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ABSTRACT
Hernandez, Juan Jose (Ph.D., Chemical and Biological Engineering)
Analysis and Control of Covalent Adaptable Network Degradation

Thesis directed by Professor Christopher N. Bowman

This thesis explores polymer degradation within covalent adaptable networks (CANS),
focusing on degradation and properties controlled by the thiol-thioester exchange, the thiol-
thioaminal exchange, and the thioaminal scission reactions. By comparing mass loss profiles and
mechanical property changes to theoretical models developed herein, this work explores the degree
to which polymer network structure and reaction kinetics tune the degradation process.

The first part of this thesis focuses on the base-catalyzed thiol-thioester exchange reaction and
how this reaction was used to degrade thioester-containing CANSs. Statistical models quantitatively
depicted the degradation process where these models incorporated the thiol-thioester exchange
reaction kinetics, polymer structure, and mass gained from the exchanging thiol. A single reaction
rate constant (k) fit experimental mass loss profiles to model predictions, and only varied from
0.0024 — 0.0051 M-min throughout all degradation conditions studied including changing
crosslinking density, reactant concentration, oligomer lengths, and oligomer distributions. Using
these parameters, degradation within thioesters networks could be tuned to occur on timescales
from 2.5 h to near infinity, shift the degradation mechanism from surface to bulk, enable > 90 %
selective recovery of fillers, and mediate controlled mass release.

The second part of this thesis focuses on how thioaminal groups enable degradation within
CANs. First, the thiol-thioaminal exchange reaction was explored as a new, reversible-exchange

CAN chemistry. The exchange reaction was monitored by a small molecule system, showing the



choice of thiol impacted four kinetic parameters (kr, kr, Keg, t12eq). Meanwhile, thioaminal-
containing networks were found to stress relax (10 s at 95 °C), degrade rapidly when exposed to
neat excess thiol (from 4 — 380 min), and exhibit temperature-independent crosslink density.
Second, the thioaminal scission reaction was used as a means to create constructing-then-
destructing CANs. Exposing thioaminal small molecules to photoradicals probed polymerization
and scission reactions and found the exposure resulted in thioamide formation. Increasing thiol
substitution (1° — 3°) resulted in greater extent of scission (5 — 39 %), with scission occurring
semi-orthogonally to the thiol-ene polymerization reaction. Constructing-then-destructing CANs
that depended on total light dose exposure were created, switching between construction and

destruction at a light dose of 2 J/cm? under the selected conditions.
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Figure 5.1. A small molecule study of thiol-thioaminal exchange shows that the choice of thiol
greatly impacts reaction rate and equilibrium parameters. (a) Thioaminal DMTA was mixed
with one of three thiols in a 1 thioaminal : 1 thiol molar ratio under neat, ambient conditions.
(b) Concentrations of reactants and products as a function of time, showing the BTG-DMTA
exchange reaction as a representative sample. Concentration values (markers) were calculated
via NMR using a dimethylsulfone internal standard in CDCls and compared to model
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Figure 5.2. Thioaminal networks were photopolymerized to investigate rearrangement via the
thiol-thioaminal exchange reaction. (a) Monomers ATA and HDT were mixed in 0.64 :1, 0.7
: 1, or 0.77: 1 thiol : ene ratios and cured via thiol-ene photopolymerization. The resulting
networks had crosslinks containing two thioaminal groups and backbones containing no
thioaminal groups. (b) Conversion of thiol and ene functional groups during
photopolymerization as measured via real-time FTIR, showing that a 0.7 thiol : 1 ene ratio
resulted in near quantitative conversion. (c) Visual representation of how thermally triggered
thiol-thioaminal exchange rearranges network topology.........ccocceveieieieienc s, 126

Figure 5.3. Thioaminal networks stress relaxed rapidly, with a network containing 10 % excess
thiol relaxing in 10 s at 95 °C. (a) Normalized shear storage modulus (G") as a function of time
during stress relaxation as temperature increased from 30 — 95 °C. Stress relaxation was
repeated for networks containing 10 % excess ene, no excess, or 10 % excess thiol with stress
relaxation time (t) determined as 1l/e (~37 %, grey dashed line). (b) Arrhenius plot of
thioaminal networks containing 10 % excess ene, no excess, or 10 % excess thiol, calculating
Easr via equation 2. Error bars indicate standard deviation for three samples..................... 127

Figure 5.4. Frequency sweeps showed thiol-thioaminal exchange proceeded through a reversible
exchange type mechanism. (a) Shear storage (G ) and loss (G *’) moduli plotted as a function
of frequency for temperatures increasing from 60 — 95 °C. (b) Arrhenius plot showing
relaxation time () as a function of inverse temperature for both the stress relaxation and
frequency sweep data. All data was collected for the no excess (0 %) network, and error bars
indicate standard deviation for three SamPpIeS. .......cccoveiiiiii i 129
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Figure 5.5. Exposing thioaminal networks to excess thiol triggered rapid degradation via the thiol-
thioaminal exchange reaction. (a) Procedure used to degrade thioaminal networks by
submerging films in one of four thiols under ambient conditions. (b) Time for complete
dissolution of films via each thiol, with a photographic inset of a representative vial. Errors
bars indicate standard deviation for three Samples. ... 131

Figure 6.1. Photo-mediated thioaminal scission was found to occur, with radicals catalyzing the
reaction to form thioamides. (a) Small molecule reaction used to investigate thioaminal
scission, where thioaminal molecules 1°TA, 2°TA, or 3°TA were mixed with photoinitiator
and exposed to 400-500 nm light at 30 mW/cm? for 15 min. (b) NMR spectra of each
thioaminal molecule after exposure to photo-generated radicals, showing the presence of
thioaminals (grey dots) and the formation of new peaks (black arrows) as thiol substitution
increased. The newly formed peaks matched the spectra for commercially-sourced
dimethylthioformamide (DMTF; red, pink, and orange dots). ..........ccccceeveiieivevieciicseenenn, 153

Figure 6.2. Real-time transmission FTIR showed thioaminal scission occurred within minutes and
resulted in distinct DMTF peaks. (a) FTIR spectra of 2°TA mixed with 1 mol % 1819 (solid
lines), and neat 2°TA (dashed line) before and after exposure to 400-500 nm light. The peak
forming at 1530 cm corresponds to a N-C=S vibration. (b) Conversion profiles for each
thioaminal molecule plotted as a function of illumination time, with the light turned on at 0.5
min. Conversion was tracked by peak formation at 1530 cm™* and verified by combining *H
NMR data With @QUALION L. .......ceiiiiiiiicice e 156

Figure 6.3. Incorporating thioaminal groups into a thiol-ene polymerization system showed
thioaminal scission occurred on a tenfold slower time scale, enabling semi-orthogonal control
between the polymerization and scission reactions. (a) Monomers and photoinitiator used to
compare the kinetics of thiol-ene polymerization versus thioaminal scission. (b) FTIR spectra
of a 0.7 thiol : 1 ene : 0.005 1819 mole ratio of the ATA, HT, and 1819 components, before and
after 400-500 nm light exposure. The allyl stretch peak at 1640 cm™* disappeared while the N-
C=S vibration (thioamide) peak formed at 1500 cm. (c) Conversion profiles are for the thiol,
ene, and thioamide peaks plotted as a function of illumination time, with the light turned on at
0.5 min. Conversion was verified using 'H NMR data and equation 1.............ccccoceevrvenenenn. 158

Figure 6.4. Control between the polymerization and scission reactions was expanded into polymer
networks, where multifunctional thioaminal monomers were used to create on-demand
polymerizing-then-degrading materials using a single 400-500 nm light source. (a) Monomers
used to create the thioaminal-containing network, consisting of a non-degradable backbone
(curves) connected by two cleavable thioaminal units (red blocks). (b) Photorheology plot of
the thioaminal network, comparing storage (G’, markers) and loss (G’’, black dotted line)
moduli as a function of 400-500 nm light dose. At 2 J/cm? the network transitioned from
polymerizing to degrading. (c) Photorheology plot showing storage (markers) and loss (black
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Shining 1 J/cm? of 400-500 nm light onto a thioaminal mixture using a photomask cured a
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Chapter 1: Introduction

1.1 Research Motivation

Crosslinked polymers, also referred to as thermosets, contain irreversible crosslinks that
connect polymer chains, and this grants these materials the benefits of increased dimensional
stability, temperature resistance, and chemical resistance.l? These combined benefits make
thermosets highly valuable in the creation of engineering-grade plastics,® shape-memory
materials,*® robotic actuators,® and medical gels.®'° However, these irreversible links also make
thermosets difficult to reprocess or degrade by conventional thermally-triggered means.!*%3
Reprocessing and degradation of thermosets is crucial for the continued development of smart
materials as this enables material recycling / upcycling,**® post-manufacturing modification,6-18
on-demand drug release,’®?° and controlled breakdown into environmentally-friendly
components, 222

Of the current methods to reprocess thermosets, including pyrolysis®*24 and mechanical
forces,?>% dynamic rearrangement of the covalent bonds within thermosets shows particular
promise, creating a new subset of polymers termed covalent adaptable networks (CANSs). When
triggered, the dynamic bonds within the CANSs rearrange via typically mild chemical reactions,
allowing these materials to access the benefits of polymer crosslinking while still allowing the
material reprocessing nascent to thermoplastics.?’-2° A number of stimuli have been developed to
trigger dynamic rearrangement within CANSs, including temperature,?303% pH,3233 [ight,3*2® and
mechanical forces, 363" leading to rapid growth in the development of reprocessable and degradable
thermosets. As the field continues to expand, several quantitative models have been developed to

characterize CAN-specific degradation processes,®®4° but nevertheless there is still a need to



continue improving these models along with a need to broaden the library of chemical groups
available to create CANs.

This thesis investigates polymer degradation within CANSs, developing models to quantitively
describe an already established CAN chemistry while also exploring new uses of chemical
reactions to create novel CANSs. These studies specifically focus on the thiol-thioester exchange,
the thiol-thioaminal exchange, and the thioaminal scission reactions and how each of these
reactions may lead to CAN degradation. Studying these reactions not only directly contributed to
the knowledge of thioester and thioaminal based CANSs, but also created chemistry agnostic

models that apply to numerous degrading systems.

1.2 Polymer Degradation

1.2.1 Thermosets

Polymer degradation refers to the irreversible process through which functionality or material
mass is lost.*142 Degradation results from chemical changes and may be triggered by a number of
different stimuli including light,*3#4 temperature,?2* chemical scission,*>“¢ electricity,**® and
mechanical agitation.*>*° While loss of functionality via degradation, such as discoloration in
paints*? or conductivity losses in organic solar cells,> impacts the functional purpose of a material,
it does not necessarily lead to mass loss. Degradation mediated by mass lass, however, results in
fragments of a material leaving the structure, and eventually leads to mechanical failures including
crazing, cracking, or erosion,® Figure 1.1a. With the increasing demand to design dynamic
materials with multi-stage control®853 and to reduce plastic pollution,>%° mass loss degradation

remains an important field of study and as such is the focus of this thesis.



A number of quantitative methods have been developed to describe polymeric mass loss
degradation including mathematical models,>®>" experimental procedures,®%5° and computer
simulations.®® Within the mathematical models, mass loss may generally be considered to occur
through two different extremes: surface degradation or bulk degradation®! as seen in Figure 1.1b.
Surface degradation is a diffusion or a solubility-limited process, in which mass is lost from the
surface of a polymeric object and the structure shrinks until all mass is consumed.5:6% Bulk
degradation is a reaction-limited process, in which the bonds connecting the polymer are
progressively cleaved throughout the entire polymer, until reverse gelation is reached and any
remaining material dissolves. These two mechanisms result in different mass loss profiles, with
surface degradation resulting in linear mass loss versus time>36* while bulk degradation results in
an initially slow mass loss followed by a sudden burst.5% Often times, mass loss from degradation
occurs as a mix of these two extremes with components such as sample geometry, diffusion time,

reaction time, and polymer structure all impacting the specific degradation process.*?>

(a) (b) (c)
) surface  bulk «>
I N ,
365 nm \-)

Figure 1.1. (a) Mass loss resulting from polymer degradation.*® (b) Surface (left) versus bulk
(right) degradation mechanisms, where lighter color represents a lower crosslinking density.5 (c)
Thermoset degradation used for drug release (top left),5 part recycling (bottom left),% and shape-
changing actuators (right).®®

Within thermosets, degradation cleaves polymer crosslinks and creates detached segments that

diffuse out of the network.*? Degradation proceeds by reactions that either directly cleave polymer



bonds, e.g. hydrolysis cleavage of esters in poly-lactic acid chains,*%° or initiate a secondary
reaction that cleaves these bonds, e.g. photodeprotection of acids and bases via NPPOC or o-
NBE.”®" By controlling these triggers and the structure of the thermoset, degradation may be
tuned from surface to bulk processes,86! and this wide range has shown promise in the fields of
material recycling,3>7? actuation,” 4-D printing,'"*® and drug release.'>?® Nevertheless, even with
this tunability, thermoset degradation has proven difficult due to the typically irreversible
crosslinks that comprise these materials, which is why current research has focused on the

development of degradable CANS.

1.2.2 Covalent Adaptable Networks

CANs s are thermosets with dynamic bonds that allow topological rearrangements, combining
the mechanical property benefits of thermosets with the reprocessability of thermoplastics.?’
Unlike degradation of traditional thermosets, CANs degrade via reversible reactions that occur
through either a reversible addition or reversible exchange process,?®7* Figure 1.2 . Reversible
addition CANSs rearrange chemical groups by disconnecting covalent bonds through a dissociated
transition state, leading to a reverse gelation temperature at which the retro reaction dominates, the
CAN hits reverse gelation, and the polymer degrades.”’® Diels-Alder,”":’® urea,”® and imine
reactions® have all been used to create reversible addition CANs that readily degrade at
temperatures even below 150 °C. Conversely, reversible exchange CANs rearrange chemical
groups by connecting covalent bonds through an associated transition state, leading to no reverse
gelation temperature as crosslink density never decreases.? Instead, degradation in reversible

exchange CANs proceeds by reacting the network with an excess of terminal monomers,®:8! and



the transesterification™ and thioester®? chemistries have shown these networks may even be

repolymerized upon addition of more crosslinking units.
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Figure 1.2. (a) Reversible addition versus reversible exchange mechanisms for CANs.?” (b)
Reversible addition CANs exhibit a reverse-gelation temperature.?® (c) Reversible exchange CANs
degrade by addition of excess monomer.&°
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Of the two types of CANSs, reversible exchange CANs grants increased dimensional stability
and solvent resistance because the crosslink density of these materials does not change with
temperature.838  Due to these benefits, quantitative models that consider diffusion, chemical
reactions, and mass transfer have been developed to specifically characterize degradation of
reversible exchange CANs, with a recent focus on the transesterification,**> boronic-ester
exchange,®® and thiol-thioester exchange®®8” reactions. While these models establish a solid
foundation for this field, fundamental questions still remain as to how reversible exchange

reactions lead to degradation different from traditional thermoset and there is much left to explore.

1.3 Exchange Reactions
Exchange reactions replace the functional groups between two chemical moieties via a linked

transition state, resulting in a 2" order process similar to Sn2 reactions.?”88 Transesterification,?°



transimination,®°! and transiloxanification®? are all viable exchange reactions which have shown
promise in the fields of organic synthesis,® enzyme alteration,® tissue engineering,® and covalent
organic frameworks.?® Within polymers, chemical moieties that are introduced into thermosets and
may undergo exchange reactions form reversible exchange covalent adaptable networks (CANS),
also known as vitrimers,?® which allow rearrangement of network topology via these reactions,?288
Figure 1.3. When triggered within polymers, these exchange reactions have been shown to reduce

stress,3* degrade networks,% and enable material reprocessing.*%

Figure 1.3. Reversible exchange in CANs leads to topology rearrangement via a connected
transition state.%

Thiol-X exchange reactions are a versatile subset of exchange reactions where one of the
components is a thiol. Thiol-thioester,®” thiol-thioaminal,®® and thiol-disulfide®®1% exchange have
all shown the versatility of this reaction class, which arises from the increased nucleophilicity of
the thiolate group.t®® With applications in aqueous media synthesis,®” oligomer post-
functionalization,® and forming chemical libraries'®! thiol-X exchange continues to broaden the
impact of exchange reactions. Within the subset of polymers, the thiol-thioester and thiol-

thioaminal exchange reactions show particular promise.



1.3.1 Thiol-Thioester Exchange

The thiol-thioester exchange reaction replaces the functional groups attached to a thiol and a
thioester, as seen in Figure 1.4. Thiol-thioester exchange has been studied due to its rapid
kinetics,*® selective reaction,®” and ability to be triggered under mild conditions.'? It may proceed
through uncatalyzed®’ or catalyzed'%31% pathways. A number of methods have been explored to
tune the thiol-thioester exchange reaction including the impact of solvent,'%? pKa,® substitution,%3
steric hindrance,'® and temperature.’® This wide range of research has enabled thiol-thioester
exchange to contribute to numerous fields including cyclic peptide formation®” and dynamic lipid

bilayers.1%
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Figure 1.4. (a) Mechanism for the thiol-thioester exchange reaction as catalyzed by a base (top)
or nucleophile (bottom).2® (b) Thiol-thioester exchange in CANs used for washable gels (top
left), 1% sacrificial 3-D printed organoids (bottom left),3® and cyclic peptides (right).®

Within the context of polymer networks, adding the thiol-thioester exchange reaction into the
network forms thioester reversible exchange CANs. In the presence of excess thiol and an
appropriate trigger, these CANs rearrange topology through the thiol-thioester exchange reaction
and have found applications in washable wound sealants,'® side-chain modification,®® tunable

microparticles,'© bistable phase materials,® repolymerizable networks,® and self-immolating



oligonucleotides.'*! Recent work in quantitatively degrading these CANs338287 has shown
degradation in these networks may be tuned, offering an effective probe into the degradation

processes of reversible exchange CANSs.

1.3.2 Thiol-Thioaminal Exchange

The thiol-thioaminal exchange reaction replaces the functional groups attached to a thiol and
a thioaminal moiety, as seen in Figure 1.5. Thiol-thioaminal exchange has been studied due to its
selective exchange,'? biocompatibility,!** and self-catalysis*® which arises from interactions
between the thioaminal and thiol groups. Thioaminals, also referred to as N,S-acetals!* or
thiomethylamine!'>¢ groups, are the N,S analogue of acetals and catalyze thiol-thioaminal
exchange by using its nucleophilic nitrogen to deprotonate thiols, forming the thiolates needed to
mediate the reaction.'® The thiol-thioaminal exchange reaction has been used for biological
chemistry including altering cell expression®® and pharmaceutical synthesist!’ but is still relatively
understudied compared to other exchange reactions. In the context of polymers, Wojtecki and co-
workers have shown thiol-thioaminal exchange may be used to create dynamic linear polymers,
post-functionalizable oligomers at temperatures below 100 °C,¢ and have proposed the formation
of thioaminal networks for lithography.*® However, despite these promising results little work has
continued to develop the understanding of thiol-thioaminal exchange, and a need arises to explore

this exchange chemistry in CANSs.
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Figure 1.5. (a) Mechanism for the thiol-thioaminal exchange reaction showing self-catalysis.® (b)
Thiol-thioaminal exchange used for biological switches (left)®® and depolymerization (right).16

1.4 Photomediated Scission

Photomediated scission reactions cleave covalent bonds, with light showing promise over other
triggers due to its spatiotemporal control!! and ability to tune reaction kinetics and equilibria via
irradiation parameters.?’ Within polymers photomediated scission reactions result in disconnected
polymer chains'?°!22 and scission may occur through either reversible photoreactions; including
azobenzenes,'?? coumarins,'?* and other cyclo-additions;'?® or irreversible photoreactions;
including ortho-nitrobenzyl esters,’"!?® vinyl ketones,'?” radical formation,!'® and high-power
ablation.'?® The polymer chain disconnection itself may occur through two means, either the
scission reaction directly disconnects chains or the scission reaction deprotects secondary groups
that later disconnect chains.3>70:11

The location of the photolabile groups in the polymer structure impacts polymer design.
Photolabile groups in pendant side chains alter polymer functionality, such as changing

hydrophilicity,'?® while photolabile groups in main chains alter molecular weight.®® Combining all

of these advantages, photomediated scission in polymers has been used for micropatterning, '2°



121,129 130

burst-release capsules, selective cell harvesting,'3° shape-changing actuators,® and triggered
degradation.'3!
Acetals, the -O-C-O- chemical group, offer particularly interesting photomediated scission

because these groups readily cleave by a number of means including hydrolysis,!32133

134

temperature,3* mechanical agitation,* and light.!3° As such, light may be used to directly cleave

130 135

acetals'" or light may be used to trigger one of these secondary reactions that cleaves acetals.

Given that a number of acetal adjacent chemistries, including thioacetals (S,0), dithioacetals (S,S),
aminals (N,N) and thioaminals (S,N), have shown similar propensities toward scission!!4136-138

exploring scission within the acetal family group offers the chance to expand the library of light

induced degradation.

1.5 Research Outline

This thesis focuses on the analysis and control of polymer degradation within covalent
adaptable networks (CANS), exploring how dynamic reactions within CANs cleave bonds and
induce mass loss. The thiol-thioester exchange, the thiol-thioaminal exchange, and the thioaminal
scission reactions were chosen as the chemistries with which to explore degradation and a
combination of mass loss, mechanical property changes, and theoretical model predictions were
used to study these reactions. The first part of this thesis, Chapters 3 and 4, explore how the thiol-
thioester exchange reaction results in network degradation. The effects of network structure and
reaction kinetics are explored, showing model predictions matched well with experiments and
indicate these two parameters may be used to tune the time scale and mechanism of degradation.
The second part of this thesis, Chapters 5 and 6, explores how thioaminal groups may be used to

create two new types of CANs. Chapter 5 explores the creation of reversible exchange CANs that
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rearrange under near-ambient conditions by means of the thiol-thioaminal exchange reaction,
while Chapter 6 explores how to develop constructing-then-destructing CANs via the newly
discovered thioaminal scission reaction. Lastly, major findings and suggested future work are
summarized in the Conclusions section of this thesis, offering guidance to future researches
continuing to explore this field.

Chapter 3 investigates how the thiol-thioester exchange reaction results in the degradation of
thioester-containing networks. To study this transition, a statistical kinetic model was created that
quantitatively predicted the bulk degradation of thioester networks via base-catalyzed thiol-
thioester exchange. Reaction Kkinetics, polymer structure, and mass gain were all accounted for by
the model and theoretical predictions were subsequently compared to experimental degradation of
thioester networks via mass loss studies. These studies showed a single reaction rate constant, k,
could accurately match model predictions to experiments results, with k only ranging from 0.0039
to 0.0051 M-'min! throughout all the parameters studied. Altering the concentration of thiol and
base in the degrading solution, or changing the crosslink density of the thioester network, resulted
in tunable degradation timescales that varied from 2.5 h to theoretical infinity. Lastly, degradation
was explored within 3-D printed thioester composites, with mass loss studies showing that 3-D
printed thioester networks completely dissolved within 12 h while 3-D printed thioester
composites experienced complete matrix resolution but still enabled 91 % recovery of the inert
composite filler.

Chapter 4 investigates how tuning oligomer structure within thioester CANs offers new ways
to control network degradation that is mediated by the base-catalyzed thiol-thioester exchange
reaction. A second statical kinetic model was developed which considered the impact of two

oligomer structure components: the number thioester linkages within oligomers (N) and their
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dispersity profiles. Model predictions showed the number of thioester linkages had a greater
impact on the degradation process, impacting degradation time by tenfold as N increased from 2
to 50 while narrowing oligomer disperse only resulted in a twofold change. Thioester networks
composed of oligomers containing 1 — 4 repeating thioester linkages were synthesized and
submerged in a solution of 1 M butyl-3-mercaptopropionate, 0.3 M triethylamine, and acetone to
track experimental mass loss. Experimental results matched model predictions, showing increasing
thioester links in oligomers from 1 — 4 repeat units decreased mass loss time from 25 — 4 h and
allowed proper data fitting when using only one fitting parameter, k, which ranged from 0.0024 to
0.0040 M-mint. Blended CANSs, which were created by mixing N = 1 and N = 4 oligomers in
various molar ratios, showed these mixed networks granted easy degradation control by simply
tuning the mixing ratio. Lastly, mass release studies using the model dye, Nile Red, confirmed that
thioester oligomers in CANs enable mass release that is quantifiable via the Beer-Lambert law.
Chapter 5 moves on to investigate the thiol-thioaminal exchange reaction and its ability to
create CANs that not only rearrange rapidly at near-ambient conditions but do so without
exogenous catalyst. First, a small molecule system studied the thiol-thioaminal exchange reaction
between a thioaminal (DMTA) and one of three thiols (BMP, BTG, TP). Combining experimental
results with an established literature model extracted kinetic parameters for the exchange reaction
(ks, kr, Keg, t1/2,eq) and showed the choice of thiol most impacted the reverse reaction rate constant,
with kr ranging from 0.2 to 110 mM-tmin-L. Thioaminal containing networks were then photocured
via the thiol-ene photopolymerization reaction and stress relaxed, showing an activation energy
(Easr) of 87 + 8 kd/mol. Increasing the % excess thiol and the temperature resulted in networks
that stress relaxed as quickly as 5 s at 95 °C. Frequency sweep experiments resulted in similar

activation energies, Ears, was 107 + 8 kJ/mol, and confirmed that thiol-thioaminal exchange
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produced reversible exchange type CANs. Submerging thioaminal films in one of four thiols
(BMP, BTG, TP, HT) showed thiol-thioaminal exchange led to network degradation and the
choice of thiol greatly impacted degradation speed (380 versus 4 min).

Chapter 6 finally investigates the radical-mediated thioaminal scission reaction as a new
photodegradation process, and how this reaction may be used to achieve polymerizing-then-
degrading networks under a single near-UV light source. Thioaminal small molecules with varying
degrees of thiol-substitution (1° — 3°) were exposed to photoradicals and confirmed photo-activated
thioaminals undergo scission to produce thioamide groups, identifiable by distinct NMR singles
at 3.26 and 3.29 ppm and an FTIR peak around 1530 cm™. Increased thiol substitution on the
thioaminal resulted in greater extent of scission, increasing from 5 + 1 % to 39 + 3 %. This
thioaminal scission was found to occur semi-orthogonally to the radical-mediated thiol-ene
reaction, with thiol-ene achieving near quantitative yield within 0.5 min while thioaminal scission
required up to 15 min of exposure. Thioaminal networks were then synthesized and thioaminal
scission triggered within to create two-stage polymerizing-then-degrading networks that
transitioned depending on the total light dose. The polymerization and degradation regimes
switched at 2 J/cm?, plateaued at 13 J/cm? and could be exploited to create single materials that

served as both positive and negative photoresists.
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Chapter 2: Objectives

This thesis focuses on polymer degradation within covalent adaptable networks (CANS),
exploring how the thiol-thioester exchange, the thiol-thioaminal exchange, and the thioaminal
scission reactions all lead to cleaved polymer connections. Within the various aspects of
degradation, this thesis focuses on studying mass loss and mechanical property changes as
degradation proceeds and investigates how these physical changes compare to theoretical model
predictions. The overarching hypothesis of this thesis is that degradation within CANs may be
precisely controlled by manipulating the bond-scission reaction chemistry and the polymer
network structure, leading to predictable mass loss and material property changes.

Three chemical reactions were studied in the development of this thesis: the thiol-thioester
exchange, the thiol-thioaminal exchange, and the thioaminal scission reaction. Exchange reactions
are associative processes that replace the functional groups between two chemical moieties. When
the exchange reaction replaces a terminal group with a crosslinked group the crosslink density of
the network decreases and degradation ensues. Within exchange reactions, the thiol-thioester
exchange switches the functional groups attached to the thiol and thioester moieties, and this
reaction was investigated due to its high selectivity, rapid exchange rate, and ability to be catalyzed
by mild bases. Meanwhile, the thiol-thioaminal exchange switches the functional groups attached
to the thiol and thioaminal moieties, and thiol-thioaminal exchange was studied due to its high
selectivity, self-catalysis, and even faster exchange rate, which when combined may unlock
different degradation mechanisms. Unlike these exchange reactions, scission reactions decrease
polymer connections by cleaving functional groups and increase the total number of polymer
chains. The thioaminal scission reaction was found to cleave thioaminals via a radical-mediated

process, resulting in the formation of thioamides. Thioaminal scission was investigated due to its

24



potential to selectively cleave thioaminal networks. By combining all three chemical routes
discussed, this thesis offers unique ways to probe degradation within CANSs.
To investigate the manner through which polymer degradation may be precisely controlled by

manipulating reaction chemistry and polymer network structure, three aims were pursued.

Aim 1 - Investigate how small molecule thiol-thioester exchange translates to macroscopic
degradation of thioester-containing networks.

Previous research on the degradation of polymer networks, both experimentally and
computationally, has mostly focused on degradation induced by scission reactions. Only recently
have researchers started building statistical models to describe the macroscopic degradation
process induced by exchange reactions within CANs. To improve the knowledge of how exchange
reactions lead to macroscopic degradation of networks, Aim 1 focused on studying the thiol-
thioester exchange reaction. A statistical model was developed to quantitatively depict the
degradation process of thioester-containing networks upon base-catalyzed thiol-thioester
exchange. This model incorporated the exchange reaction kinetics, polymer structure, and mass
gain resulting from bond exchange. These model predictions were then compared to experimental
mass loss profiles measured for photopolymerized thioester-containing networks. Aim 1 is

explored in Chapter 3 of this thesis.

Aim 2 - Investigate how oligomer structure of thioester-containing networks impacts
degradation via thiol-thioester exchange.
Of the various approaches to controlling the degradation of polymer networks, modulating the

network structure enables degradation control without having to change chemical degradation
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conditions. Research on this avenue is being conducted both experimentally and theoretically to
study the degradation of CANSs, and placing oligomers with these CANs as a means to modulate
network structure offers a promising way to control the degradation process. Aim 2 was to
investigate the mass loss of networks constructed from different thioester-containing oligomers to
understand the impact of the degradation process upon the thiol-thioester exchange. A statistical
model taking into account the impact of two oligomer structural components, the number of
thioester linkages within oligomers (N) and their dispersity, was developed. These model
predictions were compared to experimental mass loss profiles measured for photocured thioester
networks, and these networks were composed of various oligomers structures. Controlled
degradation was then further explored by investigating how combining oligomers of different
lengths into one CAN could tune the degradation profile, and how a model dye could guide

controlled mass release within thioester networks. Aim 2 is explored in Chapter 4 of this thesis.

Aim 3 - Explore thioaminal groups as another possible route to create CANSs. Specifically,
Aim 3a - Investigate thiol-thioaminal exchange as a means to create CANs triggered under
low temperature conditions.

With the increasing focus on recyclable thermosets there has been a push to design reversible
exchange CANSs that rearrange fast enough to be reprocessed by traditional thermoplastic
techniques. Aim 3a contributes to this effort by exploring the thiol-thioaminal exchange reaction,
offering the possibility to create reversible exchange CANSs that rapidly relax under near-ambient
conditions. A small molecule system was used to study the thiol-thioaminal exchange reaction
between thioaminal DMTA and one of three thiols (BMP, BTG, TP). Thioaminal-containing

networks were then photopolymerized and used to study stress relaxation of these materials, and
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this data was combined with frequency sweep experiments to evaluate the proper characterization
of these polymers as CANs. Lastly, to study degradation via exchange reactions, as is typical for
reversible exchange CANSs, the mass loss of thioaminal-containing networks was tracked as these
networks were submerged in four thiol monomers (BMP, BTG, TP, HT). Aim 3a is explored in

Chapter 5 of this thesis.

Aim 3b - Explore thioaminal scission as a novel radical-mediated approach to CAN
degradation and investigate its potential to create constructing-then-destructing materials.

While several research studies have investigated the integration of photopolymers with
photoscission reactions to create constructing-then-destructing materials, few have explored the
possibility of building the constructing-then-destructing materials by controlling the
polymerization/photoscission reaction kinetics. Aim 3b explored the thioaminal scission reaction
as a novel approach to creating a reaction-kinetics controlled system. Synthesis of three thioaminal
small molecules with varying degrees of thiol-substitution (1° — 3°) investigated the speed, extent,
and products of this scission reaction. The reaction was then compared to the thiol-ene
polymerization reaction to identify its potential as semi-orthogonal, i.e. whether it occurred on a
vastly different timescale. A thioaminal-containing network was then photopolymerized and its
utility investigated as a light dose dependent system that could show distinct construction then

destruction regimes. Aim 3b is explored in Chapter 6 of this thesis.

Successful completion of these Aims contributed to the field of polymer degradation by 1)

developing models that accurately describe the mass loss of degrading networks mediated by thiol-

thioester exchange reactions, 2) establishing thiol-thioaminal exchange as a new CAN chemistry,
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and 3) establishing thioaminal scission as a novel radical-mediated approach to degradable CANSs.
In a broader sense, the models developed in Aim 1 and 2 may readily be adapted to other exchange
chemistries as the structural components of these models are chemistry agnostic. Following similar
logic, the kinetic parameters extracted from the small molecule study of the thiol-thioaminal
exchange reaction in Aim 3a are not limited to polymers, and may be widely applied to any
chemical system considering the use of thioaminals. Lastly, within Aim 3b the newly discovered
thioaminal scission reaction is also not limited to polymers and future research may consider

exploring thioaminal scission as a new multi-purpose phototrigger.
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Chapter 3: Controlled Degradation of Cast and 3-D printed Photocurable

Thioester Networks via Thiol-Thioester Exchange*

*Manuscript published under the same name in Macromolecules, 2022, 55 (4), 1376-1385.

3.1 Abstract

This work examined and quantitatively predicted degradation of thioester-containing networks
facilitated by base-catalyzed thiol-thioester exchange. A statistical model was developed that
incorporated polymer structure, thiol-thioester exchange reaction kinetics, and mass gain resulting
from dynamic bond exchange and this model was compared to mass loss studies. Experimental
results matched model predictions, showing degradation times could be controlled from 2.5 to 12
hours with optimal conditions by varying the free thiol butyl 3-mercaptopropionate concentration
from 0.0 M to 4.9 M and the base-catalyst triethylamine molar ratio from 0 to 40 mol%.
Furthermore, thioester-based composite materials were formed by SLA 3-D printing and
subsequently degraded, achieving 91% recovery of the composite filler. This work provides insight
into thioester facilitated degradation and its future use in selective material release or encapsulated

filler recovery applications.

3.2 Introduction

In recent years, waste from slowly-degrading polymers has driven the need to consider the
wholistic lifecycle of manufactured plastics. Polymers which cannot degrade rapidly or be recycled
pollute the environment,® leading to an increased focus on designing multi-use or on demand

degradable plastics. Polymer composites that cannot degrade must be scrapped, leading to the loss
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of both specially synthesized chemical components and valuable fillers used to make these
composites.?

One subset of polymers, thermosets, are particularly difficult to degrade but have advantageous
material properties. Thermosets are composed of covalent chemical crosslinks that enable
dimensional stability, solvent resistance, and temperature resistance. However, the non-
reconfigurability of these permanent crosslinks limits recyclability or reuse and further inhibits
degradation. Covalent adaptable networks (CANSs) offer an effective way to reuse thermoset
polymers by having crosslinks with triggerable, dynamic bonds.® Rearrangement of these dynamic
bonds allows reprocessing of thermosets, and different dynamic chemistries use different stimuli
to induce network rearrangement, for example, by exposure to heat or light.* Past work has shown
CANSs enable thermoset degradation,>° yet these studies are often empirical, and it remains a
challenge to quantitatively predict degradation behavior, limiting their application in larger scale
processes such as stereolithography (SLA) additive manufacturing. SLA uses light to cure liquid
monomers layer-by-layer to form a 3-D object. While a variety of dynamic chemistries, such as
transesterification,'® disulfide metathesis,'*!? and trithiocarbonate addition-fragmentation'? have
been SLA 3-D printed, little work has been done to explore the degradation process of these printed
CAN-based polymers.

Degradation in CANs refers to the permanent cleavage of crosslinks in a network, which leads
to the formation of detached monomers and a reduction in mass as the increasing sol fraction
comprised of monomers and oligomers leaves the network.* This degradation process has two
limiting extremes: surface and bulk degradation.r® Surface degradation is a diffusion-limited
process where crosslinks are cleaved only on the surface of a bulk polymeric object, gradually

shrinking the material from the outside until the entire network dissolves into solution. Conversely,
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bulk degradation is a reaction-limited process where crosslinks are cleaved throughout the entire
polymer network simultaneously, until the reverse gelation point is reached and the material
depolymerizes and fully dissolves into solution.'> Often, degradation of a polymer network is a
combination of both surface and bulk mechanisms.

Of the various dynamic chemistries, degradation studies on thioester-containing networks offer
wider understanding of network architectures due to thioesters being compatible with existing
thiol-x chemistries. Dynamic bond rearrangement in thioester-containing CANs comes from the
thiol-thioester exchange reaction, which may occur through either a base- or a nucleophile-
mediated pathway.!6 While other thiol-based dynamic chemistries have been used to create
dynamic networks, such as Meldrum’s acid systems*”8 and thiol-yne systems,'%20 thiol-thioester
exchange is attractive due to its highly selective reactivity with thiols, efficiency with mild bases,
stability in aqueous solutions, and inherent biocompatibility as a common biosynthetic
pathway.621-2 While past work has shown thioester networks degrade efficiently® (Figure 3.1)
and may be SLA 3-D printed,?* the process and time scale for degradation of these structures has
yet to be investigated.

Past studies on the degradation process of other dynamic chemistries offer guidance on how to
study thioester-based degradation. In ester crosslinked materials, mass loss resulting from
transesterification-based CAN degradation is well described by models that combine surface and
bulk degradation.?>?” Recent work on boronic ester CAN degradation similarly created a surface
degradation model that also matched mass loss studies.?® However, a bulk degradation model for
CANs is missing, and this model would more accurately capture the relevant degradation processes
of CANSs with thinner cross sectional areas, such as those formed in 3-D printed parts. Past work

on understanding bulk degradation of thermosets has focused on studying degradation of
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hydrogels,>2°-33 and while these analyses provide insightful models, they are not applicable to
more hydrophobic or more crosslinked bulk CANs which may experience significantly reduced
swelling. To this end, a bulk degradation model of thioester-based CANs would both investigate
the degradation processes particular to thiol-thioester exchange and also widen the scope of
degradation models applicable to CAN chemistries.

This paper sought to investigate the degradation process and time scale that thiol-thioester
exchange enables in cast and 3-D printed networks. As such, a statistical kinetic model for bulk
degradation of thioester networks was generated which combined the thiol-thioester exchange
reaction Kkinetics, mass gain resulting from thiol-thioester exchange, and the structure of the
polymer network being degraded. Mass loss experiments verified model predictions for how the
concentration of free thiol, relative mol percent of base catalyst, and monomer functionality all
impacted mass loss rates. Lastly, 3-D printed and degraded thioester composites matched model
predictions for degradation time of 3-D printed samples and showed the effectiveness of using
thioester degradation to selectively recover composite fillers. The understanding of thiol-thioester
facilitated degradation gained in this work enables the implementation of degradable thioester
systems for recycling and selective material recovery applications in additive manufacturing

specifically and in composite materials generally.
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Figure 3.1. Addition of excess thiol and base-catalyst triggers degradation of thioester-containing
thermosets via thiol-thioester exchange. (a) Thioester-containing networks were photocured via
thiol-ene combination, swelled in acetone, and degraded by exposure to thiol and base. (b)
Monomers, free thiol, and base-catalyst used to create networks and trigger thiol-thioester

exchange.
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Scheme 3.1. Base-catalyzed thiol-thioester exchange swaps the group attached to a free thiol with
the group attached to a thioester. In this work, the thioester groups were initially connected to the

network and the exchange resulted in dangling ends (highlighted box).
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3.3 Materials and Experimental Methods
3.3.1 Materials

A previously reported procedure was used to synthesize the thioester monomer TEDE.3* Al
other materials used were purchased commercially and used without further purification. 3-
mercaptopropionic acid (3-MPA), allyl alcohol (AA), butyl 3-mercaptopropionate (BMP),
trimethylpropane tris(3-mercaptopropionate) (TMPTMP), p-toluenesulfonic acid (pTsOH),
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), and crosslinked poly(styrene-co-
divinylbenzene) microspheres (6-10 um) were purchased from Sigma Aldrich. Diallyl adipate
(DAA) and succinic anhydride (SA) were purchased from TCI Chemicals. 4-dimethylamino-
pyridine (DMAP) was purchased from Oakwood Chemical, dipentaerythritol hexakis(3-
mercaptopropionate) (diPETMP) from Bruno Bock Chemische Fabric, and Irgacure 819 (1819)

from IGM Resins.

3.3.2 Thin Film Preparation and Degradation

To prepare thioester films, one thiol and one ene monomer were combined with 1-819 and
pyrogallol in a molar ratio of 1 thiol: 1 ene: 0.5 wt% 1819: 0.06 wt% pyrogallol, loaded between
glass slides spaced 100 um apart, and irradiated to complete conversion (405 nm, 30 mW/cm?, 5
minutes). Samples were then trimmed to a length and width of 25 mm, with an average weight of
100 mg, and used for further experiments.

The initial mass of each film was recorded, m,, then samples were allowed to swell in a
solution of BMP and acetone overnight, with the concentration of BMP set by the degradation
conditions. Films were then transferred to a constructed apparatus composed of a covered 100 x

50 mm Pyrex Petri dish, a stir bar spun at 400 RPM, and a steel grid which let degradation solution
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flow above and below the films (Figure S3.3 in the SI). TEA was added to initiate degradation,
then films were removed at specific times and patted dry with a Kimwipe. Films were then soaked
in acetone overnight, dried in a vacuum oven at 50 °C for 24 hours, and weighed again to measure

the final dry mass, my;,q;. Experimental mass loss was calculated by

MLexp = Do inal 1)

me

3.3.3 3-D Printing and Filler Recovery

Samples were 3-D printed on a Prusa SL1 masked-SLA 3-D printer, washed with
dichloromethane, and air dried for 30 minutes. Printed resins contained a molar ratio of 1 thiol: 1
ene: 0.5 wt% 1819: 0.06 wt%. Thioester composites contained 80 wt% resin and 20 wt%
poly(styrene-co-divinylbenzene) microspheres. Exposure times and EcDp values for 3-D printed
parts are listed in Table S3.1.

3-D printed composites were placed in a solution of 2M BMP and 30 mol% TEA in acetone,
and allowed to stir overnight to recover the microspheres. Acetone was added at twice the volume
of the initial solution, and the mixture was centrifuged at 1000 RPM for 2 minutes. The settled
microspheres were then redispersed in pure acetone, centrifuged again at 1000 RPM for 2 minutes,

and dried in a vacuum oven at 50 °C for 24 hours.

3.3.4 Dynamic Mechanical Analysis

An RSA-G2, from Tl Instruments, was used for dynamic mechanical analysis (DMA). Samples
were heated from -50 °C to 50 °C, with a ramp rate of 3 °C / minute and a frequency of 1 Hz.
Samples were run in tension with a strain of 0.03 % and a preload force of 0.34 N. The T, was
determined as the peak of the tan delta curve. The molecular weight between crosslinks, M., was

calculated from DMA data via
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3pRTmin
M, = 2P min (2)

Ermin
where p stands for polymer density and was assumed to be constant at 1,100 kg/m?, R for the
universal gas constant, E, ,,,;;, for the minimum storage modulus value just as the polymer enters

the rubbery plateau, and T,,;;, for the temperature in Kelvin where E,. ,,;, is reached.®

3.3.5 Model Development

Modeling bulk degradation of an ideal step-growth polymer network containing thioester
linkages required examination of the step-growth network structure and the reaction kinetics of
thiol-thioester exchange. The approach used here was modified from Rydholm et al.,3 which in
turn was based on step-growth network formation equations first proposed by Macosko and
Miller.®® This model was derived with four primary assumptions: (i) the polymers under
consideration were ideal networks; (ii) the reaction rate constant for the thiol-thioester exchange
remained constant throughout the degrading process; (iii) cleaved segments diffused nearly
immediately out of the thioester network; and (iv) no further thiol-thioester exchange reactions
need be considered in cleaved segments because these segments rapidly diffused out of the
network and did not have time for additional thiol-thioester exchange. These assumptions will not
hold for all networks and may be of interest to explore in future studies. Past work suggests that
cyclization occurs to varying extents,®? reaction rate constants may depend on temperature and
other conversion dependent network features,?® networks with larger values of Mc will cleave into
large oligomers with significant diffusion times,®” and lastly networks containing multiple
degradable thioester units between crosslinks will increase the likelihood of secondary thiol-

thioester exchange reactions that may re-attach segments prior to their release.?
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3.3.5.1 Structure Component of Model

For an ideal step-growth network with monomer functionality Z, each arm of the
multifunctional monomer unit is detached from or attached to an infinite network with probability
y or 1-y, respectively. Detachment from the network can occur in two ways. The first is via
cleavage of the thioester bond from an adjacent multifunctional monomer unit through the thiol-
thioester exchange reaction. This occurs with a probability P, the fraction of thioester bonds that
have been cleaved. The second is via detachment of an adjacent monomer unit. Given that the
connecting thioester bond is not cleaved, an arm can be detached from the infinite network if the
neighboring multifunctional monomer unit has all its remaining arms detached from the network.
This provides an equation for the probability of arm detachment as a function of the thiol-thioester
exchange and network connectivity:
y=P+(1-Py” " (@
where y is the probability that an arm of a multifunctional monomer unit is detached from the
network; P is the probability that a thioester bond has cleaved which is dictated by the thiol-
thioester exchange kinetics; and Z is the number of functional groups on a monomer. Recognizing
that y = 1 is always a solution to equation 3, the factor y - 1 can be removed from the equation,

leaving a general equation in y, for Z > 2:

The general equation predicts a critical value for P (Pc) above which y = 1 and the polymer
network shifts from an infinite network to finite, soluble components. This value of Pc corresponds
to the point of reverse gelation, given by:

zZ-2

PP=— (5

zZ-1
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The value of Pc from equation 5 agrees exactly with the Flory prediction for reverse gelation of a

stoichiometric reaction of monomers with functionality Z (SI Section 3.8.2.6).38

3.3.5.2 Mass loss from y, P, and network properties

Maximum percent mass loss in such a system is given by the sum of the mass fractions of all
degradable units in the network multiplied by the fraction of those units that have separated from
the network:
MLy = 2 WiF;  (6)
where Wi is the mass fraction of degradable component i in the network and Fi is the fraction of
those components that have separated from the network. In the ideal step-growth network
examined, the entire mass of the network consists of one type of repeat unit: multifunctional
monomer units with thioester linkers between them. This results in the mass fraction of these units
in the network to be one, or Wi = 1. The fraction of these multifunctional monomer units that have
detached from the infinite network is the fraction of units that have all arms, i.e. Z number of arms,
detached. This results in a fractional mass loss equation for an ideal step-growth network:
MLmax = y* (7)
where yZ represents Fi, the proportion of multifunctional monomer units that have detached from
the network.

Early in the degradation process, however, mass gain as a function of the degrading thiol
molecular weight is expected. As thioesters become cleaved, there is a net mass gain of the excess
monofunctional thiol used for degradation as these molecules add to the network (Figure 3.2a

middle). This mass adds to the overall network until the arm containing that thioester is detached
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from the network (Figure 3.2a right). To account for this effect, a parameter q is defined to be the
fraction of thioesters that have been cleaved but are still attached to the network, where:
g=2PA-y"Y) (8)

This relationship represents the probability that a thioester has cleaved (P) and that at least one of
the other arms of the multifunctional monomer unit remains attached. The prefactor 1/2 is
necessary because only half of the dangling ends formed via thioester cleavage contribute to the
mass gain. A detailed derivation for equation 8 can be found in the Supporting Information Section
3.8.2.4.

From g, the total number of thioester bonds that have been cleaved but are still attached to the
network can be calculated from the stoichiometry of network formation and the assumption that
one molecule of excess thiol used for degradation reacts with one thioester bond. Combining the
expression for g and knowledge of network stoichiometry provides the following equation for
fractional mass gain:

MG — ZP(l—yZ_l)MWSH
T 2@ MWy +Z-MW giene)

9)

where MG is fractional mass gain, MWsh is the molecular weight of the excess monofunctional
thiol, MWiaiene is the molecular weight of the thioester-containing diene, and MWw is the molecular
weight of the multifunctional monomer (SI Section 3.8.2.5). Combining the mass gain from

equation 9 with the mass loss from equation 7 gives an expression for the net fractional mass loss:

7z _ ZP(A-y* M )MWsy
22 MW py+Z-MW giene)

MLyoger = Y (10)
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3.3.5.3 Kinetic Component of Model

The kinetics of the thiol-thioester exchange reaction drive the degradation rate. As shown in
Scheme 3.1, when thioesters are initially linked to a network, the exchange forms a new thioester
with a dangling end, thereby reducing the number of crosslinks.

By setting the initial conditions of the thiol-thioester exchange to use a large excess of free
thiol and base catalyst, the exchange can be tuned to behave as a pseudo first-order reaction. The
initial concentration of free thiol and base govern the formation of unlinked thiolate (Scheme 3.1
left). If the unlinked thiolate consumed by the thiol-thioester exchange is minimal (Scheme 3.1
middle), then the formation of unlinked thiolate can be considered an acid-base reaction in
equilibrium. Knowing the initial concentration of free thiol and base catalyst and the pKa of each

component, the concentration of thiolate created is calculated using

ApKa _ [s71?
10 ([SH]o=[S~D([Blo—[s~D (11)

where ApKa stands for the difference in pKa values between the free thiol and base, [SH], stands
for the initial concentration of free thiol, [B], stands for the initial concentration of base, and [S™]
stands for the concentration of unlinked thiolate. This produces a quadratic equation in [S~] that
is readily solved.

The initial concentration of unlinked thiolate in all experiments of this study was more than
200x the initial concentration of thioesters linked to the network. As such, the consumption of the
unlinked thiolate by the thiol-thioester exchange was minimal and equation 11 applied.
Furthermore, the large excess of unlinked thiolate drove thiol-thioester exchange toward the
reaction products consistent with Le Chatelier’s principle. Thus, while the thiol-thioester exchange
was a second order reaction, the effectively constant concentration of unlinked thiolate allowed

the exchange to be treated as a pseudo-first order reaction modeled by

40



[TE] = [TE]pe ¥IS71t  (12)
where [TE] refers to the current concentration of thioesters linked to the network and [TE], refers
to the initial concentration of thioesters linked to the network.

The network structure and kinetics portions of the model come together by relating the
probability of cleaving a random thioester crosslink, P, to the concentration of linked thioesters
via

[TE]o—[TE]

P =T,

=1-e k571t (13)

Equation 13 uses equation 12 to relate the probability P to the second-order rate constant k, the
unlinked thiolate concentration [S~], and the time t. Combining equations 4, 10 and 13 gives a
direct prediction for how the mass of a thioester-containing polymer will decrease with time due

to thiol-thioester exchange.

3.4 Results and Discussion

3.4.1 Model results for mass loss

The derived model provides insight into how network structure and reaction kinetics impact
bulk degradation of thioester networks. Inspection of equation 10 showed that Z, the functionality
of the thiol monomer and a vital part of the network structure, impacts the net mass loss and mass
gain. For Z = 2, a polymer consists entirely of linear polymer chains. In this case, y = 1 for all

values of P, and the predicted net fractional mass loss is 1, indicating a crosslinked network is

PMWgsy

never formed. On the other extreme, as Z = oo, the value for net mass loss approaches — T
diene

for P < 1. This value is a function of excess thiol molecular weight (from MWsHn), the number of

thioester units in the network (from MWauiene), and the time allowed for degradation (from P). The
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negative sign indicates that only mass gain is expected in such a system, as no monomer unit can
leave until all thioester groups have been cleaved.

Figure 3.2b and 3.2c used model systems of TMPTMP (Z = 3), PETMP (Z =4), and di-PETMP
(Z = 6) with BMP as the excess monothiol and TEDE as the thioester-containing diene to show
the extreme and intermediate cases for Z. For the less crosslinked system (Z = 3), mass gain was
predicted but was nearly balanced by mass loss (Figure 3.2c). For the more highly crosslinked
systems (Z =4 and Z = 6), however, mass gain had a significant overall effect. This outcome arose
because a much higher P, which corresponded to a longer degradation time, was required before
units could be freed from the network. The result of this was an approximately 3% and 7% net
gain in mass for Z = 4 and Z = 6, respectively, before mass loss could counteract the effect of thiol

addition to the network.

42



Net mass loss

(a) Original Mass gain
Ve -
S
(b) 02f o ] (c)
— Infinite 1 - --7=6 rmrm e PR———
-- 7=6 - . ]
..... 7= 1 1
- T = A
0451 &% ! : ]
() 0 i '
-— ! '
= 01p g, i :
2 4l i : ]
%’ ..-?_-.) I' l’
® 2 / !
& 0.05 o2} ; / 1
o 7 ,I
4 ’
0 -.""’"‘-fs-t.;: ....... _‘r" T
N A N S W A Bl
0 02 04 06 08 1

0 0.2 0.4 0.6 0.8 1
Probability Thioester Cleaves Probability Thioester Cleaves

Figure 3.2. Degradation of thioester-containing networks is predicted to proceed first through a
small amount of mass gain and then through net mass loss based on the derived model. (a)
Thioesters (black circles) and thiols (white circles) underwent exchange with free thiol (blue
circles). Net mass loss was achieved when all bonds of a repeat unit were cleaved (right). (b) Plot
comparing predicted mass gain from thiol-thioester exchange versus probability a thioester
crosslink cleaves, as was calculated by equation 9. (c) Plot comparing predicted net mass loss from
thiol-thioester exchange versus probability a thioester crosslink cleaves, based on equation 10.

3.4.2 Verification of Bulk Degradation
To ensure that the thioester networks experimentally studied in this work underwent bulk rather

than surface degradation, the molecular weight between crosslinks, M., and glass transition
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temperature, Ty, of a model network were probed by DMA throughout the degradation process.
Bulk degradation leads to a decrease in network connectivity throughout the entire polymer
network, and as such all properties that depend on network connectivity, such as M, and T, shift
during degradation.’® Figure 3.3 shows that as degradation proceeded in photocured TEDE-
PETMP films soaked in 2M BMP and 30 mol% TEA degrading solution, T, dropped and M,
increased in ways that were characteristic of films experiencing bulk degradation. Figure 3.3a
shows that with increasing degradation time, T, decreased from — 12 °C to — 26 °C, and the rubbery
plateau modulus decreased from 14 MPa to 1.5 MPa. Figure 3.3b shows that experimental data
for M., as was calculated by equation 2, increased with degradation time and matched bulk

degradation model predictions for M, (equations S4-S5 in the SI). 3!
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Figure 3.3. Tg and Mc measurements suggested thioester networks underwent bulk degradation.
(a) Plot comparing storage modulus and tan delta with temperature, repeated for various film
degradation times, shows increased degradation time lowered Tq and Er” of films which was typical
of bulk degradation. (b) Plot comparing M, with film degradation time shows model prediction
(line) matched experimental data (markers) well. The model prediction used equation S4 in the SI,
for a Z = 4 network where rate constant k = 0.0051 + 0.0001 M-*min! including standard error.
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Comparisons of characteristic reaction and diffusion times and mass swelling ratio of thin films
also supported the claim that these thioester networks underwent bulk degradation. The
characteristic reaction time was ~100 times larger than diffusion time (420 minutes and 5 minutes,
respectively) which suggested a reaction-limited process (SI Section 3.8.2.3). The mass swelling
ratio of the thin films increased up to 20 during degradation, which also suggested cleavage of
crosslinks within the polymer network as is characteristic of bulk degradation (Figure S3.2 in the

sI).

3.4.3 Verification of Model

To validate the derived bulk-degradation model, the predicted mass loss as a function of three
process variables was compared to experiment: the initial free thiol concentration, the initial molar
ratio of thiol to base, and the monomer functionality, Z. Changing the multifunctional thiol

monomer used to create these networks allowed Z to range from 3 - 6 (Figure 3.1b).
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Figure 3.4. Higher concentration of thiol in the degrading solution led to faster mass loss. Mass
loss plotted versus time shows model predictions (lines with error bands) and experimental data
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(markers with error bars) matched well for BMP concentrations ranging from 0.0 M to 4.9 M. Rate
constant value used for the model fit was k = 0.0042 + 0.0001 M-*min-! including standard error.
Error bands on model predictions are error propagated from standard error on k, and error bars on
experimental data are standard deviation.

3.4.3.1 Free Thiol Concentration

As the initial concentration of free thiol increased, so too did the rate of mass loss. The data in
Figure 3.4 show how mass loss changed as a function of initial concentration of free thiol BMP,
which ranged from 0.0M to 4.9M, at a constant ratio of 30 mol% TEA. The 0.0M sample served
as a control with no free thiol added but TEA was included at a concentration that matched the
TEA content of the 2.0M BMP sample in acetone. As thiol concentration increased, the total time
for mass loss decreased from ~8 h to =2.5 h for the 2.0M to 4.9M samples. Experimental data
matched model predictions well, and as predicted at early degradation times, a small amount of
mass gain was experimentally observed. Despite having different concentrations of BMP and thus
different degradation times, the 2.0M to 4.9M samples all had a Z value of 4 and thus experienced
the same net mass loss at the same probability of degradation, P, as shown in Figure 3.2c.
Furthermore, the critical probability at which total mass loss was achieved, P,, was 0.67 for all
samples (equation 5). These model predictions are useful to determine the degradation conditions
required to fully degrade a thioester network after a specific amount of time.

The second order reaction rate constant k was used as a fitting parameter to compare model
predictions with experimental results. As such, k is not a function of thiolate concentration, and all
experimental data were fit to a single value of k. Figure 3.4 shows that a k value of 0.0042 *
0.0001 M-min?, including standard error, predicted experimental mass loss well for all of the
conditions assessed here. Model predictions for the 3.0 — 4.9 M samples deviated from

experimental results more, likely due to the convolution of the measured reaction rate constant
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with mass transport limitations of large oligomers diffusing out of the degrading polymer network.
Nevertheless, the k value from Figure 3.4 was similar to the Figure 3.3b value, 0.0042 versus
0.0051 Mmin?t, and lies closer to previously reported reaction rate constant values for
uncatalyzed thiol-thioester exchange in small molecule aqueous systems (k = 10> M-tmin1)*° than
to catalyzed exchange in small molecule systems (k = 102 M-1min-1).442 This decrease was likely
due to the limited mobility of thiolates in polymeric systems and the lack of a polar protic solvent

to stabilize thiol-thioester exchange.'®

3.4.3.2 Ratio of Base Catalyst
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Figure 3.5. Higher molar ratio of base to thiol in the degrading solution led to faster mass loss.
Mass loss plotted versus time shows model predictions (lines with error bands) and experimental
data (markers with error bars) matched well as TEA molar ratio increased from 0 to 40 mol%. Rate
constant value used for model fit was k = 0.0039 + 0.0001 M-*min-! including standard error. Error
bands on model predictions are error propagated from standard error on k, and error bars on
experimental data are standard deviation.

As the ratio of base increased, the mass loss rate also increased. Figure 3.5 shows data for how

the mass loss changed as a function of the TEA mol ratio, going from 0 mol% to 40 mol%, while
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keeping the BMP concentration at 2.0M. The 0 mol% sample served as a control: no TEA was
added but 2.0M BMP in acetone was still included. As the ratio of base to thiol increased from 20
mol% to 40 mol%, the total time for polymer degradation decreased from =10 h to =6 h.
Experimental data matched model predictions well, and similar to Figure 3.4 at early degradation
times a small amount of mass gain was observed. Also similar to Figure 3.4, even though the 20
to 40 mol% samples had varying amounts of TEA, all were Z = 4 networks and followed the same
net mass loss profile depicted in Figure 3.2c and achieved total mass loss at P. = 0.67 (equation
5). Lastly, fitting the model prediction to experimental data in Figure 3.5 resulted in a rate constant
k of 0.0039 + 0.0001 M-*mint including standard error, which was similar in value to previous
experiments as changing the molar ratio of base catalyst to free thiol should not impact the intrinsic

reaction rate constant of thiol-thioester exchange.
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Figure 3.6. A greater number of functional groups in the network structure led to slower mass
loss. Mass loss plotted versus time shows model predictions (lines with error bands) and
experimental data (markers with error bars) matched well for monomer functionality Z when it
ranged from 3 to 6. Rate constant value used for model fit was k = 0.0039 + 0.0001 M-'min-!
including standard error. Error bands on model predictions are error propagated from standard
error on Kk, and error bars on experimental data are standard deviation.
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3.4.3.3 Monomer Functionality

Increasing monomer functionality, Z, resulted in slower mass loss. The data in Figure 3.6 show
how the mass loss changed as a function of Z, where Z ranged from 3 to 6, while using 2.0M BMP
and 30 mol% TEA for the degradation solution. Each value of Z came from a different thiol-ene
network, where TMPTMP (Z = 3), PETMP (Z = 4), or diPETMP (Z = 6) were reacted with TEDE
to make these networks. As Z increased from 3 to 6, the total time for the polymer network to
degrade increased from ~4 h to =12 h. Experimental data matched model predictions well, and the
Z = 6 sample experienced the most mass gain as predicted by the model, reaching approximately
3 %.

Unlike Figures 3.4 and 3.5, each sample in Figure 6 was modelled by a different mass loss
equation, as shown in Figure 3.2c. As such, each sample had a distinct value of P, (equation 5):
for Z=3, 4, and 6 P, equaled 0.5, 0.67, and 0.8, respectively. Larger values of Z resulted in higher
P, values because larger Z networks have a greater number of arms connected to each crosslink,
and as such a higher fraction of thioester groups must cleave before crosslinks fully disconnect
and a repeat unit leaves the network. Because of this, a Z = 3 network will achieve greater mass
loss than a Z = 6 network when the same probability of thioester groups cleaving, P, is reached.
Despite the variation in network structure, the model predictions for all samples yielded a similar
value for rate constant k, 0.0039 + 0.0001 M-min including standard error, suggesting that
changes in the polymer network structure had little effect on the reaction rate constant of thiol-

thioester exchange.
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3.4.4 3-D Printing Thioesters
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Figure 3.7. Selective degradation of a thioester network enabled recovery of fillers in 3-D printed
thioester composites. (a) Predicted time for a thioester network to fully degrade plotted versus
network thickness, using bulk and surface degradation models. Below 3 mm degradation time was
predicted to be constant. (b) SLA 3-D printed rings composed of various polymer networks (top),
with part thickness in the bulk degrading regime, were exposed to a degrading solution (bottom).
The TEDE-PETMP composite contained 20 weight % of 6-10 um poly(styrene-co-
divinylbenzene) microspheres.

To broaden the scope of these thioester-containing CANs toward industrial applications, SLA
3-D printed thioester networks were investigated. As 3-D printed structures may vary in thickness,
and thickness impacts characteristic diffusion time and thus the degradation process, the effect of
wall thickness in degrading thioester CANs was studied.

Figure 3.7a shows model predictions for how time to achieve complete degradation varied
with wall thickness when 3-D printed parts were soaked in 2.0M BMP, 30 mol% TEA degrading
solution. Far below the 3 mm wall thickness, bulk degradation dominated as characteristic
diffusion time was significantly lower than reaction time. Since bulk degradation occurs
simultaneously throughout a polymer network, the time to reach complete degradation was
independent of wall thickness and remained a constant 8 hours. Far above 3 mm wall thickness,

surface degradation dominated as the characteristic reaction time was then significantly lower than
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the diffusion time. Using the Hopfenberg model,** degradation time in the surface degrading
regime was predicted to increase linearly with wall thickness, and this rate of increase was driven
by the rate of height change of a 1-D polymer slab. Surface degradation carried out on 5 mm thick,
3-D printed slabs of TEDE-PETMP showed height decreases of 0.37 £ 0.02 mm / hour, meaning
that in the surface degrading regime degradation time increased with wall thickness at a rate of 2.7
+ 0.15 hours / mm (Figure S3.5 in the SI). At approximately 3 mm wall thickness, both models
converged and network dissolution was a function of both bulk and surface degradation. Following
the models described in Figure 3.7a, one may broaden the design of degradable thioester structures
by combining the 3mm (or other) critical length scale with the two other parameters investigated
by this work (i.e., the composition of the degrading solution and the polymer network structure).
This approach would enable the creation of multi-stage degrading 3-D printed networks, where
degradation regimes and time scales would be controlled by wall thickness, degradation
conditions, and the network structure.

Using the degradation regime predictions from Figure 3.7a, network dissolution of 3-D printed
thioester-containing and 3-D printed thioester-devoid chemistries in the bulk degrading regime
were investigated. VVoronoi-style lattice rings with strut lengths varying from 0.5 to 2.0 mm and
with a consistent strut depth of 0.6 mm were SLA 3-D printed to exhibit the complex structures
and rapid production times enabled by additive manufacturing. Since all struts were 0.6 mm deep,
this value was used as wall thickness, which was well below the 3 mm threshold and ensured
degradation in the bulk degrading regime. Figure 3.7b shows how the rings, composed of three
different networks, behaved after a 12-hour soak in the degrading solution previously used for thin
film studies (2.0M BMP, 30 mol% TEA). Networks that contained thioester groups readily

dissolved, while networks without the thioester groups were unaffected. Thioester composites
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containing 20 weight % of 6-10 um poly(styrene-co-divinylbenzene) microspheres degraded
similar to neat networks. Centrifuging the degraded composite solution allowed recovery of 91 +
1.4% of the microspheres, showing efficient recovery of fillers in thioester composites. Unlike
composite degradation via other CAN chemistries, thiol-thioester degradation occurred rapidly at
room temperature within hours, not days,**#> and this dissolution time may be even further reduced
through several means such as using a more basic catalyst (diazabicycloundec-7-ene), a more polar
solvent (methanol), a more reactive monothiol (methyl thioglycolate), a lower Z monomer (Z =
3), or by increasing the temperature of the reaction above room temperature.® Beyond this work,
one could explore the regions where both reaction and diffusion mechanisms are at play for
degradation, and how 3-D printed multi-stage degrading parts may be used to investigate the

models developed in this work or other mixed-mode models.?”28

3.5 Conclusions

This work investigated degradation kinetics based on thiol-thioester exchange for thioester-
containing networks. By means of a theoretical model, derived from the reaction kinetics and the
polymer network structure, mass gain from the thiol molecules adding into the network and net
mass loss from crosslinks cleaving were predicted and experimentally verified by mass loss
studies. Reaction rate constants, k, used as a fitting parameter for the derived model, were found
to range from 0.0039 to 0.0051 M-min and fit within previously reported values. Further
investigations on exchange kinetics and network structure found that increasing the concentration
of free thiol, the ratio of base to thiol, or decreasing monomer functionality sped up the mass loss

rate. Lastly, SLA 3-D printed thioester composites showed that thioester-containing CANSs

52



selectively degraded to allow recovery of 91% of the filler in a composite, paving the way for
thioester-facilitated filler recovery.

Beyond the degradation of thioester-containing CANs, the work herein expands the general
understanding of dynamic bond-exchange based bulk degradation and the use of thermosetting
polymers for material recovery. The model derived in this work presents a new method to account
for mass gain due to reversible exchange during degradation and is anticipated to be applicable to
various dynamic chemistries and CANs applications. The presented procedure to degrade 3-D
printed composites establishes a new method to create degradable thermoset composites and
controllably recover fillers from these thermosets on an industrial scale. Altogether, this work

shows the versatility of CANs for selective degradation and material recovery applications.
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3.8 Supporting Information

3.8.1 Supporting Tables and Figures

Table S3.1. 3-D printing parameters used to print thioester (TEDE-PETMP), control (DAA-
PETMP), and thioester composite (TEDE-PETMP-20wt%PS) rings on a Prusa SL1 3-D printer.

Material Initial layer | Other layer | Layer Height E, (m_]z) Dp (um)
time (s) time (s) (um) cm
Thioester 35 10 100 1.7 335
Control 35 13 100 1.5 453
Composite 35 12 100 1.6 478
(a) (b) (c)
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Figure S3.1. EcDp curves used to 3-D print (a) thioester (TEDE-PETMP), (b) thioester composite
(TEDE-PETMP-20wt%PS), and (c) control (DAA-PETMP) rings.
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Figure S3.2. Mass swelling ratio, q, as a function of (a) concentration of free thiol BMP, (b) TEA
mol ratio, and (c) monomer functionality Z. Samples were repeated in triplicate.

Mass swelling ratio, g, was calculated by

=" (S2)

Mginal
where mg,, stands for the mass of thin films after the films were removed from degradation
solution and patted dry with a Kimwipe, and m;,; is the mass of thin films after degradation and

drying in a vacuum oven.?

Figure S3.3. Five thin films were degraded in a Petri dish at once, with each film sitting atop a
steel mesh at a marked location. The Petri dish was covered with parafilm to prevent solvent
evaporation.
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Degradation proceeded in covered 100 x 50 mm Pyrex Petri dishes (Figure S3). A stainless-
steel mesh was placed on the bottom of the Petri dishes, allowing for a stir bar to spin at 400 RPM
to let degrading solution flow above and below thin films. Acetone was used as a co-solvent as
polar solvents stabilize thiol-thioester exchange.?® The concentration of acetone-BMP solutions
for soaking films prior to degradation was the same as degradation conditions studied but omitted
TEA (e.g. to test 4.0M BMP with 30 mol% TEA the appropriate volumes of acetone and BMP

were added to the dish, while omitting TEA).

@ ] O
1.0F | O DAA - O DAA
O Thiol Only O Thiol Only
& Base Only St {> Base Only
0.8 -
4}
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Figure S3.4. Control experiments for thiol-thioester exchange-facilitated degradation show that
all three components (thioester groups, free thiol, and base catalyst) were required for a network
to undergo significant degradation. “DAA” was a DAA-PETMP network degraded in a solution
of 4.9M BMP and 30 mol % TEA, “Thiol only” a TEDE-PETMP network degraded in 4.9M BMP
without base, and “Base only” a TEDE-PETMP network degraded in 30 mol % TEA (1.5M TEA)
without free thiol. (a) Mass loss over time for different control scenarios. (b) Mass swelling ratio
over time for different control scenarios.
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Figure S3.5. Surface degradation of 3-D printed slabs composed of TEDE-PETMP. The slabs

exhibited a linear height decrease of 0.37 £ 0.02 mm / hour, including standard error, when placed
ina 2.0M BMP, 30 mol % TEA degrading solution.

A surface degradation model for thiol-thioester exchange facilitated degradation was
developed by utilizing 1-D slabs. The 1-D slabs experienced mass loss through changes in height,
making fractional mass loss:

mo - mt h'O - ht
my ho

ML,_p =

where m,, is initial mass, m, is mass at time t, h, is initial slab height, and h;, is slab height at time
t.1° From Hopfenberg,'* height of a slab as a function of time can be said to be controlled by a
zero-order process and thus changes proportionally with time:

hy = hy—Ct

where C is an empirically-determined lump sum constant with units of distance / time and depends
heavily on degradation conditions. Combining the two equations above, recognizing that when
slabs achieved complete degradation ML,_, = 1, and rearranging, the time for a 1-D slab to

completely degrade via surface degradation was:
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ldegrade =

S|&

To determine the lump sum constant C, which was specific to degrading thioester networks via
thiol-thioester exchange, three SLA 3-D printed 5 x 50 x 50 mm slabs were degraded in a solution
of 2.0M BMP, 30 mol % TEA. The slabs were first swelled in an acetone-BMP bath overnight to
reach equilibrium swelling, resulting in a starting height of 6.40 mm. Degradation began by adding
TEA. Measuring the height of slabs every hour, and fitting the data to the equation for h, yielded

a value of 0.37 £ 0.02 mm / hour for C (Figure S5).

3.8.2 Derivations

3.8.2.1 Concentration of Thiolate

The equilibrium constant for acid-base reactions was calculated as 10 raised to the difference
between the pKa’s of the two reactants. Combining that relationship with the definition that an
equilibrium constant equals the concentration of products over the concentration of reactants for
an ideal solution, the pKa’s of the acid-base reaction were related to equilibrium concentrations of

products and reactants via:

[s"1[BH*] _ [s7]2
[SHI[B] ~ ([SH1o~[S~D([Blo—[S~1)

10%PKa = K, = (S3)

3.8.2.2 Molecular Weight Between Crosslinks
Metters and co-workers developed a bulk degradation model that predicts molecular weight

between crosslinks, M, as
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M, = Z*M inilal (S4)

 YfsiFig
where Z stands for monomer functionality, i the number of arms per crosslink considered to be
attached to the network, and F; , the fraction of elastically active crosslinks with i number of arms
still attached to the network.* The sum in equation S4 starts with i = 3 because each crosslink

needs at least 3 arms still attached to the network to be elastically active. F; , is calculated by

Z!
Fiz = (Z-i)i!

P¥-H(1 - p)t (S5)

and shows that F; ; depends on P, the probability that a random thioester crosslink has cleaved.

Combining equations S4, S5, and 11 allowed M, to be predicted as a function of time.

3.8.2.3 Diffusion and Reaction Times
Characteristic diffusion and reaction times were compared to determine which occurred

significantly faster.> Characteristic reaction time was calculated by

1
k[s7]

(S6)

t, =

where k is the rate constant of thiol-thioester exchange and [S™] is the concentration of unlinked
thiolate. Literature values for k range from 10 to 10° M-'min-!,%8 and model fit to experimental
results in this work gave a value of = 0.004 M-'min™! for k, fitting within past studies. Using a
value of 0.004 M-'min! for k and 0.60 M for [S™] resulted in t, of = 420 min. Characteristic

diffusion time was calculated by

LZ

ta (S7)

B Desy
where L is half the length of degrading films and D, is the effective diffusivity of free BMP

thiolates diffusing into said films. D,¢¢ for BMP thiolate (Mw = 161.3 g/mol) was approximated
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as 0.0005 mm?/min because its molecular diffusivity is similar to a fluorophore (Mw = 297 g/mol)
diffusing through an identical crosslinked and swollen network.® Using a value of 0.05 mm for L
and 0.0005 mm?/min for D¢, resulted in t; of ~ 5 min. Comparing t, and t; showed diffusion
occurred ~100x faster than reaction, justifying the claim that diffusion was significantly faster in
the films studied and further supporting the claim that the networks investigated underwent bulk

degradation.

3.8.2.4 Derivation of g

To find q, the fraction of thioesters cleaved but still attached to the network, all cases where an
individual thioester bond can be cleaved but still attached to the infinite network were considered.
In particular, the half of the thioester bond where thiol has added was monitored. For Z = 4, there

are three distinct cases where thioesters are cleaved but still attached to the network:

Case 1: All adjacent arms are attached to the network Attached
In this case, there is a probability P/2 that the thioester in question
(left) has cleaved and is oriented so a free thiol adds to this Atiached
crosslink. Then, there is a probability (1-y) that each of the SH

Attached
adjacent arms are attached. This provides a total fraction of
(P/2)(1-y)3.

Case 2: Two adjacent arms are attached to the network
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In this case, there is a probability P/2 that the thioester in question

Detached
(left) has cleaved and is oriented so a free thiol adds to this
crosslink. Then, there is a probability (1-y) that each of the two Attached
arms are attached to the network. There is a probability y that the g

Attached

remaining arm is detached. Because there are three arrangements
for this scenario, the probability is multiplied by 3. This provides a total fraction of 3(P/2)y(1-y)?.

Case 3: One adjacent arm is attached to the network

. . . . . . Detached
In this case, there is a probability P that the thioester in question
(left) has cleaved and is oriented so a free thiol adds to this Attached
crosslink. Then, there is a probability y that each of the two arms
SH
are detached from the network. There is a probability (1-y) that Detached

the remaining arm is attached. Because there are three arrangements for this scenario, the

probability is multiplied by 3. This provides a total fraction of 3(P/2)y?(1-y).

Therefore, for Z = 4, q = (P/2)(1-y)® + 3(P/2)y(1-y)? + 3(P/2)y?(1-y). This is generalizable to

any Z:
= P\ /71
_ > - k(1 _ N\Z-1-k
=2 G) () ra-»
k=0

where (%) is the combinatorial factor for choosing k elements from Z-1 possibilities. The

probability (P/2) is independent of the variable of summation and can be factored out of the sum.
Adding the k = Z-1 case to this sum and subtracting it outside the sum to maintain equality allows

for a different form of the equation:
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= Q) ) -G
k=0

The summation term can be recognized as the binomial expansion of ((1-y) + y)#X. This simply

reduces to 1, so g can be simplified and rewritten as:

0= - ()=

3.8.2.5 Fractional Mass Gain

With g, the fractional mass gain in the network was derived. The moles of thioesters
contributing to mass gain is the fraction of thioesters cleaved but still attached to the network (q)
multiplied by the total number of moles of thioesters (nte,0). Each of these will have reacted with
free thiol (SH) to increase the mass of the network by the mass of one thiol molecule. Therefore,
total mass gain is given by:

_ 1molSH MW SH(g)
Mass Gain (g) = q nrgo - Tmol TE 1molSH qnrgoMWsy

where MWsh is the molecular weight of the free thiol degrading the network. Because thioesters
come entirely from the diene crosslinker, the total number of thioester groups present initially is
equal to the number of diene molecules (ndiene) used in the formulation of the network:
Mass Gain (g) = qngiene MWsy

For fractional mass gain, this expression must be normalized to the initial mass, mo. Given the
stoichiometry of the network formulation, initial mass can be related to functionality of the

multifunctional thiol, functionality of the diene, and stoichiometry:

My = My + Mgjene = MMWy + Ngiene MWiene = anieneMWM + NgieneMWgiene
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The equation for fractional mass gain is acquired from substituting for q in the mass gain
expression, dividing the expression by initial mass m,, and slightly rearranging:

ZP(l — yZ_l)MWSH

MG =
22 MWy + Z - MW giene)

3.8.2.6 Comparison of Pc With Flory Prediction
Flory Prediction
According to Flory,*? for a polymer composed of monomers with functionality f, the critical

conversion at which gelation occurs, Py, is described by:
1
P

gel — m =1=Perev gel

where Pc, rev el IS the critical conversion for reverse gelation. Recognizing that f = Z in this study,

the equation can be solved for Pc:

f-2 Z-2
P = =
T f-1 Z-1
Model Prediction

From the derived model, equation 4 details y as:

Reverse gelation occurs when every arm is detached from the infinite network, or wheny =1 and
P = Pc. Putting y = 1 in the left-hand side and summing from 1 to Z-2 provides a simple closed

form:

Solving this equation for Pc gives the same prediction for reverse gelation as Flory theory.
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Chapter 4: Modeling Degradation of Thioester Networks Controlled by

Oligomer Structure and Thiol-Thioester Exchange

This chapter to be submitted as a manuscript to Macromolecules with the following coauthors:
Juan J. Hernandez, Sean P. Keyser, Adam L. Dobson, Alexa S. Kuenstler, Christopher N. Bowman

4.1 Abstract

The oligomeric structure of thioester covalent adaptable networks (CANS) is used to tune the
bulk degradation of thioester networks via the thiol-thioester exchange (TTE) reaction. A statistical
kinetic model for the degradation was developed that considered the exchange reaction rate, the
number of thioester links within oligomers, and the dispersity of these oligomers. Model
predictions showed changing the number of thioester links within oligomers impacted degradation
by as much as tenfold while narrowing oligomer dispersity impacted degradation by up to twofold.
To evaluate model predictions with experimental degradation studies, thioester oligomers were
synthesized, photocured into films, and degraded via submerging them in a solution of 1 M butyl-
3-mercaptopropionate, 0.3 M triethylamine, and acetone. Model predictions matched experimental
results, showing increasing thioester links in oligomers from 1 to 4 decreased time for complete
mass loss from 25 to 4 h while only using a single fitting parameter, the reaction rate constant k,
which ranged from 0.0024 to 0.0040 M-tmin-t. Mixing oligomers containing 1 or 4 thioester links
created blended disperse CANs, and these blended networks indicated that changing the mole ratio
controlled how rapidly films degraded in a 4 to 25 h time span. Lastly, mass release studies using
the model dye Nile red confirmed that thioester oligomers in CANs enable quantifiable mass
release by using the Beer-Lambert law. This research demonstrates that multifunctional oligomer

structure within CANs represents a viable way to control the degradation profiles these materials.
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4.2 Introduction

There is substantial research exploring the breakdown of thermoset polymers to create smart
materials, leading to advancements in triggered drug release,!? material actuation,* and
dissolvable wound sealants.> Of the various chemically triggered degradation methods, including
hydrolysis®® and pH changes,!® reversible exchange reactions!®!! have shown ease of
reprocessibility in their resultant materials, separating this degradation method from others by
enabling the degradation and repolymerization of polymers under mild conditions.!*!* Polymer
networks enabling these reversible exchange reactions are referred to as covalent adaptable
networks (CANs), and the dynamic bonds that are present alter the network topology which
facilitates reprocessing of polymer networks via traditional means such as compression
molding!+!> and twin-screw extrusion.!® While various chemistries have been developed to
experimentally degrade CANS,!%17-20 the field would continue to benefit from refined quantitative
models that predict the degradation processes through which CANs lose mass.

Degradation is the permanent loss of mass from a polymer and occurs when all covalent bonds
to a segment are broken and these unattached segments of the polymer diffuse out.?!?> For polymer
networks, a scission reaction is required to break the covalent bonds connecting these polymer
segments, but within CANs this scission reaction is replaced by a reversible exchange reaction.
Reversible exchange reactions lead to degradation by exchanging an elastically connected group
with a terminal group, reducing the crosslink density of the network. Mass loss then occurs when
all arms of a crosslink segment are detached, as shown in Scheme 4.1.

A number of models describe the exchange-facilitated degradation of CANs by taking diffusion
and reaction timescales into account, and these models have been developed for CANs chemistries

23,24

including transesterification, boronic-ester exchange,® and thiol-thioester exchange
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(TTE).?62” However, few models have been developed that specifically focus on how the network
structure of CANs may be used to control degradation. Controlling network structure as opposed
to reaction chemistry would allow CANs to degrade at vastly different timescales when exposed
to only a single set of exchange reaction conditions. It would also provide a means for creating
networks from a single chemistry that could be tuned to exhibit complex degradation processes
such as staged degradation.

As one specific example of controlling the network structure, tuning oligomer structure within
CAN s offers a promising way to control the degradation process by means of network structure.
Oligomers consist of covalently-bonded monomers and may be characterized by their length or
dispersity.?®? In traditional polymer networks, oligomer length and dispersity have been shown
to impact degradation profiles in poly-lactic acids,”** acrylate esters,’!*? and self-immolating
polymers,* which has justified the creation of theoretical models that track both oligomer length
and dispersity throughout the degradation process.>*3*> Within CANs, oligomers have been used to
contain dynamic exchange groups, enabling control over the number of active exchange sites and
the effects of exchange by simply changing oligomer length.> Manipulating these oligomeric
CANSs has contributed to research in material actuation,®’ shape-changing microparticles,*® and
reconfigurable 3D printing.?* Of the various CAN chemistries available to start modeling how
oligomer structure impacts CAN degradation, the TTE reaction offers a promising route due to
past degradation studies and ease of synthesis in a variety of oligomer structures.

The TTE reaction exchanges the groups on the thiol and thioester moieties, as shown in Scheme
4.2. This reaction may be base or nucleophile catalyzed and has been studied extensively due to
its rapid kinetics,!’ selective reaction,*® and ability to be triggered under mild conditions.*' Past

work has shown that the TTE exchange may be used to successfully degrade thioester-containing
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networks, 262742

and repolymerize these networks when the depolymerized solution is mixed with
additional monomer.!> Within the context of oligomers, TTE exchange has been used to create
thioester-containing oligomers,** and these oligomers have applications in creating DNA polymer
mimics,* self-immolating oligonucleotides* and self-immolating hydrogels.*® By building off
past work that developed models to describe the bulk degradation of thioester networks via the
TTE reaction,?®?’ this work adapts these models to focus on how the oligomer structure of thioester
CAN:Ss controls the degradation process.

The oligomer structure of thioester CANs was used here to tune the bulk degradation of these
networks via the TTE reaction. A statistical kinetic model was developed that took into account
the kinetics of the TTE reaction, the number of thioester links within oligomers, and the dispersity
of these oligomers. Thioester-containing oligomers were then synthesized and photocured into
networks to compare the model predictions with experimental mass loss studies. The mass loss
profiles of blended CANSs, created by mixing oligomers containing either 1 or 4 thioester links,
were also compared to model predictions. Lastly, mass release studies using the model dye Nile
red evaluated the use of oligomer structure as a way to achieved controlled mass release. This
research demonstrates that oligomer structure within CANs is a viable way to control the
degradation profiles of CANs, and while this work focused on thioester chemistry, the developed

oligomer models are chemistry agnostic and may be used for a number of different reactions,

contributing to the growing field of degradable networks.
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Scheme 4.1. Within a crosslinked network, exchange reactions between a tethered group (empty
circle) with a terminal group (filled circle) result in a drop of crosslinking density and degrade the
network (left). When all connections of a crosslink segment are broken, these segments are able to
diffuse out which leads to mass loss (right).

0 0
AOH O — L @ e

Scheme 4.2. Thiol-thioester exchange dynamically interconverts groups attached to a thioester
with a group attached to a free thiol. Exchange occurs rapidly at room temperature in the presence
of a base or nucleophile catalyst.
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Figure 4.1. Thiol-thioester exchange leads to depolymerization of thioester containing networks.
(a) Networks containing N thioester links were photocured into 100 um thick films, soaked in
acetone, and exposed to thiol (BMP) and base (TEA) to trigger degradation via exchange. (b)
Reagents used to create and degrade thioester networks.

4.3 Materials and Methods
4.3.1 Materials

TEDE was synthesized by a previously reported method.*® All other materials were purchased
commercially. 2,2’-azobis(2-methylpropionitrile) (AIBN), butyl 3-mercaptopropionate (BMP),
diallyl adipate (DAA), 1,6-hexanedithiol (HDT), pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP), and triethylamine (TEA) were purchased from Sigma Aldrich. Dichloroethane (DCE)

was purchased from Fischer Scientific, and Irgacure 819 (1819) from IGM Resins.

74



4.3.2 Thioester Oligomer Synthesis and Characterization
4.3.2.1 Synthesis

TEDE and HDT were mixed in ratios of 33 - 100 mol % excess ene (relative to the thiol), and
then combined with 5 mol % AIBN. The solution was mixed with 10x excess by volume DCE to
allow for higher temperature reactions, spun at 250 RPM, and reacted for 24 h at 80 °C.#” The
crude reaction mixture was dried using roto-evaporation and high-vacuum at RT, and the purity
verified using NMR. The number-average degree of polymerization for oligomers was predicted

using the Carothers equation,

1+7r

Xy = 1-r (1)

where Xn is the number-average degree of polymerization and r is the ratio of thiol : ene groups
with r < 1. The number of thioester links within the oligomers was calculated for odd-numbered
degree of polymerizations,

N =2Not 4 05 (2)

where N is the number of thioester links and Xnodd is the odd-numbered degree of polymerization.
Oligomers containing 1, 2, 3, or 4 thioester links (N) were synthesized, which had degrees of

polymerization (Xn) of 1, 3, 5, or 7, respectively.

4.3.2.2 GPC
The molecular weight distribution of each oligomer was analyzed via GPC size exclusion
chromatography. Samples were prepared by first dissolving oligomers in chloroform at 10 mM

and then filtering them through a 0.2 um PTFE filter. The molecular weight distributions of the
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samples were then analyzed on an Ecosec HLC-8320 GPC instrument from TOSOH with

chloroform solvent, using a polystyrene standard.

4.3.2.3 MALDI-TOF

The molecular weight of each oligomer was also confirmed via MALDI-TOF mass
spectrometry. Samples were prepared by first dissolving oligomers in chloroform at 10 mM, and
then spotting them sequentially with dithranol and sodium trifluoroacetate at concentrations of 5
mg/mL and 10 mg/mL, respectively. The samples were then run on a Shimadzu 7090 MALDI-
TOF instrument utilizing positive ion and linear high mass modes. Mass analysis subtracted 23

Daltons to account for sodium counter ions.

4.3.3 Mass Loss

TEDE oligomers containing an average of 1 — 4 thioester links were mixed with PETMP and
1819 in a 1 thiol : 1 ene : 0.025 1819 molar ratio, with neat TEDE monomer representing a N = 1
oligomer due to its preexisting internal thioester link. The solution was placed between glass slides
separated by 100 um spacers and exposed to 400 — 500 nm light at 2.5 mW/cm? for 5 min on each
side. The resulting cured films were cut into 2 cm x 3 cm x 100 um films. The initial weight (mo)
of the films was measured, the films were swollen in acetone for 1 h to remove sol-fraction, and
finally films were placed in a degrading solution containing 1.0 M BMP, 0.3 M TEA, and acetone.
Films were removed from the degrading solution at specific times, vacuum dried at 50 °C for 24

h, then weighed again, mrinal. Film mass loss, MLexp, was calculated via

Mo—Mfina
MLexp = —o[inal (3)

mo
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4.3.4 Blended Networks

Blended thioester networks were created by mixing N = 1 with N = 4 oligomers in varying
molar ratios. The average number of thioester links within the oligomer blends, N, was calculated
as,
N=4-3f (4

where f is the ratio of N =1 : N =4 oligomer and f < 1.

4.3.5 Nile Red Mass Release

4.3.5.1 Degradation Visuals

Films composed of oligomers containing varying thioester linkages (N = 1, 2, and 4) were
photocured following the method described in Section 4.3.3, with an additional 0.5 wt % of Nile
red. After irradiation, the films were cut, weighed, and swelled in acetone for 16 h to remove the
sol-fraction and any unencapsulated dye. These films were then placed into specially prepared
scintillation vials (contained a stir bar and a protective wire mesh bottom), submerged in 20 mL
of degradation solution, and the vials were sealed using Teflon and parafilm. These vials were

placed in a lightbox and photographed every 4 h.

4.3.5.2 UV-Vis

Network films composed of oligomers containing 2 thioesters groups (N = 2) were prepared
and degraded in the same way as in Section 4.3.5.1. 1 mL aliquots were taken every 2 h and were
run on an Evolution 300 UV-Vis instrument from Thermo Scientific, recording absorbance from

350 — 700 nm. The Beer-Lambert law, A = €lc, was applied to the Nile red absorbance peak at
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552 nm to determine concentration, where A represents absorbance, € molar extinction coefficient,
| path length (cm™), and ¢ concentration (M). A value of 33,000 + 4,000 cm Mt was calculated
for & based on calibration experiments which measured the absorbance of three 10 uM solutions
of Nile red in a 1 cm cuvette, matching previous literature values.*® The 10 uM solutions of Nile

red were composed of 1.0 M BMP, 0.3 M TEA, and acetone.

4.3.6 Model Development

Modeling degradation of a thioester network composed of crosslinks with varying dispersity
required analysis of both the polymer network structure and the Kinetics of the thiol-thioester
exchange (TTE). Building from past models derived by Metters et al.,>* Rydholm et al.,*° and
Hernandez et al.,?® this work developed a new statistical model that took into account the number
of thioester links within crosslink arms composed of oligomers, the distribution of these oligomers,
and the reaction rate of TTE. Several simplifying assumptions were made to develop this model:
(i) the polymers under consideration formed ideal distributions; (ii) the kinetic coefficient for the
TTE remained constant throughout degradation and for every thioester in the network; (iii)
completely cleaved segments diffused nearly immediately out of the degrading network; and (iv)
no further TTE reactions occurred in cleaved segments. These assumptions will not hold for all
networks, such as in thick samples, systems with significant oligomer cyclization,> with pendant
chain and cycle formation during polymerization,*® and with non-isothermal exchange reactions

that impact the reaction rate constant.?
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4.3.6.1 Structure Component of Model

The structural component of this model first considered the network to be homogenous and
monodisperse, where each crosslink was attached to a Z number of arms and each arm was an
oligomer that contained an N number of thioester links, Figure 4.1a. As this network degrades via
TTE, only one of the available thioester groups on an arm must exchange for that entire arm to be
releasable. This realization results in an equation describing the fraction of broken arms as
determined by the extent of TTE:

A=1-(1-P)V (5

where A is the fraction of broken arms, P is fractional TTE conversion, and N is the number of
thioester links per oligomer or crosslink arm.

Mass loss for a network of this type occurs when all arms of a crosslink’s segment are
completely broken, allowing the segment to detach and diffuse out of the system, Scheme 4.1
(right). The probability that an arm of a crosslink segment is broken may be described by y, with
1-y describing the probability an arm not being broken. Arms may break in two ways: (i) the arm
is directly broken (probability A), or (ii) the arm is still intact (probability 1-A) but all other arms
on its adjacent crosslink segment are broken (probability y#%). This results in the relationship,
y=A+(1-A)y*(6)

Mass loss is then defined as occurring when all arms of a crosslink segment are broken, as
these fragments can then be released. This behavior is mathematically described by,

ML =y?* (7)
where ML is the fractional mass loss that results from these released segments. Combining
equations 5, 6, and 7 combines the effects of fractional TTE conversion with the fraction of arms

that are broken and the fractional mass loss as a result of these broken arms, resulting in one
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simplified equation that gives mass loss as a function of the extent of TTE for a homogenous,
monodisperse network. When this network has Z = 4 arms per crosslink segment, mass loss is

described precisely in terms of A or in terms of P and N by,

MLmon0=<—§+ /ﬁﬁ) =<—§+J(1—P)-N—%> )

The above equation describes mass loss until a Pecritical Value is reached, at which point MLmono

= 1 because the network undergoes reverse-gelation and all residual mass is assumed to

immediately dissolve into solution. Past work for the degradation of a non-oligomeric thioester
networks defines Pcritical @S Periticar = ; 26 As degradation within non-oligomeric thioester

networks requires only one thioester to disconnect for a crosslink to be broken, the fraction of
broken crosslinks in non-oligomeric networks (P) equals the fraction of broken arms in oligomeric

networks (A). As such, a critical fraction of broken arms may be defined beyond which ML =1,

Z-2
Acritical = E(g)

Combining equation 9 with equation 5 for a Z = 4 network solves for Pcritical in these monodisperse

networks under consideration,

In3

Peritical = 1 — e N (10)

4.3.6.2 Accounting for Dispersity

As opposed to a monodisperse network where each arm contains the same number of N
thioester links, dispersity in the model considers a network composed of arms with a distribution
of N thioester links. To account for dispersity in these oligomeric arms, a number-average
probability distribution for oligomer size was determined. A modified Flory-Schulz distribution

was formulated that allows for off-stoichiometric quantities of reactive groups, and detailed
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derivation of this distribution and all subsequent equations is found in Section 4.8.1 of the
Supporting Information. The result is a statistical distribution profile that divides oligomers into

odd and even degrees of polymerization:

x(ioga) = || (1 = 1p) rp®)* + [Z522] (1 = p)(rp?)¥; i = 2k +1 (1)

1+r—-2rp 1+r-2rp

*Ueven) = [ rp(1 = p) P + [Z p(1 = rp)(rp?); i =2k +2 (12)

1+r-2rp 1+r-2rp

where x(i) is the number-average probability, or mole fraction, of oligomers of length i; r is the
stoichiometric ratio of reactants as defined by Carothers; p is the degree of conversion of the
limiting reactive group; and k is an integer dummy variable that ranges from zero to infinity. In
the case of equimolar reactants (r = 1), these equations reduce to the familiar Flory-Schulz
distribution x(i) = (1 —p)p"~t.5' The number-average degree of polymerization of the

distribution, Xy, is found by the sum of all ix (i) , which reproduces the Carothers equation X, =

1+r
1+r—-2rp

for one reactant in excess. Both the Flory-Schulz distribution and the modified distribution

for thioester links are plotted in Figure S4.1.

With this distribution, mean-field approximations of model parameters are used to adjust the
monodisperse model to a polydisperse one. For the probability that an arm is broken (y), a number-
average of y values for all oligomer sizes is obtained:
y=A+(1-A)y* " (13)
where y is the number-average probability the arm of a crosslink segment is broken, A4 is the
number-average fraction of arms broken, and Z is the number of arms per crosslink segment. The
form of this equation is mathematically identical to that of equation 6 for the monodisperse model,
requiring only identification of A. If complete conversion of the limiting reactant during oligomer

synthesis is assumed, A is given by
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A= Rix(AW) = Tkeonz. [(L = IrH[1 = (1= PY*] = 25 (14)

Mass loss is then given by ML = 5% which simplifies to the following when Z = 4,

4
1 , A 1
MLpOly = <_E + ﬁ + Z) (15)

4.3.6.3 Kinetic Component of Model

The kinetics of the TTE reaction contribute to the degradation process of thioester networks.
The exchange reaction proceeds by exchanging the groups attached to the thiol and the thioester.
However, this reaction requires the thiol to become a thiolate and so the exchange kinetics depend
on the concentration of thiolate and not that of thiol.*! Past work has shown that if thiolate
concentration in the degrading solution greatly exceeds thioester concentration in the material to
be degraded, the second order TTE may be treated as a pseudo-first order reaction where thiol
concentration is fixed and only thioester concentration changes.?®?” All degradation studies in this
work degraded thioester networks in a solution containing at least 25 times excess thiol, enabling
the treatment of TTE as a pseudo-first order reaction, described by
[TE] = [TE],e~*IS71¢(16)
where [TE] is the current concentration of connected thioesters within the network, [TE]o is the
initial concentration of connected thioesters within the network, k is the reaction rate constant for
the TTE reaction, [S ] is the concentration of thiolate, and t is the time.

The kinetic component of this model may be combined with the structural model components

described earlier by relating P to [TE],

[TE]o—[TE]

P =,

=1—e K57t (17)
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Combining equation 17 with equation 8 gives model predictions for how a monodisperse Z =
4 network undergoes mass loss, while combining equation 17 with 15 gives mass loss predictions

for a polydisperse Z = 4 network.

4.4 Results and Discussion

4.4.1 Model Results

This work sought to investigate how oligomer structure within CANs may be used to control
degradation when exposing these networks to only a single set of exchange reaction conditions.
To that end, this work focused on the TTE reaction and thioester CANs as a representative system
but the structural models described herein are chemistry agnostic and apply to various degradation
reactions. To study the specific impact of oligomer structure on thioester CAN:Ss, a statistical kinetic
model was developed that considered the kinetics of the TTE reaction, the number of thioester
links within oligomers, and the dispersity of these oligomers.

The developed model predicts that as the number of thioester links within the oligomer (N)
increases, mass loss occurs more rapidly. Figure 4.2 plots the predicted mass loss for a tetramer-
based network as a function of time (t), of fraction of arms broken (A), and of fractional TTE
conversion (P). Figure 4.2a shows a graphical representation of all the variables under
consideration in this work, including an example of how the fractional TTE conversion and the
fraction of arms broken are calculated when considering only the two arms drawn. Only one of the
thioester links on an arm must be broken via the exchange reaction for an entire arm to become
disconnected. Figure 4.2b shows how predicted mass loss changed as a function of time as the
oligomer length, N, increased from 1 — 50. Mass loss in Figure 4.2b was predicted by combining

equations 8 and 17, and setting k to a value of 0.0040 M-'min-! as established by previous work.®
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Greater values of N resulted in faster mass loss, with time for complete dissolution showing a more

than tenfold decrease, dropping from 15.5 to 0.5 h as N increased from 1 — 50.
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Figure 4.2. Model predictions show arms with more thioester links, i.e. longer oligomers, lose
mass faster. (a) Diagram showing all the components of the oligomer CAN structure under
consideration. (b) Predicted mass loss as a function of time, with thioester links within oligomers
(N) increasing from 1 — 50. (c) Predicted mass loss as a function of fraction of arms broken (A),
which is the same for all N values in a Z = 4 network. (d) Predicted mass loss as a function of
fractional TTE conversion (P), with thioester links within oligomers increasing from 1 — 50.

84



Figures 4.2¢ and 4.2d show how predicted mass loss changed with structurally relevant, but
difficult to measure variables including the fraction of arms broken (4) and fractional TTE
conversion (P). Figure 4.2¢ used equation 8 to plot mass loss, and this single curve represents all
N values in a Z = 4 network. A single curve describes all N values because in these CANs mass is
lost when all arms of a crosslink segment are broken and this segment diffuses out. However, the
number of thioester links within each broken arm does not matter, only the number of arms per
crosslink segment (Z) matter. For the Z = 4 network predictions considered here, when 4 equals
0.67, the mass loss reached a value of 1, indicating complete dissolution and indicating that 0.67
is the value of Acitical, which matches the prediction from equation 9. Figure 4.2d used equation 8
to plot predicted mass loss as well, but instead looked into the relevant contributions from
fractional TTE conversion (P) and number of thioester links within oligomers (V). As P increased,
more mass is lost, while as NV increased, mass loss is achieved at lower and lower extents of TTE.
When N =1 the variables 4 and P are identical and their curves overlap, but as N approached
values of 10 or greater only 10 % of thioesters need to disconnect (P = 0.1) for complete
dissolution. When N reached 50, only 2 % of thioesters (P = 0.02) must disconnect for complete
dissolution, which explains why the N = 50 mass loss in Figure 4.2b fully degrades in only 0.5 h.

While Figure 4.2 evaluates degradation of a monodisperse network, past theory?®5? and
experimental studies®® have shown that synthesized oligomers are often a polydisperse distribution
of chain lengths. As oligomer distribution has been to shown to impact mass loss in traditional
polymer networks,3%3? this work investigated how dispersity in a thioester oligomer would
influence degradation. To this end, a structural model was developed to track how the mass loss,

the fraction of arms broken (A), and the fractional TTE conversion (P) changed as oligomer
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distribution shifted from monodisperse to polydisperse with the results from that approach

presented in Figure 4.3.
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Figure 4.3. Thioester networks composed of monodisperse oligomers are predicted to degrade
more rapidly than networks containing polydisperse oligomers for equivalent average oligomer
lengths. (a) Predicted mass loss as a function of time for thioester networks composed of either
mono (solid) or poly (dashed) disperse oligomers, with thioester links within oligomers (N)
increasing from 1 — 50. (b) Fraction of arms broken (A) as a function of fractional TTE (P) for
mono (solid) or poly (dashed) disperse oligomers, with N increasing from 1 — 50.

Model predictions show that thioester networks composed of monodisperse oligomers lose mass
more rapidly than those composed of polydisperse oligomers. Figure 4.3a plots predicted mass
loss as a function of time as N increase from 1 — 50 for both mono and poly disperse oligomers by
using equations 8, 15, 17, and a value of 0.0040 M 'min"! for k. For both networks, as N increased
less time is required to achieve mass loss. When N =1 the mono and poly disperse systems degrade
identically, but for larger N values polydisperse oligomers degrade more slowly, requiring
approximately 25% more time when N = 2 and increasing to nearly double the time when N = 50.

The polydisperse oligomers likely require more time for mass loss because their distribution
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contains oligomer lengths shorter than their number-average degree of polymerization, Xy, which
take longer to degrade. As N increases from 1 to 50, the range of available shorter oligomer lengths
grows which explains why larger N oligomers experience a greater impact from dispersity changes.
The complete distribution for polydisperse oligomers is shown in the Supplementary Information,
Figures S4.1 and S4.2. Nevertheless, the impact of polydispersity on mass loss time can still be
outweighed by the effects of changing N.

Figure 4.3b shows that thioester networks composed of monodisperse oligomers require lower
values of TTE conversion (P) to reach complete dissolution. Figure 4.3b plots the fraction of arms
broken (A4) as a function of fractional TTE (P) as N increased from 1 — 50 by using equations 5
and 14. As N increased, both the mono and poly disperse oligomers required lower values of P to
reach Acriricar, the grey dashed line located at 4 = 0.67 which indicates complete mass loss. While
both dispersities produced curves that look similar, the curves for monodisperse oligomers (solid
lines) have a steeper slope at low P values, a flatter slope at high P values, and reach Acyisica faster
than the curves for polydisperse oligomers.

TTE continues within thioester networks even after complete dissolution, and Figure 4.3b
shows that exchange that proceeds in the region of A > Acriticat must occur within already the already
dissolved network. In situations where A =1 but P < 1, the thioester network has entirely degraded
into single crosslink segments with each segment composed of arms containing unreacted thioester
links, Figure S4.3. The N = 50 curve for monodisperse oligomers provides a clear example: here
all arms of the network are broken when the fraction of TTE conversion exceeds 0.15, indicating
the unreacted thioester links must be contained in single crosslink segments containing very long

arms. The above suggests that thioester networks composed of monodisperse oligomers degrade
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into single crosslink segments containing very long arms while those composed of polydisperse

oligomers degrade into crosslink segments still connected to each other.

4.4.2 Network Mass Loss

Having explored a theoretical model that describes how oligomer structure may be used to
control the degradation of thioester CANS, this worked moved to test model predictions and track
mass loss of photocured thioester networks. Physical networks were created by first synthesizing
oligomers containing thioester links, mixing these oligomers with PETMP, and photocuring the
mixtures. These networks were then submerged in a solution of 1 M butyl-3-mercaptopropionate,
0.3 M triethylamine, and acetone to trigger the TTE and begin the mass loss process. The process
to synthesize the oligomers which contained thioester links utilized a thermally-initiated thiol-ene

polymerization reaction, Figure 4.4.
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Figure 4.4. Oligomers containing N number of thioester links were synthesized via a thermally
initiated thiol-ene polymerization reaction. (a) Scheme of oligomerization reaction, with TEDE in
excess. (b) GPC curves for synthesized thioester oligomers and their constituents, showing mass
fractions versus time as measured by refractive index (RI).

The thermally-initiated thiol-ene polymerization reaction was used to create thioester oligomers
containing 1 — 4 thioester links. Figure 4.4a shows the scheme used to synthesize the thioester
oligomers, where TEDE was in excess and the number-average degree of polymerization, Xy, was
calculated via equation 1. Since only the TEDE monomer contained thioester links, the degree of
polymerization (X) for an oligomer did not match the number of thioester links within that
oligomer (N), and the two are instead related via equation 2. For clarity, in this work oligomers
containing 1, 2, 3, or 4 thioester links are studied, and these oligomers have degrees of
polymerization of 1, 3, 5, or 7, respectively. Figure 4.4b shows GPC traces of the synthesized
oligomers, with refractive index plotted as a function of elution time. As the ratio of thiol : ene
groups () decreased, the synthesized oligomers achieved larger molecular weights and larger
dispersity values which increased from 1.01 to 1.33, Figure S4.4. GPC mass fractions showed

distinct peaks for each degree of polymerization, with the GPC peaks at 16.5, 16, 15, 14.5, 14,
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13.8, and 13.2 minutes representing X, of 1 — 7, respectively. Only a small mass fraction of dimer,
and no unreacted HDT, was observed in the oligomer distributions.

MALDI and NMR spectroscopy were used in conjunction to characterize further the synthesized
oligomers. Similar to the GPC data, MALDI showed the oligomers were polydisperse containing
degrees of polymerization ranging from 1 — 9, Figure S4.5. NMR showed the experimental
number-average degree of polymerization for oligomers, calculated by comparing the ratio of
unreacted TEDE allyl peaks (5.25 ppm) to reacted TEDE thioester peaks (3.12 ppm), matched the
theoretical predictions from equation 1, Figure S4.6. Furthermore, NMR confirmed the
consumption of all HDT monomer. The combination of GPC, MALDI, and NMR justify the
treatment of synthesized oligomers as polydisperse distributions with a number-average degree of
polymerization (X, ) calculated by equation 1.

After establishing a reliable method to synthesize the thioester oligomers, and confirming the
oligomer structure met model requirements, this work proceeded to mix these oligomers with
PETMP and 1819 and photocure the solution into 100 um free-standing films. These films were
submerged in a solution of 1 M BMP, 0.3 M TEA, and acetone to trigger the TTE reaction. Mass

loss was then tracked over time to characterize the degradation process, Figure 4.5.
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Figure 4.5. Experimental mass loss studies showed the model accurately predicted mass loss for
large oligomers (N > 3), but underpredicted mass loss for small (N < 3) oligomers. (a) Mass loss
for thioester networks as a function of time, with thioester links within oligomers (N) increasing
from 0 — 4. (b) Time required for complete network dissolution to occur as a function of thioester
links within oligomers (N), showing model predictions for two values of k. In both plots Z = 4,
solid lines are model predictions using k = 0.004 M-*min-%, dashed lines are model predictions
using k = 0.0024 M-*mint, markers are experimental data, and error bars are standard deviation.

Model predictions were found to match experimental results, showing that a larger number of
thioester links within the oligomers (V) resulted in faster mass loss. Figure 4.5a shows how
experimental mass loss (markers) and predicted mass loss (lines) changed as a function of time as
N increased from 0 — 4. The model predictions were calculated using equations 8 and 17, with
values 0f 0.0040 M'min"! for £ and 0.30 M for [S7] as set by a previous studies on thioester network
degradation.?® Model predictions for mass loss matched experimental data for large oligomers (N
= 3) but underpredicted the time required for shorter oligomers (N < 3), with experimental results
for the N =1 films requiring 56 % longer to degrade completely than predicted (16 h versus 25
h). While seemingly large, this deviation was readily overcome by decreasing the one fitting

parameter for this model, i.e. the reaction rate constant &, by a small amount. Reducing & by only
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40 % from 0.0040 to 0.0024 M 'min"! showed good agreement between the new model prediction
(Figure 4.5a dashed line) and experimental data. A number of differences may explain why
smaller oligomer lengths require smaller & values to better predict mass loss, including: polarity in
the thioester network changes as oligomer length changes, crosslink density changes as oligomer
length changes, and longer oligomers may contain unreacted thioester links which further
disconnect with time and diffuse out more readily.?*

Figure 4.5a also shows that mass gain was observed for the thioester network composed of the
smallest oligomer, N = 1. Mass loss for N =1 reached — 0.03 at the 12 h time point, indicating a 3
% mass gain and no other oligomer lengths exhibited this effect. Mass gain was likely not observed
in longer oligomers because the mass of BMP adding into the oligomers was too small compared
to the total oligomer molecular weight. Therefore, mass loss from detached crosslink segments
diffusing out of the network was significantly larger than the mass gain from BMP connecting into
oligomer arms when N > 1.

Figure 4.5b shows that the time required for complete dissolution of thioester networks
decreased as the number of thioester links within the oligomers (&) increased. Figure 4.5b plots
the total degradation time (when mass loss = 1) as a function of N, comparing experimental data
(markers) to model predictions (lines). Model predictions were derived using equations 10 and 17,
and these predictions were repeated for both values of the & parameter derived in Figure 4.5a,
0.0040 (solid line) versus 0.0024 M-'min!' (dashed line). As N increased, the total degradation
time required for mass loss decreased, with the slope dropping rapidly from — 15 h/link at N =1
to — 1 h/link at N = 4. This decreasing slope explains why larger values of N see little change in

their total degradation time while smaller values of N see large changes. This behavior is evident
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when observing the mass loss predictions in Figure 4.2b: N increasing from 10 — 50 decreased
mass loss time by 1.25 h while N increasing from 1 — 2 decreased mass loss time by 8 h.

Rapid diffusion of detached crosslink segments out of the network was a key model assumption
in creating Figure 4.5. In reality, diffusion of detached segments was likely non-instantaneous and
resulted in mass being kinetically trapped within the network as observed in other degrading
polymer systems.** To test diffusion limitations, thioester films were submerged in degrading
solution for a specified time, removed and submerged in acetone for 24 h, dried, and weighed.
This additional post-degradation soak in acetone enabled kinetically trapped segments to diffuse
out. The results are plotted in Figure S4.7 and show that while these thioester CANs did contain
detached segments kinetically trapped inside the films, their contribution to mass loss was small.
The largest mass loss changes were observed right before films reached reverse gelation, but even
these changes only decreased mass loss time by a maximum of 2 h which did not change the overall
mass loss curve profile or the timescale.

The experimental results examined describe how synthesized oligomers may be used to tune
degradation of thioester CANs. However, there exists potential to tune the degradation process
even further by mixing these oligomers to create blended CANs, and in this way achieve more
comprehensive control over the degradation timescale by simply changing the mixing ratio. To
explore these blended CANs, this work mixed N = 1 with N = 4 oligomers in varying ratios,

photocured the mixtures into blended networks, and tracked the mass loss of those networks.
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Figure 4.6. Mixing N = 1 with N = 4 oligomers in varying ratios created blended networks, where
the degradation process could be tuned by simply changing the ratio of these oligomers. Mass loss
as a function of degradation time, showing homogenous networks (circles) and blended networks
(stars). The solid line indicates model prediction for the N = 1.5 network.

Combining the N =1 and N = 4 oligomers in various ratios shows blended CANs span the entire
4 to 25 h degradation timescale and may be tuned to match the degradation profiles of homogenous
CANS . Figure 4.6 plots mass loss as a function of degradation time for homogenous networks as
N increased from 1 — 4 (circles) and for blended networks as the ratio of N =1 : N = 4 oligomers
(f) decreased (stars). The blended networks consisted of fractions f'= 0.83, 0.67, and 0.33 which
described oligomers where N = 1.5, 2, and 3, respectively. The N =2 and N = 2 networks had
identical degradation profiles, achieving complete dissolution within 4 h. The N =3 and N=3
networks were almost identical, where the blended network required an additional 2 h to achieve
complete dissolution. This longer mass loss time may be due to the smaller mesh size produced by
N =1 oligomers in the blended CANs, which inhibits diffusion of detached segments. However,
these deviations remain small and the degradation profiles for networks describes by N or N are

nearly functionally equivalent.
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To demonstrate that mixing oligomers into blended CANs resulted in greater control over
degradation profiles, a N = 1.5 thioester network was created to achieve mass loss times not
attainable in the homogenous networks. Figure 4.6 shows complete dissolution of the N = 1.5
network occurred in 16 h, a time in between the N =1 and N = 2 networks. The model prediction
for N = 1.5 (solid line) closely followed experimental mass loss data, showing that a value of k =
0.0024 M-mint more accurately predicts mass loss for blended networks composed of a large
molar ratio of N = 1 oligomer. This experiment shows that the developed model accurately predicts
mass loss for oligomers spanning a variety of molecular weights, and other researchers may choose
to expand this model to predict the degradation of blended CANs composed of arbitrary polymer

distributions.

4.4.3 Controlled Mass Release
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Figure 4.7. Controlled release of Nile red from degrading thioester networks showed oligomer
structure was useful to tune the mass release profile. (a) Photographs of thioester networks that
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contained Nile red submerged in degrading solution, evolving over time with N varying from 1 —
4. (b) Concentration of Nile red over time for N = 2 samples, calculated using UV-Vis and the
Beer-Lambert Law and compared to mass loss. Error bars indicate standard deviation for three
samples.

In order to visualize the dependence of mass release on the number of thioester linkages in each
crosslink, several films of varying oligomer lengths were photocured with the benzophenoxazone
dye Nile red encapsulated into their networks. The films were then degraded, utilizing the
evolution of color in the surrounding media to represent the release of each film’s encapsulated
payload. Encapsulation was chosen over covalent attachment into the network to evaluate these
materials as capable of releasing payloads without inherent reactive groups.

Figure 4.7a shows the progression of dye release in each sample over time with the yellow line
indicating the time of the film’s observed degradation. As in the previous degradation studies,
films crosslinked by oligomers with more thioester linkages degraded faster than those with fewer
thioester linkages and resulted in a more rapid release of color throughout the degradation media.
The degradation times of each film roughly corresponded to the values predicted by the model
with N=4, N=2, and N =1 films degrading at approximately 3, 10, and 20 h, respectively. Small
deviations of these degradation times from their corresponding mass loss profiles are attributed to
carrying out the mass release studies in vials with a more narrow aspect ratio. These narrow vials
likely resulted in a faster mixing rate, which generally accelerated the degradation process and
resulted in lower degradation times in all but the N = 2 trial. These results firmly demonstrate the
potential of these materials to be tuned to achieve different degradation times and highlight their
possible utility in future controlled mass release applications.

UV-Vis spectra were collected from aliquots of the degradation media in order to quantify the
release of dye in each sample. Figure S4.8 shows a representative plot of Nile red absorbance over

time for the N = 2 sample while Figure 4.7b shows the concentration of Nile red over time for
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these samples found using the Beer-Lambert law. As expected, the N = 2 samples exhibited an
increase in absorbance over time at ~550 nm, corresponding to the characteristic absorbance of
Nile red.>354 Fortuitously, this peak formation exhibited minimal impact from base interactions as
may occur with solvatochromic dyes.®® The subsequently calculated concentration of Nile red
exhibited a trend that agreed with the mass loss profiles for N = 2 networks, Figure 4.7b. All
samples reached the same concentration (8 pM) over the course of 10 h, although dye release

occurred faster than mass loss for shorter degradation times.

4.5 Conclusions

By controlling oligomer structure, this work was able to tune the degradation profile of thioester
CANs as mediated by the TTE reaction. A statistical kinetic model was derived that considered
the number of thioester links within oligomers (), the dispersity of these oligomers (mono versus
poly disperse), and the kinetics of the TTE reaction. Model predictions indicated that the oligomer
length had a much larger impact on degradation than dispersity, changing the time required for
complete dissolution by tenfold versus twofold. Thioesters oligomers were synthesized to test the
predicted effects of changing N, and model predictions matched experimental data showing that
increasing N resulted in faster degradation, reducing mass loss time from 25 to 4 h, and showing
that a single fitting parameter £ could accurately capture experimental data using a range of only
0.0024 to 0.0040 M-'min!. Blended CANs, created by mixing N = 1 with N = 4 oligomers in
different ratios, showed mixing oligomers achieved mass loss times not obtainable by homogenous
networks, such as the N = 1.5 network degrading in 16 h. Lastly, mass release studies using Nile
red showed thioester CANs may be used for quantitative payload applications as calculated by the

Beer-Lambert law.
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Work of this nature provided new models to describe how the structure of CANs may be used
to tune degradation mediated by an exchange reaction. While this research focused on thioester
networks and the TTE reaction, the structural components of the developed model are chemistry
agnostic and may be readily applied to a number of different degradation schemes. Furthermore,
the developed model may be used to extract the reaction rate constant k from mass loss data,
serving as a tool to study degradation pathways where the precise reaction kinetics are unknown.
Altogether, this work shows the versatility of CANs network structure as a means to design

controllable degrading thermosets for smart material applications.
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4.8 Supporting Information
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Figure S4.1. (a) Flory-Schulz distribution for oligomers as a function of repeat units (i), using the
listed equation where x is the molar fraction, p the conversion, and i the oligomer length. (b)
Derived polydisperse distribution for odd-numbered oligomers, plotting molar fraction versus
thioester linkages per oligomer. Distribution uses the listed equation where r is the ratio of HDT :
TEDE and N the number of thioester linkages per oligomer.
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Figure S4.2. Derived polydisperse distribution for odd-numbered oligomers, plotting molar
fraction versus number of repeat units (i). Only odd-numbered repeat units are considered, and

repeat units (i) translates to thioester linkages (N) via N = ?
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Figure S4.3. Two regions (1, 2) are visible when comparing the fraction of arms broken versus
the fraction of thioesters disconnected. Changing N or dispersity (mono versus poly) controls
which region degradation occurs in.
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Figure S4.4. (a) Characteristic values for thioester oligomers created by reacting TEDE with HDT
in varying stoichiometric ratios. X,, was calculated using equation 1, r is the molar ratio of [TEDE]
: [HDT], N the number of thioester linkages per oligomer, and Dx the oligomer dispersity as
calculated by GPC. (b) Calibration curve used to determine oligomer Mw and dispersity. The curve
was created using elution times for known low Mw oligomers and followed a previously
established literature method.!
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4.8.1 Model Derivations

4.8.1.1 Oligomer Degree of Polymerization Distribution for Off-Stoichiometric Monomers
For the step-growth reaction of two difunctional monomers AA and BB with one reagent in
excess, a statistical approach is used to determine the oligomer number-average size distribution.
After polymerization, a randomly selected oligomer can fall into one of four categories: 1. An i-
mer beginning with unreacted A, where i is an odd integer, 2. An i-mer beginning with unreacted
B, where i is an odd integer, 3. An i-mer beginning with unreacted A, where i is an even integer,
or 4. An i-mer beginning with unreacted B, where i is an even integer.
A — (AB — BA),, — 4; i=2k+1; k=0,1,2, ..
B — (BA— AB), — B; i=2k+1, k=0,1,2,..
A—(AB—BA),—AB—B; i=2k+2; k=0,1,2,..
B—(BA—AB),—BA—4; i=2k+2; k=0,1,2,..
Starting with A or B
The probability of starting with an unreacted A is the mole fraction of all unreacted A with
respected to all unreacted functional groups (y,), or

VA= N+ N,
The numbers of unreacted A (N,) and unreacted B (Ny) are related to their individual degrees

of conversion and initial values, or

_ Ny _ Nyo(1—pa4) _ 1—p,
Ny+ Ng  Npo(1—pa) + Npo(1 —pp)

Ya
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If A is the functional group in excess, % =rand p, = rpg. Combining these and dropping
A0

the subscript B in pg for clarity provide an expression for the mole fraction of unreacted A with

respect to all unreacted functional groups:

11—
1+4r-—2rp

Va
Therefore, the probability of starting with Case 1 or Case 3 is y, while the probability of
starting with Case 2 or Case 4is 1 — y,.
Growing Oligomers by Two Units
For all cases, for every increment in size by two monomer units (or, equivalently, every
increment in dummy variable k), the bracketed portion of the oligomer requires one reaction of A
and one reaction of B. These occur with probability p, = rpg and pg, respectively. Therefore,
the probability of an oligomer growing by two monomer units is (rp?)¥.
Ending with an Odd or Even Degree of Polymerization
Lastly, the end group on each oligomer must be established. For Case 1, an A group must
remain unreacted, which occurs with probability 1 —p, = 1 —rp. For Case 2, a B group must
remain unreacted, which occurs with probability 1 —pz = 1 — p. In Case 3, one A group must
react followed by one B group not reacting. This occurs with probability p,(1 —pg) =

rp(1 —p). Similarly for Case 4, one B group reacts followed by one A group remaining

unreacted, with probability p(1 — rp).

4.8.1.2 Number-Average Degree of Polymerization Distribution and Reduction to Flory-Schulz
Combining all these together provides the number-average size distribution of oligomers in an off-

stoichiometric step-growth reaction:

110



Va rp®* (1-1p) i=2k+1; k=0,1,2,..

(1 -y )(p®* (1-p) i=2k+1;, k=0,1,2, ..
Va (rp®)* rp(1-p) i=2k+2; k=0,1,2,..
(1 =y)(p®* p(1—rp) i=2k+2; k=0,1,2,..

Flory-Schulz Distribution
In the case of equimolar concentrations of reactive functional groups or the case of

homopolymerization (r=1), the distribution simplifies to the familiar Flory-Schulz distribution.
For odd i (Case 1 and Case 2), k = % and for even i (Case 3and Case 4), k = % Therefore, in

the equimolar case for odd i,
x(loaa) = ya@?* A = p) + (1 = y) (@1 - p)

=y.@*A-p)+ A -y )P)*(1 —p)

= yA(p) (1 p)+(1- yA)(p) (1 —p)
X(ioaa) = (@)1 = p)
Similarly, for the equimolar case for even i:
X(leven) = ya(@?)*p(1 —p) + 1 = y) ®**p(1 —p)

=y.)*p(1-p)+ A -y )@ *p(1 —p)

2(-2)
=ya(p) 2 p(A-p)+A- yA)(p) - p(l -p)
ya@) A -p)+ (1 -y ) ()21 - p)

X(leyen) = (p)i_l(l - p)
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4.8.1.3 Determination of y
The probability of an arm of a crosslinking monomer becoming disconnected from the network
depends on the oligomer length of that arm. To simplify the mass loss calculation, a weighted

average is used to determine a number-average effective y, or y, via

y= ) xWyWy= > x(y

N=1,2,... k=0,1,2,...
where N is the number of thioesters in an arm, x(N) is the number-average distribution of arms
with N thioesters, and y(N) is the probability of an arm with N thioesters becoming disconnected
from the network. Although a general formula for y for any oligomer size can be determined, if
an ideal network is assumed, only odd-sized oligomers beginning with excess unreacted ene (Case
1, with ene identified as A and thiol identified as B) are possible. In this scenario, N = k+1, where
k is the same dummy variable used in the Case 1 distribution, and p = 1. For a given number of

thioesters in an arm, the following expression for y(j) holds for Z = 4:

YD =AD+(A-4() Y > > EOyOIxmymIxmye)

1=0,1,2,..m=0,1,2,..1n=0,1,2,...

Here, A represents the probability that at least one thioester has cleaved on the oligomer arm
containing j thioesters. When no thioesters have cleaved on the oligomer arm, the arm can still be
disconnected if all arms of the adjacent crosslinking monomer are disconnected. The triple
summation is necessary because each of these arms on the adjacent monomer can be of different
length, each with its own probability distribution. By factoring out each term that is constant in

the summation, a more manageable form of this expression is obtained:

y() =AM +(1-4Q) D xOyD ) xmym) Y xmym)

1=0,1,2,... m=0,1,2,... n=0,1,2,...

y() =AM + (1 -AM)y°
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Multiplying this by x(j) and summing over all possible j gives y:

D Gy = Y x(DAG +x(H(1 - AR

Jj=012,.. j=0,1,2,...
y=A4+1-A)y*?
where the relation A = Y x(j)A(j) was used and the equation is generalized for crosslinking

monomer functionality of Z.

4.8.1.4 Determination of A
To use this equation for ¥, the same weighted average method for determining A4 is used. As
before, a fully generalizable form is available but significant simplifications to the process occur
when assuming an ideal network. In an ideal network, x(k) and A(k) have the following forms:
x(k) = (1 —=r)rk
A(k) =1— (1 — p)k+1

where the relationship N = k+1 was used. From here, A is determined:

A= ) x0AW= Y [A-1rH-1-P)(A-P)H]

k=0,1,2,... k=0,1,2,...
=(1-n) M- -na-p) ) {ra-r)]
k k

(- (1-Pa-P)
T 1-r 1-r(1-P)

P

Azl—r(l—P)
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Chapter 5: Low-Temperature Reprocessing of Covalent Adaptable Networks

via Thiol-Thioaminal Exchange

This chapter to be submitted as a manuscript to Macromolecules with the following coauthors:
Juan J. Hernandez, Claire E. Niemet, Cassandra M. Sanchez, Shafer Soars, Sudheendran Mavila,
Timothy J. White, Christopher N. Bowman

5.1 Abstract

This work explored the thiol-thioaminal exchange reaction within covalent adaptable networks
(CANSs) to establish reversible exchange CANs with near-ambient temperature reprocessability.
A small molecule system was developed that extracted kinetic parameters (ki, kr, Keq, t1/2,eq) from
the thiol-thioaminal exchange reaction between a thioaminal (DMTA) and three thiols (BMP,
BTG, TP) by means of an established model. Changing thiol most impacted the reverse reaction
rate constant (kr), increasing over 100 times from 0.2 to 20 mM-min-t. Thioaminal-containing
networks were photocured and stress relaxed via the thiol-thioaminal exchange reaction,
displaying an activation energy (Easr) of 87 + 8 kJ/mol. Excess thiol and elevated temperatures
both lead to faster stress relaxation, with a stress relaxation time of as little as 10 s at 95 °C.
Frequency sweeps of thioaminal networks resulted in a similar activation energy (Ears) of 107 +
8 kJ/mol and confirmed thiol-thioaminal exchange leads to reversible exchange type CANS.
Thioaminal films were submerged in four thiols (BMP, BTG, TP, HT) to track network
degradation via thiol-thioaminal exchange, and showed that choice of thiol gave ~100 times
control over degradation time (380 min versus 4 min). The thiol-thioaminal exchange reaction
represents a new CAN chemistry with potential in applications in need of rapid exchange reactions

under near-ambient conditions.
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5.2 Introduction

Recent interest in developing reprocessable crosslinked polymers has led to innovations in
sustainable materials,'?> on-demand constructing-then-destructing photomasks,®> and triggered
drug release capsules.*> Of the numerous ways to add post-functionalization to crosslinked

9-11

polymers, such as addition of photoreactive groups>® or cleavable chemical groups,’!! adding
dynamic covalent bonds to polymers results in the creation of covalent adaptable networks
(CANSs).!1213 When triggered, these dynamic covalent bonds rearrange network topology, giving
CANS s the benefits of crosslinked polymers while still allowing for material reprocessing via this
rearrangement.'#

CANs may be sub-divided into two categories based on the nature of the dynamic covalent
chemistry: reversible addition and reversible exchange reaction-based networks. Reversible
addition CANSs rearrange chemical groups by disconnecting covalent bonds through a dissociated
transition state, leading to a critical reverse-gelation point beyond which the polymer is no longer
a network.!>!> Conversely, reversible exchange CANs rearrange chemical groups by connecting
covalent bonds through an associated transition state, resulting in a lack of reverse-gelation
temperature, as the average crosslink density does not change with the applied stimulus. This
constant crosslink density grants reversible exchange CANs increased dimensional stability and
solvent resistance which justifies continued exploration.!>!® While reversible exchange CANs may
be triggered by various means, including light!”-'® and mechanical strain,'®?° temperature serves
as a favorable trigger due to its larger penetration depth,?! facile coupling with other triggers,?>2
and established infrastructure arising from thermal reprocessing of thermoplastics.?*2¢ Recently,

there has been a push to design reversible exchange CANSs that rearrange rapidly enough that these

networks may also be reprocessed by the traditional means developed for thermoplastics.

116



Several dynamic chemistries have enabled thermally-triggered reversible exchange CANs that
may be reprocessed by traditional means. Transesterification has enabled reprocessing by reactive
extrusion,?>” vinylogous urethanes by twin-screw extrusion,?* and numerous other chemistries by
compression molding.283? However, all of these dynamic chemistries require temperatures above
100 °C for rapid rearrangement and most require exogenous catalyst, limiting the reworking of

33-35 and

these networks at near-ambient conditions. Past work on reversible addition CANs
supramolecular polymers3® has shown that rearrangement at near-ambient conditions opens doors
for room-temperature self-healing, material blending, and post-functionalization while also having
a significant potential negative of ambient temperature creep behavior. Since creep behavior within
polymers may be hindered by mixing reversible crosslinks with irreversible crosslinks®’% or
sidestepped by confining dynamic networks to non-load-bearing applications,* there is still
promise in designing a reversible exchange CANs capable of rapid rearrangement at sub 100 °C
temperatures. Due to its rapid and self-catalyzed exchange, the thiol-thioaminal exchange reaction
may permit these desired CANS.

The thiol-thioaminal exchange reaction exchanges the groups attached to a thiol and a
thioaminal, as seen in Scheme 5.1. The exchange reaction is mediated by a thiolate anion, formed
by deprotonation of the thiol by the thioaminal nitrogen, and the reaction exchanges its functional
groups via a connected transition state.*’ Past work on thiol-thioaminal exchange has explored its
use in biologically-active amino acids,*! dynamic linear polymers,*® and photolithography* but to
these authors’ knowledge no work has explored how thiol-thioaminal exchange may create CANSs.

Since thiol-thioaminal exchange occurs rapidly at near-ambient conditions and without catalyst,

incorporating thioaminal groups into polymers seems to be a logical step.
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This work investigates the thiol-thioaminal exchange reaction as a means to create reversible
exchange CANSs that are rapidly reprocessable under near-ambient conditions. A small molecule
system was developed that extracted kinetic parameters (ks, kr, Keq, t1/2,eq) from the thiol-thioaminal
exchange reaction between a thioaminal (DMTA) and one of three thiols (BMP, BTG, TP). After
understanding the reaction through experiments on the small molecule system, thioaminal
networks were formed via the thiol-ene photopolymerization reaction. These networks were stress
relaxed via constant force shear rheology and the relaxation rates were analyzed via frequency
sweep experiments at various temperatures (60 — 95 °C). Lastly, thioaminal networks were
submerged in four thiol monomers (BMP, BTG, TP, HT) to investigate degradation via the thiol-
thioaminal exchange reaction. While this work focused on polymers, the reaction kinetics and
trends of thiol-thioaminal exchange addressed within may readily by adapted to other systems

where rapid exchange is desired, contributing to the field of dynamic exchange reactions generally.

; $
+ - +
&rN\/S\‘ HS/. - J‘"N\/S\’ HS/‘
Scheme 5.1. Thiol-thioaminal exchange replaces the groups attached to the thiol and the

thioaminal. This exchange occurs readily under ambient conditions without additional triggers or
catalyst.

5.3 Materials and Experimental Methods
5.3.1 Materials

Thioaminal molecules dimethylthioaminal (DMTA) and allylthioaminal (ATA) were
synthesized according to procedures described in the Supporting Information, Scheme S5.1 and

Scheme S5.2. All other materials were purchased commercially and used without further
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purification. 1-Hexanethiol (HT), 1,6-hexanedithiol (HDT), butyl 3-mercaptopropionate (BMP),
butyl glycolate (BTG), and thiophenol (TP) were purchased from Sigma Aldrich and Irgacure 819

(1819) from IGM Resins.

5.3.2 Small Molecule Exchange

Thiol-thioaminal exchange proceeded by mixing DMTA with one of three thiols (BMP, BTG,
or TP) ina 1 : 1 molar ratio under neat conditions, ensuring the total solution was ~2 mL. The
solution was stirred at 100 RPM in a 100 mL round bottom flask. At specific times, 10 uL of
solution were removed from the flask and mixed with 500 uL of a 20 mM solution of
dimethylsulfone in CDCls. NMR spectra of these samples were taken on a 400 MHz Avance |11
instrument from Bruker. Concentrations of DMTA, TA2 (the newly formed thioaminal), thiol, and
HT (the newly formed thiol) were tracked by comparing integral values to the dimethylsulfone

standard (2.98 ppm). The equilibrium constant (Keq) was calculated via

[TA2][HT] ( )
€4~ [pMTA][HSR]

where [HSR] is the concentration of the thiol investigated for exchange (BMP, BTG, or TP).
Reaction rate constants (kr, kr) and %2 of the equilibration time (t2,eq) Were calculated using a
previously developed model for reversible second order reactions,*® with the full solution in

Scheme S5.3.

5.3.3 Fourier Transform Infrared Spectroscopy
Real-time FTIR was measured on a Nicolet 6700 FTIR instrument from Thermo Scientific.

Samples were placed between KOH salt plates and exposed to 400 — 500 nm light at 30 mW/cm?
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for 5 min while spectra were measured from 4000 cm to 650 cm* under ambient conditions.

Conversion tracked area under the curve for the thiol (2560 cm) and the ene (3070 cmt) peaks.

5.3.4 Photopolymerization

Thioaminal networks were cured by first combining HDT with 1819 in a 0.7 thiol : 0.005 1819
molar ratio, heating the mixture at 90 °C for 15 min, and letting it cool to room temperature. ATA
was then added to the mixture to create a solution of 0.7 thiol : 1 ene : 0.005 1819 and the solution
was placed between glass slides coated in RainX, separated by 100 um spacers, and clamped
together using binder clips. The films were then cured under a 400 — 500 nm light source at 30
mW/cm? for 34 s on each side, removed from the glass slides, and subsequently used for stress

relaxation and frequency sweep experiments.

5.3.5 Stress Relaxation

Stress relaxation was measured using an Ares-G2 Rheometer from TI Instruments. 100 um
films were loaded between an 8 mm quartz parallel plate and a Peltier plate with 2 N of pre-load
axial force and 10 % shear stress. This experiment was performed at 30, 60, 80, and 95°C. The
storage (G) and loss moduli (G ) were tracked over time, and the time for stress relaxation (7)
was defined as the time required for normalized G’ to reach 1/e (=37%). Activation energy for

stress relaxation was calculated via

Egq,
7 = toexp (C55) (2)
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where T, represents the initial stress relaxation time, Ea,sr the activation energy for thiol-thioaminal
exchange via stress relaxation, R the universal gas constant, and T the temperature in Kelvin. Easr

was found using a best fit Arrhenius plot comparing In (7) to 1/T since the slope = Easr / R.

5.3.6 Frequency Sweep

Frequency sweeps were measured using an Ares-G2 Rheometer from TA Instruments. Similar
to the stress relaxation procedure, 100 um films were loaded between an 8 mm quartz plate and a
Peltier plate, used 2 N of pre-load axial force, 10 % shear stress, and the test was performed at 60,
80, and 95°C. The storage (G’) and loss moduli (G ’) were tracked as frequency increased from
10 — 102 rad/s. Activation energy for frequency sweep relaxation (Ears) was calculated via

equation 2, but this time stress relaxation time (zzg) was determined via
1
Trs = e 3

where w represents the angular velocity in rad/s at which the storage and loss moduli crossover.

5.3.7 Film Degradation

A [0.7 thiol : 1 ene : 0.005 1819] solution composed of HDT, ATA, and 1819 was mixed and
placed between glass slides following the procedure described in Section 5.3.4. The solution was
then cured under a 405 nm LED light bar for 2 min at 2.5 mW/cm?, removed from the glass slides,
and cut into ~2.5 x 2.5 cm squares which weighed ~50 mg. Each square was placed into a vial
containing 2.5 mL of a designated thiol (> 200 times excess thiol), and visually inspected to note
the degradation time for films, i.e. the total time it took for the films to fully dissolve. This

procedure was repeated in triplicate for four thiols: BMP, BTG, TP, and HT.
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5.4 Results and Discussion

5.4.1 Small Molecule Study

This work sought to investigate the thiol-thioaminal exchange reaction as a means to create
reversible exchange CANSs that rearrange under near-ambient conditions. To that end, a model
thioaminal molecule was synthesized to study the kinetics of the thiol-thioaminal exchange
reaction, specifically looking to understand how the choice of thiol may impact reaction rate

constants (kr, kr), equilibrium constant (Keq), and may generally be used to control the reaction.
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Figure 5.1. A small molecule study of thiol-thioaminal exchange shows that the choice of thiol
greatly impacts reaction rate and equilibrium parameters. (a) Thioaminal DMTA was mixed with
one of three thiols in a 1 thioaminal : 1 thiol molar ratio under neat, ambient conditions. (b)
Concentrations of reactants and products as a function of time, showing the BTG-DMTA exchange
reaction as a representative sample. Concentration values (markers) were calculated via NMR
using a dimethylsulfone internal standard in CDCls and compared to model predictions (lines).

The choice of thiol used for thiol-thioaminal exchange was found to be an effective means to
control the reaction kinetics and equilibrium extent of reaction. Figure 5.1 shows the small

molecule system used to probe the thiol-thioaminal exchange reaction and a table of Kinetic
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parameters abstracted from the data. Figure 5.1a describes the procedure used to conduct the
exchange reaction: DMTA and one of three thiols were mixed in a 1 thioaminal : 1 thiol ratio and
stirred at 100 RPM under ambient conditions. At specific times, aliquots of the reaction solution
were removed and these aliquots were used to plot concentrations of all the reactants and products
over time, Figure 5.1b. At 0 h, ~100 % of all observed species were reactants, showing
concentrations of 66 + 1 and 68 + 1 mM for BTG and DMTA, respectively. Over 60 h, these
concentrations both dropped to 25 + 1 mM while the concentrations of HT and TA2 increased at
an equal rate, rising from6 + 1and 1 + 1 upto 37 + 1 and 41 + 1 mM, respectively. After 60 h,
all concentration values had plateaued. The formation of HT, formation of TA2, and the equal rate
of change for all components confirmed that these thioaminal small molecules were undergoing a
reversible second order thiol-thioaminal exchange reaction. Fitting this experimental data for
reversible second order reactions,* theoretical predictions for the [DMTA] and [TA2] over time
were created and plotted as solid lines in Figure 5.1b. Experimental data fit model predictions
well, requiring input of initial concentrations ([BTG] o, [DMTA]o) and Keq and using a single fitting
parameter (kr) to extract reaction rate constants (ks, kr) and %2 of the equilibration time (ti2,eq). The

detailed solution for fitting reversible second order reactions is described in Scheme S5.3.
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Table 5.1. Resulting reaction rate constants (ks, kr), equilibrium constants (Keg), and %-lives of the
equilibration time (ti2,eq) Of the thiol-thioaminal exchange reaction between DMTA and three
thiols (BTG, TP, BMP).

BTG TP BMP
Keoq 25 1.7 1.0
+0.1 +0.1 +0.1
K, 0.4 0.8 20
(mM-1s-1) +0.1 +0.1 +3
K, 0.2 0.5 20
(mM-1s-1) +0.1 +0.1 +3
- 12 8 3
(h) +1 +1 +1

Table 5.1 shows the reaction rate constants (kr, kr), equilibrium constants (Keq), and % of the
equilibration times (t1/2,eq) for all the thiols studied as calculated by model predictions. All of these
kinetic parameters changed with the choice of thiol, with the equilibrium constants decreasing
from 2.5 to 1.0 as the thiol changed from BTG to TP and BMP. The equilibration times decreased
from BTG (ti2,eq 0f 12 + 1) to BMP (tu2,eq 0f 3 + 1) and accordingly the reaction rate constants
increased, with the reverse reaction rate constants increasing by 100 times from 0.2 to 20 mM-1s-
1. BMP exhibited reaction rate constants much larger than the other thiols, 20 + 3 mM-1s! for
both the forward and reverse reaction rate constants, and these values were over 20 times larger
than those for the next closest thiol. These trends in reaction rate constants, equilibrium constant,
and equilibration time are likely due to a balance between the relative amount of thiolate formed
and the stability of these thiolates. Electron-rich substituents, such as longer alkyl chains, are
known to destabilize thiolate anions and increase their pKa,**#° leading to both a lower
concentration of these thiolates and decreased stability. This hypothesis likely explains why BMP
has both the lowest equilibrium constant and the fastest equilibration time of the three thiols

investigated. It is, therefore, expected that BTG, which has a lower pKa (8.8 versus 10.4),% results
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in a higher equilibrium constant but takes longer to equilibrate due to its increased thiolate stability.
TP likely exhibits behavior between BMP and BTG because resonance on its ring stabilizes the
thiolate, leading to a longer equilibration time, but this resonance also lowers the nucleophilicity
of the thiolate, leading to an intermediate value of Keq.*® Nevertheless the trends for TP are still
somewhat decoupled, with Keq between BMP and BTG but ki and kr much closer to BTG, which
shows that it is possible to tune both the speed and the extent of thiol-thioaminal exchange

separately by choosing an appropriate thiol.

5.4.2 Characterizing Networks

Having shown that thiol-thioaminal exchange occurs readily under ambient conditions and
may be tuned with the choice of thiol, this work moved on to study how thiol-thioaminal exchange
proceeds within polymer networks. To this end, a polymerizable thioaminal monomer (ATA) was
synthesized and mixed with HDT and 1819 in a [0.7 thiol : 1 ene : 0.005 1819] molar ratio. Curing
this solution via the thiol-ene photopolymerization reaction created thioaminal networks that could

potentially undergo thiol-thioaminal exchange as seen in Figure 5.2.
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Figure 5.2. Thioaminal networks were photopolymerized to investigate rearrangement via the
thiol-thioaminal exchange reaction. (a) Monomers ATA and HDT were mixed in 0.64 :1, 0.7 : 1,
or 0.77: 1 thiol : ene ratios and cured via thiol-ene photopolymerization. The resulting networks
had crosslinks containing two thioaminal groups and backbones containing no thioaminal groups.
(b) Conversion of thiol and ene functional groups during photopolymerization as measured via
real-time FTIR, showing that a 0.7 thiol : 1 ene ratio resulted in near quantitative conversion. (c)
Visual representation of how thermally triggered thiol-thioaminal exchange rearranges network

topology.

Figure 5.2 shows that monomer ATA enables the facile formation of thioaminal containing
networks via the thiol-ene photopolymerization reaction. Meanwhile, Figure 5.2a shows that
mixing ATA with HDT and 1819 produced networks containing two thioaminal groups within
crosslinks and no thioaminal groups within the polymer backbone. This photocure was repeated
for 0.64 : 1,0.7 : 1, and 0.77 : 1 thiol : ene molar ratios which were used to create 10 % excess
ene, 0 % excess thiol, and 10 % excess thiol networks respectively. The 0.7 thiol : 1 ene ratio was

set as the 0 % excess thiol network due to allyl homopolymerization of ATA, as shown in Figure
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S5.3. Figure 5.2b shows how conversion for the thiol and ene groups over time for the 0.7 thiol :
1 ene material. At 0.5 min, the mixture was exposed to a 400 — 500 nm light source at 30 mW/cm?,
and within 30 s (total time of one minute) both thiol and ene groups had reached ~90 % conversion.
Figure 5.2c shows a diagram of how these photocured thioaminal networks may undergo topology
rearrangement via thiol-thioaminal exchange. In the exchange, pendant thiols on the polymer
backbone interact with thioaminal groups contained within the crosslinks, rearranging the chain
connections and enabling stress relaxation. This diagram also shows that thiols are required for the

exchange to proceed.
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Figure 5.3. Thioaminal networks stress relaxed rapidly, with a network containing 10 % excess
thiol relaxing in 10 s at 95 °C. (a) Normalized shear storage modulus (G’) as a function of time
during stress relaxation as temperature increased from 30 — 95 °C. Stress relaxation was repeated
for networks containing 10 % excess ene, no excess, or 10 % excess thiol with stress relaxation
time (t) determined as 1/e (~37 %, grey dashed line). (b) Arrhenius plot of thioaminal networks
containing 10 % excess ene, no excess, or 10 % excess thiol, calculating Easr Vvia equation 2. Error
bars indicate standard deviation for three samples.
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Since stress relaxation is a distinct trait of CANs and has been used to characterize a number of
CAN chemistries,'>!347 the stress relaxation of thioaminal networks was explored. Figure 5.3a
shows the change in normalized shear storage modulus (G’) as a function of time as temperature
was increased from 30 - 95 °C. All networks stress relaxed, with excess thiol resulting in faster
relaxation such that the 10 % excess thiol network relaxed the fastest (10 s at 95 °C) and the 10
% excess ene relaxed the slowest (34 s at 95 °C). This result shows that excess thiol, or lack thereof,
may be used to tune the stress relaxation of thioaminal networks. Furthermore, this result is
consistent with our proposed theory that thioaminal networks stress relax via the thiol-thioaminal
exchange reaction, as this reaction requires thiol for exchange. At 30 °C a stress relaxation time
was observed for the 10 % excess thiol networks but not for the other networks. These other
networks likely do exchange, but require hours to do so which matches the hours-long timescale
required for small molecule thiol-thioaminal exchange at room temperature, as detailed in Figure
5.1. Interestingly, both the no excess (0 %) and the 10 % excess ene networks stress relaxed, and
did so on a similar timescale, despite a lack of exogenous pendant thiols. This behavior is
unexpected as the proposed mechanism of stress relaxation requires thiolates formed by pendant
thiols. A probable explanation is that there is an equilibrium of thiolates that spontaneously form
within thioaminal networks via thioaminal bond dissociation.

Figure 5.3b shows an Arrhenius plot for the three thioaminal networks under consideration,
with the stress relaxation time plotted as a function of inverse temperature and Easr calculated
using equation 2. Stress relaxation time was defined as the time required for the normalized shear
modulus in Figure 5.3a to reach a value of 1/e (~37 %, grey dashed line). Stress relaxation within
10 s (In(z) of 2.3) at 95 °C was observed, which is rare among the thermally-driven CANs

presented in the literature. To date, vinylogous-urethane CANs have exhibited faster speeds (0.3
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s), but this chemistry required both higher temperatures (160 °C) and exogenous catalyst (acid
pTsOH)?* as compared to the thioaminal networks. The data also shows that the 10 % excess thiol,
no excess (0 %), and 10 % excess ene networks exhibited Easr of 77 + 3, 87 + 8, and 72 + 6
kJ/mol respectively. This narrow range of Easr suggests two things: 1) all networks stress relaxed
via the same mechanism, supporting the claim that spontaneous thiolate formation occurred within
the no excess and 10 % excess ene networks, and 2) changing the amount of excess thiol in
thioaminal networks affords tunable relaxation times without dramatically impacting Easr.
Furthermore, the Easr of thioaminal networks is similar to that of chemically adjacent CANs, with
aminal exchange CANSs exhibiting ~50 — 80 kJ/mol*® and imine exchange CANs exhibiting ~48 —
70 kJ/mol.#>* Having shown that thiol-thioaminal exchange creates CANs with rapid and tunable

stress relaxation, the mechanism through which this exchange occurs is next discussed.
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Figure 5.4. Frequency sweeps showed thiol-thioaminal exchange proceeded through a reversible
exchange type mechanism. (a) Shear storage (G ) and loss (G ") moduli plotted as a function of
frequency for temperatures increasing from 60 — 95 °C. (b) Arrhenius plot showing relaxation time
(7) as a function of inverse temperature for both the stress relaxation and frequency sweep data.
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All data was collected for the no excess (0 %) network, and error bars indicate standard deviation
for three samples.

To understand whether the thioaminal reaction was proceeding by a reversible addition or
exchange reaction, exploration of the reaction mechanism and its impact on stress relaxation
behavior was undertaken. Figure 5.4a plots how the shear storage (G ‘) and loss (G’’) moduli of
the no excess network changed as shear oscillation frequency increased from 103 to 10? rad/s and
as temperature increased from 60 — 95 °C. At lower frequencies, G’~ exceeded G’ for all
temperatures, but as the frequency increased, crossover points were observed after which all
networks settled at a rubbery plateau storage modulus (G’) around 0.9 MPa. Interestingly,
increasing the temperature increased the crossover point frequency (107 to 5 x 1072 rad/s) but did
not impact the crossover point storage modulus (~0.3 MPa) or the final rubbery plateau storage
modulus (~0.9 MPa). These temperature trends indicate the average crosslinking density of these
thioaminal networks was largely temperature independent, and therefore, the thiol-thioaminal
exchange occurs primarily through a reversible exchange type mechanism under these
conditions. 4?4

Figure 5.4b contains an Arrhenius plot showing how relaxation time (7) changed as a function
of inverse temperature for both the frequency sweep experiment and the previous stress relaxation
experiment. Ears was calculated from frequency sweep data by converting the crossover points
into a relaxation time and using equation 3. Both experiments exhibited similar relaxation times
and Ea, 107 + 8 versus 87 + 8 kJ/mol for Ears and Eagsr, respectively, confirming both the
reliability of the performed stress relaxation experiments and the mechanism that leads to rapid

stress relaxation within thioaminal networks.
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5.4.3 Degradation

A unique property of CANs is their ability to readily degrade by simply exposing the material
to an excess of monomer and triggering its exchange reaction. This exchange reaction replaces
elastically active arms with the excess terminal monomer, decreasing crosslink density and
resulting in complete polymer dissolution.'2% To investigate how thioaminal networks may
exhibit this CANSs trait, this work explored the degradation of thioaminal networks via the thiol-
thioaminal exchange reaction. To test the degradation of thioaminal networks, films were
photocured and submerged into vials containing 2.5 mL of thiol monomer, equaling over a 200
times molar excess of thiol which ensured sufficient thiol was present to degrade the network.
Degradation by four thiols (BMP, BTG, TP, and HT) was tracked and the time for films to fully

degrade was noted.
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Figure 5.5. Exposing thioaminal networks to excess thiol triggered rapid degradation via the thiol-
thioaminal exchange reaction. (a) Procedure used to degrade thioaminal networks by submerging
films in one of four thiols under ambient conditions. (b) Time for complete dissolution of films
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via each thiol, with a photographic inset of a representative vial. Errors bars indicate standard
deviation for three samples.

Figure 5.5 shows the average time for degradation of films by each thiol. As the pKa values
of the thiols increased (6.5, 8.8, 10.4, and 11 for TP, BTG, BMP, and HT, respectively)*>5253 so
too did the average time required for degradation. It is shown that TP resulted in the fastest
degradation, 4 + 2 min, and this likely occurred because TP was the most acidic thiol, readily
forming thiolates that underwent thiol-thioaminal exchange. Interestingly, degradation by TP was
so fast the films decreased in size throughout the process, indicating a surface degradation
mechanism.>* On the other hand, HT resulted in the slowest degradation, 380 + 40 min, also likely
driven by its pKa. These HT films swelled in size throughout the process, instead likely indicating
a bulk degradation mechanism.>*° The trend between lower pKa and faster degradation is plotted
in Figure S5.4, and this trend differs from how the kinetic parameters for small molecule thiol-
thioaminal exchange relate to pKa, Table 5.1. Some possible explanations for this deviation
between the two experiments include differences in local concentrations, local polarities, and
stoichiometric ratios of reactants. Nevertheless, these degradation experiments show that not only
do thioaminal networks degrade through the thiol-thioaminal exchange reaction, but that both the
degradation timescale (~100 times range) and mechanism (surface to bulk) are readily tailored by
the choice of thiol. Researchers interested in further exploring thioaminal CAN degradation may
consider using these networks for selective degradation of 3-D printed scaffolds®® or hydrogels®’:58

in thiol-containing media.

5.5 Conclusions
This work investigated the thiol-thioaminal exchange as a means to create reversible exchange

CAN: s that rapidly rearrange under near-ambient conditions. Small molecule studies using DMTA
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showed the choice of thiol could separately control the speed of the thiol-thioaminal exchange and
the extent of reaction. BMP exhibited the fastest exchange time (tiz,eq 0f 3 + 1 h) while BTG
exhibited the greatest extent of reaction (Keq 0f 2.5 + 0.1). Kinetic parameters extracted from the
model predictions showed exchange with BTG resulted in the largest forward and reverse reaction
rate parameters, with values of 20 + 3 mM-1s! for both. Stress relaxation of thioaminal networks
showed that excess thiol and elevated temperatures resulted in faster stress relaxation, with the 10
% excess thiol network relaxing in 10 s at 95 °C. Relaxation experiments also showed spontaneous
formation of thiolate at elevated temperatures, enabling stress relaxation in all the studied networks
and with all networks showing an Easr around 87 + 8 kJ/mol. Frequency sweeps of these
thioaminal networks gave Ears of 107 + 8 kJ/mol and showed network rearrangement of
thioaminal CANs occurred through a reversible exchange process. Lastly, thioaminal CANs were
photocured into films and submerged in thiol to degrade via the thiol-thioaminal exchange
reaction. This process showed decreasing pKa resulted in faster degradation, with thiophenol
degrading networks in 4 + 2 min and also showed the choice of thiol tuned whether dissolution
occurred via surface or bulk degradation. Investigating thiol-thioaminal exchange within polymer
networks has expanded the library of thermally-activated reversible exchange CANs, and aside
from directly contributing to self-healing applications at room-temperature, the reaction kinetics
explored within this work may be adapted towards general research on thiol-thioaminal exchange

in other systems.
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5.8 Supporting Information

80 OC N /\/\/\ N
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N,N,N’,N’- 1-hexanethiol dimethylthioaminal dimethylamine
tetramethyldiaminomethane

(DMTA)

Scheme S5.1. Synthesis of dimethylthioaminal.

N,N,N’,N’-Tetramethyldiaminomethane (25 mmol) and 1-hexanethiol (25 mmol) were mixed
in an oven dried 50 mL round bottom flask and the resulting mixture was heated at 80 °C (neat)

for 16 hrs, following reported literature.* The crude was purified by silica column chromatography

(0% - 5 % EtOAc / Hexanes) to obtain dimethylthioaminal as clear oil (yield ~70 %).
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Figure S5.1. *H NMR spectra of DMTA. *H NMR (400 MHz, CDCl3) § 3.94 (s, 2H), 2.57 (t,J =

1.6 Hz, 2H), 2.30 (s, 6H), 1.57 (q, 2H), 1.43 — 1.33 (m, 2H), 1.33 — 1.27 (m, 2H), 1.30 — 1.23 (m,
2H), 0.88 (t, J = 1.5 Hz, 3H).
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Scheme S5.2. Synthesis of allylthioaminal.

Required N,N,N’,N’-Tetraallyldiaminomethane was synthesized according to the reported
literature procedure.? Diallylamine (220 mmol) was placed in an oven dried 100 mL two-neck
RBF and ice-cold formaldehyde (8.928g, 110 mmol, Formalin) was dripped in via addition funnel.
The reaction mixture was refluxed at 120°C and spun for 2 hrs. The reaction mixture was cooled
and allowed to phase separate at room temperature. The top organic layer was collected, washed
with KOH pellets, and the product was then purified by column chromatography (0 % = 5 % >
10 % FEtOAc / Hexanes), dried under vacuum to yield the required N,N,N’)N’-
Tetraallyldiaminomethane as clear oil (71 % yield).

Above synthesized N,N,N’,N’-Tetraallyldiaminomethane (65 mmol) and 1,6-Hexanedithiol
(26 mmol) were mixed in an oven dried 100 mL RBF, and refluxed for 48 hrs at 80°C. The crude
reaction mixture was purified by column chromatography (0 % = 5 % —> 10 % EtOAc / Hexanes),
and solvent was removed under reduced pressure. The compound was dried at 50°C under high

vacuum for 24 hrs to yield the required allylthioamina (ATA) as a clear oil in 68 % yield.
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Figure S5.2. 'H NMR spectra of ATA. *H NMR (400 MHz, CDCl3) & 5.88 —5.74 (m, 4H), 5.27
—5.12 (m, 8H), 4.03 (s, 4H), 3.19 (d, J = 6.4 Hz, 8H), 2.55 (t, J = 7.3 Hz, 4H), 1.62 — 1.50 (m,

4H), 1.44 — 1.33 (m, 4H).
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Scheme S5.3. Modeling reversible 2" order reaction for thiol-thioaminal exchange.®
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Figure S5.3. Homopolymerization of allylthioaminal (ATA) when mixed with 1 mol % 1819 and

exposed to 400-500 nm light at 30 mW/cm? starting at 0.5 minutes. Conversion measured by real-
time FTIR.
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Figure S5.4. Degradation time of thioaminal networks when submerged in various thiols.
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Figure S5.5. Shear strain sweep experiment for the ATA-HDT-1819 formulation, with a frequency
of 1 Hz. All rheology experiments were subsequently conducted at 10 % shear strain.
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Chapter 6: Radical-Mediated Scission of Thioaminals for On-Demand

Construction-then-Destruction of Crosslinked Polymer Networks

This chapter to be submitted as a manuscript to Macromolecules with the following coauthors:
Juan J. Hernandez, Gopal Reddy Sama, Yunfeng Hu, Shafer Soars, Claire E. Niemet, Cassandra
M. Sanchez, Christopher N. Bowman

6.1 Abstract

Two-stage polymerizing-then-degrading networks were achieved under a single near UV light
source, by sequentially performing thiol-ene photopolymerization and radical-mediated
thioaminal scission. Synthesis of model thioaminal small molecules showed photo-activated
thioaminal scission produced thioamide moieties, identifiable by distinct NMR singlets at 3.29 and
3.26 ppm and an FTIR peak around 1530 cm. The scission process is proposed to occur via R-
scission of the carbon next to the sulfur atom and was found to be influenced by thiol substitution
on the thioaminal, leading to scission conversion increasing from 5 + 1% to 39 + 3 % and scission
time decreasing from 6 to 2 min as thiols were progressively more substituted. Thioaminal scission
occurred semi-orthogonally with radical-mediated thiol-ene reactions; the thiol-ene reaction
achieved near quantitative yield within the first 0.5 min while thioaminal scission required a further
5 — 15 min of exposure. This semi-orthogonality was exploited to create two-stage polymerizing-
then-degrading networks, with both regimes dependent on total light dose and the transition
occurring around 2 J/cm? under these exposure and polymerization conditions. This work
establishes thioaminals as a new photo-mediated scission chemistry and a means to create multi-

stage, light-activated networks.
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6.2 Introduction

Light-responsive chemical reactions enable ways to process materials that are otherwise
unachievable by traditional means. Unlike traditional chemical reactions which activate materials
with stimuli such as redox,! pH,*> temperature,®’ or mechanical agitation,® the use of light
provides spatiotemporal control’ and the irradiation parameters required to define the light-
process, such as light intensity, exposure time, and wavelength, are readily tuned to manipulate
the desired process kinetics and characteristics.!? By means of light exposure, materials have been
adapted to create self-propelled actuators,!' multi-stage drug release capsules,'? and micron-scale
3-D structures. '3

Of the many light-responsive reactions available, photodegradation reactions are of particular
interest. Within polymers, photodegradation reduces the degree of connectivity between chemical
groups,'* leading to polymer breakdown, and this has been used to create lithography
micropatterning,'® burst-release capsules,'® and selective cell harvesting.!” Photodegradation may
occur as a result of either reversible photoreactions, such as those using azobenzenes,'®
coumarins,'® and other cyclo-addition reactions,?® or irreversible photoreactions, such as scission
caused by ortho-nitrobenzyl esters,!>?! vinyl ketones,” radical formation,” and high-power
ablation.'* Of the irreversible reaction types, scission leads to photodegradation by either directly
cleaving the bonds to result in degradation, or by deprotecting reactive groups which initiate a
secondary reaction that results in degradation.®?3

Here, spatiotemporal control over the entire material life-cycle is achieved by combining
photodegradation with photopolymerization techniques, in ways unattainable by methods that only
use light for one process.?*2° Separation of the polymerization and degradation processes has been

established by a number of means, including using different wavelengths to activate radical-
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mediated polymerization of one group followed by direct photoscission of another,?’?® using
different wavelengths to activate separate polymerization and scission stages within the same
functional group,?? or using competing reactions with vastly different kinetics.? Of these methods,
using different kinetic rates gives the added benefit of controlling the two processes with one light
source,*’ and the ability to tune the timescale of each reaction by changing light intensity, relative
absorptivity or relative quantum yields.’! While past work on acyclic benzylidine acetals has
opened this field,?® there is much room left to explore. To that end, this work sought to explore the
potential of thioaminal groups as a new photo-mediated scission chemistry which facilitates
separate photopolymerization and photodegrading regimes simply by varying reaction kinetics, as
shown in Scheme 6.1.

Thioaminals, also referred to as N,S-acetal®’ or thiomethylamine333* groups, are the N,S
analogue of acetals and consist of a nitrogen-carbon-sulfur moiety. While chemically similar to
acetals and their variants, the increased nucleophilic difference between the N,S atoms and the
available p-orbital electrons afford this group an alternate reactivity scheme.?>-*¢ This alternate
scheme has been used to establish new organic syntheses,?’ enhance drug activity,*® and mediate
hydrolysis.?* Thioaminals may also undergo thiol-thioaminal exchange, which has been used to
alter biologically-active molecules®® and synthesize dynamic linear polymers.*! While photo-
mediated scission of thioaminals has not been explored to these authors’ knowledge, photo-
mediated scission of acetals and their variants have been shown to occur.!”?%4243 As thioaminals
are chemically similar to acetals, it is reasonable to consider that thioaminals may also undergo

photo-mediated scission, and due to their altered reactivity may grant another method of control

over scission.
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This work explored thioaminals as a new photo-mediated scission chemistry, and its possible
use as a novel polymerizing-then-degrading polymer system that is controlled via different
reaction kinetic regimes. A model system of thioaminal small molecules was developed to study
the possible thioaminal scission reaction, with NMR and FTIR used to quantify the speed and
extent of scission. Four different functional groups were synthesized in the small molecules to
investigate the effects of electronics and resonance. The kinetics of thioaminal scission were then
compared to a competing thiol-ene polymerization reaction, which was done by synthesizing a
monomer than contained both reactive thioaminal and thiol-ene functional groups. These
experiments characterized how the thioaminal and thiol-ene reactions competed within small
molecules and bulk polymer networks analyzed via photorheology. Everything culminated in the
formation of light-programmable polymer network, which could be polymerized and degraded on
cue by controlling the competing thioaminal scission and thiol-ene polymerization reactions via
total light dose incident on the network. This research expands the chemical library available to
create light-controlled materials and shows that by properly tuning Kinetic rates there are still

several advances to be made in material life-cycle design.

148



|

P

)

5

b,

snnnanns Z vanne Z anan Z s Z s Z

)

NG

T 7
\ ’
\ 4
\ ’
\ ’
\ ’
\ /
\ ’
\ ’
\ ’
\ ’

Initiation

\s

)
>
/

mannnnnr Z annans Z annn Zanann Z annn 2

)
P,

?

{4

\
A\
AY
—

NN

(0
-

S

H_Rg +

~
~
~

N ’
\ ’
\ ’
\ ’
\ /
\ ’
\ r

T
Polymerize: —/ Degrade:
Thiol-ene Thioamide
0-0.5min 5-15min

-Ro

N

e

Scheme 6.1. On-demand polymerizing-then-degrading networks were created by combining the
thiol-ene polymerization reaction with radical-mediated thioaminal scission. (a) Thioaminal and
thiol-ene monomers investigated (left), the polymerized network (middle), and the degraded
network (right). (b) Proposed thioaminal scission process used to control network degradation,
where the Rz group on the thioaminal becomes a radical.

6.3 Materials and Experimental Methods
6.3.1 Materials

Thioaminal small molecules (1°TA, 2°TA, 3°TA) and allylthioaminal (ATA) were synthesized
according to procedures described in the Supporting Information Scheme S6.1 and Scheme S6.2.

All other materials were purchased commercially and used without further purification. 1-
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hexanethiol (HT), 1,6-hexanedithiol (HDT), 1-butanethiol, 2-butanethiol, diallylamine,
formaldehyde, and tert-Butyl mercaptan were purchased from Sigma Aldrich. N,N,N’,N’-
tetramethyldiaminomethane was purchased from TCI America and Irgacure 819 (1819) from IGM

Resins.

6.3.2 Small Molecule Scission

The scission of three thioaminal small molecules (1°TA, 2°TA, 3°TA ) was investigated. Each
small molecule was mixed neat in a 1 thioaminal : 0.01 1819 ratio without solvent, placed between
glass slides separated by 25 um spacers, and exposed to 400-500 nm light at 30 mW/cm? for 15
min. NMR of the mixtures was taken before and after light exposure using an Avance Il1, 400
MHz NMR under ambient conditions. Samples were compared to a dimethylsulfone internal

standard (singlet at 3.00 ppm) with a concentration of 20 mM in CDCls.

6.3.3 NMR Conversion
Assuming a 1 : 1 conversion of thioaminals into thioamides via thioaminal scission, the
following equation was used to determine scission conversion,

, IntTD*%
Conversion =

r (1)

IntTD*%HntTA*E
Here, Intrp is the total integral value of the two thioamide singlets at 3.26 and 3.29 ppm, Intrp is
the integral value of the thioaminal peak around 3.9 ppm, and the fractions come from the number

of protons per integral site.
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6.3.4 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy of small molecules and polymers used a
Nicolet 6700 FTIR instrument from Thermo Scientific. Samples were placed between KOH plates
under ambient conditions and exposed to 400-500 nm light at 30 mW/cm? for up to 10 min. Small
molecule samples were mixed neat in a ratio of 1 thioaminal : 0.01 1819 without solvent, while

polymeric samples were mixed neat in a ratio of 0.7 thiol : 1 ene : 0.005 1819.

6.3.5 Photorheology

Photorheology of samples was run using an Ares-G2 Rheometer from TI Instruments under
ambient conditions. A solution of 0.7 thiol : 1 ene : 0.005 1819 was made from molecules ATA,
HDT, and 1819 and placed between transparent 8 mm quartz parallel plates with a 25 um gap.
Shear storage modulus was recorded in real time using 10 % shear strain and a frequency of 1 Hz.
0.5 min after the test started a 400-500 nm light was turned on, with intensity ranging from 1 to 30

mwW/cm?2.

6.3.6 Curing and Degrading Polymer Films
Polymer films were cured by mixing a solution of 0.7 thiol : 1 ene : 0.005 I819 using molecules
ATA, HDT, and 1819. The solution was placed between glass slides coated with RainX and
separated by 100 um spacers. The slides were exposed to 400-500 nm light at 30 mW/cm? for 34
s, to reach a dose of 1 J/cm?. The glass was then peeled apart to isolate the cured film.
Degradation proceeded by exposing cured films to 400-500 nm light for 120 s at 100 mW/cm?,

adding a dose of 12 J/cm?. The films were then lightly washed with a solvent mixture of 35 : 65

151



dichloromethane : hexanes, by volume, to remove degraded material. At times, photomasks were

used to pattern the cured and degraded regions.

6.4 Results and Discussion

As mentioned previously, this work sought to determine if photo-mediated thioaminal scission
may occur as has been reported in other acetal-adjacent chemistries.1”2%4243 To the best of the
authors’ knowledge, no prior work has investigated the radical-mediated scission of thioaminals
and doing so will expand the breadth of chemistries available to achieve completely light-
controlled polymerizing-then-degrading systems. To begin, a small molecule model was
developed to investigate the thioaminal scission process, its mechanism, and the extent to which

scission can be controlled.

6.4.1 Small Molecule Thioaminal Scission

Three small molecule thioaminals were synthesized from butanethiol isomers and N,N,N’ N’-
tetramethyldiaminomethane according to the procedures described in Scheme S6.1. A primary (1-
butanethiol), secondary (2-butanethiol), and tertiary (tertbutylthiol) butanethiol were chosen to
probe the impact of radical stability on the possible thioaminal scission process, and created the
three thioaminal molecules 1°TA, 2°TA, and 3°TA, respectively, Figure 6.1a. Each molecule was
mixed with 1 mol % 1819, placed between glass slides, and exposed to 400-500 nm light for 15

min at 30 mW/cm?.
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Figure 6.1. Photo-mediated thioaminal scission was found to occur, with radicals catalyzing the
reaction to form thioamides. (a) Small molecule reaction used to investigate thioaminal scission,
where thioaminal molecules 1°TA, 2°TA, or 3°TA were mixed with photoinitiator and exposed to
400-500 nm light at 30 mW/cm? for 15 min. (b) NMR spectra of each thioaminal molecule after
exposure to photo-generated radicals, showing the presence of thioaminals (grey dots) and the
formation of new peaks (black arrows) as thiol substitution increased. The newly formed peaks
matched the spectra for commercially-sourced dimethylthioformamide (DMTF; red, pink, and

orange dots).

It was found that thioaminal scission did occur upon exposure to photo-generated radicals.

Figure 6.1b shows the NMR spectra of each thioaminal molecule after it was mixed with

153



photoinitiator and exposed to near-UV light. All molecules displayed methylene singlets at 3.93
ppm (grey dots) and methyl singlets at 2.30 ppm (blue dots), confirming the presence of
thioaminals. All samples also displayed singlets at 9.21, 3.29, and 3.26 ppm (orange, red, and pink
dots) as indicated by the black arrows. These three peaks did not appear in the NMR spectra of the
neat thioaminal molecules (Figures S6.1, S6.2, and S6.3), nor did they appear when the
thioaminals were exposed to near-UV without a photoinitiator present. Furthermore, all three
peaks matched the NMR spectra of commercially sourced dimethylthioformamide (DMTF,
Figure 6.1b bottom). These data indicate that in the presence of the photo-generated radicals, the
thioaminal molecules formed DMTF. Following the scission mechanisms proposed in other acetal-

adjacent chemistry,?>#

it is likely that the photo-generated radicals interacted with the thioaminal
methylene carbon, causing [S-scission of the carbon on the other side of the sulfur and resulting in
DMTF, as illustrated in the Initiation step of Scheme 6.1b.

Greater thiol substitution within thioaminal molecules resulted in a greater extent of scission for
otherwise identical doses. In Figure 6.1b, as thiol substitution increased, so too did the height and
integration values for the DMTF NMR peaks. This increase occurred despite a fixed photoinitiator
concentration of 1 mol % in all samples, indicating the photoinitiator served as a catalyst for a
secondary reaction. It is likely that once the thioaminal scission Initiation step completed it led to
a cyclic loop, where the radical produced during Initiation (‘R2) then reacted with another
thioaminal, leading to more scission, Scheme 6.1b. To investigate better the conversion of
thioaminal groups into thioamide groups, the thioaminal scission experiment was repeated in a
round bottom flask, with aliquots removed at 15 min intervals to track the concentration of all

components via quantitative NMR. By using the internal standard dimethylsulfone (singlet at 3.0

ppm), NMR spectra showed a near 1 : 1 ratio of the loss of the thioaminal to the formation of the
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thioamide which supported the theory that photoinitiator served as a catalyst, and further indicated
a1l : 1 conversion of thioaminal to thioamide groups, Figure S6.7. Equation 1 was developed
following the 1 : 1 relationship and was used to quantify scission of the 1°TA, 2°TA, and 3°TA
molecules from the NMR spectra of Figure 6.1b. As thiol substitution increased for constant dose
exposures, scission conversion increased from 5 £ 1,to 16 £ 1, and to 39 + 3 %. This increase in
conversion lines up with the increased stability of the resulting radicals formed by thioaminal
scission, which suggests that the radical electronics impact the scission reaction.

Inclusion of an aromatic group on the sulfur was observed to hinder thioaminal scission.
Phenylthioaminal (PTA) scission was also tested as a means to investigate the effect that a
resonance-stabilized radical has on thioaminal scission. PTA was mixed with 1 mol % 1819 and
exposed to near-UV light; however, in this scenario no thioamide peak formation was observed in
the NMR spectra, Figure S6.8. This behavior suggests the aromatic group inhibited thioaminal
scission, which may have been caused by excessive delocalization of the radical on the aromatic

ring, thereby decreasing the chances of the propagation reaction.*
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Figure 6.2. Real-time transmission FTIR showed thioaminal scission occurred within minutes and
resulted in distinct DMTF peaks. (a) FTIR spectra of 2°TA mixed with 1 mol % 1819 (solid lines),
and neat 2°TA (dashed line) before and after exposure to 400-500 nm light. The peak forming at
1530 cm™ corresponds to a N-C=S vibration. (b) Conversion profiles for each thioaminal molecule
plotted as a function of illumination time, with the light turned on at 0.5 min. Conversion was
tracked by peak formation at 1530 cm™* and verified by combining 'H NMR data with equation 1.

Real-time transmission FTIR of the thioaminal molecules further supported the claim that
thioaminal scission formed thioamides. Figure 6.2 shows a representative FTIR spectra of the
three thioaminal molecules investigated, and how their scission conversions changed when the
thioaminals were mixed with 1 mol % I819 and exposed to a 400-500 nm light. Figure 6.2a shows
the FTIR spectra of thioaminal 2°TA. After exposure to photo-generated radicals, a new peak
formed at 1530 cm’!, indicating the formation of a complex N-C=S vibration,* which is also
characteristic of commercial DMTF, Figure S6.14. This 1530 cm™! peak did not form when 2°TA
was exposed to light in the absence of a photoinitiator, Figure 6.2a dashed line. Repeating the
experiment with 1°TA and 3°TA confirmed that photo-generated radicals were required to form

the 1530 cm™! peak, and the full spectra for all thioaminals are displayed in Figures S6.11, S6.12,

and S6.13.
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Kinetic analysis of thioaminal scission using FTIR found that thiol substitution also controlled
the scission rate. Figure 6.2b shows conversion as a function of illumination time for the
thioaminal molecules studied, where the reaction was monitored by tracking the 1530 cm* peak
in FTIR and conversions were confirmed by *H NMR. All thioaminals reached final conversion
within 8 min, with the tertiary thiol substitution achieving the highest conversion (39 + 3 %) within
the shortest reaction time (2 min). As substitution decreased from tertiary to primary, the final
conversion dropped to 5 + 1 % and the time to plateau increased to 6 min. A clear trend developed
in which increased radical stability on the propagating carbon center resulted in increased rates

and higher overall conversions.

6.4.2 Semi-Orthogonal Radical Reactions

Having established that thioaminals undergo on-demand photo-mediated scission, this work
envisioned incorporating this moiety with a photo-mediated polymerization reaction, as a step
toward creating on-demand construction and destruction of materials. The thiol-ene
polymerization reaction was chosen as it is highly selective, insensitive to oxygen, and may be
tuned to achieve rapid kinetics simply by changing the light intensity or other initiation
conditions.*¢#” Thiol-ene polymerization is a radical-mediated reaction (with the radicals often
resulting from a photoinitiator and light) coupling a thiol group to an ene group. As both thioaminal
scission and thiol-ene polymerization are radical-mediated, differences in their kinetics may lead
to semi-orthogonal processes. To investigate these reactions, the monomer allylthioaminal (ATA),
which contains both thioaminal scission and thiol-ene polymerization active groups, was
synthesized. ATA was found to achieve non-trivial homopolymerization, ~10 % when mixed with

1 mol % 1819 (Figure S6.15), and as such was used in off-stoichiometric ratios in future
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experiments to ensure complete thiol and ene consumption. To investigate the competing
thioaminal scission and thiol-ene polymerization reactions, ATA was mixed with 1-hexanethiol
(HT) and 1819 in a mole ratio of 0.7 thiol : 1 ene : 0.005 1819, a non-stoichiometric ratio, Figure

6.3a.
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Figure 6.3. Incorporating thioaminal groups into a thiol-ene polymerization system showed
thioaminal scission occurred on a tenfold slower time scale, enabling semi-orthogonal control
between the polymerization and scission reactions. (a) Monomers and photoinitiator used to
compare the kinetics of thiol-ene polymerization versus thioaminal scission. (b) FTIR spectra of a
0.7 thiol : 1 ene : 0.005 1819 mole ratio of the ATA, HT, and 1819 components, before and after
400-500 nm light exposure. The allyl stretch peak at 1640 cm disappeared while the N-C=S
vibration (thioamide) peak formed at 1500 cm™*. (c) Conversion profiles are for the thiol, ene, and
thioamide peaks plotted as a function of illumination time, with the light turned on at 0.5 min.
Conversion was verified using *H NMR data and equation 1.
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Upon illumination, the thiol-ene and thioaminal scission reactions occurred simultaneously but
at differing rates. In early stages of the reaction, nearly quantitative conversion of thiols and enes
was observed, followed by the onset of thioaminal scission (Figure 6.3), effectively achieving a
semi-orthogonal polymerizing-then-cleaving system. Figure 6.3b shows the FTIR spectra of the
ATA-HT-I819 mixture before and after being exposed to a 400-500 nm light source for 10 min.
During the exposure the allyl C=C stretch peak (1640 cm™") disappeared while an N-C=S vibration
peak (1500 cm!) formed. Peak changes occurred at different rates; the allyl peak disappeared
within 0.5 min, while the thioamide peak formed over 9.5 min. The allyl C-H stretch peak (3080
cm’!) and the thiol S-H peak (2550 cm™') supported this observation of rapid thiol-ene
polymerization, as these peaks also disappeared within 0.5 min, Figure S6.16. Aside from thiol-

ene and thioamide peak formation, another peak formed at 1460 ¢cm"!

although in two distinct
stages: the peak first increased proportionally to allyl consumption during the initial 0.5 min after
light exposure, then slowed down and increased proportionally to thioamide formation during the
last 9.5 min. This behavior suggests the 1460 cm™! is likely a convolution of two or more peaks,
affected by both the thiol-ene polymerization and thioaminal scission reactions.

The polymerization and scission reactions showed clearer semi-orthogonality when conversion
was plotted by using the area under the curve of the FTIR peaks. Figure 6.3¢ shows conversion
for the allyl, thiol, and thioamide functional groups as illumination time increased after the light
source was turned on at 0.5 min. As in Figure 6.2b, the reaction was monitored by tracking the
relevant peak in FTIR, and conversions were confirmed by 'H NMR. The ally and thiol peaks
reached near quantitative conversion (94 % allyl, 80 % thiol) within 0.5 min of light exposure, i.e.

1 min on the x-axis, while the thioamide peak only started forming afterwards, supporting the

observations made in Figure 6.3b. The near 100 % consumption of allyl groups within 0.5 min
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was likely due to allyl homopolymerization, and suggests that the remaining 20 % of thiol reacted
via a non-thiol-ene polymerization process.

It was interesting to note that the thioaminal ATA achieved a higher extent of scission than the
previous thioaminals studied. Figure 6.3¢ shows ATA scission reached 28%, much greater than
scission of 1°TA (5 £ 1 %), even though both thioaminal molecules had primary thiol substitution.
This increased scission was likely due to the limited mobility of the carbon-centered radicals
formed by ATA scission. When scission occurred on a thioaminal group of ATA, the resulting
radical was still attached to half of the molecule. Furthermore, since thiol-ene polymerization had
preceded scission, most ATA molecules were extended with HT connections, meaning the radical
formed after scission was attached to a 463 g/mol moiety. This larger pendant group may have
inhibited radical mobility, making these radicals less likely to terminate via recombination and
thus increased scission.*® Another explanation for why scission in ATA exceeded that of 1°TA is
the 20 % unreacted thiols remaining at the 1 min time point may have assisted in propagating
thioaminal scission, leading to higher final conversion.

As mentioned previously, the thioaminal scission reaction effectively began after thiol-ene
polymerization was largely completed. This delay may have occurred due to photo-generated
radicals preferentially interacting with allyl groups. When the photoreaction began, 1819 radicals
preferentially formed thiyl radicals due to sulfur’s low bond dissociation energy.*® These thiyl
radicals may then propagate across an allyl carbon or abstract a hydrogen from a thioaminal
methylene carbon. To test which group could more readily donate a proton, FTIR spectra of the
ATA homopolymerization reaction (1 ATA : 0.01 1819) were inspected, and showed allyl groups
outcompeted thioaminal groups for 1819 radical interactions, Figure S6.17. After exposing the

mixture to 10 min of 400-500 nm light, ~10 % of ally FTIR peak was consumed while trivial
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thioamide peak formation occurred. This outcome implies that within the ATA-HT-1819 system
radical species formed during the photoreaction (1819, thiyl, carbon-centered) also preferentially
interacted with allyl groups, causing thiol-ene polymerization to occur first. The thioaminal

scission reaction could only commence once most of the allyl groups were consumed.

6.4.3 Two-Stage Polymer Networks

With the thiol-ene polymerization and thioaminal scission reactions having been shown to
achieve on-demand, semi-orthogonal reactivity with approximately tenfold different timescales,
this work turned to investigate how these reactions’ interplay could be incorporated into bulk
materials to develop light-mediated polymerizing-then-degrading polymer networks. The first step
was to investigate how the polymerization and scission reactions competed in networks. A 0.7
thiol : 1 ene : 0.005 1819 mixture of ATA, 1,6-hexanedithiol (HDT), and 1819 was exposed to 400-
500 nm light at various light intensities for up to 30 min. The resulting polymer structure contained
backbone strands composed of hydrocarbons, thioethers, and tertiary amines and contained

crosslink bridges connected by two thioaminal groups, Figure 6.4a.

161



(b)
L ——————————————
@ 0 1 mWem?
+—
o o 10 mWiem?
1000 I O 20mWicm?
A 30 mW/em?
Loss modulus
a1°4f 3
o >
w )
2 10%F &
E
E‘1'.')2!'Q’
é o.no..... T
@
10'F ¢ { 10} @X-@
9 — A 30 mWiem?
. s o ¢ | 0ss Modulus
100 L L L L 'l L 'l 1 'l L 100 L Il L L
0 2 4 6 8 10 12 14 16 18 20 0 200 400 600 800 1000
Dose (J/cm?) Time (s)

Figure 6.4. Control between the polymerization and scission reactions was expanded into polymer
networks, where multifunctional thioaminal monomers were used to create on-demand
polymerizing-then-degrading materials using a single 400-500 nm light source. (a) Monomers
used to create the thioaminal-containing network, consisting of a non-degradable backbone
(curves) connected by two cleavable thioaminal units (red blocks). (b) Photorheology plot of the
thioaminal network, comparing storage (G’, markers) and loss (G’’, black dotted line) moduli as a
function of 400-500 nm light dose. At 2 J/cm? the network transitioned from polymerizing to
degrading. (c) Photorheology plot showing storage (markers) and loss (black dotted line) moduli
as a function of time as the light source was turned on (white) and off (grey).

Exposing the thioaminal-containing mixture to light confirmed that this material could both
undergo polymerization and degradation from a single, near-UV light source. Figure 6.4b shows
how shear storage (G’) and loss (G’”) moduli changed as light dose, i.e. exposure time at a fixed

intensity, increased, and this experiment was repeated for various light intensities from 1 to 30
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time [s]. These photorheology curves show the material first exhibited a polymerization region
from 0 to 2 J/cm?, with G’ increasing to 3 x 10° Pa, followed by a degradation region from 3 to 20
J/em?, with G’ dropping to ~100 Pa. Furthermore, all samples followed a single representative G’
and G’ curve where moduli depended on total light dose and not on the light intensity used during
exposure. These data indicate that similar to the small molecule study in Figure 6.3, the material
first underwent thiol-ene polymerization and then underwent thioaminal scission and degraded.
While degradation was achieved, no crossover point for the storage and loss moduli was
observed. In Figure 6.4b, G’ values (markers) never dropped below G’ values (black dotted line),
even after both moduli plateaued at 14 J/cm?. This indicates that degradation only resulted in partial
cleavage, allowing part of the network to remain intact. ATA homopolymerization and incomplete
thioaminal scission may have both contributed to incomplete network cleavage. As in the Figure
6.3 study, ATA homopolymerization consumed allyl groups and an off-stoichiometric ratio of 0.7
thiol : 1 ene was required to ensure total consumption of both thiol and ene functionalities. Since
allyl homopolymerization occurs via chain-growth®® and consumed ~30 % of the allyl groups
available, it is possible the allyl groups formed a separate network that could not be degraded via
thioaminal scission. Incomplete thioaminal scission may have inhibited a crossover point when
considering the fraction of ATA crosslink bridges left intact. '"H NMR spectra of the degraded
ATA-HDT-1819 material showed that 40 % of thioaminal groups had undergone scission, Figure
S6.19. Using this scission conversion, and the structure of the ATA crosslink bridges, the equation
Foeavea = 1 — (1 — €)?* was derived, where Feieaved is the fraction of ATA bridges cleaved, C is

the thioaminal scission conversion, and the full derivation is shown in Figure S6.20. For a scission
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conversion of 40 %, Feieavea €quals 0.64, meaning 36 % of ATA bridges remained intact throughout
the degradation process and may have also contributed to the lack of a crossover point.

Despite the lack of a crossover point, submerging the degraded polymer in dichloromethane
(DCM) resulted in complete dissolution of the material. Glass slides containing the polymer were
exposed to 20 J/cm? of light dose to ensure degradation. Rinsing the polymer on these slides with
DCM into a 100 mL RBF showed no insoluble material was left on the glass or could be seen
within the flask. Repeating this procedure with polymers that had been exposed to less light, only
2 J/em?, resulted in an insoluble film that remained on the slide. This experiment showed that for
practical applications, thioaminal-containing networks could be completely degraded via
thioaminal scission. Researchers seeking to improve this breakdown of polymer networks via
thioaminal scission may consider increasing the concentration of photoinitiator used as a catalyst
for scission,?® designing another network where every connection contains cleavable thioaminal
units,>! or using tertiary thiol substitution within thioaminal groups.

As with the initial ATA molecule study, the extent of thioaminal scission within bulk material
exceeded that of scission within thioaminal small molecules. '"H NMR tests showed different
extents of thioaminal scission for the ATA-HDT system (40 %), the ATA-HT system (28 %), and
the 1°TA system (5 + 1 %) even though all thioaminals had primary thiol substitution. This
difference was likely due to mobility limitations of the carbon-centered radicals formed by
thioaminal scission in all three systems, where decreased mobility limited radical termination by
recombination and led to higher scission conversion.*® Furthermore, in the bulk material system
this limited mobility increased the chances the scission-induced radicals interacted with nearby
thioaminal groups, further propagating scission, as opposed to interacting with mobile I819 or thiyl

radicals, leading to termination.
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Exposing the ATA-HDT-1819 system to a variable light source that turned on and off found
that degradation required illumination and would not proceed in the dark. Figure 6.4c shows how
G’ and G”’ changed as a near-UV light sourced was flipped on and off every 60 s. When the light
was on (white regions) both G” and G”’ changed immediately, while when the light was off (gray
regions) both G’ and G’ plateaued immediately. As before, G’ dropped until it plateaued at ~100
Pa, at which point total illumination time was 450 s, and this time equaled a light dose of 13.5
Jiecm? which was consistent with the plateau region exhibited in Figure 6.4b. These data showed
that thioaminals not only enable photodegradation of polymer networks, but that this degradation
may take place over an arbitrary number of illumination stages, allowing multi-stage processing
of these materials with control over the entire polymerization and degradation regimes.
Furthermore, these results imply analog control could be achieved over both the modulus and

shape of thioaminal-containing networks, as light dose may be 3-D patterned into these polymers.

6.4.4 Interchangeable Photoresists

Figure 6.5. On-demand construction and destruction of thioaminal networks was used to create a
material that behaved as both a positive and negative photoresist under a single light source.
Shining 1 J/cm? of 400-500 nm light onto a thioaminal mixture using a photomask cured a buffalo
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(positive photoresist, middle), while an additional 12 J/cm? of light using a second photomask
etched out a CU logo (negative photoresist, right).

A benefit of achieving photo-mediated spatiotemporal control over both polymerization and
degradation via different reaction rates is the ability to command construction and destruction of
a material using a single light source. To that end, this work culminated in the creation of
thioaminal-containing networks that could be used as both a positive and negative photoresist by
controlling exposure to near-UV light. This concept was explored by using photolithography
masks as shown in Figure 6.5. A solution of 0.7 thiol : 1 ene : 2 1819 was mixed using ATA, HDT,
and 1819. The mixture was placed between glass slides, exposed to 1 J/cm? of light under a buffalo
mask, and lightly rinsed with DCM. In this scenario the material demonstrated its potential as a
positive photoresist, leaving behind the cured image of a buffalo on the slide. After that, the image
was exposed to an additional 12 J/cm? of light under a CU mask and rinsed again with DCM. This
time the material demonstrated potential as a negative photoresist, dissolving the illuminated CU
logo and leaving a patterned hole in the buffalo. This proof-of-concept experiment shows the
potential for thioaminal networks to serve as a multi-stage material for photolithography
applications,?” 3-D printing,?® or volumetric additive manufacturing.>? Should other researchers
seek to expand the use of multi-stage thioaminal networks they may consider investigating the

effect of multiple wavelengths,> or two-photon polymerization to achieve greater spatial control.*®

6.5 Conclusions

In this work, the thioaminal scission reaction was established as a new photolabile chemistry,
and was combined with the thiol-ene polymerization reaction to create multi-stage tunable
materials from a single light source. Thioaminal scission was found to occur by radical-mediated

B-scission of the carbon adjacent to the thioaminal sulfur. NMR and FTIR studies confirmed
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thioaminal molecules 1°TA, 2°TA, and 3°TA all cleaved to form DMTF, although to different
extents. Increasing thiol substitution increased scission conversion from 5 + 1 % up to 39 + 3 %,
while aromatic thiol substitution inhibited scission. Investigations of the monomer ATA, which
contained both thioaminal and thiol-ene active groups, showed these two radical-activated
reactions may occur in a semi-orthogonal fashion. Under the conditions used here, the thiol-ene
polymerization proceeded first, within 0.5 min, and thioaminal scission proceeded second, taking
9.5 min after the consumption of allyl groups. A polymer network created using ATA showed two
semi-orthogonal stages and could be used to create the aforementioned polymerizing-then-
degrading material. This material changed modulus at different light exposure doses, polymerizing
up to G’ of 0.3 MPa when the dose reached 2 J/cm? and degrading down to G’ of 100 Pa when the
dose exceeded 14 J/cm?. Lastly, a proof-of-concept experiment showed the thioaminal network
could be used as both a positive and negative photoresist material by first curing a buffalo and then
etching away a CU logo. While this work has laid the foundation for the thioaminal scission
reaction, it did not attempt to take an in-depth approach to identifying the detailed mechanism.
This research has broadened the chemical library of photolabile reactions, and may be used to

create new on-demand multi-stage materials.
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6.8 Supporting Information

R
NN e o Rl\N/\SR HN/Rl
T | + R,SH —»65 ¢ ‘ 2 4
R, R1 Ry R1
R, = Methyl or piperidine R,= n-butyl, isobutyl, tert.butyl or phenyl

Scheme S6.1. Synthesis of thioaminal small molecules.

General procedure for synthesis of alkyl thioaminals
N,N,N’,N’-Tetramethyldiaminomethane (25 mmol) and alkyl thiol (25 mmol; n-butanethiol, 2-
butanethiol, or tert-butylthiol) were mixed in an oven dried 50 mL round bottom flask and the
resulting mixture was heated at 65 °C (neat) for 16 h, following reported literature.* For n-
butanethiol and 2-butanethiol, the crude was purified by silica column chromatography (0 % - 5
% EtOAc / Hexanes) to obtain the required thioaminal as clear oil (yield ~70 %). For tert-butylthiol
the crude was used without purification for FTIR and NMR studies due to high volatility of the
product.

Synthesis of phenylthioaminal (PTA)
Dipiperidinomethane (DPPM) was synthesized following literature procedures,? giving a yield of
92 % and characterized prior to using it in the next step.
DPPM (11 mmol) and thiophenol (11 mmol) were mixed in an oven dried 25 mL RBF, and the
resulting mixture was heated at 80 °C for 16 hrs. The white precipitate formed during the reaction
was removed by filtration. Crude reaction mixture was collected and the by-product piperidine
was removed under reduced pressure to yield the required phenylthioaminal as a clear oil (yield

~10 %).
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Figure S6.1. *H NMR spectra of 1°TA. *H NMR (400 MHz, CDCIs) § 3.94 (s, 2H), 2.58 (t, J =
1.4 Hz, 2H), 2.30 (s, 6H), 1.67 — 1.48 (m, 2H), 1.48 — 1.33 (m, 2H), 0.91 (t, 3H).
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Figure S6.2. 'H NMR spectra of 2°TA with internal standard dimethylsulfone (peak at 2.98 ppm).

IH NMR (400 MHz, CDCl3) & 4.00 — 3.87 (m, 2H), 2.71 (h, J = 6.6 Hz, 1H), 2.31 (s, 6H), 1.69 —
1.45 (m, 2H), 1.28 (d, J = 1.0 Hz, 3H), 0.99 (t, J = 0.8 Hz, 3H).
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Figure S6.3. 'H NMR spectra of 3°TA. *H NMR (400 MHz, CDCIs) 6 3.93 (s, 2H), 2.31 (s, 6H),
1.33 (s, 9H).
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Figure S6.4. 'H NMR spectra of dipiperidinomethane (DPPM). 'H NMR (400 MHz, CDClz)
2.84 (s, 2H), 2.43 — 2.37 (m, 8H), 1.59 — 1.49 (m, 8H), 1.47 — 1.36 (m, 4H).
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Figure S6.5. *H NMR spectra of PTA with some DPPM impurity. *H NMR (400 MHz, CDCl3) &

7.52 — 7.43 (m, 2H), 7.32 — 7.23 (m, 2H), 7.22 — 7.14 (m, 1H), 4.50 (s, 2H), 2.57 (t, 4H), 1.55 (g,
4H), 1.46 — 1.34 (m, 2H).
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Scheme S6.2. Synthesis of allylthioaminal (ATA).

Required N,N,N’,N’-Tetraallyldiaminomethane was synthesized according to the reported
literature procedure.? Diallylamine (220 mmol) was placed in an oven dried 100 mL two-neck

RBF and ice-cold formaldehyde (8.928g, 110 mmol, Formalin) was dripped in via addition funnel.
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The reaction mixture was refluxed at 120°C and spun for 2 hrs. The reaction mixture was cooled
and allowed to phase separate at room temperature. The top organic layer was collected, washed
with KOH pellets, and the product was then purified by column chromatography (0 % - 5 % -
10 % FEtOAc / Hexanes), dried under vacuum to yield the required N,N,N’)N’-
Tetraallyldiaminomethane as clear oil (71 % yield).

Above synthesized N,N,N’,N’-Tetraallyldiaminomethane (65 mmol) and 1,6-Hexanedithiol
(26 mmol) were mixed in an oven dried 100 mL RBF, and refluxed for 48 hrs at 80°C. The crude
reaction mixture was purified by column chromatography (0 % = 5 % —> 10 % EtOAc / Hexanes),
and solvent was removed under reduced pressure. The compound was dried at 50°C under high

vacuum for 24 hrs to yield the required allylthioaminal as a clear oil in 68 % yield.
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Figure S6.6. *H NMR spectra of ATA. *H NMR (400 MHz, CDClz) & 5.88 — 5.74 (m, 4H), 5.27
—5.12 (m, 8H), 4.03 (s, 4H), 3.19 (d, J = 6.4 Hz, 8H), 2.55 (t, J = 7.3 Hz, 4H), 1.62 — 1.50 (m,
4H), 1.44 — 1.33 (m, 4H).
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Figure S6.7. 3°TA consumption and resulting thioamide formation as a mixture of 1 thioaminal :
0.01 1819 was exposed to 400 — 500 nm light at 30 mW/cm?. Concentrations quantified via gNMR
using 20 mM dimethylsulfone in CDCls.
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Figure S6.8. NMR spectra used to calculate conversion of thioaminal PTA. PTA was mixed with

2 mol % 1819, exposed to 400 — 500 nm light at 30 mW/cm? for 10 min, and achieved a conversion
of 0 % since no thioamide peaks (3.29 and 3.26 ppm) were observed.
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Figure S6.9. Theoretical calculation of [1819] as a function of illumination time under a 400 - 500

o 405,
nm light source. The calculation used equation [I819] = [1819]y- e ***"®Esw0s*, where
[1819]o was the initial concentration of 1819 (0.052 mM), @ the quantum yield (0.6), &405, nap

the molar absorptivity for 1819 at 405 nm (696 L / mol / cm), laos the light intensity (1 — 30

mW/cm?), Eaos the energy per mole of 405 nm photons (3 x 10° J/ Einsteins), and t the illumination
time.
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Figure S6.10. Representative comparison of thioaminal and thioamide NMR peak integrals used

to calculate degradation conversion. Conversion was calculated using equation 1 of the paper,
where Inttp was the area of combined thioamide singlets at 3.29 and 3.26 ppm (location b’), Intta
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the area of the thioaminal singlet at 3.93 ppm (location a), and the fractions account for number of
protons per peak. This 2°TA sample was mixed with 1 mol % 1819, exposed to 400 — 500 nm light

at 30 mW/cm? for 10 min, and achieved a conversion of 34 %.
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Figure S6.11. FTIR spectra for a 1 : 0.01 molar ratio of 1°TA and 1819 exposed to 400 — 500 nm
light for 10 min at 30 mW/cm?.
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Figure S6.12. FTIR spectra for a 1 : 0.01 molar ratio of 2°TA and 1819 exposed to 400 — 500 nm
light for 10 min at 30 mW/cm?.
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Figure S6.13. FTIR spectra for a 1 : 0.01 molar ratio of 3°TA and 1819 exposed to 400 — 500 nm
light for 10 min at 30 mW/cm?.
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Figure S6.14. FTIR spectra of dimethylthioformamide (DMTF), showing a distinct peak near
1540 cm.
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Figure S6.15. Thiol and ene conversions for ATA-HT-1819 solutions, mixed with varying thiol :
ene ratios. All samples were mixed with 2 mol % of 1819 and exposed to 400 - 500 nm light at 30
mW/cm? for 15 min. Ene, or allyl peaks, were tracked at 3080 cm and thiol at 2500 cm™. A 0.7
thiol : 1 ene ratio resulted in near quantitative conversion for both thiol and ene groups. The 0 : 1
thiol to ene ratio represents the homopolymerization of ATA with 18109.
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Figure S6.16. Full FTIR spectra of a thiol : ene : 1819 (0.7: 1 : 0.005) mixture composed of ATA-
HT-1819. Sample was exposed to a 400-500 nm light source at 30 m\W/cm? for up to 10 min. After
1 minute exposure of the sample to the light, peaks corresponding to the ene (3080 cm™t) and thiol

(2550 cm?) both disappeared while gradually developing a peak at 1500 cm™ indicating the
formation of thioamide.
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Figure S6.17. FTIR spectra of a 1 ATA : 0.01 1819 mixture before and after light exposure. The
sample was exposed to 400 - 500 nm light at 30 mW/cm? for 15 min. Ene conversion dropped ~10
% (3120 cmt) while minimal thioamide formed (1500 cm™Y).
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Figure S6.18. FTIR spectra of a 0.7 thiol : 1 ene : 0.005 1819 mixture composed of ATA, HDT,
and 1819 exposed to a 400 — 500 nm light for 5 min at 30 mW/cm?.
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Figure S6.19. 'H NMR spectra of degraded thioaminal network composed of 0.7 thiol : 1 ene :
0.005 1819. Comparing integral of thioamide peak (9.26 ppm) with thioaminal peak (4.03 ppm)
1

R . *
and gave a conversion of conversion = ——— = ~40%.

Figure S6.20. Degradation conversion of thioaminals was used to determine fraction of thioaminal
crosslink bridges left intact. The fraction of cleaved crosslinks, Fjeaveq: Can be said to be
Fileaved = 1 — F connectea- Since each crosslink in ATA contained two thioaminal groups,
F connectea = (1 — €)%, where € was the thioaminal degradation conversion. For C = 0.4 the
fraction of cleaved ATA crosslinks became F jeqpeqa = 1 — (1 — 0.4)% = 0.64. This shows 64

% of ATA crosslink bridges were cleaved, leaving 36 % of crosslinks intact to contribute to the
network.

183



107

—0—G'
—0—G"
—_ 1 06 3 r
CI(E o0 0-0-0—-0—0—0—0 O
w
3
=
©
=
105} E
o
D‘—.-.—#
u_.u,.-—ﬂ""‘n.—__‘
GFrpooo-0”
1 04 L i 1 i i

0 5 10 15 20 25
Shear Strain (%)

Figure S6.21. Representative plot of a strain sweep experiment on the rheometer for the ATA-
HDT-1819 formulation, ranging from 0 to 25 % shear strain with a frequency of 1 Hz. Storage
modulus only dropped 10 % when 25 % shear strain was reached. All rheology experiments were
subsequently conducted at 10 % shear strain.
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Figure S6.22. Photorheology of 25 um thick thioaminal networks showing storage modulus at
various light intensities.
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Figure S6.23. FTIR spectra of thioaminal small molecules after exposure to light without any 1819
present. All molecules were exposed to 400 — 500 nm light at 30 mW/cm? for 10 min.
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Chapter 7: Conclusions and Future Recommendations

This thesis focused on the analysis, control, and design of polymer degradation within covalent
adaptable networks (CANSs), investigating how dynamic reactions within CANs induce mass loss.
In the first part of this thesis, the thiol-thioester exchange reaction was investigated with an
emphasis on how network structure and reaction kinetics could be coupled with theoretical models
to precisely tune the degradation processes of thioester containing networks. In the second part of
this thesis, thioaminals were investigated as a means to create new CANSs through either the thiol-
thioaminal exchange reaction or the photomediated thioaminal scission reaction, and in both
studies the effects of functional groups and network structure were manipulated to tune
degradation. The remainder of this thesis is dedicated to summarizing these results and proposing

future work.

7.1 Thiol-Thioester Degradation

With the difficulty that arises from reprocessing traditional thermosets, recent work has turned
toward CANs as a means to bridge the material property benefits of crosslinked networks with the
reprocessability of thermoplastics. Degradation within reversible exchange CANSs is different from
that in traditional thermosets because polymer chains disconnect by means of reversible exchange
reactions as opposed to irreversible scission reactions. As the majority of degradation models have
been developed for irreversible scission reactions and not for reversible exchange reactions,
barring some recent work on transesterification'~3 and boronic ester exchange,* there was a need
to improve the quantitative models available in the field.

Aim 1 of this thesis sought to develop quantitative models for CANs degradation by focusing
on the thiol-thioester reaction as a model system. Specifically, Aim 1 investigated how small

molecule thiol-thioester exchange reactions translate into macroscopic degradation within

187



thioester CANs and is discussed within Chapter 3 of this thesis. A statistical kinetic model that
took into consideration the network structure and the thiol-thioester exchange kinetics was
developed and compared to experimental mass loss data for step-growth thioester networks. These
thioester CANs were degraded by submerging films in a solution of the thiol butyl 3-
mercaptopropionate, the base triethylamine, and acetone to trigger the base-catalyzed exchange.
A single fitting parameter, the reaction rate constant k which only varied from 0.0039 to 0.0051
M-tmin, could accurately match model predictions to experimental mass loss and confirmed the
accuracy of the model. Increasing the concentration of the thiol, the base, or decreasing crosslink
density resulted in faster degradation with timescales that tuned from 2.5 h to theoretical infinity.
Degradation of 3-D printed thioester networks showed that these materials transitioned from bulk
to surface degradation profiles when part thickness exceeded 3 mm and also showed that exchange
within thioester composites selectively degrades the matrix but allows 91 % recovery of the
composite filler.
Proposed future work building off the findings in Aim 1 consist of:

1) Transposing the model towards other exchange chemistries. The structural components of the
developed model are chemistry agnostic. By simply adjusting the Kinetic equation to reflect
another exchange reaction, this model may readily describe bulk degradation in other reversible
exchange chemistry systems such as transesterification or vinylogous-urethane exchange.

2) Exploring situations where the model fails. A crucial assumption of this model is detached
polymer segments rapidly diffuse out of the network. Work by Carberry et. al.> has shown detached
segments in PEG-thioester network have long diffuse times and break this assumption, exhibiting

a linear mass loss profile more akin to surface degradation.
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3) Applying the derived mass gain equations to described self-replicating networks. Past work has
focused on creating expanding polymer networks, either through the use of solvent® or by inducing
self-replication.”® This self-replication is caused by the by addition of monomers into the network,
a process which mimics the mass gain observed during the degradation of reversible exchange
CANs. As such, the mass gain equations developed in Aim 1 offer a unique opportunity to
characterize the self-replication process and guide future polymer expansion design.

Aim 2 of this thesis continued to improve the quantitative models developed for CAN
degradation by focusing on tuning degradation via oligomer structure. Specifically, Aim 2
investigated how oligomer structure impacts the degradation of thioester CANs via the base-
catalyzed thiol-thioester exchange reaction and is discussed in Chapter 4 of this thesis. The
statistical kinetic model from Chapter 1 was evolved to consider the impact of the number of
thioester linkages within oligomers (N) and the dispersity profiles of these oligomers. Model
predictions matched experimental mass loss studies for step-growth thioester networks, showing
that increasing the number of thioester linkages from 1 — 4 decreased mass loss time from 25 — 4
h. Mass loss experiments were achieved by submerging thioester CAN films in a solution of 1 M
butyl 3-mercaptopropionate, 0.3 M triethylamine, and acetone to trigger the base-catalyzed thiol-
thioester exchange reaction. Once again a single fitting parameter, the reaction rate constant k
could match model and experiment results and this variable only varied from 0.0024 to 0.0040 M-
'mint. Controlled mass release studies using Nile Red within thioester networks then confirmed
oligomer structure enabled quantifiable mass release from 4 — 25 h via the Beer-Lambert law.

Proposed future work for Aim 2 includes:
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1) Transposing the model towards other exchange chemistries. As before, the structural
components of the models developed are chemistry agnostic, being readily adapted towards other
exchange reactions and other oligomer-containing networks.

2) Modelling degradation of tailored oligomer distributions. Aim 2 found the degradation profiles
of blended CANs, produced by mixing oligomers together, were accurately predicted by merely
adding the mass loss components of each oligomer weighted by their relevant molar fraction. This
implies the model may be used to describe a variety of precisely defined oligomer dispersity
profiles,® which has been shown to impacts properties such as self-assembly!® and optical clarity.*
3) Decoupling the effects of diffusion versus additional exchange that contribute to mass loss.
Diffusion of detached polymer segments out of CANSs is convoluted by several competing factors
including dynamic mesh sizes,*? detached polymer segments reattaching into the network via
additional exchange reactions,® and detached polymers segments further cleaving into smaller
pieces via additional exchange reactions.® The relative contributions from these processes may be
investigated by comparing CANSs that undergo reversible exchange reactions versus CANs that
only undergo irreversible reactions. A promising first experiment would be to degrade the thioester
networks from Aim 2 in a solution of methanol plus butyl 3-mercaptopropionate and compare that
mass loss to the networks submerged in methanol plus 1-hexanethiol. As the 1-hexanethiol
reaction should be more irreversible (Keq of 1.37 versus 1)3 its deviations from the mass loss

model should be due to diffusion and not additional exchange reactions.

7.2 Thiol-Thioaminal Covalent Adaptable Networks
Compared to reversible addition CANs, the crosslink density of reversible exchange CANs
does not change with temperature and as such these materials have improved dimensional stability

and solvent resistance. However, this constant crosslinking density also makes reprocessing more
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difficult which is why there has been a push to design reversible exchange CANs that rearrange
fast enough for reprocessing by thermoplastic techniques. Past chemical reactions that fit this
criteria require elevated temperatures (above 100 °C) and typically require exogenous catalyst,
showing these was a need for an exchange chemistry that could be triggered under near-ambient
conditions.

Aim 3a of this thesis sought to fulfill this need by investigating the thiol-thioaminal exchange
reaction and is captured in Chapter 5 of this thesis. A model system studied thiol-thioaminal
exchange between small molecules, extracting 4 kinetic constants (ks kr, Keq ti/2¢4) and
discovering the choice of thiol in the exchange most impacted the reverse reaction rate constant,
kr. Stress relaxation of step-growth thioaminal networks found these networks rearranged rapidly,
within 5 s at 95 °C, and with % excess thiol and temperature resulting in faster relaxation. Coupling
stress relaxation with frequency sweep experiments confirmed thiol-thioaminal exchange
proceeded through a reversible exchange type mechanism with activation energies ranging from
97 — 112 kJ/mol. Submerging thioaminal CAN films in solutions of excess thiols showed thiol-
thioaminal exchange could rapidly degrade thioaminal networks, with the choice of thiol
controlling degradation time from 4 — 379 min.

Proposed future work for Aim 3 includes:

1) Exploring thiol-thioaminal exchange within sacrificial substrates. The ~100x control over
degradation timescale (4 — 379 min) and the ability to define surface or bulk degradation all by the
appropriate choice of thiol makes thioaminal networks ideal sacrificial substrates.

2) Expanding thiol-thioaminal exchange into biological media. Enabling selective exchange under

mild conditions is a requirement for biologically relevant chemical reactions. As past work has
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shown thiol-thioaminal exchange readily occurs with cysteine,’* the exchange may be applied

towards other thiol-rich biological media such as hydrogels.*®

7.3 Photomediated Thioaminal Scission

Combining photopolymerization with photodegradation techniques grants unique control over
the entire life-cycle of a material. While this has been achieved by using different wavelengths to
mediate the two stages, few works have investigated using vastly different reaction kinetics to
control the two processes. Furthermore, using these different kinetic rates gives the added benefit
of controlling the two processes with one light source. As such, there was a need to explore new
photomediated reactions that could grant this type of temporal control.

Aim 3b of this thesis investigated the thioaminal scission reaction as a means to achieve
radical-mediated polymer degradation and is detailed in Chapter 6 of this thesis. A model system
studied thioaminal scission in molecules with increasing degrees of substitution (1° — 3°), showing
that thioaminal scission is a radical-mediated process that forms thioamide moleculesina 1l : 1
molar ratio. Increasing the thiol substitution from primary to tertiary resulted in the extent of
scission also increasing from 5 — 39 %. As scission was found to occur semi-orthogonally to the
thiol-ene polymerization reaction, a two-stage polymerizing-then-degrading network was
developed with polymerization and degradation regimes switched at 2 J/cm? and plateaued at 13
Jicm?. These networks were then designed to create single materials that served as both positive
and negative photoresists.

Lastly, proposed future work for Aim 4 includes:

1) Identifying the precise mechanism for the thioaminal scission reaction. While a general
degradation process was established for how thioaminal scission yields thioamides, the particular

steps and energy levels that occur along the way were not explored. Researchers interested in
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pursuing this path may consider isolating the proposed carbon-centered radical, calculating the
reaction rate constant, and determining the rate limiting step.

2) Exploring the impact of radical initiator. Aim 3b found that the thioaminal scission reaction
requires radical-initiation, but the impacts of this initiating species on the overarching scission
reaction was not well explored. Researchers interested in studying the initiating radical may
consider investigating the impact of radical chemistry and the impact of radical concentrations on
the speed of scission and the extent of scission.

3) Designing thioaminal holograms. Holographic photopolymers enable data storage by means of
encoding 3-D optical patterns in polymers via changes in the refractive index.%” As opposed to
traditional holograms, which used a binding matrix and writing monomers to create this refractive
index change,'®1° using a photodegradable network would enable the erosion of polymer at these
small length scales, creating a refractive index difference between polymer matrix and air, a An

value much larger than typically recorded.
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