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Hydrolyzable Poly(fS-thioether ester ketal) Thermosets via

Acyclic Ketal Monomers

Benjamin M. Alameda, Joseph Scott Murphy, Bernardo L. Barea-Ldpez, Karly D. Knox,

Jonathan D. Sisemore, and Derek L. Patton*

Hydrolytically degradable poly(p-thioether ester ketal) thermosets are
synthesized via radical-mediated thiol-ene photopolymerization using three
novel dialkene acyclic ketal monomers and a mercaptopropionate based
tetrafunctional thiol. For all thermoset compositions investigated, degradation
behavior is highly tunable based on the structure of the incorporated ketal and
pH. Complete degradation of the thermosets is observed upon exposure to
acidic and neutral pH, and under high humidity conditions. Polymer networks
composed of cross-link junctions based on acyclic dimethyl ketals degrade the
quickest, whereas networks containing acyclic cyclohexyl ketals undergo
hydrolytic degradation on a longer timescale. Thermomechanical analysis
reveals low glass transition temperatures and moduli typical of

thioether-based thermosets.

1. Introduction

Polymer thermosets with hydrolyzable motifs in the backbone
of the polymer network have enabled many technologies (e.g.,
lithography, drug delivery, and regenerative medicine)!’ and of-
fer potential to advance the utility of environment-friendly mate-
rials for numerous applications such as adhesives and compos-
ites. Deconstruction of the thermoset is achieved via hydrolysis
of labile functional groups (e.g., esters,!>*l acetals,[>* ketals, ]
and anhydrides!!%)) within the polymer network—a process that
yields macromolecular and/or small molecule by-products where
the distribution of products is dependent on both monomer de-
sign and the mechanism (chain-growth or step-growth) by which
the network is constructed.!!]

Ketals are particularly interesting for the design of degrad-
able thermosets due to their relative ease of synthesis, the va-
riety of ketone building blocks from which ketals can be pre-
pared, and their sensitivity toward hydrolysis in acidic/neutral
pH conditions. In contrast to thermosets derived from es-
ters and anhydrides, which degrade into acidic by-products,
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hydrolysis of ketal-based thermosets yields
neutral ketone and alcohol by-products.[*?]
Ketal-based thermosets are further dis-
cerned from their ester and anhydride-
derived counterparts due to their excellent
stability under basic pH conditions. Ketals
undergo hydrolysis via a well-established
mechanism in which the formation of
the resonance-stabilized carbenium ion in-
termediate serves as the rate-determining
step.['?] Consequently, the hydrolytic stabil-
ity of ketals is highly tunable based on steric
and electronic effects that are well estab-
lished in the literature.*781314] For exam-
ple, Kreevoy et al. established fundamen-
tal hydrolysis rates of acyclic ketals based
on differences in steric or torsional strains
induced by the parent ketal ring size or
a-substituent size, where a higher degree of inherent strain re-
sulted in faster rates of hydrolysis.!">] While these principles have
been extensively applied to the investigation of linear(!*-2!l and
branched(*22-40] polyketals, the exploration of ketal-based ther-
mosets has received much less attention with much of the recent
focus falling on hydrogels.3*1=4] Furthermore, the structural di-
versity of ketal-based cross-linkers has been limited mostly to
acyclic dimethyl ketals.[>19%] Liu et al. published an extensive li-
brary of acyclic ketal-based cross-linkers demonstrating the abil-
ity to use substituent effects to broadly tune the encapsulation
stability of polymer nanogels.['! More recently, we showed the in-
fluence of monomer structure on the degradation of hydrophilic
poly(p-thioether ester ketal) networks composed of cyclic dike-
tals. While these materials provided access to photopolymer ther-
mosets with tunable degradation profiles, the diversity and avail-
ability of cyclic diketone precursors are limited.

Herein, we report the synthesis of degradable poly(f-thioether
ester ketal) networks via thiol-ene photopolymerization using
three novel bis-allyl acyclic ketal monomers derived from ace-
tone, cyclopentanone, and cyclohexanone. The monomers were
designed using the aforementioned commercially available ke-
tones and allyl alcohol to form dimethyl, cyclopentyl, and cyclo-
hexyl ketal diallyl cross-linkers. The step-growth mechanism of
thiol-ene photopolymerization enables the synthesis of homoge-
nous polymer networks with the insertion of a hydrolytically la-
bile ketal at each cross-link junction, allowing for complete and
controlled network degradation into charge-neutral ketone and
alcohol by-products in a variety of pH solutions. Degradation of
each network was quantified via mass-loss degradation experi-
ments with overall network stability dictated by ketal structure
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Figure 1. a) Synthesis scheme of acyclic ketal monomers 3, 5, and 7 from
the acid-catalyzed ketalization of acetone (2), cyclopentanone (4), cyclo-
hexanone (6), and 2-allyloxyethanol (1).TH NMR b) and13C NMR c¢) of
monomer 3 with chemical signal assignments.

and solution pH. Additionally, the mechanical and thermome-
chanical properties of each network were measured to elucidate
trends based on monomer structure.

2. Results and Discussion

2.1. Monomer Synthesis

Our initial goal was to construct a library of accessible alkene-
functionalized ketal monomers to be used as building blocks for
degradable thiol-ene networks. Acetone, cyclopentanone, and cy-
clohexanone were chosen as starting reagents for the synthesis
of monomers 3, 5, and 7, respectively. The synthesis procedure
was similar for each monomer and consisted of a simple one-
step, acid-catalyzed ketalization of 2-allyloxyethanol and the cho-
sen ketones using an H,SO, catalyst and 4 A molecular sieves
to uptake water produced by the reaction (Figure 1a). Yields of
15.9%, 10.9%, and 22.7% were obtained for monomers 3, 5, and
7, respectively, with the highest yield attributed to the cyclohexyl-
based ketal due to its enhanced stability.

The structure and purity of all monomers were analyzed by 'H
NMR,*C NMR, COSY, HSQC, and HRMS NMR experiments
(Figures S1-12, Supporting Information). Figure 1b shows an
example of "H NMR spectra for monomer 3 with expected sig-
nals of the unsaturated allyl protons (E, F), allylic protons (D),
CH, protons (B,C), and dimethyl protons (A). The ¥C-NMR of
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monomer 3 is shown in Figure 1c and exhibits a distinctive qua-
ternary carbon signal (G) at 99.73 ppm with unsaturated allyl
carbons at 116.35 ppm (F) and 135.72 ppm (E). Elucidation of
specific proton signals and splitting was made possible by sup-
plementary COSY (*H-'H) and HSQC (*"H-"C) 2D NMR ex-
periments. Identical NMR experiments were employed to elu-
cidate the structures of monomers 5 and 7. Additionally, mass
spectrometry was employed to identify the mass to charge ratio
(m/z) for all investigated monomers and confirm each structure’s
molecular weight.

2.2. Monomer Hydrolysis Kinetics

To explore the stability of the ketal-based linkages, we initially
probed the hydrolysis kinetics of the three monomers under
acidic and neutral conditions. Stability under basic conditions
was also initially assessed; however, hydrolysis of ketals under
basic conditions is known to be extremely suppressed.'?] As
shown in Figures S13-15 (Supporting Information), we observed
no evidence of ketal hydrolysis for monomers 3, 5, and 7 even
at extended times (e.g., 194 days); thus, detailed kinetic profiles
were not collected under basic conditions. Hydrolysis kinetics
for each monomer was measured vial H-NMR experiments us-
ing CD;CN/D, O buffers of pD 5.0 (pH 4.6) and pD 7.4 (pH 7.0).
A 0.01875 M monomer solution in CD;CN/D,O buffer (75:25
v/v) was utilized to fully solubilize the starting ketal monomers
and the by-products upon hydrolysis. Kinetics were measured by
comparing the ketal monomer and ketone by-product peak in-
tegrations at various time intervals. Figure 2a demonstrates the
progression of hydrolysis for monomer 3 in pD 5.0 buffer so-
lution, where a decrease in the ketal methyl peak intensity at
1.31 ppm was observed along with a concomitant increase in the
acetone methyl peaks at 2.13 ppm over time. All monomers ex-
hibited first-order degradation kinetics, as illustrated in the pH-
dependent degradation profiles shown in Figure 2b,c. The hy-
drolysis half-lives (¢, ,) for monomers 3, 5, and 7 at pD 5.5 were
23.2,45.2, and 167 h, respectively. As expected, the ¢, , value for
each monomer significantly increased at pD 7.4 (Table 1).'>] The
observed trends in hydrolysis kinetics are dictated by the rela-
tive change in steric strain from the sp® ground state to the sp?
transition state, according to the well-established ketal hydroly-
sis mechanism.[**] Whereas the dimethyl and cyclopentyl ketals
of monomers 3 and 5 release torsional strain!'>19%] from the
ground to the transition state (Figure 3a), the cyclohexyl ketal
of monomer 7 undergoes an increase in torsional strain energy
(Figure 3b), thus exhibiting a significantly decrease in hydroly-
sis rate.l'>) The trends in ketal stability reported herein are in
good agreement with the fundamental study of ketal protecting
groups reported by Kreevoy et al., which established a similar or-
der of stability for ethoxy protected acetone, cyclopentanone, and
cyclohexanone,!’®] as well as more recent work on similar ketal
linkages reported by Shenoi et al.’*! and Liu et al.['?]

2.3. Photopolymerization Kinetics
Figure 4a illustrates the synthesis of degradable poly(f-thioether

ester ketal) thermosets using monomers 3, 5, or 7 with pen-

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

{M}gggulor

Rapid Communications

www.advancedsciencenews.com

a)
D,0(pD5.0) 9

vo/\,o 0\/\0/\¢ i )j\ + po O
B

CD,CN

1.0

pD 7.4 (dash)

b) pD 5.0 (solid)

250 300 350

0 50 100 150 200
Time (h)
c) pD 5.0 (solid) pD 7.4 (dash)

R r === - - - -

0 5'0 160 1%0 260 2%0

Time (h)
Figure 2. a) TH-NMR of monomer 3 in pD 5.0 deuterated buffer from 14 h
to 120 h. b) First-order hydrolysis kinetics of monomers 3, 5, and 7 in pD
5.0 and pD 7.4 deuterated buffers with c) the corresponding natural log
(monomer concentration) versus time plots.
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Table 1. Summary of monomer hydrolysis kinetics.

Monomer K[h™ x107] t,, [h] pD K[h™' x 1074] t,, [h] pD
pD 5.0 5.0 pD 7.4 7.4

3 300 + 16.4 232+ 1.24 8.55 +0.461 813 +44.7

5 154 +12.1 452 +3.65 4.70 £0.181 1480 + 56.7

7 41,5 +0.289 167 + 1.16 2.15 +0.203 3240 + 294

taerythritol tetrakis(3-mercaptopropionate) (PETMP) via thiol-
ene photopolymerization. Darocur 1173 was employed as the
photoinitiator with a 4,,, = 365 nm light source. Photopoly-
mer resins were formulated under solvent-free conditions using
a 1:1 alkene to thiol stoichiometry. Photopolymerization kinet-
ics of each network were tracked via real-time FTIR (RT-FTIR)
to ensure complete conversion of each network composition.
Resins for 3P-7P were prepared and sandwiched between two
salt plates using a minimal amount of resin. After establishing a
baseline for FTIR, UV light exposure (15.0 mW cm™2) was initi-
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Figure 4. a) Synthesis scheme of poly(#-thioether ester) thermosets from
monomers 3, 5, and 7 with PETMP and Darocur 1173 photoinitiator.
Change in b) alkene and c) thiol peak areas at 1646 cm™" and 2557 cm™!
over time. d) RT-FTIR photopolymerization kinetics of monomer 7 and
PETMP based on thiol and alkene conversion versus time from 0 to 130s.

ated, and functional group conversion was determined by mea-
suring the change in thiol (2557 cm™, Figure 4b) and alkene
(1646 cm™!, Figure 4c) peaks over time. Figure 4d shows a rep-
resentative kinetic profile for the 7/PETMP system for which
95% conversion was obtained after 130 s of UV exposure. The
stoichiometric consumption of both alkene and thiol function-
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alities suggests an ideal step-growth polymerization with mini-
mal homopolymerization of alkene groups or competing side re-
actions between thiol and ketal functionalities. As illustrated in
Figure S16 (Supporting Information), similar kinetic profiles and
functional group conversions >95% were observed for all other
monomers with PETMP.

2.4. Polymer Network Characterization

Differential scanning calorimetry (DSC), dynamic mechanical
analysis (DMA), and tensile mechanical testing were utilized to
elucidate the influence of ketal monomer structure on thermo-
mechanical and mechanical properties of the polymer networks.
Differential scanning calorimetry was initially employed to mea-
sure the glass transition temperature (T,) of each network and
to identify any other thermal transitions. T, was identified by a
single second-order endotherm present in each thermogram at
-32.9 °C, -29.0 °C, and -19.0 °C for 3P, 5P, and 7P, respectively
(Figure 5a). While 3P and 5P shared similar T, values, the signif-
icant increase in T, of 7P is attributed to the increased bulkiness
of the cyclohexyl group pendent to the backbone of the polymer
network.[*®! Figure 5b shows the storage moduli (E") and tan §
(E"/E" ") curves for polymer networks 3P-7P. In general, T, val-
ues obtained from the peak of the tan § peaks followed similar
trends as previously observed with DSC. Furthermore, DMA re-
vealed narrowly distributed tan 6 curves (FWHM < 10.5 °C), in-
dicating well-defined, homogenous networks that are typical of
thermosets formed from the thiol-ene step-growth polymeriza-
tion. Additionally, all samples exhibited near-identical rubbery
moduli suggesting similar cross-link densities—a result expected
given the similar molecular dimensions among the library of bis-
allyl monomers. The structure of the ketal monomer did not ex-
ert significant changes in the glassy or rubbery moduli, as indi-
cated in Figure 5b. Figure 5c shows the stress—strain curves for
each polymer thermoset from which Young’s modulus, strain at
break, and other values are quantified in Table 2. As indicated,
tensile testing showed similar Young’s moduli for all three ther-
moset samples (2.39-2.76 MPa) and was within the typical range
of other thiol-ene network materials.[*’! While the strain at break
from 3P appears to be greater than the other samples, it also had
the highest standard deviation (Table 2). Statistical analysis using
a two-tailed t-test (@ = 0.05) revealed no significant difference in
the strain at the break between the three networks. We speculate
that the highly flexible thioether linkages dictate the overall for-
mulated under solvent-free conditions using influence from the
ketal linkages—an observation that agrees well with our previ-
ous work using cyclic ketal building blocks.[**) Thermogravimet-
ric analysis, as provided in Figure 5d, showed similar thermal
degradation profiles for 3P-7P, with 10% mass loss temperatures
(T4 109;) observed at 250, 292, and 285 °C for 3P, 5P, and 7P, re-
spectively (Table 2). The major thermolysis transition occurred
from ~300 to 500 °C with no measured or visible char remaining
after complete degradation (Figure 5d).

2.5. Thermoset Degradation

Hydrolytic degradation of polymer thermosets is directly influ-
enced by a complex set of variables including hydrolytic stabil-
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Figure 5. a) Glass transition endotherms of 3P-7P measured via DSC
experiments. b) DMA experiments depicting storage modulus and tan &
measurements of 3P-7P. ¢) Stress versus Strain measurements of 3P-7P
via ASTM D638 tensile testing. d) TGA profiles of 3P—7P measured in air
atmosphere.

Table 2. Summary of mechanical, thermomechanical, and thermal degra-
dation data.

Networks
Properties 3P 5P 7P
Young's Modulus [MPa] 2.69+0.139 277 £0.0652 2.39 +0.00720
Strain at Break (mm/mm) 55.3 +20.38 49.4 + 6.24 56.7 +7.89
Peak Stress (MPa) 1.26 + 0.362 1.20 +0.157 1.18 + 0.155
Peak Load (N) 5.53 + 1.46 5.23+0.717 5.26 + 0.788
T, DSC[°C] -32.9 -29.0 -19.0
T, DMA[°C] -19.5+0.710  -22.1+£0.230  -10.8 £ 0.650
Glassy Modulus [MPa, —80°C] 4027 + 82.7 3605 + 206 3640 + 332
Rubbery Modulus (MPa, 25 °C)  6.54 +0.370  7.59 + 0.190 7.89 +0.070
FWHM [tan 6] 9.38 +0.39 9.76 +£ 0.13 10.51 + 0.40
Ty 105 [°C] 250 292 285

© 2022 Wiley-VCH GmbH
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Figure 6. a) Degradation of poly(f-thioether ester ketal) thermosets into
alcohol and ketone by-products. b)"H NMR of the mixture of degradation
by-products for 5P. ¢) Mass-loss of 3P-7P samples at 75% relative humid-
ity. d) Surface dominant erosion of a 3P sample at 75% relative humidity.
Note: Degradation by-products were wicked from the samples via an ab-
sorbant pad prior to the capture of pictures.

ity of the network building blocks, hydrophobicity of the poly-
mer network, diffusion of water into the network, and miscibil-
ity and diffusion of degradation by-products into the surround-
ing medium. Figure 6a shows the general scheme for hydrolytic
degradation of our poly(f-thioether ester ketal) thermosets—a
process that results in the formation of multifunctional alco-
hol and ketone by-products. The structure of the by-products
was confirmed by '"H NMR, as exemplified in Figure 6b follow-
ing degradation of the 5P sample. The composition of these by-
products suggests ketal hydrolysis to be the sole mechanism of
degradation, ruling out any major contribution from ester hy-
drolysis on the experimental timescale. With PETMP serving
as a common multifunctional building block for all three net-
works, any variation in hydrophobicity of the thermosets would
be attributed to the ketal building blocks. As may be expected,
all three thermosets showed similar hydrophobic characteristics
as indicated by similar static water contact angle values (Fig-
ure S17, Supporting Information, 3P: 83.3°, 5P: 81.9°, and 7P:
81.7°); thus, hydrophobicity likely plays a minimal role in the
observed differences in mass-loss profiles. The miscibility of
the degradation by-products with water varies depending on the
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chemical structure (e.g., acetone is miscible whereas cyclopen-
tanone and cyclohexanone are mostly immiscible). The tetra-
functional alcohol also displays low miscibility with water. De-
spite these variations in miscibility leading to solution hetero-
geneities during degradation, we decided to perform degrada-
tion experiments in a fully aqueous environment to avoid com-
plications associated with network swelling when employing or-
ganic cosolvents in the degradation media. When conducting
our initial exploratory experiments, we observed that prepara-
tion of the photopolymer resins and polymerization under ambi-
ent laboratory conditions resulted in high batch-to-batch variabil-
ity with regards to degradation times. While the batch-to-batch
variability is likely a consequence of differences in relative hu-
midity within the lab during sample preparation, these observa-
tions prompted an initial investigation of poly(f-thioether ester
ketal) thermoset degradation under constant humidity. To quali-
tatively measure the effect of humidity on network degradation, a
controlled mass-loss degradation experiment was implemented
by placing 3.75 mm X 6.50 mm thermoset disks in a saturated
sodium chloride humidity chamber (75% relative humidity) at
22 °C. Samples were removed at specific time intervals from the
chamber, degradation by-products were wicked away, and then
the disks were weighed to determine relative mass loss. As shown
in Figure 6c, the overall trends in network degradation adhere to
trends observed for hydrolytic stability of the ketal linkages (e.g.,
time to full mass loss increases in the order of 3P, 5P, and 7P).
A surface dominant erosion behavior was also observed for all
three thermoset compositions, as exemplified by photographs of
3P versus time in Figure 6c.

To mitigate variations due to humidity, samples for evalu-
ation under acidic and neutral aqueous conditions were pre-
pared and stored in a nitrogen-purged glovebox prior to use. As
shown in Figure 7a, the degradation profiles in acetate buffer
(pH 4.07, 30 °C) exhibit a strong dependence on the structure
of the ketal linker. Immediate onset of mass loss was observed
for the acetone-based ketal 3P network with complete degrada-
tion within 1.5 days. In contrast, the 7P network derived from
the cyclohexanone-based ketal required >10 days to reach full
degradation. Similar degradation trends were observed in PBS
buffer (pH 7.40, 30 °C, Figure 7b). To investigate the polymer ero-
sion process under immersion conditions, an accelerated degra-
dation experiment was conducted with optical microscopy using
3.5 mm X 0.75 mm sample disks and a 0.01 m HCI solution. Al-
beit on a much shorter timescale due to the lower pH and the
decrease in sample thickness, the samples degraded according
to the same trends observed in the previous buffer solutions,
e.g., 3P degraded at the fastest rate followed by 5P and 7P (Fig-
ure 7c). A decrease in sample dimensions while generally main-
taining sample shape is indicative of a surface-dominant poly-
mer erosion process. Surface erosion is a consequence of hydrol-
ysis kinetics being faster than water ingress into the bulk of the
material.[**-% The surface erosion behavior of 3P-7P is consis-
tent with previous ketal-based thermosets.[3>!]

3. Conclusion

Radical-mediated thiol-ene photopolymerization was imple-
mented to fabricate hydrolytically degradable poly(p-thioether
ester ketal) networks derived from three diallyl acyclic ketal

© 2022 Wiley-VCH GmbH
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Figure 7. Mass-loss of 3P-7P samples in a) acidic acetate buffer (pH
4.07) and b) neutral PBS buffer (pH 7.40). c) Optical microscopy of
3.5 mm X 0.75 mm (diameter X thickness) sample disks in 70% 0.01 m
HCl at various time intervals.

monomers and a commercially available multifunctional thiol.
Using optical microscopy and mass-loss experiments, samples
were shown to under a surface dominant erosion in the pres-
ence of water vapor (75% relative humidity), as well as in acidic
and neutral solutions. Hydrolytic stability, under all investigated
conditions, was shown to be dependent on ketal structure, ex-
hibiting an order of increasing stability of dimethyl ketal (3P), cy-
clopentyl ketal (5P), and cyclohexyl ketal (7P). Analysis of degra-
dation by-products via "H-NMR confirmed ketal hydrolysis to be
the primary mode of hydrolytic degradation with no detectable
ester hydrolysis. The tunable degradation behavior of the poly(S-
thioether ester ketal) networks gives them great potential in var-
ious applications that require complete and controlled degrada-
tion such as therapeutic drug release, sacrificial coatings, or ad-
hesives.

4. Experimental Section

Materials: ~ All reagents were obtained commercially and used with-
out further purification unless otherwise specified. Cyclopentanone and
2-allyloxyethanol were sourced from TCl Chemical. Cyclohexanone and
4 A molecular sieves were sourced from Acros Organics; 2-hydroxy-2-
methylpropiophenone (Darocur 1173) was sourced from Ciba; pentaery-
thritol tetrakis (3-mercaptopropionate) (PETMP) was sourced from Bruno
Bock; p-toluenesulfonic acid (p-TsOH) and phosphate-buffered saline
were sourced from Sigma-Aldrich. All other solvents and chemicals were
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obtained from Fisher Scientific. Acetate buffer (pH 4.07) was made by mix-
ing 2 L of 0.1 M acetic acid with 439.0 ml of 0.1 M sodium acetate. pD 7.4
0.1 m PBS/D,0 buffer was made by adding 154 mg of Na,HPO,-7H,0 +
58 mg NaH,PO,H,0 to 10 mL of D,0.

Monomer characterization: Monomer structure and purity was con-
firmed using "H-NMR, 13C-NMR, COSY, and HSQC NMR experiments
using a Bruker Avance™ 600 MHz spectrometer. NMR samples were pre-
pared in either deuterated chloroform or deuterated dimethyl sulfoxide.
Additionally, monomer structure was confirmed by mass spectrometry us-
ing a Bruker 12 Tesla APEX-Qe FTICR-MS in positive-ion mode ionization
with an Apollo Il ion source.

Synthesis of Monomer 3:  Eleven grams of (0.189 mol) acetone, 72.0 g
(0.705 mol) 2-allyloxyethanol, 50.0 ml THF, and 30.0 g of 4 A molecular
sieves were added to a 500 mL round bottom flask with a stir bar and
purged with nitrogen for 30 min. After purging, 0.2 mL of concentrated sul-
furic acid was injected to the reaction via syringe and left to stir for 15 h at
room temperature. The reaction was subsequently quenched with 5.0 mL
triethylamine, filtered to remove the molecular sieves and rotary evapo-
rated to remove any THF. Two hundred milliliters of diethyl ether was then
added to the remaining product, washed twice with sodium bicarbonate
and dried over anhydrous sodium sulfate. All solvent was then removed
from the reaction by vacuum to yield the crude product. The pure product
was isolated by flash chromatography using an eluent system of ethyl ac-
etate and hexanes (10:90) +5% triethylamine. The collected fractions were
rotary evaporated and left under a high vacuum for 10 h to yield 7.34 g
of clear oil. (Yield:15.9%) H NMR (600 MHz, DMSO-d6) & 5.88 (ddt,
J=17.3,10.5,5.2 Hz, 2H), 5.27 (q,) = 1.8 Hz, TH), 5.24 (q,) = 1.8 Hz, TH),
5.14 (q,) = 1.6 Hz, 1H), 5.12 (q,) = 1.6 Hz, TH), 3.96 (dt, ] = 5.3, 1.6 Hz,
4H), 3.53 — 3.48 (m, 8H), 1.29 (s, 6H).13C NMR (151 MHz, DMSO-d6)
8 135.72 (CH), 116.35 (CH,), 99.73 (C), 71.49 (CH,), 69.60 (CH,), 60.08
(CH,;), 25.08 (CH3). m/z: 267.156680, measured: 267.156755.

Synthesis of Monomer 5:  Seventeen grams of (0.202 mol) cyclopen-
tanone, 42.0 g (0.411 mol) 2-allyloxyethanol, 40.0 mL THF, and 55.0 g of
4 A molecular sieves were added to a 500 ml round bottom flask with a stir
bar and purged with nitrogen for 30 min. After purging, 0.2 mL of concen-
trated sulfuric acid was injected into the reaction via syringe and left to stir
for 15 h at room temperature. The reaction was subsequently quenched
with 5.0 mL triethylamine, filtered to remove the molecular sieves and ro-
tary evaporated to remove the THF. Two hundred milliliters of diethyl ether
was then added to the remaining product, washed twice with sodium bi-
carbonate, and dried over anhydrous sodium sulfate. All solvent was then
removed from the reaction by vacuum to yield the crude product. The pure
product was isolated by flash chromatography using an eluent system of
ethyl acetate and hexanes (10:90) +5% triethylamine. The collected frac-
tions were rotary evaporated and left under a high vacuum for 10 h to
yield 5.97 g of clear oil. (Yield:10.9%) "H NMR (600 MHz, Chloroform-d)
65.95-5.86 (m, 2H), 5.28 (q,/ = 1.7 Hz, TH), 5.25 (q,/ = 1.7 Hz, TH), 5.17
(@)= 1.6 Hz, TH), 5.15 (q, = 1.6 Hz, TH), 4.05-4.00 (m, 4H), 3.64-3.60
(m, 4H), 3.60-3.56 (m, 4H), 1.85-1.78 (m, 4H), 1.70-1.61 (m, 4H).13C
NMR (151 MHz, Chloroform-d) & 134.96 (CH), 116.68 (CH,), 112.08 (C),
72.13 (CH,), 69.65 (CH,), 61.32 (CH,), 34.77 (CH,), 23.04 (CH,). m/z:
293.172330, measured: 293.172473.

Synthesis of Monomer 7: Two grams of (0.204 mol) cyclohexanone,
42.0 g (0.411 mol) 2-allyloxyethanol, 58.0 m| THF, and 55.0 g of 4 A molec-
ular sieves were added to a 500 mL round bottom flask with a stir bar and
purged with nitrogen for 30 min. After purging, 0.2 mL of concentrated sul-
furic acid was injected into the reaction via syringe and left to stir for 15 h at
room temperature. The reaction was subsequently quenched with 5.0 mL
triethylamine, filtered to remove the molecular sieves and rotary evapo-
rated to remove the THF. Two hundred milliliters of diethyl ether was then
added to the remaining product, washed twice with sodium bicarbonate,
and dried over anhydrous sodium sulfate. All solvent was then removed
from the reaction by vacuum to yield the crude product. The pure product
was isolated by flash chromatography using an eluent system of ethyl ac-
etate and hexanes (10:90) +5% triethylamine. The collected fractions were
rotary evaporated and left under a high vacuum for 10 h to yield 13.1 g of
a clear oil. (Yield:22.7%) "H NMR (600 MHz, Chloroform-d) & 5.96-5.85
(m, 2H), 5.29 (p, J = 1.6 Hz, TH), 5.26 (p, / = 1.7 Hz, 1H), 5.18-5.16
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(m, TH), 5.16-5.13 (m, TH), 4.05-4.01 (m, 4H), 3.62-3.55 (m, 4H), 1.67
(t,) = 5.8 Hz, 4H), 1.51 (p, ] = 5.9 Hz, 4H), 1.39 (q, J = 5.9 Hz, 2H).13C
NMR (151 MHz, Chloroform-d) & 135.01 (CH), 116.60 (CH,), 100.23 (C),
72.11 (CH,), 69.72 (CH,), 59.22 (CH,), 33.63 (CH,), 25.61 (CH,), 22.94
(CH;). m/z: 307.187980, measured: 307.187883.

Monomer Hydrolysis Kinetics: For monomers 3, 5, and 7, 0.75 mL
of 25 x 1073 m CD;CN monomer solution was mixed with 0.25 mL
of acetate/D,O buffer (pD 5.0) or PBS/D,0 buffer (pD 7.4) for a final
monomer concentration of 0.0185 m. Overall monomer hydrolysis was
measured via 'H-NMR by comparing ketal and ketone signal intensities
at various time intervals. First-order rate constants (K) and half-life values
(t1/2) were measured from the natural logarithm of ketal concentration
versus time plots for each monomer and buffer solution.

Polymer Network Synthesis: PETMP and monomer were mixed at a
1:1 ratio (thiol:alkene) with 3 mol% Darocur 1173 photoinitiator. The so-
lution was mixed using a vibratory mixer, centrifuged, degassed under
high vacuum for 5 s, and sealed before being transferred to a nitrogen-
purged glovebox. Inside the glovebox, the uncured resin was transferred to
a PDMS mold and exposed to a medium pressure UV lamp (10 mW cm~2)
for 3 min. Thermoset samples were then stored in the glovebox until later
use to prevent onset hydrolysis.

Photopolymerization Kinetics:  Polymerization kinetics were measured
by real-time FTIR spectroscopy using a Nicolet 8700 FTIR spectrometer
with a KBr beam splitter and MCT/A detector. Experiments consisted of
sandwiching ~20 uL of uncured resin between two salt plates before being
in the beam path of the instrument. Data acquisition (2 scans s™' /4 cm™
resolution) was started simultaneously to UV exposure (15.0 mW cm™2)
using an Omnicure Series 1000 light source. The conversion was moni-
tored by integrating the thiol (2557 cm™") and allyl (1646 cm™") peak areas
over ~130 s.

Humidity Degradation Experiments: Degradation sample disks of
~3.75 mm x 6.50 mm (160 mg) were placed in a humidity chamber regu-
lated by a saturated sodium chloride bath (75% relative humidity) at 22 °C.
Samples were placed on individual pads constructed of a Kim Wipe tissue
topped with cheesecloth to wick away degradation by-products. At spe-
cific time intervals, samples were removed in triplicate from the humidity
chamber, washed with water and acetone, placed under high vacuum for
at least 4 h to dry, and weighed via microbalance. The average mass for
each time interval was then to construct a residual mass versus time plot
for each thermoset composition and degradation solution.

Mass-Loss Degradation Experiments: Degradation sample disks of
~3.75 mm x 6.50 mm (160 mg) were placed in individual 20 mL vials,
filled with degradation solution, and placed in an incubation chamber at
30 °C. At specific time intervals, samples would be removed in triplicate,
decanted of their solution, and washed with acetone and water 2x each to
remove insoluble degradation by-products. The samples were then frozen
in their respective vials using liquid nitrogen and lyophilized to remove
all water from the sample. After 48 h, the dry mass of each sample was
measured via microbalance and then used to construct residual mass ver-
sus time plots. This process was repeated for each thermoset composition
and degradation solution.

Optical Microscopy: Optical microscopy of degradation experiments
was performed on a Nikon SMZ800N microscope using a Moticam 1080
camera and software. Degradation videos were constructed through the
compilation of multiple microscopy images.

Differential Scanning Calorimetry: DSC experiments were performed
on a TA Instruments Q100 for each thermoset composition using
TA instruments Tzero'™ aluminum pans. Experiments consisted of
heat/cool/heat cycles from —80.0 to 80.0 °C using a 10.0 °C min~' heating
rate and 5.0 °C min"" cooling rate.

Dynamic Mechanical Analysis: DMA experiments were performed on
a TA Instruments Q800 using samples of approximate dimensions of
20.0 mm X 5.00 mm x 1.00 mm (length x width X thickness). Experiments
consisted of a temperature ramp from —80.0 to 80.0 °C using a constant
frequency of 1.0 Hz, a strain rate of 0.05%, and a 2.0 °C min~! ramp rate
in tension mode. All experiments were performed in triplicate to ensure
consistent sample measurements.
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Thermogravimetric Analysis:  TGA experiments were performed on a TA
Instruments Q500™ using a platinum pan and thin-film thermoset sam-
ples of ~8.0 mg each. Experiments consisted of a temperature ramp of
10 °C min~" up to a final temperature of 600 °C in air atmosphere condi-
tions.

Mechanical Testing:  Tensile testing was conducted in accordance with
ASTM D638 utilizing a Type V tensile bar with a gauge length of 7.62 mm,
a gauge width of 3.18 mm, and an overall thickness of 1.41 mm. Samples
were tested on an MTS Insight electromechanical test frame with a 500 N
load cell at a constant crosshead speed of 1.52 mm min~" to failure. Test-
ing of each thermoset type was performed in at least triplicate to ensure
consistent and accurate measurements.
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