equiv.), followed by NEts (7.04 mL, 50.5 mmol, 12.5 equiv.) and 4-
(dimethylamino)pyridine (DMAP). The reaction was warmed to room temperature and
stirred for 24 hours. The solution was then diluted with CH2Cl, (50 mL), washed with 1 M
HCI (50 mL) followed by 10% Na>,COz (2 x 50 mL). The organic layer was dried over
MgSO4 and volatiles were removed in vacuo to provide a yellow solid. The crude polymer
was further purified by dialysis using a 2 kg/mol molecular weight cut-off (MWCO)
membrane against DMF followed by ultrapure deionized water over 24 hours. The sample
was lyophilized to afford the product as a white powder (979 mg). Yield: 49%. *H NMR
(600 MHz, CDClg, 8, ppm): 7.38-7.25 (m, 40 H), 7.11-7.04 (m, o1 H), 5.13-5.08 (m, 42
H), 4.17 (s, 2H), 3.60-3.46 (m, 85 H), 3.12-2.88 (m, 127 H), 2.54 (s, 1H). IR (cm™): 2962,
1694, 1505. SEC: M, = 4.59 kg/mol, My = 10.0 kg/mol, & = 2.19.
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Synthesis of PCBcon

The polymer was synthesized using the same procedure as described above for PCBuv
except that endcap 3.2 was used (65.4 mg, 0.20 mmol, 0.05 equiv.). The product was
obtained as a white powder (1.04 g). Yield: 51%. *H NMR (600 MHz, CDCls, , ppm):
7.38-7.24 (m, 44 H), 7.11-7.04 (m, 41 H), 6.94 (s, 2H), 5.12-5.08 (M, 44 H), 4.67 (s, 2H),
3.6-3.46 (m, 86 H), 3.12-2.88 (m, 137 H), 2.51 (s, 1H). IR (cm™): 2961, 1690, 1510. SEC:
Mhn = 4.10 kg/mol, My = 10.5 kg/mol, D = 2.51.

Synthesis of PNIPAAM-N3

The procedure was adapted from a previously reported procedure.?* The monomer N-
isopropylacrylamide (NIPAAmM) was purified by two successive recrystallizations in
hexanes, and then dried in vacuo for 4 hours. In a Schlenk tube, purified NIPAAm (2.00 g,
17.7 mmol, 50 equiv.), CuBr (100 mg, 0.71 mmol, 2 equiv.), and isopropanol (16.7 mL)
were combined and degassed for 15 min. by bubbling N2 gas through the mixture. The
ligand tris[2-(dimethylamino)ethyl]amine (MesTREN) was added to the flask and the
mixture was subjected to three freeze-pump-thaw cycles. In a separate flask, 174 mg of
atom transfer radical polymerization (ATRP) initiator 3.5 was dissolved in isopropanol
(2.00 mL) and underwent three freeze-pump-thaw cycles. Using a degassed needle, 1.00
mL of the 3.5 initiator solution (1.00 mL = 87 mg, 0.35 mmol, 1.0 equiv.) was transferred
to the main flask, achieving an overall monomer concentration of 1.0 M. The solution was
stirred at room temperature for 2 hours. The solution was then filtered through a silica plug
and concentrated in vacuo. The crude polymer was then dissolved in THF (2 mL) and
precipitated into pentane (40 mL) three times to yield a white powder (1.21 g). Yield: 60%.
!H NMR (600 MHz, CDCls, 8, ppm): 6.92-6.13 (m, 63 H), 4.14-3.84 (m, 89 H), 3.38 (bs,
2 H), 2.42-1.36 (m, 447 H), 1.12 (544 H). IR (cm™): 3281, 3063, 2964, 2876, 2103, 1642,
1539, 1456. SEC: My = 4.92 kg/mol, My = 7.42 kg/mol, P = 1.51.
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Synthesis of PCBuv-PNIPAAmM and general procedure for the Cu(l)-assisted azide-
alkyne cycloaddition (CuAAC) of the self-immolative block and PNIPAAmM

In a Schlenk flask, PCBuv (84 mg, 0.017 mmol, 1.0 equiv.), PNIPAAm-N3 (100 mg, 0.020
mmol, 1.2 equiv.), CuSO4 (10 mg, 0.063 mmol, 3.7 equiv.), and (+)-sodium L-ascorbate
(20 mg, 0.050 mmol, 3.0 equiv.) were combined and underwent three vacuum/N> cycles.
Dry DMF (10 mL) was added to the flask and the resulting solution was sparged with N>
for 30 min. The samples were heated to 25 °C and stirred for 17 hours. The DMF and other
volatiles were removed in vacuo, and the crude polymer mixture was redissolved in THF
and passed through a silica plug. The polymer was purified by dialysis (6 kg/mol MWCO)
with two cycles of DMF and two cycles of ultrapure deionized water over 24 hours. The
sample was lyophilized to afford the product as a white powder (138 mg). Yield: 82%. H
NMR (600 MHz, CDCls, 8, ppm): 7.36-7.28 (m, 40 H), 7.11-6.96 (m, 40 H), 6.25 (bs, 19
H), 5.11-5.02 (m, 39 H), 4.11-3.85 (m, 43 H), 3.63-3.34 (m, 81 H), 3.10-2.89 (m, 122 H),
2.27-1.03 (m, 533 H). IR (cm™): 3061, 2960, 2874, 1695, 1504 SEC: M, = 8.90 kg/mol,
Mw = 17.2 kg/mol, = 1.92.

Synthesis of PCBcon-PNIPAAM

This polymer was synthesized by the same procedure as described above for PCBuv-
PNIPAAmM except that PCBcon (70 mg, 0.014 mmol, 1.0 equiv.) was used. The product
was obtained as a white powder (112 mg). Yield: 80%. 'H NMR (600 MHz, CDCls, §,
ppm): 7.36-7.28 (m, 39 H), 7.11-6.96 (m, 46 H), 6.25 (bs, 38 H), 5.11-5.02 (m, 44 H), 4.11-
3.85 (m, 51 H), 3.63-3.34 (m, 84 H), 3.10-2.89 (m, 129 H), 2.27-1.03 (m, 570 H). IR (cm"
1Y: 3063, 2963, 2876, 1693, 1642, 1539, 1456. SEC: M, = 8.64 kg/mol, My, = 17.0 kg/mol,
b =1.96.
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Synthesis of PCBuv-PEG

This polymer was synthesized by the same procedure as described above for PCBuv-
PNIPAAmM except that PCBuv (100 mg, 0.020 mmol, 1.0 equiv.) and PEG-N3 (110 mg,
0.022 mmol, 1.1 equiv.) was used. The product was obtained as a white powder (163 mg).
Yield: 81%. *H NMR (600 MHz, CDCls, §, ppm): 7.33-7.27 (m, 36 H), 7.07-6.90 (m, 44
H), 5.14-5.04 (m, 41 H), 3.88-3.37 (m, 785 H), 3.11-2.89 (116 H). IR (cm™): 2970, 2874,
1692, 1503 SEC: Mn = 17.9 kg/mol, My = 22.1 kg/mol, & = 1.23.

Synthesis of PCBcon-PEG

This polymer was synthesized by the same procedure as described above for PCBuv-
PNIPAAmM except that PCBcon (70 mg, 0.014 mmol, 1.0 equiv.) and PEG-N3 (75 mg,
0.015 mmol, 1.1 equiv.) were used. The product was obtained as a white powder (123 mg).
Yield: 88%. 'H NMR (600 MHz, CDCls, §, ppm): 7.36-7.28 (m, 41 H), 7.06-6.98 (m, 43
H), 5.16-4.90 (m, 46 H), 4.56 (s, 2 H), 3.76-3.39 (m, 837 H), 3.10-2.90 (m, 122 H). IR (cm"
1Y: 2961, 2876, 1690, 1510 SEC: M, = 15.9 kg/mol, My, = 20.7 kg/mol, = 1.31.

3.2.4  Block copolymer self-assembly

Self-assembly was performed using a nanoprecipitation method. Each block copolymer (8
mg) was dissolved in 1.0 mL DMF and stirred overnight. The block copolymer solution
was filtered using a 0.2 um syringe filter and then 0.1 mL of the polymer solution was
rapidly injected into 0.9 mL of ultrapure deionized water while stirring at 700 rpm.
Alternatively, 0.9 mL of ultrapure deionized water was injected dropwise over one min
into 0.1 mL of the polymer solution with stirring. After stirring overnight, the suspensions
were dialyzed using a 2 kg/mol MWCO membrane against ultrapure deionized water (500

mL, 24 h, water changed once at ~12 h). Each system was prepared in triplicate.



94

3.2.5 Cloud point determination

Cloud point measurement for PNIPAAmM-N3

The polymer (3 x 5 mg) was dissolved in 1.0 mL each of ultrapure deionized water, 100
mM pH 7.4 potassium phosphate buffer, or 500 UM pH 7.4 potassium phosphate buffer.
The transmittance of each solution was monitored at 500 nm using a UV-visible
spectrometer as the solution was heated at 2 °C/min. These solutions were then diluted to
2.5 mg/mL, the measurements were repeated, followed by a dilution to 0.6 mg/mL with
the measurements repeated a third time.

Cloud point measurement for the block copolymers

Self-assembly was performed on each diblock copolymer using a nanoprecipitation
method. Each block copolymer (4 mg) was dissolved in 0.5 mL DMF and stirred overnight.
The block copolymer solution was filtered using 0.2 um syringe filter and then 0.1 mL of
the polymer solution was rapidly injected into 0.9 mL of ultrapure deionized water while
stirring at 700 rpm. After stirring overnight, the suspensions were dialyzed using a 2 kg/mol
MWCO membrane against 100 mM pH 7.4 potassium phosphate buffer (500 mL, 24 h,
water changed once at ~12 h). The transmittance was then monitored at 500 nm using a

UV-visible spectrometer as the solution was heated at 2 °C/min.

3.2.6  Nile red loading of particles for fluorescence monitoring of
assembly degradation

In a vial, 30 puL of a 0.1 mg/mL solution of Nile red in CH2Cl> was added and the solvent

was removed. Next, 8 mg of the copolymer was added to the same vial and then dissolved

in 1.0 mL of DMF. Assemblies were then prepared as described above but dialyzed against

100 mM potassium phosphate buffer at pH 7.4 (500 mL, 24 h, water changed once at ~12

h). The fluorescence of each system was measured using an excitation wavelength of 540

nm and the emission was recorded at 600 nm.
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3.2.7  Assembly degradation studied by small molecule drug release

3.2.7.1  Drug calibration curves

Methotrexate calibration curve and general procedure

A concentrated stock solution of methotrexate was prepared by dissolving 10.2 mg of
methotrexate into 10.00 mL of methanol in a volumetric flask. Serial dilutions were
performed by removing 5.00 mL of this solution and diluting with methanol to 10.00 mL
in a 10 mL volumetric flask. This was continued until 10 different concentrations were
achieved. The absorbances of the samples were measured using UV-vis spectroscopy from
200 - 800 nm. The absorbance at 298 nm was plotted against concentration and a linear

correlation was established.
Celecoxib calibration curve

A concentrated stock solution of celecoxib was prepared by dissolving 10.2 mg of
celecoxib into 10.00 mL methanol in a 10 mL volumetric flask. The procedure was then
the same as described above for methotrexate except that the absorbance was recorded at
252 nm.

3.2.7.2 Drug loading efficiency

To determine the drug loading efficiency of the block copolymer assemblies, the block
copolymer was dissolved with 30 wt% of the target drug (relative to polymer) in DMF and
stirred for 4 hours. The assemblies were then prepared using the DMF into water
nanoprecipitation method as described in the block copolymer self-assembly section but
dialyzed against 100 mM potassium phosphate buffer at pH 7.4 (500 mL, 12 h, water
changed once at ~6 h). The samples were lyophilized to remove water and yielded a white
powder. The dry samples were dissolved in methanol (2.0 mL) and the UV-vis absorbance
spectra were obtained from 200 - 800 nm. The absorbance at 298 nm for methotrexate and
252 nm for celecoxib was measured and compared to the previously made calibration curve

to give a final drug concentration.
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Methotrexate

In a small vial, PCBuv-PNIPAAmM (3.9 mg) and methotrexate (1.4 mg) were dissolved in
DMF (0.5 mL). This yielded a micelle with 4.1 wt% methotrexate loading and an

encapsulation efficiency of 38%.

In a small vial, PCBcon-PNIPAAM (4.2 mg) and methotrexate (1.6 mg) were dissolved
in DMF (0.5 mL). This yielded a micelle with 6.9 wt% methotrexate loading and an
encapsulation efficiency of 36%.

Celecoxib

In a small vial, PCBuv-PNIPAAmM (4.2 mg) and celecoxib (1.4 mg) were dissolved in
DMF (0.5 mL). This yielded a micelle with 9.2 wt% celecoxib loading and an
encapsulation efficiency of 43%.

In a small vial, PCBcon-PNIPAAM (4.1 mg) and celecoxib (1.3 mg) were dissolved in
DMF (0.5 mL). This yielded a micelle with 11 wt% celecoxib loading and an encapsulation

efficiency of 34%.

3.2.7.3 Assembly degradation probed based on methotrexate
release
The assemblies were prepared as described above for the drug loading efficiency trials
using methotrexate for two block copolymers (PCBuv-PNIPAAmM and PCBcon-
PNIPAAM) to yield 4 mL of assemblies in 100 mM potassium phosphate buffer at pH 7.4.
Each sample was divided into 2 x 2 mL, where one vial was incubated at 25 °C and another
at 45 °C for 30 min. All quartz vials were then irradiated with UV light using an ACE Glass
photochemistry cabinet containing a mercury light source (450 W bulb, 2.8 mW/cm? of
UVA radiation at the sample) for 1 hours. Each sample was then transferred to 1 kg/mol
MWCO dialysis tubing and placed in 20 mL of 100 mM potassium phosphate buffer at pH
7.4. It was then incubated at the previously described temperatures. At specified time points
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over a 96 h period, the a UV-vis absorbance spectrum was taken on 2 mL of the dialysate,

before being returned to the initial vial.

3.2.8  Nanoparticle depolymerization studied by NMR spectroscopy

In a small vial, 20 mg of the copolymer was dissolved in 1.4 mL of 100 mM, pH 7.4
potassium phosphate buffered D.O and stirred for 30 min. The sample was then split
between two quartz NMR tubes with one being incubated at 25 °C and the other at 45 °C.
After 30 min, *H NMR spectra of the suspensions were obtained for the 0 h time point. The
samples were then irradiated with UV light using an ACE Glass photochemistry cabinet
containing a mercury light source (450 W bulb, 2.8 mW/cm? of UVA radiation at the
sample) for 30 min and then incubated at either 25 or 45 °C in the dark. *H NMR spectra
were obtained at select time points over 14 days. The integrations of emerging peaks
associated with the formation of PCB degradation products were compared to those of the

PNIPAAmM peaks, which remained constant over the 14 days.

3.3 Results and discussion

3.3.1 Polymers design and synthesis

To investigate the influence of PNIPAAM on the depolymerization of the PCB block, two
target polymers were designed (Figure 3.2). The first polymer PCBuv-PNIPAAM
contains a UV light-responsive o-nitroveratryl carbonate linker between the PCB and
PNIPAAmM blocks, while the second (control) polymer PCBcon-PNIPAAM contains a
non-stimuli-responsive benzyl carbonate. Both polymers are thermally responsive;
however, polymers that have similar structures, without being thermally responsive were
desired. To achieve this, another two target polymers were designed. These include the UV
light-responsive  PCBuv-PEG and control PCBcon-PEG, which both have PEG
hydrophilic chains that do not exhibit any LCST behaviour over the same temperature
window as PNIPAAm. This provided a set of polymers that respond only to UV light
(PCBuv-PEG) and to neither heat or light (PCBcon-PEG) over the temperature range of
25 - 45 °C. Comparing the PEG and PNIPAAmM versions at the higher temperatures, where
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only micelles with PNIPAAm will experience a collapse of the corona, should provide

insight to determine if the collapsing corona affects amount of depolymerization.
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Figure 3.2: Chemical structures of target polymers PCBuv-PNIPAAmM, PCBcon-
PNIPAAmM, PCBuv-PEG, and PCBcon-PEG.

To synthesize these four block copolymers, the individual blocks were synthesized and
were then coupled together using a CUAAC. The synthetic approach involved the
incorporation of alkyne termini on the PCB blocks, which was achieved by using the
previously reported UV-responsive end-cap 3.1%2 and non-UV responsive end-cap 3.2%2
(Figure 3.3). The light-responsive moiety was an o-nitrobenzyl derivative, designed to
cleave at the benzylic site when irradiated with UV light, to release an uncapped PCB SIP
polymer that should depolymerize. The control end-cap had a similar aromatic motif but
lacked the nitro group that imparted responsiveness to UV light.
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0 3.1 Z
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Figure 3.3: Chemical structures of UV-responsive end-cap 3.1 and control end-cap 3.2

To prepare the PCB blocks, our previously reported activated monomer 3.3'! was
deprotected by treatment with 1:1 CH,Cl,:TFA to cleave the t-butyloxycarbonyl protecting
group, then immediately immersed in CH2Cl; in the presence of DMAP, NEts, and 0.05
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equiv. of either end-cap 3.1 or 3.2 (Scheme 3.1). After 24 h, the resulting polymers were
isolated by extraction followed by dialysis to afford PCBuv (from end-cap 3.1) and
PCBcon (from end-cap 3.2). *H NMR spectroscopy indicated that PCBuv and PCBcon
had M, values of 5.28 kg/mol and 4.48 kg/mol respectively based on integration of the end-
cap peaks relative to those of the backbone repeat units. SEC in DMF relative to PMMA
standards provided an Mn of 4.59 kg/mol and D of 2.19 for PCBuv and a M, of 4.10 kg/mol
and D of 2.51 for PCBcon. These SEC values are in good agreement with those obtained

from NMR spectroscopy.
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Scheme 3.1: Polymerization of PCBuv and PCBcon.

Azide moieties were incorporated in the PEG and PNIPAAm blocks to complement the
PCB block and allow for a CUAAC to occur. The PEG-Ns was synthesized as previously
reported from 5K-PEG monomethyl ether (PEG-OMe, Scheme 3.2a).° The reaction
yielded a polymer with and a My of 6.62 kg/mol and a & of 1.15 as determined by SEC in
DMF relative to PMMA standards. An azide was also incorporated into the terminus of the
PNIPAAmM block by first synthesizing a modified ATRP initiator (3.4) with an azide moiety
as previously reported, and then initiating polymerization from this azide. The purified
NIPAAmM monomer at a concentration of 1 M in dry isopropanol was combined with the
initiator in a ratio of 50:1, in the presence of CuBr and ligand MesTREN (Scheme 3.2b).
The polymerization yielded PNIPAAmM-N3 with an M, of 4.92 kg/mol and P of 1.53 as
determined in DMF relative to PMMA standards, which agreed with NMR data.
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Scheme 3.2: a) Synthesis of PEG-Ns and b) polymerization of PNIPAAmM-N3 using and
azide functionalized ATRP initiator

Previous work involving the coupling of PDMAEMA to a PCB SIP using CUAAC had
limitations regarding what conditions could be used.?? It was suspected that the tertiary
amine pendant groups on the PDMAEMA could ligate copper, preventing the copper from
catalyzing the CuAAC reaction. To circumvent this, a strong ligand, 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA), and CuBr were complexed before the
reaction in a separate solution. This method was successful, however HMTETA is
expensive, so more economical CuAAC conditions were developed for use with
PNIPAAM-N3. To evaluate reaction conditions, the CuAAC was performed on
PNIPAAmM-N3 with commercially available propargyl alcohol using two common reagent
conditions for a PNIPAAM click reactions,?® and the reaction was monitored based on the
loss of the azide peak in the IR spectrum post reaction (Figure 3.4). Use of both
Cu(l)/PMDETA and Cu(ll)/sodium ascorbate systems resulted in successful CuUAAC
reactions based on these experiments, suggesting the either system could be used. Based
on ease of use and cost, the Cu(ll)/sodium ascorbate system was chosen to complete all

four cross coupling reactions.
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Figure 3.4: Schematics of the CUAAC reactions for the coupling of PNIPAAM-N3 with
propargyl alcohol and their corresponding IR spectra showing complete loss of peaks
corresponding to the azide stretches at 2100 cm™: a) CuSOa/sodium ascorbate conditions
and b) CuBr/PMDETA conditions.

The PCB and PNIPAAmM or PEG blocks were conjugated using CuSO4 and sodium
ascorbate to produce the four target block copolymers: PCBuv-PNIPAAmM, PCBcon-
PNIPAAmM, PCBuv-PEG, and PCBcon-PEG (Scheme 3.3). The polymers were purified
by dialysis against DMF and then deionized water. To confirm that the polymers were
successfully coupled, they were analyzed via *H NMR spectroscopy, SEC, and IR
spectroscopy. 'H NMR spectroscopy showed that the product polymers had peaks
corresponding to both PCB and the associated hydrophilic blocks (Figures 3.5a, 3.6a,
A3.9a, A3.10a). SEC showed an increase in the hydrodynamic volumes of the block
copolymers relative to the individual blocks with an My, of 8.90 kg/mol and a & of 1.92 for
PCBuv-PNIPAAM, M, of 8.64 kg/mol and a D of 1.96 for PCBcon-PNIPAAM, M of
17.9 kg/mol and a D of 1.23 for PCBuv-PEG, and M, of 15.9 kg/mol and a b of 1.31 for
PCBcon-PEG (Figures 3.5c, 3.6c, A3.9c, A3.10c). There was no evidence of
contamination by homopolymers based on the single peaks observed in SEC, and lack of
peaks corresponding to the elution times of the uncoupled blocks. Finally, IR spectroscopy
showed the disappearance of the peak at ~2100 cm™ that corresponded to an azide stretch
(3.5b, 3.6b, A3.9b, A3.10b).
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Figure 3.5: Characterization of PCBuv-PNIPAAmM: a) 'H NMR spectra (600 MHz,
CDCls); b) IR spectra; c) DMF SEC traces (refractive index detection. The *H NMR
spectrum of PCBuv-PNIPAAmM has peaks from both blocks after purification and the SEC
trace of PCBuv-PNIPAAM has a decreased retention time, indicating an increase in molar
mass and no peaks corresponding to the original homopolymers were observed. The azide
stretch at 2100 cm™ is absent post CUAAC, indicating no free PNIPAAM-N3 is present.
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Figure 3.6: Characterization of PCBcon-PNIPAAM: a) *H NMR spectra (600 MHz,
CDCls3); b) IR spectra; c) DMF SEC traces (refractive index detection. The *H NMR
spectrum of PCBcon-PNIPAAM has peaks from both blocks after purification and the
SEC trace of PCBcon-PNIPAAmM has a decreased retention time, indicating an increase in
molar mass and no peaks corresponding to the original homopolymers were observed. The
azide stretch at 2100 cmis absent post CUAAC, indicating no free PNIPAAmM-N3 is

present.
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Table 3.1: Summary of molar mass data for all polymers

DMF Size Exclusion Chromatography 'H NMR
spectroscopy
Mn Mw 5 Mn
(kg/mol) (kg/mol) (kg/mol)
PCBuv 4.59 10.0 2.19 5.28
PCBcon 4.10 10.5 251 4.49
PNIPAAM-N3 4.92 7.42 151 6.70
S5K-PEG-Ns3 6.62 7.60 1.15 -
PCBuv-PNIPAAM 8.90 17.2 1.92 -
PCBcon-PNIPAAM 8.64 17.0 1.96 -
PCBuv-PEG 17.9 22.1 1.23 -
PCBcon-PEG 15.9 20.7 1.31 -

3.3.2 Cloud point measurements of PNIPAAmM

PNIPAAmM is known to exhibit LCST behaviour, and several factors can affect the
temperature at which the cloud point occurs, including chain length, polymer
concentration, and salt concentration of the solution. The cloud point of PNIPAAM-N3
was monitored for various polymer concentrations from 5.0 mg/mL to 0.6 mg/mL. In pure
water, the cloud point for 5.0 mg/mL polymer was determined to be 42 °C (Figure 3.7a),
which is much higher than the previously reported LCST of PNIPAAm (32 °C).%” The
higher cloud point might result from the relatively low molar mass compared to previously
reported systems. Since a chain length of around 5 kg/mol was already established for the
PNIPAAmM block, the effect of different concentrations of sodium phosphate buffer at pH
7.4 on the cloud point was explored. Buffer concentrations of 100 mM (Figure 3.7b) and
500 mM (Figure 3.7c) were tested. Adding the buffer resulted in a decrease in the LCST

at all concentrations, with 500 mM having the largest impact, lowering the cloud point to
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25 °C for the 5 mg concentrations. Although the 500 mM buffer solution decreased the
cloud point the most (from 42°C to 25 °C at 5.0 mg/mL), 100 mM was chosen for
subsequent experiments. The first reason is that | wanted the cloud point at least 10 °C
above room temperature (~ 25 °C) which would allow for incubation of the polymer
systems both above and below room temperature, eliminating the risk of accidentally
exposing a system to a temperature that would trigger the cloud point behavior. The second
reason is that although the overall polymer concentration would be close to 0.8 mg/mL, the
local concentration of PNIPAAmM in a self-assembled nanoassembly would be much higher,
which was predicted to allow the PNIPAAm to behave as a more concentrated sample.
Therefore for the following studies a sodium phosphate buffer solution of 100 mM at pH
7.4 was used. The cloud points were determined to be 38 °C, 43 °C, and 56 °C for 5.0
mg/mL, 2.5 mg/mL, and 0.6 mg/mL concentrations of PNIPAAM-N3s respectively.
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Figure 3.7: Transmission of PNIPAAmM-N3 solutions as a function of temperature in a)
ultrapure deionized water, b) 100 mM pH 7.4 sodium phosphate buffer and ¢) 500 mM, pH
7.4 sodium phosphate buffer.

3.3.3  Block copolymer self-assembly

The self-assembly of the four amphiphilic diblock copolymers was performed via nano-
precipitation. This procedure involved the addition of either a solution of the polymer in
DMF into ultrapure deionized water, or the opposite, where water was added into the
solution of DMF. The DMF was then removed by dialysis against ultrapure water. The
resulting assemblies were characterized by DLS, indicating that nanoparticles with
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diameters ranging from 50 to 260 nm had been formed (Table 3.2). Attempts were made
to characterize the samples by TEM and confirm the nanoparticle size as well as the
structural type, although only images for PCBuv-PNIPAAmM and PCBcon-PNIPAAM were
obtained. TEM showed that the assemblies were solid spherical particles with diameters
ranging from ~50 to 90 nm (Figure 3.8). The smaller diameters observed by TEM can be
attributed to the dried state of the particles versus the hydrated state measured by DLS as
well as the influence of aggregates on the diameter measured by DLS. The DMF into water
method yielded similarly sized assemblies when comparing all diblock copolymers (50-84
nm). The assemblies resulting from this method also had smaller polydispersity index
(PDI) values and the diameters were reproducible; therefore this method was chosen as the
method for all subsequent studies.

Table 3.2: Average micelle diameters and PDI values from DLS

DMF into Water Water into DMF
Diameter (nm) PDI Diameter (nm) PDI
PCBuv-PNIPAAM 61.9+19 0.23 149+ 9 0.34
PCBcon-PNIPAAM 84 +4 0.16 260 + 56 0.72
PCBuv-PEG 50+1 0.28 93+20 0.23

PCBcon-PEG 59+ 14 0.26 81+5 0.26
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Figure 3.8: TEM images of a) PCBuv-PNIPAAmM nanoassemblies and b) PCBcon-
PNIPAAM nanoassemblies. Both assemblies were formed by dropping the DMF/polymer
mixture into ultrapure water. Each scale bar represents 50 nm.

The LCST behaviour of the polymer assemblies was evaluated by preparing the
nanoassemblies as described above, and then dialyzing the resulting assemblies against 100
mM, pH 7.4 sodium phosphate buffer instead of water. The cloud points of the
nanoassemblies were determined using the same method described above. The cloud point
of PCBuv-PNIPAAmM was determined to be 36 °C, and the cloud point of PCBcon-
PNIPAAmM was 38 °C (Figure 3.9). The cloud point was the temperature at which percent
transmission dropped to 50%. These cloud point temperatures were lower than those of the
free PNIPAAmM-N3 at these concentrations, suggesting that the increased local
concentration of PNIPAAmM in the nanoassemblies causes a depression of the cloud point.
On the other hand, the control polymers, PCBuv-PEG and PCBcon-PEG did not show
any cloud point over the evaluated temperature range of 25 - 45 °C. The two temperatures
chosen for the next experiments were 25 °C for the below cloud point measurements and

45 °C for the above cloud point measurements.
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Figure 3.9: Transmission of a 0.8 mg/ml suspension of PCBuv-PNIPAAmM, PCBcon-
PNIPAAmM, PCBuv-PEG, and PCBcon-PEG versus temperature in a 100 mM sodium
phosphate buffer at pH 7.4. PCBuv-PEG, and PCBcon-PEG show high transmission over
the entire temperature window whereas PCBuv-PNIPAAmM and PCBcon-PNIPAAM
show cloud points.

3.3.4  Depolymerization studies
3.3.4.1 Nile red loading

Depolymerization of nanoassemblies can be probed by florescence spectroscopy using a
florescence probe, such as Nile red.?> 2 Nile red fluoresces strongly in the hydrophobic
cores of particles, but when in a hydrophilic environment it experiences quenching caused
by aggregation.?®%° A decrease in the fluorescence of Nile red can signify its aggregation
as a result of its release into the surrounding environment, suggesting degradation of the
nanoassemblies. Nanoassemblies were prepared using the DMF into water
nanoprecipitation method, with 2 wt% Nile red relative to the polymer added to the DMF
solution. The resulting assemblies were dialyzed against a 100 mM sodium phosphate
buffer at pH 7.4. Before applying either the thermal or UV light stimuli to the system, the
Nile red florescence of the assemblies was assessed to ensure a significant difference

between the particles and free Nile red in solution fluorescence. As shown in Figure 3.10,
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the fluorescence of the PCBuv-PNIPAAmM nanoassemblies loaded with Nile red exhibited
only a slight increase relative to pure Nile red in the buffer solution without any polymer
present. In contrast, a fluorescence spectrum of Nile red in PCBuv-PDMAEMA
assemblies had showed a 7-fold increase in florescence compared to the PCBuv-
PNIPAAmM assemblies.?? The low initial florescence of the Nile red-loaded PCBuv-
PNIPAAmM assemblies compared to Nile red in water, which may arise from poor
incorporation of the dye into the nanoassemblies, indicated that it would not be easy to
detect its release into water. Therefore, Nile red would not be an ideal probe for monitoring

the degradation of these nanoassemblies.
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1400000 . 7\ ) == Buffer + Nile red loaded PCB,,-PNIPAAM

= Buffer + Nile red loaded PCB,-PDMAEMA
1200000

1000000
800000

600000

Floresence Intensity (a.u.)

400000

200000

550 600 650 700

Emisson wavelength (nm)

Figure 3.10: Relative florescence versus emission wavelength for Nile red dissolved in pH
7.4, 100 mM sodium phosphate buffer, Nile red with PCBuv-PNIPAAmM in pH 7.4, 100
mM sodium phosphate buffer and Nile red with PCBuv-PDMAEMA (from Chapter 2).
Samples were excited at 540 nm. The Nile red concentration was 2 wt% of the polymer
and the polymer concentration was 0.8 mg/mL.
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3.3.4.2 Drug loading

An alternative to Nile red as a small molecule probe is a UV absorbent probe, such as
methotrexate or celecoxib, which are a chemotherapeutic agent and NSAID respectively.
The nanoassemblies were prepared using the DMF into water nanoprecipitation method,
with 30 wt% of the UV active compound relative to the polymer added to the DMF
solution. The resulting assemblies were dialyzed against a 100 mM sodium phosphate
buffer at pH 7.4 to remove non-encapsulated drug. The samples were then lyophilized. The
entire samples were then dissolved in 2.0 mL of methanol and analyzed by UV-Vis
spectroscopy. The amount of drug encapsulated into the nanoassemblies was determined
by comparing the absorbance of the polymer-drug solutions in methanol at a specified
wavelength (302 nm for methotrexate and 252 nm for celecoxib) to calibration curves for
solutions of the drug in methanol. From the amount of drug in the final sample, a weight
percent compared to the polymer, as well as the total encapsulation efficiency compared to
the original amount of drug used in the loading procedure were calculated. Encapsulation
efficiency is an important measure for how much of the drug is being used versus washed
away during production. Drug loading determines the amount of drug in each particle and
is important for dosage levels. Ideal scenarios will have a high encapsulation efficiency
(less drug is being wasted) and high drug loading (more drug per weight or volume of
nanoassemblies). For PCBuv-PNIPAAM, methotrexate had a drug loading of 4.1 wt% and
an encapsulation efficiency of 38% and celecoxib had a drug loading of 6.9 wt% and an
encapsulation efficiency of 36%. For PCBcon-PNIPAAM methotrexate had a drug
loading of 9.2 wt% and an encapsulation efficiency of 43% and celecoxib had a drug
loading of 11 wt% and an encapsulation efficiency of 34%. Although methotrexate had
lower drug loading than celecoxib, the absorbance peak monitored at 302 nm for
methotrexate did not overlap with the absorbance of either the polymers or the PCB
degradation products. This made methotrexate the suitable probe as the absorbance data

would not be affected by absorbance of the polymers or their depolymerization products.
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Figure 3.11: Absorbance versus wavelength for pure PCBuv-PNIPAAmM and PCBcon-
PNIPAAmM and their drug loaded versions for a) methotrexate (16 pg/mL) and b) celecoxib
(8 ng/mL) in methanol. Polymer assemblies were prepared in buffer as previously
described to yield 2 mL of assemblies and then dried and dissolved in 2 mL of methanol.
Drug content was determined by comparing to drug calibration curves in methanol (Figure
A3.11 for methotrexate and Figure A3.12 for celecoxib).

Table 3.3: Drug loading and encapsulation efficiencies for methotrexate and celecoxib
incorporated into nanoassemblies of PCBuv-PNIPAAmM and PCBcon-PNIPAAM

Methotrexate Celecoxib
LE;;ig\g Encapsulation Lcl?aréji%g Encapsulation
;o 0 o 0
(Wi26) Efficiency (%) (Wt2%) Efficiency (%0)
PCBuv-PNIPAAM 4.1 38 9.2 43
PCBcon-PNIPAAM 6.9 36 11 34

Polymer assemblies were prepared using the DMF into water nanoprecipitation method,
with 30 wt% methotrexate relative to the polymer, to create 4 mL of drug-loaded
nanoassembly solution. These solutions were then split (2 x 2 mL) and loaded into dialysis

bags and each bag was placed in 20 mL of buffer. For each polymer, one set up was
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incubated at 25 °C and the other at 45 °C. At regular time intervals, 1 mL of each of the
buffer solutions were removed, their UV-vis absorbance spectra were obtained, and then
the absorbance values were compared to the calibration curve of methotrexate in water
(Figure A3.13). Methotrexate has an absorbance peak at 370 nm in aqueous media. This
procedure allowed determination of the amount of methotrexate that had been released
from the nanoassemblies, by comparing the amount of drug in the dialysate to the amount
that was loaded into the particles (Table 3.3).

For the nanoassemblies of PCBuv-PNIPAAmM and PCBcon-PNIPAAM, rapid release of
methotrexate over the first hour after irradiation was observed (Figure 3.12). The samples
incubated at 45 °C had ca. 50% release and samples incubated at 25 °C had ca. 75% release
over the first hour, but all samples had ca. 80% release after 24 hours. After 48 h, the
amount of methotrexate present in the dialysate plateaued for all the samples, suggesting
that all the methotrexate had been released. Since there was no significant difference
between the percent methotrexate release between PCBuv-PNIPAAmM and PCBcon-
PNIPAAM nanoassemblies, it was suspected that the drug was being released by a method
other than the disappearance of nanoassemblies caused by the depolymerization of the SIP
block. This is also supported by previous work on PCB assemblies that suggested the

polymer takes days to completely depolymerize, not hours. ! 22
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Figure 3.12: Percent methotrexate release from PCBuv-PNIPAAmM and PCBcon-
PNIPAAmM nanoassemblies incubated at 25 °C or 45 °C over 96 hours.

3.3.4.3 NMR spectroscopy study to probe depolymerization of the
PCB block
H NMR spectroscopy was used to investigate the depolymerization of the SIP blocks at
both 25 °C (below cloud point) and 45 °C (above cloud point) for both PCBuv-PNIPAAM
and PCBcon-PNIPAAM. For this experiment, assemblies were obtained by sonicating the
diblock copolymers in 100 mM, pH 7.4 sodium phosphate buffered D2O. In the initial
spectra, only peaks corresponding to the PNIPAAmM block were observed, because the
peaks corresponding to the SIP blocks were packed into the assembly core, resulting in
longer relaxation times. Samples were then irradiated with UV light and incubated at either
25 °C and 45 °C. Upon depolymerization, peaks corresponding to the depolymerization
products began to emerge. The main peak monitored was the emerging peak at 3.26 ppm
produced by the formation of a cyclic urea species, which was compared to the peak at

3.75 ppm on the PNIPAAm block. Over a two-week period, the control PCBcon-
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PNIPAAmM nanoassemblies underwent no depolymerization at either temperature. The
UV-responsive PCBuv-PNIPAAmM assemblies underwent only 12%, and 14%
depolymerization for samples incubated at 25 °C and 45 °C respectively (Figure 3.13c and
d). This showed selective depolymerization based on UV light depending on the end-cap
present. Although the extent of depolymerization was slightly higher for the sample
incubated above the cloud point, the difference was not significant based on the known
errors associated with peak integrations in NMR spectroscopy. In addition, during the H
NMR spectroscopy studies, the nanoassemblies appeared to be precipitating out of
solution, regardless of what temperature at which they were incubated (Figure 3.13b). This
observation suggests that the nanoassemblies may have been unstable over the time frame
of the experiment, possibly resulting in lack of stable integration of the control peak
corresponding to the PNIPAAmM block throughout the experiment. Therefore, the amount

of depolymerization could not be reliably determined using *H NMR spectroscopy.
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Figure 3.13: a) Depolymerization scheme for the PCB blocks of PCBuv-PNIPAAmM; b)
PCBuv-PNIPAAM (left) and PCBcon-PNIPAAM (right) *H NMR spectroscopy samples
incubated at 25 °C after 1 week showing signs of aggregation as the sample precipitated
out, coating the NMR tubes; *H NMR spectra at different time points for PCBuv-
PNIPAAmM after irradiation and incubation in 100 mM, pH 7.4 sodium phosphate buffered
D20 at c) 25 °C or d) 45 °C showing a small degree of polymer degradation as indicated
by peaks d and e corresponding to the cyclic urea degradation product.
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After it became apparent that the assemblies were precipitating in the 'H NMR
depolymerization experiment, the methotrexate release experiment was revaluated to look
for evidence of a similar phenomenon. Examining the dialysis bags from the methotrexate
study, it was observed that there was evidence of precipitation in the knot of the dialysis
bag, which was initially not noticed (Figure 3.14a). Furthermore, this behaviour was seen
in all bags, regardless of the temperature at which they were incubated. Seeing this in both
studies suggested that the micelles were not stable in solution for long periods of time and
tended to aggregate, rather than staying as discreet entities in solution. This also explained
why in the TEM images the assemblies also appeared in clusters of varying sizes. To further
confirm that aggregation was occurring, a sample of PCBuv-PNIPAAM nanoassemblies
was prepared as described previously. DLS measurements were taken immediately after
micelle formation and measurements of the same sample were taken three days later after
being kept at room temperature. An increase in nanoparticle size and dispersity of the

sample support the conclusion that nanoassemblies were aggregating in solution.

a) b)
= t=0 hour

=== t=3 days

0.1 1 10 100 1000
Diameter (nm)

Figure 3.14: a) Methotrexate loaded PCBuv-PNIPAAmM nanoassemblies incubated at 25
°C after 2 weeks showing signs of aggregation as the sample had precipitated out (red
circle) and b) DLS trace of PCBuv-PNIPAAmM nanoassemblies immediately after
preparation and DLS of the same sample after three days at room temperature, showing an
increase in particle size and PDI, suggesting particle aggregation.
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Although PNIPAAmM is a well-known reversible, thermo-responsive polymer, there have
been a few reports in the literature of situations where the polymer does not show reversible
behavior.3! However, the mechanism for the irreversible behaviour is still open to
questions. The aggregation behaviour is considered to be concentration dependent. At low
concentrations, solutions create a turbid yet consistent solution that exhibits reversible
behaviour. At higher concentrations above the cloud point, PNIPAAm tends to flocculate,
forming large, visible aggregates that are irreversible. In the current work, the incorporation
of PNIPAAm into block copolymers and as part of self-assembled particles complicated
the system, increasing the number of variables involved. The local concentrations of
PNIPAAmM when incorporated into the micelles is suspected to be high enough to create

these large aggregates.

3.4 Conclusions

In conclusion, we successfully synthesized PCB-PNIPAAmM and PCB-PEG block
copolymers containing a hydrophobic SIP block and both thermo-responsive and non-
thermo-responsive hydrophilic blocks. Both UV-responsive systems, PCBuv-PNIPAAM
and PCBuv-PEG, and control systems, PCBcon-PNIPAAmM and PCBcon-PEG, were
prepared and studied. All four block copolymers were successfully self-assembled using
nano-precipitation techniques, resulting in diameters ranging from ~50-90 nm. The
PNIPAAmM assemblies showed thermo-responsive behaviour, exhibiting cloud points
between 36 - 38 °C when in buffered solutions at 0.8 mg/mL, whereas the PEG analogues
exhibited no cloud point over the same temperature range and concentrations. Although
promising systems were studied, all long-term studies of the PNIPAAm diblock
copolymers showed evidence of aggregation over time, suggesting that these systems were
not stable in aqueous solutions. Aggregation occurred regardless of whether the samples
were incubated above or below their respective cloud points. It is unknown if the higher
temperature causes aggregation to occur faster, as this phenomenon was not observed until

well after aggregation began.
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4 Transesterification of poly(ethyl glyoxylate)s: a simple
route towards directly-inaccessible polyglyoxylates

4.1 Introduction

Self-immolative polymers (SIPs) are an important class of smart polymers as they undergo
end-to-end depolymerization after the cleavage of their backbones or stimuli-responsive
end-caps in response to stimuli including light, redox agents, enzymes, and changes in pH or
temperature.X This property allows them to exhibit amplified responses to single polymer
cleavage events and imparts advantageous properties for various applications including
drug delivery systems® and sensors.® Based on their backbones, SIPs can be categorized
into polycarbamates,®* polycarbonates,'? poly(benzyl ether)s,*3*8 polyphthalaldehydes,'®?
polyglyoxylamides (PGAms), 23 and polyglyoxylates (PGs).332 Aside from the unique
properties each backbone displays, SIPs can show specific behaviors derived from the nature of
their stimuli-responsive end-caps and pendant groups. Hence, synthetic strategies offering SIPs

with unprecedented repeating groups and end-caps are extremely valuable.?®

Poly(methyl glyoxylate)s were the first examples of PGs which were reported decades
ago but since they were not equipped with stimuli-responsive end-caps and methanol, a
biologically toxic compound, is one of their final degradation products, they did not attract much
attention.>**® In contrast, poly(ethyl glyoxylate) (PEtG) has attracted significant attention as it
eventually degrades to ethanol and glyoxylic acid hydrate, a metabolic intermediate.3 In
addition, we have reported the incorporation of stimuli-responsive end-caps, allowing PEtG to
be selectively depolymerized in response to specific stimuli.®* 3 So far, we have reported the
application of PEtGs for drug delivery systems,*° UV-light lithography,* smart packaging*?
as well as their use as precursors to PGAms? which are a different family of SIPs and have
different properties from their analogous esters. Besides PEtGs, we also reported the synthesis
of poly(benzyl glyoxylate)s,** poly(n-butyl glyoxylate)s,*? and poly(menthyl glyoxylate)s.®
However, our efforts to consistently prepare high molar-mass homopolymers based on benzyl

glyoxylate (BnG), menthyl glyoxylate (MenG), or n-butyl glyoxylate (n-BuG) were not
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successful as attaining very high levels of monomer impurity is essential for the synthesis of
PGs and our purification methods could not offer those purity levels. To address this limitation,
we copolymerized BnG, n-BuG, and MenG with ultrapure ethyl glyoxylate (EtG) to afford

higher degrees of polymerization.

Recently, we reported the anionic polymerization of EtG and an optimized method for
the purification of EtG to levels required for controlled polymerization.* During this study, we
found that for cracking the oligomers and eliminating the hydrate species to yield ultrapure EtG
the use of heat and P2Os is inevitable. The optimized working temperature was 165 °C which
was only ca. 10 °C higher than the boiling temperature of HsPO4 which was the byproduct
of the reaction of P.Oswith hydrate species. EtG boils at ca. 110 °C and rapidly starts to
degrade at temperatures higher than 220 °C. It is also noteworthy that thermal distillations
at temperatures higher than 165 °C or vacuum distillations at lower temperatures tend to
result in the contamination of monomers with H3PO4 and such monomers produce low
molar mass PGs similar to what we originally observed for poly(benzyl glyoxylate)s and
poly(n-butyl glyoxylate)s. In addition, working at temperatures lower than 155 °C was not

practical due to the low monomer distillation yields.

As the applications of PGs have been practically limited to PEtGs and we have been
interested in the development of new PGs, we decided to reinvestigate the synthesis and
purification of glyoxylate monomers in light of this improved knowledge of monomer
purification. To directly prepare new PGs from the corresponding monomers, we
encountered three problems. First, crude glyoxylate monomers are typically produced by the
oxidative cleavage of fumarate diesters with strong agents such as ozone gas.** % Interesting
fumarate diesters like diallyl and dipropargyl fumarate can’t preserve their alkyne or alkene
groups, under those conditions. Secondly, glyoxylate monomers with functional groups
incompatible with P.Os can’t be purified to a high level as we employed several drying agents
and only P2Os provided ultrapure monomers. In addition, glyoxylate monomers with boiling
points similar to or higher than HsPO4 (e.g., for BnG and n-BuG: bp: ca.180 °C) always co-
distilled with some H3POs. Multiple distillations typically reduced the H3POs
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concentration but they also reduced the yield, and in our hands, never consistently gave

high-quality monomers similar to EtG.

At this point, we concluded that, for the preparation of high molar mass PGs, the
synthesis of any glyoxylate monomer with a boiling point higher than 130 °C or functional
groups incompatible with oxidizing agents, heat, or P2Os is not practical. Hence, we
changed our focus to post-polymerization modification methods. Recently, the Sumerlin
group published a report regarding the use of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as a
catalyst for the transesterification reaction of polyacrylates under relatively mild conditions.*
Inspired by this finding, we implemented TBD and various alcohols for expanding the PG
family. Herein, we report the reactivity of structurally different alcohols towards this reaction,
characterization of the resulting new PGs, and the synthesis of functional PGs which can serve

for applications including labelling and sensors.

4.2 Experimental

4.2.1 General materials and procedures

All reactions were performed under a N2 atmosphere using flame or oven-dried glassware.
1,5,7-Triazabicyclo[4.4.0]dec-5-ene, 2-nitrobenzyl alcohol, and 1-(azidomethyl)pyrene
were obtained from AK Scientific and used as received. n-Pentanol, n-hexanol, propargyl
alcohol, furfuryl alcohol, n-BuLi solution, benzyl chloromethyl ether (technical, ~60%),
benzyl chloroformate, CaH (particle size 0-2mm), and (+)-sodium L-ascorbate were
obtained from Sigma-Aldrich and used as received. Allyl alcohol, n-butanol, and copper
(11) sulfate were obtained from Alfa-Aesar and used as received. n-Propanol, i-propanol,
n-octanol, pentane, acetone, CDClz, chromatography-grade tetrahydrofuran (THF),
magnesium sulfate, and hydrochloric acid were obtained from Caledon Laboratories and
used as received. Anhydrous ethanol was obtained from Commercial Alcohols and used as
received. Toluene was obtained from Caledon Laboratories and distilled over sodium using
benzophenone as an indicator. NEts was obtained from Caledon Laboratories and stirred
over CaH. (particle size 0-2mm) for 16 h before thermal distillation. N,N-Dimethyl

formamide (DMF) was obtained from a PureSolv MD 5 solvent purification system
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equipped with aluminum oxide columns. Column chromatography was performed using
silica gel (0.063-0.200 mm particle size, 70-230 mesh) from SiliCycle. Ultrapure deionized
water was obtained from a Barnstead EASY pure Il system. Dialyses were performed using

Spectra/Por regenerated cellulose membranes.

422 Instrumentation

'H NMR spectra were obtained at 400 MHz using a Varian INOVA spectrometer. 3C
NMR spectra were obtained at 100 MHz using a Varian INOVA spectrometer. NMR
spectra were referenced relative using tetramethylsilane (TMS) using the residual solvent
signals of CHCIs (7.26 ppm), (CH3)2CO (2.05 ppm), and CH3:CN (1.94 ppm) as internal
standards. Size exclusion chromatography (SEC) was conducted using THF solutions of
polymers at concentrations of ca. 5 mg/mL. The samples were analyzed using a Viscotek
GPCmax VE 2001 SEC instrument equipped with an Agilent PolyPore guard column
(PL1113-1500) and two sequential Agilent PolyPore SEC columns packed with porous
poly(styrene-co-divinylbenzene) particles (molar mas range 200 — 2,000,000 g/mol;
PL1113-6500) regulated at a temperature of 30 °C. Signal responses were measured using
a Viscotek VE 3580 RI detector and molar masses were determined by conventional
calibrations using poly(methyl methacrylate) (PMMA) standards purchased from
Viscotek. Thermogravimetric analysis (TGA) was performed using a TA Instruments Q50
thermogravimetric analyzer. Samples were placed in a platinum pan and heated at a rate of
10 °C/min from 25 to 1000 °C under a flow of nitrogen (60 mL/min). Differential scanning
calorimetry (DSC) thermograms were acquired using a TA Instruments DSC Q20
instrument. The polymer samples were placed in an aluminum Tzero pan and heated from
room temperature to maximum temperatures, which were at least 20 °C below the onset of
decomposition, at 10 °C/min under a flow of nitrogen (50 mL/min) and cooled to —70 °C
at 10 °C/min, before they underwent two additional heating/cooling cycles. Thermal data
were obtained from the second heating cycle. Infrared (IR) spectra were obtained on a
PerkinElmer Spectrum Two FTIR Spectrometer using the attenuated total reflectance
accessory. Fluorescence spectra were obtained using a QM-4 SE spectrometer from Photon
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Technology International (PTI) equipped with both excitation and emission

monochromators.

4.2.3  Synthetic procedures

Synthesis of PEtGcarbonate

In a Schlenk flask, an n-BuL.i solution (80 uL, 2.5 M in hexanes, 0.2 mmol) was combined
with dry toluene (20 mL), and then freshly distilled EtG (5.0 mL, 50 mmol) was rapidly
added at 20 °C. The resulting solution was vigorously stirred for 15 minutes. The resulting
solution was then cooled to —20 °C and stirred for 10 minutes before the addition of NEt3
(0.3 mL, 2 mmol) and stirring for another 10 minutes. Benzyl chloroformate (0.3 mL, 0.2
mmol) was rapidly added, and the resulting mixture was stirred for 3 h at —20 °C before it
was allowed to gradually reach 20 °C over 16 hours. The polymerization mixture was
precipitated into methanol (250 mL), and then the solvent was decanted and the resulting
residue was dried under vacuum. Yield = 4.5 g, 90%. *H NMR (400 MHz, CDCls, 5):
5.71-5.60 (m, CH, 286 H), 4.20—-4.03 (m, CH, 577 H), 1.32-1.28 (m, CH, 577 H), 0.88
(br s, CHs, 3 H). Spectral data agreed with those previously reported.** SEC: M, = 27.6
kg/mol, My = 35.6 kg/mol, b = 1.29.

Synthesis of PEtGether

In a Schlenk flask, an n-BuLi solution (100 uL, 2.5 M in hexanes, 0.25 mmol) was
combined with dry toluene (20.0 mL), and then freshly distilled EtG (5.0 mL, 50 mmol)
was radpidy added at 20 °C. The resulting solution was vigorously stirring for 15 minutes.
The resulting solution was cooled to —20 °C and stirred for 10 minutes before the addition
of NEtz (0.3 mL, 2 mmol) and stirring for another 10 minutes. Benzyl chloromethyl ether
(1.0 mL, 4.3 mmol) was instantly added and the resulting mixture was stirred for 3 h at —20
°C before sealing the flask under N2 gas and transferring it into a —20 °C freezer where it
was kept for 21 hours. The polymerization mixture was precipitated into —20 °C methanol
(250 mL), and then the solvent was decanted and the resulting residue was dried under
vacuum. Yield = 2.50 g, 50%. *H NMR (400 MHz, CDCls, §): 5.70-5.53 (m, CH, 122 H),
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4.20-4.03 (m, CHy, 247 H), 1.32-1.28 (m, CH2, 369 H), 0.89 (br s, CH3, 3 H). $3C NMR
(100 MHz, CDCls, 3): 166.0, 165.2, 128.9, 128.3, 128.2, 127.8, 127.7, 152.2, 93.5, 92.9,
925, 91.0, 61.9, 13.8. SEC: My = 14.0 kg/mol, My = 18.1 kg/mol, b = 1.29.

Synthesis of PEtGuv

Inside a Schlenk flask and at 20 °C, 2-nitrobenzyl alcohol (153.1 mg, 1.0 mmol) and
(TMS)2NLi (167.3 mg, 1.0 mmol) were combined in dry toluene (80.0 mL) and stirred for
5 seconds, before the instantaneous addition of freshly distilled EtG (20.0 mL, 200 mmol)
and then the resulting solution was cooled to —20 °C. After 15 minutes of vigorous stirring,
NEts (1.2 mL, 9 mmol) was added and the solution was stirred for another 20 minutes.
Benzyl chloromethyl ether (4.0 mL, 17 mmol) was instantly added and the resulting
mixture was stirred for 3 h at —20 °C before sealing the flask under N2 gas and transferring
it into a —20 °C freezer where it was kept for 21 hours. The polymerization mixture was
then precipitated into methanol (1.0 L). The solvent was decanted, and the resulting residue
was dried under vacuum. Yield = 16.0 g, 80%. *H NMR (400 MHz, CDCls, §): 8.10 (s,
CH, 1H), 7.87 (d, J = 16 Hz, CH, 1 H), 7.67 (d, J = 8 Hz, CH, 1H), 7.46 (s, CH, 1 H),
5.70-5.54 (m, CH, 226 H), 5.14 (s, CH>, 2 H), 4.99 (s, CH2, 2 H), 4.20—4.13 (m, CH>, 458
H), 1.37-1.19 (m, CHs, 690 H). *C NMR (100 MHz, CDCls, §): 165.9, 165.8, 165.5,
165.2,128.3,127.9,93.6,92.9,92.4, 62.0, 13.8. SEC: M =24.1 kg/mol, My =29.9 kg/mol,
b=124.

General procedure for transesterification reactions

Note: the transesterification reactions of ethanol, n-PrOH, i-PrOH, and n-BuOH were
performed inside pressure tubes prepared/sealed inside a glovebox and heated in a fume
hood. The rest of the reactions were carried out using Schlenk flasks using standard
Schlenk techniques. Inside a 50 mL flask, PEtGuv (200 mg, 1.96 mmol of ethyl ester units,
1.0 equiv.) was combined with an alcohol (10 equiv. or 0.5 equiv) and dry toluene (4.0
mL). The resulting solutions were degassed by bubbling N2 gas through them for 20 min.

Then, TBD (55 mg, 0.39 mmol, 0.2 equiv.) was added and the reaction mixture was heated
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to 100 °C for 17 hours under a constant nitrogen flow (ca. 5 mL/min) or in a sealed tube
depending on the identity of the alcohol. After cooling to 20 °C, the crude products were
diluted with CH2Cl, (15 mL) and washed with an HCI solution (pH = 2; 3 x 20 mL). The
organic layer was dried with MgSO4 and concentrated in vacuo. The pure PG was isolated
by three precipitations of its CH.Cl> solution (1 mL) into pentane (50 mL) or by dialysis
against acetone as indicated. The resulting product was dried under vacuum.

PnPrG. From n-propanol (1.5 mL, 19.60 mmol, 10 equiv.) and purified by precipitation
into pentane. Conversion: >99%. Yield: 57%. *H NMR (400 MHz, CDCls, §): 5.70-5.59
(m, CH, 1 H), 4.20-4.03 (m, CHz, 2 H), 1.69-1.97 (m, CH2, 2 H), 0.99-0.87 (m, CHs, 3
H). *C NMR (100 MHz, CDCls, §):165.8, 128.3, 93.6, 92.6, 67.5, 67.5, 21.6, 10.0. SEC:
Mn = 24.1 kg/mol, My = 44.3 kg/mol, b = 1.77.

PiPrG. From i-propanol (1.5 mL, 19.60 mmol, 10 equiv.) and purified by precipitation into
pentane. Conversion: 70%. Yield 62%. *H NMR (400 MHz, CDCls, §): 5.74—5.44 (m, CH,
1 H), 5.07-5.03 (m, CH, 0.7 H), 4.26—4.15 (m, CH2, 0.53 H), 1.34-1.21 (m, 3 CHj3, 537
H). *C NMR (100 MHz, CDCls, §): 165.0, 127.8, 93.6, 92.1, 21.4. SEC: M= 22.9 kg/mol,
Mw = 35.8 kg/mol, b = 1.56.

PnBuG. From n-butanol (1.8 mL, 19.60 mmol, 10 equiv.) and purified by dialysis (MWCO
6 kg/mol) against acetone. Conversion: >99%. Yield: 70%. *H NMR (400 MHz, CDCls,
8): 5.74-5.47 (m, CH, 1 H), 4.20-4.06 (m, CHz, 2 H), 1.69-1.58 (m, CH_, 2 H), 1.44-1.32
(m, CHz, 2 H), 0.97-0.86 (m, CH2, 3 H). 3C NMR (100 MHz, CDCls, §): 165.5, 92.3,
92.2, 65.68, 30.2, 18.9, 13.6 SEC: My = 22.6 kg/mol, My = 35.0 kg/mol, P =1.55.

PPenG. From n-pentanol (2.2 mL, 19.60 mmol, 10 equiv.) and purified by dialysis
(MWCO 6 kg/mol) against acetone. Conversion: >99%. Yield: 64%.'H NMR (400 MHz,
CDCls, 8): 5.67-5.55 (m, CH, 1 H), 4.20-4.03 (m, CH>, 2 H), 1.73-1.61 (m, CH>, 2 H),
1.40-1.25 (m, 2 CHa, 4 H), 0.94-0.85 (m, CHy, 3 H). 3C NMR (100 MHz, CDCls, §):
165.9, 93.4, 92.4, 66.0, 27.9, 22.3, 13.9. SEC: M, = 22.6 kg/mol, My = 33.2 kg/mol, D
=1.46.
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PHexG. From n-hexanol (2.5 mL, 19.60 mmol, 10 equiv.) and purified by dialysis
(MWCO 6 kg/mol) against acetone. Conversion: >99%. Yield: 62%. *H NMR (600 MHz,
CDCls, 6): 5.71-5.46 (m, CH, 1 H), 4.22-4.03 (m, CH2, 2 H), 1.67-1.63 (m, CH>, 2 H),
1.38-1.22 (m, 3 CHo, 6 H), 0.91-0.83 (m, CHs, 3 H). *C NMR (100 MHz, CDCls, 5):
165.9, 165.5, 93.4, 92.2, 66.0, 31.4, 28.2, 25.3, 22.5, 13.9. SEC: M, = 21.8 kg/mol, My =
37.6 kg/mol, = 1.72.

POctG. From n-octanol (3.1 mL, 19.60 mmol, 10 equiv.) and purified by dialysis (MWCO
6 kg/mol) against acetone. Conversion: >99%. Yield: 61%. *H NMR (600 MHz, CDCls,
9): 5.73-5.48 (m, CH, 1 H), 4.22-4.07 (m, CHz, 2 H), 1.67-1.58 (m, CH2, 2 H), 1.42-1.22
(m, 5 CHg, 10 H), 0.91-0.88 (m, CHs, 3 H). 3C NMR (100 MHz, CDCls, &): 165.5, 127.8,
93.5,92.2,66.0, 31.8, 29.7, 29., 28.3, 25.67, 22.6, 13.9. SEC: M, = 28.9 kg/mol, My =54.1
kg/mol, b =1.87.

PBNG. From benzyl alcohol (2.3 mL, 19.60 mmol, 10 equiv.) and purified by precipitation
into pentane. Conversion: >99%. Yield: 67%. *H NMR (400 MHz, CDCls, §): 7.27—7.05
(m, CH, 4 H), 5.78-5.47 (m, CH, 1 H), 5.05-4.78 (m, CH>, 1 H). Spectral data agreed with
those previously reported.®> SEC: M, = 18.8 kg/mol, My = 29.4 kg/mol, P = 1.57.

PFuG. From furfuryl alcohol (0.22 mL, 2.45 mmol, 0.5 equiv.) and purified by
precipitation into pentane. Conversion: 15%. Yield: 59%. *H NMR (400 MHz, CDCls, §):
7.43-7.38 (m, CH, 0.16 H), 6.50-6.43 (m, CH, 0.15 H), 6.35-6.29 (m, CH, 0.15 H),
5.70-5.51 (m, CH, 1 H), 5.16 (m, CHz, 0.3 H), 4.29-4.14 (m, CH2, 1.69 H), 1.33-1.27 (m,
CHs, 2.64 H). SEC: M, = 21.7 kg/mol, Mw = 35.8 kg/mol, & = 1.65.

PAIG. From allyl alcohol (0.17 mL, 2.45 mmol, 0.5 equiv.) and purified by precipitation
into pentane. Conversion: 25%. Yield: 71%. *H NMR (400 MHz, CDCls, §): 5.98-5.89
(m, -CH=CH, 0.26), 5.70-5.54 (m, CH, 1 H), 5.36-5.32 (m, -CH=CHH, 0.25 H),
5.24-5.22 (m, -CH=CHH, 0.25 H), 4.70—4.62 (m, CH>, 0.54 H), 4.27-4.17 (m, CH>, 1.57
H), 1.32-1.35 (m, CH3 2.38 H). SEC: M, = 20.2 kg/mol, Mw = 33.4 kg/mol, = 1.51.
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PPG. From propargyl alcohol (0.15 mL, 2.45 mmol, 0.5 equiv.) and purified by
precipitation into pentane. Conversion: 26%. Yield: 60%. *H NMR (400 MHz, CDCls, §):
5.71-5.56 (m, CH, 1 H), 4.82-4.76 (m, CH,, 0.18 H), 4.27-4.18 (m, CH,, 1.83 H),
2.62-2.47 (m, CH, 0.07 H), 1.29 (m, CH3, 1.57 H). SEC: M, = 20.2 kg/mol, My = 35.8
kg/mol, b = 1.65.

PPGpyr. Inside a Schlenk flask, PPG (50 mg, 0.12 mmol propargyl group, 1.0 equiv.), 1-
(azidomethyl)pyrene (47 mg, 0.18 mmol, 1.5 equiv.), CuSO4 (3.9 mg, 0.025 mmol, 0.2
equiv.) and (+)-sodium L-ascorbate ascorbate (5.0 mg, 0.02 mmol, 0.2 equiv.) were
combined. After the addition of DMF (5.0 mL), the flask was heated at 40 °C for 17 hours.
The crude product was then cooled to 20 °C and passed through a silica plug to remove
excess copper. The pure product was isolated after dialysis against DMF (MWCO = 6
kg/mol; 2 cycles) and ultrapure water (2 cycles). Yield: 53%. *H NMR (400 MHz, CDCls,
d): 8.33-7.34 (m, 9 CH, 2 H), 5.71-5.56 (m, CH, 1 H), 5.31-4.82 (m, CH, 0.31 H)
4.32-3.86 (m, CH2, 1.3 H), 1.33-0.76 (m, CH3, 2.58 H). SEC

424 SEC depolymerization study for PEtGcarbonate (general
procedure)

In a Schlenk flask, PEtGcarbonate, (150 mg, 1.47 mmol of ethyl ester units, 1.0 equiv.)
toluene (5 mL), ethanol (0.87 mL,14.7 mmol, 10 equiv.), and TBD (44 mg, 0.29 mmol, 0.2
equiv.) were combined and degassed for 15 minutes. The solution was then divided between
five pressure tubes in a glovebox, and heated at 100 °C outside the glovebox for 0, 1, 3, 6,
or 24 hours. After cooling to 20 °C, the crude samples were dried in vacuo and analyzed
by SEC.

425 ' H NMR depolymerization studies of PEtGuv (general
procedure)

A PG (20 mg) was dissolved in a CD3CN/D>0O mixture (9/1; 1.2 mL) at 21 °C. The solution

was then transferred into two quartz NMR tubes, and the tubes were promptly sealed. One

tube was exposed to UV light (450 W bulb, 2.8 mW/cm? of UVA radiation) to initiate the

removal of the photolabile end-cap. The other NMR tube was kept in dark and was
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analyzed as a control sample for measuring the background polymer degradation. *H NMR
spectra were recorded at defined intervals (0, 1, 3, 5, and 24 hours) to monitor the

depolymerization.

4.2.6  Florescence of pyrene

In a 10 mL volumetric flask, 1.5 mg of PPGpyr was dissolved in a 9/1: MeCN/water solvent
mixture. After being degassed by bubbling N2 for 10 min, it was placed inside a quartz
cuvette for analysis. The emission spectrum was recorded using an excitation wavelength
of 341 nm, emission range of 351-800 nm, and a slit width of 5 nm. The sample was then
irradiated with a UV light (450 W bulb, 2.8 mW/cm? of UVA radiation) for 30 minutes
and incubated for 24 h before recording the emission spectrum of the depolymerized

sample.

4.3 Results and discussion

4.3.1 Optimizing the PEtG design for transesterification reactions

A typical transesterification reaction included combining a PEtG with an excess amount of
an alcohol, i.e., 10 equiv., and a catalytic amount of TBD, i.e., 0.2 equiv., in dry toluene.
The resulting solutions were then purged with N2 gas and heated at 100 °C for 17 — 24 h
under an active flow of N2 gas, i.e., ca. 5 mL/min, to remove the released ethanol and push
the equilibrium from the starting PEtG towards the formation of the targeted PG. After
cooling to 20 °C, the solutions were diluted with CH2Cl> and washed with an HCI solution
(pH = 2) to remove TBD. Depending on the solubility of the alcohols and resulting PGs,
pure PGs were isolated by dissolving the residues in CH,Cl; and precipitation from pentane

or alternatively via dialysis against acetone.

So far, self-immolative PEtGs have been reported with acid-sensitive end-caps, which
cannot tolerate the mentioned workup,*? or carbonate-containing end-groups which
originate from chloroformate end-caps.®® > Hence, we started our study by using a benzyl
carbonate-end-capped PEtG (PEtGearbonate) as a representative example of a PEtG with a
carbonate-containing end-cap. PEtGcarbonate Was prepared following a literature procedure
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and its purity was confirmed by *H NMR spectroscopy (Figure A4.1).** PEtGcarbonate Was
isolated in 90% yield with an My of 27.6 kg/mol, My = 35.6 kg/mol, and B = 1.29 (Scheme
4.1a). For the first experiment, a combination of PEtGcarbonate With benzyl alcohol and
TBD was heated at 100 °C for 48 h to probe the reactivity of PEtG. We chose benzyl
alcohol for several reasons. First, its relatively high boiling point allowed it to remain
mostly inside the reaction medium rather than residing in the headspace or even leaving
the reaction flask along with ethanol. Using it also facilitated the interpretation of the
product *H NMR spectra as poly(benzyl glyoxylate)’s (PBNnG) aromatic peaks do not
overlap with the aliphatic peaks of PEtG and released ethanol. *H NMR spectroscopy of
the resulting crude reaction mixture showed no trace of the targeted PBnG or even starting
PEtGcarbonate. This suggested that PEtGcarbonate did not survive the transesterification
reaction. Hence, optimization experiments using different PEtG/BnOH/TBD ratios,
temperatures, and solvents were conducted. Preliminary experiments showed that heating
at 100 °C was essential for reaching high conversions but it also promoted the

depolymerization.
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Scheme 4.1: (a) Preparation of PEtGearbonate Using benzyl chloroformate (b) possible
pathways for the reaction of alcohols with PEtGearbonate, (C) preparation of PEtGether and
(d) testing the stability of PEtGether under the transesterification reaction conditions.




133

To investigate the depolymerization kinetics, stability tests were carried out using SEC.
First, a degassed solution of PEtGcarbonate, toluene, ethanol, and TBD was prepared, and
then it was divided between five flasks and heated at 100 °C for 0, 1, 3, 6, or 24 hours.
After cooling to 20 °C, the crude samples were analyzed by SEC. Ethanol was used for
two reasons. First, this experiment was intended to provide information regarding the
stability of PEtGcarbonate rather than the efficiency of the transesterification reaction.
Secondly, using a different alcohol would give a substituted PG with a different molar
mass, and make the analysis unnecessarily complicated. The comparison of the SEC traces
revealed that the intensity of the PEtG peak (elution time: ca. 15 min) gradually decreased
over time and lost most of its intensity after 24 h (Figure 4.1a). These experiments

confirmed that PEtGecarbonate rapidly degrades under the reaction conditions.

(a) (b)

11 13 15 17 19 9 11 13 15 17 19 9 11 13 15 17 19
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Figure 4.1: SEC traces recorded during the stability tests of (a) PEtGecarbonate, (D)
PEtGether, and (c) PEtGuv. Black, red, blue, green, and brown colors were used for
depicting traces recorded at 0, 1, 3, 6, and 24 h, respectively.

Theoretically, carbonate linkers are the weakest points of the polymer backbone because
their electrophilic carbonyl groups are susceptible to nucleophilic attacks, specifically
when activating TBD catalysts are present (Scheme 4.1b). Hence, we decided to use
chloromethyl benzyl ether (BOMCI) as an end-cap to prepare a PEtG with a very similar
structure but carbonate-free backbone (Scheme 4.1c). The anionic polymerization was
conducted following our published method*® and initiated with n-BuLi in toluene. BOMCI

was added to the polymerization mixture at —20 °C and the resulting mixture was kept at —
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20 °C for 24 h to ensure a good end-capping efficiency was reached. Then, a methanol
precipitation gave an acid-stable PEtG which was equipped with a carbonate-free end cap,
i.e., PEtGether. The polymerization success and purity of PEtGether were confirmed by *H
NMR spectroscopy as PEtGether gave rise to 3 main peaks at ca. 1.3, 4.2, and 5.6 ppm due
to the repeating units, i.e., CHs, CH2, and CH, respectively, as well as the CHs group of n-
Bu group which appeared at 0.89 ppm (Figure A4.3). In addition, PEtGether had an M, of
13.9 kg/mol, My, = 18.1 kg/mol, B = 1.29, and DP, = 136 which was consistent with DPy
calculated by H NMR end-group analysis, i.e., DP, = 122. This close accordance
confirmed the high quality of the starting EtG and the fact that all the polymer chains
initiated from n-BuLi. However, the experimental DP, was lower than the targeted value
DPy, i.e., 200, probably because BOMCI was not very reactive at —20 °C and it started the
end-capping at a higher temperature when the polymerization mixture was gradually
warming up to 20 °C and partial depolymerization had occurred. This hypothesis was
supported by observing considerable traces of EtG (1.5 mol% at 9.39 ppm) and EtGH (22
mol% at 5.06 ppm) in the *H NMR spectrum of the concentrated crude polymerization
mixture (Figure A4.2). EtGH was observed as the NMR solvent was not dry and EtG
rapidly reacts with water to form EtGH. The end-capping limitation at —20 °C can be easily
resolved by using more reactive end-caps such as MOMBT but as PEtGether Was isolated
with a satisfactory yield/molar mass, its end-group was a carbonate-free version of
PEtGcarbonate, and our goal was to see the effect of carbonate group on the stability, we

continued our studies with PEtGether.

To test the stability of PEtGether to the transesterification reaction, the stability tests
performed on PEtGcarbonate Were repeated for PEtGether (Scheme 4.1d). As shown in
Figure 4.1b, the main peak corresponding to PEtGether retained its intensity even after 24
h of heating at 100 °C. This finding supported our hypothesis that the carbonate linkers
were responsible for the low stability of PEtGcarbonate and that PEtGs with carbonate-free

end-caps can tolerate the transesterification reaction conditions.
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BOMCI is an inexpensive regent that conveniently yielded PEtGether. However, as
PEtGether was not stimuli-responsive, we targeted a UV-responsive PEtG with carbonate-
free end-caps to continue this study. In this regard, 2-nitrobenzyl alcohol was lithiated
using lithium bis(trimethylsilyl)amide [(TMS).NLi] which is a strong non-nucleophilic
base. Using the resulting anionic alkoxide as an initiator and BOMCI as an end-cap,
PEtGuv with an asymmetric design including UV-responsive and non-responsive end-caps

(i.e., 2-nitrobenzyl and benzy! ether groups, respectively) was prepared (Scheme 4.2a).
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Scheme 4.2: (a) Preparation of PEtGuv and (b) transesterification of PEtGether uSing
different alcohols.

PEtGuv was purified similarly to PEtGether and then analyzed by *H NMR spectroscopy
and SEC. For end-group analysis, the integration of aromatic peaks of the 2-nitrobenzyl
group were compared with that of the peak at 5.6 ppm (CH of the backbone) (Figure A4.5).
This analysis suggested DP, = 226, which is comparable with the DP, value recorded by
SEC, i.e., DP, = 236. The stability test of PEtGuv under the similar conditions revealed
that PEtGuv had a stability comparable with PEtGether and suggested that its backbone can

tolerate the transesterification reaction (Scheme 4.1Figure 4.1c).

4.3.2 Transesterification reactions

To study the structure-reactivity relationships of alcohols for this reaction, PEtGuv was
combined with TBD and structurally different alcohols, including n-propanol, i-propanol,
n-butanol, t-butanol, n-pentanol, n-hexanol, n-octanol, or benzyl alcohol before heating at

100 °C (Scheme 4.2b). The success of the transesterification reaction was confirmed when
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PnPrG, PiPrG, PnBuG, PPenG, PHexG, POctG, and PBnG were isolated in good yields
61-70% and gave rise to peaks associated with the newly introduced ester groups in the ‘H
NMR spectra of the products (Figures A4.7- A4.19). To calculate the conversion
percentages, CH peaks from the backbone were used as NMR handles because their
chemical shifts did not change by altering the pendant ester groups in this study. In contrast,
by increasing the conversion, the intensity of CHs peaks corresponding to the ethyl ester
groups (ca. 1.3 ppm) decreased because the CHs groups of the resulting alkyl esters
appeared upfield (ca. 0.9 ppm) and did not overlap with the starting CH3 peaks. The
integration of the backbone CH peak, which represents both converted/unreacted repeating
units and appears at ca. 5.6 ppm, was assigned as 1.0. Then, the intensity of CHs peaks
from the resulting alkyl ester groups were measured and conversion percentages were
calculated using equation 1. The conversion of the benzyl alcohol was calculated by
determining the intensity of the CHz peaks from the unreacted ethyl alcohol and was
calculated using equation 2.

(intensity of CH3 peaks from alkyl ester groups)
3

Converstion% = 100 X (equation 4.1)

(3—intensity of CH3 peaks from ethyl ester groups)
3

Converstion% = 100 X (equation 4.2)

For the series of primary alcohols including n-propanol, n-butanol, 1-pentanol, 1-hexanol,
1-octanol, and benzyl alcohol, high conversions, i.e., 96-100%, were observed (Table 4.1).
While, i-propanol, a secondary alcohol, showed a 70 conversion% and t-butanol did not
react under the transesterification reaction conditions. This drastic difference in the
conversion values revealed the large impact of the steric bulk surrounding the hydroxyl

group on its reactivity.
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Table 4.1: SEC characterization data and reaction conversions for PGs.

Polymer Conversion (%)* My (kg/mol)® M, (kg/mol)®  P* T4 (°C)* T, (°C)¢

PEtGcarbonate - 27.6 35.6 1.29 —4 211
PEtGether - 14.0 18.1 1.29 -10 224
PEtGuv - 24.1 29.9 124 -12 223
PnPrG >95 23.0 35.8 156 -21 121
PiPrG 70 15.8 28.0 1.77 3 136
PnBuG >95 22.6 35.0 155 -33 162
PtBuG No reaction - - - - -
PPenG >95 22.6 33.2 146 41 158
PHexG >95 26.4 44.1 167 46 169
POctG >95 28.9 54.1 187 47 158
PBnG >95 18.8 29.4 1.57 2 142
PAIG 25 20.2 31.3 1.55 -7 168
PFuUG 17 21.7 35.8 1.65 4 169
PPG 26 20.2 33.4 1.65 2 166
PPGpyr 100° 10.6 35.2 331 NAT  NA

3Calculated using *H NMR spectra of the purified PGs. °Obtained in THF and
conventionally calibrated vs. PMMA standards. “Relative to the parent PPG. 9Calculated
using DSC. ®Calculated using TGA. Not measured.

After confirming the conversion by *H NMR spectroscopy, the resulting pure polymers
were analyzed by SEC (Figure 2a). The fact that all PGs demonstrated elution times
associated with high molar mass polymers confirmed that they preserved their
macromolecular nature during the reaction and purification steps. SEC also revealed that
most recorded DP, values were in a close agreement but were not exactly the same probably
because they differently fractionated during the purification step. However, PiPrG and
PBNG appeared with noticbly lower DPys than the parent PEtGuv suggesting that PiPrG
and PBnG had smaller hydrodynamic volumes in the SEC eluent compared to the rest of

PGs due to their non-linear structures. This SEC phenomenon has been reported for other



138

polyacetals such as PGAms with non-linear pendant groups.?® It is also worth to note that
by increasing the length of the pendant groups from ethyl to octyl, the solubility in THF
(the SEC eluent) drastically decreased. Therefore, higher b values were recorded, and the

molar-mass distributions were skewed towards the lower elution-time ends.
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Figure 4.2: (a) SEC, (b) TGA, and (c) UV-degradation study results for PnPrG, PiPrG,
PnBuG, PPenG, PHexG, POctG, and PBnG, results for UV-light exposed and kept in
dark samples are depicted using solid and broken lines, respectively. Note:
depolymerization% were calculated relative to the depolymerization amount observed for
the parent PEtGuv in 24 h, PnPrG, PiPrG, PnBuG, PPenG, and PBnG were studied in
a 9/1 mixture of CD3CN/D20 and PHexG and POctG were studied in a 9/1 mixture of
acetone-ds/D-0.

As most PGs generated in this study are unprecedented, they were analyzed using DSC
and TGA to investigate their structure-property relationships. The boiling point of EtG is
ca. 110 °C. TGA analysis showed that PEtGuv and PEtGether had very similar onset of
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decomposition temperatures (To), which were about 13 °C higher than that of the
PEtGcarbonate, 1.€., 211 °C. This difference can be attributed to the higher thermal stability
of ether-type end-caps compared to their carbonate-type alternatives and implies that the
overall stability of the PEtGs is dominated by the end-caps. The new pendant ester
derivative PGs exhibited lower Tos, ca. 150 °C (Figure 4.2b). Considering that their end-
caps were all the same as PEtGuv but they showed lower thermal stabilities, we postulate
that the thermal degradation behavior of the new PGs was governed by their electronics,
as their backbones are more electron-rich compared to the parent PEtGuv. This is
consistent with the fact that electron-withdrawing groups improve the thermal stability of
polyphthalaldehydes. For example, poly(4,5-dichlorophthalaldehyde)s are more thermally
stable compared to polyphthalaldehydes.*®

DSC revealed that the glass transition temperature (Tg) of PGs, derived from the linear
alcohols, decreased with increasing number of carbons of the parent alcohol, i.e., from —4
to —47 °C (Figures A4.24-A4.32 and Table 4.1). This is the translation of the fact that the
increasing segmental motion of the linear pendant groups decreases the strength of the
interactions between the polymer chains in the solid-state. In contrast, PGs derived from
non-linear alcohols exhibited Tgs with higher values, i.e., 3and 2 °C for PiPrG and PBnG,
respectively, as the rigidity and steric hindrance of the pendant groups can inhibit
segmental motion. It is also worth to note that the recorded T4 for PNnBuG (-33 °C) was
consistent with what was previously reported, i.e., Tg =30 °C, for poly(butyl glyoxylate)
homopolymer which was directly synthesized from the monomer.3? As the only reported
example of poly(benzyl glyoxylate) homopolymer had a very low molar mass (i.e., My =
2.1 kg/mol) and thermal properties of oligomers and polymers are typically different, a
similar comparison was not possible for PBnG.

4.3.3 Depolymerization studies

2-Nitrobenzyl is a UV-responsive group which was incorporated as an end-group for
PEtGuv to introduce a self-immolative behaviour (Scheme 4.3). PEtGuv was expected to

be UV-responsive as having one responsive end group is sufficient for an SIP. To assess
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whether the parent PEtGuv and resulting PGs show a UV-responsive depolymerization
behaviour, *H NMR depolymerization studies were carried out, except for POctG due to
its poor solubility. PGs were dissolved in a 9/1 mixture of CD3CN/D-0 or acetone-de/D20,
depending on their solubility. The resulting solutions were then split into 2 samples. One
sample was irradiated for 30 minutes with a UV light and the other one was kept in dark
(control sample). Over 24 h, the samples were analyzed by *H NMR spectroscopy, at
different time intervals (Figure 4.2c and A4.36— A4.55). The percent depolymerization
was quantified based on the relative integrations of the peak corresponding to the backbone
methine CH, at ca. 5.6 ppm, and the peak corresponding to the methine CH group of the
depolymerization product (corresponding glyoxylate hydrate), at ca. 5 ppm. PEtGuv
reached a 30% degradation in 24 h and this amount was used as a benchmark for evaluating
the depolymerization performance of the resulting PGs. The UV-light-exposed samples
demonstrated a ca. 50% depolymerization, after 5 h, and a full depolymerization relative
to PEtGuv in ca. 24 hours. In contrast, the non-irradiated (control) samples showed
negligible depolymerization amounts (< 5%). These results showed that our synthetic
strategy for installing a UV-responsive group was successful and that the amount of
depolymerization was determined by the nature of the backbone/end-group and not the

pendant groups (Figure 4.2c).
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Scheme 4.3: UV-light depolymerization of PEtGuv.
4.3.4  Synthesis and characterization of PGs with functional groups

To further prove the versatility of this method and show how it has opened a door towards
the synthesis of a variety SIPs with a PG backbone and desired pendant groups, we
employed several functional alcohols including allyl, propargyl and furfuryl alcohol, which
gave PGs suitable for click chemistry and applications such as labeling, sensing, and

network formation. In this regard, we only employed 0.5 equivalents of the corresponding
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alcohols as typically for such applications a small percentage of functional groups is
sufficient. These reactions were conducted inside pressure tubes which allowed the starting
alcohols remain inside the reaction media. This method gave the targeted partially-
converted PAIG, PPG, and PFuG with 21, 23, and 17% conversion respectively. They
were also analyzed by SEC and appeared as polymers with molar masses similar to that of
the PEtGuv (Figure A4.56). TGA studies showed that these PGs had Tos lower than that
of the PEtGuv (Figure A4.57). Considering the fact that they were only partially converted
but showed T, similar to the fully converted PGs, we believe that the thermal stability of
these PGs was limited by the stability of repeating units. The breaking a PG chain at places
where those repeating units are located triggers the full depolymerization and the higher
thermal stability of the rest of repeating units can not prevent that. DSC thermograms
demonstrated that the Tgs of these random copolymers were slightly higher than that of the
parent PEtGuv probably due to the higher rigidity of the newly introduced ester groups
compared to the original ethyl ester groups (Figures S33-S35 and Table 4.1).

As not all functional groups are compatible with conditions required for this
transesterification reaction/purification method, we decided to prove the concept that this
strategy can be exploited for the preparation of many SIPs with PG backbones and such
groups. We chose PPG as a precursor and conducted a copper assisted azide-alkyne click
(CuACC) reaction to install pyrene as a fluorescent group. In theory, pyrene alcohol could
be added directly, but it was used as a fluorescent group to demonstrate the principle of
another round of post polymerization modification. For the click reaction, PPG was
combined with CuSQOg, sodium ascorbate, and an excess amount of 1-(azidomethyl)pyrene
(Py-Ns3), in dry DMF (Scheme 4.4).

NaAscorbate, 45 °C

NVGIRASS «av

Scheme 4.4: Click reaction of PPG with Pyr-Ns.
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The crude product was then dialyzed against DMF and also water to remove excess pyrene
moieties and any residual copper species. Pure PPGpyr was analyzed by *H NMR, FTIR,
and fluorescence emission spectroscopies, as well as SEC. In the *H NMR spectrum, the
aromatic protons of pyrene gave rise to a broad peak at ca. 7.9 ppm in addition to its
methylene peak which appeared at ca. 5.1 ppm. This conversion was also confirmed by
FTIR spectroscopy as the C-H stretch of the alkyne groups of PPG led to an absorption
band at 3300 cm™. This band was absent in the FTIR spectrum of PPGpyr as the alkyne
groups of PPG transformed to the triazole ring and were not present in the structure of
PPGpyr (Figure 4.3a). Furthermore, SEC confirmed that PPG did not degrade during the
process and PPGpyr preserved the macromolecular character. However, PPGpyr exhibited
a SEC trace skewed towards low elution-volumes due to its poor solubility in THF (Figure
4.3b). This can be attributed to the strong interactions between the pendant pyrene groups

which limited the solubility.

Pyrene is a chromophore sensitive to its medium, especially when pyrene units are bound
in a close proximity, because pyrene can form an excimer state.*” An excimer is defined as
a dimer which is associated in an excited electronic state, but dissociative in its ground
state. When an electronically excited pyrene encounters a pyrene in its ground state, they
create an excimer.*” A pyrene excimer emits at ca. 475 nm, while a single pyrene (“locally
excited” or monomer) emits with two maxima at ca. 360 and 375 nm.*® Taking advantage
of this phenomenon, we decided to test the capability of PPGpyr as a sensor because it was
expected that the pyrene units would change their behavior by changing the ratio of

excimers to monomers after the triggered depolymerization.

In this regard, a dilute solution (3.6 x 10* M pyrene moieties in MeCN/H.0: 9/1) of
PPGpyr was prepared and degassed and its emission spectrum was obtained using an
excitation wavelength of 341 nm. A broad peak at 475 nm confirmed that the pyrene groups
of PPGpyr were preferentially in an excimer form as the integrity of PPGpyr kept them in
a close proximity although the overall concentration of PPGpyrwas very low (Figure 4.3c).
The sample was then irradiated with a UV-light and allowed to depolymerize for 24 hours.
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The sample was again excited at 341 nm to obtain an emission spectrum which showed a
dramatic decrease in the intensity of the excimer peak while the released pyrene units gave
rise to peaks at 360 and 375 nm. This example confirms the capability of PPGpyr to serve
as a sensor and highlights the fact that many PGs with functional groups, such as drug or
dye moieties, which cannot be directly synthesized from a glyoxylate monomer or tolerate

the transesterification reaction can be accessible using our strategy.
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Figure 4.3: (a) Alkyne region of the FTIR spectra recorded for PPG and PPGpyr showing
the loss of a H-C=C stretch adter CUAAC reaction (b) SEC traces for PPG and PPGpyr,
(c) emission spectra of PPGpyr before/after UV-light exposure recorded in MeCN/H20:
9/1 (irradiation at 341 nm), and (d) PPGpyr sample used for emission spectroscopy.

4.4 Conclusions

In conclusion, as PEtGcarbonate, representing the previous generations of PEtGs with

carbonyl-containing end-groups, did not survive the TBD-mediated transesterification
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reaction, new end-caps were successfully employed to create PEtGether and PEtGuv
compatible with this method. Reactions of PEtGuv with n-propanol, i-propanol, n-butanol,
t-butanol, n-pentanol, n-hexanol, n-octanol, or benzyl alcohol, in the presence of catalytic
amounts of TBD, showed that, while primary alcohols successfully gave the corresponding
PGs with conversion > 95%, the steric hindrance surrounding the hydroxyl groups of non-
linear alcohols can lower the conversion. *H NMR spectroscopy confirmed the structure of
the newly introduced ester groups and SEC showed that all PGs preserved the
macromolecular nature of the parent PEtGuv. Depolymerization studies revealed that all
PGs mirrored the self-immolative behavior of PEtGuv and changing the pendant ester
groups did not have a noticeable effect on the depolymerization behavior. TGA showed
that replacing ethyl ester groups with more electron-donating groups can lower the onset
of decomposition temperature from ca. 230 to 160 °C, even at low conversion%. In
addition, DSC demonstrated that changing the pendant groups can be utilized for tuning
the mechanical properties as PGs with Tgs ranging from —47 to 3 °C were prepared. To
prove that the number of PGs accessible via this strategy can go beyond what is shown in
this study, allyl, propargyl and furfuryl alcohols were used to prepare PGs suitable for click
chemistry. The CUAAC reaction of PPG with Pyr-Ns gave PPGpyr with potential for

sensing applications, as successfully confirmed via fluorescence emission spectroscopy.
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5  Conclusion and future work

The work presented throughout this thesis describes the significant expansion to two

different self-immolative polymer systems: polycarbamates and polyglyoxylates.

5.1 Polycarbamates

51.1 Conclusions

The work described in chapter 2 dealt with the incorporation of polycarbamate SIPs into
amphiphilic block copolymers and their use to prepare nanoassemblies. This was attempted
because these SIPs are known to have depolymerization rates that depend on environmental
factors such as solvent and pH. In previous work, hydrophobic SIPs have been incorporated
into amphiphilic block copolymers.t® However, stimuli-responsive hydrophilic blocks
have not previously been incorporated into these polymers. | synthesized amphiphilic
copolymers composed of a hydrophobic polycarbamate SIP block and a hydrophilic
PDMAEMA block connected by a UV light-responsive linker end-cap. It was hypothesized
that after assembly of the block copolymers into nanoparticles, chain collapse of the
PDMAEMA above its LCST might change the environment of the SIP block, thereby
altering its depolymerization rate. Self-assembly of the block copolymers was performed,
and the depolymerization of the resulting assemblies was studied by fluorescence
spectroscopy, dynamic light scattering, and NMR spectroscopy. At 20 °C, the system
exhibited a selective response to UV light. At 65 °C, above the LCST of PDMAEMA, the
systems underwent a more rapid depolymerization, suggesting that the increase in
depolymerization arising from the higher temperature dominated over environmental

effects arising from chain collapse (Figure 5.1).
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Figure 5.1: Graphical summary of Chapter 2. Out of the three stimuli investigated (pH,
UV, and temperature) the elevated temperature dominated the depolymerization behaviour,
masking any other environmental factors.

The main limitation of the Chapter 2 study was the high temperature necessary to induce
chain collapse in the PDMAEMA, which masked any possible environmental effects on
the SIP depolymerization. To mitigate this, a polymer with a lower LCST, PNIPAAm, was
selected to be incorporated into the amphiphilic block copolymers, via a connection with a
UV-responsive linker. These polymers were synthesized and demonstrated self-assembly
behaviour enabling the formation of nanoparticles. Depolymerization behaviour was
monitored via small molecule release and NMR spectroscopy with results that were not in
agreement with each other. The self-assembled nanoparticles were aggregating into larger
particles over time, regardless of the incubation temperature, as noticed in DLS studies and
TEM images. During the NMR study, it was also noted that the polymers were precipitating
out of solution. This suggested that the nanoparticles were unstable in the buffered

environment.

The reversible thermo-responsive behavior of the PDMAEMA and PNIPAAmM blocks of
the amphiphilic block copolymers was the main issue with the system. For PDMAEMA,
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the high temperature masked any environmental effects arising from chain collapse,
although the micelles were stable throughout the tests. For PNIPAAm, the transition from
the solvated to the de-solvated state led to instability in the micelles, and precipitation of
the block copolymers out of solution. The reasons PNIPAAm experienced this and
PDMAEMA did not may be attributed to the relative hydrophilicity of the two polymers,

with PDMAEMA being more hydrophilic and therefore creating more stable nanoparticles.

51.2 Future work

Both above studies were aimed at determining how a change in local environment would
affect the amount of depolymerization of the SIP block. By collapsing the corona
reversibly, these systems could potentially have had the ability to turn on and off this
behaviour. Since neither study produced conclusive evidence of this effect due to the high
temperatures needed in Chapter 2 and the micelle aggregation in Chapter 3, an alternative
is to create crosslinked micelles. Although, this may lack the desired multi-stimuli

responsive behavior, it should provide insight into the depolymerization behaviour.

Crosslinked polymeric micelles can be made via core-crosslinked (CCPM)* or shell-
crosslinked polymeric micelles (SCPM).> CCPMs have been extensively studied for drug
release and show an increased in vivo stability and prolonged drug release. SCMP were
first demonstrated by Wooley and coworker in 1996,% and have since been studied for
biomedical applications. They can hold the nanostructure of the assemblies in blood, avoid
burst release in the first few hours, and do not aggregate in solution.

The crosslinked nature of the micelles would allow retention of the depolymerization
products, similar to drug retention, resulting in higher local concentrations of the
depolymerization products. To avoid chemical modification to the hydrophobic SIP block,
which could change the amount of depolymerization, the hydrophilic block will be
switched to a polymer that can undergo crosslinking. To avoid inter-micellar crosslinking,
a tri-block copolymer will be synthesized, allowing for the crosslinking to only occur on

the inner shell (Figure 5.2).
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Figure 5.2: Schematic representation of the inter-micellar and intra-micellar crosslinking
for a) AB diblock copolymer and (b) ABC triblock copolymer micelles at high copolymer
concentrations. Reproduced with permission from reference 5. Copyright 2007 the Royal
Society of Chemistry

PEG macroinitiators for ATRP can be synthesized by reacting poly(ethylene oxide)
monomethyl ether with a-bromoisobutyryl bromide (Scheme 5.1a).” The macroinitator can
then undergo ATRP with any compatible monomer. Since this block will be used to
crosslink, methyl acrylic acid can be used, which possesses carboxylic acid groups capable
of crosslinking via an EDC coupling. This will yield a hydrophilic polymer, PEG-PMAA-
Br, with a short PMAA block (~10 units), where the terminal bromine can be easily
converted to an azide, PEG-PMAA-N3 (Scheme 5.1b).2 Having an azide will allow for the
use of the same UV-responsive end-cap as used in Chapters 2 and 3 on the PCBuv. The
hydrophobic SIP (PCBuv) and the hydrophilic PEG-PMAA-N3 can be conjugated via
CUAAC, to create a tri-block copolymer, PEG-PMAA-PCBuv. (Scheme 5.1c).
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Scheme 5.1: a) Synthesis of PEG macroinitiator for ATRP; b) synthesis of diblock
copolymer PEG-PMAA-Br via ATRP and the subsequent conversion of the bromine end-
group to an azide, PEG-PMAA-Ns; and c) the synthesis of ABC triblock copolymer PEG-
PMAA-PCBuv by CUAAC.

This amphiphilic block copolymer can then be self-assembled to form nanoparticles in
solution and the inner shell can be crosslinked via an EDC coupling using 2,2-
(ethylenedioxy)bis(ethylamine) as the crosslinker (Figure 5.3). The crosslinked layer will
provide stability and slow the release of the depolymerization products. If the SIP block
cannot tolerate the EDC conditions, which have not been tried to date, the carboxylic acid
group can be converted to a different functional group (e.g. EDC coupling with allyl amine)
prior to the CUAAC.
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Figure 5.3: Schematic of the self-assembly of ABC triblock copolymer PEG-PMAA-
PCBuv and subsequent crosslinking by EDC  coupling with  2,2-
(ethylenedioxy)bis(ethylamine) to yield SCMPs.

When the inner SIP is cleaved upon irradiation with UV light, the shell structure should be
maintained in the crosslinked structure, allowing for a high concentration of
depolymerizing SIPs in the core. Monitoring the evolution of depolymerization products
of the SIP blocks in both the crosslinked and un-crosslinked micelles will illustrate a
relationship between concentration and depolymerization behaviour. This study could also
be expanded to look at other environmental conditions, including pH and temperature.

5.2 Polyglyoxylates

5.2.1 Conclusions

Until this work, many glyoxylates were previously inaccessible because of problems
synthesizing the monomers or achieving large volumes of sufficiently pure monomers for
polymerization. This resulted in only a few new monomers (i.e. butyl-, benzyl-, and

menthyl glyoxylate) which often only yielded short homopolymers (ca. DPn = 20 units)
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compared to the larger PEtG homopolymers (DP, > 200).1 ° This limited the possible
applications of PGs. Further to this, previous attempts at achieving new glyoxylates
through transesterification reactions had resulted in complete depolymerization of the

starting polymers.

Through work presented in this thesis, it was determined that the carbonate linker present
in many previously reported end-caps of the PEtG system could not tolerate the
transesterification conditions of TBD. This prompted the development of a new end-
capping system based on the more stable ether linkages, including a UV-responsive end-

cap based on 2-nitrobenzyl alcohol.

A series of new PGs was created by the complete conversions of PEtGuv using the TBD
catalyst, including PnPrG, PiPrG, PnBuG, PPenG, PHexG, POctG, and PBnG (Figure
5.4). These polymers maintained their macromolecular nature, as well as their ability to
depolymerize. An inverse relationship between the number of carbons on the parent alcohol
and Ty was observed from -4 to -47 °C, which will allow for tuning of the properties in low
temperature applications such as outdoor adhesives in winter months. To further
demonstrate the versatility of this method, alcohols with functional groups were
incorporated into polymers creating PAIG, PFuG, and PPG. This post-transesterfication
modification of these groups will increase future possibilities of this work. To demonstrate
the possibility for applying such modifications, PPG underwent a CuAAC reaction to

conjugate it to a 1-(azidomethyl)pyrene, a florescent probe.
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Figure 5.4: Graphical summary of Chapter 4. The transesterification reaction of PEtG with
TBD has lead to the development of previously inaccessible PGs.

5.2.2 Future work

The ability to achieve polyglyoxylates that were previously inaccessible can allow the field
of polyglyoxylates to rapidly grow and expand. Taking advantage of the functional handles
that have already been attached, various reactions can be used to append groups, including
CUuAAC and Sonogashira cross-couplings on the propargyl moieties, thiol-ene click
chemistry on the allyl groups, and cycloaddition reactions to the furans (Figure 5.5). This
can be used to attach several moieties including drugs and dyes, or crosslinking agents to

create gels.
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Figure 5.5: Possible reactions that could be performed on the available functional handles
including CUAAC and Sonogashira cross-couplings on the propargyl, thiolene click
chemistry on the allyl, and cycloaddition reactions to the furan.

To date, there has been no water-soluble PGs synthesized, which, if synthesized could
enable several applications, including hydrogels or completely degradable amphiphilic
block copolymers. The PEtG could be made water soluble by the incorporation of 2-
methoxyethanol. Combining 2-methoxyethanol with a small amount 5-methylfurfuryl
alcohol during the transesterification will yield a methylfuran-functionalized, a water-
soluble PG which could be used to create hydrogels. The Shoichet and Trant groups created
injectable hydrogels using a methylfuran-modified hyaluronan and bismaleimide PEG.*°
The advantage of this system is that rapid gelation will occur when the two polymers are
in an aqueous environment at pH 7.4, allowing for the in situ formation of hydrogels in the
human body. By creating an analogous system with a PG backbone, there is the potential
to cerate injectable hydrogels, that can be triggered to degrade, which can be used for drug

delivery of 3D cell culture (Figure 5.6).
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Figure 5.6: a) synthetic strategy for making water-soluble, crosslinkable PGs and b)
schematic representing their use as fast-gelling injectable-hydrogels at pH 7.4.
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Appendix 2 — Supporting information for Chapter 2

NMR Spectra
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Figure A2.1: 'H NMR spectrum of compound 2.2 (600 MHz, CD3CN).
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Figure A2.7: *H NMR spectrum of PDMAEMA-N3 (600 MHz, CDCls).
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Figure A2.10: Characterization of PCBcon-PDMAEMA: a) *H NMR spectra (600 MHz,
CDCIs) (refer to Figure 3 for main peak assignments); ¢c) DMF SEC trace overlays and d)
IR spectra.
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Figure A2.12: Representative Dynamic Light Scattering (DLS) volume traces of a)
PCBuv-PDMAEMA in 100 mM, pH 7.0 phosphate buffer incubated at 20 °C; b) PCBuv-
PDMAEMA in 100 mM, pH 7.0 phosphate buffer incubated at 65 °C; ¢) PCBcon-
PDMAEMA in 100 mM, pH 7.0 phosphate buffer incubated at 20 °C; d) PCBcon-
PDMAEMA in 100 mM, pH 7.0 phosphate buffer incubated at 65 °C.
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Figure A2.13: Representative Dynamic Light Scattering (DLS) volume traces of a)
PCBuv-PDMAEMA in 100 mM, pH 8.0 phosphate buffer incubated at 20 °C; b) PCBuv-
PDMAEMA in 100 mM, pH 8.0 phosphate buffer incubated at 65 °C; ¢) PCBcon-
PDMAEMA in 100 mM, pH 8.0 phosphate buffer incubated at 20 °C; d) PCBcon-
PDMAEMA in 100 mM, pH 8.0 phosphate buffer incubated at 65 °C.
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Figure A2.14: Representative *H NMR spectra (400 MHz) of PCBuv-PDMAEMA and
its depolymerization products following incubation in 100 mM, pH 8.0 phosphate buffered
D0 at 20 °C for varying time periods. The peak labeled f was used to quantify the extent
of depolymerization based on its integration relative to that of the distinct peak at 4.17 ppm
(*) from the PDMAEMA.
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Figure A2.15: Representative *H NMR spectra (400 MHz) of PCBuv-PDMAEMA and
its depolymerization products following incubation in 100 mM, pH 8.0 phosphate buffered
D20 at 65 °C for varying time periods. The peak labeled f was used to quantify the extent
of depolymerization based on its integration relative to that of the distinct peak at 4.17 ppm
(*) from the PDMAEMA.
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Figure A2.16: Representative *H NMR spectra (400 MHz) of PCBcon-PDMAEMA and
its depolymerization products following incubation in 100 mM, pH 8.0 phosphate buffered
D20 at 20 °C for varying time periods. The peak labeled f was used to quantify the extent
of depolymerization based on its integration relative to that of the distinct peak at 4.17 ppm
(*) from the PDMAEMA.
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Figure A2.17: Representative *H NMR spectra (400 MHz) of PCBcon-PDMAEMA and
its depolymerization products following incubation in 100 mM, pH 8.0 phosphate buffered
D20 at 65 °C for varying time periods. The peak labeled f was used to quantify the extent
of depolymerization based on its integration relative to that of the distinct peak at 4.17 ppm
(*) from the PDMAEMA.
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Appendix 3 — Supporting Information for Chapter 3

NMR Spectra
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Figure A3.1: 'H NMR spectrum of PCBuv (CDCls, 600 MHz). Asterisks denote residual
solvent signals.
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Figure A3.4:'H NMR spectrum of PEG-N3 (CDCls, 600 MHz). Asterisks denote residual
solvent signals.
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denote residual solvent signals.



195

—7.32
—7.06
—6.25
—5.11
—4.01
_3.59
~3.49
—3.10
—2.89
—2.27

T —1.03

v _ Jf//

{LMU“L/VJL

e — —_— 3
- © ] - < N
12 < 4] 1 @ 1

W J129]

.5 80 75 70 65 6.0 55 50 45 4.0 3.5
Chemical shift (ppm)

0 25 20 15 10 05 O

Figure A3.6: 'H NMR spectrum of PCBcon-PNIPAAmM (CDCls, 600 MHz). Asterisks
denote residual solvent signals.

IS o 0 © NHQ

ml e et QN LBl

~N| N " Mo LN

I | Vo 2NN
[ e _— o S

WL JL X

LM A
et e pandihnratis
n < - [ -
~m < < N -
5 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 05 0

.Chemical shift(ppm)

Figure A3.7: 'H NMR spectrum of PCBuv-PEG (CDCls, 600 MHz). Asterisks denote
residual solvent signals.
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Characterization overlays
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Figure A3.9: Characterization of PCBuv-PEG: a) 'H NMR spectra (600 MHz, CDCls);
b) DMF SEC traces (refractive index detection); c) IR Spectra. The *H NMR spectra of
PCBuv-PEG has peaks from both blocks after purification and the SEC trace of PCBuv-
PEG has a decreased retention time, indicating an increase in molecular peaks as well as
no peaks corresponding to the original homopolymers. The azide stretch at 2100 cm™os
absent post CUAAC, indicating no free PEG-Ns is present.
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Figure A3.10: Characterization of PCBcon-PEG: a) *H NMR spectra (600 MHz,
CDCls); b) DMF SEC traces (refractive index detection); ¢) IR Spectra. The *H NMR
spectra of PCBuv-PEG has peaks from both blocks after purification and the SEC trace
of PCBuv-PEG has a decreased retention time, indicating an increase in molecular peaks
as well as no peaks corresponding to the original homopolymers. The azide stretch at
2100 cm*os absent post CUAAC, indicating no free PEG-Ns is present.



Drug loading and calibration curve
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Figure A3.11: a) UV-absorbance of methotrexate in MeOH at varying concentrations
(mg/mL) and b) the calibration curve for methotrexate absorbance at 302 nm versus

concentration.
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Figure A3.12: a) UV-absorbance of celecoxib in MeOH at varying concentrations
(mg/mL) and b) the calibration curve for celecoxib absorbance at 252 nm versus

concentration.
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Methotrexate in Water (370 nm)
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Figure A3.13: The calibration curve for methotrexate in water absorbance at 370 nm
versus concentration (mcg/mL).
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Appendix 4 — Supporting information for Chapter 4

NMR spectra
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Figure A4.1. 'H NMR spectrum of PEtGcarbonate (CDCls, 400 MHz). Asterisks denote
residual solvent signals.
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Figure A4.2. *H NMR spectrum of the crude reaction mixture of PEtGether (CDCls, 400
MHz). Red, blue, and green circles denote traces of PEtG, EtG, and EtGH.
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Figure A4.3. 'H NMR spectrum of PEtGether (CDCls, 400 MHz). Asterisks denote a
residual solvent signals.
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Figure A4.4. 3C NMR spectrum of PEtGether (CDCls, 100 MHz). Asterisk denotes
residual solvent signal.
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Figure A4.5. 'H NMR spectrum of PEtGuv (CDCls, 400 MHz). Asterisks denote residual
solvent signals.
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Figure A4.6. 13C NMR spectrum of PEtGuv (CDCls, 100 MHz). Asterisk denotes a
residual solvent signal.
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Figure A4.7. 'H NMR spectrum of P,PrG (CDCls, 400 MHz). Asterisks denote residual
solvent and silicone grease signals.
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Figure A4.8. 3C NMR spectrum of P,PrG (CDCls, 100 MHz). Asterisk denotes a residual
solvent signal.
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Figure A4.9. 'H NMR spectrum of P,BuG (CDCls, 400 MHz). Asterisks denote residual
solvent signals.
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Figure A4.10. ®*C NMR spectrum of P,BuG (CDCls, 100 MHz). Asterisk denotes a
residual solvent signal.
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Figure A4.11. *H NMR spectrum of P,PenG (CDCl3, 400 MHz). Asterisks denote residual
solvent signals.
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Figure A4.12. 3C NMR spectrum of P,PenG (CDCls, 100 MHz). Asterisk denotes a
residual solvent signal.
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Figure A4.13. *H NMR spectrum of PHexG (CDCls, 400 MHz). Asterisks denote residual
solvent and silicone grease signals.
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Figure A4.14. 3C NMR spectrum of PHexG (CDCls, 100 MHz). Asterisk denotes a
residual solvent signal.
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Figure A4.15. *H NMR spectrum of POctG (CDCls, 400 MHz). Asterisk denote residual

solvent signals.
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Figure A4.16. 3C NMR spectrum of POctG (CDCls, 100 MHz). Asterisk denotes a

residual solvent signal.
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Figure A4.17. *H NMR spectrum of PiPrG (CDCls, 400 MHz). Asterisks denote residual
solvent signals.
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Figure A4.18. 3C NMR spectrum of PiPrG (CDCls, 100 MHz). Asterisk denotes a
residual solvent signal.
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Figure A4.19. 'H NMR spectrum of PBnG (CDCls, 400 MHz). Asterisks denote residual
solvent signals.
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Figure A4.20. 'H NMR spectrum of PAIG (CDCls, 400 MHz). Asterisks denote residual
solvent signals.
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Figure A4.21. *H NMR spectrum of PFuG (CDCls, 400 MHz). Asterisk denotes a residual
solvent signal.
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Figure A4.22. *H NMR spectrum of PPG (CDCls, 400 MHz). Asterisks denote residual
solvent signals.



213

—7.88
—7.27
—5.96
—5.63
—5.10

4.08

1.12

N—N

e iRas

n/m = 74/26

____/‘“—._ML_ ' . e - " M A
“ T ! ! T " T b T ! T '
2.02 1.00 0.31 1.31 2.58
8 7 6 2 1 0

5 4
Chemical Shift (ppm)

Figure A4.23. 'H NMR spectrum of PPGpyr (CDCl3, 400 MHz). Asterisk denotes residual
solvent signal.



DSC Thermograms
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Figure A4.24. DSC thermogram recorded for PEtGether.
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Figure A4.25. DSC thermogram recorded for PEtGuv.
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Figure A4.26. DSC thermogram recorded for PnPrG.
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Figure A4.27. DSC thermogram recorded for PnBuG.
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Figure A4.28. DSC thermogram recorded for Pn,PenG.
%
NO, OIO
©/\o o™ oBn
n
-60 -50 -40 -30 -20 -10 0 10

Temperature (°C)

Figure A4.29. DSC thermogram recorded for PHexG.
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Figure A4.30. DSC thermogram recorded for POctG.
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Figure A4.31. DSC thermogram recorded for PiPrG.
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Figure A4.32. DSC thermogram recorded for PBnG.
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Figure A4.33. DSC thermogram recorded for PFuG.
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Figure A4.34. DSC thermogram recorded for PAIG.
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Figure A4.35. DSC thermogram recorded for PPG.

219



220

Degradation studies

ot

24 hours -~

3 hours .|

_

] |
|
|

1 hour A
0 hour A A I L
8 7 6 2 1' 0

5 4 3
Chemical Shift (ppm)

Figure A4.36. 'H NMR spectra recorded for PEtGuv kept in dark at different time
intervals (9/1: CD3CN/D-0, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.37. *H NMR spectra recorded for PEtGuv exposed to a UV light at different
time intervals (9/1: CD3CN/D-0O, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.38. 'H NMR spectra recorded for PnPrG kept in dark at different time intervals
(9/1: CD3CN/D20, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.39. *H NMR spectra recorded for PnPrG exposed to a UV light at different time
intervals (9/1: CD3CN/D-0, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.40. *H NMR spectra recorded for P,BuG kept in dark at different time intervals
(9/1: CD3CN/D20, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.41. *H NMR spectra recorded for PnBuG exposed to a UV light at different
time intervals (9/1: CD3CN/D-0O, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.42. 'H NMR spectra recorded for P,PenG kept in dark at different time
intervals (9/1: CD3CN/D-0, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.43. 'H NMR spectra recorded for PnPenG exposed to a UV light at different
time intervals (9/1: CD3CN/D-0O, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.44. *H NMR spectra recorded for PHexG kept in dark at different time intervals
(9/1: CD3CN/D20, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.45. 'H NMR spectra recorded for PHexG exposed to a UV light at different
time intervals (9/1: CD3CN/D-0O, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.46. *H NMR spectra recorded for PiPrG kept in dark at different time intervals
(9/1: CD3CN/D20, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.47. 'H NMR spectra recorded for PiPrG exposed to a UV light at different time
intervals (9/1: CD3CN/D-0, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.48. *H NMR spectra recorded for PBnG kept in dark at different time intervals
(9/1: CD3CN/D20, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.49. 'H NMR spectra recorded for PBnG exposed to a UV light at different time
intervals (9/1: CD3CN/D-0, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.50. 'H NMR spectra recorded for PAIG kept in dark at different time intervals
(9/1: CD3CN/D20, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.51. *H NMR spectra recorded for PAIG exposed to a UV light at different time
intervals (9/1: CD3CN/D-0, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.52. 'H NMR spectra recorded for PPG kept in dark at different time intervals
(9/1: CD3CN/D20, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.53. 'H NMR spectra recorded for PPG exposed to a UV light at different time
intervals (9/1: CD3CN/D-0, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.54. *H NMR spectra recorded for PFuG kept in dark at different time intervals
(9/1: CD3CN/D20, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.55. 'H NMR spectra recorded for PFUG exposed to a UV light at different time
intervals (9/1: CD3CN/D20, 400 MHz). Asterisks denote residual solvent signals.
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Figure A4.56. UV-degradation study of PFuG, PAIG, PPG, vs. PEtGuv at different time
intervals. Results for UV-light exposed and kept in dark samples are depicted using solid
and broken lines, respectively. Note: depolymerization% were calculated relative to the
depolymerization amount observed for the parent PEtGuv in 24 hours.
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Figure A4.57. SEC traces of PFuUG (blue), PAIG (red), and PPG, (green) vs. PEtGuv
(black).
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TGA results
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Figure A4.58. TGA traces recorded for PFUG, PAIG, and PPG, vs. PEtGuv.
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FTIR spectra
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Figure A4.59. FTIR spectra recorded for PGs.
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