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Covalent Adaptable Networks are an important and growing class of polymer materials that enable
reconfiguration of what would otherwise be a static three-dimensional network through the incorporation
of dynamic bonds. Such adaptability enables the design of stimuli responsive materials and crosslinked
networks that can processed and reprocessed in ways that are typically attributed to linear and branched

polymers.

Two areas were explored in this thesis with respect to covalent adaptable networks. The first was
the development and characterization of the thiol-ene-disulfide polymerizations of linear disulfides, which
combines the thiol-ene and disulfidation reactions in one network-forming system to make tunable dynamic
materials. The second was implementation of dielectric analysis to characterize the dynamic behavior of
various dynamic networks. this was done to understand the impact of thiol substitution on dynamic thioester
reactions and explore the utility of DEA as a tool for understanding the differences in dynamic for different
mechanisms of dynamic bonding, A combination of FTIR, DMA, NMR, rheology, and stress relaxation

were implemented to develop and study these materials and techniques.

It was found that thiol-ene-disulfide photopolymerizations were a viable approach for making dual-
cure and dynamic networks. A thorough kinetics analysis showed that the thiol-ene reaction is about 30
times faster than the disulfide-ene reaction, producing a dual-cure system with spatial and temporal control.
Inherent to this approach, radical-disulfide exchange slowed the thiol-ene step, and the specific
thiol/disulfide pair significantly impacted the rate of both the thiol-ene and disulfide-ene stages of the
polymerization, depending on the relative stability of the thiyl radical formed by the thiol and disulfide.
Exchange also enabled shrinkage stress reduction during the polymerization and induced stress relaxation

that could be controlled by network structure and choice of disulfide core.



Although thiol substitution has been shown to have little impact on thiol-ene the thiol-ene reaction,
it was found to have a significant impact on dynamic reactions involving thioesters. In networks only
capable of thioester exchange, stress relaxation was significantly slower for the secondary thiol/thioester
networks than for the primary analogues. Dielectric analysis indicated that the slowed rate was due to a
combination of steric hinderance, which slows nucleophilic attack onto the thioester, and the decrease in
polarity associated with the large number of additional methyl groups, which is known to create a less
conducive environment for thioester exchange in general. For thiol-anhydride-ene networks, which are
capable reversible addition and reversible exchange, substitution biased dynamic bonding toward the

reversible thiol-anhydride addition at a given temperature.

Finally, analysis of dielectric and stress relaxation spectra showed that DEA can detect differences
between reversible addition and reversible exchange mechanisms. Time-temperature-superposition of
dielectric spectra for Diels-Alder (addition), thioester (exchange), and thiol-anhydride (both) networks
showed that the spectra were superimposable if the equilibrium number of crosslinks was not significantly

impacted by the temperature.
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normalized stress over time, for 0.9:1, 1:1, and 1:1 ratios of thiol to alkene with 3.5wt% DMPA as a UV
photoinitiator at 15 mW/cm2. The vertical dashed line indicates the time at which the light was turned off
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Figure 4.6: For PETMP-DTG with a 0.5:1 ratio of thiol to alkene, , a) relative conversion of alkene over
time at various light intensities (mW/cm2), where zero conversion corresponds to the initial conversion
reached after the first stage thiol-ene reaction, and b) the normalized stress during the disulfide-ene
polymerization for samples cured through the disulfide-ene reaction at various light intensities (mW/cmz2).
The inset highlights the initial drop instress for each light intensity. Samples were first cured using 14
mW/cm2 405 nm light until the film was just cured enough to cut and handle.............ccccoovoiiiiiincnens 53

Figure 4.7: a) Monomers used to study the impact of different kinds of thiols and disulfides on thiol-ene-
disulfide materials, and b) The stability of the thiyl radical derived from PETMA, PETMP, and SiTSH,
respectively, going from I6ft tO FIGNL. ......ccooiiiii e e 57

Figure 4.8: Thiol and vinyl conversion over time for the two disulfide-containing divinyl ether monomers
copolymerized with thiols of different thiyl radical stability: a) PETMP, b) PETTG, and c) SiTSH. The
insets show the first minute of the polymerization for each thiol to emphasize the difference in the thiol-
ene rate for each thiol-diSUITIAE PAIT. ........ociriiieic s 59

Figure 4.9: a) DMA trace and b) stress relaxation of each network, with butyl vinyl ether included in the
top right. Each network was made with a 1.1:1 ratio of thiol to alkene and was cured into a 250 pum films
with 1 wt% TPO irradiated with 405 nm light at 20 mW/cm2 for 5 minutes on each side. Stress relaxation
was done with 3.5 wt% DMPA and 365 nm light at 15 mW/cm2 for 10 minutes at 8% strain.................. 62

Figure 4.10: The normalized stress over time for for DTG (solid) and DMP (dashed) at two ratios of thiol
to alkene. Samples were prepared with 3.5 wt% DMPA, stretch to 8% strain, and exposed to 15 mW/cm2
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Figure 4.11: For samples of PETMP with either DTG (dashed) or DMP (solid) with a 0.5:1 ratio of thiol to
alkene, ., a) relative conversion of alkene over time during the disulfide-ene polymerization at various light
intensities (mW/cmz2), where zero conversion corresponds to the initial conversion reached after the first
stage thiol-ene reaction, and b) the normalized stress during the disulfide-ene polymerization for samples
cured through the disulfide-ene reaction at various light intensities (mW/cm2). Samples were first cured
using 14 mW/cm2 405 nm light until the film was just cured enough to cut and handle...............cc.cccoe..e. 65

Figure 5.1: General scheme for the thiol-thioester exchange reaction for both primary and secondary (red
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Figure 5.2: General scheme for bond rearrangement in thiol-anhydride-ene materials. Shown on top is thiol-

thioester exchange and shown on bottom is reversible thiol-anhydride addition. For simplicity, both
reactions are generalized by showing thiols as the exchanging SPecies. .........cccoovvveriiiiience e 72
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Figure 5.3: a) Model primary and secondary thiol and thioester compounds used in NMR studies, and b)
Reaction scheme for exchange of primary and secondary model compounds and the definition of Keq,
where the reactants and products can be either primary thiol and secondary thioester, or vice versa. ....... 76

Figure 5.4: Structures of the thiols, thioesters, and nucleophilic catalyst for thiol-ene films. Samples
consisted of either a 2:1 ratio of thiol-to-thioester functionality, with 1 wt% of the visible light photoinitiator
1819 and were irradiated at 25 MWW/CM2........oiiiiiiiiiie et 79

Figure 5.5: Representative dielectric spectra for thioester films taken using an interdigital sensor at various
temperatures: Primary thiol/thioester sample containing no catalyst (a) and 4 mol% DABCO as a
nucleophilic catalyst (c), and Secondary thiol/thioester of sample containing no catalyst (b) and 4 mol%
DABCO as a nucleophilic catalyst (d). The solid lines denote the real electric modulus, and the dashed lines
denote the loss electric modulus. €) The relaxation times as a function of temperature for the primary and
secondary thioester films, both with and without catalyst. ...........c.cccocveiiii i 81

Figure 5.6: Representative stress relaxation data at various temperatures for (a) the primary thiol-thioester
material and (b) the secondary thiol-thioester material.............coovereiieiieriiiir e 82

Figure 5.7: Arrhenius plots of a) the a-relaxation time from dielectric measurements for the primary and
secondary thiol-ene samples, both with (diamonds) and without (circles) 4 mol% DABCO as a nucleophilic
catalyst, and b) the relaxation times measured by stress relaxation with 4 mol% DABCO. Dashed lines
indicate a liNear fit 10 the Jala. ........ccccveiie ettt nrenees 83

Figure 5.8: a) Structures of the thiols, anhydride, and nucleophilic catalyst for thiol-anhydride-ene films.
Samples consisted of either a 2:1 ratio of thiol-to-thioester functionality, with 0.2 wt% of the UV light
photoinitiator DMPA and were irradiated at 25 mW/cm2, and b) the general scheme for the thiol-anhydride-
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Figure 5.9: Representative dielectric spectra of a) the primary and b) secondary thiol-anhydride-ene samples
at various temperatures. Dashed lines in the dielectric spectra represent the loss electric modulus (M”), and
solid lines represent the real electric modulus (M’). The IR peak corresponding to the anhydride,
highlighted in grey, appears at approximately 1770 cm-1, is shown for c) the primary and d) secondary
thiol-anhydride-ene networks at the same temperatures as the dielectric spectra as well as room temperature.
e) Relaxation time, as determined by a Cole-Cole fit, as a function of temperature for the dielectric spectra.

Figure 5.10: Representative stress relaxation data, given as the normalized modulus, at various temperatures
for a) the primary thiol-anhydride-ene and b) the secondary thiol-anhydride-ene material. ..................... 88

Figure 6.1: Schematics for the three dynamic bonds studied in this work: a) The Diels-Alder (DA) bond
which undergoes reversible addition, b) Thiol-thioester bond which undergoes thiol-thioester exchange,
and c) the thioester bond that forms from the ring opening of an anhydride by a thiol which undergoes both
thiol-thioester exchange and reversible thiol-anhydride addition. ............cccocviiriiineniic 96

Figure 6.2: Structures for the monomers used in this study for three different dynamic network chemistries:
a) Thiol-ene networks made from PETMP and TEDE that contain thioester bonds capable of thiol-thioester
exchange (reversible addition only), and catalyzed using the DABCO as a nucleophile, b) Diels-alder
networks from ETMPTF and MPBM (reversible addition only), and c) Thiol-anhydride-ene networks made
from PETMP and ASA that contain thioester bonds capable of both thiol-thioester exchange and reversible
thiol-anhydride addition (both reversible addition and reversible exchange), and catalyzed using the
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Figure 6.3: Diagram showing the sample geometries for: a) ITO coated glass, where a premade sample of
known dimensions is cut and placed between the conductive sides of two ITO glass plates, and b) interdigit
probe, where the liquid resin can fill the channels on the surface of the probe before being cured. ........ 101

Figure 6.4: Dielectric spectra for thioester networks with a 2:1 ratio of thiol to alkene at various
temperatures, where dashed lines (---) are samples taken on ITO coated glass and solid lines (—) are sample
taken on the IP’s. a) Real electric modulus versus frequency on samples without catalyst, b) loss electric
modulus versus frequency on samples without catalyst, ¢) Real electric modulus versus frequency on
samples with 4 mol% DABCO, b) loss electric modulus versus frequency on samples with 4 mol%
D = 4 PRSP 103

Figure 6.5: Dielectric spectra for a Diels-Alder network at various temperatures, where dashed lines (---)
are samples taken on ITO coated glass and solid lines (—) are samples taken on the IP’s. a) Real electric
modulus versus frequency, and b) loss electric modulus versus freqUENCY. ........ccocevveeeieiveveseesie e 105

Figure 6.6: a) Dielectric spectra for the DA Network with 5% excess furan at various temperatures ,b) the
master curve constructed for 5% excess furan from the loss modulus where 105 °C was used as the reference
temperature, ¢) Dielectric spectra for the DA Network with 15% excess furan at various temperatures, d)
the master curve for 15% excess furan constructed from the loss modulus where 105 °C was used as the
reference temperature, and e) the storage moduli of both DA networks measured by DMA................... 108

Figure 6.7: a) Normalized stress as a function of time with 5% excess furan and b) the master curve
constructed from the stress relaxation with 5% excess furan data where 80 °C was used as the reference
temperature to calculate the horizontal shift factor, ar, ¢) Normalized stress as a function of time with 15%
excess furan and b) the master curve constructed from the stress relaxation with 15% excess furan data
where 80 °C was used as the reference teMPEratUre. ...........coeiererieieiniesee s 110

Figure 6.8: a) Loss modulus spectra for the thioester network without catalyst at various temperatures, b)
the master curve constructed from the loss modulus for the thioester network without catalyst where 50 °C
was used as the reference temperature, c) loss spectra for the thioester network with 4 mol% DABCO at
various temperatures , d) the master curve constructed from the loss modulus for the thioester network with
4 mol% DABCO where 50 °C was used as the reference temperature, and e) the storage moduli of thioester
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Figure 6.9: a) Normalized stress versus time for thioester networks with 4 mol% DABCO, and b)
superimposed of the normalized stress for thioester networks at various temperatures. The relaxation time
at 50 °C was used at the reference to calculate the horizontal shift factor (ar).........cccceeviviniiiniicienns 113

Figure 6.10: a) Loss modulus spectra for the thiol-anhydride network with 5% excess anhydride at various
temperatures, b) the master curve constructed from the loss modulus for the thiol-anhydride network with
5% excess anhydride, where 80 °C was used as the reference temperature, c) loss spectra for the for the
thiol-anhydride network with 50% excess thiol at various temperatures , d) the master curve constructed
from the loss modulus the thiol-anhydride network with 50% excess thiol, where 80 °C was used as the
reference temperature, and e) the storage moduli of thioester networks measured by DMA.................... 114

Figure 6.11: a) Normalized stress as a function of time with 5% excess anhydride and b) the master curve
constructed from the stress relaxation with 5% excess anhydride data where 80 °C was used as the reference
temperature to calculate the horizontal shift factor, ar, ¢) Normalized stress as a function of time with 50%
excess thiol and b) the master curve constructed from the stress relaxation with 50% excess thiol data where
80 °C was used as the referenCe tEMPEIatUIE. .........c.civiiiiiire e 116
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Chapter 1 - INTRODUCTION

1.1 Introduction to Covalent Adaptable Networks

Polymers are ubiquitous materials that permeate all aspects of modern life. They are made up of long
chains of repeating units, and the nature of those units and how they are connected dictate their properties
and ultimately their utility. Polymers make up a huge proportion of the functional materials we see and rely
on every day, ranging from soda bottles to food and product packaging, to vehicle tires, to aircraft wings
and wind turbine blades. In general, most polymers are classified into two categories based on the topology
of the constitutive polymer chains: thermoplastics or thermosets (Figure 1.1). Each possesses specific

advantages and disadvantages derived from their structure and connectivity.

a) Thermoplastics a) Thermosets

m
Raan WK

Linear Branched Crosslinked

Figure 1.1: A representation of the types of the types of polymer chains that make up the two general classes
of polymers, where a) Thermoplastics are broadly made up of linear and branched polymer chains and b)
thermosets are made up of polymer chains that are covalently bonded, or crosslinked, together.

Thermoplastics are the more common class of plastics that we use in everyday life and make up the
plastics that are numbered for recycling, such as low-density polyethylene (LDPE) used for plastic bags
and poly(ethylene terephthalate) (PET) for beverage bottles. They consist of linear or branched polymer
chains that are held together by non-covalent interactions that may include any combination of chain
entanglements, other non-specific Van Der Waals forces, hydrogen bonding, and other non-covalent
interactions depending to type and structure of a given polymer or polymer mixture. Thermoplastics are
ubiquitous in commercial plastics and consumer materials because these non-covalent interactions enable

facile processing into the desired shape. Upon heating, the linear or branched chains overcome the forces



holding them together and slide past each other under an applied force. This mobility makes thermoplastic
amenable to a variety of processing techniques such as injection molding or extrusion to convert the
synthesized polymer into the desired product® 2. A major benefit of thermoplastics is that, when properly
separated, they can be recycled upon heating to make new products and reduce single-use plastic waste,
although at the current time, only about 9% of plastics are recycled and most are downcycled into materials
of lower quality®. However, the non-covalent interactions associated with thermoplastics often, though not
exclusively, limit them to lower temperature applications and uses that don’t involve prolonged exposure
to solvent or chemical conditions that can solvate or degrade these materials over time. In addition, the
mechanical strength and longevity of thermoplastics can be limited due the strength of their intermolecular

interactions and are frequently less suitable for structural materials or long-term wear and tear.

In contrast, thermosets are made of polymer chains that are connected by covalent bonds, forming a
three-dimensional network. Their covalently crosslinked structure results in robust mechanical properties
and better resistance to solvents and chemical exposure. This makes thermosets extremely attractive for
structural materials and composite matrices that must survive conditions and/or mechanical forces for which
thermoplastics are unsuitable — such as permanent and structural adhesives, lightweight composites used in
aerospace and wind-power, and bottles used for chemical storage among others. However, it is extremely
difficult to repurpose/recycle or even degrade many thermosets at end-of-life because their covalently
crosslinked structure prevents flow upon heating, meaning that any reprocessing requires irreversible

breaking of covalent bonds.

Given the strengths and weakness of thermoplastics and thermosets, a great deal of work over the past
several decades has been devoted to developing covalently bonded materials with reconfigurable bonds to
bridge the gap of these two classes of polymers. The result has become a rich and growing class of dynamic
polymer materials called covalent adaptable networks (CANs)*®. These crosslinked networks incorporate
dynamic covalent chemistries that, when triggered under a chosen set of conditions, enable bond

reconfiguration in what would otherwise be considered a static, three-dimensional network. An approach



centered on dynamic bonds opens the door to generate stimuli-responsive materials and products with the
robust properties sought out in thermosets with many of the processability characteristics of thermoplastics.
Both the development and implementation of new dynamic polymers and a better understanding of how
dynamic bonds impact polymer chain dynamics are of great interest to improving the design of CANs for

a growing range of applications.

The number of available dynamic bonds has expanded tremendously in recent years. Bond
reconfiguration can be active either during or after polymerization depending on the choice of dynamic
bond, polymerization chemistry, and stimulus. CANs are classified based on their dynamic bonding
mechanism. The most common classification is based on the mechanism of bond reconfiguration and the
resulting impact on network structure. These categories are reversible addition (dissociative chemistries)

and reversible exchange (associative chemistries) (Figure 1.2).

/ Dissociative (Reversible Addition) \

- - - -

Associative (Reversible Exchange)

2% & e

N /

Figure 1.2: Schematic of a) dissociative/reversible addition and b)
associative/ reversible exchange bond in covalent adaptable
networks.

Reverible addition involves the breaking-then-reforming of the dynamic bond under the applied
stimulus. During this process, the overall chain mobility is increased due to partial or complete de-gelation
of the network, which allows the chains to rearrange until the stimulus is removed. The network then returns
to a crosslinked state with different topology than the initial network. This results in high chain mobility as

bonds continuously break and reform. A variety of dissociative bonds have been explored, including Diels-



Alder” 8, dimerization of anthracene® and cinnamates'® 1, urethane and urea bonds*? 13, and thiol-Michael
adducts’* 15, These and other bonds can be simulated by light, heat, and/or the appropriate catalysts to
activate bond reconfiguration depending on the choice of chemistry that suits the application. Reversible
addition CANs are well suited for recycling and self-healing behaviors in bulk because the number of
crosslinks can be significantly reduced, or the material can be temporarily depolymerized into a liquid state.
These processes can be performed repeatably so long as the relevant functional groups aren’t consumed by

side reactions and too many non-dynamic covalent bonds are not broken during processing.

In contrast, in reversible exchange the dynamic bond mechanism is the opposite of dissociative
chemistries; bond-formation followed by bond-breaking. Here, the dynamic bond is activated by a catalyst
or an active center, then the dynamic bond and active center are regenerated to rearrange network topology
without significantly changing the total number of crosslinks. Because the overall number of bonds is
maintained, reversible exchange CANs can be locally welded or even repaired without compromising the
properties of the entire material, or reformed or molded into a new shape. Some dynamic reactions used to
produce associative CANSs include addition fragmentation chain transfer (AFT) of allyl sulfides or
trithiocarbonates'® 7, transesterification'®, thiol-thioester exchange (TTE)!*?2, and imine exchange? 2.
Incorporation of associative bonds into CANs enables bond rearrangement either during and/or after
polymerization. For example, AFT has been implemented in materials for dental restoration (fillings for
cavities) to reduce polymerization shrinkage stress, increasing the functional lifetime of the restoration

without deleterious effects on the material properties of the restoration®-?’.

A notable subcategory of CANSs that is often attributed to associative chemistries are “vitrimers”?%,

Vitrimers are generally thought of as thermally activated associative networks that undergo flow like that
of strong glass formers, meaning that the increase in the viscosity of the network due to bond rearrangement
with respect to temperature follows an Arrhenius relationship. For vitrimers, flow is possible at
temperatures for which (1) the dynamic chemistry is active and (2) the network possesses sufficient mobility

such that bond exchange results in productive rearrangement of polymer chains. For example, imine-



exchange vitrimers have been used to make carbon fiber composites that can be repeatably remodeled into
various shapes by heating he part to activate imine-exchange and reconfigure the matrix topology, resulting
in a stable and robust part upon cooling? 24 2531, Broadly speaking, associative CANs and vitrimers can be
reprocessed or recycled by adding sufficient excess of one functional group-containing monomer to de-gel
the network. Monomer containing the complementary functional group can then be added to re-crosslink
the recovered monomer mixture. For example, in a polythiourethane network used to make carbon fiber
composites, excess of the thiol monomer can be added to return the network to a liquid state to recover both
the carbon fibers and the monomer/macromer mixture. The mixture can then be repolymerized with
additional isocyanate monomer®?, While “vitrimeric” behavior is most often attributed to associative
networks, dissociative networks can also show many of these characteristics under relevant processing

conditions®.

Some dynamic bonds may undergo either or both associative and dissociative reactions depending on
the reaction conditions, including thiol-anhydride adducts that are capable of both thioester exchange and
ring-opening/closing reactions®* 3%, boronic esters® %, disulfides® . These networks often possess
complex rheological properties depending on which dynamic mechanism prevails under a given set of
conditions. As mentioned above, the properties of dissociative networks can be quite similar to associative
networks if the equilibrium number of dissociated crosslinks is small and the bond Kkinetics are fast under
the relevant reprocessing conditions. Under such conditions, the crosslinking density is essentially
unchanged and the dynamic breaking/reforming of bonds induces the same viscoelastic behavior that is
typically attributed to associative networks that fit the “vitrimer” paradigm?®3. Characterization of the impact
of different dynamic bonding mechanisms and combinations thereof is important to fully understand and

leverage dynamic bonding in CANSs.

1.2 Disulfide Chemistries in Dynamic Networks
Disulfides are pervasive bonds in biological and polymeric systems. They play a crucial role in protein

folding®, are industrially relevant for processes such as the vulcanization of rubber, and are one of the



oldest known and most well-studied dynamic bonds**4. These are versatile dynamic bonds because they
can be triggered by light, heat, or basic/nucleophilic catalysis depending on specific disulfide structure and
neighboring functional groups. Aromatic disulfides, for example, are thermally labile and have been used
to induce self-healing upon heating via a metathesis mechanism (Figure 1.3a)*. Disulfides may also

undergo radically mediated dynamic bonding. Many disulfides can be homolytically cleaved into thiyl

a) Metathesis

R R R R R R
\S ~ \S__S/ \.S S/
| | c— ! _—
S So -=S. —SJ
R” R R™ R R” R
b) Radically-Mediated
Radical-disulfide exchange R S
s7.- R S
R—S- R\S/S\R _— 1! _— R” \S/R S—R
S
R
Homolytic scission
Re. R Re. R Re. R
5 S S S—sS
S Ss. s ‘s. S—s._
R” R R R R” R
c) Thiolate-Mediated Exchange
Rl _S
.- R
R-s- Rigg =— %1 = g% sR
S
R

Figure 1.3: Various mechanisms of bond exchange for disulfides: a)
Metathesis of two disulfides, b) radical-mediated exchange, and thiolate-
mediated exchange.

radicals by direct irradiation with ultraviolet light, which can dynamically break and reform via a
dissociative mechanism or exchange with another disulfide via an associative mechanism®. Thiyl radicals
can also be produced through activation by a photoinitiator to generate the radicals that participate in
radical-disulfide exchange (Figure 1.3b)*. In addition, thiolate-mediated thiol-disulfide exchange can be
catalyzed by base or nucleophile (Figure 1.3c)*. This process is analogous to radical-mediated exchange,
where the thiolate anion is produced through either the deprotonation of thiol by a base or the nucleophilic

attack of a disulfide by a sufficiently potent nucleophile.

Certain disulfides are also polymerizable by cascading homopolymerization reactions so form poly

sulfides or the disulfidation of alkenes to form thioacetals. Lipoates and 1,3-dithiolanes are cyclic disulfides



that have been used to form polydisulfides through a ring-opening homopolymerization*-! and have also
been implemented in ring-opening disulfidation of alkeness®> % by an analogous mechanism to the thiol-
ene reaction® >, This is an attractive scheme because of the perfect atom economy and ring-opening
reactions can be leveraged to reduce shrinkage stress during polymerization?® %6, However, the scope of
inexpensive and commercially available starting materials is rather narrow, limiting the diversity of
potential disulfide-containing monomers and therefore the tunability of material properties polymer
networks made with this approach. Recently, certain linear disulfides have been found to react via the same
disulfidation mechanism with vinyl ethers®’. In that study, a variety of linear disulfides flanked by different
functional groups were evaluated, and disulfides derived from thioglycolic acid were found to be
particularly reactive, reaching near 100% conversion in the shortest time, which those derived from

mercaptopropionates and sulfones also reached reasonably high conversions.

1.3 Dielectric Analysis in Polymer Networks

The experimental approaches for studying the dynamic behavior of CANs typically revolve around
mechanical measurements such as dynamic mechanical analysis (DMA)%, stress relaxation and creep
compliance® ®, and/or self-healing that involves rheological or tensile testing on broken-then-healed
specimens®?. In particular, for DMA a sample is subjected to an oscillating mechanical strain and the phase
lag between the input strain, and the output stress on the sample is measured to determine properties such
as the storage and loss modulus, which correspond to the ability of the material to store or dissipate energy,
respectively. The changes in these moduli are a consequence of the chain relaxations and their macroscopic
effects on the material. DMA is frequently conducted with isothermal frequency sweeps utilized to measure
relaxations, such as those which correspond to the glass transition, or T4. However, this the frequency range
for such experiments is typically quite limited due to instrumentation restraints (up to about 100 Hz), and

DMA cannot directly probe chain-level dynamics.

Another experimentally analogous tool in polymer science is dielectric analysis (DEA), which can be

leveraged to investigate chain-level dynamics. Much like DMA, DEA uses an oscillating input to measure



a complex response (in the mathematical sense) related to the storage and dissipation of energy to
characterize time-dependent responses in the material of interest (Figure 1.4). Instead of an oscillating
strain, an oscillating electric field is applied to the sample to determine the timescales at which dipole
moments in the backbone of the polymer chains and side groups reorient themselves in response to the
electric field. This provides a window into polymer chain and segment-level mobility. In addition, DEA
enable much wider frequency windows to measure dynamic behavior. While standard dynamic mechanical
analyzers can reach frequencies of 100 Hz, standard dielectric spectrometers can reach frequencies of 10°
Hz. This enables the observation of more relaxation processes at a given temperature than mechanical

techniques like DMA can access.

Dynamic Mechanical Analysis Dielectric Analysis
(DMA) {DMA)
E

Input /' Response

I Complex Modulus

M* = M +iM”

Oscillating Oscillating
Strain Electric Field
Figure 1.4: Representation of the standard configuration of dynamic mechanical analysis
(DMA) and dielectric analysis (DEA), showing how both techniques utilize an oscillating
input and measure the response to measure a complex quantity, shown here is the complex
modulus.
Considering the relaxations themselves, different relaxation modes appear at different frequencies.
Faster modes arise from short-range cooperativity such as the rotation of a side group or short chain
segments. These relaxations appear at higher frequencies at a given temperature. Slower relaxation modes
arise from long-range cooperative motions such as the segmental chain motions that are associated with the
Tq (called the a-relaxation). These modes will appear at lower frequencies at a given temperature. Each
relaxation mode will generally have its own temperature dependence, and different relaxation modes will

be convoluted when two or more modes are equally fast at a given temperature or temperature range. This



is often the case for the a-relaxation and other relaxations due to shorter range motions of sides chains
(often called B-relaxations). At temperatures well above the Ty, segmental motions are just as fast as side
chain motions, and their respective peak in dielectric spectra will overlap. As temperature is decreased both
the a-relaxation and p-relaxation peaks move to lower frequencies. But because cooperative segmental
motions become more inhibited near and below the Ty, the two distinct peaks are observed in the dielectric
spectra. DEA has been implemented to study chain and side group relaxations in a wide variety of materials
including epoxy-resins®?, natural and synthetic rubbers®® ®, dental restoratives®®, composites® ¢, and

supramolecular networks®,

However, little work has been done using DEA to assess polymer dynamics in CANs, which exhibit
distinct time/temperature dependent behavior compared to equivalent non-dynamic networks due to
viscoelasticity introduced by dynamic bonds. Studies of supramolecular networks offer the closest analogy
to CANs because hydrogen bonding can be strongly analogized to dynamic bonds, especially for
dissociative networks. For example, Tress et al.®® used dielectric spectroscopy to identify distinct peaks
corresponding the a-relaxation in addition to the terminal chain-end relaxations that correspond to hydrogen
bonding, which they called the a*-relaxation. The difference in the relaxation times at various temperatures
was used to determine the activation energy of the a*-relaxation. This work also showed that relaxation
times for the hydrogen-bonding process measured by dielectric were significantly faster than those
measured by shear rheology, showing that a given hydrogen bonding pair can break and reform many times
before they find new partners that results in a productive relaxation event. While this framework may prove
useful assessing relaxations in CANs, peaks in the dielectric spectra that can be directly attributed to

dynamic bonding have not been readily identified in CANs®* 35,

Given the interest in recyclable, repurposable, self-healing, and responsive polymer materials®, an
improved understanding of chain dynamics in CANSs is important in materials design. This is especially
relevant in the context of an ongoing conversation in the literature regarding the distinctions between

associative and dissociative CANSs. Specifically, whether the distinction between associative and



dissociative CANs are important at relevant processing conditions for dissociative networks. Meaning
conditions at which bonds are dynamically breaking and reforming but the reduction in crosslinking is

small, generating dynamic behaviors that have generally been attributed to associative CANs®3 7°,

1.4 Overview of Present Work

The goal of this thesis is to build out the toolbox for making and characterizing covalent adaptable
networks. Disulfides have been utilized and studied extensively in dynamic networks for more than half a
century*?44, In addition, there have been studies of network formation of cyclic disulfides via ring-opening
homopolymerization*%° as well as disulfidation with alkenes®> 3, Cyclic disulfides show excellent
reactivity in these crosslinking polymerizations due to ring strain, but that reactivity makes these monomers
unstable to premature homopolymerization. Linear disulfides, devoid of such ring strain, should be much
more stable monomers that their cyclic counterparts and be suitable for disulfidation. Indeed, Kamps et al.%’
demonstrated that certain linear disulfides can be efficiently copolymerized with vinyl ethers. This work
expands upon disulfidation (or disulfide-ene) in a copolymerization between thiols and disulfides with vinyl
ethers produce a two-stage polymerization scheme, one that is controlled by the relative rate of thiol-ene
and disulfide-ene polymerization. A thorough kinetics analysis of these reactions using FTIR was
performed to characterize the relative reaction rates of thiol-ene and disulfide-ene in these combined
polymerizations. Furthermore, the radically-mediated bond dynamics of these networks were studied to (1)
understand the role of radical disulfide exchange both during both stages of the polymerization as well as
post-polymerization stress relaxation and (2) expand the scope of linear disulfides and thiol monomers used

to synthesize these materials.

This thesis also expanded upon previous work by Podgorski et al.3* ™ investigating dynamic
thioester reactions and by Long et al.”> ™ studying how thiol substitution impact thiol-x reactions to
investigate the role of thiol/thioester substitution on dynamic networks using DEA. Primary and secondary
thiols and thioesters were synthesized and implemented in dynamic thioester networks to (1) study how

substitution impacts exchange rates in these materials and (2) use these different substitutions as probes to
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measure the differing dielectric response induced by changes in network polarity. First, model studies using
NMR were used to characterize the relative reactivity of these networks at equilibrium. Next, stress
relaxation and DEA were used to study how that substitution effects dynamic thioester reactions in thiol-
ene and thiol-anhydride-ene networks. Lastly, this work aims to take a broader look at DEA as a tool for
evaluating bond dynamics in different types of CANs. Namely, DEA and rheological stress relaxation
measurements were used to study networks capable of reversible addition, reversible exchange, and both

reversible addition and exchange reactions.
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Chapter 2 - OBJECTIVES

2.1: Overview

Covalent adaptable networks are an important class of polymer materials whose mechanical and
dynamic properties can be tuned by the choice of chemistry, bonding mechanism, and stimulus. This thesis
focuses on (1) expanding the toolbox of dynamic network-forming polymerizations by introducing the
thiol-ene-disulfide polymerization and substituted thiols into dynamic thioester networks and (2) further
expanding dielectric analysis as a tool for characterizing dynamic behavior in CANs. This research
implements fourier transform infrared spectroscopy, dynamic mechanical analysis, stress relaxation,

dielectric analysis, and rheology to explore these focuses.

2.2: Specific Aim 1 — Develop disulfidation polymerizations of linear disulfides for creating
and studying dynamic networks.

The purpose of this aim is to implement and characterize thiol-ene-disulfide polymerizations for

dual-cure polymers and covalent adaptable networks.

2.2.1: Aim 1.1 — Characterize thiol-ene-disulfidation polymerization reaction kinetics.

The purpose of this sub-aim is to experimentally measure functional group conversion for thiol-
ene-disulfide polymerizations and model the reaction kinetics. A new monomer containing a disulfide core
flanked with vinyl ethers was synthesized and used to characterize the reaction kinetics for increasingly
complex polymerization systems. First characterizing the polymerization of this monomer by itself, then
monofunctional thiols, and finally multifunctional thiols. A kinetics model based on a combined thiol-ene
and disulfide-ene polymerization schemes was implemented to quantify the difference in reaction rate
between the two reactions. Mechanical testing including DMA and rheology were also used to characterize

the material properties and gelation, respectively.
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2.2.2: Aim 1.2 — Implement thiol-ene-disulfidation polymerizations for covalent adaptable networks.

The purpose of this sub-aim is to investigate the role that radical-disulfide exchange plays in thiol-
ene-disulfide networks. A new disulfide-core monomer was introduced to expand the scope of disulfides
that are viable in this polymerization scheme. Stress relaxation and fourier transform infrared spectroscopy
(FTIR) were used to characterize the impact of disulfide exchange during both the thiol-ene and disulfide-

ene stages of the polymerization as well as post polymerization stress relaxation.

2.3 Specific Aim 2: Implement dielectric analysis as a tool for characterizing the structure-
property relationships of dynamic materials.

The purpose of this aim is to implement DEA to characterize structure-property relationships in

covalent adaptable networks.

2.3.1: Aim 2.1 — Characterize the effect of thiol substitution on dynamic thioester reactions with mechanical
and dielectric analysis.

The purpose of this sub-aim is to investigate how thiol/thioester substitution impacts dynamic
thioester reactions. Model NMR studies, DMA, stress relaxation, and DEA were used to show differences
in relaxation rates for primary and secondary thiol/thioester materials. This analysis was done for two kinds
of dynamic thioester networks: thiol-ene networks that are only capable of reversible addition and thiol-

anhydride-ene networks that are capable of both reversible addition and reversible exchange.

2.3.2: Aim 2.2 — Implement dielectric analysis to investigate different dynamic bonding mechanisms in
comparison to macroscopic mechanical measurements:

The purpose of this sub-aim is to use investigate DEA as a tool for studying covalent adaptable
networks and develop methodologies for analyzing their dielectric spectra. Two different types of dielectric
probes, ITO coated glass and interdigit probes, were implemented to better understand how test conditions
impacts the observed relaxations in CANs. Rheology and DEA were used to study whether time-

temperature-superposition of using dielectric spectra can be leveraged to study dynamic networks.
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2.4 Flory-Huggins Parameters for Thiol-ene Networks using Hansen Solubility Parameters
The purpose of this objective is to measure the Flory-Huggins interaction parameter for a thiol-ene
networks of varying crosslinking density and polarity in organic solvents. Experimental measurements were
compared to theoretical prediction using Hansen solubility parameters to assess the viability of this
approach for predicting swelling in thioether-containing materials. Swelling and DMA were used to
measure the Flory-Huggins parameter and the Hansen Solubility Parameters in Practice (HSPiP) software

was used for predicted values.
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Chapter 3 — SPATIAL AND TEMPORAL CONTROL OF PHOTO MEDIATED
DISULFIDE-ENE AND THIOL-ENE CHEMISTRIES FOR TWO-STAGE

POLYMERIZATIONS

3.1: Abstract

A new strategy is reported for the design and synthesis of high sulfur containing materials for
potential use in covalent adaptable networks and optical materials by combining photomediated thiol-ene
and disulfide-ene based polymerization reactions. Taking advantage of the relative reaction rates to
differentiate sequentially between the thiol-ene and disulfide-ene conjugations, these reactions were
performed semi-orthogonally to produce polymer networks of controlled architecture. Kinetic analysis
demonstrates that the thiol-ene reaction is approximately 30 times faster than the disulfide-ene reaction,
enabling spatial and temporal manipulation of material properties via dual-cure networks and
photopatterning. A two-stage polymerization approach was implemented with increases in modulus in the
second stage of 2-3 orders of magnitude accompanied by increases in the glass transition temperature of
more than 15°C. Additionally, the thiol-ene reaction in the presence of a disulfide yields materials capable
of simultaneous network development and stress relaxation through dynamic bond exchange during in situ

polymerization.

3.2: Introduction

Over the last 50 years, sulfur-based chemistries have been widely applied to the field of polymer
science and related applications.’ Many of these chemistries involve thiol-X click-reactions’ due to the
high selectivity, rapid rates, and tolerability to various reaction conditions.>° Other widely utilized sulfur-
containing bonds include polysulfides which have been employed in vulcanization of rubbers since the 19™

century. 114

The disulfide bonds, in particular, are intriguing covalent bonds that have been well studied in the

literature, especially due to their crucial role in protein stability.®> Although the disulfide bond is relatively
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strong (with a bond dissociation energy of roughly 60 kcal/mol), many disulfides are susceptible to cleavage
by electrophiles, nucleophiles, reducing agents, free-radicals, and even directly by specific wavelengths of
light.**-20 The unique chemistry surrounding disulfides has resulted in a recent surge of the incorporation
of disulfides into polymeric systems. Polymers containing disulfides have been used for: stress relaxation,
self-healing adaptable networks, controlled drug release, chain transfer agents, increase of refractive index
through the introduction of sulfur atoms, latent protection of thiols, and ring opening polymerizations of

1,2-dithiolanes and 1,2-dithianes.420-31

The disulfidation of alkenes utilizing linear disulfides has generally been accomplished with
transition metal catalysis, limiting its utility in polymeric systems.®2-** However, Bowman and coworkers
recently reported the photo-induced radical-mediated disulfidation of vinyl ethers with various linear
disulfides (Figure 3.1a). The mechanism of this reaction parallels that of the thiol-ene/yne reactions
(Figure 3.1b), yielding thioacetal products in analogy to the thiol-yne bis thioether reaction products
(Figure 3.1c), providing 100% atom economy and overall pseudo-first order kinetics with respect to the
disulfide. Although the reactions are similar, it was demonstrated that the thiol-ene reaction exhibits a

significantly faster reaction rate as compared to the disulfide-ene reaction.*
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Figure 3.1: Radical conjugation reactions between unsaturated carbon-carbon
bonds and thiols or disulfides in the presence of an initiator. a) Disulfidation of
vinyl ethers, b) Thiol-ene reaction, and ¢) Thiol-yne reaction.

Furthermore, it was hypothesized that combining the thiol-ene and disulfide-ene reactions in a
polymeric system (Figure 3.2) would enable dual-cure (or two stage) polymerization systems with spatial

and temporal control over material properties. This approach will also enable dynamic covalent bond

20



exchange, due to the inherent disulfide exchange mechanisms, as is necessary for covalent adaptable
networks (CANSs).2° This work focused on a monomer containing a linear disulfide flanked with vinyl ethers
(DSDVE), enabling polymerization of the monomer with multifunctional thiols via the radical-medicated

thiol-ene reaction and subsequent disulfidation of the alkenes (Figure 3.3).

Thiol-ene

\5 O\
_S' S
/ 0 K
— SH \S/\\./ ~. \“S”S\

Figure 3.2: Schematic of the competing thiol-ene and disulfide-ene reactions utilized in this paper.

The disulfide monomer DVSDVE was designed to enable several key characteristics of the linear
disulfidation reaction. The molecule contains a dithioglycolate core, which has been previously shown to
be the most effective functional group for the disulfidation reaction, achieving fast reaction rates and high
overall yields. Additionally, the pendent vinyl ether groups are vital because only vinyl ethers were shown
to react on reasonable timescales in this disulfidation reaction scheme. Vinyl ethers also show excellent
reactivity in the thiol-ene reaction. Finally, the butyl chains were incorporated such that the monomer would

both be a liquid and miscible with the other components used herein.*
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3.3: Experimental section
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Figure 3.3: Materials used: (1) bis(butylvinylether) 2,2’-dithiodiglycolate (DSDVE). (2) methyl thioglycolate (MTG).
(3) butyl-3-mercaptopropionate (BMP). (4) pentaerythritol tetrakis(3-mercaptopropionate) (PETMP). (5) bis(butyl)
3,3’-dithiobispropionate (DSMP). (6) bis(methyl) 2,2’°-dithioacetate (DSMA).
3.3.1: Materials

Dithioldiglycolic acid, diisopropylcarbodiimide (DIC), 4-dimethylaminopyridine (DMAP),
methylthioglycolate  (MTG), butyl-3-mercaptopropionate  (BMP),  pentaerythritol  tetrakis(3-
mercaptopropionate) (PETMP), 1,4-butanediol divinyl ether, diphenyl(2,4,6-trimethylbenzoyl)phosphine

oxide (TPO), and anhydrous tetrahydrofuran (THF) were all purchased from Sigma-Aldrich.

3.3.2: Experimental
NMR Spectroscopy: H-NMR and *C-NMR spectra were recorded on a Bruker 400 MHz NMR
spectrometer. Proton chemical shifts are expressed in parts per million (5). The 3 scale was referenced to

deuterated solvents, as indicated in the respective measurement.

Real-Time Fourier Transform Infrared (FT-IR) Spectroscopy: Reaction kinetics were analyzed using

a FTIR spectrometer (Nicolet 8700) in transmission mode to monitor real-time functional group
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conversions. Samples were interposed between two NaCl windows and placed into a vertical transmission
apparatus. Irradiation was performed using a mercury-lamp (Acticure 4000) with a 400-500 nm band gap
filter. The light intensity was measured by a THORLABS model number PM100D radiometer. By
measuring the IR peak area decreasing at 1580-1670 cm™ and 2520-2620 cm™, the real-time functional
group conversions of vinyl and thiol groups, respectively, were monitored and calculated as the ratio of the
real-time peak area to the peak area of the initial spectra. The alkene peak was also verified by additionally

measuring the IR peak area decreasing at 790-850 cm™.

Rheology: Data was collected using an Ares G2 (TA Instruments) with a 20 mm plate at 25 °C with a 0.5%
strain at a frequency of 1 Hz using a photo-rheology attachment connected to an Acticure light source.

Samples were irradiated in situ and the loss and storage moduli were monitored.

Dynamic Mechanical Analysis (DMA): DMA was performed on an RSA-G2 (TA Instruments). Samples
of approximate dimensions 20mm x 5mm x 0.25mm (LxWxH) were cut, and measurements were taken
using a temperature ramp rate of 3 °C/min at frequency of 1 Hz to measure the storage modulus, loss
modulus, and tan(d). The glass transition temperature (Ty) was taken to be the peak of the tan(d) of the

second temperature ramp of two temperature sweeps.

3.4: Results and Discussion

A thorough kinetic analysis was conducted to gain a better understanding of the disulfidation and
thiol-ene-disulfidation polymerizations. Fundamental kinetic parameters were determined by experiments
with monofunctional model compounds to avoid confounding variables (e.g. decreasing reactant mobility)
that may complicate analysis of the kinetics during polymerization and crosslinking reactions. Initial studies
were conducted to obtain a first estimate of the chain transfer kinetic constant for the disulfidation reaction
involving only the disulfide-diene monomer. Subsequently, DSDVE was mixed and reacted with MTG at
various stoichiometric ratios to obtain kinetic constants for both possible chain transfer reactions and to

ascertain how fast the thiol-ene reaction is relative to disulfidation when there is only one possible thiyl
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radical. Finally, DSDVE was reacted with BMP to examine the relative kinetics where a potential mixture
of two types of thiyl radicals could exist. BMP was selected as a monofunctional analog of PETMP, a

common multifunctional thiol used in thiol-ene polymerizations.

3.4.1: Kinetics of the Disulfidation of DSDVE

Detailed kinetic analysis of the thiol-ene-disulfidation polymerizations is crucial to controlling the
material properties in a polymer network. The first step toward understanding of the evolution of the thiol-
disulfide-ene networks is to evaluate the kinetics of the disulfidation polymerization of DSDVE
independent of the thiol-ene reaction. We propose a model for the kinetics of the disulfidation reaction
derived directly from the thiol-ene kinetics. Here, the thiols in the thiol-ene equations are replaced with
disulfides because they play an analogous role to the thiol in both the propagation and chain-transfer steps.*’
Based on the mechanism in Figure 3.2, the governing equations used to model the disulfidation kinetics

are as follows (Equations 1-4).

% = —k,[C = C][S] (1)
S kats - si1c) @
% = Ry — R(S") + ke[S = S1[C] — Ky [C = CIIS] ®3)
) = R~ kals = SICT + Iyl = C1s) @)

Equation 1 accounts for the concentration of the alkenes (vinyl ethers), which are consumed by the
propagation of a thiyl radical through a double bond. Equation 2 accounts for the concentration of disulfides,
which react via the chain transfer of a carbon-centered radical to the disulfide. Equations 3 and 4 describe
the concentration of the thiyl and carbon-centered radicals, respectively, considering initiation, termination,

propagation, and chain transfer events for both radical species.
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The initiation and termination rates are predicted by Equations 5-7.%7 Equation 5 is the rate of
initiation (Ri, M/s), where standard values for TPO were used (f = initiator efficiency (0.2), e= molar
absorption (230 L/(mol-cm))*, [I] = initiator concentration, I, = light intensity, lambda = wavelength (405
nm), NA = Avogadro’s number, h = Planck’s constant, and ¢ = speed of light in a vacuum). Equations 6
and 7 account for the rates of termination for carbon and thiyl radicals, respectively. For simplicity, all
termination pathways are considered to be equally likely, therefore k; (1000000 M*-s1) is assumed to be
the same for each termination pathway.®” This system of seven equations was solved numerically to model
the concentration of the disulfide and alkene over time and compare the theoretical alkene concentration to
experimental data. Although an analytical solution is possible for this simple set of equations given a few
assumptions (i.e., pseudosteady state radical concentration and equal rates of functional group

consumption)®*” numerical solutions using the ode45 function in MATLAB were implemented for

_ 2303fe[lllpA
(S TN k;[1] (5)
R (C) = 2k¢[CT* + k[C][S] (6)
R:(S) = 2k [ST* + k[C1[S7] (7

consistency with subsequent modeling of the combined thiol-ene-disulfidation reaction scheme.

The conversion of the alkene during the disulfidation polymerization of DSDVE was measured via
FTIR and is provided in Figure 3.4. The reaction was performed with 1.5 wt% TPO as a photoinitiator and
was activated with 405 nm light at 14 mW/cm? light intensity. The inherent stoichiometry of this reaction
is a 1:2 disulfide-to-alkene due to the disulfide core with two flanking vinyl ether groups. Therefore, the
theoretical conversion of the alkene is 50% if every disulfide is consumed during the polymerization. There
is a clear induction period during the early stage of this reaction that is attributed to oxygen inhibition.®
Upon overcoming this inhibition, the reaction proceeds and the alkene indeed reaches approximately 50%
conversion, which is assumed to correspond to complete consumption of the disulfide. The numerical model

was fit to the experimental best fit value after oxygen inhibition has been overcome with k¢ of 8000 s™.
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When the reaction is chain transfer limited as appears here, kp is necessarily much larger than ke and its
specific value does not alter the overall reaction rate significantly. Propagation kinetic constants for thiol-
ene reactions in the literature between thiols and vinyl ethers are reported to be near that of chain transfer
(kp/ket = 1.2) with a k, on the order of 130000 s for 3-mercaptopropionates under similar conditions to
those implemented here, indicating a much faster reaction than that between the disulfide and vinyl ether.
As the propagation reaction between the thiyl radical and the vinyl ether should be similar regardless of
whether the thiyl radical is generated from a thiol or a disulfide, this literature value of k, = 130000 s was

used to calculate an estimate for ky/ke: for the disulfidation of DSDVE of 16.
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Figure 3.4: Kinetics of the disulfidation reaction of DSDVE, and the model kinetics. The reaction reaches full
conversion of disulfide and 50% conversion of alkene due to the off stoichiometric ratio of the reactants (2:1 ratio
alkene:disulfide). The reaction contained 1.5 wt% TPO and was reacted with 14 mW/cm? of light at 405nm. Full
conversion is achieved after roughly one minute of irradiation time.

3.4.3: Methyl thioglycolate: Thiol-ene-disulfidation Kinetics

Introducing thiol into this reaction scheme results in two competing reaction pathways, hamely the thiol-
ene and disulfide-ene reactions, that share a propagation step in which the thiyl radical adds into an alkene
to generate the carbon-centered radical. The chain transfer step may then proceed for either the thiol-ene

reaction, by abstracting a hydrogen from a thiol, or through the disulfidation reaction by reacting with and
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cleaving the disulfide (Figure 3.5). The more prevalent pathway at a given point in time therefore depends
on both the relative chain transfer rate constants and the concentrations of thiol and disulfide. The

propagating carbon radical chain transfers to a thiol or a disulfide to yield distinct products.
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Figure 3.5: Competing reactions of a vinyl ether between the thiol-ene and disulfide-ene reactions.

Competition between these reactions was analyzed by exploring the reaction between MTG and DSDVE.
Regardless of whether chain transfer occurs with a thiol or a disulfide, the reaction of either MTG or
DSDVE results in a thioglycolate radical. Thus, this parallel reaction enables kinetic analysis that includes
only a single type of thiyl radical. In addition to the thiol-ene reaction, introduction of thiol to this scheme
also enables radical-disulfide exchange between the thiol and the disulfide during the thiol-ene stage of the
reaction. This pathway is not directly accounted for in the kinetic model since the initial and final species
are chemically identical but is implicitly accounted for within the chain transfer step for thiol-ene because
the product of radical disulfide exchange reaction does not change the kind of thiyl radicals that are present

in the reaction.

A model that also takes the thiol-ene pathway into account is presented in the species mass balances
presented in Equations 8-12. The new terms introduced for the thiol-ene disulfidation model are colored
blue for additional clarity. Equation 8 accounts for the thiol concentration by the chain transfer of the
carbon-centered radical to the thiol. Equations 9 describes the alkene consumption and is identical to
Equation 1 because both thiol-ene and disulfide-ene share the same propagation step. Equation 10 describes
the disulfide consumption and is nearly identical to Equation 2, where k¢ has been replaced by ke to

differentiate between the two different chain transfer constants. Equations 11 and 12 account for the thiyl
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and carbon radicals, respectively, with terms that factor in chain transfer to a thiol (kc) and chain transfer
to a disulfide (Kc2). Because radical disulfide exchange is possible during the thiol-ene step of the reaction,
the ket[SH][C] term represents the net-chain transfer rate after any disulfide exchange events occur. This
system of equations was then solved numerically using the ode45 function in MATLAB and fit to

experimental data.

MTG was used in a model study at three different stoichiometries of thiol-to-alkene; 0.25:1, 0.5:1,
and 1:1. These stoichiometries were selected to demonstrate a robust kinetic model at different thiol,
disulfide, and alkene concentrations. Mild initiation conditions, 0.5 wt% TPO photoinitiator and 7 m\W/cm?
of 405 nm light, were used to slow down the reaction such that any differences in rate could be more easily
distinguished and accurately measured. For all three stoichiometries, a ratio of propagation to chain transfer
kinetic constants for the thiol-ene reaction (ky/ke1) of 1.2 was used as a previously calculated value from

d[SH]

o = —kealSHI[C] ®
% = —k,[C = C][S] ©)
# = —kep[S = S1[C] (10)
% = R; — Re(S) + keey [SHI[C] + ke[S = S1[C] = kp[C = CI[S'] (11)
% = —R(C) — ko1 [SHI[C] = ke[S = S1[C] + kp[C = CI[S] 12)

the literature (Cramer et al.)*”. Therefore, the model was fit to the data by adjusting only the ratio of the

thiol-ene and disulfidation chain transfer kinetic constants (Kcu/Ket2).

Representative FTIR data for the thiol and alkene conversion over time for all three stoichiometries
and the model fit are shown in Figure 3.6. A single set of kinetic parameters was used to fit all three
stoichiometries where ke = 136000 s and ke, = 4800 s which results in Keu/Kee = 28. The conversion

over time and model fits for the 0.25:1 ratio of thiol to alkene are provided in Figure 3.6a. Under these
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reaction conditions, there is no adequate disulfide peak in the infrared spectrum so the conversion as a
function of time as predicted by the model is shown. At this stoichiometry, there are sufficient thiol and
disulfides to react with a total of 75% of the vinyl ethers with 25% conversion attributed to the thiol-ene
reaction and 50% conversion attributed to disulfidation. As predicted, a rapid thiol-ene reaction is observed
within the first few seconds, followed by a slower disulfidation step with a transition from the thiol-ene to
the disulfide-ene reaction occurring at roughly 25% conversion of the alkene, as dictated by the reaction
stoichiometry. The model slightly underpredicts the rate of disulfide exchange, but accurately predicts the

thiol-ene rate and the overall conversion the reaction.

Next, representative FTIR data for the thiol and alkene conversion and model prediction for the
0.5:1 ratio of thiol to alkene are provided in Figure 3.6b. Here, all functional groups should be consumed
once both the thiol-ene and disulfidation reactions are complete, with a transition occurring around 50%
conversion of the alkene. Once again two regimes are indeed observed; an initial rapid thiol-ene step,
followed by a slower disulfidation step which occurs after about 50% conversion as predicted. Once again,
the model accurately predicts the rate of the thiol-ene reaction, but this time overpredicts the rate of the

disulfide-reaction by missing the short “ramp-up” period between the two reaction mechanisms.

Representative FTIR data for thiol and alkene conversions for the 1:1 ratio of thiol to alkene are
provided in Figure 3.6¢ with their corresponding model fits. Here, only the thiol-ene reaction should occur,
rapidly consuming all of the alkenes before the disulfides have a chance to react. Indeed, a single rapid
reaction is observed, with 1-2% of the thiol left unreacted due to minimal conversion of the disulfides. A
separate disulfidation step does not occur because nearly all of the alkenes are consumed by the thiols. In
this case, the model slightly underpredicts the rate of the thiol-ene reaction relative to disulfidation by
overpredicting the amount of unreacted thiol (by 2-3% conversion) due to the alkene consumption by the

disulfides that was observed in the data.
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Figure 3.6: Conversion over time for the thiol and alkene for DSDVE and MTG with the overall model fits (k, =
164000 s, ke = 136000 s, koo = 4800 s1), as well as the predicted disulfide conversion for: a) 0.25:1 ratio of thiol-
to-alkene, b) 0.5:1 ratio of thiol-to-alkene, and c) 1:1 ratio of thiol-to-alkene. Reactions contained 0.5 wt% TPO and
were initiated by 7 mW/cm? light at 405 nm.

The kinetic model shows reasonably good agreement with the experimental data and that the thiol-
ene reaction is approximately 30 times faster than the disulfidation reaction for this system. This rate
difference is largely attributed to the fact that the hydrogen atom of a thiol is significantly more sterically
accessible than the disulfide bond, resulting in rapid extraction of the hydrogen atom from a thiol relative
to the homolytic cleavage of the disulfide to regenerate a thiyl radical. Some discrepancies were observed
across stoichiometric ratios tested; however, the model performed well overall in predicting the rate and
conversion across three different stoichiometric ratios. These small discrepancies are, in part, attributed to
the fact that radical-disulfide exchange is not directly accounted for in this model and differences in
disulfide concentration can impact the rate differently for each stoichiometry tested. The contribution of
radical-disulfide exchange for each stoichiometry will be different because the relative concentration of
disulfide to thiol cannot be kept constant due to the fixed 2:1 alkene:disulfide stoichiometry imposed by the
DSDVE monomer. Therefore, changing the thiol to alkene stoichiometry must also change the relative
amount of disulfide and therefore the rate of the exchange. Directly accounting for radical-disulfide
exchange would require knowledge of the rate constants for the addition of the thiyl radical to the disulfide
and the fragmentation of that intermediate back into the radical and disulfide. These rate constants are not,
as of this writing, available in literature except for a small set of purely aliphatic disulfides.220.%8

Additionally, the assumption of equal rates of all termination pathways also contributes to these
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discrepancies as changes in stoichiometric ratios will alter the concentration of the various radical present
in the polymerization and therefore which termination pathways predominate. Overall, this kinetic analysis

shows that thiols and disulfides of the same type can be co-reacted in a controlled manner with vinyl ethers.

3.4.3: Butyl 3-mercaptopropionate: Thiol-ene-disulfidation Kinetics

Implementing thiol-ene-disulfidation polymerizations for practical applications will also involve
frequently used multifunctional mercaptopropionate monomers in addition to thioglycolate-based
monomers (such as PETMP), which have one additional carbon between the thiol and the carbonyl. It is
therefore important to study the impact of introducing different thiyl radical species into the polymerization
aside from the radicals formed by the disulfidation reaction on functional group conversions and reaction
rate. This analysis is especially important because radical disulfide exchange is inherently possible during
these radical polymerizations and the presence of a different thiol may impact the polymerization rate via
one or both reactions. To study this impact directly, butyl 3-mercaptopropionate (BMP) was used with
DSDVE to study any effects of mixed thiyl radicals on the reaction without the additional complexities of

a polymerization such as increases in viscosity and crosslinking.

This study was conducted at the same three stoichiometric ratios of thiol to alkene as BMP; 0.25:1
to reach 75% alkene conversion, 0.5:1 to consume all functional groups, and 1:1 such that essentially only
the thiols appreciably react with the alkenes. The conversion over time for the thiol and alkene for each

functional group ratio are provided in Figures 3.7a, 3.7b and 3.7c, respectively.

All three stoichiometric ratios show similarities and a key difference from the experiments conducted with
MTG. Overall, the temporal separation of thiol-ene and disulfidation reactions are nearly identical in terms
of the conversion at which the transition occurs. For the 0.25:1 and the 0.5:1 ratio of thiol to alkene, there
are distinct thiol-ene and disulfidation steps that transition at 25% and 50% alkene conversion, respectively.
Likewise, the 1:1 stoichiometry shows only a thiol-ene reaction in which there is a small amount of residual,
unreacted thiol due to a correspondingly small amount of disulfide consumption. However, in all three cases
the thiol-ene rate of polymerization for MTG is faster than for BMP, where the transition to disulfidation
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occurs after a few seconds for MTG but nearly a minute for BMP. This result is counterintuitive because,
in the context of this thiol-ene reaction, the mercaptopropionate radical formed during the thiol-ene reaction
with BMP should have improved chain transfer compared to MTG, due to the weakening of the SH bond

by intramolecular hydrogen bonding with the carbonyl in a favored six membered ring arrangement.®
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Figure 3.7: Conversion over time for the thiol and alkene for DSDVE with BMP: a) 0.25:1 ratio of thiol-to-alkene, b)
0.5:1 ratio of thiol-to-alkene, and c) 1:1 ratio of thiol-to-alkene. Reactions contained 0.5 wt% TPO, 14 mW/cmz2 at
405 nm.

The explanation as to why BMP shows a slower rate of reaction than MTG in the presence of
DSDVE centers on the radical disulfide exchange pathway that is expected to occur. Because the thiyl
radical formed via chain transfer to BMP is different from that formed from chain transfer to MTG and
DSDVE, it is not immediately clear which products of radical disulfide exchange would predominate in
this context, but it is clear that the additional complexity introduced by differing thiyl radical species is
impacting the rate of the thiol-ene reaction, likely due to a tendency to form the lowest energy, least reactive
thiyl radical. However, there was no discernible change in the disulfidation rate with BMP compared to
MTG indicating that any retardation process is only impacting the thiol-ene step of the reaction. A possible
explanation is that although the BMP thiyl radical adds into the disulfide to form a radical intermediate
reducing the thiyl radical concentration, the original BMP radical and disulfide reform because of the

enhanced stability of the BMP radical relative to an MTG radical.
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Figure 3.8: a) Theoretical mechanism of radical disulfide exchange between BMP thiyl radical and DSMA.
Experimental reaction performed via a mixture of DSMA (1 eq) and BMP (1 eq) with 1.5 wt% TPO irradiated at
405nm at 14 mW/cm2. This reaction condition resulted in only recovery of starting compounds as detected by *H
NMR. b) Theoretical mechanism of radical disulfide exchange between MTG thiyl radical and DSMP. Experimental
reaction performed via a mixture of DSMP (1 eq) and MTG (1 eq) with 1.5 wt% TPO irradiated at 405nm at 14
mW/cm2. This reaction condition resulted in a mixture of corresponding disulfides and thiols as detected by *H NMR.

This pathway would slow the thiol-ene step by temporarily sequestering thiyl radicals without
converting any symmetric dithioglycolate disulfides to a mixture of symmetric and asymmetric disulfides,
leaving the disulfidation step unaffected. Furthermore, this proposed mechanism predicts that the radical
intermediate formed by a BMP radical may have a longer lifetime than the intermediate formed by an MTG
radical due to additional electron density associated with the additional carbon atom between the sulfur and
the carbonyl, which would sequester BMP radicals longer in this intermediate state than MGT radicals

specifically when DSDVE is the disulfide-containing monomer.

To investigate the cause of the change in thiol-ene rates, mixed disulfide-thiol NMR experiments
were performed to probe whether the BMP radicals and dithioglycolate disulfides are in fact the favored
products. Two thiol-disulfide mixtures were used in the presence of 1.5 wt% TPO photoinitiator. First, a
mixture of DSMA and BMP was tested (Figure 3.8a), which is analogous to DSDVE-BMP because it
contains the same disulfide/thiol pair. No change in the peaks or peak integration were observed after 10
minutes of irradiation at 14 mW/cm? . This indicates that no significant amount of new disulfides or thiols
formed during the disulfide exchange process. To test this further, DSMP and MTG were mixed with the
photoinitiator TPO and irradiated (Figure 3.8b). This mixture is the complementary pair of thiol and

disulfide, where the disulfide is based on BMP instead of MTG. Here, there is a clear appearance of new
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peaks after irradiation due to the formation of BMP and a mixture of disulfides due to radical thiol-disulfide
exchange. These results suggest that the radical disulfide exchange does occur for these disulfides with
BMP and that the BMP radical is in fact the more stable thiyl radical. Taken together, these results support
the hypothesis that the thiol-ene step is slower with BMP than MTG because the exchange pathway
sequesters thiyl radicals to greater extent for BMP without disulfide exchange. This lack of disulfide
exchange in this system with BMP portends predictable architecture, whereas disulfide exchange with MTG
may result in asymmetric disulfides and less predictable polymer architectures. In an analogous
hypothetical system with a mercaptopropionate disulfide core, it would be expected that polymer
architecture is less predictable with both BMP and MTG based cross-linkers. Further investigation is

ongoing to explore how this phenomenon could be used to tailor polymer architecture.

3.4.5: Gelation of DSDVE

It was not immediately obvious if the polymerization of DSDVE would form a cross-linked
network. A similar system based on a monomer containing a mono-thiol and mono-alkyne generates
hyperbranched polymers*’; however, polymerization of DSDVE does in fact yield an insoluble cross-linked
network (Figure 3.9). Such an outcome could also be expected if some of the disulfides remained unreacted
or the alkenes underwent a degree of homopolymerization, or both of those scenarios. However, the

photoinitiated polymerization of DSDVE is difficult to evaluate via the Flory-Stockmayer relationship due
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Figure 3.9: Rheology for the photopolymerization of DSDVE with 1.5
wt% TPO irradiated at 405nm at 14 mW/cm2. Data demonstrates cross-
linking by the storage modulus crossing the loss modulus after roughly
2 minutes of light exposure.
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to the complexities that are unique to this polymerization, namely the requirement that both reaction sites
on the alkene must react during a single polymerization cycle as compared to the thiol-yne reaction where
a single site may react before the second. However, it can be conceptually simplified to a reaction between
difunctional and trifunctional monomers with complementary functional groups in a 2 to 1 molecular ratio
(Figure 3.10). In such a system, under ideal and uniform reaction progress, two difunctional monomers
would react with one trifunctional complement to create a heterotrifunctional compound such as the one

illustrated below.

A _2b—B _<B A O /B\B
+ B—B — A = A = .S 07X
A/KA ab—B B /\[g

Figure 3.10: Schematic representation of the disulfide-ene reaction of DSDVE. This representation is a depiction of
the fundamental reactive unit obtained after radical cleavage of the disulfide. ‘A’ depicts a thiyl radical and the ‘B’s
represent the alkene that acts as a difunctional unit.

This hypothetical compound and arrangement of complementary bonds is equivalent to the
fundamental reactive unit obtained by radical cleavage of the disulfide, wherein the sulfur radical is
monofunctional and the vinyl ether is difunctional. According to Flory-Stockmayer®, the critical
conversion for gelation (the minimum conversion the limiting functional group must reach for network

formation) is described by Equation 13.

Pc = ! 1
[r(Fwa = 1) (fws = 1]

(13)

Where pcis the critical conversion, r is the stoichiometric imbalance defined as the moles of limiting
functional group divided by the moles of excess complementary functional group, fwa is the weight
averaged functionality of designated “A” functional group monomers and fwg is the weight averaged
functionality of the designated “B” functional group monomers (3 and 2 in this case, respectively). The
stoichiometric imbalance, in this case, would be 0.75 for the three A groups divided by the four B groups,
resulting in a critical conversion of 0.82, well within the range of achievable extent of reaction. It should

be noted that a similar hypothetical heterotrifunctional species can be obtained by reacting a single
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trifunctional A compound with a single difunctional B compound, in which case, the stoichiometric
imbalance would be 2/3 and the critical conversion would be 0.87, again below the limit of 1.0. The
Carothers equation for gelation*!, shown in Equation 14, where fayq is defined simply as the total number of

limiting functional groups divided by the total number of reactive species, yields a different result.

2

favg

Dc (14)

By this equation, critical gelation conversion is calculated as at or above the maximum possible
conversion of 100%, indicating no gelation is possible. In practice, experimental gel point conversions
frequently lie somewhere between these two simple and common predictive models. While the Flory-
Stockmayer statistical treatment is typically preferred for gel point predictions, the results from the
Carothers equation serve to demonstrate that this system is likely on the cusp of crosslinking, which may

aid in explaining the discrepancy between the results presented herein and those reported in similar systems.

It should be noted that these comparisons with these three by two, network polymer systems rely
on assumptions regarding the order and arrangement of reacted species that are most likely imperfectly
reflective of the reality of the DSDVE polymerization. This analogy, however, does lend support to and
does not preclude the gelation of this material. For a more in depth investigation of the heterofunctional

Flory-Stockmayer characterization, Tiemersma-Thoone et al. present a detailed study.*?

3.4.6: Co-polymerizations with PETMP

Finally, co-polymerization of the DSDVE monomer with PETMP to form insoluble cross-linked
networks was investigated. The same three stoichiometric ratios between monomer and PETMP were tested
as in the model studies, and rheology data and functional group conversion data were obtained (Figure
3.11). Rapid gelation of the material for each stoichiometric formulation of DSDVE and PETMP was

achieved upon photoinitiation.
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Figure 3.11: Rheology data obtained from different stoichiometric formulations of DSDVE and PETMP with 1.5wt%
TPO irradiated at 405nm at an intensity of 14mW/cm2. a) Functional group conversion measured by IR versus time
for a 0.25:1 stoichiometric equivalence of thiol:alkene. b) IR plot of a 0.5:1 stoichiometric equivalence of thiol:alkene.
c) IR plot of a 1:1 stoichiometric equivalence of thiol:alkene. d) Storage and loss moduli as measured rheology as a
function of time for a 0.25:1 stoichiometric equivalence of thiol:alkene. e) Rheology plot of a 0.5:1 stoichiometric
equivalence of thiol:alkene. f) Rheology plot of a 1:1 stoichiometric equivalence of thiol:alkene.

Figure 3.11a and 3.11d are comprised of a 0.25:1 ratio of thiol to alkene, Figure 3.11b
and 11e are comprised of a 0.5:1 ratio of thiol to alkene, and Figure 3.11c and 3.11f are comprised
of a 1:1 ratio of thiol to alkene. The disulfidation reaction results in twice the number of cross-links
compared to the thiol-ene reaction. Therefore, the formulations in which the alkene is consumed by the
disulfide-ene reaction result in a nearly 100 fold increase in the storage modulus of the two formulations

for which alkenes are available to react with disulfides following the thiol-ene reaction (0.25:1 and 0.5:1)

compared to the 1:1 network where thiol-ene is the primary crosslinking reaction.

It was originally hypothesized, and subsequently demonstrated by the model compound kinetics,

that the thiol-ene reaction being sufficiently faster than the disulfide-ene reaction would allow for sequential
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and selective thiol and disulfide consumption to result in a two-step photopolymerization process. For
example, the irradiation time can be used to control which polymerization chemistry occurs, where thiol-
ene chemistry would proceed to completion in stage | before any significant amount of disulfidation
reaction has a chance to occur (stage Il). To test this hypothesis, a mixture of PETMP and DSDVE
(stoichiometry of 0.5:1 thiol:alkene) was irradiated at 7 mW/cm? for 30 seconds. The thiol and alkene
conversions were measured by IR, (Figure 3.12a) yielding nearly complete conversion of thiols with
minimal consumption of the disulfides. Following the initial curing, a second, prolonged irradiation at 7
mW/cm? facilitated the disulfide-ene reaction. Figure 3.12b demonstrates that these temporally resolved
reactions enable a dual-cure with control over crosslinking density where the thiol-ene polymerization goes
to completion after stage 1 curing and can be halted by turning off irradiation, and the disulfidation
polymerization proceeds once a stage 2 curing of the disulfides begins. The second stage curing process

increases the storage modulus by 2-3 orders of magnitude under these conditions.
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Figure 3.12: Samples prepared with DSDVE and PETMP (1:0.5 alkene:thiol stoichiometric equivalence) with 3 wt%
TPO irradiated at 405nm at 7 mW/cm2. a) Storage and loss moduli as measured rheology as a function of time
demonstrating control over storage modulus of the formulated network by controlling irradiation time. Light is turned
on for 30 seconds demonstrating near immediate gelation via primarily thiol-ene chemistry before irradiation is
stopped. After about 3 minutes light is turned back on and storage modulus continues to increase due to disulfidation
chemistry starting. b) Functional group conversion measured by IR versus time demonstrating time point at which
thiol reaches 100% conversion (after roughly 10 seconds of light exposure) and irradiation is stopped for two minutes.
After three minutes, light is turned back on and alkene consumption continues via disulfidation.
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This dual-cure system enables controlled manipulation of material properties allowing for a broader
scope of potential applications for this polymerization. Figure 3.13 demonstrates the glass transition
temperatures (Tg) corresponding to the first and second stage polymerizations, with an increase of 18 °C
between the first stage (T4 = -36 °C) and second stage (Tq = -18 °C). In addition, the high sulfur content
in these polymeric systems is an attractive means to obtain materials with useful optical properties. This
disulfidation reaction provides an excellent means to achieve such materials. Similar to many thiol-ene

based networks, the material is optically clear in the visible light region after both curing stages.

Finally, a stage | film (same material as in Figure 12) was exposed to UV light through a photomask
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Figure 3.13: Materials consisted of PETMP and DSDVE
(0.5:1 thiol:alkene stoichiometric ratio) and 3wt% TPO.
Sample was cast between glass plates with 250um spacers.
Samples were irradiated at 405nm at 14 mW/cm? for 45
seconds for the first stage cure, and an additional 5 minutes
for the second stage cure.

to create a stage 11 optical index gradient patterns as illustrated in Figure 3.14. The photopatterned features,
generated as a result of a refractive index change between exposed and unexposed regions, are micrometer-
sized squares of high modulus, high refractive index materials surrounded in a continuous way by a low
modulus stage | matrix. As seen in the microscopic images, good feature resolution is achieved, even at
relatively long exposure times (5 min) with non-collimated light. It is argued here that such an outcome

was possible uniquely due to the nature of the system at hand where almost all functional groups capable
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of reacting are tethered to the initial stage | network, and therefore immobilized prior to further reaction.
Re-exposure in a lithographic setup breaks the disulfide crosslinks locally in the exposed areas, promoting
an area-limited local reactivity increase and thiyl-vinyl coupling leading to the formation of two thioether
links out of one disulfide. Overall, a spatially-restricted increase in crosslinking is achieved as well as an

increase in refractive index.

a) b)

—

Figure 3.14: Materials consisted of PETMP and DSDVE (0.5:1 thiol:alkene stoichiometric ratio) and 3wt% TPO.
Sample was cast between glass plates with 250um spacers and irradiated with 405nm light at 14 mW/cm2 for 45
seconds for the first stage cure, and an additional 5 minutes for the second stage cure. The photopatterned features are
a result of a refractive index change between exposed and unexposed regions. a) After initial UV exposure to form
the cross-linked network, a secondary illumination through a photomask produced 175 uM feature patterns. b) After
initial UV exposure to form the cross-linked network, a second illumination through a photomask produced 75 uM
feature patterns.

3.5: Conclusions

In summary, a monomer was designed and synthesized that enables sequential photo-induced thiol-
ene and disulfide-ene chemistries with appreciable rates and high overall conversions, yielding materials
with a high overall sulfur content. The relative rates of the thiol-ene and disulfidation chemistries were
investigated, and it was found that the thiol-ene reaction is on average approximately 30 times faster than
the disulfidation reaction. This difference in rates enables spatial and temporal control over the two different
chemistries allowing for a dual-cure system. The successful implementation of a two-stage photocure
allows a remarkable degree of control of developing materials properties, both mechanical and optical. This
work provides a new route to high sulfur containing materials and increases the scope and utility of thiol-

X and disulfide-based polymerizations.
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Chapter 4 — RADICAL-DISULFIDE EXCHANGE IN THIOL-ENE-DISULFIDATION
POLYMERIZATIONS

4.1 Abstract

Radical-disulfide exchange reactions in thiol-ene-disulfide networks were evaluated for several
structurally distinct thiol and disulfide containing monomers. A new dimercaptopropionate disulfide
monomer was introduced to assess how different disulfide moieties affect the exchange process. The stress
relaxation rate for the disulfides studied herein was highly tunable over a narrow range of network
compositions, ranging from 50% relaxation over 10 minutes to complete relaxation over a few seconds, by
changing the thiol-disulfide stoichiometry or the disulfide type in the monomer. The thiol/disulfide
monomer pair was shown to have significant influence on how radical-disulfide exchange impacts the
polymerization rate, where pairing a more stable radical forming thiol (e.g. an alkyl thiol) with a less stable
radical-forming disulfide (e.g. a dithioglycolate disulfide) reduces the rate of the thiol-ene reaction by over
an order of magnitude compared to the case where those two radicals are of the same type. The variations
in rates of radical-disulfide exchange with dithioglycolate and dimercaptopropionate disulfides had a
significant impact on stress relaxation and polymerization stress, where the stress due to polymerization for
the final dimercaptopropionate network was about 20% of the stress in the equivalent dithiogylcolate

network under the same conditions.

4.2 Introduction

Polymer networks containing dynamic bonds are a growing class of smart and responsive materials
known as covalent adaptable networks (CANs)Y 2. A diverse and continually expanding set of applicable
chemistries and dynamic bonds enable unprecedented development of materials with the viscoelastic
characteristics of thermoplastics with the material properties and performance of thermosets. This vast array
of dynamic bonds provides the tools to control the rheological behavior of polymer networks by tuning the
particular functional groups, catalysts, and their respective concentrations, thereby determining rates of

bond reconfiguration.
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Disulfides, considered as one of the most common type of dynamic bonds and having been used in
industrial polymer processing since the invention of vulcanized rubbers®®, play a crucial role in protein
folding® and have been a known class of reconfigurable bonds since the 1950°s. Disulfides are responsive
to a variety of stimuli and reactants including heat, light, the presence of base or nucleophiles, or free
radicals which enables a host of dynamic pathways, including metathesis® (Figure 4.1a), reversible addition
when radicals are generated through the homolytic cleavage and recombination of disulfides® (Figure 4.1b),
reversible exchange when there are persistent thiyl radicals to facilitate bond exchange® (Figure 4.1c) or

through thiolate mediated pathways’.
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Figure 4.1 Schematic of several dynamic mechanisms of disulfide bonds: a) metatheses, b)
reversible addition via homolytic cleavage and recombination of disulfide bonds, and c)
radical-mediated reversible exchange between thiyl radicals and disulfides.

Numerous types of disulfide-based CANs have been fabricated, e.g. aromatic disulfide-containing
polyurethane networks® !, photoadaptable hydrogels®®, and epoxy resins?. Recently, however, a variety of
disulfides have been investigated for their participation in disulfide-ene reactions in which the disulfide
reacts with norbornenes® or vinyl ethers!* via a step growth mechanism analogous to the thiol-ene reaction.
Disulfide-ene reactions with cyclic,®™ ¢ and certain linear disulfides,** " are efficient crosslinking
chemistries that generate thioacetal linkages rather than the thioethers associated with thiol-ene, doubling
the number of bonds formed per alkene. In addition, thiol-ene and disulfide-ene are highly compatible

reactions. Both reactions share a propagation step during which a thiyl radical adds into the alkene to form
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a carbon centered radical. The mechanism then diverges to thiol-ene or disulfide-ene depending on whether

the carbon radical chain transfers to a thiol or to a disulfide, respectively (Figure 4.2).
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Figure 4.2: Mechanism of thiol-ene disulfidation polymerization, where
both reactions share a propagation step but have distinct chain transfer
pathways.

It has been demonstrated that these two reactions are effectively sequential, where the thiols are
consumed about 30 times more rapidly than the disulfides. This behavior has been attributed to increased
steric hindrance during the chain-transfer step associated with a disulfide compared to a thiol.** %/
Combining thiol-ene/disulfide-ene enables spatial and temporal control over network architecture by
sequentially forming a thioether network via thiol-ene followed by an increase in crosslinking via thioacetal

formation from disulfide-ene (Figure 4.3). This approach enables consumption of the disulfides to form
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Figure 4.3: Schematic of the thiol-disulfide-ene polymerization for a multifunctional thiol
with a disulfide containing divinyl ether (alkene). Polymerization proceeds, beginning with a
monomer resin mixture to form a primarily thiol-ene stage 1 network made up of thioether
bonds, then through the disulfide-ene reaction to form the thioacetal bonds in the stage 2
network.
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additional crosslinks or leaves them available for bond exchange by manipulating the initial stoichiometry

and/or the curing conditions.

Radical-disulfide exchange is an inherent feature of this polymerization because thiyl radicals and
disulfides are integral to both stages of the polymerization. In their study of the kinetics of the thiol-ene-
disulfidation, Soars et al. also demonstrated that a mix of different thiyl radicals can impact the rate of
polymerization during the thiol-ene stage!’. In their work, a divinyl ether monomer containing a
thioglycolate disulfide core was co-reacted with two different thiols to elucidate whether a more stable thiyl
radical should emerge after disulfide exchange events. That exchange process is expected to impact the rate
of the thiol-ene polymerization. Therefore, further investigation of the impact of radical-disulfide exchange
for these and similarly structured disulfides is needed to understand the impact of bond exchange both

during polymerization and during post-polymerization testing.

In this work, a combined thiol-ene/disulfide-ene approach to forming radically active CANs was
investigated. First, stress relaxation during photoinitiated radical-disulfide exchange was measured for
networks of various thiol content of the initial resin to probe structure-property relationships between the
disulfide content of the final network, crosslinking, and the ability to relax stress. In addition, the disulfide-
ene polymerization has relatively slow reaction rates compared to thiol-ene and the majority of the
crosslinks form during the second stage of the polymerization. Stress relaxation experiments during the
second stage of the polymerization were performed to probe the effectiveness of disulfide exchange to
reduce polymerization stress, and any effect on the final network structure was characterized by dynamic

mechanical analysis.

Next, the impact of radical-disulfide exchange that arises from different thiol/disulfide pairs was
investigated. Two divinyl ether monomers with different disulfide cores were polymerized with three
multifunctional monomers yielding thiyl radicals of varied stabilities. This experimental approach enables

determination of how the disulfide impacts radical-disulfide exchange during thiol-ene and subsequent

47



disulfide-ene polymerization, and how varying the relative thiyl radical stability of specific thiol/disulfide

pairs affects disulfide exchange during polymerization.

4.3 Materials and Methods

Materials: Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), diphenyl(2,4,6-trimethylbenzoyl)
phosphine oxide (TPO), 2,2-dimethoxy-2-phenylacetophenone (DMPA), tri(ethylene glycol) divinyl ether
(TEG), and butyl vinyl ether (BVE) were all purchased from general suppliers (Sigma Aldrich) and used
as delivered. Dithioglycolate divinyl ether (DTG), di(3-mercaptoprionate) divinyl ether (DMP),
pentaerythritol tetrakis(2-mercaptoacetate) (PETTG), and silane tetrathiol (SiTSH) were synthesized

according to previous literature” 18,

Dynamic Mechanical Analysis (DMA): Dynamic mechanical analysis was performed on an RSA-G2 (TA
Instruments). Samples of approximate dimensions 20mm x 5mm x 0.25mm were cut, and measurements
were taken using a temperature ramp rate of 3 °C/min at frequency of 1 Hz to measure the storage modulus,
loss modulus, and tan(3). The glass transition temperature (Tgy) was taken to be the peak of the tan(8) during

the second temperature sweep.

DMA Stress Relaxation (SR): Stress relaxation was performed on a RSA-G2 (TA Instruments). Samples
of approximate dimensions 20mm x 5mm x 0.25mm (LxWxH) were cut, and an 8% strain was applied
while measuring the relaxation modulus. Samples were irradiated using a mercury-lamp (Acticure 4000)
with a 400-500 nm or a 365 nm band gap filter to trigger the appropriate photoinitiator for the specific stress

relaxation experiment.

Fourier Transform Infrared (FT-IR) Spectroscopy: Functional group conversion during two stage
polymerizations was monitored using a FTIR spectrometer (Nicolet 8700) to monitor real-time functional
group conversions. Monomer resin was placed between two NaCl plates and placed into a horizontal
transmission apparatus. Samples were irradiated using a mercury-lamp (Acticure 4000) with a 400-500 nm

band gap filter to initiate the polymerization. The light intensity was measured by an THORLABS PM100D
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radiometer. Conversion of the alkene and thiol were measured by monitoring the peak area at 3100-3135
cm? and 2520-2620 cm, respectively. Conversion was also monitored for associated stress relaxation
experiments using the ATR configuration for this spectrometer, and the alkene peak at 860 cm™ was

monitored to determine the cure time needed to reach a plateau in alkene conversion.

4.4 Results and Discussion

4.4.1 Radical-mediated Stress Relaxation

The structures of the monomers used in this study are provided in Figure 4.4. The disulfide
monomer, DTG, was chosen because of the relatively high reaction rates of its disulfide with vinyl ethers,
In addition, DTG can be effectively copolymerized with PETMP, which is a widely used and commercially

available multifunctional thiol.

Previously, the dynamic behavior of thioglycolate disulfides in bulk films has been inferred based
on the known behavior of disulfides when radicals are present. To study exchange with this specific
disulfide directly, networks were designed such that a large number of disulfides remain to undergo bond
exchange post polymerization at complete thiol and alkene conversion. Three stoichiometries were selected
that vary both the amount of disulfide present and the overall structure of the network: 0.9:1, 1:1, and 1.1:1

ratios of thiol to alkene were studied.

0 0
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Figure 4.4: Monomers (PETMP and DTG) and photoinitiators (TPO and DMPA) used to

study stress relaxation in thiol-ene disulfide networks. TPO is initiated by visible light at
405 nm and DMPA is initiated by UV light at 365 nm.
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The 0.9:1 ratio was selected such that 10% of the disulfides would be consumed after the thiol-ene
stage of the polymerization resulting in complete vinyl conversions. This network is the most crosslinked
of the three stoichiometries due to the formation of additional crosslinks via the disulfide-ene reaction, and
therefore leaving the fewest disulfide bonds available for exchange. The 1:1 ratio was chosen such that
essentially all of the vinyl groups are consumed by all of the thiols with little disulfide-ene reaction. The
resulting network has the maximum possible number of disulfides available for exchange but is slightly
less crosslinked than the 0.9:1 stoichiometry. Lastly, the 1.1:1 ratio was selected such that 10% of the thiols
remain unreacted at complete vinyl conversion. This network is the least crosslinked and the unreacted
thiols can participate in the exchange process. It should be noted that the structural and compositional
changes of the final networks cannot be modulated independently because the initial ratio of alkene-to-

disulfide is fixed at 2:1 by the disulfide monomer structure.

Each stoichiometry was cured using 1.5 wt% TPO photoinitiator using 405 nm light at an intensity
of 20 mW/cm? for 10 minutes (5 minutes on each side of a 250 um sample). In addition, 3.5 wt% DMPA
was included as a UV photoinitiator to induce stress relaxation post-polymerization. Each formulation was
cured using FT-IR to monitor and confirm the thiol and vinyl ether conversion which were found to match
well the theoretical values. Dynamic mechanical analysis (DMA) was also performed on each formulation
(Figure 4.5a). As expected, there was a small decrease in the glass transition temperature (Tg) as the ratio
of thiol to alkene increased, where the 0.9:1, 1:1, and 1.1:1 networks had T4’s of -27°C, -29°C, and -31°C,
respectively. Likewise, a small decrease in the rubbery storage modulus was observed, showing a small but

measurable decrease in crosslinking as the thiol content is increased.

Stress relaxation was performed on samples at each of these stoichiometries to demonstrate bond
exchange as well as its dependence on the network composition. Rectangular samples (n = 3) were subjected
to 8% strain for 30 seconds, then a 365 nm light of 30 mW/cm? was turned on for 10 minutes to induce
stress relaxation (Figure 4.5b). Overall, both the rate and total amount of relaxation increased with

increasing thiol-content in the initial resin, where the 0.9:1 thiol to alkene ratio relaxed the most slowly and
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Figure 4.5: a) Dynamic mechanical analysis of the 0.9:1, 1:1, and 1.1:1 stoichiometry networks. The tan(d) is shown as
a solid line and the storage modulus is shown as a dashed line for each formation, and b) the normalized stress over time,
for 0.9:1, 1:1, and 1:1 ratios of thiol to alkene with 3.5wt% DMPA as a UV photoinitiator at 15 mW/cm2. The vertical
dashed line indicates the time at which the light was turned off during the experiment.
reached a final normalized stress of 43 + 5%, followed by the 1:1 ratio which reached 27 + 2%, then the
1.1:1 ratio which reached nearly 100% relaxation, likely near the sensitivity level of the instrument (2.5 +
0.6%). The final normalized stress was taken after the light was turned off and the sample was allowed to

equilibrate to room temperature, but no cooling effect was observed at this light intensity.

The increase in relaxation with relative thiol content of the initial resin is likely due to both the
decrease in crosslinking and the increase in the content of functional groups that can participate in bond
exchange. The relative contributions of crosslinking and functional group content are likely different for
the increase in stress relaxation for the 0.9:1 to the 1:1 formulations, which showed an increase of 16% total
relaxation, relative to the increase when comparing the 1:1 to the 1.1:1 formulations, which showed a larger

increase of 25% total relaxation.

First, the structural changes for each pair of formulations were considered. In the disulfide-ene
reaction, two bonds are formed for each disulfide bond that is broken. For the 0.9:1 ratio, in which the
preferred reactive thiol group is limited, 10% of the alkenes necessarily react with disulfides to form
additional crosslinks. Compared to the case where all of the alkenes react with thiols, this approach results

in a net gain of one bond per reacted disulfide that contributes to the overall crosslinking density. For the
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1:1 stoichiometry all of the unreacted functional groups, namely the disulfides, still contribute to the overall
crosslinking of the network. Conversely, the 10% unreacted thiols for the 1.1:1 network don’t contribute to

crosslinking and instead are dangling chain ends.

Next, the role of the reactive functional groups that are present in each formulation was considered.
The number of disulfides available for stress relaxation increases for the 1:1 compared to the 0.9:1 ratio
because all of the disulfides are available in the 1:1 formulation but not the 0.9:1 formulation. However,
every disulfide is available in both the 1:1 and 1.1:1 formulations, but 10% of thiols are unreacted for the
1.1:1 formulation and may also participate directly in thiol-disulfide exchange. Thiyl radicals should form
more readily from a thiol than a disulfide due to reduced steric hinderance associated with abstracting a
hydrogen compared to that same initiator fragment reacting with a disulfide bond. In addition, free thiols
may also facilitate reaction-diffusion by which the thiyl radicals diffuse through the network through
repeated hydrogen transfer reactions between thiols. Therefore, the effect of free thiols is likely to have a
greater impact on stress relaxation than increasing the number of disulfides available for bond exchange,
all else being equal. The relative importance of these structural and chemical effects is further explored

later in this work.

Overall, thioglycolate disulfides effectively induce stress relaxation. The rate of relaxation can be
easily manipulated by small changes in the initial stoichiometry, likely due to some combination of changes

in crosslinking density and whether free thiols are present to participate in the exchange reaction.

4.4.2 Exchange During Disulfide-ene Polymerization

An important feature of this polymerization scheme is that radical-disulfide exchange is active
throughout both stages of the polymerization. It is well documented that polymerizations in the presence of
allyl sulfides or trithiocarbonates reduce the buildup of polymerization stress through addition-
fragmentation, which is a similar radical-mediated mechanism to radical-disulfide exchange!®?. The
impact of disulfide exchange during this polymerization is distinct for two reasons. First, the disulfides are

direct participants in both the second phase of the polymerization and the exchange process itself rather
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than serving as an additive designed to induce bond exchange. Second, the disulfide-ene reaction is far
slower than the thiol-ene reaction, so the polymerization rate may have an outsized impact on the final

polymerization stress due to the rapid radical-disulfide exchange rate.

To examine the stress buildup during the second stage of the polymerization, PETMP and DTG
were used in a 0.5:1 ratio of thiol to alkene, such that 100% conversion of all functional groups is possible.
A 250 pum film was cured using 3 wt% TPO at 14 mW/cm? for approximately 40 seconds such that the film
was cured just enough to consume all thiols. Approximately 50% of the alkenes were reacted. A single
photoinitiator, TPO, was used to better reflect the initiator concentration in a sample that is continuously
cured to full conversion. All samples were cut from this single film to ensure that the initial vinyl ether
conversion was consistent across all samples at each wavelength. Infrared spectroscopy (ATR
configuration) was used to first compare the “relative conversion” over time for 5, 15, 30, and 100 mW/cm?

light intensities (Figure 4.6a).

“Zero conversion” for this data corresponds to the alkene conversion achieved after the first stage

thiol-ene polymerization. At each intensity, the sample was irradiated until the conversion had largely

1 2
(@) (b) "
1.8 1
c 0.8 1.6 0.8 \
N
=] a 06 /
‘© o 14
S S 0.4
Q [
S 06 w12 0 1 2
€ o
(<} <
O N
goa ©os
3 £
© S 06
E 100 = 100
0.2 30 0.4 30
15 02 15
—5 —5
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

Figure 4.6: For PETMP-DTG with a 0.5:1 ratio of thiol to alkene, , a) relative conversion of alkene over time
at various light intensities (mW/cm2), where zero conversion corresponds to the initial conversion reached
after the first stage thiol-ene reaction, and b) the normalized stress during the disulfide-ene polymerization for
samples cured through the disulfide-ene reaction at various light intensities (mW/cm2). The inset highlights
the initial drop instress for each light intensity. Samples were first cured using 14 mW/cm2 405 nm light until
the film was just cured enough to cut and handle
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plateaued due to consumption of the disulfides and/or photoinitiator to provide a baseline to compare the
final stress between intensities. The irradiation times established during FTIR experiments were
subsequently used to measure stress during polymerization on samples of identical thickness. Samples at
all four light intensities (5, 15, 30, and 100 mW/cm?) reach relative conversions of approximately 90% after
reacting for 30 min, 10 min, 7 min, and 5 min, respectively. In reality, 90% relative conversion corresponds
to around 95% total alkene conversion because at least 50% of the alkenes were consumed during the thiol-
ene stage of the polymerization. The highest light intensity, 100 mW/cm?, reached the highest conversion

overall due to the rapid polymerization rate at high light intensity.

To test the buildup of stress during the disulfide-ene step of the polymerization, samples cured
through the thiol-ene stage were subjected to a constant 8% strain and irradiated at 5, 15, 30, or 100 mW/cm?

for 30, 10, 7, or 5 min, respectively (Figure 4.6b). The results are summarized in Table 4.1.

Table 4.1; Summarized values for the irradiation time, minimum stress, and
maximum stress during stress relaxation experiments

Intensity Irradiation Stress Min Final Stress
(mW/cm2) | time (min) |(% of initial stress) | (% of initial Stress)
5 30 63+3 1074
15 10 57 +4 110+ 10
30 7 56+3 130+ 30

100 5 58+4 180+ 40

After the light was turned on, the normalized stress initially decreased, reached a minimum, then
increased as the polymerization continued, reaching a plateau as the functional groups and photoinitiator
were consumed. Initially, any buildup of stress due to polymerization was offset by disulfide cleavage and
exchange to reduce the stress below the initially applied stress. However, as the reaction proceeded, the
disulfides converted to thioacetals and the rate of shrinkage stress development outpaced the rate at which
disulfide exchange could relax that stress, leading to final stresses above the applied stress in this

experiment regardless of light intensity.

The minimum stress decreased only slightly as the light intensity increased and was statistically

indistinguishable between the 15, 30, and 100 mW/cm?, as highlighted in the inset of Figure 4.6b. This
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behavior is only possible in a dynamic system because additional post-gelation polymerization in a non-
dynamic network would be expected to generate significant additional stress. This behavior is advantageous
for generating low-stress dual-cure materials because of the delay in gelation associated with step growth

polymers and reduction in stress buildup during this stage of the polymerization due to disulfide exchange.

An increase in the final stress as light intensity increased was also observed. There was also a clear
heating effect after the light was turned off that became more significant at higher light intensities. The
increase in the final stress is due to more rapid consumption of the disulfides as the light intensity was
increased, essentially decreasing the number of disulfide exchange events that occur before they are
consumed by polymerization. This behavior is distinct from what is observed in typical addition-
fragmentation systems, in which the dynamic functional group is not consumed as part of the desired
polymerization (although they are subject to irreversible side reactions that may contribute to additional
crosslinking). As previously mentioned, this final stress is expected to be far lower than for a comparable
network structure without the capacity for bond-exchange, as evidenced by the initial decrease in stress due

to bond exchange and the persistence of bond exchange throughout the polymerization.

To determine whether the difference in second stage light intensity has any impact on final network
properties, DMA was performed on samples cured at all four light intensities, where 250 um samples were
irradiated for the same amount of time as the stress measurements, and each side of the sample was
irradiated for half of that time. Only a small difference in the Ty was observed of 1-2 °C with virtually no
difference in the storage modulus after two cycles run to 40 °C, indicating that the final network properties

are largely unaffected by the rate of the second stage polymerization.

Overall, disulfide exchange during the disulfide-ene stage of the polymerization significantly
reduced the polymerization stress. A non-dynamic network under the conditions tested here must
experience an increase in the internal stress during polymerization. However, disulfide exchange initially
reduces the stress until the disulfides are consumed an incorporated into the network faster than they can

relax polymerization stress.
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4.4.3 Effect of Thiol and Disulfide Type on Exchange

Radical-disulfide exchange is intrinsic to both the thiol-ene and disulfide-ene stages of the
polymerization. When PETMP and DTG are polymerized, this exchange process has been shown to slow
the thiol-ene step compared to the case where no disulfides are present in small molecule studies. This
effect is exacerbated when the thiyl radical formed from hydrogen abstraction of the thiol is more stable
than the radical formed by cleaving the disulfide?. It is hypothesized that the different thiol/disulfide pairs
will impact the rates of both polymerization stages depending on the relative stability of the thiyl radicals

that form the thiol and the disulfide.

Three monomers were synthesized to test the effect of relative radical stability. First, DMP was
synthesized, containing a 3-mercaptopropionate disulfide core. The overall monomer structure is identical
to DTG, except the disulfide is based on 3-mercpatopropionate rather than thioglycolate. In addition, two
multifunctional thiol monomers were synthesized to vary the stability of the thiyl radicals: PETTG as the
thioglycolate analogue of PETMP, and SiTSH which contains alkyl thiols. All five monomers are illustrated
in Figure 4.7a. These two disulfides and three thiols enable a more thorough study of how disulfide
exchange influences the polymerization. Specifically, measuring the conversion over time for each
disulfide/thiol pair will elucidate whether disulfide exchange effects the thiol-ene polymerization under
three different conditions: (1) when the radical formed by the thiol and disulfide are the same and therefore
exchange cannot result in the formation of a different thiyl radical; (2) when the radical derived from the
thiol is more stable than the disulfide radical and therefore little/no change in the type of thiyl radical present
during thiol-ene should occur, and (3) when the disulfide radical is more stable than the thiol-derived radical
and therefore asymmetric disulfides can form during the thiol-ene step, which may impact the rate of

polymerization during the disulfide-ene step.

The relative stability of the thiyl radicals that form is shown in Figure 4.7b. The thioglycolate
radical, formed from PETTG and DTG, is the most electron poor due to its proximity to the carbonyl carbon

and is therefore the least stable. The next more stable is the mercaptopropionate radical, formed from
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Figure 4.7: a) Monomers used to study the impact of different kinds of thiols and disulfides on thiol-ene-disulfide
materials, and b) The stability of the thiyl radical derived from PETMA, PETMP, and SiTSH, respectively, going from
left to right.

PETMP and DMP, because this radical is slightly more electron rich due to the extra carbon spacer between
the sulfur and the carbonyl carbon. The radicals formed by SiTSH are the most electron rich because there
is no electron withdrawing group making this the most stable of the three radicals that form using this
monomer scope. However, the relative stability of these radicals does not necessarily correlate with thiol-
ene reaction rate because although increasing thiyl radical stability may tend to increase the chain transfer
rate, increased thiyl radical stability will also tend to slow down the propagation step. Given that chain
transfer is only mildly rate limiting for mercaptopropionates with vinyl ethers (ko/ket = 1.2), changing the
thiol to a thioglycolate or an alkyl thiol may also change the rate limiting step, which may in turn impact

how disulfide exchange influences different thiol/disulfide pairs.

To the best of our knowledge, the rate limiting step has not been established for these two thiols
with vinyl ethers. As such, a kinetic analysis using FTIR was performed to determine the rate limiting step

for each of these monomers with tri(ethylene glycol) divinyl ether (TEG) at three ratios of thiol to alkene:
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2:1,1:1 and 1:2. The conversion over time for the limiting reactant for each stoichiometry as well as a more
thorough explanation of the procedure adapted from Cramer et al.?® and the summary of the polymerization
rate behavior is provided in Table 4.2. The rate limiting step for PETMP was chain transfer as previously

reported?, and the rate limiting step for both PETTG and SiTSH was propagation.

Table 4.2: For three different thiol to alkene stoichiometries, the
rate of consumption of the limiting reactant for various thiol
monomers, and which step, i.e., either chain transfer or

propagation, is the rate limiting step. Samples were polymerized at
N 1 \t0/A TPO with ANR nm linht at & m\A//rm?2

Rate (mM/s)
Thiol-Alkene Ratio PETMP PETTG SiTSH
2-1 180+30 | 80+10 13+4
1-1 180+10 | 9020 55+8
1-2 109+4 | 130+20 | 56+6
Rate Limiting step CcT Prop Prop

All six possible pairs of thiol/disulfide monomers were polymerized and their conversion over time
measured using FTIR. Polymerization mixtures were prepared with 1.5 mol% TPO (relative to monomer
present) and a 0.5:1 ratio of thiol to alkene, such that at full conversion 50% of the alkenes are consumed
by the thiols and the other 50% by the disulfides. Samples were irradiated with 405 nm light at 10 mW/cm?

for 5 minutes.

The conversion over time is shown in Figure 4.8, comparing the reaction rate when polymerized
with either DTG or DMP for all three thiol monomers. The first feature to note is that for all three thiols the
disulfide-ene rate for both disulfides is roughly the same, reaching approximately the same final conversion
after 5 minutes. This outcome differs from the small molecule studies performed by Kamps et al., where
the mercaptopropionate disulfide reacted approximately 10 times slower than the thioglycolate disulfide*.
Nevertheless, the fact that the disulfide-ene rate with DMP is comparable to DTG indicates that the scope
of linear disulfides that can be effectively copolymerized with thiols is not limited by their reaction rates in
model reactions. In addition, the relative rate of thiol-ene polymerization for each thiol monomer aligns
with the relative rates observed in the control thiol-ene reactions at the same 1:2 ratio of thiol to alkene as

found in Table 2: PETTG was the fastest, then PETMP, then SiTSH.
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As mentioned previously, significant retardation of the thiol-ene reaction has been observed with
PETMP and DTG. This outcome was attributed to disulfide exchange during which the mercaptopropionate
radical may add into the dithioglycolate disulfide, which then fragments preferentially to reform the same
disulfide and thiyl radical. This effectively sequesters propagating radicals in a similar manner observed
for additional fragmentation reactions of allyl sulfides and trithiocarbonates?*. It was therefore hypothesized
that with PETMP the thiol-ene step would be faster with DMP because both monomers would produce the

same thiyl radical and reduce the slowing effect on the reaction.

Indeed, this trend was observed as shown in Figure 4.8a, where the alkene conversion reaches

approximately 50% after a few seconds with DMP, but after 30 seconds with DTG. The initial 50% alkene
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Figure 4.8: Thiol and vinyl conversion over time for the two disulfide-containing divinyl ether
monomers copolymerized with thiols of different thiyl radical stability: a) PETMP, b) PETTG,
and c¢) SiTSH. The insets show the first minute of the polymerization for each thiol to emphasize
the difference in the thiol-ene rate for each thiol-disulfide pair.
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conversion is almost completely attributed to the thiol-ene reaction because this conversion corresponds to
complete consumption of the thiol. This is good evidence that the specific thiol/disulfide pair and the

associated radical-disulfide exchange play important roles in the thiol-ene stage of the polymerization.

To test the importance of the thiol/disulfide pair further, PETTG (the thioglycolate analogue of
PETMP) was copolymerized with both DMP and DTG (Figure 4.8b). In this case, the rates of thiol-ene are
similar for both disulfides compared to the same polymerization with PETMP. However, the disulfide-ene
rate with DMP is slower than with DTG. This difference is attributed to the varying thiyl radical stability
for PETTG as compared to PETMP. It was hypothesized that because the thioglycolate radical is less stable,
exchange events with DMP will preferentially fragment into a mercaptopropionate radical and an
asymmetric disulfide. There is no such bias with PETMP to form asymmetric disulfides because the thiol
itself forms the more stable radicals. This process does not result in a slower thiol-ene rate because
mercaptopropionates are in fact more reactive in thiol-ene reactions than thioglycolates. However, the
additional complexity of the resulting asymmetric disulfides would result in a slower disulfide-ene step
compared to when DTG is used. This mechanism explains the relative polymerization rates for both PETMP

and PETTG.

Lastly, SITSH was used to probe this effect further. SITSH forms the most stable radical of the
three thiols investigated here and would therefore experience a reduced rate of thiol-ene with both disulfide
monomers compared to the cases where the thiol and disulfide monomers match. Indeed, this is the case as
shown in Figure 8c. The thiol-ene reaction is slower with DTG than for DMP, reaching 50% alkene
conversion after about 25 and 4 seconds, respectively. Subsequently, the disulfide-ene step from both

disulfide monomers reaches the same conversion after 5 minutes.

It should be noted that there was little difference in the material properties using these three thiols.
DMA temperature sweeps of networks with PETMP, PETTG, and SiTSH copolymerized with DMP were
performed and the Ty and storage moduli of all three networks were nearly identical. Using SiTSH was

expected to increase the Ty compared to the other two monomers due to the shorter chains between
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crosslinks, which has been observed previously in thiol-ene networks!® %, The fact that SiTSH did not
increase the Ty indicates that the T in these thiol-ene-disulfide networks is largely driven by the disulfide-
ene step of the polymerization. This result is reasonable because the disulfide-ene results in twice as many
bonds formed compared to thiol-ene, and the molecular weight between crosslinks of the disulfide-ene step
is largely unaffected by the identity of the multifunctional thiol monomer, provided that the number of
thiols-per-monomer is the same. In fact, the rate of the thiol-ene step may be independent of the material
properties of the final polymer when a significant number of crosslinks are formed by the disulfide-ene
step, enabling tunability of the dual-cure rate for applications in optical materials and other fields by simply
changing the thiol/disulfide pair. Alternative disulfide monomer structures may also be used to further tune

the T4 and dynamic moduli.

Overall, the thiol-ene-disulfide reaction proceeds quite well with all three thiols, with the only exception
being PETTG with DMP during the disulfide-ene stage because of the formation of asymmetric thiols.
Furthermore, using DMP instead of DTG resulted in a faster thiol-ene polymerization with all three
monomers, regardless of the rate limiting step of the thiol-ene reaction. Further investigation is needed to
determine if other linear disulfide cores, such as purely alkyl or sulfonate ester disulfides, are also viable in

this overall reaction scheme.

4.4.4 Impact of Structure and Functional Groups on Stress Relaxation

Decoupling the impact of network structure and chemical functionality on stress relaxation is
crucial to understand and tune the relaxation rates in these dynamic networks. For example, it was shown
in Figure 4.5b that stoichiometries with excess thiol significantly decrease the relaxation time as compared
to a balanced ratio of thiol to alkene and when alkene is in excess and can react with a portion of the

disulfides.

To probe the relative effect of the structural impact of changing stoichiometry versus the chemical
impact of having excess thiols present to participate in bond exchange, a series of control stress relaxation

experiments was performed on networks with excess thiol (1.1:1 ratio of thiol to alkene) and DTG as the
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disulfide monomer. First, 10 mol% butyl vinyl ether (BVE) was included to react with the excess thiols
without changing the connectivity of the network, isolating the impact of the excess thiols on radical-
disulfide exchange independent of the overall structure of the network. Second, controls were performed
with PETTG instead of PETMP, both with and without 10 mol% BVE, to determine whether the type of
thiol, specifically whether the mismatch between the mercaptopropionate radical associated with PETMP

and the thioglycolate radical associated with DTG, impacts the rate of relaxation.

The DMA traces for these networks are shown in Figure 4.9a. Each network was initially cured
with 1 wt% TPO and 405 nm light at 20 m\W/cm? for 5 minutes on each side. For stress relaxation, 3.5 wt%
DMPA was used with 365 nm light at 15 mW/cm? and 8 % strain. The PETMP networks with or without
BVE have similar glass transition temperatures (within a degree or so), storage moduli, and molecular
weight between crosslinks (1040 g/mol and 950 g/mol, respectively). The same is true for the PETTG

networks with and without BVE (760 g/mol and 770 g/mol, respectively). These results indicate that BVE
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Figure 4.9: a) DMA trace and b) stress relaxation of each network, with butyl vinyl ether included in the top right. Each
network was made with a 1.1:1 ratio of thiol to alkene and was cured into a 250 um films with 1 wt% TPO irradiated
with 405 nm light at 20 mW/cm2 for 5 minutes on each side. Stress relaxation was done with 3.5 wt% DMPA and 365
nm light at 15 mW/cm2 for 10 minutes at 8% strain.

did not significantly impact the network structure for either thiol monomer, but the shorter chain length

associated with PETTG compared to PETMP does increase the T4 and rubbery storage modulus. v
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Stress relaxation behavior for these four networks is shown in Figure 4.9b. As expected, reacting
the excess thiols with BVE resulted in slower stress relaxation compared to when free thiols were present
for both thiol monomers, but this effect was more pronounced for PETTG than PETMP. This result is not
surprising because Kkinetic analysis indicates that little productive bond exchange occurs between
mercaptopropionate radicals and thioglycolate disulfides!*, meaning excess thiols should impact relaxation
more for PETTG than PETMP. Interestingly, the PETMP networks relaxed stress far more rapidly than
PETTG both with and without BVE though they only differ in their molecular weight between crosslinks.
This indicates that while both structure and presence of reactive groups play a role in the rate of stress

relaxation, the network structure also has a significant impact on the stress relaxation rate.

4.4.5 Stress Relaxation with DMP

After demonstrating the viability of DMP in thiol-ene-disulfide polymerizations, the performance
of the mercaptopropionate and thioglycolate disulfides was compared in stress relaxation experiments. Two
of the stoichiometries tested before, namely 0.9:1 and 1.1:1 ratios of thiol to alkene, were used to determine
the exchange characteristics with and without the excess thiol. The DMP films relaxed extremely rapidly
compared to films made with DTG for both stoichiometries (Figure 4.10). For the 0.9:1 ratio, the DTG
network is two orders of magnitude slower, only reaching about 50% relaxation in 10 minutes while the
DMP network achieved 50% relaxation in about 5 seconds and 100% relaxation in 1.5 minutes. The
difference is less stark in systems with abundant thiols, for which DTG reached nearly complete relaxation
after 10 minutes compared to 1 minute with DMP. This difference of only one order of magnitude is likely
because an excess of thiol will impact the slower exchange associated with the thioglycolate disulfide more

than the already rapid exchange for the mercaptopropionate disulfide.

In addition, there was only a small difference in relaxation rate between the two networks with
DMP with or without thiols to participate in exchange, which again is likely because the exchange rate of

this disulfide is already quite fast and therefore is not substantially enhanced by an excess of thiol. These
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rapid exchange kinetics with DMP indicate that networks with far more crosslinking and fewer unreacted

disulfides are possible while maintaining fast stress relaxation capability.
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Figure 4.10: The normalized stress over time for for DTG (solid) and
DMP (dashed) at two ratios of thiol to alkene. Samples were prepared
with 3.5 wt% DMPA, stretch to 8% strain, and exposed to 15
mW/cm2 365 nm light.

The fact that DMP shows much faster radical-disulfide exchange also has important implications
for stress development during polymerization because faster exchange should result in lower volumetric
shrinkage stress compared to DTG. To investigate any difference in stress development during
polymerization, samples with a 0.5:1 ratio of thiol to alkene were prepared with PETMP, either DMP or
DTG, and cured with 3 wt% TPO under 14 mW/cm? irradiation at 405 nm to the point where the thiol-ene
reaction was complete and the samples were sufficiently polymerized to maintain integrity, i.e., 12 seconds
and 40 seconds, respectively. It should be noted that the alkene conversion between these two samples is
not coincident as these two networks experience different polymerization rates for the thiol-ene step, but in
both cases very little disulfide-ene reaction occurs before appreciable amounts of disulfide react under these
conditions. In addition, nearly all the stress that develops during polymerization should occur during the

disulfide-ene step because gelation would occur at the later stages of the thiol-ene step.

64



Vinyl conversion over time was measured using FTIR in an ATR configuration for the disulfide-

ene reaction, and was initiated using 5, 30, or 100 mW/cm? light intensity for 305 nm light (Figure 4.11a).
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Figure 4.11: For samples of PETMP with either DTG (dashed) or DMP (solid) with a 0.5:1 ratio of thiol to alkene, ., a)
relative conversion of alkene over time during the disulfide-ene polymerization at various light intensities (mW/cm2),
where zero conversion corresponds to the initial conversion reached after the first stage thiol-ene reaction, and b) the
normalized stress during the disulfide-ene polymerization for samples cured through the disulfide-ene reaction at
various light intensities (mW/cmz2). Samples were first cured using 14 mW/cm2 405 nm light until the film was just
cured enough to cut and handle

The ATR configuration was used so variables such as sample thickness, and therefore light attenuation,
would be identical between FTIR and stress realxation experiments. Although the polymerization rate is
slightly slower for DMP compared to DTG, both networks reach similar conversions over comparable time
scales at a given light intensity. Photocured samples were then subjected to 8% strain and irradiated for the
same durations as determined by ATR time-conversion analysis. The stress over time was measured, shown

in Figure 4.11b, and the results comparing the two disulfide monomers are summarized in Table 4.3.

For all three light intensities, DMP both reached a lower minimum stress and a lower final stress
despite reaching similar or higher alkene conversion compared to DTG. As seen previously, there is an
initial drop in the stress as disulfide exchange relaxes the applied stress, followed by an increase in stress

as disulfides convert to thioacetals and shrinkage stress develops. However, DMP proves to be far more
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Table 4.3: Summarized values for the irradiation time, minimum stress, and maximum stress
during stress relaxation experiment for DMP and DTG.

Intensity Disulfide |Irradiation time| Stress Min (% of |Final Stress (% of
(mW/cm?) | Monomer (min) initial stress) initial Stress)

5 DTG 30 6313 1074
DMP 40 136 18+8

30 DTG 7 56+3 130+ 30
DMP 15 6+3 28+6

100 DTG 5 584 180 + 40
DMP 6 50x.7 371

effective at reducing stress buildup at all three light intensities. Using 5 mW/cm? as an example, the stress
is reduced to about 13% of the initial value but remains well below the initial stress, plateauing at about
18% strain by the end of the experiment. This value is far lower than for DTG, where the initial stress only
decreases to a minimum of 63% of the initial stress, but ultimately polymerization results in final stresses
that are greater than the applied stress. The ultimate stress increases with light intensity for both disulfide
monomers, though the final stress is far below the applied stress for DMP, while the final stress nearly
doubles for DTG. This result agrees with the stress relaxation observed in Figure 4.10, showing that the
rate of radical-disulfide exchange is faster for the mercaptopropionate-based disulfide compared to the

thioglycolate-based disulfide.

Overall, thiol-ene-disulfide networks with either DTG or DMP were capable of realxation stresses
both during polymerization and stress relaxation. But under identical curing and stress realxation
conditions, the mercaptopropionate disulfide relaxed stress significantly faster than those based on
thioglycolates. The effects of this polymerixation scheme and the impact of different disuflide cores with

respect to polymerization shrinkage and shrinkage stress should be investigated further.

4.5 Conclusions
Thiol-ene-disulfide networks were investigated to better understand the role of radical disulfide

exchange during network formation and stress relaxation.
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Disulfides derived from mercaptopropionates were found to be nearly as efficient for the disulfide-
ene polymerization as those based on thioglycolates, despite showing significantly slower rates in previous
model studies. Furthermore, the thiol-ene step of the polymerization using DMP was as fast or faster, and
therefore less inhibited by disulfide exchange, than DTG regardless of the type of thiol comonomer. The
disulfide-ene rate was largely unaffected by the thiol/disulfide pair when the thiyl radical formed by the
thiol was more stable than the radical formed by the disulfide, but slower in the opposite scheme when

asymmetric disulfides could form during the thiol-ene polymerization.

Both DMP and DTG induced stress relaxation both during polymerization and during post-
polymerization. However, relaxation with DMP was significantly faster than for DTG in all cases. The type
of disulfide did not however greatly impact the material properties of the final networks, which is

advantageous for tunability of the exchange rate independently of the mechanical properties of the network.
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Chapter 5 - SUBSTITUTED THIOLS IN DYNAMIC THIOESTER REACTIONS

5.1: Abstract

The thiol-thioester reaction has emerged as a promising method for developing covalent adaptable
networks (CANS) due to its ability to exchange rapidly under low temperature conditions in a number of
solvents, orthogonality amongst other functional groups, and tuneability. Here, the effects of thiol
substitution (i.e., primary vs secondary) were assessed with respect to their reactivity in two dynamic
thioester reactions: the thiol-thioester exchange and the reversible thiol-anhydride addition. Model NMR
experiments were conducted using small molecule compounds to observe how polymers of similar
components would behave in thiol-thioester exchange. It was determined that the Keq was near unity for
mixtures of primary thiols and secondary thioesters, and vice versa, in both a polar solvent, DMSO-ds, and
at most slightly favors primary thioesters in a relatively non-polar solvent, CDCls. Dielectric spectroscopy
and stress relaxation experiments were used to determine the relaxation times and activation energies of the
two thioester-containing networks: thiol-ene networks, which undergo thioester exchange, displayed
activation energies of 73 kJ/mol and 71 kJ/mol from dielectric measurements and 36 kJ/mol and 53 kJ/mol
from stress relaxation for the primary and secondary thiols, respectively. Thiol-anhydride-ene networks,
which undergo both thioester exchange and reversible thiol-anhydride addition, displayed activation
energies of 94 kJ/mol and 114 kJ/mol from dielectric and 111 kJ/mol and 139 kJ/mol from stress relaxation
for primary and secondary thiols, respectively. In both types of networks, the secondary thioester-based
networks demonstrated slower dynamics as compared to the same primary network by at least one order of
magnitude. In the anhydride network, the secondary thiol also biased the dynamics towards reversible

addition.

5.2: Introduction

Covalent adaptable networks (CANS) are a class of thermosetting polymer materials that contain
dynamic chemical functionalities that enable rearrangement of what would normally be considered a static

network. This dynamic character combines the mechanical robustness and chemical stability of thermosets
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with the processability and recyclability of thermoplastics. As such, these hybrid materials enable a unique
array of material characteristics that are typically unattainable for thermosets, opening potential applications

for which neither conventional thermoplastics nor thermosets are well suited.

The basic principle for producing CANs involves the incorporation of labile chemical bonds that
are triggered by application of an external stimulus, such as light or heat. Depending on the choice of
chemistry, the dynamic bonds either: i) break-and-reform via reversible addition, or a dissociative
mechanism, as is the case for the Diels-Alder reaction® 2, or ii) may interconvert via a reversible exchange,
or an associative mechanism, as observed for transesterification®, disulfide exchange?, and thiol-thioester
exchange® °. In particular, thiol-thioester exchange (TTE) (Figure 5.1) has received increased attention
because of its low activation energy threshold (~30 kJ/mol), exchange rates that are tailored by the choice
and concentration of a basic or nucleophilic catalyst, and the facile incorporation of thioesters into thiol-X
based materials®®. This exchange moiety has shown great potential for peptide synthesis® °, dissolvable

sealants™, pressure sensitive adhesives'?, and nanocomposites'? 2,

.J\S)OL. '3—( - .J\;o s)\ :gfy .j\s)\

Figure 5.1: General scheme for the thiol-thioester exchange reaction for both primary and
secondary (red line) thiols/thioesters.

While substantial work has been done to characterize TTE for thiols common in materials synthesis®, the
effect of substitution of the thiol on TTE has received little attention. Recently, the substitution of the thiol
on various thiol-X processes has seen attention from Li and coworkers, who observed that increasingly
substituted thiols have a longer shelf life and less odor than typical primary thiols'4, and Long and
coworkers, who have shown that secondary and tertiary thiols can be used in thiol-ene® and thiol-Michael
addition'® polymerizations with minimal detrimental effects on reaction kinetics or conversion at relevant
polymerization conditions while resulting in improved shelf life of the resin mixture. This outcome has
important implications for many thiol-X materials that often cannot be pre-mixed and stored as a monomer

resin due to their high reactivity. As such, it is also useful to understand the effects of thiol substitution on
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TTE to further broaden the utility of this Thiol-thioester exchange (TTE)

potent dynamic chemistry. Expanding upon
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Figure 5.2: General scheme for bond rearrangement in thiol-

carboxylic acids, formed by a ring-openin anhydride-ene materials. Shown on top is thiol-thioester exchange

y y g-op g and shown on bottom is reversible thiol-anhydride addition. For

simplicity, both reactions are generalized by showing thiols as the
exchanging species.

composed of thioester bonds adjacent to the

of the anhydride, and thioether bonds formed
by the thiol-ene reaction. Importantly, these
thioesters react both through a dissociative reaction, through reversible thiol-anhydride addition (RTAA),
and an associative reaction, through TTE, depending on the amount of excess thiol, the catalyst choice and

concentration, and temperature (Figure 5.2).

In this work, experiments were performed to assess the advantages or disadvantages of using
secondary thiols in thioester-based dynamic materials, both from a mechanistic and mechanical standpoint.
Small model compounds, which are analogous to the monomers used in subsequent polymer studies, were
synthesized and thermodynamic equilibrium-driven reactions, similar to those described by Worrell and
coworkers® using H-NMR, were conducted to determine the relative reactivity and propensity for exchange
of the primary and secondary thiols of interest. The impact of the substituted thioesters was then evaluated
in two different thioester-containing networks: 1) thiol-ene networks similar to those studied by Worrell
and coworkers® and 2) thiol-anhydride-ene networks as introduced by Podgoérski and coworkers®. The

differences in the dynamic character of the primary and secondary TE-containing networks were then
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evaluated using dielectric analysis (DEA) and compared to conventional mechanical measurements from

dynamic mechanical analysis (DMA).

5.3: Experimental section

5.3.1: Materials

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), methyl 3-mercaptopropionate (MMP),
1,4-diazabicyclo[2.2.2]octane (DABCO), 4-(dimethylamino)pyridine (DMAP), allyl succinic anhydride
(ASA), quinuclidine (QN), 1,3,5-trimethoxybenzene (TMB), triethylamine (TEA), the phosphine oxide
photoinitiator Omnicure 819, 2,2-dimethoxy-2-phenylacetophenone (DMPA), and 1,1,3,3-
tetramethylguanidine (TMG) were purchased from common stock chemical suppliers (Sigma Aldrich,
Fischer Scientific, TCI Chemicals) and used as delivered. Pentaerythritol tetrakis(3-mercaptobutyrate)
(PETMB) was generously provided by ShowaDenko and used as delivered. Primary and secondary
thioester-diene (1TE-diene and 2TE-diene respectively) and methyl 3-mercaptopropionate (MMB) were

synthesized as described in Appendix 1.

5.3.2: Experimental

NMR Studies: H* NMR spectra were recorded in CDCls (internal standard: 7.26 ppm) and in DMSO-ds
(internal standard: 2.50 ppm, 1H) on a Bruker DRX-400 MHz spectrometer. See Appendix 2 for calibration
curve preparation and experimental details. Chemical shifts (3), reported in parts per million (ppm), had the
following abbreviations used to identify the multiplicities: s = singlet, d = doublet, t = triplet, g = quartet,

m = multiplet, b = broad.

Sample preparation for thiol-ene samples: The monomer resin was composed of a tetrathiol (1.0
equivalent PETMP or PETMB monomer), a thioester containing diene (1.0 equivalent of either 1TE-diene
or 2TE-diene monomer), 1 wt.% Omnicure 819 (a phosphine oxide photoinitiator), and 4 mol% DABCO
in TTE-active samples was prepared by first dissolving the photoinitiator and catalyst in the appropriate

TE-diene, then mixing in the thiol. Dielectric samples were prepared on Mini-Varicon™ sensors purchased
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from Lambient Technologies. Sensors were rinsed with acetone and placed in a drying oven to remove
adsorbed water and solvent from the surface. The cleaned senor was placed flat on a glass slide and
positioned under the curing light source with 250 um spacers on either side, and the monomer resin was
deposited on the metal electrode surface and spread over the entire metal contact surface. A glass slide was
placed on top and weighted down on each side with binder clips to avoid moving the layer-up. The sample
was irradiated with 405 nm at 25 mW/cm? for 5 minutes to activate the photoinitiator and cure the sample,
which was then allowed to post cure at 60 °C for 1 hour. Samples for DMA and stress relaxation were
prepared by depositing the resin between two glass slides with 250 um spacers, after which the sample was

irradiated with 405 nm at 25 mW/cm? for 5 minutes.

Sample preparation of thiol-ene-anhydride samples: The procedure for sample preparation was adapted
from a previously reported procedure®. The thiol monomer (1.0 equivalent PETMP or PETMP) and allyl
succinic anhydride (2.0 equivalents) were mixed. The DMPA and DABCO were then dissolved in a small
amount of DCM, then mixed with the monomer mixture and allowed to rest for 0.5-1 hour. The DCM was
then removed under vacuum and the sample was subsequently cast as allowed to rest for 1 hour to ensure
maximum conversion of the anhydride moieties. Dielectric samples and DMA films were prepared with
the same method described for the thiol-ene films. The thiol-ene reaction was then initiated by irradiation

with 365 nm light at 25 mW/cm? for 5 minutes.

Fourier Transform Infrared Spectroscopy (FTIR): Thiol-anhydride-ene resins were prepared as
described previously, and a drop of resin mixture being added between two clean salt plate before resting
for 1 hour, then cured as described above. The sample was then placed in a Nicolet 8700 and allowed to
equilibrate at a given temperature from 40-120 °C. Once equilibrium was achieved, as indicated by an
unchanging FTIR spectrum, and the time required to equilibrate was noted for dielectric analysis before the

sample was heated to the next temperature.

Dielectric Analysis (DEA): Dielectric analysis was performed on a ModuLab XM Material Test System

(AMETEK Scientific Instruments, UK) at various temperatures depending on the material. Isothermal
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temperature sweeps were performed over a range of 30 - 10° Hz under an applied sinusoidal voltage of
4500 mV in amplitude. Samples were prepared on Mini-Varicon™ sensors as described above. Thiol-ene
samples were allowed to equilibrate at a given temperature for 10 minutes before a spectrum was taken.
Thiol-anhydride-ene samples were allowed to equilibrate for the time needed to reach a stable anhydride

concentration as determined by FTIR, as described above.

Dynamic mechanical analysis and stress relaxation: Glass transition temperature (Tg), storage modulus
(E), and loss modulus (E”) were measured on an RSA G2 dynamic mechanical analyzer (TA Instruments)
using a temperature ramp rate of 3°C/min and a frequency of 1 Hz, with an oscillating strain of 0.03 % and
a preload force of 0.40 N. Stress relaxation was performed in tension. A strain of 8% was applied and the
resulting isothermal stress was measured over time at various temperatures, then normalized to the initial

value.

5.4: Results and Discussion

5.4.1: Model Compound Studies

In their work on thioester exchange reaction in organic media, Worrell and coworkers5 investigated
the equilibrium constants for a variety of thiols and thioesters in a range of solvents to determine: i) the
favored products at equilibrium for different thiol/thioester structures and ii) which solvents were conducive
to the exchange reaction. Their approach was adopted here to determine whether primary or secondary
thiol/thioester products are favored when a primary thiol reacts with a secondary thioester, and vice versa.
The primary and secondary thiols and thioesters used in this study are shown in Figure 5.3a, and the
reaction scheme used to calculate the equilibrium constant, Keq, for each mixture as well as the definition
of Keq is provided in Figure 5.1b. Here, Keq for every mixture was calculated with the primary thioester
and the secondary thiol as the reactants and the secondary thioester and primary thiol considered to be the
products. This approach was used to simplify the comparison of the equilibrium constants, regardless of
which thiol/thioester pair was used as the starting material. The investigation was carried out with the basic

catalyst TMG (pKa = 13.6 in water), the nucleophilic catalyst QN (N = 20.5), or without any catalyst. These
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catalysts were selected because of their potent catalytic activity as determined in previous studies on TTE
reactions relative to other catalysts. Tests were performed directly in deuterated solvents, DMSO-d6 or
CDCls, to examine the effect of solvent polarity on equilibrium. The designations “a” and “b” denote
whether the initial mixture contained a primary thiol and secondary thioester or a secondary thiol and
primary thioester, respectively. Calibration curves were prepared for each thiol and thioester model
compound to compare the experimental thioester concentrations to an internal standard to correct for
instrumental error and any solvent evaporation. Exchange reactions proceeded at room temperature until
the reactions reached equilibrium — as indicated by two time points with a Keq difference of < 0.05 — but all
reactions were stopped after 150 hours and a reaction quotient (Q) value was recorded if equilibrium had
not yet been achieved, as occurred for example in the absence of any catalyst.

a)

(6] (0] (0]
o )J\/\
\O)J\/\S)J\/\H/ ~ \O SH
1TE o) 1SH

)OJ\)\ I i
0 )J\)\
\O S)J\/\H/ ~ \O SH
2TE o 2SH

b)
o} 0 o
\OMSJJ\/\[( SO )J\)\
™~
o SH
(0]
[TEZ] [SHl] WL dueterated solvent

= catalyst
1 [SH]ITE,]
=~ 1

0 (0]
i /U\)\ )J\/\[(
+ N O\
O S
\O)J\/\SH
(0]

Figure 5.3: a) Model primary and secondary thiol and thioester
compounds used in NMR studies, and b) Reaction scheme for exchange
of primary and secondary model compounds and the definition of Keq,
where the reactants and products can be either primary thiol and
secondary thioester, or vice versa.
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Shown in Table 5.1 are the equilibrium constants in DMSO-ds, the more polar of the two solvents
tested. The solutions with TMG as the catalyst (2a and 2b) achieved Keq’s of 1.2+ 0.2 and 0.9 + 0.1,
respectively. The quinuclidine solutions (3a and 3b) achieved Ke’s of 0.9 + 0.2 and 0.82 £ 0.08,
respectively. These equilibrium constants are approximately unity, suggesting that neither the primary or
secondary thiol or thioester is significantly favored at equilibrium. Exchange also proceeded when no
catalyst was present (1a and 1b) and did not reach full conversion after 150 hours, reaching reaction
quotients (Q) of 0.6 £ 0.2 and 1.2 + 0.1 in DMSO-dg after 150 hours while continuing to react slowly

towards equilibrium.

Table 5.1: Summary of Keq values for all solutions studied, where values marked by an asterisk are reaction quotients
because equilibrium was not reached by the end of experiment. Experiments were conducted in DMSO-d6 at room
temperature with 10 mol % catalyst. All reactions used equimolar thiol and thioester reactants and were compared to
an internal standard (1,3,5 trimethoxy benzene). Time points were taken for up to 150 hours or the achievement of
equilibrium as indicated by a lack of further changes in the species concentrations.

Solution  Reactant Product Catalyst Keg (%)
la 1° Thioester + 2° Thiol 2° Thioester + 1° Thiol None 0.61*+0.1
1b 2° Thioester + 1° Thiol 1° Thioester + 2° Thiol None 12*+0.1
2a 1° Thioester + 2° Thiol 2° Thioester + 1° Thiol TMG 12+ 2

2b 2° Thioester + 1° Thiol 1° Thioester + 2° Thiol TMG 09+0.1
3a 1° Thioester + 2° Thiol 2° Thioester + 1° Thiol quinuclidine 09+0.2
3b 2° Thioester + 1° Thiol 1° Thioester + 2° Thiol quinuclidine 0.82 £0.08

*incomplete reaction, reaction quotient (Q) given.

Equilibrium constants in the less polar solvent, CDClIs, are shown in Table 5.2. The TMG-containing
solutions (4a and 4b) achieved a Keq of 0.61 + 0.1 and 0.5 + 0.1, respectively. The reactions with
quinuclidine (5a and 5b) were incomplete after 150 hours, reaching Q’s of 0.8 £ 0.1 and 0.65 + 0.1,
respectively. The equilibrium constants for the reaction catalyzed by TMG are again similar but slightly
favoring the primary thioester. The quinuclidine catalyzed reactions did not reach equilibrium because
solvents of lower polarity are less conducive to rapid thiol-thioester exchange. This behavior is likely due

to the sterically hindered nucleophilic mechanism for which the bulky Zwitterionic intermediate will not
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be as well-stabilized as in a more polar solvent. Since the TMG catalyzed reaction went to completion and
slightly favored the primary, steric hindrance plays an important role in non-polar environments where
thioester exchange tends to be less favorable. Because the exchange rate was significantly reduced in
chloroform with catalyst, non-catalyzed exchange reactions were not performed. Even though the base and
nucleophile mechanisms differ slightly, it should be noted that the Keq and Q values are comparable, as
expected in the context of catalysis, regardless of whether a nucleophile (quinuclidine) or base (TMG)
catalyst was used and are comparable to those reported in the literature®. In addition, longer times were
required to reach equilibrium in CDCl; compared to DMSO-dg, not reaching equilibrium in the case of the
quinuclidine catalyzed solution. This delay was expected given that thioester exchange does not occur as

efficiently in non-polar media such as CDCls.

Table 5.2: Summary of Keq values for CDCI3 solutions, where values marked by an asterisk are reaction quotients
because equilibrium was not reached by the end of experiment. These experiments were conducted in CDCI3 at room
temperature with 10 mol % catalyst. All reactions used equimolar thiol and thioester reactants and were compared to
an internal standard (1,3,5 trimethoxy benzene). Time points were taken for up to 150 hours.

Solution Reactant Product Catalyst K., Q)
4a 1° Thioester + 2° Thiol 2° Thioester + 1° Thiol T™MG 0.61 £0.1
4b 2° Thioester + 1° Thiol 1° Thioester + 2° Thiol TMG 0.5+0.1
Sa 1° Thioester + 2° Thiol 2° Thioester + 1° Thiol quinuclidine ~ 0.8% £0.1
5b 2° Thioester + 1° Thiol 1° Thioester + 2° Thiol quinuclidine = 0.65* + 0.1

*incomplete reaction, reaction quotient (Q) given.

5.4.2: Thiol-ene materials

An important feature of any CAN is the rate of exchange when the chemistry is active. While NMR studies
of model compounds show that an equilibrium mixture of primary thioester and secondary thiol, or vice
versa, does not strongly favor one product, equilibrium on its own does not provide information about the
exchange rates. To this end, thiol-ene networks based on previous literature5, 6 with either primary or
secondary thiols/thioesters were made as shown in Figure 5.4. Here, DABCO was selected as a

nucleophilic catalyst because of its good nucleophilicity and solubility in the monomer resins and
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Figure 5.4: Structures of the thiols, thioesters, and nucleophilic catalyst for thiol-ene films. Samples consisted
of either a 2:1 ratio of thiol-to-thioester functionality, with 1 wt% of the visible light photoinitiator 1819 and
were irradiated at 25 mW/cm?2.

ability to remain in and remain stable over longer periods of time compared to quinuclidine. Differently
from what was observed for structurally similar thiol-ene and thiol-Michael networks!® 8, the glass
transition temperatures for the secondary thiol-containing networks were slightly higher (-20 °C vs -25°C
without DABCO for the primary, and -13 °C vs -14°C without catalyst for the secondary), while catalyst
had little effect on the Tg. Dielectric and mechanical stress relaxation measurements were used to assess the
relative effectiveness and rates of TTE for these primary and secondary thioester-based materials. It is
hypothesized that due to the steric hindrance of the secondary thioester and thiol monomers, the overall
dynamics are slower than for the primary system despite the comparative thermodynamic equilibria as

assessed in model systems.

Dielectric Analysis of Thiol-ene networks: Dielectric analysis (DEA) is an important tool in polymer
dynamics research due to its unique capability to efficiently probe different chain relaxation modes over
wide temperature and frequency ranges. An oscillating electric field is applied and interacts with the
permanent and induced dipole moments in the polymer. The response and relaxation of these dipoles can

then be leveraged to probe the structure and properties of the material of interest. The ability to use an
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oscillating electric field over a larger frequency range than mechanical analyses such as DMA (up to 10°
Hz for DEA compared to 10? Hz in DMA) enables one to observe dynamics at the chain and chain-segment
scale in a way that is impractical or impossible by macroscopic mechanical testing, provided that the
material of interest possesses polar groups to interact with this electric field. A variety of polymer systems
have been assessed using DEA, including epoxy-resin systems that are ubiquitous in materials
applications®®, natural and synthetic rubbers® 2!, dental resins??, and composites to probe
filler/resin/interface dynamics®2°. However, despite its appropriateness for probing molecular dynamics,
there has been little work to use DEA to evaluate polymer dynamics in CANs. Moreover, DEA offers a
direct approach to explore how introducing a simple structural modification, in this case the methyl groups

associated with thiol/thioester substitution, on bond exchange and the overall dynamics of the network.

Here, DEA was used to assess the real (M”) and loss (M”’) electric moduli with respect to the a-
relaxation, which is associated with segmental chain motions and the glass transition, for primary and
secondary TTE networks. Figure 5.5 shows M’ and M” for primary and secondary thiol-ene networks that
contain the nucleophilic catalyst DABCO (Figure 5.5a and Figure 5.5b, respectively) and those that did
not contain catalyst (Figure 5.5¢ and Figure 5.5d, respectively). Measurements were taken over a
frequency range of 302-10° Hz for a temperature range of 20-60 °C. The frequency of the maximum of M”
was taken to determine the relaxation time at a given temperature and was determined by a Cole-Cole fit
of the modulus curves. This fit was used to accurately determine the frequency that corresponds to the peak;

these relaxation times as a function of temperature are shown in Figure 5.5¢.

For both the primary and secondary thioester networks, the a-relaxation time is faster when 4 mol%
DABCO is present compared to the uncatalyzed network over the entire temperature range. The primary
relaxation rate increases by a factor of two to four, while the rate for the secondary networks increases by

an order of magnitude. These faster dynamics for both primary and secondary arise from increased mobility
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via network rearrangement enabled by TTE when catalyst is present. Now, comparing the primary and

secondary thioester network’s relaxation times with 4 mol% DABCO, the primary shows faster dynamics
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Figure 5.5: Representative dielectric spectra for thioester films taken using an interdigital sensor at various
temperatures: Primary thiol/thioester sample containing no catalyst (a) and 4 mol% DABCO as a nucleophilic
catalyst (c), and Secondary thiol/thioester of sample containing no catalyst (b) and 4 mol% DABCO as a
nucleophilic catalyst (d). The solid lines denote the real electric modulus, and the dashed lines denote the loss
electric modulus. e) The relaxation times as a function of temperature for the primary and secondary thioester
films, both with and without catalyst.
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at every temperature, roughly by a factor of seven. This behavior indicates that TTE is faster for primary
thiols/thioesters, where steric hindrance due to the methyl substitution in the secondary thioester is likely a

major contributor to slower dynamic bond rearrangement.

At the same time, when catalyst is not present, the relaxation times for the primary thioester are
substantially faster in this dielectric measurement, by roughly a factor of 35, as compared to the equivalent
secondary network, even though little dynamic covalent behavior occurs without catalyst. A possible
explanation for this behavior is that the large number of methyl groups in the secondary thiols and thioesters
increases steric hinderance while reducing the overall polarity of the network, which is known to decrease
the rate of TTE because more polar media is conducive to the movement of charged/polar species through
the material®. This decrease in polarity may therefore lead to a decrease in mobility, resulting in a slower
relaxation time when no catalyst is present in otherwise equivalent networks. Therefore, polarity will also
affect the catalyzed networks in addition to any steric effects that arise from substitution of the thiols and

thioesters.

Stress Relaxation of Thiol-ene Networks: To validate DEA measurements, stress relaxation experiments
were performed at constant temperatures and strain in tension (8%) to mechanically determine relaxation

times due to TTE, as shown in Figure 5.6. The relaxation rate is significantly slower in the secondary thiol-
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Figure 5.6: Representative stress relaxation data at various temperatures for (a) the primary thiol-thioester material
and (b) the secondary thiol-thioester material.

82



based material. For example, the mechanical relaxation times at 35°C for the primary network relaxation
times are nearly two orders of magnitude faster (~5.5 minutes) at the same catalyst concentration as
compared to the secondary thioester-based network (~315 minutes). Confirming the dynamics measured
by DEA, this behavior indicates that the secondary network exhibits slower covalent bond rearrangement
as compared to the primary thioester network. Stress relaxation in control networks without catalyst was
also evaluated at 35°C and 65°C, and only a small amount of relaxation was observed at 65°C for the
primary (~5% relaxation) and none for the secondary thioester. Slower relaxation times for the secondary
thioester network are attributed to a combination of steric hinderance and a decrease in polarity associated

with the methyl groups.

The relaxation times from both DEA and stress relaxations were used to calculate the activation
energies, all measured within the temperature range from 35°C to 65°C. Arrhenius plots of relaxation times
from DEA and stress relaxation are shown in Figure 5.7a and 5.7b, respectively. As discussed for the
dielectric measurements, the primary thiol/thioester materials exhibit fast relaxation times at all

temperatures compared to their secondary counterparts, regardless of whether DABCO was included.
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Figure 5.7: Arrhenius plots of a) the a-relaxation time from dielectric measurements for the primary and secondary
thiol-ene samples, both with (diamonds) and without (circles) 4 mol% DABCO as a nucleophilic catalyst, and b) the
relaxation times measured by stress relaxation with 4 mol% DABCO. Dashed lines indicate a linear fit to the data.
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Mechanical stress relaxation times follow the same trend. The activation energies extracted from a linear

regression of the Arrhenius plots are provided in Table 5.3.

The activation energies extracted from DEA for the networks containing DABCO are
indistinguishable for the primary and secondary networks (73 and 71 kJ/mol, respectively) despite the
slower rate at which relaxation occurs in the secondary networks. These energies differ from those extracted
from the mechanical relaxation times, which were 36 and 52 kJ/mol, respectively. The discrepancy between
these two measurements is likely due to inherent differences in the size scales and types of molecular
motions probed by dynamic dielectric spectroscopy versus mechanical stress relaxation methodologies?.
For example, in simultaneous DEA-DMA measurements of a curing network, DMA is able to measure the
gelation point resulting from a rapid increase in the storage modulus, while DEA can measure the decrease

in chain mobility after gelation that does not show up in mechanical moduli?.

Table 5.3: Activation energies as calculated by from Arrhenius fits of the dielectric loss peaks and stress relaxation
times. Errors indicated are the standard error of the regression.

E, (kJ/mol)
Primary Secondary
Control (DEA) 56+ 1 63 +3

4% DABCO (DEA) | 72.9+0.8 71+ 1
4% DABCO (SR) | 36.1+0.6 52+ 6

At the same time, control materials without catalyst show a slightly higher activation energy for
the secondary network (63 versus 56 kJ/mol), although the difference is relatively small. Any difference is
likely due to decreased polarity of the secondary network as discussed previously. Further, the catalyzed
networks did not show the same difference in activation energy because of the increased polarity and
mobility introduced by additional charged species during exchange, which is a result of the reaction of the

nucleophile with thioester carbonyl groups that participate in dynamic exchange.
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5.4.3: Thiol-anhydride-ene networks
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Figure 5.8: a) Structures of the thiols, anhydride, and nucleophilic catalyst for thiol-anhydride-ene films. Samples
consisted of either a 2:1 ratio of thiol-to-thioester functionality, with 0.2 wt% of the UV light photoinitiator DMPA
and were irradiated at 25 mW/cm2, and b) the general scheme for the thiol-anhydride-ene reaction.

Another CAN system of interest that leverages thioesters is the thiol-anhydride-based network as introduced
by Podgoérski and coworkers.® The monomers and reaction scheme are shown in Figure 5.8a and b,
respectively. In a thiol-anhydride dynamic network, an interesting feature is introduced to the TTE
paradigm because the formed thioesters are adjacent to a carboxylic acid product upon ring-opening of the
anhydride by a thiol. Because this neighboring carboxylic acid is six atoms away from the sulfur in the
thioester, this adduct has been shown to undergo both dynamic ring-closing/opening (dissociation)
reactions as well as the TTE (association) reaction as observed in the more conventional thiol-ene materials
shown previously, depending on the reaction temperature and the amount of excess thiol present in the

network. Like the thiol-ene system discussed previously, it is expected that the secondary thiol-anhydride-
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ene network will show slower dynamics with respect to the TTE reaction, or associative character,
compared to the primary material due to steric considerations. However, steric hindrance may also increase
the prevalence of the ring-closing/opening reaction pathway, or dissociative character, in the secondary

thiol-thioester based material.

Dielectric Analysis of Thiol-anhydride-ene Networks: Thiol-anhydride-ene materials enable tuning of the
prevalence of reversible addition versus reversible exchange by changing the temperature, catalyst type
and/or catalyst concentration. Thiol substitution represents another tool through which these relative rates
are tuned. Both networks possess similar glass transition temperatures around 11°C despite the secondary
having a lower rubbery storage modulus. Figure 5.9a and 5.9b show the dielectric spectra for primary and
secondary thiol-anhydride-ene materials, respectively, and Figure 5.9e shows the relaxation times at each
temperature for both networks. As seen in Figure 5.9¢, a clear shift to slower relaxation times is seen for
the secondary thiol-based material. However, the relaxation times for both primary and secondary thioesters
converge at higher temperatures, narrowing from a difference of a factor of seven at 40°C to a factor of
roughly 1.8 at 120°C. Considering the slower TTE dynamics associated with secondary thiols (as observed
for the thiol-ene networks discussed in the previous section), converging relaxation times suggests that the
secondary thioester is reverting to the anhydride and thiol to a greater extent than the primary thioesters,
which decreases crosslinking and by extension increases mobility and therefore the relaxation rate. Indeed,
a greater extent of the ring closing reaction is observed in the IR spectra taken at the same temperatures as
the dielectric measurements, shown in Figures 5.9c and 5.9d. These IR spectra are normalized to the
carbonyl peak at 1740 cm, which corresponds to the ester present in both thiol monomers, which is not

expected to change with temperature.

Here, a clear increase in anhydride content is seen at 1770 cm™ (highlighted in grey) for both the
primary and secondary networks. However, the intensity of the anhydride peak is higher for the secondary
thioester network at every temperature as compared to the primary. This behavior indicates that the

secondary network has a higher propensity to undergo reversion to the thiol and anhydride rather than TTE.
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This is most likely due to the increased steric hindrance of the secondary thiol, shifting the equilibrium

toward the less sterically hindered anhydride/thiol products. As confirmation, a decrease in crosslinking at
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Figure 5.9: Representative dielectric spectra of a) the primary and b) secondary thiol-anhydride-ene samples at
various temperatures. Dashed lines in the dielectric spectra represent the loss electric modulus (M”), and solid
lines represent the real electric modulus (M’). The IR peak corresponding to the anhydride, highlighted in
grey, appears at approximately 1770 cm-1, is shown for c¢) the primary and d) secondary thiol-anhydride-ene
networks at the same temperatures as the dielectric spectra as well as room temperature. e) Relaxation time,
as determined by a Cole-Cole fit, as a function of temperature for the dielectric spectra.



higher temperatures also is reflected by a drop off in rubbery storage modulus in DMA measurements at

about 100 °C for the secondary as compared to the primary network at 120 °C.

Stress Relaxation of thiol-anhydride-ene materials: Stress relaxation experiments were performed
(5% strain) to complement the DEA measurements as provided in Figure 5.10a and 5.10b for the primary
and secondary thioester materials, respectively. Both materials relax stress over this temperature range. The
primary network relaxes faster at 80°C with a relaxation time of 11 minutes compared to 13 minutes for the
secondary. However, as the temperature increases to 120°C the secondary becomes more rapid with a

relaxation time of 6 seconds compared to 14 seconds for the primary.
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Figure 5.10: Representative stress relaxation data, given as the normalized modulus, at various temperatures for a)
the primary thiol-anhydride-ene and b) the secondary thiol-anhydride-ene material.

This behavior matches well with observations in DEA and IR, discussed for Figure 5.9, that the secondary
network has a higher propensity to undergo reversible addition at increased temperature, resulting in fewer
crosslinks compared to the primary network at the same temperature and therefore faster relaxation. The
ability to bias these thiol-anhydride-ene materials towards associative or dissociative rearrangement by
simply increasing the substitution of the thiol is a facile tool for controlling dynamic behavior in a unique
manner. The activation energies determined by linear regression of the Arrhenius plots are provided in

Table 6.4.
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Table 5.4: Activation energies as calculated by from Arrhenius fits of the dielectric loss peaks and stress relaxation
times for the thiol-anhydride-ene materials. Errors indicated are the standard error of the regression.

Ea (kJ/mol)
Primary | Secondary
DEA 94 +2 114+ 4
Stress Relaxation 111 +3 1396

The activation energy of the secondary thiol is higher in both the dielectric measurement, 114 kJ/mol
compared to 94 kJ/mol, and stress relaxation, 139 kJ/mol compared to 111 kJ/mol, although the primary
and secondary differ more in stress relaxation than in DEA. A similar trend was observed for the thiol-ene
networks, where DEA detected no significant difference in activation energy between the primary and
secondary networks, but a substantial difference was measured by stress relaxation. Here, the fundamental
difference is that, unlike the thiol-ene networks, reversible addition also occurs in the thiol-anhydride-ene
network. This changes the network structure as temperature increases to a greater extent in the secondary
network than in the primary, and DEA is capable of detecting these changes in mobility when bonds form
or, in this case, break?’. Depolymerization due to reversible addition also changes the polarity in addition
to the structure because the thioesters and their adjacent carboxylic acids convert back to thiols and
anhydrides. This shift in polarity may very well translate into similar trends in the activation energy for
both DEA and stress relaxation. Improving our understanding of how dynamic bonds impact dielectric

behavior in CANSs is a continued area of interest in future investigations.

5.5: Conclusions

The substitution of the thiol in dynamic thioester reactions was shown to have a significant impact on
material behavior. Model studies demonstrated that the primary thiol/thioester is not strongly favored over
the secondary thiol/thioester at equilibrium in thiol-thioester exchange in media that is conducive to
thioester exchange, and exchange occurs even without a base or nucleophilic catalyst, albeit much more
slowly. In addition, the exchange was significantly slowed in a low polarity solvent. These same primary
and secondary thioester functionalities in thiol-ene networks undergo dynamic exchange over the same

temperature range, but the secondary thiol/thioester network showed far slower exchange rate in both
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dielectric analysis and stress relaxation experiments due to decreases in polarity and increased steric
hinderance associated with secondary thiols and thioesters. Finally, thiol-anhydride-ene networks, which
enables both reversible addition and reversible thioester exchange, shows that using a secondary
thiol/thioester biases exchange toward reversible addition in a stoichiometric system due to the steric
hindrance of the methyl substitution. In both networks, slower exchange kinetics in the secondary materials
are attributed to increased steric hindrance and a decrease in polarity associated with the methyl

substitution.
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Chapter 6 — DIELECTRIC SPECTROSCOPY IN COVALENT ADAPTABLE

NETWORKS

6.1 - ABSTRACT

Dielectric analysis was used to evaluate relaxation dynamics in covalent adaptable
networks. The electric moduli were measured for dynamic networks capable of either reversible
addition (Diels-Alder), reversible exchange (thiol-thioester exchange), or a combination of both
mechanisms (reversible thiol-anhydride addition and thiol-thioester exchange). At frequencies
below the a-relaxation, a significant plateau in the real electric modulus for samples tested using
indium-tin-oxide coated glass was observed due to interfacial polarization. For interdigit probes,
only inflection points at 2-3 orders of magnitude lower intensities were observed, and
measurements were much less sensitive to sample preparation and interfacial charge separation in
the low frequency regime. In addition, time-temperature-superposition of the dielectric spectra was
implemented. Due to the temperature dependent dynamic reactions, the spectra of reversible
addition networks did not generate master curves that superimpose at frequencies above the o-
relaxation. On the other hand, the spectra of reversible exchange networks superimposed quite
well over the entire frequency range. These results indicate that superposition is possible when the
number of crosslinks not strongly depend on temperature. To compare with the DEA results, stress
relaxation in shear was implemented and the relaxation spectra were also superimposable so long

as the structure is not strongly temperature dependent over the measured range.

6.2 - INTRODUCTION
Characterizing chain dynamics in polymeric materials is a significant challenge in
materials science, and yet, it is one that enables a deeper understanding of macroscopic polymer

behavior. An important tool for characterizing chain and segment-level dynamics in polymers is
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dielectric analysis (DEA)" 2. While mechanical characterization techniques like dynamic
mechanical analysis (DMA) apply an oscillating strain and measure the mechanical response, DEA
leverages permanent and induced dipoles along the main chain and side groups by applying an
oscillating electric field across the sample and measuring the resulting dielectric response. In
addition to direct measurement of chain relaxation processes, standard dielectric spectrometers can
reach frequencies up to 10° Hz, while even high-end dynamic mechanical analyzers can only reach
10% Hz, and most standard DMA’s can only reach 100 Hz. This issue is important because access
to a larger frequency range enables the observation of a wider range of relaxation processes at a
fixed temperature, thus reducing the number of measurements needed to capture chain dynamics
over a given temperature range, facilitating more efficient measurement and analysis of relaxation
processes. DEA has been broadly implemented to study a wide range of polymer materials
including bulk relaxation of epoxy-resins®, rubbers® °, curing of dental resins®, interfacial

relaxations in composites’®, and hydrogen bonding in supramolecular networks'®, among others.

An important class of materials that could potentially benefit from the insights into chain
dynamics provided by DEA are crosslinked polymers containing dynamic covalent chemistry
within the network structure. These materials, often called covalent adaptable networks (CANS),
are crosslinked networks that contain dynamic bonds which facilitate covalent bond rearrangement
upon activation by a stimulus. There are a wide variety of dynamic bonds and stimuli available for
CANSs that generally fall into two categories: reversible addition and reversible exchange'® 2.
Reversible addition reactions involve the reversible breaking and reforming of the dynamic bond.
This results in a decrease in crosslinking due to a decrease in the equilibrium number of elastically
active chains. The most well studied reversible addition chemistry is the Diels-Alder reaction®?,

but other reversible chemistries include dimerization of anthracene'* and cinnamates®,
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urethane/urea bonds'®, and thiol-Michael adducts®’. In contrast, reversible exchange networks
function via bond forming-then-breaking, in which the dynamic bond is typically attacked by an
active center or catalytic species to form an intermediate which rearranges to reform the dynamic
bond and the active species with a new topology. Here, the overall number of bonds is maintained
and minimally temperature dependent, but the material can flow and adapt its shape under an
applied stress. Some common examples of reversible exchange chemistries include addition
fragmentation chain transfer of allyl sulfides and trithiocarbonates8, transesterification'®, imine
exchange?® 2!, and thiol-thioester exchange (TTE)?>?4. There are also dynamic bonds that are
capable of both reversible addition and reversible exchange depending on the reaction conditions.
Such bonds include boronic esters? 28, disulfides?” 28, and thiol-anhydride adducts that are capable

of both thioester exchange and ring-opening/closing reactions?® %,

Understanding the polymer dynamics induced by these different types of dynamic bonds
is of great interest to understand fundamental materials behavior. A close analogy to dynamic
covalent bonds in crosslinked networks are the hydrogen bonds that make up supramolecular
networks like those studied by Tress et al.'% in which a peak that is directly attributed to hydrogen
bonding was identified. However, no such peak has been identified in the limited number of
dielectric studies of CANs®! 32, There has been extensive work studying rheological behavior in
dynamic networks, but the narrow frequency windows associated with these techniques require

large temperature windows to characterize complex dynamic systems®3,

In this work, DEA was implemented to explore the utility of this technique to understand
the dynamics of these materials over a broad frequency and temperature range, and to use this in
conjunction with standard rheological methods to understand better the behavior of these materials.

Three types of dynamic networks were investigated: Diels-Alder based networks incorporating
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furan and maleimide for reversible addition (Figure 6.1a), thiol-thioester exchange for reversible
exchange (Figure 6.1b), and the thiol-anhydride adduct which combines both types of reactions
(Figure 6.1c). A Cole-Cole fit of the dielectric data was implemented to characterize the relaxation

times observed in the dielectric spectra using MatLab?.

(c) Thiol-anhydride: Reversible Addition and Exchange
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Figure 6.1: Schematics for the three dynamic bonds studied in this work: a) The Diels-Alder (DA) bond which
undergoes reversible addition, b) Thiol-thioester bond which undergoes thiol-thioester exchange, and c) the thioester
bond that forms from the ring opening of an anhydride by a thiol which undergoes both thiol-thioester exchange and
reversible thiol-anhydride addition.

Despite the potential for DEA to probe the dynamics of CANSs, there are several hurdles to its
widespread implementation, including establishment of best practices to achieve reproducible and
physically meaningful results. For example, in their work with studying thiol-anhydride networks,
Podgorski et al. observed significant plateaus in the electric modulus at low frequencies,
specifically frequencies below the a-relaxation. This plateau became more pronounced as the bond
rearrangement dynamics became more rapid due to either more potent catalysts or increased free
thiol content to participate in bond exchange®2. These experiments used a parallel plate geometry
of indium-tin-oxide (ITO) coated glass to measure the dielectric response of these materials.
However, in subsequent work studying thioester and thiol-anhydride networks with substituted
thiols, Bongiardina et al. did not observe such a plateau and only observed an inflection point at
significantly lower intensities®!. The key difference being that interdigit probes (1P) were utilized

rather that ITO glass to measure the dielectric response in the same thioester materials. In this
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work, DEA measurements using both ITO and interdigit probes were performed to better
understand whether this discrepancy is solely due to the test geometry or a combination of the test

geometry and the dynamics of the network.

Time-temperature-superposition (TTS) analysis of the dielectric relaxations was implemented
to understand whether DEA can observe correlations from the superposition of relaxation spectra
and the type of dynamic bonding mechanism. Specifically, whether the broad frequency window
afforded by DEA elucidates how the temperature dependence of relaxations differ for reversible
addition (number of crosslinks changes with temperature) and reversible exchange CANs (number
of crosslinks is maintained with temperature). Stress relaxation measurements in shear mode were

subsequently used to verify the observations from DEA.

6.3 - EXPERIMENTAL SECTION

Materials:  Pentaerythritol  tetrakis(3-mercaptopropionate) (PETMP),  diphenyl(2,4,6-
trimethylbenzoyl) phosphine oxide (TPO), 2,2-dimethoxy-2-phenylacetophenone (DMPA), allyl
succinic anhydride (ASA), 1,1'-(methylenedi-4,1-phenylene)bismaleimide (MPBM), (1,4-
diazabicyclo[2.2.2]octane) (DABCO), and ethoxylated trimethylolpropane triacrylate (MW ~ 692
g/mol) were all purchased from general suppliers (Sigma Aldrich, TCI Chemicals) and used as
delivered. Thioester diene (TEDE) and ethoxylated trimethylolpropane trifuran (ETMPTF) were

synthesized according to previous methods®? 34,

Dielectric analysis: Dielectric analysis was performed on a ModuLab XM Material Test System
(AMETEK Scientific Instruments, UK). Isothermal temperature sweeps were performed over a
range of .03 - 10° Hz under an applied sinusoidal voltage of 4500 mV in amplitude. Samples were

prepared on Mini-Varicon™ sensors as described below. Diels-Alder and thiol-anhydride samples
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were equilibrated at a given temperature for 30 minutes before a spectrum was taken. Thiol-ene

samples were allowed to equilibrate for 10 minutes before a spectrum was taken.

Dynamic Mechanical Analysis: Glass transition temperature (Tg), storage modulus (E’), and loss
modulus (E”) were measured on an RSA G2 dynamic mechanical analyzer (TA Instruments) using
a temperature ramp rate of 3°C/min and a frequency of 1 Hz, with an oscillating strain of 0.03 %

and a preload force of 0.40 N.

Stress Relaxation: Stress relaxation was performed on an ARES G2 rheometer (TA Instruments),
all samples were subjected to isothermal shear strain of 10% at each temperature. Diels-Alder and
thiol-anhydride samples were equilibrated at a given temperature for 30 minutes before a spectrum
was taken. Thiol-ene samples were allowed to equilibrate for 10 minutes before a spectrum was

taken.
Polymerization conditions:

Thiol-ene thioester samples: The alkene monomer TEDE (1 equivalent of alkene) was added to a

vial followed by 1 wt% TPO photoinitiator, along with 4 mol% DABCO relative to the monomers
for the dynamic samples, and the mixture was stirred until all the solids had dissolved. PETMP
was then added (2 equivalents with respects to thiol) and the mixture was well stirred. Samples
cast between glass slides were cured at 15 mW/cm? using 405 nm light for 5 minutes on each side.
Interdigit samples were cured at 15 mW/cm? using 405 nm light for 10 minutes. Samples were

then post-cured at 60°C for 1 hour to ensure full conversion.

Diels-Alder samples: The monomer ETMPTF (1.05 equivalent furan) and MPBM (1 equivalent

maleimide) were mixed in a vial and heated to 150 °C for 25 minutes and were stirred using a

vortex mixer. Glass slides were also heated to this temperature to facilitate sample casting. Once
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mixed, samples were prepared by pouring the monomer mixture onto hot glass slides, or directly
onto the interdigit probe. The sample was subsequently cooled for several seconds before the
monomer mixture was sandwiched with another warm glass slide separated by 250 pm spacer.
Samples were then heated to 120 °C for 20 minutes, then gradually cooled to 60 °C over the course
of 1 hour and removed from the oven. This heating/cooling procedure was implemented for the
ITO samples with 100 um spacers ensure good surface contact and a known sample thickness. All

samples equilibrated at room temperature for 24 hours before testing.

DEA Sample Preparation:

ITO samples preparation: ITO coated glass (Instec D256A-X000 Liquid Crystal Cells) was used

to prepared dielectric samples in a parallel plate configuration. Samples were first prepared by
depositing monomer mixture between two regular glass slides with 100 um spacers. The sample
was then cured according to the procedure for the appropriate monomer mixture. A 10 mm x 7
mm rectangle was then cut from this film and placed between the conductive sides of two pieces

of ITO coated glass and clamped with binder clips.

Interdigit sample preparation: Interdigit samples were prepared on Mini-Varicon™ sensors

purchased from Lambient Technologies. The probe was attached to a glass slide with tape and 250
pm spacers on either side. The monomer resin was then deposited onto the probe and another glass
slide was used to sandwich the probe and resin together. For photopolymerized resins, the samples

were prepared directly under the area to be irradiated.

6.4 - RESULTS AND DISCUSSION
In order to compare the relaxation times and any distributional effects on the relaxation of

various dynamic networks, a Cole-Cole fit for a single relaxation was used to determine the
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frequency, and therefore relaxation time, of a given relaxation®. This model was selected because
there was no asymmetry in the relaxations measured in this work, so a simple symmetric stretch
factor was sufficient to describe the relaxation. The equation used for this fit are shown below
(Equation 1):

AM

M =Mm+m (1)

Here, M* is the complex electric modulus, M is the electric modulus at @ = o0, AM = M-
Mo is the relaxation strength, Mo is the electric modulus at ® = 0, ® is the frequency, 1 is the
relaxation time, and B is the symmetric stretch factor. MatLab™ was used to fit T and B to
experimental data using the M., and AM that were measured experimentally. The a-relaxation,
which corresponds to the segmental motions associated with the glass transition, was measured at
different temperatures because this peak has been observed to shift when dynamic bonds are

present in polymer networks®! %2,

For these experiments, three chemistries with known exchange characteristics where
selected. An overview of the monomers used to make three types of dynamic networks used in this

work is provided in Figure 6.2. First, thioester containing thiol-ene networks were selected for a
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Figure 6.2: Structures for the monomers used in this study for three different dynamic network chemistries: a) Thiol-
ene networks made from PETMP and TEDE that contain thioester bonds capable of thiol-thioester exchange
(reversible addition only), and catalyzed using the DABCO as a nucleophile, b) Diels-alder networks from ETMPTF
and MPBM (reversible addition only), and c) Thiol-anhydride-ene networks made from PETMP and ASA that contain
thioester bonds capable of both thiol-thioester exchange and reversible thiol-anhydride addition (both reversible
addition and reversible exchange), and catalyzed using the DABCO as a nucleophile.

PETMP
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network that is capable of primarily reversible exchange reactions (Figure 6.2a). Next, Diels-
Alder networks made by directly polymerizing furan and maleimide functionalities in the network
were selected for reversible addition (Figure 6.2b). Lastly, thiol-anhydride-ene networks were
selected to form thioesters that are capable of both reversible addition and exchange (Figure 6.2c).

Bond exchange for both thioester networks was catalyzed with a nucleophilic catalyst, DABCO?3!.

6.3.2 - Comparison of ITO and Interdigit Dielectric Probes

The type of dielectric probe and sample preparation has a significant impact on the
measurement, as it is crucial to have good surface contact between the conducting surface of the
probe and the polymer sample. Two dielectric probe types were considered here: Indium-tin-oxide
(ITO) coated glass and interdigit probes, which consist of metal electrodes on a thermally stable
polymer surface. One principal difference between the parallel plate configuration for ITO coated
glass (Figure 6.3a) and interdigit probes (Figure 6.3b), which have the comb-like arrangement of

metal electrodes, is sample preparation and the quality of the resulting probe/polymer interface.

a) Indium-Tin-Oxide (ITO) coated glass | b) Interdigit Probe

Figure 6.3: Diagram showing the sample geometries for: a) ITO
coated glass, where a premade sample of known dimensions is cut
and placed between the conductive sides of two ITO glass plates, and
b) interdigit probe, where the liquid resin can fill the channels on the
surface of the probe before being cured.

Samples prepared on ITO glass, as those prepared by Podgorski et al.®? and in this work,

are typically polymerized, cut with known dimensions, then placed between ITO plates and heat

101



treated to maximize interfacial contact. This process is sensitive to the consistency and quality of
the ITO coating itself and how strenuously air bubbles are excluded from the interface when the
sample is prepared. While it is easier to prepare samples with good surface contact for dynamic
networks because the dynamic bonding can be leveraged to improve surface contact, eliminating
air pockets completely is still a challenge. In contrast, samples on interdigit probes are prepared
by depositing and curing the liquid resin directly onto the probe or submerging the probe in the
liquid mixture. Curing the sample directly onto the probe in this manner increases the likelihood
of good surface contact because the liquid resin can more easily flow into the electrode channels

while minimizing likelihood of trapped air pockets between the polymer and the probe.

As stated above, discrepancies between the data from Podgorski et al. and Bongiardina et
al. indicate that at low frequencies there is a significant plateau in the real electric storage modulus
taken on ITO coated glass that is not observed for measurements taken on interdigit probes for
similar materials®® *2. It is hypothesized here that these discrepancies are due, at least in part, to
differences in testing geometry and the associated electrode/sample interface after sample
preparation. To test this hypothesis, samples were prepared on both ITO glass and interdigit probes
to verify these differences for two dynamic networks: a thioester containing thiol-ene networks
with and without catalyst, and a Diels-Alder networks. This experimental design includes a non-
dynamic control (thiol-ene with no catalyst), a reversible exchange network (thiol-ene with
catalyst), and a reversible addition network (Diels-Alder) to determine if mechanism of dynamic

bonding has any impact on the discrepancies between the types of dielectric probes.

The thioester networks made from PETMP and TEDE (Figure 6.2a) either with or without
4 mol% DABCO as a nucleophilic catalyst were first considered. The real (M”) and loss (M”)

electric moduli as a function of frequency for thioester containing thiol-ene networks without
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catalyst are provided in Figure 6.4a and 6.4b, respectively, and with catalyst in Figure 6.4c and
6.4d, respectively. As expected, there is a clear plateau in the M’ for samples prepared on ITO
coated glass, but for the interdigit samples there is slight inflection point in the same region that
occurs at nearly three orders of magnitude lower intensity. The network containing catalyst to
facilitate bond exchange shows a more pronounced inflection point than the network without
catalyst at a given temperature. This plateau is indicative of interfacial polarization which in

general occurs due to poor surface contact between the sample and the ITO surface?. Interfacial
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Figure 6.4: Dielectric spectra for thioester networks with a 2:1 ratio of thiol to alkene at various temperatures,
where dashed lines (---) are samples taken on ITO coated glass and solid lines (—) are sample taken on the
IP’s. a) Real electric modulus versus frequency on samples without catalyst, b) loss electric modulus versus
frequency on samples without catalyst, c) Real electric modulus versus frequency on samples with 4 mol%
DABCO, b) loss electric modulus versus frequency on samples with 4 mol% DABCO.
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polarization comes into play at low frequencies because there is sufficient time for charges and
impurities to separate as the oscillation of the electric field slows. While observed changes in this
plateau region in M’ may be caused in part by the dynamics of the polymer network®, these data
suggest that the plateau is likely an artifact of interfacial polarization? associated with the ITO test
geometry. It is only span of this plateau that is likely impacted by the rate of bond exchange, rather
than caused by that bond exchange itself. It is also possible that the inflection at low frequencies
observed for interdigit samples is a weaker interfacial effect that is minimized by the surface
contact and elimination of trapped air pockets. In addition, there is a plateau/increase in M” at low
frequencies that coincides with the plateau in M’ and is associated with this interfacial charge
separation®. This increase in more apparent at higher temperatures and occurs for samples with

and without catalyst.

Additional evidence of interfacial effects, especially due to sample preparation, appeared
in the symmetric stretch factor obtained from the Cole-Cole fit of these data shown in Table 6.1.
For the interdigit probes this stretch factor is about one, which means that the relaxation behaves
as a nearly ideal Debye relaxation. However, a small decrease in the stretch factor is observed for
the ITO samples, and this stretch factor increases one for the catalyzed samples as temperatures is
increased and surface contact improves due to bond exchange. While this effect is quite small, the

Table 6.1: The symmetric stretch factor () from the Cole-Cole fit
of the dielectric spectra the thioester networks, both with and
without 4 mol% DABCO as a nucleophilic catalyst, on ITO coated
glass or interdigit probes.

Stretch Factor (B)

ITO Coated Glass | Interdigit Probe (IP)

T(°C)] NoCat DABCO | NoCat DABCO
20 0.93 0.86 0.99 0.99
30 0.94 0.88 0.98 0.99
40 0.94 0.89 0.99 0.98
50 0.98 0.91 0.98 0.99
60 0.94 0.92 1.00 0.98
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importance of sample preparation for different test geometries to obtain accurate and repeatable
measurements should not be overlooked. Moreover, it is important to note that non-idealities due
to interfacial interactions should not be misconstrued for network heterogeneity, which is has, for
example, been observed due to heterogeneity introduced by permanent network damage in self-
healing experiments®. Lastly, the frequency at which the relaxation occurs, denoted by a peak in

M”, was not significantly impacted by the test geometry.

Based on this data, it was hypothesized that improving surface contact may eliminate the
plateau for ITO samples and bring them in line with the interdigit samples. A Diels-Alder network
containing 5% excess furan was prepared by depolymerizing-then-repolymerizing a sample
between ITO glass plates with 100 um spacers, as well as direct polymerization onto the interdigit
probe (Figure 6.5a and 6.5b). These spacers caused a slight decrease in the magnitude of the

moduli for the ITO sample, but measurements were otherwise unaffected.
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Figure 6.5: Dielectric spectra for a Diels-Alder network at various temperatures, where dashed lines (---) are samples
taken on ITO coated glass and solid lines (—) are samples taken on the IP’s. a) Real electric modulus versus frequency,
and b) loss electric modulus versus frequency.

First, surface contact was improved as indicated by the stretch factor of nearly one for both

ITO and interdigit samples at every temperature. There was no temperature effect on the stretch
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factor because repolymerization the sample between the ITO plates created a well-adhered
interface. However, despite the improved interface there was still a significant plateau in M’ and
a plateau/increase in M” at frequencies below the a-relaxation. This plateau coincides with the
inflection in M’ for the interdigit samples in the same manner observed for the thioester networks.
This is a good indication that this plateau is inherent to the ITO configuration and not intrinsic to
the dynamic networks. However, because the interfacial effects due to sample preparation have
been minimized in this case, the exact reason for this low frequency behavior for this material is

unclear at this time.

Nevertheless, utilizing interdigit probes is recommended to minimize the impact of sample
preparation and interfacial polarization on dielectric spectra. Moreover, care should be taken to
not misconstrue interfacial effects associated with the test geometry with dynamics that are
intrinsic to the network, especially because these interfacial effects will also be impacted by bond

dynamics.

6.4.2 - DEA and Stress Relaxation for Different Dynamic Bonding Mechanisms

To study the dielectric relaxations of CANSs of differing dynamic bond mechanisms, time-
temperature-superposition (TTS) was used to evaluate the temperature dependence of the dielectric
spectra. In polymers, TTS is based on the principle that changes in relaxation processes shift in the
same manner whether the time scale (frequency) or temperature of the measurement is varied. In
the frequency domain, spectra taken at different temperatures are superimposed to generate a
master curve at a reference temperature. This approach enables a description of the relaxation
processes over a wider frequency range than is experimentally accessible at a given temperature
for a given measurement technique. A set of spectra are superimposed using a horizontal shift

factor (ar) such that ar = t/t.. Here, 1 is the characteristic relaxation time a given relaxation at a
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given temperature and T iS the relaxation time at the reference temperature. Generating a master
curve is only possible if the processes captured are relatively invariant with temperature over the
measured temperature range. It has been observed in rheological measurements that CANs often
do not follow time-temperature-superposition because dynamic bonds induce structural changes
as temperature increases, especially for reversible addition networks® *®, although there is some
precedent for superposition in reversible addition networks®. However, DEA may provide deeper
insights into relaxation processes in CANs because (1) creating a master curve is not required to
observe processes that occur above 100 Hz (a typical limit for rheological measurements) at a
given temperature and (2) broad frequency ranges provide a more robust assessment of a potential
master curve because there is more overlap between spectra at each temperature than possible
through rheological measurements. All relaxation times were determined using a Cole-Cole fit in

MatLab™.

Stress relaxation in shear mode was used as a basis of comparison to DE. Relaxation times
at various temperatures were determined experimentally to be the time at which the normalized
stress decreased to a value of 1/e (~0.367). TTS was then performed using an average value for at
at a given temperature to determine whether a master curve could be constructed from the stress

relaxation data.

Three dynamic network types were studied (Figure 6.2): i) reversible addition networks
composed from Diels-Alder linkages, ii) reversible exchange networks containing thioesters, and

iii) mixed mechanism networks composed of thiol-anhydride adducts.

Diels-Alder: Reversible Addition
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Diels-Alder networks were utilized to study a crosslinked network that is only capable of

reversible addition. The Diels-Alder reaction was used directly as the crosslinking reaction by

polymerizing a trifunctional furan monomer (ETMPTF) and a difunctional maleimide (MPBM).
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Figure 6.6: a) Dielectric spectra for the DA Network with 5% excess furan at various temperatures ,b) the
master curve constructed for 5% excess furan from the loss modulus where 105 °C was used as the reference
temperature, ¢) Dielectric spectra for the DA Network with 15% excess furan at various temperatures, d) the
master curve for 15% excess furan constructed from the loss modulus where 105 °C was used as the reference
temperature, and e) the storage moduli of both DA networks measured by DMA.
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(Figure 6.2b). Monomer stoichiometries with either 5% or 15% excess furan were used to
modulate the temperature at which delegation of the network would occur, where the material
made with 15% excess furan is less crosslinked and will tend to de-gel at a lower temperature®’

(Figure 6.6e).

The electric loss moduli as a function of frequency at various temperatures for the DA
networks with 5% and 15% excess furan are shown in Figure 6.6a and 6.6c, respectively. The
relaxation times at 105 °C in each set of spectra were used as the reference to calculate ar at each
temperature, and the superimposed spectra are shown in Figure 6.6b and 6.6d, respectively. The
a-relaxation peaks superimpose quite well at every temperature, indicating that this relaxation does
not change significantly over this temperature range. However, the spectra diverge at frequencies
above the a-relaxation, indicating that the a-relaxation and the higher frequency relaxations have
different temperature dependencies. This trend holds for the same monomers with 15% excess
furan (Figure 6.6b). The superposition of the relaxation itself and lack thereof at higher
frequencies are consistent with shear rheology for similar DA networks investigated by Sheridan
et al.'® In this work, the authors observed the same divergence in the superimposed spectra at high
frequencies, which they attributed to differing temperature dependences for backbone bond

breakage (reversion of the DA-linkage) and small cluster diffusion® 35 38

Stress relaxation in shear mode was utilized to further study if TTS is applicable to these
networks. The relaxation spectra at various temperatures for the DA networks with 5% and 15%
excess furan are shown in Figure 6.7a and 6.7c, respectively. The relaxation times at 80 °C in
each set of spectra were used as the reference to calculate at at each temperature, and the
superimposed spectra are shown in Figure 6.7b and 6.7d, respectively. Instrumentation

constraints limited the high temperature range to 95°C. Here, the difference in gelation temperature
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Figure 6.7: a) Normalized stress as a function of time with 5% excess furan and b) the master curve
constructed from the stress relaxation with 5% excess furan data where 80 °C was used as the
reference temperature to calculate the horizontal shift factor, ar, ¢) Normalized stress as a function of
time with 15% excess furan and b) the master curve constructed from the stress relaxation with 15%
excess furan data where 80 °C was used as the reference temperature.

between these two stoichiometries becomes apparent. The network made with 5% excess furan
relaxes more slowly, especially at higher temperatures. This behavior results because the network
is more crosslinked and has fewer free furan groups at any given temperature to facilitate network
rearrangement than the materials with 15% excess furan. In turn, the relaxation spectra
superimpose relatively well because the network behaves more as a crosslinked network over this
temperature range. In contrast, the spectra with 15% excess furan do not superimpose well and

become progressively less superimposable as temperature increases and the material is behaving
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more as a liquid than a crosslinked polymer. Overall, TTS from both DEA and stress relaxation
qualitatively support prior observations that superposition is not suited to describe temperature-

dependent structure over the entire temperature-frequency range.
Thiol-Thioester Exchange: Reversible Exchange

Next, a thiol-ene network containing thioester bonds from a tetrafunctional thiol (PETMP)
and a thioester containing diene (TEDE) was utilized to study a thioester containing network that
is only capable of reversible exchange (Figure 6.2a). A 2:1 ratio of thiol to alkene was used such
that free thiol was present to facilitate in bond exchange. A control without catalyst which should
be a non-dynamic network and a dynamic network with a nucleophilic catalyst, DABCO, were

made to compare static and dynamic networks.

The electric loss moduli at various temperatures for networks with and without 4 mol%
DABCO are shown in Figure 6.8a and 6.8c, respectively. The relaxation time at 50 °C was used
as the reference to calculate ar at each temperature, and the superimposed spectra are shown in
Figure 6.8b and 6.8d, respectively. These networks have identical glass transition temperatures
and the network with catalyst has a slightly lower rubbery storage modulus (Figure 6.8¢), which
is typically observed for thioester networks with moderate catalyst loading®. As expected for a
non-dynamic crosslinked polymer, the network without catalyst superimposes well at all
frequencies over this temperature range. However, the entire spectra for samples with active
dynamic bonds also superimposes quite well, even at frequencies above the a-relaxation. This
behavior is likely because the thiol-thioester exchange does not significantly change the number
of bonds in the network as temperature increases, only the topology. Although the rate of bond
exchange is certainly sensitive to temperature, the overall number of thioester bonds present in the
network is not. In other words, the dynamic thioester network does not have a temperature-
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dependent structure in the same manner as the reversible addition Diels-Alder system over this

temperature range. The notion that reversible addition networks can be superimposed has been

observed in rheological analyses of PDMS®, Stress relaxation measurements in shear confirm that
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Figure 6.8: a) Loss modulus spectra for the thioester network without catalyst at various temperatures, b)
the master curve constructed from the loss modulus for the thioester network without catalyst where 50
°C was used as the reference temperature, ¢) loss spectra for the thioester network with 4 mol% DABCO
at various temperatures , d) the master curve constructed from the loss modulus for the thioester network
with 4 mol% DABCO where 50 °C was used as the reference temperature, and €) the storage moduli of
thioester networks measured by DMA.
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these thioester networks do not undergo a change in the number of crosslinks with temperature,

shown with catalyst present in Figure 6.9. Indeed, the relaxation spectra (Figure 6.9a)
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Figure 6.9: a) Normalized stress versus time for thioester networks with 4 mol% DABCO, and b)
superimposed of the normalized stress for thioester networks at various temperatures. The relaxation
time at 50 °C was used at the reference to calculate the horizontal shift factor (ar).

superimpose nearly perfectly (Figure 6.9b), indicating that there is not a strong difference between
the temperature dependence of the stress relaxation and the number of crosslinks over this
temperature range. These thioester networks do not significantly relax stress without a catalyst

being present?
Thiol-anhydride adducts: Reversible Addition and Exchange

Finally, thiol-anhydride-ene networks were utilized by polymerizing PETMP and allyl
succinic anhydride (ASA), (Figure 6.2c¢) via thiol-anhydride and thiol-ene reactions. Networks
made with 5% excess anhydride and 50% excess thiol were made to bias the system toward either
reversible addition (due to a lack of thiols to participate in thioester exchange at lower
temperatures) or reversible exchange (due to the large excess of free thiol), respectively®. Finally,

5 mol% DABCO was used to catalyze the thiol-anhydride addition and both dynamic mechanisms.

The electric loss moduli at various temperatures for networks with and without 4 mol%

DABCO are shown in Figure 6.10a and 6.10c, respectively. The superimposed loss moduli for
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networks with and without 5% excess anhydride and 50% excess thiol are shown in Figure 6.10b

and 6.10c, respectively, with a reference temperature of 80°C. As observed for both the Diels-

Adler networks and the exchange thioester network, the relaxation itself overlaps quite well for
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Figure 6.10: a) Loss modulus spectra for the thiol-anhydride network with 5% excess anhydride at various
temperatures, b) the master curve constructed from the loss modulus for the thiol-anhydride network with
5% excess anhydride, where 80 °C was used as the reference temperature, ¢) loss spectra for the for the thiol-
anhydride network with 50% excess thiol at various temperatures , d) the master curve constructed from the
loss modulus the thiol-anhydride network with 50% excess thiol, where 80 °C was used as the reference
temperature, and e) the storage moduli of thioester networks measured by DMA.
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both stoichiometries, regardless of which mechanism is preferred. However, the spectra for the 5%
excess anhydride material did not perfectly superimpose at higher frequencies, which is expected
for a reversible addition CAN whose structure depends on temperature. The divergence at higher
frequencies was less pronounced than for the Diels-Alder systems. This behavior arises because at
higher temperatures thioester exchange also becomes faster due to the increased thiol
concentration, meaning relaxation is occurring due to both mechanisms in this system. On the
other hand, spectra for the 50% excess thiol material overlap almost perfectly across the entire
frequency range. This result corresponds with behavior in the pure thioester exchange networks,
likely because the large excess of thiol strongly biases thiol-anhydride reaction toward the thioester
product and bond rearrangement toward exchange. Indeed, the storage modulus as measured by
DMA for the sample with 5% excess anhydride begins to drop around 95°C and continues to drop

more precipitously that the network with excess thiol (Figure 6.10e).

Stress relaxation data for both stoichiometries is shown in Figure 6.11a and 6.11b for 5%
excess anhydride and 50% excess thiol, respectively, up to 95°C, and the superimposed spectra
are provided in Figure 6.11a and 6.11b, respectively. Both sets of spectra superimpose quite well
over this temperature range. The upper temperature range of the instrument is limiting to observe
possible deviations from a master curve for the 5% excess anhydride material. However, the
relaxation times with 50% excess thiol are significantly faster at every temperature. For example,
at 70 °C the average relaxation time for excess anhydride is 2900 seconds compared to 1100
seconds with excess thiol. The fact that the dielectric spectra for this stoichiometry superimpose
despite significantly faster relaxation times supports the hypothesis that CANs that undergo
reversible exchange do not undergo significant changes in the total number of crosslinks, and that

overall network topology is maintained. However, because the changes in network structure were
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not readily observable until about 95°C, the upper limit of the instrument range, data at higher
temperatures is required to make any further judgements about these mixed mechanism thiol-

anhydride systems.
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Figure 6.11: a) Normalized stress as a function of time with 5% excess anhydride and b) the master
curve constructed from the stress relaxation with 5% excess anhydride data where 80 °C was used as
the reference temperature to calculate the horizontal shift factor, ar, ¢) Normalized stress as a function
of time with 50% excess thiol and b) the master curve constructed from the stress relaxation with
50% excess thiol data where 80 °C was used as the reference temperature.

There are some general considerations to take into account. It should be noted that each of
these network types have distinct mechanical properties and temperatures for which their dynamic
behavior arises. To account for these differences, measurements were taken in the rubbery state
and over a relatively narrow temperature range in some cases. Indeed, the temperature range for

some of the stress relaxation measurements was limited by the instrument, and temperatures above
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100 °C were not accessible for the Diels-Alder and thiol-anhydride networks. Access to even
higher temperatures for both DEA and stress relaxation measurements would be useful to fully
explore these temperature dependences. While this works aimed to probe a broad range of dynamic
bonding mechanisms, expanding the scope of the dynamic bonds tested using this methodology is

necessary to build a complete picture of the impact of bond dynamics on network structure.

Overall, DEA provides a platform studying relaxations in CANs that are limited for
conventional DMA analysis using time-temperature-superposition. The broad frequency windows
associated with DEA facilitates observation more relaxations directly at a given temperature.
Superposition of those spectra were then be used to determine whether those relaxations have
different temperature dependencies because there is more overlap between frequency sweeps taken
at different temperatures. In CANs for which the overall topology and number of crosslinks
changes with temperature (reversible addition), poor superposition at frequencies above the a-
relaxation were observed because as temperature increases the network becomes less crosslinked.
While the spectra for CANs that largely maintained their topology with temperature (reversible
exchange) superimposed quite well at all frequencies because crosslinking does not have a
different temperature dependency from the segmental relaxation processes. It would not be
possible to observe whether lower temperature spectra superimpose with the high temperature
without access to the additional 4 orders of magnitude in frequency compared to standard DMA

techniques.

6.5 - Conclusions
Dielectric analysis was implemented to explore the utility of this technique to understand

the dynamics over a broad frequency range. Three types of covalent adaptable networks were
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examined using a combination of dielectric spectroscopy and stress relaxation to determine how

the type of dynamic bonding mechanism impacts dielectric measurements.

Interfacial effects were observed at low frequencies for both ITO and interdigit probes.
These effects present as a significant plateau region on ITO glass and a relatively weak inflection
for interdigit probes. While measurements in this regime are impacted by dynamic bonding, care
should be taken not to misconstrue these low frequency interfacial effects as relaxations are
intrinsic to the dynamic network. Measurements using interdigit probes were also less sensitive to

sample preparation.

Time-temperature-superposition of the dielectric spectra corresponded well with prior
literature using rheological measurements, indicating that the spectra superimpose well when the
network structure does not depend on temperature. The spectra for the Diels-Alder network, which
follows a reversible addition mechanism, did not superimpose at frequencies above the a-
relaxation. The same was true for the thiol-anhydride network with excess anhydride, which also
tends toward reversible addition. On the other hand, spectra of the thiol-ene network and the thiol
anhydride network with excess thiol, which both follow reversible exchange mechanisms
superimposed quite well. Time-temperature-superposition of stress relaxation data of each of these

networks agreed with the observations from dielectric analysis.
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Chapter 7 - FLORY-HUGGINS PARAMETERS FOR THIOL-ENE NETWORKS USING

HANSEN SOLUBILITY PARAMETERS

7.1: Abstract

Thiol-ene networks based on polar and non-polar monomers at various crosslinking densities were
subjected to swelling in organic solvents to measure the Flory-Huggins interaction parameter. To the best
of our knowledge, this is the first example of Flory-Huggins measurements for thiol-ene networks in
organic media. Experimentally determined values were compared to those predicted using the Hansen
solubility parameter approach with the assistance of the HSPiP software, which is used industrially to
determine the miscibility. It was shown that the polymer suite in this software does not adequately account
for the thioether bonds by underpredicting the dispersive Hansen parameter by roughly 5 MPa%° when
corrected to experimental thiol-ene swelling data. Even with corrections for the thioether bonds, HSPiP and
Hansen solubility parameters in general lack the ability to account for structural factors that impact

polymer/solvent interaction parameters, especially for crosslinked polymer networks.

7.2: Introduction

Understanding the solubility and swelling of polymer materials through solubility parameters has
enabled numerous industrial application processes such as coatings, paints,> membrane casting and
formation,® fiber spinning®, and in pharmaceutical fields®. All these processes are based on the principle
that species with similar solubility parameters will exhibit miscibility, resulting in the dissolution or
swelling of polymers in a given solvent or solvent system. The intended applications of the polymers require
an understanding of polymer solution properties at different processing conditions, which are mainly
affected by the interactions between the polymer and solvent. To analyze polymer-solvent interactions, a
series of different models have been developed such as Flory-Huggins theory,® 7 the UNIFAC-FV
formalism,® the Sanchez-Lacombe equation of state,!! and statistical associating fluid theory® 2. Due to
the simplicity of Flory-Huggins theory, it continues to be the most prominent method for understanding

and interpreting the thermodynamics and phase behavior of polymer and polymer/solvent mixturest® 4,
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The Flory-Huggins interaction parameter (y) is an estimate of the favorability of the interactions
between two substances. Predicting y for a given solvent/polymer pair is often difficult because it requires
knowledge of the specific interactions of the two species for which miscibility is to be determined,
especially for novel polymer/solvent pairs. Therefore, a theoretical framework for determining y for an
arbitrary pair of species has been of great interest. One such approach has been to estimate solubility
parameters that account for different kinds of intermolecular interactions *>. The concept of a solubility
parameter was first introduced by Hildebrand and Scott in 19508 and was defined as the square root of the
cohesive energy density for each species, which therefore can be determined without the knowledge of how
a pair of molecules may interact. The Hildebrand solubility parameter is, however, limited to non-polar
polymers and non-polar solvents wherein Van Der Waals interactions are primarily responsible for
miscibility or lack thereof. Consequently, Hansen in 1967 extended this theory to account for other kinds
of interactions, which are recognized as Hansen solubility parameters.t® 2° The Hansen model utilizes three
solubility parameters derived from three types of intermolecular forces: dispersive (or Van Der Waals)
interactions (84), polar interactions (Jp), and hydrogen-bonding interactions (dn) Which, when appropriately
combined, enable a direct calculation of y for a given polymer-solvent pair.?:-?® Attempts have been made
to accurately measure the interaction parameter using swelling®* 2, inverse gas chromatography?*-2, and
intrinsic viscosity?®*3!. Overall, the most convenient experimental technique for determination of the y

parameter for polymer networks is the measurement of equilibrium swelling.

The most extensively studied crosslinked polymers are based on (meth)acrylates due to their
widespread industrial application. For example, Bahar et al. studied poly(2-hydroxyethyl methacrylate) gels
with various cross-link densities swollen to equilibrium in the diethylene glycol as solvent to estimate the
polymer-solvent interaction. The swelling experiments were used to determine the effective cross-link
density.®? Various other crosslinked polymers have been subjected to swelling behavior in appropriate
solvents to determine the polymer-solvent interaction parameter and investigated at different temperature,

pH and chemical composition to explore the effect on the interaction parameter for materials such as
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crosslinked ethylene—propylene—diene?, styrene butadiene rubber copolymer®*3, and cinnamoyloxy ethyl
methacrylate with dodecyl acrylate®®. The Flory-Huggins polymer-solvent interaction parameter has been

also utilized as a predictive tool to explain gelation behavior in hydrogels®” % and organogels* .

Thiol-ene chemistry has emerged as an efficient photopolymerization approach, for example in films,
coatings, surface modification, biomaterials, etc. However, our understanding of the interactions between
solvents and thioether-based crosslinked polymers obtained using step growth thiol-X polymerizations has
been limited. In contrast, the most studied crosslinked polymers, i.e., those used generally for the model-
based prediction of interaction parameters, are based on acrylates, isocyanates, and styrene. Very recently,
Akalp et al. employed a self-learning model to determine the y value for PEG hydrogels formed from a
step-growth mechanism between an eight-arm PEG functionalized with norbornene and the crosslinker
PEG dithiol. ** However, these materials were largely based on PEG in water, and to date, there are limited

studies predicting polymer-solvent interaction parameters of bulk thiol-ene networks in organic solvents.

Indeed, easy access to an estimation of the solubility of thioether-based polymers in organic
solvents and polymer-solvent interactions would ease the selection of appropriate material to implement
thiol-ene chemistry cost-effectively and at industrial scales. As such, attention here was focused on four
different thiol-ene network polymers with varying crosslink density formed from a step-growth reaction
between multifunctional thiols and alkenes to obtain the Flory-Huggins interaction parameters (y) using
equilibrium swelling measurements. To the best of our knowledge, this work is the first report on the
estimation of the Flory-Huggins interaction parameter for thiol-ene network polymers in organic solvents.
Three “polar” and one “non-polar” thiol-ene network were swollen to measure the interaction parameter
(xm) for comparison to the predicted interaction parameters (yp) using the Hansen Solubility Parameters in
Practice (HSPiP) software, which is used industrially to predict the miscibility. This approach served two

purposes: to measure y directly and determine the efficacy of HSPiP to predict y for thiol-ene networks.
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7.3: Materials and Methods

Materials:

Pentaerythritol tetrakis(3-mercaptopropionic acid) (PETMP), trimethylolpropane tris(3-
mercaptopropionoic acid) (TMPTMP), ethylene glycol di(3-mercaptopropionic acid) (GDMP), 1,9-
nonanedithiol (NDT), triallyl-1,3,5-triazine-2,4,6-trione (TTT), diphenyl(2,4,6)-trimethylbenzoyl)
phosphine oxide (TPO) were purchased from Sigma Aldrich. Hexanes, toluene, acetone, ethyl acetate,
isopropanol (IPA), tetrahydrofuran (THF), dichloromethane (DCM), dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), ethylene glycol diethyl ether (EGDE), acetic acid, y-butyrolactone (GBL), and
aniline were purchased from Fisher scientific. Trimethylolpropane triallyl ether (TMPTAE) was
synthesized according to a previously reported procedure.*?All chemicals were of reagent grade and used

without further purification.

Experimental:

Sample Preparation: Three different polar thiol-ene network polymers with varying crosslink densities
were prepared from a 1:1 stoichiometric multifunctional thiol monomer, PETMP, TMPTMP and GDMP,
with multifunctional alkene, TTT, (per functional group concentration) in the presence of 2 wt% TPO as a
photoinitiator to conduct equilibrium swelling experiments. The polymer films were prepared by injecting
monomers between two glass slides with 0.25 mm thickness spacers. Mixtures of thiols and alkenes were
photopolymerized by the photoinitiator, TPO, using an Acticure 4000 light source with 405 nm bandpass
filter with light intensity of 20 mW/cm?. Irradiation times of 5 minutes on each side resulted in the network
polymers PETMP-TTT, TMPTMP-TTT, and GDMP-TTT. All samples were post-cured at 60°C for over
an hour to ensure the highest conversion attainable. The same procedure was used to obtain a non-polar

thiol-ene network polymer using NDT as the thiol and TMPTAE as the alkene.

Swelling Measurements: The post-cured samples were punched out into 21 mm (using a 5/6” tool) disks,
and each disk was weighed and immersed in 15 mL acetone to extract any residual sol-fraction due to
impurities present in the monomers and from latent initiator fragments at room temperature for 4 days until

125



equilibrium was attained. The acetone was then removed, and the samples were dried in an oven at 60 °C
for 24 h. The sol fraction was found to be between 1-3 wt% for all four networks. All the polymer samples
(3 per test) were first weighed for the initial weight (mg), then immersed in various types of organic solvents
until arriving at equilibrium swelling. The mass uptake was recorded until an equilibrium final weight (ms)

was achieved.

Equilibrium Swelling experiments: The massed polymer sample with their sol-fraction removed were
placed in 20 mL scintillation vials. For the polar thiol-ene networks, to each vial was added 15 mL of one
of the following solvents: hexanes, toluene, acetone, ethyl acetate, IPA, THF, DCM, DMSO, DMF, EGDE,
acetic acid, GBL, or aniline. Triplicate samples were prepared for each solvent, with each replicate in its
own vial. Wet masses were taken each day for the first three consecutive days, then every other day until a
constant wet mass (my) was found in two sequential measurements. The volume fraction (¢) of the polymer

and swelling ratio (A) for each sample were calculated according to equations 1 and 2, respectively:

Where mp = mo is the mass of the polymer, ms = m¢- mo is the mass of the solvent, and p, and ps are the
polymer and solvent densities, respectively. All equilibrium swelling was performed at room temperature.
The affine Flory-Rhener equation (Equation 3) was then used to calculate the Flory-Huggins interaction

parameter from the swelling data*®.

tm = 53 (5 (1-7) 977 + a1 = 9) + 0) (Ea®)

Here, p is the density of the polymer, V1 is the molar volume of the solvent, f is the average

functionality of the crosslinker, and M is the molecular weight between crosslinks.
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Solubility Parameter: The calculation of the Hansen Solubility Parameters was performed with the Hansen

Solubility Parameter in Practice (HSPiP) software package (5th Edition 5.3.06, developed by Abbott,

Hansen and Yamamoto). The three types of intermolecular forces: dispersive interactions (dq4), polar

interactions (Jp), and hydrogen-bonding interactions (dn) were obtained from HSPiP and used to calculate

the solubility parameters (6;) of the all the organic solvents utilized for equilibrium swelling using the

following equation 4.

5, = 2\/55 + 62 + 62 (Eq4)

Table 7.1 lists the Hansen parameters (4, dp, and 6n) derived from HSPiP for the solvents and

polymer networks.

experiments.

7.1 Hansen solubility parameters
determined from HSPiP for the polymer
networks and solvents tested in swelling

8 | 8, | &

PETMP-TTT
TMPTMP-TTT
GDMP-TTT
NDT-TMPTE

18.6 8.4 4.1
18.6 8.5 4.2
18.7 8.7 4.3
18.4 2.4 2

Hexanes
oluene

|::cetone

ethyl acetate

IPA

ITHF

DCM

DMSO

DMF

EGDE

acetic acid

ly-butyrolactone

lAniline

149 0 0

18 1.4 2
155 104 7|
15.8 5.3 7.2
15.8 6.1 164
16.8 5.7 8|

17 7.3 7.1
184 16.4 10.2
174 137 11.3
154 6.3 6)
14.5 8 13.5

18 16.6 7.4

20.1 5.8 11.2

Estimated Flory-Huggins, yp, interaction parameter: The solubility parameters (Table 7.1) were directly

used to estimate the Flory-Huggins interaction parameter (yp) for each solvent/polymer pair. Equation 5

shows the formulation for the Flory-Huggins, yp, interaction parameter.

Vv,
Xp = 06% [(Bar — 8az)® + 0.25(8p1 — 8p2)* + 0.25(8n1 — Sn2)?] (Eq 5)
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where V1 is the molar volume of the solvent (cm®/mol), R is the gas constant (8.314 J/(mol'K)), T is the
temperature (in K), 841 is dispersive interactions, dp1 iS polar interactions, and on: IS hydrogen-bonding
interactions of the solvent in MPa®®. Similarly, 842, 8p2, and Sn correspond to the dispersive interaction,
polar interaction, and hydrogen-bonding interaction of the polymer in MPa®5, respectively. While a variety
of solvents were employed in this study, too few non and borderline solvents were included to determine

an overall Hansen Sphere.

Dynamic Mechanical Analysis (DMA): The glass transition temperature (Ty) and the rubbery storage
modulus (E;) were measured on an RSE G2 dynamic mechanical analyzer (TA Instruments) in
multifrequency strain, using a temperature ramp rate of 3°C/min and a frequency of 1 Hz, with an oscillating
strain of 0.03 % and a preload force of 0.40 N. Samples were cut into rectangles with approximate
dimensions of 20 mm x 5 mm x 0.25 mm (LxWxH). DMA was measured for samples as cured and after

removal of the sol-fraction.

The storage modulus within the rubbery plateau (E;) was used to evaluate M, defined as the molecular

weight between crosslinks. The E; correlates with M according to the following equation 6.

3RTp
E,

M, = (Eq 6)

where E; is the rubbery storage modulus measured by DMA at 40°C above the T4 for each network after
the sol-fraction was removed, r is the density of the polymer (1.2 g/cm?®), and R is the ideal gas constant

(8.314 J/(mol*K)).

7.4 Results and Discussion

The monomers used to synthesize the three polar and one non-polar network are presented in
Figure 7.1. The polar thiol-ene network polymers obtained from the three different mercaptopropionate
thiols (GDMP, TMPTMP, PETMP) with varying number of thiol functional groups and triallyl-1,3,5-

triazine-2,4,6-trione (TTT) were employed to systematically vary the crosslinking density. The
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Figure 7.1: Structures of the monomer used to predict and measure interaction parameters. One
set (grey) was used to produce polar thiol-ene networks, and the other (yellow) was used to
produce a non-polar thiol-ene network. Lucirin TPO was used a visible light photoinitiator
with 405 nm light at an intensity of 20 mW/cm?.

mercaptopropionate-based thiol derivatives have an ester functional group and the alkene derivative has a
triazine-trione as the core moiety, which greatly contributes to the polar nature of the formed network
polymer. To obtain a non-polar thiol-ene network polymer, 1,9-nonanedithiol (NDT) and
trimethylolpropane triallyl ether (TMPTAE) were utilized. The presence of long alkyl chains and an allyl

ether results in a substantially less polar crosslinked system.

The equilibrium swelling of the network polymer is expected to be influenced by the polarity of
the functional group present and the crosslink density. Hence, the thiol-ene networks with either varied
number of functional groups or less polar functional groups would introduce both structural and the
chemical factors that affect swelling in solvents with differing polarity index. It is expected that the analysis
of the three polar networks with systematic variation in the crosslink density would enable control of the

network structure without substantially changing the chemical interactions or environment. Simultaneously,
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inclusion of a less polar network is expected to enable a more direct focus on the thioether group
contribution due to the predominancy of dispersive interactions over polar and hydrogen bonding
interactions. These key variations would represent a basis to predict solubility parameters for thioether

containing networks.

7.4.1: Solubility Parameters from HSPiP:

To quantify polymer-solvent affinity and compatibility, the Hansen model utilizes three parameters; one
for dispersive interactions (34), one for polar interactions (8p), and one for hydrogen-bonding interactions
(6n). The Hansen total solubility parameter was calculated using Equation 4. A systematic study was
conducted with a wide range of solvents to span a variety of polarities and Hansen parameters, and therefore
represent different combinations of high and low values for each Hansen parameter. The chosen set of
organic solvents comprise different functional groups, such as halogens, alcohols, amines, ethers, and
sulfoxides to cover polar, non-polar, protic, and aprotic solvents which results in different intermolecular
interactions. Different intermolecular interactions could be interpreted from the three Hansen parameters
which would then guide to the quantification of good and poor polymer/solvent affinities. For example,
ethyl acetate and IPA have an identical 84 (15.8 MPa®®), similar &, (5.3 and 6.1 MPa®®, respectively), but
very a different &, (7.2 and 16.4 MPa®®, respectively), while GBL exhibits Hansen parameters of 18, 16.6,

and 7.4 MPa®?, respectively.

Similarly, using HSPiP the Hansen parameters for all three of the network polymers were predicted.
The predicted Hansen parameters for all the three polar network polymers were extremely similar with only
slight variation, with values as follows: 84 of 18.6 MPa®®, 3, of 8.5 MPa’, and &y, of 4.2 MPa%®. This slight
variation could be attributed to the presence of nearly chemically identical mercaptopropionate monomers.
It is worth noting that an increase in crosslinking density would have negligible effect on the solubility
parameter predicted by HSPiP because it is calculated from chemical group contributions. Furthermore, the
non-polar network resulted in much lower predicted polar and hydrogen bonding Hansen parameters (2.4

and 2 MPa%, respectively) and a very similar dispersion parameter (18.4 MPa®®) compared to the polar
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networks. The polar and hydrogen bonding parameters are, as expected, driven down by a lack of polar
groups and hydrogen bond donors. Interestingly, all the thiol-ene polymers exhibit similar dispersion
parameters (dq) irrespective of polar and non-polar nature of the polymer. These dispersive forces arise
because of temporary dipoles induced in atoms or molecules.* #* In the polymeric systems under study the
triazine-trione, ester, and ether groups are more polar than methylene and thioether groups due to the
comparable electronegativity of sulfur relative to oxygen. However, the thioether group contribution to the
dispersive component is quite high due to polarizability of the sulfur atom when compared to triazine-
trione, ester, and ether groups. Overall, the net effect of temporary dipoles occurring due to the presence of
-CHz-, -SCH2-, -N-, and C=0 groups in the polar systems and -CH,-, -SCH>-, and -COC- group in the non-

polar system might be very similar, resulting in similar dispersive component, dg.

It should be noted that practically speaking, HSPiP is, at best, designed to directly model linear
polymers. Therefore, these networks were modeled as branched linear structures containing the correct
proportion of fragments from each monomer to achieve the stoichiometric ratio in the actual monomer

resins.

7.4.2: Equilibrium Swelling:

The equilibrium swelling experiments were performed to measure the amount of each solvent taken up by
each polymer network in order to experimentally determine ym for each polymer/solvent pair. The molecular
weight between crosslinks used to calculate the swelling ratios were determined by DMA for each network
were determined to be: 350 g/mol for PETMP, 540 g/mol for TMPTMP, and 1020 g/mol for GDMP all
with TTT, and 1020 g/mol for NDT with TMPTAE. The swelling ratios and measured interaction

parameters from swelling studies as well as the predicted interaction parameters for all four thiol-ene
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networks obtained from either PETMP, TMPTMP, or GMDP with TTT or NDT with TMPTAE as the

multifunctional alkene are provided in Tables 7.2 and 7.3.

Table 7.2: Table 2: Swelling ratio (), the Flory-Huggins Parameter (ym, MPa%%), measured swelling experiments, and
Flory-Huggins parameter predicted by HSPiP (y,, MPa%) for the three polar networks made PETMP, TMPTMP, and
GDMP with TTT. A red X (X) denotes that the network did not swell in that solvent. All errors represented are the
standard deviation. *onlv one samble survived swellina. no standard deviation possible.

i PETMP-TTT TMPTMP-TTT GDMP-TTT
A Xen Xp A X Xo A X Xs
hexanes X X 1.1 X X 1.1 X X 1.2
toluene X X 0.35 0.16 £ 0.04 1.0x0.1 0.36 | 0.223 £0.003 | 0.971%0.006 | 0.39
acetone 0.156 + 0.002 | 0.931 +0.007 | 0.22 0.19 + 0.02 0.95 + 0.07 0.22 | 0.288+0.008 | 0.86+*0.01 0.23
ethyl acetate | 0.068 = 0.009 1.4+0.1 0.30 0.21+0.01 0.89 +.02 0.30 | 0.315+0.005 | 0.833 +0.008 | 0.32
IPA X X 0.87 X X 0.86 | 0.030+0.006 | 2.29 0.2 0.86
THF 0.255+0.008 | 0.69+0.02 | 0.26 | 0.36+0.004 | 0.66+0.01 | 0.26 | 0.39+0.04 0.78+0.05 | 0.28
DCM 0.303+0.005 | 0.91+0.01 | 0.08 | 0.32+0.07 1.01+0.1 0.07 | 0.39:+0.06 1.00+0.07 | 0.08
DMSO 0.36 £ 0.01 0.58 £0.02 0.50 | 0.400 £0.003 | 0.690 £ 0.005 | 0.49 0.67 £0.02 0.62 £ 0.01 0.46
DMF 0.316+0.006 | 0.59+0.01 0.40 0.37 £ 0.02 0.67 £ 0.03 0.39 0.62 £ 0.05 0.59+0.03 0.38
EGDE 0.15 +0.01 0.86 +.04 0.31 | 0.217+0.001 | 0.84+0.003 | 0.31 0.21 +0.02 1.00 + 0.04 0.33
acetic acid 0.149 + 0.02 1.2+0.1 0.54 | 0.231+0,003 | 1.05+0.01 0.54 0.33 +0.01 0.96 + 0.01 0.54
GBL 0.36 £ 0.02 0.63+0.04 | 0.37 | 0.470+.002 | 0.64+0.002 | 0.36 | 1.08+0.01 | 0.42+0.006 | 0.34
aniline 0.41* 0.37* 0.37 0.70 £.01 0.27 £.01 0.36 | 1.18+0.06 0.25+0.03 | 0.35

Table 7.3: Swelling ratio (A, the Flory-Huggins
Parameter (ym, MPa%®), measured swelling experiments,
and Flory-Huggins parameter predicted by HSPiP (yp,
MPa®®), for the non-polar network NDT-TMPTAE. All
errors represented are the standard deviation.

SR NDT-TMPTAE
A X Xp
hexanes 0.14+0.01 1.05 £ 0.05 0.47
acetone 0.14+0.02 1.23 £ 0.07 0.54
DMSO 0.044 + 0.009 2.3+0.2 1.30
acetic acid 0.155+0.004 | 1.36+0.01 0.57
(GBL 0.086 + 0.02 1.76 £ 0.01 1.07

For the three polar networks, the swelling ratio as a function of &4, 6,, and o for all solvents are
provided in Figure 7.2a, 7.2b and 7.2c, respectively, to explore why different solvents were able to swell
these networks. The polar and/or protic solvents were expected to exhibit favorable intermolecular
interactions with the polar functional groups in these networks. Indeed, the degree of swelling for the polar
systems was highest in the high polarity solvents, such as DMSO and DMF, and was lowest in the low

polarity solvents, such as toluene (for which swelling occurred for GDMP-TTT and TMPTMP-TTT, but
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Figure 7.2: The swelling ratio A as a function of: a) the dispersion Hansen parameter where the dashed lines indicate
the trend observed for each network polymer, where the polar networks exhibit an upward trend (higher swelling) and
the non-polar network shows a downward trend (less swelling) as 84 increases, b) the polar Hansen parameter for which
none of the networks exhibit a trend, and c) the hydrogen bonding Hansen parameter for which none of the networks

[P L)

exhibit a trend. Error bars for A are the standard deviation and are indicated in “a”.

not PETMP-TTT) and hexanes (which did not swell any of the polar networks). The degree of swelling
increased with decreasing crosslinking density in all solvents, where the GDMP-TTT network showed the
greatest degree of swelling, followed by TMPTMP-TTT, then PETMP-TTT. This behavior is due to greater
elastic constraints on the network at higher crosslinking densities which prevents solvent molecules from

displacing polymer chains and occupying space inside the network.

The non-polar network NDT-TMPTAE, was subjected to equilibrium swelling studies in five of the
solvents, such as hexane, acetone, DMSO, acetic acid and y-butyrolactone. These solvents were selected to
cover the full range of solubility parameters represented by the entire set. The non-polar NDT-TMPTAE
network exhibited the least degree of swelling in the set, despite possessing a similar molecular weight
between crosslinks as GMDP-TTT (1020 g/mol). This could be attributed to a significant decrease in
polarity which reduces affinity for most of the relatively polar solvents selected for this study. In addition,
the network was expected to exhibit high intermolecular interaction with non-polar solvents. Indeed,
swelling was observed in hexanes which was completely immiscible with the polar networks.
Subsequently ym, @ measure of interaction between polymer and solvent was calculated using the
affine Flory-Rhener equation, as shown in Equation 3. It was previously demonstrated that the polymer-

solvent y parameter can be utilized to determine the extent of solubility of a polymer in solvent. Generally,
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a liquid is considered as a non-solvent if, x > 1, a plasticizer/solvent, if 0.5 <y < 1, or a good solvent if, y
< 0.5.% In other words, the polymer-solvent interaction becomes more favorable when ymn is lower for

polymer/solvent pairs.

Looking to the predicted polar and hydrogen bonding Hansen parameters (Figures 7.2b and 7.2c),
there is little to no correlation between &, or o, and the amount of swelling observed for all four materials.
However, there is a strong correlation between the swelling ratio and the dispersion parameter (Figure
7.2a), represented by a dashed line for each network. The three polar networks show an increase in the
swelling ratio as the dispersion parameter increases. Using the GDMP-TTT network to illustrate this trend,
aniline (8¢ = 20.1 MPa%) exhibited far greater swelling with A = 1.18 than ethyl acetate (84 = 15.8 MPa®®)
with A =0.32, while the non-polar network showed a small decrease in swelling as the dispersion parameter
of the solvent increases. Taken together, the dispersion parameter is the only Hansen parameter that
correlates to the amount of swelling for this set of solvents and will prove to be important for understanding

the quality of the HSPiP predictions of the polymer solubility parameters and therefore .

7.4.3: Comparing Experimental y to Theoretical y:

Comparing the experimental and predicted Flory-Huggins Parameters is crucial to determining: i) the
reliability of the predicted polymer solubility parameter and ii) the origin for any deviations. Plots of the ym
vs. yp denoted by either polymer network for all solvents or by solvent for all polymer networks are provided
in Figure 7.3a and 7.3b, respectively. The dashed black line on both plots indicates the case for which ym
= %p, is provided to clearly indicate deviations between ym and yp. Overall, the measured and predicted
values do not show good agreement for any of the four polymer networks examined in Figure 7.3 by

systematically underpredicting the interaction parameter

Although the predicted values are systematic underestimates, there is not an obvious trend that can
be used to create a simple, direct relationship between ym and yp based on this data that would easily correct

for that underestimate. Some solvents show better agreement than others. For instance, solvents like aniline,
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Figure 7.3: Plots of the measured Flory-Huggins parameter (ym) compared to the predicted Flory-Huggin parameter
as determined by HSPIP, a) categorized by the identity of the polymer network for all solvents and b) categorized by
the solvent across all 4 polymer networks. Points that lay closer to the dashed black line indicate predicted and
measured values that agree.

DMSO, and GBL show much closer agreement than solvents like EGDE, acetone, and ethyl acetate. Hence,

it is evident that individual solubility parameters influence the quality of these HSPiP predictions.

To understand the influence of individual solubility parameters on the quality of the HSPiP
prediction, the solvents used for equilibrium swelling were categorized as “great”, “good” and “poor” based
on the degree of swelling. Here, “great swelling” was defined as solvents that resulted in a swelling ratio
greater than 0.2 (THF, DMSO, DMF, GBL, DCM, and aniline), “good swelling” gave a swelling ratio
between 0.05-0.2 (EDGE, acetic acid, acetone, and toluene), and “poor swelling” exhibited a swelling ratio
below 0.05 (hexanes, ethyl acetate, and IPA) for the PETMP-TTT networks. This categorization was
selected with PETMP-TTT as the reference because this network exhibited the lowest degree of swelling,

with essentially zero swelling for the three poor solvents.

This grouping is shown graphically according to this categorization on a plot of the polar vs.

dispersion and hydrogen bonding vs. dispersion solubility parameters in Figure 7.4a and 7.4b,
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respectively, to demonstrate the correlation between this grouping and solubility parameters. For these
solvents, a dispersive parameter greater than 16 MPa®® resulted in “great” swelling (grouped in green)
regardless of the polar or hydrogen bonding parameter. Toluene is the only exception that did not swell into
the PETMP-TTT network despite swelling the other two polar networks and the non-polar network
relatively well. Solvents with dispersion parameters below 16 MPa®®° but sufficiently high polar solubility
parameter (greater than 6.3 MPa’®) still showed “good” swelling (points grouped in yellow). For the
hydrogen bonding parameter, the “good” solvents land at intermediate hydrogen bonding parameters, again
with toluene being the exception. Finally, the “poor” solvents had lower dispersion (less than 16 MPa®®)
and polar parameters (less than 6.3 MPa®%). There is not a strong trend in the hydrogen bonding parameter
among the “poor” solvents as they span the entire range from completely non-hydrogen bonding (hexanes)
to high degrees of hydrogen bonding (IPA). A specific case of interest that occurs at the boundary of “good”
and “poor” solvents in Figure 7.4b is comparing IPA and EDGE which have nearly identical 64 and 9, but
EDGE is a good solvent and IPA did not swell the PETMP-TTT or TMPTMP-TTT networks at all. The
reason for divergence in miscibility becomes more evident when comparing their respective dn, for which

IPA has a very large value (16.4 MPa®%) and EDGE has a relatively small value (6 MPa®®). This difference
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Figure 7.4: a) Plot of the polar solubility parameter (dp) vs. the dispersion solubility parameter (54) and b) Plot of the
hydrogen bonding solubility parameter (Sn) VS. the dispersion solubility parameter. For both plots the quality of the
solvent swelling is indicated as “great”, highlighted in green, “good” highlighted in yellow, or “poor”, highlighted in red.
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is likely because IPA is both a strong hydrogen bond donor and acceptor, resulting in poor compatibility

with these thiol-ene networks.

Overall, the nature of these thiol-ene networks is reflected in the swelling data for this set of
solvents; the higher the dispersion component, the higher the affinity of the solvent for the network, but
lower 84 solvent with some degree of polarity may still swell these networks, which can likely be attributed
to the presence of esters groups and triazine-trione rings present in the PETMP-TTT, TMPTMP-TTT, and

GDMP-TTT networks.

Toluene is also an interesting case because although it did not swell the PETMP-TTT network, it
did swell the other three networks tested. In fact, NDT-TMPTAE network exhibited such high degree of
swelling in toluene that the samples became too delicate to handle in order to measure the solvent uptake.
This behavior likely arises from a high 64 and low Jp and & associated with the aromatic ring of the toluene

being highly compatible with the highly non-polar network.

With the understanding that the dispersion parameter is driving solvent compatibility of these thiol-
ene networks, it is possible to begin to assess the disagreement between the measured and predicted
interaction parameters, specifically whether any one Hansen parameter is responsible for this disagreement.
The difference in the predicted and measured interaction parameters ()p-)m) versus dd, dp, and dn are shown
in Figure 7.5a, 7.5b, and 7.5c, respectively. As noted above, in essentially every case the predicted
interaction parameter is higher than the parameter measured by swelling, and the dispersion parameter of
the solvent increases the agreement between the predicted and measured y improves somewhat at 84 values
greater than 16 MPa’5. At the same time, there is no correlation between yp-ym and 8y or &, across all
solvents, indicating that the dispersive character is driving the inability of HSPiP to accurately predict the
Hansen parameters and therefore interaction parameters of these thiol-ene systems compared to

experimental data.
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Figure 7.5: The difference in the predicted and measured interaction parameters as a function of each
solubility parameter of the solvent for a) the dispersion Hansen parameter, b) the polar Hansen parameter,
and c) the hydrogen bonding Hansen parameter.

7.4.4: Fitting dq to Experimental data:

The dispersion parameter has been identified as the most important factor that is not properly accounted for
in these thiol-ene networks based on which the solubility parameters are correlated with the difference in
the predicted and measured interaction parameters. We hypothesize that the disparity is due to an improper
accounting for the extremely prevalent thioether bonds present in the network, which are not common in
the polymer types for which HSPIP is calibrated to predict Hansen parameters. In fact, HSPiP predictions
did not change when the sulfur atoms are replaced with carbon, indicating that the thioether bonds are not
actually accounted for in the polymer prediction suite in the software. This is a crucial oversight because

the large and polarizable electron cloud in a thioether bond should contribute significantly to 65 compared
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to a carbon atom at the same position. At the same time, a thioether should have a comparable 3, and oh to
carbon since sulfur has a similar electronegativity to carbon (2.55 for carbon and 2.58 for sulfur) and is a
poor hydrogen bond acceptor, meaning that any lack of accounting for the thioether in the prediction should
not significantly affect these two Hansen parameters compared to the dispersion parameter. To test the
impact of accounting for thioether bonds improves the quality of the predictions, the dispersion parameter
for each network was independently fit to Equation 4 using a least-squares fit to minimize yp- ym Without

changing the other two Hansen parameters. The HSPiP and fitted values are provided in Table 7.4.

Table 7.4: Values for the dispersion Hansen
parameter predicted by HSPiP and the value from
fitting dq to the experimental swelling data.

HSPiP Fit
PETMP-TTT 18.60 23.25
TMPTMP-TTT 18.60 22.89
GDMP-TTT 18.70 22.16
NDT-TMPTE 18.40 22.28

The fitted dispersion parameters are all in the range of about 22-23 MPa® and are extremely similar
for all four networks despite being fit independently of each other. These values are significantly higher
than the values around 18.7 MPa®% predicted with HSPiP. The interaction parameters calculated from the
fitted dispersion parameters improve the agreement between the measured and predicted interaction

parameters by changing just one of the three solubility parameters, shown in Figure 7.6.

Because the square of the difference between the Hansen parameters is considered when calculating
¥p» and the dispersion parameter is weighed four times heavier in Equation 5 than the other two parameters,
it is reasonable that a large error between the true and predicted dispersion parameter is driving the
underestimate in the predicted interaction parameters when using HSPiP to predict interaction parameters
for thiol-ene networks. This error is likely due to the lack of available data in the software to accurately
predict the dispersion parameter for thioether-containing polymers. There are likely additional corrections
that can be made for the polar and hydrogen bonding parameters as well. However, thioether bonds are of
low polarity and are poor hydrogen bond acceptors and d, and dh are not as heavily weighted in predicting

the Flory-Huggins parameter and therefore do not contribute as significantly. It is important to note that
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Figure 7.6: Plot of the measured Flory-Huggins interaction parameter versus the
corrected parameter that was determined by a least-squares fit of the dispersion
parameter to the experimental data.

while this fitting procedure did eliminate the bias toward underpredicting the interaction parameter, the
overall correlation between yp and ym is still poor. HSPiP does very little to account for how crosslinking
density or structural factors such as molecular weight or branching impact the interaction parameter.
Polymer informatics, which takes both chemical and structural features of polymers and polymer networks
into account, offers a possible alternative to Hansen parameters for predicting polymer properties.*” This
approach requires aggregation of a large amount of polymer property data and the use of machine learning
tools to predict polymer properties and may prove to be a better tool for predicting such properties such as
solubility in the future.*® At this time, the field of data driven materials science is still relatively young, and
improvements to data sharing and standardization, completeness, and analysis are required to fully realize

this approach.*
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Lastly, Figure 7.7 shows ym versus polymer volume fraction (¢), and implies that the increase of ym
is larger at higher polymer content in the swollen state. Extrapolation of ymt0o ¢ = 0 is found to be 0.49 for

the range of ¢ = 0 to 0.15, which is consistent with the findings of Sakurada et al. and Peppas et al. % 5!
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Figure 7.7: Plot of the measured Flory-Huggins interaction parameter versus the
polymer volume fraction of the thiol-ene networks at room temperature. The dashed
line is the extrapolation of the data to ¢ = 0.

7.5: Conclusions

The Flory-Huggins interaction parameters were measured for thiol-ene networks of varying crosslinking
density and polarity in a variety of organic solvents. These measurements were used to assess how
effectively HSPiP can predict the interaction parameter for thiol-ene networks using the Hansen solubility

parameter method.

The degree of swelling was measured and the affine Flory-Rhener equation was implemented to

calculate the interaction parameter for each polymer/solvent pair, and the solvents were categorized as
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“poor”, “good”, or “great” based on how effectively each solvent was able to swell the most crosslinked
network, PETMP-TTT. This analysis revealed that a dispersion parameter above 16 MPa%° results in
excellent solubility for a wide range of polar and hydrogen bonding Hansen parameters, which is largely
driven by the thioether bonds that predominate in thiol-ene networks. For the more polar networks, lower
dispersion parameters are possible if the polar Hansen parameter is above 6.3 MPa%® and the hydrogen

bonding parameter is not too high.

Lastly, it was shown that HSPiP significantly underpredicts the dispersion Hansen parameter in
these thiol-ene networks because the software neglects to account for the thioether bonds for its polymer
predictions. Correcting for this disparity significantly for each network improves the overall correlation
between the predicted and measured interaction parameters, removing the bias toward underprediction of
x- However, HSPiP currently lacks the ability to account for structural considerations such as crosslinking,
molecular weight, and branching which are needed to accurately predict of solvent-polymer miscibility and

swelling, and therefore utility of HSPiP for polymer materials.
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Chapter 8 - CONCLUSIONS AND FUTURE DIRECTIONS

8.1 Conclusions

Covalent Adaptable Networks have become an important class of polymer materials, for
reprocesable and responsive polymer materials. This thesis aims to add to the toolbox of polymerization
chemistries for making CANs and expand the scope of characterization techniques for studying their
dynamic behavior. First, the kinetics thiol-ene disulfidation polymerization were studied to incorporate
disulfides into thiol-x networks. The relative rates of the thiol-ene and disulfide-ene polymerizations were
measured and modeled for dual cure applications. Furthermore, the dynamic characteristics imbued by the
disulfides that both participate in the polymerization and bond exchange were studied for different
disulfide/thiol combinations. Next, dielectric analysis was implemented to investigate dynamic behavior in
CANs. The impact of thiol/thioester substitution in thiol-ene and thiol-anhydride-ene networks was
investigated to determine how steric hinderance and polarity effect rates of exchange and stress relaxation.
In addition, DEA was used to evaluate how time-temperature-superposition analysis can be applied to
CANSs that rearrange bond through different dynamic bonding mechanisms. The sections that follow

summarize the findings of this work and recommend future directions for these lines of research.

8.1.1 Thiol-ene-disulfides Polymerizations

A thorough kinetics analysis was undertaken to evaluate polymerization rates in thiol-ene disulfide-
polymerizations. Reaction rates were measured experimentally using FTIR for systems of increasing
complexity. First, the kinetics disulfidation polymerization of the disulfide-containing divinyl ether
monomer were measured and was shown to be effectively modeled using a modified version of the thiol-
ene kinetics equations. Next, this disulfide monomer was co-reacted with monofunctional thiols to model
the reaction by accounting for both thiol-ene and disulfide-ene kinetics, and it was found that the thiol-ene
reaction is on average approximately 30 times faster than the disulfidation reaction. The final disulfide
content of the network and overall crosslinking could then be controlled by the initial stoichiometry of the

monomer mixture. The difference in rates also enables spatial and temporal control over the two different
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polymerization chemistries, which were leveraged to demonstrate that a dual-cure approach is possible with
this scheme. Indeed, two-stage photopolymerization was used to generate a stage-one thiol-ene network,
and optical features were written using a stage-two disulfide-ene reaction. This work provides a new route
to high sulfur containing materials and increases the scope and utility of thiol-X and disulfide-based

polymerizations.

8.1.2 Radical Disulfide Exchange in Thiol-ene-disulfide Networks

Thiol-ene-disulfide networks, whose Kinetics were investigated in the previous section, were
studied as covalent adaptable networks. This reaction scheme propagates though free radicals, which will
also induce radical-disulfide exchange throughout both stages of the polymerization. Bond exchange
introduces an alternative pathway through which radicals may react during the polymerization, which was

shown to relax stress both during and after polymerization

A disulfide monomer derived from mercaptopropionates was introduced to study how the type of
thiyl radicals present during the reaction impact the polymerization, and it was found to be nearly as
efficient for the disulfide-ene polymerization as those based on thioglycolates during the second stage.
These disulfides were then polymerized with multifunctional thiols of different radical stability and rate
limiting steps. The thiol-ene step of the polymerization using the mercaptopropionate core was as fast or
faster than the thioglycolate core, regardless of the type of thiol comonomer. The disulfide-ene rate was
largely unaffected by the thiol/disulfide pair when the thiyl radical formed by the thiol was more stable than
the radical formed by the disulfide, but slower in the opposite scheme when asymmetric disulfides could

form during the thiol-ene polymerization.

Both disulfide cores effectively induced stress relaxation both during polymerization and during
post-polymerization stress relaxation. However, relaxation with mercaptopropionate core was significantly
faster than for thioglycolate core. However, the disulfide core did not have a significant impact the material
properties of the final networks, which enable independent tuning of the rates of relaxation and network
properties.
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8.1.3 Substituted Thiols in Thioester Reactions

Substituted thiol/thioester were implemented to study the impacts of substitution on dynamic
thioester reactions. Model NMR studies demonstrated that, in terms of equilibrium of thiol-thioester
exchange, primary thiol/thioesters are not strongly favored over the secondary thiol/thioesters, and

exchange occurs even without a base or nucleophilic catalyst, albeit much more slowly.

Monomer containing the same primary and secondary thioester functionalities were then used to
make thiol-ene networks that undergo thiol-thioester exchange over the same temperature range. Dielectric
analysis and stress relaxation experiments showed that the secondary thiol/thioester network showed relax
slower than their primary analogues due to decreases in polarity and increased steric hinderance associated
with the methyl group. In addition, thiol-anhydride-ene networks, which are capable of both reversible
addition and reversible thioester exchange, showed that secondary thiol/thioesters bias dynamic bonding
toward reversible addition, also due to the steric hindrance of the methyl substitution. In both thiol-ene and
thiol-anhydride-ene networks, the secondary thiols/thioester showed slower exchange rates and relaxation
times, which was attributed to a combination of increased steric hindrance and a decrease in polarity

associated with the methyl substitution.

8.1.4 Dielectric Analysis for Covalent Adaptable Networks

Dielectric analysis was implemented to explore the utility this technique to understand the
dynamics of CANs over a broader frequency window than is accessible for mechanical measurements.
Measurements using two types of dielectric probes were compared to determine whether the test method
significant impact the measurements. Next, three types of covalent adaptable networks were examined
using a combination of dielectric spectroscopy and stress relaxation to determine how the type of dynamic

bonding mechanism impacts dielectric measurements.

Interfacial effects due to charge polarization the were observed at low frequencies for both ITO and

interdigit probes. These effects present as a significant plateau region on ITO glass and a relatively weak
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inflection for interdigit probes. While measurements in this regime are impacted by dynamic bonding as
seen in previous literature, care should be taken not to misconstrue these low frequency interfacial effects
as relaxations are intrinsic to the dynamic network. Measurements using interdigit probes were also less

sensitive to sample preparation overall.

Time-temperature-superposition of the dielectric spectra corresponded well with prior literature
using rheological measurements, indicating that the spectra superimpose well when the network structure
does not depend on temperature. The spectra for the Diels-Alder network, which follows a reversible
addition mechanism, did not superimpose at frequencies above the a-relaxation. The same was true for the
thiol-anhydride network with excess anhydride, which also tended toward reversible addition. On the other
hand, spectra of the thiol-ene network and the thiol anhydride network with excess thiol, which both follow
reversible exchange mechanisms, superimposed quite well. Time-temperature-superposition of stress
relaxation data of each of these networks agreed with the observations from dielectric analysis, although

access to higher temperatures in rheology is required to draw broader conclusions.

8.1.5 Flory-Huggins Parameters of Thiol-ene Networks

Flory-Huggins interaction parameters were measured for thiol-ene networks of varying
crosslinking density and polarity. These measurements were used to determine how well Hansen solubility
parameters can be used to predict which thiol-ene networks will swell in the presence of various organic
solvents. The degree of swelling was measured for each polymer/solvent pair, and the solvents were
categorized as “poor”, “good”, or “great” based on how much each solvent was able to swell these networks.
It was determined that solvents with a dispersion parameter above 16 MPa®® results in excellent solubility
for a wide range of polar and hydrogen bonding Hansen parameters. This trend was largely driven by the
thioether bonds that are permeate thiol-ene materials. For networks of greater polarity, lower dispersion
parameters are still amenable to swelling if the polar Hansen parameter is higher than 6.3 MPa%® and the

hydrogen bonding parameter is not too high.
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Lastly, it was shown that the software used to implement the Hansen method in this study, HSPIP,
neglects to account for the thioether bonds for polymers and therefore significantly underpredicts the
dispersion parameter. Correcting for this disparity improves the overall correlation between the predicted
and measured Floty-Huggins parameters. However, HSPiP cannot to account for structural considerations
such as crosslinking, molecular weight, and branching which are needed to accurately predict the amount

of swelling for polymer networks.

8.2 Future Directions

8.2.1 Further Expand the Scope of Thiol-ene-disulfide Polymerizations

The findings of this thesis demonstrate that the scope of the thiol-ene-disulfide reaction is broader
than was initially hypothesized?, specifically with respect to the viability of disulfide cores other than those
derived from thioglycolates. This warrants the development of disulfide monomers (Figure 8.1) with (1)
alternative disulfide cores (monomers 1-3) to modulate the rate of disulfide exchange and (2) modifying
the flanking functional groups to have greater substitution and/or more rigid substituents (monomers 4 and
5) to modulate the materials properties and relaxation rates. Studies that aim to better understand why
certain disulfides and alkenes are more reactive in disulfidation reactions would also be useful to better

understand what factors improve this reaction.
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Figure 8.1: A selection of potential disulfide-containing alkene monomers. Monomers (1), (2), and (3) represent
different disulfide core structures. Monomer (4) represents an approach to increase the rigidity and functionality of
the disulfide monomer, and monomer (5) would increase only the rigidity.
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In addition to disulfide-ene approach that has been explored so far, it is also worth exploring similar
reaction pathways to generate disulfide-containing networks. For instance, cyclic disulfides have been used
to make polydisulfide? networks and for the disulfidation of norbornenes® to make hydrogels, but further
investigation of cyclic disulfides for in thiol-ene-disulfide scheme is also warranted due to their high

reactivity and potential for shrinkage stress reduction.

One of the advantages of the thiol-ene-disulfide approach is that more crosslinking per functional
group is achieved for disulfide-ene compared to thiol-ene. It is also possible that disulfides react in a similar
manner with alkynes to increase crosslinking even further, as proposed in Figure 8.2. This reaction scheme

is analogous to the thiol-yne reaction* in the same manner than the reaction with alkenes is analogous to
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Figure 8.2: Proposed mechanlsm for a disulfide-yne
reaction, which is analogous to the thiol-yne reaction.

Figure 8.3: Proposed mechanism for a disulfide-yne
reaction, which is analogous to the thiol-yne reaction.

the thiol-ene reaction. If either the single or the double addition into the alkyne occurs, this approach could
yield even more highly crosslinked materials with functionalizable or even degradable linkages. This may

work with either linear or cyclic disulfide groups.

8.2.1 Continued Exploration Dielectric Analysis in CANs

This thesis has also demonstrated the potential utility of dielectric analysis for characterizing

dynamic behavior in CANs. Expanding this analysis to a larger scope of dynamic bonds and polymer
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network properties is needed to draw more robust and generalizable conclusions about the impact of
different dynamic bonding mechanisms on chain dynamics. Inclusion of dynamic bonds that are activated

by different of stimuli, over different temperature ranges, and in networks of a wider range of mechanical
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Figure 8.4: Examples of dynamic networks that can be studied by dielectric analysis.

properties will build a more complete picture as to DEA as a tool for evaluating CANSs. For instance,
investigating vitrimers in the transition from their non-dynamic to dynamic states with increasing
temperature. This is especially interesting for exploring differences between associative and dissociative
networks that exhibit vitrimeric behavior. Some examples of common dynamic bonds are provided in
Figure 8.3, this list is by was adapted from a more comprehensive lost compiled by Podgorski et al.® and
is by no means exhaustive. These reactions include disulfide exchange reactions including those described
in the thesis®®, transesterification®, urea-amine exchange®, imine exchange!!, and boronic exters®.
Expanding into other types of dynamic polymers that single-phase amorphous polymers, such as
composites with dynamic interfaces and liquid crystal elastomers.
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