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Abstract

Self-immolative polymers (SIPs) are relatively recent class of stimuli-responsive and
degradable polymers that have attracted significant attention in the past several years. SIPs
consist of polymer backbones and stimuli-responsive end-caps at one or both polymer termini.
Upon detection of a stimulus, the decomposition of the end-cap leads to complete end-to-end
depolymerization. Polyglyoxylates were introduced as a new class of polyacetal based SIPs by
our group in 2014. Compared with other SIPs, polyglyoxylates have two advantages including:
1) readily available monomers and 2) low toxicity depolymerization products. These
advantages may allow polyglyoxylates to be used in a wide range of applications. This thesis
explored the design, synthesis, and study of a series of responsive end-caps for different
potential applications of polyglyoxylates. First, using the previously developed 6-nitroveratryl
carbonate end-capped poly(ethyl glyoxylate) (PEtG) that responded to UV light, it was
demonstrated that PEtG could depolymerize back to volatile monomer at ambient temperature
and pressure. This wunusual feature was used to perform a facile polymer
reprogramming/recycling sequence as well as polymer patterning by a simple irradiation-
evaporation sequence. Moreover, end-caps that allowed polyglyoxylates to respond to
oxidizing and reducing conditions, acid, heat, multiple stimuli, and one that enabled cross-
linking and UV-triggered depolymerization, were developed. Furthermore, linker end-caps
were developed to conjugate PEtG with poly(ethylene glycol) to form amphiphilic block
copolymers. These copolymers were self-assembled to form nanoparticles that could load and
release payload molecules in response to stimuli. In addition, the hydrophobicity of PEtG was
tuned by copolymerization with hydrophobic monomers to improve the nanoparticle drug
loading capabilities. Lastly, triphenylmethyl end-capped PEtGs were demonstrated to undergo
temperature-dependent depolymerization. Proof-of-concept studies were performed to
demonstrate the potential of these polymers for smart packaging applications. Overall, the
work presented in this thesis serves to expand the utility of polyglyoxylate-based SIPs for
various applications through the design and synthesis of responsive end-caps and new polymer

backbones.
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Chapter 1

1 Introduction

1.1 Overview

Polymers are large molecules composed of many repeating units linked together via
covalent bonds. They can be natural, such as polysaccharides, proteins, and nucleic acids,
or synthetic, such as polyethylene (PE), polystyrene (PS), and nylon.! Their high molar
mass provides polymers with properties that are significantly different from small
molecules.? In addition, the physical properties of polymers can be tuned significantly to
achieve specific functions by changing the chemical structures of the polymer backbones
and side groups, as well as their molecular weight, branching, or tacticity.? For example,
PE is one of the most commonly encountered plastics in our daily lives. Depending on the
molecular weight or chain branching, its physical properties change dramatically. Ultra-
high-molecular-weight polyethylene has a yield strength that is comparable with high-
strength steels, therefore it can be used in bulletproof vests.® However, low-density
polyethylene, which contains a high degree of branching, is more frequently used in

packaging due to its low tensile strength.*

Since the first successful commercialization of the thermoplastic polymer-Nylon,® by
Wallace Carothers at Dupont’s research facility in 1935, polymeric materials have offered
great possibilities for the development of human society in the past century. A series of
polymeric materials have been successfully commercialized in 1940s-1980s.% However,
since the 1990s, a significant amount of research effort has shifted to polymeric materials
that can respond to their environmental conditions or external stimuli. These polymers are
usually referred to as stimuli-responsive polymers (SRPs) or “smart” polymers.” SRPs can
receive external signals and exhibit responses by changing their physical properties, such
as shape, color, solubility, and even chemical structure (e.g., cleavage of side groups or
polymer backbone). The chemical or physical property changes associated with SRPs
endow them with a series of novel applications that cannot be achieved by traditional
materials. Up until now, a diverse range of applications have been explored for SRPs,



including biosensors,® smart coatings,® drug delivery vehicles,'**? self-healing,'* and
shape-memory materials.'* However, conventional SRPs usually need significant amounts
of stimuli for a clear response, and one specific polymer backbone can usually respond to
only one stimulus.'® These limitations create a bottleneck for the applications of many

current SRPs.

Self-immolative polymers (SIPs), are a new class of SRPs. They consist of a polymer
backbone and a stimuli-responsive end-cap at one (or both) polymer termini.**1” Once the
end-cap detects an external signal, the decomposition of the end-cap leads to complete
collapse of the polymer backbone via end-to-end depolymerization. Therefore, compared
with traditional stimuli-responsive polymers, SIPs can easily achieve responsiveness to a
series of different stimuli via changes in the end-cap rather than completely re-engineering
a new polymer backbone. Via this simple strategy, SIPs that respond to light,*®-*° heat,?°
pH,? ultrasound,? oxidizing and reducing conditions,®® and chemicals®* have been
developed. In addition, the response structure of SIPs allows signal amplification, as one
equivalent of stimulus can lead to complete polymer depolymerization and the generation
of hundreds and even thousands of monomers or depolymerization products. In the past 10
years, SIPs including polycarbamates, polycarbonates, poly(benzyl ether)s, and polyacetals
have been reported.'® 2526 However, many of these SIPs produce toxic depolymerization
products such as quinone methides?’ or o-phthalaldehyde,?® which may hinder their use in
some applications.

Polyglyoxylates (PGs) were introduced by our group as a new class of polyacetal-based
SIPs in 2014 (Figure 1.1).2° PGs can be readily prepared from inexpensive commercially
available glyoxylates such as ethyl glyoxylate or from other simple glyoxylates prepared
from readily available starting materials such as maleic or fumaric acid via ozonolysis of
the corresponding diesters. Following depolymerization, PGs ultimately degrade to the
alcohol and glyoxylic acid, a metabolic intermediate in the important glyoxylate cycle.*
This is an anabolic variant of the tricarboxylic acid cycle that occurs in plants, bacteria,
protists, and fungi. Glyoxylic acid is also a metabolic byproduct of mammalian

biochemical pathways, such as the biosynthesis of amidated peptides.®* There is evidence



suggesting that the depolymerization products of poly(ethyl glyoxylate) (PEtG) are well
tolerated in the environment by plants and in mammalian models.? The innocuousness of
these depolymerization products position PGs as ideal materials for applications in vivo or

in the environment.
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Figure 1.1 Structure of polyglyoxylates and the depolymerization mechanism after
end-cap removal. (Reproduced with permission from reference (29). Copyright 2014

American Chemical Society.)

1.2 Research objectives

Our group has previously reported the synthesis of a small number of different alkyl and
benzyl polyglyoxylates end-capped with a UV-responsive trigger.?® We also prepared
amphiphilic block copolymers of triggerable hydrophobic poly(ethyl glyoxylate) PEtG
with hydrophilic poly(ethylene glycol) (PEG) and showed that these materials self-
assembled into micelles. Furthermore, when the micelles were exposed to UV light, the
hydrophobic block depolymerized, decomposing the micelle.?® This PG-based UV-
responsive SIP had a fast depolymerization rate in solution. However, its depolymerization
profiles in the solid state under different conditions, such as different pHs, temperatures,
coating thicknesses, and even different environmental media, should be explored for
practical applications. In addition, the UV-responsive PGs may find application in fields
where UV light can be used as a trigger, such as agricultural materials and industrial
photolithography. However, for applications such as drug delivery, UV-responsive SIPs

may play limited role, due to the detrimental effects of high energy light on human tissue.



Therefore, this thesis aims to expand the applications of polyglyoxylate-based SIPs by
increasing the flexibility of the triggering stimuli initiating decomposition by incorporating
different end-caps capable of responding to additional environmental cues besides UV
light. As an extension of this, the self-assembly of PG-based amphiphilic block copolymers
into nano-carriers (such as micelles and vesicles) for on-demand drug release has also been

explored.

1.3 Thesis outline

The thesis is divided into 9 chapters. A broad literature review of all classes of SRPs is
presented in Chapter 2. Following the review, Chapter 3-8 will describe six projects
towards the synthesis, modifications and applications of PG based self-immolative

polymers. The projects details are as follows.

Chapter 3 describes the solid-state depolymerization of UV-sensitive PEtG under different
conditions. This thesis chapter will explore the effects of different environmental
conditions such as pH, temperature, and coating thickness on the depolymerization of PEtG
coatings with the aim to fully understand the depolymerization process in the solid state

and thus understand potential applications of these materials as coatings.

Chapter 4 includes work aimed at increasing the flexibility of the triggering stimuli
initiating decomposition by incorporating different end-caps. New stimuli include
biologically relevant signals such as changes in the concentrations of oxidizing or reducing
agents. An oxidation-sensitive end-cap incorporating a pinacol borane that cleaves in the
presence of hydrogen peroxide and a reduction-sensitive disulfide end-cap that cleaves in
the presence of biologically relevant thiols that would be appropriate for targeting the
reductive environments of cancer tumors were prepared and studied. Novel multi-
responsive end-caps that respond to very different stimuli including combinations of UV
light, hydrogen peroxide, and reducing conditions simultaneously will be introduced.
Furthermore, a cross-linker end-cap that allows SIPs to form cross-linked networks while
at the same time depolymerizing in response to external stimuli, such as UV light will also

be developed, further demonstrating the versatility of these materials.



Chapter 5 explores the development and application of PG-based nano-assemblies. New
linker end-caps allowed different stimuli-responsive PEtGs to form amphiphilic block
copolymers that were capable of self-assembling to form nano-sized particles in aqueous
solution. Specifically, based on the multi-responsive PEtGs in Chapter 4, the design,
synthesis and self-assembly of H20», reduction, and dual-responsive (both UV light and
H202) micelles will be described. The signal amplification properties of PEtGs was also
explored in this context. Moreover, loading of anti-cancer drugs into PG-based nano-
carriers and their release in response to stimuli were examined. This work will expand the
applications of PEtG-baseds SIPs into the biomedical field for the release of drugs and

other molecules on demand.

Chapter 6 explores different monomer combinations to increase the hydrophobicity of PG-
based particles and thereby improve their hydrophobic drug loading capabilities.
Specifically, ethyl glyoxylate was copolymerized with n-butyl glyoxylate, choral, and
menthol glyoxylate, respectively, and these monomers were also polymerized to form
hydrophobic homopolymers. These PGs were further coupled with hydrophilic PEG to
form amphiphilic block copolymers. The loading capabilities of the nanoparticles formed
from these copolymers were examined by incorporation of the hydrophobic drug-

celecoxib.

Chapter 7 introduces the design and synthesis of a new generation of thermo-responsive
end-caps based on Diels-Alder adducts that allow SIPs to depolymerize in response to
environmental temperature changes. Furthermore, self-assembly and disassembly of
thermo-responsive micelles and vesicles formed from these polymers in response to direct

and indirect heat were also explored.

Chapter 8: This Chapter explores the temperature dependent depolymerization properties
of triphenylmethyl end-capped PEtG films, and their potential applications in smart
packaging.

Finally, a general discussion with conclusions outlining the significance, limitations and

possible future directions of this research are presented in Chapter 9.
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Chapter 2

2  Stimuli-responsive polymers (SRPs)

SRPs are polymers that can detect external signals and respond with changes in physical
properties (e.g., shape, color, solubility) or chemical structures (e.g., cleavage of side
groups or polymer backbone).! The chemical or physical property changes associated with
SRPs endow them with a series of novel applications that cannot be achieved by traditional
materials.>® Therefore, SRPs have attracted significant attention from both academia and
industry. SRPs can be classified into two main categories according to their physical and
chemical property changes. However, depending on their degradability, SRPs can also be
separated into 1) general non-degradable SRPs (Figure 2.1a), and 2) stimuli-responsive and

degradable polymers (Figure 2.1b, 2.1c).

a b) c)
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Figure 2.1 Schematic representations of SRPs: a) General non-degradable SRPs that
change in physical properties in response to a stimulus; b) SRPs that can entirely
degrade in response to a stimulus stoichiometrically; c) Self-immolative polymers
(SIPs) as a sub-class of SRPs that can depolymerize in response to a stimulus in an

amplified manner.

Over the past decade, stimuli-responsive and degradable polymers have evolved into two
different classes. The first class of SRPs can entirely degrade stoichiometrically in response
to stimuli (Figure 2.1b). However, a key limitation of these stimuli-responsive and

degradable polymers is that multiple stimuli-mediated events are required in order to cause
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complete degradation.* In addition, for each different stimulus, a completely new polymer
backbone is usually required, which significantly increases the barrier for practical
applications. To address the limitations associated with conventional stimuli-responsive
and degradable polymers, new efforts have been directed to the amplified degradation of
polymeric materials in response to external stimuli in the past 10 years. This new
generation of stimuli-responsive and degradable polymers is usually referred as “self-
immolative polymers” (SIPs) (Figure 2.1c).

This chapter systematically reviews the development and applications of stimuli-
responsive polymers (SRPs) in three main sections: 1) General non-degradable SRPs that
undergo changes in physical properties in response to external stimuli; 2) SRPs that can
entirely degrade stoichiometrically in response to stimuli; 3) Self-immolative polymers
(SIPs) as a sub-class of SRPs that can depolymerize in response to stimuli in an amplified

manner.

2.1 General non-degradable SRPs

The general non-degradable SRPs are polymers that can detect external stimuli and respond
in form of changes in physical properties such as shape, solubility, or color. The triggering
stimuli can be light, heat, specific chemicals or gases, or changes in pH, depending on the
responsive sites on polymer structures. Each stimulus has its own advantages and can
usually meet the demand for a specific application. For example, light can be applied in a
situation that does not require external additives and can be controlled spatiotemporally.
Heat can be readily applied from outside of polymer environment. Gases are easy to add
and remove, especially, in large volume operations and are of great interest in industrial
applications. This section reviews four representative non-degradable SRPs that can

respond to light, heat, pH changes, and gases.

2.1.1  Light-responsive polymers

Light has been one of the most extensively investigated stimuli for controlling polymer
properties and functions.®® It can be easily applied and regulated remotely and possesses

advantages such as spatiotemporal precision, wavelength tunability, and does not require
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external additives. Reversible light-controllable polymers have been heavily investigated
since the 1980s, and the potential applications of these polymers in optical-to-mechanical
conversion actuators and polymer nanoparticles for drug delivery have been explored.

In 1980, by incorporating aromatic azo chromophores as cross-linkers for rubbery
poly(ethyl acrylate), Eisenbach and coworkers demonstrated that the rubbery network
could contract and extend when it was irradiated with different wavelengths of light.® This
photomechanical effect was believed to be caused by the conformational change resulting
from the trans-cis isomerization of the aromatic azo cross-linker. At the same time,
Riordan’s group observed the same effects when they incorporated the aromatic azo
functional group into polyamides, specifically, poly(3,3’-zaodibenzoyl-trans-2,5-
dimethylpiperazene) and poly(4,4’-azodibenzoyl-trans-dimethylpiperazene).® The
photomechanical effect of aromatic azo compounds is an interesting phenomenon as it
allows the direct conversion of light into mechanical energy. Now, it has been well
established that aromatic azo compounds can undergo trans-cis isomerization when
irradiated by light with a wavelength of ~330-380 nm, and that this process is completely
reversible.!! The cis isomer can convert back to the trans isomer when the compound is
exposed to light with wavelength of ~420 nm, depending on the specific structure (Figure
2.2a)

b)
R

O N O O NOo, <420nm

— > 450 nm

Hydrophobic spiropyran Hydrophilic merocyanine

Figure 2.2 Representative light-responsive molecules applied in stimuli-responsive
polymers: a) Cis-trans transformation of aromatic azo compounds, b) hydrophobic
spiropyran to hydrophilic merocyanine transformations under different wavelengths
of light.
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Following Eisenbach and Riordan’s pioneering work, much research was devoted to
aromatic azo-containing polymers in order to develop them as light-triggerable actuators.
For example, Zhao and coworkers recently reported a light-driven actuator based on an
azobenzene-containing liquid crystalline polymer network (Figure 2.3a).1? In this work,
they demonstrated that they could use UV light to generate mechanical force using light to
mechanical energy conversion and also light-triggered release of prestored strain energy in
a azobenzene-containing liquid crystalline polymer network that was synthesized from
4,4’-diglycidyloxyazobenzene and dodecanedioic acid. They achieved large and tunable
photoinduced contractile stress up to 7 MPa, which was much higher than previously
reported. Moreover, the azobenzene-containing polymer enabled continuous motions of
large rolling objects under irradiation of UV light (Figure 2.3b, c).

a) b) PU foam uw o s,
: jrection Can,,,
< e S -

Figure 2.3 a) Synthesis procedure for the azobenzene liquid crystalline polymer
network; b) Schematic and c¢) photographs showing light-driven forward moving of a
“vehicle” equipped with a spring-like “motor”. (Reproduced with permission from
reference (12). Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

In addition to aromatic azo compounds, spiropyran (Figure 2.2b) is another well-known
photochromic molecule that has been widely studied in photo-responsive dynamic
materials. Spiropyran can respond to light irradiation (wavelength < 420 nm) and undergo
reversible isomerization from a colorless hydrophobic spiropyran to a colored hydrophilic

merocyanine. This isomerization process can be reversed when merocyanine is irradiated
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by light with wavelengths above 450 nm. Recognizing the possible application of this
molecule for drug delivery, in 2015 Liu’s group reported the fabrication of photochromic
vesicles that exhibited reversible changes in bilayer permeability upon triggering by UV-
Vis light irradiation (Figure 2.4).1* The photochromic amphiphilic block copolymer was
poly(ethylene glycol)-b-PSPA (PEG-b-PSPA) diblock copolymer, where SPA was a
spiropyran-based monomer containing a carbamate linkage. Upon self-assembly into
vesicles, the spiropyran moieties within the vesicle bilayers underwent reversible photo-
triggered isomerization between spiropyran and zwitterionic merocyanine states. The
microstructures of both vesicles were stabilized by multiple cooperative noncovalent
interactions including hydrogen bonding, n-m stacking, and zwitterionic interactions.
Interestingly, they found that the UV-actuated merocyanine vesicle possessed both
sustained release upon short UV irradiation and on-demand switchable release under

alternating UV-Vis light irradiation.
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Figure 2.4 Photochromic polymersomes exhibiting photo-switchable and reversible
bilayer permeability. (Reproduced with permission from reference (14). Copyright

2015 American Chemical Society.)
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2.1.2  Thermo-responsive polymers

Temperature change as a stimulus for polymers has also played a key role among all
available stimuli, as it can be readily applied from outside of the polymer environment.
In particular, poly(N-isopropylacrylamide) (PNIPAM) is one of the most studied thermo-
responsive polymers that undergoes a phase transition in solution with temperature
changes.'® Once the temperature is above a certain limit, the polymer chain transforms
from a coil state to a globular state to minimize the free energy of the system. This leads to
the macroscopic phenomenon of an increase in solution turbidity. This temperature
associated phase transition is usually called the lower critical solution temperature (LCST).
Besides PNIPAM, there are several other polymers such as, poly[tri(ethylene glyocol)
monoethyl ether methacrylate] (PTEGMA),Y poly(dimethylaminoethyl methacrylate)
(PDMAEMA),*8 and poly(2-isopropyl-2-oxazoline) (PIPOZ)*° that have the property of an
LCST as well (Figure 2.5). Because of this unique property, thermo-responsive polymers
have been widely studied for numerous applications such as drug delivery,?° catalysis,?

tissue engineering,?? and surface engineering.?

AN
%( NL

PNIPAM PTEGMA PDMAEMA PIPOZ

Figure 2.5 Chemical structures of some typical thermo-responsive polymers.

In 2013, Liu and coworkers reported a temperature-controllable dual water/oil on-off
switch mesh allowing the separation of water and oil by controlling the temperature.? The
steel mesh was coated with block copolymer poly(methyl methacrylate) (PMMA)-b-
PNIPAM. Due to the hydrophilic-hydrophobic transition around the LCST of PNIPAM
and the resultant surface roughness change, the mesh could be open to water and closed to
oil below the LCST of PNIPAM, or open to oil and closed to water above the LCST (Figure
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2.6). This work provided a smart solution to the controllable separation of water and oil

mixtures.
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Figure 2.6 a) Temperature dependence of water and oil contact angles for a PMMA-
b-PNIPAM film; b) Reversible water and oil contact angle transition of block
copolymer film at different temperatures; c) Diagram of reversible formation of
intermolecular hydrogen bonding between PNIPAM chains and water below and
above the LCST. (Reproduced with permission from reference (23). Copyright 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

2.1.3  pH-responsive polymers

Change in pH is another stimulus that can trigger the change of polymer physical properties.
For some organic functional groups, such as organic acids, pyridines, and amines,
environmental pH changes lead to the protonation or deprotonation of these functional
groups and consequently result in solubility changes of these molecules. Therefore,
polymers containing these functional groups also exhibit pH-dependent solubility.
Examples of pH-sensitive polymers include poly(acrylic acid) (PAA) (pKa = 4.5), poly(2-
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vinylpyridine) (P2VP) (pKa = 3.0), and poly(2-N,N’-dimethylaminoethyl methacrylate)

(PDMAEMA) (pKa= 7.5) (Figure 2.7).

n n
SN HO” ™0 o~ o
|
/N\
P2VP PAA PDMAEMA
pKa 3.0 pKa 4.5 pKa 7.5

Figure 2.7 Chemical structures of some representative pH-responsive polymers.

Based on the properties of pH-responsive polymers, in 2014 Kim and coworkers reported
a versatile platform for a highly stable and wide-range pH sensor that could respond to pH
variations from 1 to 7.2* This sensor platform consisted of the pH-responsive polymers
PAA and P2VP, and quantum dots (QDs). The PAA chain was grafted onto the surface of
blue-colored cadmium sulfide/zinc sulfide QDs, and the P2VP chain was grafted onto the
surface of orange-colored cadmium selenide/zinc sulfide QDs. The hybrids were deposited
on the surface of single graphene oxide (GO) sheets via n-n staking interactions between
the pyrene functional groups on the polymer termini and the basal plane of the GO surfaces.
The distances between the two color-emitting QDs and the GO were controlled by the
linker polymers PAA and P2VP. The sensing scheme is shown in Figure 2.8. Specifically,
when the pH was lower than 3, the protonation of P2VP led to the swelling and extension
of polymer chains, while the PAA chains were protonated and less soluble in water,
resulting in their collapse and attachment to the GO. This led to the quenching of blue
colored QDs, and consequently the orange colored QDs on P2VP dominated the emission.
When the pH was higher than 4.5, the deprotonation of PAA led to the swelling and
extension of PAA and the collapse of P2VP, so emission from the blue QDs dominated.
When the pH was between these two values, both QDs emitted light and therefore white

was observed.
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(c)

Figure 2.8 Structures of a) P2VP-QD and b) PAA-QD; ¢) Schematic illustration of the
conformation and behavior of QD-GO at a given pH value. (Reproduced with

permission from reference (24). Copyright 2014 American Chemical Society.)

In addition to pH sensors, pH-responsive polymers have also been exploited to deliver
drugs or genes to specific tissues and trigger the release of payloads at target sites. The
basic theory behind this application is that healthy tissues have a pH of 7.4, whereas in
inflamed tissues or tumors the environment is slightly acidic. These pH variations can lead
to solubility and morphology changes of pH-responsive polymers, enabling the delivery of

the payload.?>%

2.1.4  Gas-responsive polymers

Gases can be easily added and removed from a system, especially, in large volume
operations. Therefore, gaseous triggers are of great interest in industrial applications.
Several gaseous triggers have been reported so far including CO2,%” CO,% NO,? and H,S.*
Numerous applications have been explored for these gas-responsive polymers, such as drug
delivery vehicles, cell signaling systems, microgels, and nanoreactors.®* As a non-toxic and
abundant gas, CO: is the most studied gas trigger for gas-responsive polymers. A number
of CO»-reactive functional groups have been explored including tertiary amines, amidines,

guanidines, and imidazoles.?" 3233 Of these functional groups, tertiary amine groups such
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as those in PDMAEMA (Figure 2.7) are the most frequently explored because the pKa
values of polymeric tertiary amines typically range from 6.5 to 8.1.3* The protonation and
deprotonation of this class of polymers can readily occur upon the addition or removal of
CO- through bubbling of CO or an inert gas (nitrogen or argon) respectively, resulting in

solubility changes of the polymer.

For example, in 2017 Zhao and coworkers reported CO2-responsive polymer nanoparticles
and micellar aggregates as gas-controlled nanoreactors for gold nanoparticle synthesis with
the capability to tune the gold nanoparticle size and formation rate.® The nanoparticles
were prepared from the random copolymer poly{(N,N’-dimethylaminoethyl methacrylate)-
co-4-methyl-[7-(methacryloyl)oxyl-ethyl-oxyl]coumarin} (P(DMAEMA-co-CMA).
Tadpole-like single-chain nanoparticles were prepared from an amphiphilic block
copolymer of PS-b-P(DMAEMA-co-CMA). (PS represents polystyrene) (Figure 2.9).
Both particles underwent reversible swelling/shrinking with CO2/N2 stimulation. In
addition, they found the rate of gold nanoparticle formation using these particles as
nanoreactors increased under CO stimulation and slowed down by bubbling with N2. CO»-
induced swelling likely provided easier access of AuCls ™ counterions into the nanoreactors
for association with protonated amine groups, and residual non-protonated tertiary amine
groups led to AuCls "~ in-situ reduction to zerovalent gold. They also demonstrated that the
size of the gold nanoparticles could be controlled by the amount of CO2 in solution via the

same mechanism.
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Figure 2.9 Schematic illustration of: a) Preparation of P(DMAEMA-co-CMA) single-
chain nanoparticles through intrachain photo-cross-linking and the gas-switchable
size change of nanoparticle in aqueous solution; b) Preparation of tadpole-like PS-b-
P(DMAEMA-co-CMA) nanoparticles and their gas-responsive self-assembled
micellar assemblies. (Reproduced with permission from reference (35). Copyright
2017 American Chemical Society.)

2.2 Stimuli-responsive and degradable polymers

In addition to the physical property changes that occur in non-degradable SRPs as
described above, there is another class of SRPs that can undergo complete backbone
degradation in response to specific stimuli. In general, there are three major class of
stimuli-responsive and degradable polymers including 1) acid-degradable polymers; 2)
redox-degradable polymers; 3) photo-degradable polymers. In this section, examples and
applications for these three classes of stimuli-responsive and degradable polymers will be

described.
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2.2.1  Acid-degradable polymers

Acid-responsive and degradable polymers are usually designed with the incorporation of
acid-sensitive functional groups such as acetals, ketals, imines, and hydrazones (Figure
2.10).%® Despite the structural diversity of these groups, they all tend to be stable or have
slow degradation at neutral pH and are prone to degrade much faster at acidic pH. These
acid-responsive and degradable polymers are commonly used to form drug delivery
vehicles for the targeted and triggered release of therapeutics, as healthy tissues have a pH
around 7.4, whereas inflamed tissues or tumors have mildly acidic pHs ranging from 5.7-
7.8. The endosomal and lysosomal compartments of cells also have acidic pHs ranging
from 4.5-5.5,3%6-37
R1\/O><O\/R2 Hy0 )OJ\ + R on * Ry OH

Acetal/Ketals

O
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Figure 2.10 Common acid-degradable functional groups and their degradation

products.

The degradation of acetals and ketals has been a subject of interest since 1960s,%%3° and
has attracted significant attention in the past decades, as these moieties yield charge-neutral
and potentially non-toxic products upon cleavage.’’ In addition, the hydrolysis rate is
linearly proportional to the H™ concentration, ensuring a predictable response to pH
changes. Therefore, acetal- and ketal-based polymers have been the most widely studied

among all above acid-sensitive polymers. For example, in 2008, Fréchet and coworkers
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reported a library of fully acid-degradable polyketals to fabricate microparticles for drug
delivery.*! Specifically, a library of polyurethanes (Figure 2.11) and polyureas containing
acid-sensitive dimethyl ketal functional groups incorporated in the polymer backbone were
synthesized by reactions of bis(p-nitrophenyl carbamate/carbonate) or diisocyanate
monomers with ketal-containing diamines via AA-BB type step-growth polymerizations.
These polymers could degrade at different rates in acidic conditions to afford small
molecules as a function of polymer backbone hydrophobicity. The microparticles formed
from these polymers via emulsion techniques degraded significantly faster at an acidic pH
of 5.0 than at a physiological pH of 7.4. These acid-sensitive and degradable polymer
particles have the potential to find use in the delivery of various therapeutics with the
capability to target sites with acidic conditions.
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Small molecule products
Figure 2.11 Polyurethane containing acid-sensitive ketal groups in polymer backbone.

2.2.2 Redox-degradable polymers

It has been well-established that diseased tissues are usually associated with abnormally
high concentrations of redox-active species. For example, cancer cells have high
concentrations of reducing glutathione (up to 10 mM)*? compared to healthy tissue (1-10
mM), or the extracellular environment (1 uM).*® Inflammatory tissues produce excessive
reactive oxygen species (ROS), including H20., hydroxyl radicals and singlet oxygen.*
Therefore, it is attractive to develop polymer systems that can respond to redox changes

for targeted drug delivery.

Poly(disulfide)s are a class of polymers with disulfide linkages in their backbones. The
disulfide bond is a dynamic covalent bond that can be easily cleaved by reductive stimuli
such as dithiothreitol (DTT), or glutathione.*® For example, Kim and coworkers developed
a paclitaxel-conjugated poly(ethylene glycol) (PEG) and arginine-grafted poly(disulfide
amine) (Figure 2.12) micelle.*® Because of the disulfide linkages in the polymer backbone,
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the micelle could degrade into small molecules in an intracellular environment and release
paclitaxel. Moreover, due to the positive charge, the polymeric micelle was also explored

for gene delivery with improved gene delivery efficiency.
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Figure 2.12 Chemical structure of poly(disulfide) with incorporation of paclitaxel via
a PEG linker. (Reproduced with permission from reference (48). Copyright 2012
Elsevier Ltd.)

Due to the excessive concentration of ROS associated with diseased tissue, oxidation-
responsive polymers have also been developed for targeted drug delivery.*® One of the
most studied oxidation-responsive polymers is a boronic ester-based system. The
responsive moieties are either on the polymer backbone® or incorporated as pendant
groups.>! For example, in 2012 Almutairi and coworkers reported aryl boronic ester-based
polymer systems (Figure 2.13) that were capable of undergoing backbone degradation in
response to H20.%2 Upon detecting of H.0, the cleavage of the boronic ester resulted in
subsequent 1,6-elimination and 1,4-elimination reactions to break down the polymer
backbone. The nanoparticles formulated based on this oxidation-responsive polymer
responded to biologically relevant concentration of H2O2 (50-100 uM). These particles
could potentially be used to deliver small molecules or ROS-quenching enzymes such as

catalase and superoxide dismutase to treat chronic inflammatory diseases.
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Figure 2.13 Chemical structure of oxidation-responsive polymer and the particle
degradation mechanism in response to H202. (Reproduced with permission from

reference (52). Copyright 2012 American Chemical Society.)

2.2.3 Photo-degradable polymers

The third major class of stimuli-responsive and degradable polymers comprises photo-
degradable polymers. As discussed above, light is a stimulus that can be controlled
conveniently in both temporal and spatial dimensions. Therefore, photodegradable
polymers are also one of the most studied stimuli-responsive and degradable polymers.
Photo-degradable polymers are usually designed with incorporation of photolabile groups.
Among all the photolabile groups that have been studied, ortho-nitrobenzyl alcohol
derivatives have gained tremendous attention and have been widely applied in polymeric
material design and synthesis.>® For example, in 2011, Zhao and coworkers reported an
ABA-style photolabile amphiphilic triblock copolymer, in which B was synthesized by a
step-growth  reaction  between tolylene  2,4-diisocyanate and  2-nitro-1,3-
benzenedimethanol.>* A represents a hydrophilic block, which was coupled on by directly
reacting with PEG monomethyl ether (Figure 2.14). They successfully self-assembled the
block copolymer into micelles with diameters of ~60 nm. These micelles underwent fast
photoinduced (light wavelength 300 nm) disintegration, triggering the burst release of the

hydrophobic payload in aqueous conditions.
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Figure 2.14 a) Synthesis of a photo-degradable amphiphilic block copolymer
containing ortho-nitrobenzyl photolabile groups; b) Schematic illustration of a photo-
degradable micelle. (Reproduced with permission from reference (54). Copyright

2011 American Chemical Society.)

A clear drawback of ortho-nitrobenzyl alcohol-based polymer systems is that they can only
be degraded under UV light irradiation, which limits their biological applications. Recently,
research attention has shifted to biologically benign near-IR light-responsive systems, such
as 4-bromo-7-hydroxylcoumarin derivatives. However, thus far, these have only been
incorporated as pendant groups,>>" and did not lead to complete polymer degradation.

Therefore, detailed examples will not be discussed here.

2.2.4  Limitations of conventional stimuli-responsive and degradable
polymers
Stimuli-responsive and degradable polymers degrade completely in response to external
stimuli, and circumvent the limitations of conventional non-specifically degradable
polyesters. However, a key limitation of these stimuli-responsive and degradable polymers
is that multiple stimuli-mediated events are required in order to cause complete degradation.
While they perform well in the laboratory, where large changes in the chemical
environment or high concentrations of stimuli can be easily achieved, in real applications

such as in vivo, the gradient of conditions and the stimuli concentrations are usually much
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smaller. In addition, for each different stimulus, a completely new polymer backbone is

usually required, which significantly increases the barrier for practical applications.

2.3 Self-immolative polymers

To address the limitations associated with conventional stimuli-responsive and degradable
polymers, in the past 10 years, new efforts have been directed to the amplified
depolymerization of polymeric materials in response to external stimuli. One simple way
to achieve this is to install stimuli-responsive molecules on polymer termini. These
moieties are usually referred as end-caps. Once the end-cap is cleaved by an external
stimulus, a cascade of spontaneous reactions results in polymer backbone
depolymerization unit-by-unit in an end-to-end fashion to small molecules (Figure 2.1c).
This results in an amplified response as many monomer units can be produced by a single
end-cap cleavage. This new class of stimuli-responsive polymers is usually referred as

“self-immolative polymers” (SIPs).* %9

Compared to traditional degradable polymers, the depolymerization rate of SIPs can be
easily tuned by adjusting the polymer backbone and the degree of polymerization.®° SIPs
also afford the advantage that a single polymer backbone can be designed to respond to
different external stimuli simply by changing the end-cap rather than requiring a re-
engineering of the entire polymer.%! Thus far, SIPs responsive to light,®? heat,®® fluoride

6 and mechanical force®” have been reported. This

ions,% redox change,®® enzymes,
versatility suggests that SIPs are promising polymers for a diverse array of applications
including molecular sensors,®® responsive films,% micropumps,®* responsive drug delivery

systems,’® and microcapsules’.

In the past several vyears, SIPs including polycarbamates,®® polycarbonates,”
polythiocarbamates,” polythiocarbonates,”® poly(benzyl ether)s,”* and polyacetals®?7®
have been reported. Although there are about six different polymer backbones, after end-
cap removal the depolymerization of these SIPs mainly occur through three types of
processes. The first two types involve sequential spontaneous intramolecular reactions

such as an elimination (including polycarbamates, poly(benzyl ether)s) or cyclization



26

(including polycarbonates, polythiocarbamates, polythiocarbonates) that result in the
production of small molecules. The depolymerization of third class of SIPs results from
their low ceiling temperatures (T¢), and polyacetals belong to this category. In this section,
the design, synthesis and depolymerization mechanisms for each type of SIP will be

discussed.

2.3.1  SIPs depolymerizing via elimination reactions

(1) Poly(benzyl carbamate)s

Derived from previous work on self-immolative spacers’® and dendrimers,”” Shabat and
coworkers first reported the design and synthesis of a poly(benzyl carbamate)-based linear
SIP in 2008.%8 Even though several modifications were conducted on benzyl carbamate-
based SIPs later, all of the monomers are benzyl alcohols derivatives with caged isocyanate
at their para positions (Figure 2.15). This caged isocyanate monomer is relatively stable at
room temperature, but it can undergo condensation polymerization at high temperature
(~100 °C) with dibutyltin dilaurate (DBTL) as a catalyst. Usually, an excess of primary
alcohol, which may be a stimuli-responsive molecule, is added with the monomers to cap
the polymer terminus. The polymerization degree of this class of SIP can be tuned to some
extent via changing of reaction temperature, time, monomer concentration, and the

equivalents of the end-cap.
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Figure 2.15 Synthesis of a poly(benzyl carbamate)-based SIP and its

depolymerization mechanism following end-cap removal.

In Shabat’s first example, 4-hydroxy-2-butanone was added to end-cap the polymer.®8 This
served as an enzyme-responsive trigger. When exposed to bovine serum albumin (BSA),
the end-cap was removed via S-elimination and led to an unprotected terminal amine. This
free amine initiated fast and continuous 1,6-elimination and decarboxylation to decompose
the polymer backbone, and simultaneously generated azaquinone methide and carbon
dioxide as depolymerization products (Figure 2.15). The released electrophilic azaquinone
methide could further react with surrounding nucleophiles, such as water, methanol or even
enzymes with nucleophilic groups. Therefore, in 2009 Shabat’s group further reported the

application of this class of SIPs as active enzyme labeling probes.”
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Figure 2.16 Modification of poly(benzyl carbamate) SIP via backbone structures and

end-cap design.

In Shabat’s subsequent work, monomers with ionized carboxyl group or reporter molecules
(4-nitroaniline) on each aromatic building block were designed and synthesized (Figure
2.16).” These monomers endowed the new poly(benzyl carbamate)s with properties such
as water solubility, capability to generate reporter molecules upon depolymerization, and

also amplified signal to noise ratios for potential sensor applications.

Following the Shabat group’s pioneering work, a series of poy(benzyl carbamate)s that
could respond to acid, base,”* H.02,%° thermal changes,® redox conditions, light,”® were
designed and synthesized with different end-caps (Figure 2.16). These polymers with
diverse responsive properties provided proof-of-principle for poly(benzyl carbamate)s in
various applications. For example, through the incorporation of tert-butyldimethylsilyl
(TBDMS) protected hydroxyl group onto the aromatic backbone of this polymer, Moore
and coworkers introduced cross-linkable functional groups and used these to prepare cross-
linked microcapsules as self-healing components for damaged materials.”* In 2013 Phillips
and coworkers applied poly(benzyl carbamate)s in quantitative time-based assays.2® The

basic theory behind this application was the quick phase change of the hydrophobic
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polymer to hydrophilic depolymerization products due to the cleavage of end-cap upon
cleavage by H>O>. Following this, they investigated a series of optimization steps for this
assay that enabled the measurement of active enzymes®! and heavy metals (such as, Pb 2*
and Hg?") in water with a quantitative readout.®2 Some other applications of poly(benzyl
carbamate)s, including self-immolative drug delivery nanoparticles,”*® and self-

immolative nanofiber membranes have also been explored.®

The depolymerization rate of poly(benzyl carbamate)s based SIPs was found to be greatly
limited by the formation of azaquinone methide. This polymer can completely
depolymerize into small molecules in polar environment, such as water, in the time scale
of hours, but it requires several days or more in a low polarity solvent. To increase the
depolymerization rate, Phillips and coworkers investigated the influence of the aromatic
character of the benzene ring on the depolymerization rate.%% They demonstrated that
through the incorporation of electron-donating groups, such as methoxy, on the aromatic
ring or reduction of the aromatic character through the use of other ring systems such as
naphthalene (Figure 2.16), the depolymerization rate could be greatly enhanced to more
than 140 times. This work provided an important guideline on the design of rapidly-
degradable SIPs.

(2) Poly(benzyl ether)s

Another SIP that depolymerizes via continuous elimination reactions is the poly(benzyl
ether), which was first reported by Phillips and coworkers in 2013 (Figure 2.17).”* This
polymer was prepared via anionic polymerization, with isopropanol as an initiator and 1-
tert-butyl-2,2,4,4,4-pentakis (dimethylamino)-2A°,4)°-catenadi-(phosphazene) (P.-t-Bu)
as a catalyst at -10 °C for 1 h. Depending on the initiator to monomer ratio, polymerization
time, temperature, and purity of the monomer, the molar mass of the final polymer range
from 3.6 to 484 kg/mol. After polymerization, they end-capped the polymer with a series
of end-caps that were sensitive to fluoride ions, UV light and palladium(0) (Figure 2.17).
Similar to poly(benzyl carbamate)s, the depolymerization rate of this polymer depended
on the polarity of solvent. For example, after removal of the end-caps, the polymer

underwent fast depolymerization in dimethylformamide (DMF) in the time scale of



30

minutes, but required more than a week in toluene to reach complete depolymerization. So
ar, poly(benzyl ether)-based SIPs have been explored as on-command debonding
adhesives,®® depolymerizable and recyclable plastics,” and self-immolative antimicrobial

polymers.88
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Figure 2.17 Chemical structure and depolymerization mechanism of poly(benzyl

ether)s, and stimuli-responsive end-caps installed on this category of SIPs.

2.3.2  SIPs depolymerizing via cyclization reactions

In addition to the poly(benzyl carbamate)-based SIPs, which depolymerize via 1,6-
elimination reaction, another important category of SIPs that depolymerizes via alternating
1,6-elimination and cyclization reactions was first reported by Gillies and coworkers in
2009.72 As it is shown in Figure 2.18, this polymer contained carbamate repeating units in
the backbone, and was derived from an activated monomer based on 4-hydroxylbenzyl
alcohol and N,N’-dimethylethylenediamine via a condensation-type polymerization. In the
presence of base, the activated amine at one end of the monomer reacted with the active
carbonate of another monomer to form a carbamate, simultaneously releasing para-
nitrophenol as byproduct. Triggerable end-caps could be introduced by adding small

amounts of monomer protected by a functional group that was sensitive to a stimulus.
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Figure 2.18 Synthesis of polycarbamate that can depolymerize via a sequence of
cyclization, elimination and decarboxylation reactions, and stimuli-responsive end-

caps installed on this category of SIPs.

In the Gillies group’s first example, the tert-butyloxylcarbonyl (Boc) protected monomer
was used as the end-cap, leading to SIP that was sensitive to acid (Figure 2.18). Upon
removal of Boc group and incubation in pH 7.4 phosphate buffer:acetone (3:2), the free
amine generated at the terminus of polymer could initiate depolymerization by a sequence
of cyclization, decarboxylation and 1,6-elimination reactions. Due to the relatively slow
rate of cyclization, this backbone required a few days to depolymerize. Other than the acid-
responsive end-cap, a series of different end-caps have also been installed on this class of
SIPs, including a UV light-responsive ortho-nitrobenzyl moiety and a NIR light-responsive
4-bromo-7-hydroxylcoumarin by Almutairi and coworkers in 2012,% and a reduction-

responsive azobenzene group by Gillies and Wong in 2014.%
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Figure 2.19 SIPs that depolymerize via cyclization and elimination reactions: a)
Replacement of the carbamate from Figure 2.18 with a carbonate leads to faster
depolymerization; b) Replacement of the amine nucleophile in Figure 2.18 with a thiol
leads to even faster depolymerization; c) An SIP that depolymerizes entirely through

a series of cyclization reactions.

With the purpose of increasing the depolymerization rate of this class of SIPs upon
triggering, research has been dedicated to the development of improved self-immolative
spacers. For example, Phillips and coworkers have tuned the chemical structures of 1,6-
elimination spacers to afford rapid elimination.® Gillies and Dewit developed 4-
aminobutyric acid spacers that cyclized in seconds in pH 7.4 buffer.! Gillies and
coworkers also investigated the incorporation of different cyclization spacers into SIPs.”
As shown in Figure 2.19 a and b, two new polymers were introduced that still
depolymerized via alternating cyclization and 1,6-elimiantion reactions, but in order to
increase depolymerization rate, the nucleophilicity or electrophilicity of the reactive sites
involving cyclization reactions were altered. Specifically, they replaced one amino group

of N,N’-dimethylethylenediamine with oxygen to convert the original carbamate backbone
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into a carbonate backbone. A carbonate is more electrophilic than a carbamate, so the
cyclization reaction was faster and this reduced the depolymerization time from several
days to several hours. Furthermore, by replacing another amino group with a thiol to
provide a better nucleophile, the cyclization reaction was even faster, and complete

depolymerization occurred in 1-2 h.

To eliminate the toxic quinone methide generated during depolymerization of the
poly(carbamate)s and poly(carbonate)s described above, Gillies and coworkers developed
an SIP derived from N,N’-dimethylethylenediamine and 2-mercaptoethanol.®® This SIP
(Figure 2.19c) depolymerized entirely through intramolecular cyclization reactions,
therefore avoiding the generation of quinone methides. In this work, a reduction-sensitive
disulfide end-cap, that could potentially be cleaved under physiological conditions was
used. As this SIP depolymerized completely via cyclization reactions, the

depolymerization occurred relatively slowly over a period of about 10-14 days.

In addition to tuning the structures of the SIP backbones, another approach to change the
depolymerization time is to tune the polymer chain length. It had been assumed that the
depolymerization time of SIPs was proportional to their chain length, due to the
requirement for reactions to occur consecutively in an end-to-end manner. However, no
conclusive study had been conducted prior to the Gillies group’s report in 2013.%° Using
their previously reported polycarbamate backbone (Figure 2.18), they prepared a series of
monodisperse oligomers via a convergent synthesis route to study the relationship between
chain length and depolymerization time. The results were used to confirm their proposed
theoretical model of depolymerization kinetics that involved an initial pseudo zero-order
domain followed by a first-order domain (Figure 2.20). Moreover, this mode was also
extended to fit the depolymerization profile of polydisperse polymers.



34

8
3%%%° 30500 3%° a9 :
<
o
N /f N T w7 §e
First S ®
€ Transiti
<————Zero-Order > | Order | 8 oo
e 8
Concentration of active polymer :;mal CVC“Ztat"t’_” aff?cts o
termini remains constant © concentration o : : , : ‘
active termini 0 20 40 60 80

Time (min)

Figure 2.20 Depolymerization profile for linear SIPs involving an initial pseudo zero-
order domain followed by a gradual transition toward first-order behavior.
(Reproduced with permission from reference (60). Copyright 2013 American

Chemical Society.)

2.3.3  SIPs depolymerizing due to low-ceiling temperature
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Figure 2.21 General synthesis and depolymerization of polyacetals.

Another important category of SIPs is polyacetals, which includes poly(phthalaldehyde)
(PPA) derivatives and poly(glyoxylate) (PG) derivatives. Unlike the previous two
categories of SIPs, which depolymerize to products different from the initial monomers
from which they are prepared, this class of SIPs depolymerizes back to their original
monomers due to their low ceiling temperatures (T¢). Tc, defined as the temperature at
which the polymerization rate and depolymerization rate are equal (AG = 0; the monomer
and polymer are in equilibrium), is a measure of a polymer’s tendency to depolymerize to
monomers. The T¢s of almost all commercially available polymers are much higher than
room temperature, so they can be used as stable materials.®? For some polymers, however,
the T can be much lower. This can occur for polyacetals due to the small negative AH for
polymerization and an entropic term (TAS) that is dependent on temperature (Figure 2.21).

For example, polyformaldehyde has a ceiling temperature of ~120 °C in its uncapped form,
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above which the entropy gained through depolymerization overrides the relatively small
enthalpic gain of polymerization.®® However, its T¢ can be increased to >200 °C through
end-capping. Non-end-capped PPA and PG have ceiling temperatures of approximately -
40 °C and 30 °C respectively, and therefore depolymerize spontaneously at room
temperature.’® % However, via proper end-capping techniques, the thermal
depolymerization temperature can be increased to about 150 °C for both polymers.
Therefore, the end-capped polymers can be used as stable materials at room temperature.

The synthesis of this type of SIPs occurs by addition polymerization via chain growth.

1) Poly(phthalaldehyde) (PPA) derivatives
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Figure 2.22 Synthesis and end-capping of PPA.

PPA was first synthesized in the 1960s, and was of interest as a potential degradable film
for lithography due to its backbone being highly sensitive to acid, radiation and heat.*® Its
development and application as an SIP began in 2010, when PPA with stimuli-responsive
end-caps was introduced.®® Polymerization of phthalaldehyde was performed by Phillips
and coworkers at -80 °C for about 10 days and the resulting polymer was end-capped with
different functional moieties that could respond to specific stimuli. The PPAs they obtained
had number average molar masses ranging from 20 kDa to 33 kDa, and dispersities (D)

from 1.11 to 1.28. End-capping reactions were performed by reaction with allyl
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chloroformate and TBDMS-CI, which are sensitive to Pd(0) and fluoride ions respectively.
After end-capping, the PPAs were stable for at least 15 h, but once the end-caps were
removed by stimuli, the polymers completely depolymerized in less than 1 min. Because
of the fast depolymerization rate in the solid state, which could not be achieved with
previous SIPs, they found that this polymer could be used as a stimuli-responsive plastic
for patterning purposes. As shown in Figure 2.23, the PPA end-capped with allyl alcohol
was patterned into a square plastic sheet with the central circle filled with TBDMS end-
capped PPA. When this plastic sheet was exposed to fluoride ion solution, the TBDMS
end-capped area depolymerized immediately to produce a cylindrical hole at the center of

plastic.

a) patterned plastic sheet

chemical signal
that reacts with
the TBS trigger

plastic with altered features/w

4
<@/'/O
7\

\ y

:

Figure 2.23 A patterned film that reveals a cylindrical hole when exposed to the
corresponding stimulus: a) Patterned plastic film design strategy; b) Photograph of
the film before stimulus; c) Photograph of the film after 15 min of exposure to
stimulus. (Reproduced with permission from reference (69). Copyright 2010
American Chemical Society.)

One limitation for PPA-based SIP was the long polymerization time. However, in 2011,
Hedrick and coworkers found that with the addition of the strong base catalyst P>-t-Bu, the
polymerization was decreased to less than 3 h.% Using this approach, in 2013 Phillips and
coworkers reported additional end-capping strategies for PPA, which allowed this SIP to
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respond to stimuli including UV light and acid.®* They also reported a functional end-cap
having an azide group that allowed for a coupling reaction with another polymer (Figure
2.22). This work made PPA a more accessible and versatile SIP and facilitated subsequent

applications.

In their subsequent work, the Phillips group explored the application of PPA in single-use
self-powdered microscale pumps that could be turned on by external stimuli.®* The core
part of the micropump was insoluble PPA end-capped by TBDMS. Upon exposure of this
polymer film to fluoride ion solution, the cleavage of the TBDMS end-cap led to fast
depolymerization of PPA, which released numerous of monomers into the solution and
forced surrounding water to move away due to a diffusiophoretic mechanism. The pumping
speed of this micropump ranged from 0.1-11um s-, depending on the concentration of the
analyte. Furthermore, through the incorporation of a S-D-glucuronidase sensitive self-
immolative spacer that was capable of releasing fluoride ion, the micropump could be

turned on by an enzyme as well.

The amplification effect afforded by SIPs also promoted the exploration of PPA in stimuli-
responsive microcapsules. For example, via a flow-focusing microfluidic technique,
microcapsules were fabricated by Phillips and coworkers in 2013 using TBDMS end-
capped PPA (Figure 2.24).”° These microcapsules could selectively release their contents
due to the fast depolymerization of PPA upon exposure to fluoride ions. The diameters of
the microcapsules were ~150 pm, and their release rate could be tuned either by adjusting
the thickness of the membrane or the chain length of the polymer. Using the same technique,
Moore and coworkers reported the fabrication of PPA microcapsules with diameters ~100
um that degraded in response to acid environments, as the polymer backbone is highly
sensitive to acid.®” In addition, in 2017 the Moore group reported another technique called
rapid emulsion-solvent evaporation to prepare microcapsules with hydrophobic core
materials and PPA shells that allowed high core loading as well as controlled size and

morphology.®
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Figure 2.24 a) Schematic illustration for the preparation of PPA microcapsules by a
flow focusing microfluidic technique; b) SEM images of microcapsules before and
after exposure to stimulus. (Reproduced with permission from reference (75).
Copyright 2013 American Chemical Society.)

As described above, PPA is a promising SIP that can quickly depolymerize in response to
stimuli both when dissolved in solution and in the solid state. Equally importantly, PPA
was the only SIP that could be synthesized from a commercially available monomer.
However, the chemical modifications that had been performed on this polymer were
limited. One reason for the limited chemical diversity was the acid-sensitivity of the PPA
backbone, which made it challenging to work with. However, another important reason
was that functionalizable monomers were difficult to access synthetically and not available
commercially. In order to address this limitation and further expand the applications of
PPA, in 2013 Moore’s group explored the copolymerization of phthalaldehyde with
substituted benzaldehydes to introduce functional groups for chemical modification of this
polymer.®® Through a series of copolymerization experiments, they found that
benzyladehydes with Hammett values higher than 0.92 could be incorporated into PPA. In
this way, copolymerizations of phthalaldehyde and benzyladehydes with bromides or extra
aldehyde groups on the meta position were performed, and a series of further modifications
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of the resulting polymers were possible. Moreover, based on this work, the cross-linking
of PPA and selective depolymerization of the resulting polymer network were achieved.
Meanwhile, with the purpose to improve PPA backbone stability, in 2015 Phillips and
coworkers reported another PPA derivative with two electron-withdrawing chloro groups
placed para to the benzylic acetals-poly(4,5-dichlorophalaldehyde) (PCIPA).1%0-10% This
polymer exhibited the same self-immolative behaviors as PPA, but had improved thermal
stability, which enabled selective laser sintering to create macroscopic three-dimensional
materials. The mechanistic hypothesis for the improved stability was that the electron-
withdrawing groups on the benzylic acetals disfavored the formation of oxocarbenium ion
intermediates that were involved in nonspecific degradation. This made PPA more
attractive and further expanded its application as a versatile SIP.

In addition to anionic polymerization, cationic polymerization is another possible route for
the synthesis of PPA as reported by Ribitsch and coworkers in 2009.1%% In addition, cationic
polymerization can produce polymers at a much faster rate, on the time scale of minutes,
compared to hours or longer for anionic polymerization. In 2013 Moore’s group
demonstrated that the cationic polymerization of phthalaldehyde with boron trifluoride as
an initiator led to cyclic rather than linear PPA.1® Furthermore, they found that this
polymerization process showed living character, meaning that the cyclic polymer could
open and close its ring reversibly, making it possible to control the ring size. Based on this
discovery, they further demonstrated that the mixture of cyclic homopolymers of PPA
derivatives could open their rings, depolymerize, and exchange their monomers to form
new block copolymers and random copolymers under the cationic polymerization
condition.’%* Later, they found that the copolymerization of ethyl gloxylate with
phthalaldehyde could also form cyclic polymers by cationic polymerization.'® In addition,
because of the low glass transition temperature (Tg) of poly(ethyl glyoxylate), the
copolymerization could greatly decrease the Tgof copolymers, providing soft rather than

brittle materials.

In addition to the PPA stimuli as described above, in 2014 Moore’s group found that high

molar mass linear or cyclic PPAs could depolymerize to monomers in response to a
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mechanochemical signal applied by ultrasound.®” Moreover, the resulting monomers could
be repolymerized back to polymers under the polymerization conditions to complete the
depolymerization-repolymerization cycle. This may have great application in self-healing
for damaged materials. However, due to the low-ceiling temperature of PPA, the
polymerization process requires a very low temperature, so it cannot be performed at room

temperature after mechanical damage of PPA.
(2)  Poly(glyoxylate)s (PGs)

PGs such as poly(methyl glyoxylate) (PMeG),** poly(ethyl glyoxylate) (PEtG)° and
poly(glyoxylic acid) (PGA) are another class of polyacetals with low ceiling temperatures,
meaning that they depolymerize at room temperature. To prevent random degradation and
obtain stable materials, Bunel and others explored a series of end-capping agents, such as
vinyl ethers, anhydrides and isocyanates.® 1% They found that isocyanates afforded
polymers that were stable up to 150 °C. In 2014 Gillies and coworkers demonstrated PGs
as a new versatile class of SIPs.52 Poly(ethyl glyoxylate) (PEtG) with UV-sensitive end-
cap (6-nitroveratryl chloroformate) on both termini of the polymer were synthesized. Once
the end-caps were removed by UV irradiation, the PEtG depolymerized spontaneously
back to monomers in solution. Compared with previous SIPs, there are three advantages
for PGs. First, the monomer ethyl glyoxylate is commercially available, facilitating the
synthesis and potential scale-up of the polymers for applications. Second, the glyoxylic
acid depolymerization product of PEtG is a metabolic intermediate, which means that it
should exhibit low toxicity and has potential for biological applications. Furthermore, the
ester side group of PEtG can be readily replaced with other alcohols to produce materials
with functional groups and different physical properties. In their work, Gillies and
coworkers used a UV-sensitive linker molecule (Figure 2.25), to couple the hydrophobic
PEtG with hydrophilic PEG to achieve an amphiphilic block copolymer and self-assembled
it into micelles. After UV irradiation, the micelles rapidly disintegrated in buffer solution.
Moreover, Gillies and coworkers expanded the family of PGs to include poly(butyl
glyoxylate), poly(benzyl glyoxylate) and their copolymers, and found all of them showed

the properties of SIPs but with different physical properties such as Tgs. This research
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therefore expanded the SIP library, and facilitated fast access to SIP materials with

different properties.
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Figure 2.25 Synthesis and end-capping of PEtG-based SIPs.

2.3.4  Applications of SIPs in drug delivery

Polymer-based nano-sized drug delivery systems have attracted significant attention in the
past 20 years, as they can enhance the water-dispersibility and stability of drugs, especially
for hydrophobic drugs.>® More recently, the introduction of SRPs into drug delivery
furthered the field as they have the potential to deliver drug at target sites in response to
stimuli, thereby decreasing the toxic effects of the drug on healthy tissue. However, as
noted above, a limitation of conventional SRPs is that multiple stimuli-mediated events are
required to change the polymer properties or degrade the polymers. While they perform
well in the laboratory, where large changes in the environment can be easily induced, they
may perform less well in real environments such as in vivo, where stimuli are present at

lower concentrations and the changes in environment such as pH are more subtle.

Due to the signal amplification effect that results from the depolymerization of SIPs in
response to stimuli, they have excellent potential to be applied in the field of drug delivery.
In 2009, Gillies and coworkers first explored the formation of nano-sized particles by

sonication of amphiphilic polycarbamate-b-PEG (Figure 2.26).”> Moreover, the
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hydrophobic and fluorescent dye Nile red was used as a model drug and incorporated into
the particles to study their release properties. However, in this first example the initiation
of the self-immolative block depolymerization relied on the random hydrolysis of an ester
linkage between the two blocks. In 2012, Almutairi and coworkers introduced UV light
and NIR light sensitive molecules, o-nitrobenzyl alcohol and bromo-coumarin (Figure
2.18),%% as end-caps for the same SIP, and Nile red was also incorporated into the SIP-
based nanoparticles formed by emulsification with poly(vinyl alcohol). Upon irradiation
with the appropriate wavelength of light, Nile red was released from the particles. These
two studies demonstrated the great potential of SIPs as drug delivery vehicles to target the
release of drugs in response to external stimuli. However, in both of their cases, no loading

and release of real drugs were conducted.
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Figure 2.26 a) Chemical structure of an amphiphilic polycarbamate-b-PEG; b) TEM
image of particles formed from this polymer; c) Nile red release from the particles
over time as measured by fluorescence spectroscopy. (Reproduced with permission

from reference (72). Copyright 2009 American Chemical Society.)

In addition to micelles, which can only carry hydrophobic molecules, vesicles can also be
obtained through block copolymer self-assembly and can encapsulate both hydrophobic
and hydrophilic molecules. In 2014, Liu and coworkers reported the formation of vesicles

from poly(benzyl carbamate)s, with one polymer terminus incorporating a perylen-3-yl
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methanol, 2-nitrobenzyl alcohol, or diethanol disulfide end-cap that was responsive to blue
light, UV light, and reduction conditions respectively (Figure 2.27).”° The other termini of
these polymers were functionalized with a reversible addition-fragmentation chain transfer
(RAFT) agent, which could initiate the growth of a hydrophilic block poly(N,N’-dimethyl
acrylamide) (PDMA) to result in amphiphilic block copolymers with hydrophilic mass
fractions of ~60-70 wt%. Vesicles with diameters ranging from 200 nm to 580 nm were
obtained via nanoprecipitation, as confirmed by dynamic light scattering (DLS), confocal
laser scanning microscopy, transmission electron miscopy (TEM), and scanning electron
microscopy (SEM). With proper stimuli corresponding to the end-cap cleavage conditions,
these vesicles were successfully disintegrated and released both hydrophilic and
hydrophobic molecules. Furthermore, with these different stimuli responsiveness vesicles
they constructed OR, AND and XOR logic gate-type programmed enzymatic reactions.
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Figure 2.27 Synthesis of diblock copolymers containing self-immolative blocks with
light- and reduction-responsive linkers and their self-assembly into vesicles.
(Reproduced with permission from reference (70). Copyright 2014 American

Chemical Society.)

In the same year, Gillies and coworkers reported the formation of SIP-based micelles from
PEG-b-PEtG-b-PEG amphiphilic triblock copolymer (Figure 2.28).52 The micelles had
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diameters of ~50 nm and rapidly disintegrated in response to UV light. However, no drug

loading or triggerable release studies were conducted at that point.
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Figure 2.28 Chemical structure of an amphiphilic PEG-PEtG-PEG triblock
copolymer; b) TEM image of micelles formed from this polymer; c) Micelle
disintegration study as measured by 'H NMR in response to UV irradiation.
(Reproduced with permission from reference (62). Copyright 2014 American

Chemical Society.)
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Chapter 3

3  Photo-controlled depolymerization of stimuli-responsive
poly(ethyl glyoxylate): Differentiating features and
traceless ambient depolymerization

The content of this chapter has been published in “B. Fan, J. F. Trant, R. E. Yardley, A. J. Pickering, F.
Lagugné-Labarthet, E. R. Gillies, Macromolecules, 2016, 49, 7196-7203”

3.1 Introduction

In recent years, there has been increasing interest in the development of degradable
polymers for a wide range of applications from packaging to biomedical devices.® At
present, polyesters are widely used, as they can be broken down to nontoxic products.*®
However, their degradation cannot be easily controlled, as random backbone scission
occurs gradually in a wide range of environments, and cannot be turned on or off as desired
for a given application. To address this limitation, significant efforts have been directed
towards the development of stimuli-responsive polymers. Polymers responsive to light,®’
heat,® changes in pH® and many other stimuli have been developed.®!! These polymers
require many stimuli-mediated events to completely degrade the polymer backbones.
While they perform well in the laboratory, where large changes in conditions can easily be
introduced, the gradient of conditions and the concentrations of stimuli in real
environments are typically much smaller, presenting a challenge.

To address the above limitations, molecules that depolymerize from end-to-end in response
to the cleavage of stimuli-responsive end-caps from the polymer termini, were
developed.'?!3 These polymers, often referred to as “self-immolative polymers” (SIPs),
afford amplification of stimuli-mediated events as an entire polymer chain can
depolymerize in response to a single end-cap cleavage. In addition, because of their end-
to-end depolymerization mechanism, they exhibit predictable depolymerization times that
are dependent on their length and backbone composition.!* Backbones including
polycarbamates,>®  polycarbonates,’® polyethers,?® polyphthalaldehydes,??* and

polyglyoxylates?® have been synthesized and studied over the last several years and end-



56

26 redox change,®?

caps responsive to stimuli including light,?* heat,?® fluoride ions,
enzymes,?® and mechanical force?® have been reported. The unique features of these
polymers have made them attractive for potential applications in molecular sensors,>3°

responsive films,3"32 micropumps,?® drug delivery systems,'”?* and microcapsules.333

Polyglyoxylates are an attractive class of polymers that can undergo depolymerization
upon end-cap cleavage due to their low ceiling temperatures (T¢).% Glyoxylate monomers
such as ethyl glyoxylate (EtG) are commercially available or can be prepared from readily
available starting materials such as maleic or fumaric acid.?® In addition, they ultimately
degrade to glyoxylic acid,®" a metabolite found in some mammalian biochemical
pathways®® and an intermediate in the glyoxylate cycle, an anaerobic variant of the
tricarboxylic acid cycle that occurs in plants, bacteria, protists, and fungi.3” This chapter
explored in detail the depolymerization of end-capped self-immolative poly(ethyl
glyoxylate) (PEtG). In particular, the solid-state depolymerization of PEtG demonstrates
several important novel and unusual aspects of the end-to-end depolymerization and also
reveals that upon end-cap cleavage, PEtG undergoes depolymerization under ambient
conditions to afford volatile products. This offers new opportunities for one-step traceless

patterning and for simple polymer recycling or reprogramming.

3.2 Experimental section

General procedures and materials. All chemicals were purchased from commercial
suppliers and used without further purification unless otherwise noted. EtzN and CH2Cl»
were distilled from calcium hydride before use. 6-Nitroveratryl carbonate end-capped
PEtG (PEtG-NVOC) and benzyl carbonate end-capped PEtG were prepared as previously
reported.?®> PEtG-NVOC used in the current studies had a number average molar mass
(M) of 35 kg/mol and a dispersity (D) of 1.4. The benzyl carbonate end-capped PEtG had
an Mn of 42 kg/mol and a B of 1.4. Characterization data for these specific batches are
included in Figures A3.1-A3.6. The soil was standard potting soil from Premier Tech
(Riviére-du-Loup, Canada). Nylon bags were made from a Nylon 6/6 woven mesh sheet
with 80 um mesh size purchased from Small Parts, Inc. (Logansport, IN, USA). The size

exclusion chromatography (SEC) instrument was equipped with a Viscotek GPC Max
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VE2001 solvent module (Malvern Instruments Ltd., Malvern, UK). Samples were analyzed
using the Viscotek VE3580 RI detector operating at 30 °C. The separation technique
employed two Agilent Polypore (300 x 7.5 mm) columns connected in series and to a
Polypore guard column (50 x 7.5 mm) (Agilent Technologies, Santa Clara, CA, USA).
Samples were dissolved in tetrahydrofuran (THF) (glass distilled grade) at a concentration
of approximately 5.0 mg/mL and filtered through 0.22 um syringe filters, then injected
using a 100.0 pL loop. The THF eluent was filtered and eluted at 1.0 mL/min for a total of
30 min. A calibration curve was obtained from poly(methyl methacrylate) standards with
molar masses from 1540-1126000 g/mol (Agilent Technologies, Santa Clara, CA, USA).
'H NMR spectra were obtained at 600 MHz on a Varian Inova instrument (Varian, Palo
Alto, CA, USA). The scanning electron microscopy (SEM) images of polymer films were
taken on a Hitachi S-3400N instrument at a voltage of 2 kV (Hitachi, Tokyo, Japan). The
samples were mounted on carbon-taped aluminum stubs and sputtered with gold at a rate

of 5 nm/min for 4 min (Hummer-6 sputtering system, Anatech, Union City, CA, USA).

Preparation of PEtG coatings. PEtG was dissolved in CH2Cl> at a concentration of 90.0
mg/mL. This solution was drop-cast onto glass microscope slides and the solvent was
evaporated in vacuo for 48 h to afford coatings. The coating thickness was measured using
a caliper. 330.0 L cast over 2 cm? afforded a thickness of ~150 um. For thinner coatings,
1 mL of 30.0 mg/mL polymer solution cast over 6 cm? afforded ~50 pm, or 2 mL of 15
mg/mL polymer solution cast over 12 cm? afforded ~25 pm. Each coating had a total mass

of ~30 mg.

Depolymerization studies of PEtG films in aqueous buffer solutions at varying pH
and temperature. The initial masses of coatings were measured and recorded. Irradiated
coatings were placed into an ACE Glass photochemistry cabinet containing a mercury light
source (450 W bulb, 2.8 mW/cm? measured for UVA radiation at the sample position) for
5 h to cleave the NVOC end-cap. A coating of PEtG with a benzyl carbonate (non-photo-
responsive end-cap) was also irradiated to verify that the polymer backbone was stable to
UV irradiation and that it was specifically the NVOC end-cap that was susceptible to
cleavage by UV light (Figure A3.7). Non-irradiated coatings were stored in the dark. Next,
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all of the slides (3 per time point, per condition) were immersed into a 0.1 M aqueous buffer
solution (citrate buffer for pH 3.0, 4.0, 5.0; phosphate buffer for pH 6.0, 7.0 and 8.0) at a
given temperature. 10 °C was obtained by placing the samples into a refrigerator set to this
temperature. 20 °C corresponded to ambient temperature of a temperature-controlled room.
In this case, protection from light was afforded by storing the samples in a cabinet. 30 °C
was obtained by placing samples into an oven set to this temperature. At selected times, 3
coatings from each treatment were removed from the buffer solution, rinsed with distilled
water, dried under house vacuum for 48 h, and then weighed. The percent of initial mass
of the coating at a given time point was calculated as (mass at time point/initial mass) x
100%. In each case, the error bars correspond to the standard deviation of the measurements
of 3 different samples. At pH 7.0 and 20 °C, the samples were also analyzed by SEC,
samples att =0 and t = 5 days were analyzed by SEM, and the residual coatings at selected
time points were dissolved in CDCl3 and *H NMR spectra were obtained (Figures A3.8-
A3.11).

Depolymerization of PEtG coatings in soil with varying water content. The soil was
autoclaved, dried in an oven (120 °C), and weighed. The soil was then used dry or
rehydrated with 0.1 M pH 7.0 phosphate buffer to 10, 20, or 30 mass percent. The irradiated
and non-irradiated coatings with a thickness of 150 um were prepared as described above
for the studies in buffer except that instead of immersing the coatings into buffer solution,
they were placed into nylon bags, and immersed in soil (350.0 g dry soil per 30 slides). The
box was sealed to prevent the evaporation of water. At different time points, the nylon bags
were removed from the soil, and both the slides and nylon bags were washed with CH.Cl,
filtered and the solvent was evaporated. The remaining material was weighed to determine
the mass of remaining polymer and the percent of initial mass of the coating was calculated
as described above. Error bars correspond to the standard deviation of the measurements

of 3 different samples.

Depolymerization of PEtG coatings in air. Coatings were prepared and weighed as
described above. Irradiated coatings were placed into the photochemistry cabinet described
above for 4 h to remove the end-cap. During this time the non-irradiated coatings were
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stored in the dark. All coatings were then stored at either 20 °C (ambient, thermostat-
controlled) or at 30 °C (oven). Protection from light was afforded by storing samples in
either a cabinet or the oven. At selected time points, the masses of the slides were measured
and then the slides were returned to their depolymerization conditions. The percent of
initial mass of the coating was calculated as described above. Error bars correspond to the

standard deviation on the measurements of 3 different samples.

Sunlight-triggered coating depolymerization. Coatings were prepared and weighed as
described above. All coatings were then placed in a greenhouse, with half protected from
sunlight with aluminum foil, and the other half exposed to sunlight through the greenhouse
glass. The temperature of the environment varied over the experiment from approximately
9to 37 °C over the day-night cycle in a Southwestern Ontario, Canada, Spring (May-June).
At selected time points, the masses of the slides were measured and then they were returned
to their depolymerization conditions. The percent of initial mass of the coating remaining
was calculated as described above. Error bars correspond to the standard deviation of on
the measurements of 3 different samples.

Collection of depolymerized ethyl glyoxylate monomer. 600.0 mg of PEtG-NVOC was
dissolved in 5.0 mL of CH:ClI, then the CH2Cl> was evaporated in vacuo to coat the walls
of a round bottom flask (A). Then the polymer film was dried under high vacuum. Flask A
was then placed in the photochemistry cabinet described above for 4 h. It was then
immersed in an oil bath at 50 °C, and connected to a vacuum (240 mTorr) and to Flask B,
which was cooled in a liquid nitrogen bath to trap the volatile ethyl glyoxylate
depolymerization product (Figure A3.13). The mass of flask B was measured every 1 or 2
h over a period of 9 h to determine the mass of collected ethyl glyoxylate. The identity of
the collected product was determined by *H NMR spectroscopy to be ethyl glyoxylate, by
comparison with the known spectrum of the commercial product (Figure A3.14). A control
experiment was also performed under identical conditions but without UV irradiation. No
conversion to liquid monomer was observed and no monomer transferred to the collection
flask.
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Repolymerization of collected monomer. The collected ethyl glyoxylate (0.5 g, 5.0
mmol, 1.0 equiv.) was dissolved in CH2Cl, (0.5 mL) and EtsN (0.4 uL, 2.5 umol, 0.0005
equiv.) was added. The solution was stirred for 1 h at -20 °C. 6-Nitrovertryloxycarbonyl
chloride (NVOC-CI) (22.0 mg, 73.0 umol, 0.014 equiv.) and EtsN (10.0 uL, 73.0 pumol,
0.014 equiv.) were then added at 0 °C to end-cap the polymer. The solution was stirred for
24 h at room temperature. Purification was achieved by dialysis against 1:1 acetone:
methanol using a regenerated cellulose membrane with a molecular weight cut-off of 2000
g/mol. The yield was 12%. This is an unoptimized yield as the aim of the experiment was
to demonstrate proof of principle. It is likely low as the polymer has a low Mn, making the
standard precipitation procedure impossible and much material was likely lost through the
dialysis. It can likely be improved through optimization of the set-up (such as decreasing
exposure of the ethyl glyoxylate to air during the weighing procedure that was used to
generate (Figure 3.3) and also certainly through distillation of the recycled ethyl glyoxylate
if required (high purity is very important for achieving high degrees of polymerization). ‘H
NMR (600 MHz, CDCla): & 7.69-7.76 (m, 2H), 7.12-7.21 (m, 2H), 5.46-5.78 (m, 18H),
4.10-4.33 (m, 32H), 4.00-4.06 (m, 6H), 3.94-3.98 (m, 6H), 1.21-1.44 (m, 50H). SEC: M
= 1.7 kg/mol, My = 2.8 kg/mol, b = 1.65.

Pattern fabrication. For Figure 3.4c, PEtG-NVOC (15.0 mg) was dissolved in CH2Cl;
(1.0 mL) and was drop-cast onto a glass slide over a surface area of 6.6 cm? to provide a
~20 pum-thick film. For Figure 3.4d, PEtG-NVOC (100.0 mg) was dissolved in CH2Cl>
(4.0 mL) and 1.0 mL was spin-coated (Laurell Technologies Corporation, Model WS-
400BZ-6NPP/LITE) at speed of 2000 rpm for 90 s onto a glass slide over a surface area of
20 cm? to provide a 13 um-thick film. After the solvent was evaporated in vacuo for 48 h,
the coatings were covered with metal mask patterns shown in Fig. 3.3a and 3.3b, for the
20 um and the 13 pum-thick coatings respectively. The mask with 500 um diameter holes
was a meshed aluminum grid while the mask with 20 um diameter holes was a chromium
mask engraved over a borosilicate glass. Irradiation through the masks was performed
using a mask-aligner (Neutronix-Quintel NXQ 4006) to ensure spatial uniformity of the
irradiation. The thinner film was irradiated for 0.5 h while the thicker film was irradiated

for 1 h using an irradiance of 35 mW/cm? from a mercury light source. After the irradiation,
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the films were stored in the dark at ambient temperature (~20 °C) for 6 days. The images
of polymer patterns were taken on an optical microscope (Zeiss Axioskop2 MAT
Microscope equipped with 1300 CCD Digital Camera) on the 6th day after irradiation.

3.3 Results and discussion

PEtG with a UV light-sensitive 6-nitroveratryl carbonate end-cap (PEtG-NVOC) was
synthesized as previously reported via the low temperature polymerization of EtG,
following by end-capping with 6-nitroveratryl chloroformate.?® Irradiation of PEtG-
NVOC with UV light results in cleavage of the NVOC moiety from the polymer terminus
(Scheme 3.1). This is followed by decarboxylation, revealing hemiacetal-terminated PEtG,
which undergoes depolymerization. In the presence of water, the resulting ethyl glyoxylate
(EtG) is rapidly converted to ethyl glyoxylate hydrate (EtGH), then gradually hydrolyzed
to glyoxylic acid hydrate and ethanol.?® It was previously demonstrated that the degradation
of PEtG by backbone cleavage in the absence of UV light was much slower than UV-
triggered depolymerization and that UV irradiation of PEtG with a non-responsive benzyl
carbonate end-cap did not lead to degradation.?® For the current study, unless otherwise
indicated, coatings of PEtG-NVOC were prepared by drop-casting the polymer onto glass
slides to provide coatings ~150 um thick. Samples treated with UV light were irradiated
with a mercury lamp having an intensity of ~2.8 mw/cm? in the UVA range. Control
coatings were kept in the dark. The slides were then immersed in aqueous solution. At each
time point, irradiated and control films were removed from the solution, rinsed, dried, and
their masses were measured. As the polymers are insoluble in water beyond the oligomer
form and the films remained intact and adhered to the glass slides until greater than 90%
mass loss had occurred, this measurement provided a good indication of the extent of

depolymerization that had occurred.
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Scheme 3.1 Chemical structure of PEtG-NVOC and its UV light-initiated
depolymerization. This is followed by hydrate formation and hydrolysis of the
resulting ethyl glyoxylate in the presence of water.

To investigate the effect of pH, coatings were immersed in buffer solutions of pH 3 - 8 and
stored at 20 °C. As shown in Figure 3.1a, at pH 6 - 8 the irradiated coatings behaved
similarly, eroding to ~50% of their initial mass over 5 days. At pH 5, the erosion of the
irradiated polymer was significantly slower, requiring more than 20 days to reach 50%
mass loss. Then, at pH 3-4 the erosion again became more rapid, reaching a rate
intermediate between that of pH 5 and pH 6-8. This highlights the first key difference
between the end-to-end depolymerization and random backbone cleavage mechanism for
polyglyoxylates. Random backbone cleavage of PEtG would involve the hydrolysis of an
acetal linkage. This is well known to be an acid-catalyzed process, with a rate directly
dependent on the concentration of H* (Scheme A3.1).% Based on the stability of the non-
irradiated control coatings, this reaction is very slow at 20 °C from pH 3-8. This can likely
be attributed to the electron-withdrawing ester moiety, which would destabilize the
adjacent carbocation intermediate involved in the hydrolysis mechanism. On the other
hand, end-to-end depolymerization of the triggered PEtG involves the sequential
breakdown of terminal hemiacetals. In aqueous solution, hemiacetal hydrolysis can be
catalyzed by acid (Scheme A3.2) or base (Scheme A3.3).“0* It has been reported that
hemiacetal decomposition is generally faster than acetal decomposition and that a rate
minimum for hemiacetal cleavage occurs at mildly acidic pH.“*** Both of these
observations are consistent with the results of the current study, where more rapid mass

loss was observed for the irradiated polymer coatings at all pHs, and a minimum rate of
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mass loss was observed at pH 5. Overall, these differences in mechanisms and rates

between of the backbone cleavage and end-to-end depolymerization demonstrate an

effective decoupling of these processes.

Percent initial mass remaining

—a—| 10°C
—e—|, 20°C
——1 30°C
—v—N-|, 10°C
—+—N-|, 20°C
——N-|, 30°C

Time (days)

10 15 » P 3
Time (days)

o -

=8|, 0% Water == N, 0% Water
|, 10% Water, pH 7.0 —ap=N-1, 10% Water, pH 7.0
—d—|, 20% Water, pH 7.0 —#—N-1, 20% Water, pH 7.0

C d) 20 =1, 30% Water, pH 7.0 —@=N-, 30% Water, pH 7.0
100 4

100
2 —e— LpH70,150£20pm @
‘£ 80 —e— N-I,pH 7.0, 150 20 ym =
® —a— |,pH7.0,50 £ 10pm - 80
g —v— N-I,pH7.0,50 £ 10pym g
= 60 —+— |, pH7.0,25 + 6 pm e
» ~»— N-,pH7.0,25:6 um ¢ 60
] s
E 40 £
© = 40
£ z
- 204 -
= = 20
8 &
5 g
e o - * g o

T T T T T T T T T T T T T 1
0 2 4 6 8 10 0 5 10 15 20 25 30 35 40 45 50 55 60
Time (days) Time (days)
e) f)
100 100

sof —=—1,20°C, 50 + 10 pm

—o— NI, 20 °C, 50 £ 10 pm
—&— |, 30°C, 50 £ 10 ym
—w— N-I, 30 °C, 50 £ 10 ym
—4— |,20°C, 150 £ 20 ym
#— N-I, 20 °C, 150 £ 20 pm
—— 1,30 °C, 150 + 20 ym

\;\—n— N-1, 30 °C, 150 £ 20 pm
1
<+

60

40 4

Percent initial mass remaining
Percent initial mass remaining

[

—

i 50 £10 pm film exposed to sunlight
=@= 50 210 pm film unexposed to sunlight
=de= 150 +10 pm film exposed to sunlight
~%= 150 £10 pm film unexposed to sunlight

Time (days)

Time (days)

Figure 3.1 Mass loss profiles for UV light irradiated (I) and non-irradiated (N-1)
PEtG-NVOC coatings under different conditions: a) 150 um thickness immersed at
20 °C in buffers of pH 3-8; b) 150 um thickness immersed at varying temperatures in
pH 7.0 buffer; c) Varying film thicknesses from 25-150 pm immersed in pH 7.0 buffer
at 20 °C; d) 150 um thickness immersed in soil with either 10, 20 or 30 mass % of pH
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7.0 buffer at 20 °C; e) Film thicknesses of 50 or 150 pm in air (no agueous immersion)
at either 20 or 30 °C; f) Film thicknesses of 50 or 150 um in air either exposed or not
exposed to sunlight in a greenhouse. In each experiment, the error bars represent the
standard deviation of the measurements for three samples.

The effect of temperature on the depolymerization rate was also explored by incubating
irradiated and non-irradiated coatings in pH 7 buffer at temperatures of 10, 20, or 30 °C.
As expected on the basis of kinetics as well as entropic contributions to AG, temperature
had a significant effect on the rate of coating erosion, with the irradiated coating at 30 °C
requiring less than 1 day for 50% mass loss while more than 28 days was required at 10 °C
(Figure 3.1b). The non-irradiated coatings were stable at 10 °C and 20 °C while at 30 °C
degradation began at ~12 days. At this temperature, the rate of backbone cleavage reactions

in the presence of water becomes sufficient to cleave chains and initiate depolymerization.

A notable and unusual feature of the mass loss profiles in Figure 3.1a-b was a distinct
plateau or even increase at ~40 % mass loss. We hypothesized that this was related to the
surface accessibility of the polymers and resulting depolymerization products. It was
proposed that the apparent mass increase might have arisen from the production and
temporary trapping of EtGH as depolymerization occurred and water slowly penetrated
into the coating, subsequently reacting to form this hydrate within the coating. Indeed 'H
NMR spectra of the residual coating material at 3 day and 6 days (pH 7, 20 °C) contained
peaks assignable to EtGH (Figures A3.8-A3.9). To further evaluate this phenomenon,
coatings of different thicknesses were prepared and studied. As shown in Figure 3.1c, the
plateau for a ~50 um thick coating was at ~80% mass loss while no plateau was observed
for an even thinner film of ~25 um. This confirms that accessibility of depolymerizing
polymers to the coating surface is indeed important for coating erosion. This can likely be
attributed to the fact that released EtG can potentially re-add to the polymer terminus if it
is not rapidly released from the coating or trapped by water to form the hydrate. This
presents an opportunity to tune the coating erosion time by simply changing the coating
thickness for various applications. It should be noted however that upon increasing the

coating thickness to 300 um, the mass loss did not proceed beyond ~60% (Figure A3.12).
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This presumably results from incomplete end-cap cleavage due to the inability of sufficient
UV light to penetrate these thicker coatings using our experimental set-up. 'H NMR spectra
of the 150 um-thick coatings did not show any end-cap, confirming complete cleavage
(Figures A3.8-A3.9), whereas intact end-cap could be clearly observed for non-irradiated

coatings (Figure A3.10-A3.11).

Conditions of pH 7.0 and 20 °C and a coating thickness of 150 um were selected to further
probe the erosion mechanism. Water-insoluble degradable polymers can undergo surface
erosion or bulk erosion. Which process dominates for a given polymer is generally
dependent on the relative rates of bond cleavage, diffusion of water into the polymer and
the dimensions of a given polymer specimen.*> As shown in Figure 3.la-c, the
depolymerization profiles for the irradiated polymers suggest a surface erosion process, as
mass loss began immediately. This was supported by minimal changes in the molar mass
characteristics of the bulk polymer as determined by size exclusion chromatography
(Figure 3.2a). The initial small drop in M, can likely be attributed to some
depolymerization that occurred in the THF SEC solvent after sample dissolution of each

of the irradiated samples as depolymerization can occur slowly in THF.
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Figure 3.2 a) Number average molar mass (Mn) of polymer remaining on the coating
during the mass loss study, as measured by SEC.; b,c) SEM images of the polymer
coating after 5 days of immersion in 0.1 M, pH 7.0 phosphate buffer at 20 °C b)

control without UV irradiation and c) with UV irradiation.
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The surfaces were also imaged by SEM. The non-irradiated coating retained a smooth and
intact surface (Figure 3.2b) while the irradiated coating developed holes (Figure 3.2c). The
smooth appearance of these surfaces can be attributed to the amorphous nature and low Ty
(-5 °C) of PEtG.?® The surface erosion mechanism can be explained by the rapid
decomposition of hemiacetals, combined with the importance of surface accessibility for
diffusion of the depolymerization products out of the coating. In contrast, the delayed mass
loss of the non-irradiated coating is more characteristic of a bulk degradation mechanism,
where water diffuses through the polymer, resulting in slow bond cleavage.* In this case
bond cleavage would involve slow, non-specific hydrolysis of the polymer backbone.
However, unlike polyesters such as poly(lactic acid) that commonly undergo bulk
erosion,* non-irradiated PEtG does not undergo changes in molar mass prior to the onset
of mass loss (Figure 3.2a). Polyesters can undergo multiple bond cleavages in the polymer
backbone throughout the bulk polymer matrix prior to the loss of mass, as shorter polymer
chains remain insoluble. In contrast, even a non-irradiated PEtG undergoes complete
backbone depolymerization to water-soluble small molecules following a single backbone
scission event. This highlights another key difference between the end-to-end
depolymerization mechanism of PEtG and the random backbone hydrolysis that occurs in

conventional degradable polymers.

It was also of interest to investigate the erosion of PEtG in the natural environment, so
mass loss was investigated in soil-like conditions with varying water content (Figure 3.1d).
A significant dependence on the water content was observed for the non-irradiated
coatings. This can be attributed to the requirement for water to participate in any cleavage
reaction of the end-capped polymer, including ester, acetal, or carbonate hydrolysis. On the
other hand, the erosion rate of irradiated coatings exhibited no significant dependence on
water, suggesting that water was not required for end-to-end depolymerization. This led to
the discovery that irradiated PEtG coatings readily depolymerized under ambient
conditions with the depolymerization time dependent on temperature and coating thickness
(Figure 3.1e). In the absence of water, the polymer matrix is presumed to serve as a proton
transfer agent and EtG is the final depolymerization product (Scheme A3.4). Having a

boiling point of 110 °C, similar to toluene, it readily evaporates from the surface. No
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plateau in the mass loss was observed in these studies, consistent with the above
explanation relating to the trapping of EtGH in coatings that were immersed in aqueous
conditions. It was also found that sunlight could trigger depolymerization under ambient
conditions resulting in a coating erosion time that was dependent on its thickness (Figure
3.11f). This thickness dependence can arise from the decreased penetration of the light
through the thicker coating and also from the inherent dependence of the coating
depolymerization time on thickness that was observed in Figure 3.1c and 3.1e. Combined,
these data demonstrate that solid-state PEtG-NVOC has the ability to depolymerize in an
essentially traceless manner under ambient conditions in response to a specific external
stimulus and that the coating depolymerization time can be tuned by adjusting parameters

such as coating thickness.

The depolymerization of polymers back to volatile monomers under ambient conditions is
very rare. “Traceless” depolymerization has been reported using poly(vinyl sulfone)s
(PVS) and it has been shown that these polymers undergo depolymerization in the presence
of ionizing radiation, UV light, heat, or mechanical force.***® However, a key limitation is
that the overall stability of PVS is directly correlated with their susceptibility to undergo
depolymerization as it is backbone cleavage itself that triggers depolymerization.
Consequently, their inherent instability may limit their application. In contrast, end-to-end
depolymerization of PEtG is initiated by end-cap cleavage and this is triggered by different
stimuli and conditions than backbone cleavage, as demonstrated above. Effectively, the
end-cap affords a removable barrier to the otherwise thermodynamically favorable
depolymerization process, allowing the polymer to be utilized above its inherent ceiling
temperature. Among the other backbones that undergo end-to-end depolymerization,
polyphthalaldehyde has also been demonstrated to depolymerize in the solid state.?!:?2
However, the o-phthalaldehyde depolymerization product is a solid at room temperature
with a melting point of 55 — 58 °C and a boiling point of 266 °C. High vacuum is required
to volatilize it, making the recollection of monomer difficult, and it tends to sublime rather
than distill.
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To demonstrate the proof-of-concept for a potential application of the unusual behavior of
PEtG-NVOC, a full cycle of material depolymerization and regeneration at the molecular
level was performed. PEtG-NVOC was irradiated with UV light, and then moderate
heating (50 °C) and modest vacuum (240 mTorr) were used to accelerate the
depolymerization and transfer of EtG monomer to a second flask (Figure 3.3). More than
85% of the material could be collected over less than 10 h and the identity of the product
was confirmed to be ethyl glyoxylate by *H NMR spectroscopy (Figure A3.14). Without
further processing, this monomer could be repolymerized and end-capped to afford again
PEtG-NVOC (Figure A3.15-A3.16). In contrast, applying the same conditions without
UV irradiation did not result in any conversion of the polymer to liquid monomer and no
monomer was transferred to the collection flask, confirming the end-capped polymer’s

stability under the experimental conditions.
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Figure 3.3 Collection of depolymerized ethyl glyoxylate monomer over time after

irradiation of PEtG-NVOC and the corresponding experimental set-up.

Recently, depolymerization as a means of potentially recycling polymers has been a topic
of increasing interest. For example, it was shown that polycarbonates that were prepared
from epoxides and CO- could be depolymerized in solution to either their monomers or

cyclic carbonates depending on the particular polymer backbone and the depolymerization
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conditions.**! It was also recently demonstrated that poly(y-butyrolactone) could be
depolymerized to monomers due to the thermodynamically favorable generation of the 5-
membered lactone ring.>? However, high temperatures of 220 °C and 300 °C were required
to achieve depolymerization for the linear and cyclic forms of the polymer respectively.
Poly(aromatic ester)s derived from benzodioxepinones were also found to undergo
reversible polymerization and depolymerization using Al catalysts in solution depending
on the temperature and concentration of the material.>® Furthermore, poly(benzyl ether)s
could be selectively depolymerized in the presence of polystyrene or polypropylene and
then the monomers could be selectively dissolved, purified by extraction, and then
repolymerized.>* To the best of our knowledge, in comparison with PEtG, there is no other
polymer that has been depolymerized and repolymerized through such a simple process

under mild conditions.

To further demonstrate the utility of the ambient depolymerization, PEtG-NVOC was
investigated as a material for traceless one-step patterning. Metal masks with 500 um or
20 pum holes were placed over PEtG-NVOC films and they were then irradiated with UV
light. Over a period of 6 days, the corresponding features appeared in the polymer films
without any further intervention or treatment under ambient conditions. Shown in Figure
3.4 are the masks and the optical images of the resulting microscale features. The irradiated
areas show holes while the integrity of the surrounding thin film is preserved. These results
highlight the possibility of using such an approach for micro or nanofabrication processes.
All photopolymers used for standardized micro- (UV lithography) and nano-scale (electron
beam lithography) production require a wet chemical processing step for both the
developing and lift off steps. With our approach we envision the possibility of reducing the
use of developing chemicals for lithography processes. Nevertheless, further work will be
needed to investigate and optimize the aspect ratio of the obtained structures and their
compatibility with other microfabrication steps. In addition, it would be ideal to increase
the rate of pattern formation. This might be achieved by increasing the temperature or using

a more volatile glyoxylate such as methyl glyoxylate.
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Figure 3.4 Digital optical microscopy of ambient self-developed patterns: The metal
masks are shown in a) and b) while the corresponding 500 pm and 20 pm reservoirs

fabricated from these masks are shown in ¢) and d) respectively.

3.4 Conclusions

In conclusion, this study of PEtG depolymerization in the solid state has demonstrated
several unique features of PEtG depolymerization that clearly differentiate it from
conventional polymer degradation processes. Through studies of the pH dependence, it was
shown that the mildly acidic conditions that accelerate backbone cleavage of conventional
polyacetals actually slow the depolymerization process as the hemiacetals cleave more
readily under neutral conditions. It was also shown that the rapid end-to-end
depolymerization combined with the surface erosion mechanism results in an unusual
plateau in the mass loss, while the transfer of depolymerization products out of the film
catch up with depolymerization. In addition, while the time required for depolymerization
depended in a predictable way on temperature and coating thickness, it was not dependent
on water, leading to the discovery that after end-cap cleavage, PEtG exhibits a rare ability
to undergo depolymerization to volatile products under ambient temperature and pressure.
This was demonstrated to offer unique capabilities for the direct reprogramming or
recycling of polymers under mild conditions as well as for the preparation of self-

developing patternable coatings.
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Chapter 4

4  End-capping strategies for triggering end-to-end
depolymerization of polyglyoxylates

The content of this chapter has been published in “B. Fan, J. F. Trant, E. R. Gillies, Macromolecules, 2016, 49,
9309-9319”

4.1 Introduction

Degradable polymers are of significant interest, both as environmentally-friendly
replacements for traditional non-degradable polymers and for wide range of biomedical
applications from tissue engineering to drug delivery.!* Biodegradable polyesters such as
poly(lactic acid), poly(glycolic acid), polycarprolactone, and polyhydroxybutyrate have
been extensively investigated and show promise in many applications.”® However, their
tendency to undergo slow degradation in a variety of environments is a potential limitation
as they may decompose prematurely while still in use or may decompose more slowly than
desired in other cases.”® While their degradation rate can be tuned to some extent based on
their chemical structure, molar mass and through formulation adjustments,’!° the ability to

“turn on” their degradation at the desired time and place is still quite limited.

Over the past decade, a new class of degradable polymers that depolymerize in an end-to-
end manner upon the cleavage of a stimuli-responsive end-cap from the polymer terminus
was introduced.!'!* These have often been referred to as “self-immolative” polymers as
they were initially inspired by the analogous dendritic structures composed of “self-
immolative spacers” that were developed for pro-drug chemistry.!® Following cleavage of
the stabilizing end-cap, the mechanism of depolymerization can involve sequential
elimination or cyclization reactions that result in conversion of the polymer to small
molecules that are different than the monomers from which they were prepared.
Alternatively, it can involve sequential loss of monomer units from the polymer terminus
due to the low ceiling temperature of the polymer. Thus far, a number of depolymerizable

16,17 18,19

backbones have been introduced including polycarbamates, polycarbonates,*

polythiocarbamates,?! polythiocarbonates,?° poly(benzyl ether)s*? and polyacetals.?32°
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For end-to-end depolymerizable polymers, a single end-cap cleavage reaction is
theoretically sufficient to trigger depolymerization of the entire polymer backbone,
potentially providing higher sensitivity to stimuli than traditional stimuli-responsive
polymers that require many stimuli-mediated events to degrade the backbone. This has
made these polymers attractive for a variety of applications and proof-of-concept studies

have been performed to demonstrate their potential utility as drug delivery systems,!%30-32

16,18,33-36 23,38-40

molecular sensors, micropumps,’’ responsive films or plastics, stimuli-

41,42 29,3943

responsive microcapsules, and for simple polymer reprogramming or recycling
A key aspect determining the potential of the polymer for a given application is the ability
to match the polymer end-cap with suitable triggering conditions that are relevant to that
application. For example, end-caps responsive to ultraviolet (UV),** visible,** and near-
infrared (NIR)! light as well as enzymes*? and reducing conditions?"** have been used to
trigger release from proof of concept drug delivery systems. End-caps sensitive to fluoride
ions have been used in responsive adhesives,*® plastics.?**%* Furthermore, end-caps

responsive to H2O2 have been used in sensors.>¥

Polyglyoxylates were reported by our group as a class of end-to-end depolymerizable
polymers with attractive features such as ease of synthesis from readily available
monomers, depolymerization to non-toxic products,* and the ability to undergo
depolymerization in the solid state to volatile products (Figure 4.1).>° In comparison with
earlier polyglyoxylates that were not responsive to stimuli,***’ the development of stimuli-
responsive polyglyoxylates was made possible through end-capping with chloroformates.
This was possible because of the high reactivity of chloroformates, which allows the
reaction to be performed at low temperature (-20 °C), below the ceiling temperature of the
polyglyoxylate. While this was anticipated to be a versatile end-capping strategy, it was
only demonstrated using 6-nitroveratyl chloroformate to afford UV light-responsive
polyglyoxylates and benzyl chloroformate to provide analogous non-stimuli-responsive
controls.?® In this chapter, using poly(ethyl glyoxylate) (PEtG) we demonstrate that this
end-capping strategy can be extended to other end-caps responsive to oxidizing and
reducing conditions. In addition,