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Experimental methods

Reagent and solvent information

Reagents and solvents were used as received except where otherwise stated. Triflic acid (98%),
benzenesulfonic acid (98%), methanesulfonic acid (HPLC grade, 299.5%), trichloroacetic acid (299%) and
4-methylcylcohexanone (299%) were purchased from Sigma-Aldrich. Tone 3031 (initiator) and 4,4’-
bicyclohexanone (>98%) were purchased from TClI America. Bistrifimide (299%) and 3-
chloroperoxybenzoic acid (70-75%) were purchased from Acros Organics. Dichloromethane (ACS grade,
>99.5%) was purchased from Fisher Chemical and passed through activated alumina before use.

Instrumentation

Proton nuclear magnetic resonance (‘H NMR) spectra were collected using a 600 MHz Varian
spectrometer. All chemical shifts (6 ppm) are reported relative to residual protio-CHCl; (7.26 ppm) in
deuterated CDCl;. The 3C solid state MAS NMR measurements were performed on a Bruker AVANCE llI
500 MHz (11.7 T) wide bore spectrometer, operating at 500.24 MHz and 125.79 MHz for 'H and *°C,
respectively, with a 4 mm zirconia rotor system at a spinning frequency of 10 kHz. The *C MAS
experiments were performed with a 30 degree “*C excitation pulse of 1.33 ps, a 3 s relaxation delay, a
80.9 ms acquisition time, and an acumination of about 20,000 scans. 60 kHz proton decoupling was
applied during *C data acquisition. The chemical shifts were referenced to a TMS standard. Parallel
plate oscillatory rheology experiments were conducted on a TA Instruments AR-G2 magnetic bearing
rheometer with a Peltier heating stage.

Synthesis

4-Methylcaprolactone (4mCL): The following procedure was adapted from Hillmyer et al.' In a typical
reaction, a 500 mL round bottom flask was charged with a stir bar and 3-chloroperoxybenzoic acid (72 g,
321 mmol, 1.2 eq.). To this vessel was added dichloromethane (300 mL) while stirring. Due to impurities
in the 3-chloroperoxybenzoic acid, an aqueous layer formed on top after complete dissolution, which
was promptly removed. The reaction vessel was then degassed with a purge of Ar gas for 10 minutes
while stirring and cooled to 0 °C. 4-Methylcyclohexanone (30 g, 267 mmol, 1.0 eq.) was added dropwise
to the solution, which was left stirring for 16 hours. Thereafter, 100 mL of dichloromethane was added,
followed by aqueous washes: 400 mL of 10% sodium bisulfite (2x), 400 mL of saturated sodium
bicarbonate (2x), and saturated brine (1x). The organic layer was dried over magnesium sulfate and the
solvent removed in vacuo to yield a colorless liquid. This crude product was distilled from calcium
hydride to give 4-methylcaprolactone in 95% purity (23 g, 203 mmol) and 66% isolated yield. "H NMR
(600 MHz, Chloroform-d) 6 4.22 (ddd, J = 12.9, 5.8, 1.9 Hz, 1H), 4.14 (dd, J = 12.9, 10.4 Hz, 1H), 2.60 (m,
2H), 1.89 (dt, J = 15.3, 4.0 Hz, 1H), 1.83 (m, 1H), 1.73 (m, 1H), 1.45 (dtd, J = 15.3, 10.8, 1.9 Hz, 1H), 1.28
(dtd, J=14.0,11.3, 2.6 Hz, 1H), 0.95 (d, J = 6.6 Hz, 3H).

4,4’-Bioxepane-7,7’-dione (BOD): The following procedure was adapted from Wiltshire et al.” In a typical
reaction, a 250 mL round bottom flask was charged with a stir bar and 3-chloroperoxybenzoic acid (11 g,
46 mmol, 3 eq.). To this vessel was added dichloromethane (150 mL) while stirring. Due to impurities in
3-chloroperoxybenzoic acid, an aqueous layer formed on top after complete dissolution which was
promptly removed. The reaction vessel was then degassed with a purge of Ar gas for 10 minutes while
stirring and subsequently cooled to 0 °C. 4,4’-Bicyclohexanone (3.0 g, 15 mmol, 1 eq.) was dissolved in a
minimal amount of dichloromethane, added dropwise to the solution, and the resulting solution was left
stirring for 16 hours. Thereafter, 200 mL of dichloromethane was added to the solution, followed by



aqueous washes: 400 mL of 10% sodium bisulfite (2x), 400 mL of saturated sodium bicarbonate (4x), and
saturated brine (1x). The organic layer was dried over magnesium sulfate and the solvent removed in
vacuo to give 2.6 g of a white solid (26 g, 203 mmol) in 74% isolated yield with 97% purity. "H NMR (600
MHz, Chloroform-d) & 4.33 (dd, J = 5.1, 7.2 Hz, 2H), 4.15 (dd, J = 13.1, 9.2 Hz, 2H), 2.72 (ddd, J = 14.2, 7.4,
1.6 Hz, 2H), 2.59 (ddt, J = 14.5, 12.5, 2.3 Hz, 2H), 1.89 (m, 2H), 1.84 (m, 2H), 1.4 (m, 4H), 1.48 (q, / = 12.1
Hz, 2H).

Sample preparation

A 1 dram vial was charged with the initiator Tone 3031 (0.035 g, 0.1 mmol, 1.0 eq.). 4mCL monomer
(0.320 g, 2.5 mmol, 25 eq.), BOD cross-linker (0.068 g, 0.3 mmol, 3.0 eq.), and dichloromethane (0.2 mL)
were sequentially added and the vial was sonicated until all reagents were completely dissolved. Finally,
1 stoichiometric equivalent of acid catalyst was added. For liquid catalysts, the acid was measured by
micro-syringe and injected directly into the reaction vial. Conversely, for solid catalysts, the acid was first
dissolved in 0.1 mL of dichloromethane and then added to the reaction vial. In both cases, the vial was
rapidly shaken to ensure homogeneity and then left quiescent at room temperature for 20 hours to gel.
Thereafter, the dram vials were broken and the polyester gel was gently removed. The gel was then
subjected to a flow of argon for 1 hour to promote evaporation of residual dichloromethane and then
annealed on a hot block at 75 °C. To ensure the correct geometry for characterization experiments, the
sample was pressed into a round 8 mm aluminum mold template using a C-clamp and small aluminum
top plate. The sample was left annealing at 75 °C for 4 hours before being removed and immediately
loaded on the rheometer for testing. For samples containing TCA and MSA, excess material was
removed by hand and submitted for solid state >*C NMR analysis to quantify conversion. This process is
depicted graphically below in Figure S1.

5a. Rheology
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1. Room temperature 3. Dry under Argon S

(20 hours) 8 (1 hour)

2. Remove from vial 4. Anneal at 75 °C
(4 hours) o
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Figure S1. General process flow for sample preparation and testing.

Rheology procedure

A typical rheology sample was approximately 8 mm in diameter and 2 mm thick. These were loaded on
an AR-G2 at a normal force of 1 N using an 8 mm parallel plate geometry. Active conditioning was used
to produce a constant normal force (1.1 + 0.1 N) by automatically adjusting the gap, which ensures
similar testing conditions between each sample and at each temperature (across all samples the gap
was only adjusted on the order of 200 microns over the entire experiment). Amplitude sweeps were
collected for each sample to determine the appropriate strain amplitude within the linear viscoelastic
regime. Stress relaxation data for all samples were collected at 0.5% strain and a frequency of 10 rads/s.
The relaxation modulus was monitored for various amounts of time (e.g., 10,800 sec) depending on the
sample. Several heating and cooling procedures were tested, which had minimal impact on the
subsequent Arrhenius analysis.



Physical properties

Table S1. Physical properties of the Brgnsted acid catalysts studied herein.*

Acid  Molar Mass (g/mol) pK;, Melting point (°C)  Boiling point (°C) p(g/cm3)
TCA 163.4 0.81 57-58 196 1.63
MSA 96.10 -1.9 20. 167 1.48
BSA 158.2 -7.0 51 190. 1.32
HTFSI 281.2 -9.7 46-57 91.0 1.36
Triflic 150.1 =12 -40. 162 1.70

*Data compiled from the following references: TCA,3’4 MSA,3’5 BSA,3’6 HTFSI,3’7 Triflic.>®

Table S2. Glass transition temperature of select polymer networks.

Acid T, (°C)
TCA -55
MSA -52
BSA —56




Quantifying conversion
Solid state **C NMR: TCA
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Figure S2. Solid state *C NMR spectrum of a polyester network containing TCA catalyst. Inset:
magnification of the methyl resonance. Near quantitative conversion of the monomer is evidenced by

the shift to lower frequency after polymerization.
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Figure S3. The same solid state >*C NMR spectrum as Figure S2 (TCA catalyst) demonstrates ~96%
conversion of the cross-linker.



Solid state *C NMR: MSA
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Figure S4. Solid state *C NMR spectrum of a polyester network containing MSA catalyst. Inset:
magnification of the methyl resonance. Near quantitative conversion of the monomer is evidenced by

the shift to lower frequency after polymerization.
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Figure S5. The same solid state >C NMR spectrum as Figure $4 (MSA catalyst) demonstrates quantitative
conversion of the cross-linker.



Rheology and fitting: TCA
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Figure S6. Select TCA normalized stress relaxation traces with model fit (white dashed lines)
superimposed. Note the small y-axis range to better visualize the data.

Table S3. TCA fit parameters.

Run # T(°C) (RT)* 7* x107° (s) In 7* a
1 45 0.378 7.71 13.6 0.79
2 55 0.367 3.00 12.6 0.90
3 60 0.361 2.71 12.5 0.88
4 50 0.372 431 13.0 0.91
5 40 0.384 7.09 13.5 0.92
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Rheology and fitting: MSA

Figure S7. Select MSA normalized stress relaxation traces with model fit (white

superimposed.
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Table S4. MSA fit parameters.

dashed lines)

Run # T(°C) (RT)™* * X107 (s) In 7* a
1 45 0.378 9.04 9.11 0.80
2 35 0.391 18.0 9.80 0.82
3 55 0.367 5.62 8.63 0.81
4 25 0.404 34.9 10.5 0.83
5 65 0.356 3.30 8.10 0.82
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Rheology and fitting: BSA

Figure S8. Select BSA normalized stress relaxation traces with model fit (white

superimposed.
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Table S5. BSA fit parameters.

Time (s)

dashed lines)

Run # T(°C) (RT)™* * X107 (s) In 7* o
1 35 0.391 19.3 9.87 0.77
2 55 0.367 5.36 8.59 0.78
3 75 0.346 1.65 7.41 0.78
4 65 0.356 2.77 7.93 0.77
5 25 0.404 43.9 10.7 0.72
6 45 0.378 10.3 9.23 0.83
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Rheology and fitting: HTFSI
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Figure S9. Select HTFSI normalized stress relaxation traces with model fit (white dashed lines)

superimposed.

Table S6. HTFSI fit parameters.

Run # T(°C) (RT) * x1073 (s) In 7* a
1 55 0.367 4.07 8.31 0.81
2 45 0.378 7.77 8.96 0.78
3 35 0.391 17.1 9.74 0.80
4 25 0.404 36.7 10.52 0.82
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Rheology and fitting: Triflic acid
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Figure S10. Select Triflic normalized stress relaxation traces with model fit (white dashed lines)

superimposed.

Table S7. Triflic fit parameters.

Run # T(°C) (RT)* 7 x1073 (s) In 7 a
1 55 0.367 2.36 7.77 0.78
2 45 0.378 4.77 8.47 0.75
3 35 0.391 10.3 9.24 0.74
4 25 0.404 26.9 10.2 0.72
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Rheology and fitting

To evaluate the utility of the fit model, we empirically determined z* values for those samples that
sufficiently relaxed (to at least G'(t)/G'(0) = e™!) and compared them to those predicted by fits to the
stretched exponential function. Since the results show excellent agreement (Figure S11), analyses
described in the text and below were carried out with fit 7* values, even for samples that did not relax
enough to measure an experimental 7*.
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Figure S11. Comparison of experimentally determined characteristic relaxation times to those calculated
using the stretched exponential function shows good agreement.

Table S8. Characteristic relaxation times, both empirically determined and those calculated from the fit
model, with their respective relative residual errors.

1—*

Acid T(°C) Experimental (s)  Fit model (s) % error
Triflic 35 9,865 10,290 -4.3
45 4,731 4,774 -0.9
55 2,332 2,363 -1.3
HTFSI 45 7,852 7,767 11
55 4,060. 4,065 -0.1
BSA 55 5,436 5,367 1.3
65 2,785 2,773 0.4
75 1,661 1,652 0.5
MSA 45 9,194 9,040. 1.7
55 5,704 5,623 1.4
65 3,322 3,299 0.7
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Amplitude sweep comparison
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Figure $12. Comparison of moduli across different samples. The relative standard deviation is 21% for
storage moduli and 76% for loss moduli.

Arrhenius analysis comparisons

Figure S13. Arrhenius plot from Figure 4a without vertical offsets.
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Figure S14. Four samples of MSA demonstrate reasonable reproducibility in the temperature range
studied. Activation energies agree within 4% relative standard error (49 + 2 kJ/mol) and the prefactors
agree within 8% relative standard error (9.1 £ 0.7).
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Figure S15. Effect of MSA catalyst concentration on Arrhenius parameters.
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Figure S17. The temperature-dependent relaxation behavior of MSA and BSA samples exhibits a cross-
over at 52 °C (dashed line). This observation explains their similar characteristic relaxation times at the
temperatures tested despite different Arrhenius parameters as reported in Figures 3b and 4.
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