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S1. Inductive Effects in Epoxide Ring-Opening [image: ]
Scheme S1. a) Stoichiometric reaction for epoxide ring-opening with a nucleophile (XH), where either a secondary or primary alcohol product may form. b) Structures for 1,2-epoxybutane (a representative aliphatic epoxide with terminal methyl group), epichlorohydrin, and styrene oxide which illustrate an electron withdrawing effect (red shading) and electron donating effect (green shading), where a more intense shading indicates a stronger effect. These inductive effects significantly influence ratios of rates to form each isomer as quantified by values of  β.


Note that the terminal ether (TE) formed during epoxide ring-opening with alcohols is a secondary alcohol, while the terminal alcohol (TA) product is a primary alcohol. 

S2. Catalyst CharacterizationCatalyst
M wt%a
Si:Ma
Si:Ala
Band Gap (eV)b
c
Active Metal (%)d
Al-BEA
0.59
75
75
--
1.56
97 ± 4
Sn-BEA
1.35
143
3950
5.2
1.51
93 ± 6
Table S1. Characterization of the Chemical, Physical, and Electronic Properties of M-BEA.
aMeasured with ICP-OES. bExtracted from leading edge of Tauc plot from DRUV-vis. cCalculated from infrared transmission spectra
of dehydrated M-BEA samples. dMeasured from in situ 1,2-diphenylethylenediamine site titrations.






104 ± 7






96 ± 2
c

Table S1 summarizes the key material properties of the M-BEA materials, the calculation methods of which are described in the characterization subsections below.


S2.1 Diffuse Reflectance UV-Vis Spectra to Examine Dispersity of Active Sites
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Figure S1. Tauc plots obtained with a UV-Vis spectrophotometer at ambient conditions for M-BEA (solid lines; Al (), Zr ()) and the respective metal oxides (dotted lines; γ-Al2O3 (--), SnO2 (--)). UV-Vis spectra were obtained from 200 to 800 nm. Tauc plots were normalized to the most intense features and are vertically offset for clarity.


The band gaps for each M-BEA and the respective metal oxides were obtained by extrapolating the linear absorbance region of the Tauc plot in Figure S1 to the baseline. The intersection of the baseline and linear region equals the band gap photon energy. Al-BEA and γ-Al2O3 show negligible features within the region of photon energies examined, consistent with reported band gaps greater than 7 eV for γ-Al2O3.1-2 Table S2 reveals that the band gaps for Sn-BEA is greater than the band gaps for the metal oxides, providing evidence that the metal atoms are well dispersed in the *BEA framework.

The photon energy E in electron volts (eV) was obtained from the wavelength as follows:



where is the wavelength of the photon in nanometers, and h equals the Planck constant. The ordinate from Figure S1 was obtained from the ordinate of the raw spectra, the percent reflectance (% R). The Kubelka-Munk function (F(R)) was calculated from % R:


F(R) was then multiplied by the photon energy, and taking the square root of the resulting quantity yielded the ordinate for Figure S1. 


	Catalyst
	M-BEA 
Band Gap (eV)
	Metal Oxide Band Gap (eV)

	Al-BEA
	--
	--

	Sn-BEA
	5.2
	3.9









Table S2. Calculated band gaps for M-BEA and metal oxide materials. The band gaps for Al-BEA and Al2O3 likely exceed the regime of wavelengths possible to measure on the UV-Vis spectrophotometer.





[image: ]S2.2 27Al NMR Spectra to Elucidate Al Coordination in Al-BEA 
Figure S2. 27Al NMR spectra for a) bare Al-BEA and b) Al-BEA impregnated with C5H5N (298 K). The peaks representing tetrahedrally and octahedrally coordinated Al species are highlighted in purple and green, respectively. The calculated percentage of tetrahedral Al is shown in bold. Asterisks represent spinning side-band features.

Figure S2 presents the 27Al NMR spectra for Al-BEA in the presence and absence of liquid pyridine (C5H5N). The percentage of tetrahedral Al shown in the figure was calculated from the ratio of the tetrahedral to octahedral peak area features. Notably, the bare zeolite shows a greater percentage of octahedral Al than the materials impregnated with C5H5N. Liquid or vapor water (H2O) binds to tetrahedral Al atoms and gives rise to octahedral 27Al NMR features, which reflects the additional coordination of two H2O molecules.3-5 H2O adsorbed from the atmosphere likely contributes to the larger quantity of octahedral Al observed in the bare zeolite. Previous works found that loading hydrated Brønsted acid zeolites with ammonia (NH3) converts octahedral Al species back to tetrahedral Al sites,5-7 making the adsorption of a strong Brønsted base a reliable strategy to report octahedral Al content without interference from H2O
Motivated by the role of NH3 shown in previous studies, we impregnated the Al-BEA materials with liquid C5H5N to revert hydrated Al species to tetrahedral Al atoms. Figure S2 shows that the C5H5N-incorporated Al-BEA material shows lower quantities of octahedral Al (1%) than the bare materials (7%). The value for the C5H5N-incorporated Al-BEA aligns closely with the value of 3% obtained from active site titrations (Section S6, vide infra). Overall, the spectra in Figure S2 support that Al-BEA contains minor quantities of octahedral Al that do not convolute the kinetics reported in the main text.




[image: ]S2.3 Ex situ Raman Spectra to Determine Metal Coordination in M-BEA

Figure S3. Ex situ Raman spectra of M-BEA (Sn (red), Al (black), Si (orange)) at (a) the full range of Raman shifts examined, (b) magnified view of the range of 600-875 cm-1, and (c) magnified view of the 900-1150 cm-1 region. The spectra were taken at ambient conditions with a Raman spectrometer (Renishaw, InVia) equipped with a 532 nm laser that delivered a power density of ~2 mW μm-2. The spectra are an average of 10 scans with an exposure time of 20 s. Spectra are normalized by the maximum feature at ~400 cm-1 and are vertically offset for clarity. 


Figure S3a reveals that each M-BEA and Si-BEA possess similar Raman spectra. The intense peaks between 250 and 550 cm-1 represent features of the *BEA framework: the peaks at 315 and 345 cm-1 represent six-membered rings, the peaks at 400 and 425 cm-1 represent five-membered rings, and the peak at 465 cm-1 represents four-membered rings characteristic of the *BEA framework.8-9 The peak at ~695 cm-1 has previously been reported on spectra of *BEA zeolites and may originate from the *BEA framework.10-11 The peak at ~820 cm-1 represents a symmetric skeletal mode of microporous silicates.12-13 

Both M-BEA show a feature at 144 cm-1. The feature is also present in Si-BEA, suggesting the feature results from a mode inherent to the *BEA framework. Alternatively, the feature may be an artifact of the Raman filter used to suppress signal from Rayleigh scattering. Figure S3b zooms into a region in which Al2O3 (640, 751 cm-1)14-16 and SnO2 (632, 773 cm-1)17-19 have been reported to show Raman features. Both M-BEA show nearly identical spectra in this region, with no notable features where the respective metal oxides contain features. This supports that both M-BEA do not contain oligomeric metal oxide structures.

Figure S3c shows that each M-BEA possesses features at ~960 and ~1080 cm-1. The feature at ~960 cm-1 has been attributed to silanol defects.20-22 The peak at ~1080 cm-1 plausibly originates from the *BEA framework. Ti-O-Si features have been commonly reported in the literature at ~960 and ~1125 cm-1, respectively.23-26 However, similar features have not been well reported for Al- or Sn-containing zeolites. Therefore, the presence of each metal in the framework cannot be confirmed with Raman spectra but is indirectly supported by the absence of metal oxide features.

The Raman spectra in Figure S3 suggest that the Al and Sn atoms within M-BEA predominately reside at tetrahedral framework positions within the *BEA zeolite framework.
S2.4 X-Ray Diffraction to Confirm Crystallinity of M-BEA
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Figure S4. Powder X-ray diffractograms obtained with Cu Kα radiation (0.15418 nm) under ambient conditions for a) M-BEA (Al (black), Sn (red)) and b) the corresponding bulk metal oxides (γ-Al2O3 (black), SnO2 (red)). Spectra are vertically offset for clarity.


The crystallographic features for each M-BEA are representative of the *BEA framework.27 As displayed in Figure S4a, each M-BEA material shows weak features around 25.5, 27, 29, and 33 degrees. The broad feature at ~22.5 degrees suggests a small crystallite size28 and the presence of internal (SiOH)x defects formed by the dealumination of the parent Al-BEA material (Si:Al = 20).

Figure S4b reveals that several of these peak locations coincide with strong features in the diffractograms of at least one of the metal oxides. However, the presence of weak features at these positions in all M-BEA suggests that the features are characteristic of the *BEA framework, rather than originating from the presence of metal oxide. Overall, the XRD patterns in Figure S4 support that each M-BEA possesses the crystalline *BEA framework, with minimal to no detectable metal oxide crystallites present.












S2.5 Infrared Spectra to Measure Silanol Density of M-BEA
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Figure S5. Infrared spectra of dehydrated samples of M-BEA (Sn (red), Al (black)). The samples were dehydrated under flowing Ar (101 kPa He, 50 cm3 min-1) at 573 K prior to measurement. Spectra are vertically offset for clarity.


The greater v(O-H) areas (3300-3750 cm-1) for each M-BEA-OH compared to M-BEA-F, with respect to the v(Si-O-Si) area (1800-2100 cm-1), shows that the M-BEA-OH materials possess a greater density of (SiOH)x groups than the M-BEA-F materials. The ΦIR values in Table S1 were calculated by peak fitting on Origin 2021 (OriginLab Corporation). The peak areas for v(O-H) and v(Si-O-Si) were calculated with Gaussian fits (example shown in Figure S6). 

As shown in Equation 8 in the main text, the equation to calculate ΦIR is:

                    									      (S1)

The red, purple, and orange peaks represent networked SiOH features which are summed to determine Av(O-H). The green and brown peaks in the Si-O-Si region were summed together to get . The blue peak in v(O-H) represents isolated SiOH features, so these peak areas were excluded from the ΦIR calculations. 




[image: ]
Figure S6. Fitted peaks for the (a) networked (red, purple, orange) and isolated (blue) Si-OH region and (b) Si-O-Si overtones at 1865 (brown) and 2000 cm-1 (green) for Sn-BEA.


S2.6 Calculation of (SiOH)x (unit cell)-1 for M-BEA


The density of (SiOH)x per unit cell was estimated based on the initial quantity of Al present in the commercial zeolite (Si:Al = 20). A *BEA unit cell contains 64 T atoms (i.e., Si, Al, or Sn), so the initial quantity of Al per unit cell equals 3.047:







Assuming all Al atoms are removed in the thorough dealumination treatment for Sn-BEA, the dealumination produces 3.047 (SiOH)x (unit cell)-1. The metal weight loading allows for the calculation of the Si:M ratio for each M-BEA:





This can be used to calculate the number of metal atoms per unit cell incorporated into the formed (SiOH)x. The final (SiOH)x (unit cell)-1 for Sn-BEA is equal to the initial amount of Al (assumed that all Al is removed) subtracted by the added Sn. In contrast, the (SiOH)x (unit cell)-1 for the Brønsted acid equals the initial quantity of Al subtracted by the amount of Al removed: 





Table S3 reports metal loadings per unit cell from ICP and calculated (SiOH)x per unit cell. The calculated values predict a wider range of zeolite hydrophilicity than the ΦIR calculations in Section S2.5. However, rates depend weakly on metal loading (Section S4, vide infra), and therefore (SiOH)x (unit cell)-1, within the range of loadings examined for M-BEA.


	Catalyst
	M (unit cell)-1
	(SiOH)x  (unit cell)-1

	Al-BEA-OH
	0.86
	2.17

	Zr-BEA-OH
	0.47
	2.57








Table S3. Metal loadings and (SiOH)x per unit cell, determined from metal loadings from ICP and estimated Al removed by dealumination treatments.

S2.7 CD3CN and C5H5N Infrared Adsorption Spectra to Examine Acid Site Character
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Figure S7. Infrared spectra of deuterated acetonitrile (CD3CN) bound to M-BEA (Sn (red), Al (black)) materials (0.05 kPa CD3CN, 101 kPa Ar, 303 K). All spectra are normalized to the area of the Si-O-Si region of the zeolite from 1750-2100 cm-1. Spectra are vertically offset for clarity.


The feature at ~2299 cm-1 for Al-BEA is consistent with previous assignments for CD3CN bound to Brønsted acidic Al sites.29-30 Al-BEA shows a shoulder at ~2276 cm-1 that has been reported to result from CD3CN coordinated to (SiOH)x nests within *BEA.29, 31 Extraframework Lewis acidic Al species have been reported to show a feature at ~2325 cm-1,29-30 where no feature is observed in Al-BEA. The spectra suggests that the Al atoms in Al-BEA predominantly exist as tetrahedrally incorporated Brønsted acid sites.

Sn-BEA also shows a feature at ~2276 cm-1 that likely originates from CD3CN bound to Si-OH groups. Sn-BEA also displays features at ~2304 and ~2314 cm-1, which align with previous proposals for closed and open tetrahedral Sn sites within zeolites, respectively.32-34 While the presence of these two features demonstrates a mix of Sn site structures under an inert gaseous environment, the ratio of open and closed sites may change in the presence of solvent. Several past studies argue that closed Lewis acid sites may open in the presence of protic molecules such as H2O35-37 and alcohols,38-39 meaning that Sn sites can open in situ in the presence of CH3OH and convolute the ex-situ site distribution.

Collectively, the spectra of adsorbed CD3CN in Figure S7 demonstrate the presence of Lewis and Brønsted acid sites within the M-BEA materials.
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Figure S8. Infrared spectra of pyridine (C5H5N) bound to Lewis and Brønsted acid sites over M-BEA (Sn (red), Al (black)) materials (0.9 kPa C5H5N, 101 kPa Ar, 393 K). All spectra are normalized to the area of the Si-O-Si region of the zeolite from 1750-2100 cm-1. The highlighted regions on the plot represent regions for C5H5N absorbance features coordinated to only Brønsted acid sites (blue), only Lewis acid sites (red), and either Lewis or Brønsted acid sites (purple). Spectra are vertically offset for clarity. 

Figure S8 reveals that Al-BEA and Sn-BEA both possess features at ~1490 cm-1, corresponding to C5H5N bound to Lewis or Brønsted acid sites.40-41 Each catalyst also possesses features at ~1450 cm-1 and 1580-1625 cm-1, which have been attributed to C5H5N bound to Lewis acid sites.40, 42-47 The presence of these features in Al-BEA may signal the presence of some fraction of extraframework Lewis acidic Al species, in contrast with the absence of Lewis acid Al features on the CD3CN spectra. Al-BEA also shows features at ~1550 and ~1640 cm-1, which solely originate from protonated C5H5N at Brønsted acid sites.40-44 Sn-BEA contains very minor features in these regions, which may suggest that a minor fraction of Sn sites possess Brønsted acid character. Sn-BEA and Al-BEA show small features at ~1575 cm-1, which has been attributed to physisorbed C5H5N.40, 44, 48

Sn-BEA contains a sharp feature at ~1611 cm-1, which has previously been assigned to C5H5N coordinated to Lewis acidic Sn sites.34, 49-50 Sn-BEA also shows a shoulder at ~1595 cm-1, consistent with previous assignments for C5H5N hydrogen-bonded to -OH groups.41, 43-44, 46 These features may arise from C5H5N coordinated to the -OH group from Sn-OH (open sites), the adjacent Si-OH, or (SiOH)x nests.

Overall, the spectra of adsorbed C5H5N in Figure S8 provide insight into the distribution of active sites within M-BEA.



S3. Calculation and Estimation of Epoxide and Product Sensitivity Factors
[image: ]
 
Figure S9. Raw GC chromatograms zoomed in to show peaks corresponding to (a) C3H5ClO, and (b) the terminal ether and terminal alcohol formed by the reaction of C3H5ClO with CH3OH over Sn-BEA for 0.5 h (0.2 M C3H5ClO, 24.7 CH3OH, 308 K).


Figure S9 demonstrates the high signal-to-noise ratio of C3H5ClO and the TE and TA product peaks from the GC chromatograms, as well as the peak separation between the ring-opening products. GC chromatograms were collected as a function of concentrations, which were used to determine the sensitivity factors of the epoxide and TE product using as-purchased chemicals (see Section 4.3 of the main text for sources and purities). Table S4 reports the sensitivity factors for these species, which equal the slope of the calibration curve fit lines for the GC peak area as a function of species concentration. A commercial sample for the TA product was not available for purchase, so we assumed that TA and TE have identical sensitivity factors. Our previous work showed that the sensitivity factors for the TA and TE products from C4H8O differ by less than 5%, so we expect the products from C3H5ClO will show very similar values as well.51

	Compound
	Sensitivity Factor (peak area M-1)

	C3H5ClO
	85210

	TE
	63060








Table S4. Sensitivity factors determined from calibration curves.

During reactions, the concentration of the products was calculated with the integrated peak areas and measured sensitivity factors:

                    							      (S2)
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Figure S10. Raw GC chromatograms zoomed in to show peaks corresponding to the terminal ether product, terminal alcohol product, and unknown peaks that appear during the reaction of C3H5ClO with CH3OH over Sn-BEA for 0.5 h (0.2 M C3H5ClO, 1 M CH3OH, 308 K).


Figure S10 shows a GC chromatogram from the reaction of C3H5ClO with CH3OH, where unknown peaks appear at 17.7 and 18.2 minutes. The unknown peaks account for < 5% of all products formed. While the unknown species have not been identified, the peaks may originate from secondary oligomers formed by the reaction of the ring-opening products reacting with epichlorohydrin. 


S4. Madon-Boudart Criterion Test to Identify Active Centers for Ring-Opening 
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Figure S11. Total product formation rates from C3H5ClO ring-opening with CH3OH (0.07 M C3H5ClO, 0.4 M CH3OH, CH3CN solvent, 308 K) as a function of active metal loading over Al- (black) and Sn-BEA (red). The circled points signify the catalyst used for this study.


Figure S11 presents turnover rates as a function of metal loading for each M-BEA. Rates depend negligibly on metal loading within the range of loadings examined for all materials, ruling out contributions from intrapore mass transfer to turnover rate measurements.

S5. XRD Analysis of Spent Catalyst and Hot Filtrations to Examine Catalyst Stability
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Figure S12. Powder X-ray diffractograms obtained before (solid lines) and after (hollow lines) the C3H5ClO ring-opening reaction with CH3OH (0.07 M C3H5ClO, 1 M CH3OH, CH3CN solvent, 308 K) over Al- (black) and Sn-BEA (red). The reaction was carried out for 24 hours, then the catalyst was recovered and dried by vacuum filtration. Spectra were collected with Cu Kα radiation (0.15418 nm) under ambient conditions, and are vertically offset for clarity.


[bookmark: _Hlk171768025]Figure S12 presents X-ray diffraction patterns for M-BEA before and after the reaction of C3H5ClO with CH3OH over 24 hours. The fresh and spent Al-BEA and Sn-BEA materials show nearly identical peak locations and intensities, supporting that contacting these catalysts with the reaction mixture does not cause structural changes or catalyst deactivation.
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Figure S13. Measured total product concentrations (sum of [1M2B] and [2M1B]) as functions of time during hot filtration tests for 1,2-epoxybutane (C4H8O) ring-opening (0.005 M C4H8O, 6 M CH3OH, CH3CN solvent, 308 K) over (a) Al-BEA (black) and (b) Sn-BEA (red). The hollow points represent epoxide concentrations from aliquots that were separated from the catalyst after ~10-15 min, while solid points indicate concentrations from aliquots that were kept in contact with the catalyst throughout the reaction.

Figure S13 displays the results of hot filtration tests for Al-BEA and Sn-BEA during the ring-opening of 1,2-epoxybutane (C4H8O) with CH3OH, taken from our previous work.51 After separating the solution from the catalyst, the concentration of the ring-opening products stops increasing with time (hollow points). This result provides evidence that metal atoms do not leach from the *BEA framework, and the active sites remain within the framework during catalysis. While these experiments utilize C4H8O instead of C3H5ClO, we argue that the experiments support that the active sites in Al-BEA and Sn-BEA will also remain coordinated to the zeolite framework during C3H5ClO ring-opening with CH3OH.


S6. Counting Active Sites with 1,2-Diphenyl-1,2-Ethylenediamine Titrations
[image: A black background with red dots and numbers
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Figure S14. Total product formation rates from C4H8O ring-opening with CH3OH (0.005 M C4H8O, 0.4 M CH3OH, CH3CN solvent, 308 K) as a function of 1,2-diphenyl-1,2-ethylenediamine (DPED) to active metal ratio over (a) Al-BEA (black) and (b) Sn-BEA (red). The data for Al-BEA was reported in a previous manuscript.52

[bookmark: _Hlk171772924][bookmark: _Hlk171770927]1,2-diphenyl-1,2-ethylenediamine (DPED) is a titrant that could poison active sites in both Lewis and Brønsted acidic M-BEA, which was utilized to count active sites during C4H8O ring-opening. A line was fit to the linear portion of the plots in Figure S14 and extrapolated to the x-axis to estimate the number of active sites present in the M-BEA materials. All materials show greater than 90% active metal atoms, providing evidence that all (or nearly all) metal atoms are tetrahedrally bound to the *BEA framework and catalyze ring-opening. We anticipate that the M-BEA materials would show a similarly high quantity of active metal atoms during C3H5ClO ring-opening.


S7. Derivation of Rate Expression for C3H5ClO Ring-Opening with CH3OH over M-BEA [bookmark: _Hlk164333600]Catalyst
[CH3OH]:[C3H5ClO] < 15
[CH3OH]:[C3H5ClO] > 30

TE
TA
TE
TA
Al-BEA
[CH3OH]1.05
[C3H5ClO]0.14
[CH3OH]0.58
[C3H5ClO]0.19
[CH3OH]0.29
[C3H5ClO]0.77
[CH3OH]0.24
[C3H5ClO]0.83
Sn-BEA
[CH3OH]0.99
[C3H5ClO]0.16
[CH3OH]0.45
[C3H5ClO]0.22
[CH3OH]0.19
[C3H5ClO]0.83
[CH3OH]0.10
[C3H5ClO]0.80
Table S5. Formation Rate Orders of TE and TA for C3H5ClO ring-opening from Figure 1 in main text.

The formation rates of TE and TA derived from C3H5ClO show clear differences in their dependence on the concentration of the nucleophile (i.e., [CH3OH]), which contrasts with prior studies of epoxide ring-opening on solid catalysts. The apparent power-law dependencies for TE and TA formation differ significantly (by 0.5 – 0.6) at [CH3OH]:[C3H5ClO] < 15.


S7. Derivation of Rate Expression for C3H5ClO Ring-Opening with CH3OH over M-BEA[image: ]
Scheme S2. Plausible product-forming steps for ring-opening of C3H5ClO with CH3OH over Sn-BEA. Reaction may proceed through a concerted SN2 pathway with an activated CH3OH intermediate (blue) or a stepwise SN1 pathway in which C3H5ClO ring-opens to form carbocations, followed by adsorption and activation of CH3OH (black). For brevity, we do not show the reversible adsorption of CH3CN molecules (step 1) in this cycle.



Scheme S2 and Scheme 1 in the main text depict the proposed steps for the ring-opening of C3H5ClO with CH3OH over Sn-BEA and Al-BEA, respectively. The catalytic cycle begins with the adsorption of CH3CN (step 1, not shown), C3H5ClO (step 2), or CH3OH (step 3). The products may form through adsorbed CH3OH in a kinetically relevant SN2 reaction step (4). Alternatively, an SN1 pathway may occur, where adsorbed C3H5ClO irreversibly ring-opens to form a primary or secondary carbocation (step 5). The products then form when CH3OH attacks the adsorbed carbocations (step 6). The products desorb in reversible steps (7 and 8) to complete the cycle. The total rates of product formation from C3H5ClO ring-opening rates can be modeled with:

       		      (S3)

where  and  represent the numbers of primary and secondary ring-opened carbocations formed from steps with the rate constants  and , respectively. The term  represents the sum of the rate constants to form the products in step 4 (). We apply the pseudo-state hypothesis to the respective bound intermediates, which gives: 

				      (S4)
The  term expands to two terms to account for the formation of the terminal ether and terminal alcohol products. The total number of active sites in each M-BEA ([L]) can be written as:

	                   (S5)

Where  represents the number of unoccupied active sites and the other terms represent the number of adsorbed solvent, reactant, and product molecules. Substituting in terms for the solvent, product, and reactant concentrations, rate constants, and equilibrium constants yields:

                                        (S6)

                                                                                     (S7)

The total rate of product formation depends linearly on [CH3OH] and weakly on [C3H5ClO] at ratios of [CH3OH] to [C3H5ClO] less than 15 over each M-BEA, implicating active sites saturated with a C3H5ClO-derived species. In this case, we assume that the [C3H5ClO*], [C1+*], and [C2+*] terms dominate in the denominator of Equation S7, allowing other terms to be canceled out:

		     	                   		      (S8)

[bookmark: _Hlk169773907]The second and third terms in the numerator dominate when ratios of [CH3OH] to [C3H5ClO] are sufficiently low and the value of  far exceeds  (i.e., when adsorption and reaction of C3H5ClO overtakes the reaction through protonated CH3OH). Independent measurements of the adsorption enthalpies of these reactants obtained by ITC support this assumption: adsorption enthalpies for C3H5ClO to M-BEA (-120 to -150 kJ mol-1) are significantly more exothermic than those for CH3OH (~ 0 kJ mol-1) in CH3CN (Section S10). These thermodynamic measurements suggest that C3H5ClO adsorbs more readily than CH3OH (i.e.,  >> ).  These insights collapse Equation S8 to the following form after combining and pulling out common terms:

		     	                   		                   (S9)

From there, the expression can be simplified to a rate equation that agrees with experimental observations (Figure 1) and describes rates for SN1 pathways that proceed through protonated C3H5ClO as:

 					                 (S10)

Notably, the form of Equation S10 implies that the number of ring-opened carbocation species derived from C3H5ClO exceeds the number of C3H5ClO* that retain the oxirane ring, which agrees with in situ NMR spectra (vide infra).  Table S5 shows that TE formation rates increase linearly and TA formation rates increase sub-linearly with [CH3OH], which implies that the rate constant to form a ring-opened primary carbocation intermediate (e.g., ) exceeds that to remove that intermediate from the active site (i.e., ). In contrast,  and  possess similar magnitudes to provide a sublinear dependence on [CH3OH] for TA formation.

When CH3OH-derived species saturate active sites, Equation S7 simplifies to:

 				                   	    (S11)

Equation S11 reproduces the observations for rates and describes SN2 pathways () when the first term in the numerator dominates, which occurs when catalysis proceeds at sufficiently high ratios of [CH3OH] to [C3H5ClO] (>30). These conditions simplify Equation S11 to the form:

							               	    (S12)

which predicts both TA and TE products form at rates proportional to [C3H5ClO] and independent of [CH3OH]. The form of Equation S12 deviates slightly from the measured dependence of rate on [C3H5ClO] and [CH3OH] (Figure 1 and Table S5). These differences indicate that the number of CH3OH* species do not achieve much greater values than C3H5ClO*-derived intermediates even at the greatest concentration ratios examined, which agrees with expectations based on the more exothermic adsorption of C3H5ClO relative to CH3OH (vide supra).

TE and TA formation show very similar rate orders with respect to [CH3OH] at [CH3OH]:[C3H5ClO] >30. As such, the significant preference towards the TE product at the highest [CH3OH] in Figure 7 (β > 18) must occur because  >> . The SN2 pathway therefore dominantly forms the TE product due to differences in the rate constants for product formation.

Equations S10 and S12 describe the two kinetic regimes observed for TA and TE formation in Figure 1 of the main text.

Equation S3 can be utilized to define the regioselectivity through the rate ratio of terminal ether to terminal alcohol formation (β):

[bookmark: _Hlk173424590]						    (S13)

As described in Section 3.4 of the main text, the NMR spectra suggest that  shows the lowest value of all rate constants in Equation S13, allowing the expression to simplify to:

[bookmark: _Hlk173425971]						    (S14)

[bookmark: _Hlk173510351]Substituting in terms for , , and  then simplifying the expression yields:

						    	    (S15)

Finally, combining terms yields a simplified expression for β:

[bookmark: _Hlk173510437]						    		    (S16)

[bookmark: _Hlk173510486]Equation S16 predicts a linear dependence of β on  and a negative, sublinear dependence on . As discussed in Section 2.4, this equation captures the linear dependence of β on  shown in Figure 7a of the main text. The weak dependence of  on  (Figure 7b) suggests that CH3OH desorption proceeds much more rapidly than the SN2 reaction step that forms the ring-opened products with adsorbed CH3OH (i.e.,  >> ). Under this assumption, Equation S16 simplifies to a form that clearly demonstrates the linear dependence of β on  and negligible dependence on  shown in Figure 7 of the main text:

						    	    (S17)



S8. Excess Energies to Probe Liquid-Phase C3H5ClO and CH3OH Stability 

	
	C3H5ClO
	CH3OH

	Solvent
	γ
	 (kJ mol-1)
	 (kJ mol-1)
	γ
	 (kJ mol-1)
	 (kJ mol-1)

	CH3CN
	0.82
	-0.54
	-0.53
	2.64
	2.39
	2.53

	6 M CH3OH (in CH3CN)
	0.83
	-0.93
	-0.50
	1.77
	2.43
	1.48

	12 M CH3OH (in CH3CN)
	0.92
	-0.81
	-0.21
	1.29
	0.9
	0.66

	CH3OH
	1.63
	-0.73
	1.27
	1
	0
	0


[bookmark: _Hlk101104503]Table S6. Activity coefficients (γ), excess enthalpies (), and excess free energies () calculated at 308 K in mixtures of CH3CN and CH3OH. Activity coefficients were obtained with the UNIFAC method on ChemCAD.


Table S6 presents excess energies and activity coefficients for C3H5ClO and CH3OH in mixtures of CH3OH and CH3CN. The equations used to compute the excess energies from the activity coefficients are:

 					                                                                     (S18)

			                                                                                               (S19)

where j represents C3H5ClO or CH3OH, R is the ideal gas constant, and T equals temperature. The differential term was obtained from activity coefficients between 303-323 K. The natural log of the activity coefficients was plotted against the temperature, and the slope of this line equaled the differential term.

γ values vary by factors of less than 2 and 3 for C3H5ClO and CH3OH, respectively, across the range of solvent compositions examined for ring-opening. Furthermore, both  and   values span a range of less than 3 kJ mol-1. The weak dependences of these values on the fractions of CH3OH and CH3CN support that the stability of reactive species and adsorbates in the liquid phase does not drive changes in ring-opening rates, activation enthalpies for ring-opening, and enthalpies of adsorption for C3H5ClO.


S9. Activation Enthalpy and Entropy Measurements
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Scheme S3. Proposed reaction coordinate diagram for C3H5ClO ring-opening with CH3OH through an a) SN2 pathway over Sn-BEA, b) SN2 pathway over Al-BEA, c) SN1 pathway over Sn-BEA, d) SN1 pathway over Al-BEA. Note: we acknowledge that the reaction of CH3OH and the carbocations in c) and d) may also carry kinetic relevance.
Figure S15 presents activation barrier measurements for the formation of the terminal ether (TE) and terminal alcohol (TA) products from C3H5ClO ring-opening with CH3OH. The formation of TA shows more positive  (by > 17 kJ mol-1) and  (by > 40 J mol-1 K-1) values than TE at 0.07 M CH3OH. The significant differences for  and  suggests that distinct reaction pathways may govern product formation in this regime. SN1 pathways feature unimolecular transition states, which should lead to more positive  values than SN2 pathways that react through bimolecular transition states (see Scheme S3 for proposed reaction pathways).53 An SN1 reaction pathway may dominate for TA formation at low [CH3OH] values while TE may form from a combination of SN1 and SN2 reactions. Interestingly, the difference between  and  for the product is less significant over Al-BEA than Sn-BEA in this low [CH3OH] regime, which may suggest that TE formation shows more SN1 character to provide more positive  and .[image: ] Figure S15. Activation enthalpy and entropy to form the terminal ether (circles) and terminal alcohol (triangles) products from C3H5ClO ring-opening (0.07 M C3H5ClO, 308 K) over a) Al-BEA (black) and b) Sn-BEA (red).



In the absence of CH3CN co-solvent (24.7 M CH3OH), the products shift to very similar  values (< 5 kJ mol-1). This similarity may suggest that both products shift towards similar dominant reaction pathways, which we expect would be an SN2 pathway through CH3OH-derived adsorbed species. Here, more positive  values may drive the dominant formation of TE through lesser steric hindrance during the SN2 pathway.

While we argue that the differences in activation parameters between the products provide evidence for the shift in reaction pathways with [CH3OH] evidenced by the NMR spectra discussed in Section 2.3, we cannot rule out that solvation effects may also play a role. We have previously argued that the disruption of hydrogen-bonded CH3OH molecules drives increases in  and  with [CH3OH] for C4H8O ring-opening over M-BEA materials. Interactions with surrounding solvent molecules may also play a role in C3H5ClO ring-opening and may affect the TE and TA formation transition states differently.


S10. Isothermal Titration Calorimetry Thermograms and Heats of Adsorption
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Figure S16. a) ITC thermogram from the electrical calibration of the NanoITC. b) ITC thermogram from the water-water adsorption to check the cleanliness of the ITC cell.

The plots in Figure S16 were obtained during the calibration and cleaning procedures for isothermal titration calorimetry (ITC), as discussed in Section 4.4 of the main text. Figure S16a shows the heat released from the sequential pulses during the electrical calibration. The instrument gave a calibration factor, for which values greater than 0.98 were assumed to be satisfactory. Figure S16b shows the heat released during the water-water injection, during which each 1 μL injection led to a peak with an area between -3 and +3 μJ.

Figure S17 shows an acid-base titration of NaHCO3 into HNO3, which was used as a standard to verify the results obtained from the NanoITC. The adsorption enthalpy calculated from Figure S17b was -8.1 ± 1.2 kJ mol-1, which agrees well with the reported enthalpy of -9.1 kJ mol-1.54-55
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Figure S17. a) ITC thermogram from the acid-base titration of HNO3 (0.0005 M in 0.1 M NaCl) with NaHCO3 (0.0052 M in 0.1 M NaCl), b) the corresponding heats released as a function of bicarbonate ion coverage.
The ITC thermogram and heat release plots for all ITC experiments used to calculate the adsorption enthalpies of C3H5ClO and CH3OH into M-BEA are shown below. The CH3OH adsorption experiments were performed at higher titrant concentrations (and thus higher coverages) because CH3OH adsorbs weakly and higher concentrations are needed to observe sufficiently large peaks in the thermogram. Early injections often show lower heat released than expected due to the evaporation of liquid from the syringe needle. Although less common, some of the experiments below show outlier points at later injections, which may result from an inconsistent volume or epoxide concentration in those injections.
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Figure S18. a) ITC thermogram from the titration of Al-BEA with C3H5ClO (0.005 M C3H5ClO in CH3CN, 308 K, 1 μL per injection), b) the corresponding heats released as a function of titrant injected.
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Figure S19. a) ITC thermogram from the titration of Sn-BEA with C3H5ClO (0.005 M C3H5ClO in CH3CN, 308 K, 1 μL per injection), b) the corresponding heats released as a function of titrant injected.
[image: ]

















Figure S20. a) ITC thermogram from the titration of Al-BEA with CH3OH (0.1 M CH3OH in CH3CN, 308 K, 1 μL per injection), b) the corresponding heats released as a function of titrant injected.


[image: ]

















Figure S21. a) ITC thermogram from the titration of Sn-BEA with CH3OH (0.1 M CH3OH in CH3CN, 308 K, 1 μL per injection), b) the corresponding heats released as a function of titrant injected.







	Catalyst
	 (kJ mol-1)
	 (kJ mol-1)

	Al-BEA
	1.0 ± 0.4
	-141.7 ± 8.9

	Sn-BEA
	-0.6 ± 0.2
	-116.9 ± 7.0








Table S7. Adsorption enthalpies for CH3OH and C3H5ClO calculated from ITC thermograms in Figures S18 to S21.


The adsorption enthalpies in Table S7 were calculated by fitting a line through the injections where the heat released was approximately constant. C3H5ClO shows significantly more exothermic adsorption enthalpies than CH3OH over both Al-BEA and Sn-BEA, which may explain why adsorbed C3H5ClO dominates on active sites even in excess of CH3OH ([CH3OH]:[C3H5ClO] < 15, see Figure 1).

CH3OH shows more exothermic adsorption to Sn-BEA than Al-BEA. This suggests that Sn sites activate CH3OH more strongly than the Brønsted acid sites in Al-BEA, which may contribute to the greater reaction rates observed over Sn-BEA. 

In contrast, C3H5ClO adsorbs more exothermically to Al-BEA than Sn-BEA. Figure S23 (vide infra) suggests that Al-BEA forms ring-opened carbocations from C3H5ClO more readily than Sn-BEA. The formation of these carbocations likely contributes to the more exothermic adsorption of C3H5ClO over Al-BEA.




S11. Supplemental 13C NMR Plots and Analysis

S11.1. 13C NMR Shifts and Discussion of Peak Convolution
	[bookmark: _Hlk187771778]Molecule
	ChemDraw-Predicted 13C  Shifts (ppm)
	DFT-Predicted 13C Shifts (ppm)
	Experimental 13C Shifts (ppm)

	[image: A black background with blue letters

Description automatically generated]     Epichlorohydrin
	a = 45.4
b = 51.4
c = 46.9
	COSMO (in Methanol)
a = 51.77
b = 51.85
c = 47.56
	1 M 13C ECH in Acetonitrile
a = 47.67
b = 52.44
c = 47.67

	  [image: ]           
Protonated Epichlorohydrin 
	N/A 
(unable to predict)
	COSMO (in Methanol)
a = 43.0
b = 82.9
c = 74.6
	N/A

	[image: ]                                              
                                           

Methanol
	a = 49.7
	COSMO (in Methanol)
a = 49.6
	1 M 13CH3OH in Acetonitrile
a = 49.6

	[image: ]
Protonated Methanol
	a = 72.1
	COSMO (in Methanol)
a = 68.3
	

N/A

	[image: A black background with blue letters

Description automatically generated]Terminal ether
	a = 46.2
b = 70.6 ± 3.7
c = 76.2 ± 2.5
d = 59.0 ± 1.7
	COSMO (in Methanol)
a = 54.5
b = 77.9
c = 75.9
d = 55.8
	3.1 M C4H9ClO2 in CD3CN
a = 46.5
b = 69.8
c = 73.6
d = 58.5

	[image: A black background with blue letters

Description automatically generated]Terminal alcohol
	a = 44.9 ± 4.8
b = 85.3 ± 3.7
c = 66.9 ± 3.1
d = 58.4 ± 2.6
	[bookmark: _Hlk182327798]COSMO (in Methanol)
a = 52.3
b = 85.7
c = 68.5
d = 59.1
	N/A
(no standard available)


Table S8. Predicted 13C NMR peak shifts for reactants, primary products, and intermediates from the ring-opening of C3H5ClO with CH3OH. These peak shifts were predicted by averaging values and errors obtained from ACD/Labs (v2024) and ChemDraw (version 23.0.1), which were further cross-referenced with reported shifts available in the literature.




	[bookmark: _Hlk186994593]Binding Structure
	DFT-Predicted 13C Shifts (ppm)
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[bookmark: _Hlk182327722]Secondary carbocation (derived from C3H5ClO)
(bound to Al-BEA)
	COSMO (in Methanol)
[bookmark: _Hlk182327758]a = 49.6
b = 89.0
c= 63.0
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Terminal ether bound at Brønsted acid site in Al-BEA
	COSMO(Methanol)
[bookmark: _Hlk182327781]a=51.5
b=77.2
c=73.6
d=55.8
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Terminal alcohol bound at Brønsted acid site in Al-BEA
	



COSMO(Methanol)
[bookmark: _Hlk182328030]a=50.9
b=91.6
c=61.8
d=59.8

	[image: ]
Primary carbocation (derived from C3H5ClO)
(bound to Brønsted acid site in Al-BEA)
	COSMO(Methanol)
a=47.0
b=74.6
c=71.1
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Primary carbocation bound to Sn-BEA
	



COSMO (Methanol)
a=49.3
b=72.5
c=67.3
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Secondary carbocation bound to Sn-BEA
	


COSMO (Methanol)
a=47.5
b=76.2
c=64.7
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Methanol bound at Brønsted acid site in Al-BEA
	COSMO(Methanol)
a=49.6

O (methanol)-H (BAS) bond length = 1.519 Å
H-O (BAS) bond length = 1.047 Å

	[image: ]
Methoxy bound at Si adjacent to Brønsted acid site in Al-BEA (with eliminated H2O from CH3OH)
	





COSMO(Methanol)
a=48.5
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Methoxy bound at Brønsted acid site in Al-BEA
(with eliminated H2O molecule from CH3OH)
	COSMO (Methanol)
a=54.6
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Methoxy bound to Sn site in Sn-BEA
(with eliminated H2O from CH3OH)
	COSMO(methanol)
a=55.2
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Methanol bound to -H at open site (Sn-OH) in Sn-BEA
	COSMO(methanol)
a=47.9

	[image: ]Methanol bound to O in Sn-O-Si near open site                  (Sn-OH) in Sn-BEA
	COSMO(methanol)
a=49.0


	[image: ]Methanol bound at Si-OH
	COSMO(methanol)
a=49.7

[bookmark: _Hlk188094375]H (methanol)-O (Si-O-Si) bond length = 4.478 Å
Methanol unlikely to bind to this site

O (methanol)-H (Si-O-H) bond length = 1.714 Å
Methanol likely binds to this site

	[image: ]Epichlorohydrin bound at Brønsted acid site in Al-BEA
	COSMO(methanol)
a=49.5
b=55.7
c=51.1

BA-H to O of ECH bond length =1.567 Å
BA-H to O of BAS bond length =1.033 Å


	[image: ]




Epichlorohydrin bound at Sn site in Sn-BEA
	COSMO(methanol)
a=48.5
b=58.9
c=53.5

O (ECH)-Sn bond length = 2.398 Å

	Protonated CH3OH at Brønsted acid site, Al-BEA [image: ]
	COSMO(methanol)
a=50.2

O (methanol)-H (BAS) bond length = 1.492 Å
H-O (BAS) bond length = 1.055 Å


*Note that the predicted structure for protonated CH3OH has a nearly identical structure to un-protonated CH3OH bound to Brønsted acid sites, but with a slightly shorter bond between CH3OH and the proton and a 0.6 ppm 13C shift downfield.

	[image: ]
Protonated ECH at Brønsted acid site, Al-BEA
	COSMO(methanol)
a=49.1
b=55.5
c=51.0

O (ECH)-H (BAS) bond length = 1.567 Å
H-O (BAS) bond length = 1.034 Å


*Note that the predicted structure for protonated ECH has nearly identical bond lengths and predicted peak shifts to un-protonated ECH bound to Brønsted acid sites.

	[image: ]
Protonated ECH at Sn-OH site, Sn-BEA
	COSMO(methanol)
a=50.4
b=54.0
c=50.2

O (ECH)-H (Sn-OH) bond length = 1.697 Å
H-O (Sn-OH) bond length = 1.007 Å


*Note that the predicted structure for protonated ECH at Sn-OH has a significantly shorter bond length (1.697 Å) than for un-protonated ECH bound to Sn atoms (2.398 Å).

	[image: ]
Terminal alcohol bound at Sn site, Sn-BEA
	COSMO(methanol)
a=44.6
b=87.2
c=55.5
d=65.6

O (TA, -OCH3)-Sn bond length = 6.202 Å
TA unlikely to bind to this site

O (TA, -OH)-H(Si-O-H) bond length = 1.732 Å
TA likely binds to this site

	[image: ]
Terminal ether bound at Sn site, Sn-BEA
	COSMO(methanol)
a=47.3
b=76.5
c=71.6
d=54.2

O (TE)-Sn bond length = 2.481 Å


Table S9. Predicted 13C NMR peak shifts for reactants, primary products, and intermediates from the ring-opening of C3H5ClO with CH3OH, when adsorbed to Al-BEA and Sn-BEA acid sites. These peak shifts were predicted by the Amsterdam Density Functional package (ADF 2024).
The DFT calculations over Sn-BEA consider relativistic effects, while the calculations over Al-BEA do not. The heaviness of Sn atoms (118.71 amu) requires the consideration of relativistic effects for the DFT calculations to run properly.56 However, Al atoms (26.98 amu) do not suffer from such limitations, as the DFT software predicts approximately identical peak shifts with and without relativistic effects included. We therefore ran the DFT calculations of Al-BEA without relativistic effects for simplicity.
	Molecule
	NO COSMO  Shift (ppm)
	COSMO in Acetonitrile Shift (ppm)
	COSMO in Methanol Shift (ppm)

	[image: A black background with blue letters

Description automatically generated]Epichlorohydrin
	a = 50.26
b = 50.62
c = 45.20
	a = 51.76
b = 51.84
c = 47.54
	a = 51.77
b = 51.85
c = 47.56

	  [image: A black background with blue letters

Description automatically generated]               
Protonated Epichlorohydrin 
	--
	a = 43.0
b = 82.8
c = 74.6

b-O bond: 1.591 Å
c-O bond: 1.545 Å
O-H bond: 0.986 Å
	a = 43.0
b = 82.9
c = 74.6

b-O bond: 1.591 Å
c-O bond: 1.545 Å
O-H bond: 0.986 Å
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Description automatically generated]                                              
                                           
Methanol
	--
	a = 49.56
	a = 49.6
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Description automatically generated]Terminal ether
	--
	a = 54.5
b = 77.9
c = 75.9
d = 55.8
	a = 54.5
b = 77.9
c = 75.9
d = 55.8

	[image: A black background with blue letters

Description automatically generated]Terminal alcohol
	--
	a = 52.3
b = 85.7
c = 68.5
d = 59.1
	a = 52.3
b = 85.7
c = 68.5
d = 59.1

	[image: ]
Primary carbocation (bound to Brønsted acid site, Al-BEA)
	--
	a=46.8
b=75.1
c=71.2
	a=47.0
b=74.6
c=71.1

	[image: ]





CH3OH bound at BAS in Al-BEA
	--
	a = 49.5

Bond lengths:
· BA-O-H (O-H) = 1.049 Å
· BA-H to O (-OH, CH3OH) = 1.513 Å
	a = 49.6

Bond lengths:
· BA-O-H (O-H) = 1.047 Å
· BA-H to O (-OH, CH3OH) = 1.519 Å



Table S10. Comparisons between DFT-predicted peak shifts and bond lengths without the COSMO model (i.e., gas-phase) and with the COSMO model in a solvent continuum of acetonitrile or methanol.
Comparison of the predicted and calculated peak shifts for the liquid phase (Table S8) and surface-bound species (Table S9) to the experimentally observed peak shifts yields some interesting observations and points of discussion. First, the DFT predictions appear to frequently predict a shift further downfield for the (a) carbon attached to the chlorine within C3H5ClO, intermediate carbocations, and the ring-opened products. The experimentally obtained spectra for C3H5ClO and terminal ether standards confirm this over-prediction, as the DFT predicts shifts for (a) that are ~4 and ~8 ppm greater than those demonstrated by experiment for the respective molecules. While we cannot confirm the same for other products or intermediates (no standards available), we expect a similar over-prediction downfield from the DFT-calculated shifts.

A significant overlap of peaks occurs in the 45-55 ppm range in spectra collected during C3H5ClO ring-opening with CH3OH, as shown in Figure 4 and sections below (vide infra). This region contains peaks originating from liquid-phase and adsorbed CH3OH-derived species, the (a) carbon on liquid-phase C3H5ClO, intermediate carbocations, and the ring-opened products, and the (c) carbon on liquid-phase C3H5ClO. Therefore, we utilized the peak areas of carbon atoms that are not convoluted to track peak growth and measure the concentrations of the products and reactants in the NMR rotor. We utilized the secondary epoxide carbon (b) for C3H5ClO and secondary carbon (b) in both the terminal ether and terminal alcohol. We acknowledge that the formation of the TE product convolutes the primary carbocation features in the range of 69-73 ppm, which likely increases the error of peak area deconvolution for these species. We assume that all carbons show equal peak areas, supported by comparisons of the peak areas of the epoxide carbons in the absence of the reaction.

[bookmark: _Hlk188276315]Comparison of the DFT-computed peak shifts for the (b) and (c) carbons in the secondary carbocation bound to Al-BEA (b = 89.0 ppm, c = 63.0 ppm), terminal alcohol bound to Al-BEA (b = 91.6 ppm, c = 61.8 ppm), and liquid-phase terminal alcohol (b = 85.7 ppm, c = 68.5 ppm) provide insight into intermediate and product formation in Figure 4a. The broad nature of the evolving peak between 80-90 ppm suggests that all three of the (b) carbons from these species contribute and convolute peak assignments. However, the peaks at ~63 and ~67 ppm match well with the (c) carbon predictions for the secondary carbocation and liquid-phase terminal alcohol, which appear much more intensely than a very minor peak at ~62 ppm that matches the bound terminal alcohol prediction. Considering these intensities and the growth patterns of the peaks, where the ~63 ppm peak first evolves and is followed by the ~67 ppm peak, the product formation pathway becomes clear. The secondary carbocations first form on the surface, then the terminal alcohol product desorbs quickly once formed (explaining the very low intensity of bound terminal alcohol features). Cross-referencing the (c) carbon predictions for Sn-BEA bound species with Figure 4b yields a similar observation of rapid desorption of the terminal alcohol following secondary carbocation formation and reaction with CH3OH. Figure S32 (vide infra) presents an analogous experiment to Figure 4, except Figure S32 shows faster and greater accumulation of intermediate and product peaks because the reaction was initiated by adding all species to the NMR rotor simultaneously. The evolution of the peaks at ~62, ~63, and ~67 ppm in Figure S32 illustrates the full cycle of terminal alcohol formation (further discussion provided below).

DFT predicts that coordination of the terminal alcohol product to a framework Sn atom in Sn-BEA is highly unfavorable (bond length = 6.202 Å) (Table S9). The terminal alcohol instead prefers to bind to an adjacent Si-OH group (bond length = 1.732 Å). In contrast, the terminal ether product binds more favorably to framework Sn (bond length = 2.481 Å). The difference between the binding configurations of the products may align with the significantly greater selectivity to the terminal ether during C3H3ClO ring-opening over Sn-BEA (Figure 7). While the peak areas in Figure 2 predict a primary to secondary carbocation ratio of 2.4 over Sn-BEA, the unfavorable binding of the terminal alcohol to Sn sites may contribute to the preference of Sn-BEA to form the terminal ether through either SN1 or SN2 reaction pathways. 
The DFT-computed shifts for the (b) and (c) carbons unfortunately overlap more significantly for the primary carbocation bound to Al-BEA (b = 74.6 ppm, c = 71.1 ppm), terminal alcohol bound to Al-BEA (b = 77.2 ppm, c = 73.6 ppm), and liquid-phase terminal alcohol (b = 77.9 ppm, c = 75.9 ppm), with a similar issue for Sn-BEA as well. The narrow distribution of peak shifts aligns with the convoluted features observed from 69-76 ppm in Figure 4a (as discussed above), which precludes the precise observation of product formation and desorption possible for the terminal alcohol product. Nevertheless, the qualitative observation of evolving peak features in this region still demonstrates the formation of primary carbocations and the subsequent formation of terminal ether species.

Lastly, the predicted DFT binding structures for the secondary carbocation and terminal alcohol species suggest that these species will bind to the surface in a flatter configuration than other bound species, including CH3OH, C3H5ClO, the primary carbocation, and terminal ether. The positively charged secondary carbon should coordinate with the proton in the secondary carbocation species, while the terminal alcohol product should bind through the -OCH3 group that attaches to the same secondary carbon. This observation likely explains why the peaks originating from the secondary carbon in the terminal alcohol and secondary carbocation appear much more broadly than any other peaks in the NMR spectra, which makes these peaks difficult to observe and deconvolute. The flat binding configuration of these species on the zeolite surface likely leads to less freedom of motion for the secondary carbon compared to the other carbon atoms in the same molecules, which may cause the secondary carbon peaks to appear more broadly and difficult to observe.



S11.2. 13C NMR Spectra for Liquid-Phase C3H5ClO and CH3OH
[image: A graph of a red line

Description automatically generated]Figure S22. 13C NMR single-pulse spectra of a) C3H5ClO and b) CH3OH without catalyst present (0.2 M 13C3H5ClO or 13CH3OH, CH3CN, 298 K). Spectra are an average of 268 scans (C3H5ClO) and 68 scans (CH3OH).

Figure S22 displays single-pulse spectra for C3H5ClO and CH3OH diluted in CH3CN and without catalyst present. These spectra show the characteristic 13C peak shifts for the carbons within C3H5ClO and CH3OH, highlighted in red and black, respectively. As discussed in Section S11.1, the DFT-calculated peak shifts closely predict all peak locations except for the carbon directly bound to -Cl in C3H5ClO.



S11.3. 13C NMR Spectra and Analysis for C3H5ClO Adsorption and Carbocation Formation[image: A screenshot of a graph  Description automatically generated]
Figure S23. 13C NMR single-pulse spectra collected as a function of time during adsorption of C3H5ClO to a) Al-BEA and b) Sn-BEA (0.2 M 13C3H5ClO, CH3CN, 298 K). Spectra are an average of scans, ranging from 24 scans (5 min time points) to 256 scans (last time points).

Figure S23 shows the single-pulse spectra for C3H5ClO adsorption as a function of time. The peak assignments match well with the computationally predicted and experimentally calculated peak shifts shown in Section S11.1. The peak areas of the ring-opened carbocation species increase relative to C3H5ClO over time, supporting that more C3H5ClO opens to form carbocations over time. The carbocation peaks accumulate less rapidly over Sn-BEA than Sn-BEA. The open sites (Sn-OH) within Sn-BEA likely have a weaker Brønsted acidity than the Brønsted acid sites within Al-BEA, which likely leads to a slower activation of C3H5ClO and a lower quantity of ring-opened carbocations over Sn-BEA. Furthermore, the peak areas of the carbocation features do not decrease over a long period (> 18 hr). The stability of these features supports that the C3H5ClO irreversibly ring-opens to form stable carbocations on the Al-BEA and Sn-BEA surface.
Notably, the ratio of primary to secondary ring-opened carbocations over Sn-BEA during the ring-opening reaction within the NMR rotor shown in Figures 5 and 6 (1.2 – 2.5) of the main text generally falls below the ratio observed in the absence of the reaction (2.4, Figure 2 of main text). In contrast, the ratio during the reaction over Al-BEA (1.3 – 2.3) typically exceeds the ratio without the reaction occurring (1.4, Figure 2). Nevertheless, the different trends in the carbocation ratios between Sn-BEA and Al-BEA in the presence and absence of the ring-opening reaction likely signal that the reactivity of these carbocations differs between the two catalysts. The primary carbocation may show a greater reactivity over Sn-BEA, which reduces the quantity of these species and lowers the carbocation ratio on the surface, while the primary carbocations may have lesser reactivity over Al-BEA and lead to a greater carbocation ratio on the surface. Despite the difference in carbocation ratios between Figure 2 and Figures 5 and 6, the greater prevalence of the primary relative to secondary ring-opened carbocation holds in all cases. The preference towards forming the primary carbocation, originating from differences in  and , likely primarily governs  differences at low [CH3OH]:[C3H5ClO] ratios in Figure 7. [image: A screenshot of a computer screen  Description automatically generated]
Figure S24. 13C NMR cross-polarization spectra collected as a function of time during adsorption of C3H5ClO to a) Al-BEA and b) Sn-BEA (0.2 M 13C3H5ClO, CH3CN, 298 K). Contact times are shown in parentheses. Spectra are an average of scans, ranging from 756 to 10,000 scans.



Figure S24 reveals the cross-polarization spectra for C3H5ClO adsorption over time. Features corresponding to the ring-opened carbocations and intact C3H5ClO both appear in the spectra, aligning with tabulated values from Section S11.1. The broad nature of the carbocation features supports that these species are bound to the surface. The sharp nature of the C3H5ClO in Al-BEA suggests that these features originate from liquid-phase C3H5ClO that resides near the surface but is not bound to the surface. In contrast, the broader nature of the C3H5ClO features over Sn-BEA supports that a fraction of surface C3H5ClO exists as an intact molecule rather than ring-opened carbocations. 
Of note, the intensity of the ring-opened carbocation peaks increases relative to intact C3H5ClO when the contact time is decreased from 2 ms to 0.5 ms. This supports that the ring-opened carbocations bind more strongly to the surface than C3H5ClO.


S11.4. 13C NMR Spectra and Analysis for CH3OH Adsorption
Figure S25 displays the single-pulse spectra for CH3OH adsorption as a function of time. The peak for physisorbed CH3OH at Si-O-Si features (green) appears from very early times in both catalysts. in which the ring-opening reaction was initiated by adding CH3OH (0.2 M CH3OH). The chemisorbed (yellow) and protonated (purple) CH3OH species appear slowly over time in Al-BEA, demonstrating the formation of activated CH3OH intermediates at the Brønsted acid sites. Interestingly, chemisorbed CH3OH appears from much lower times within Sn-BEA, suggesting that Sn-BEA may activate more strongly and more rapidly over Sn-BEA than Al-BEA.[image: ]
Figure S25. 13C NMR single-pulse spectra of 13CH3OH on a) Al-BEA and b) Sn-BEA (0.2 M 13CH3OH, CH3CN, 298 K) collected as a function of time after initial contact between the liquid solution and the zeolite. Spectra are an average of scans, ranging from 16 scans (2 min time points) to 2000 scans (last time points).


Figure S26 displays the cross-polarization spectra for CH3OH adsorption as a function of time. These spectra show the key adsorption peaks also observed in the single-pulse spectra in Figure S25: physisorbed CH3OH at Si-O-Si features (green), chemisorbed CH3OH (yellow), and protonated CH3OH (purple) species. Figure S26 provides further support that CH3OH adsorbs to the *BEA framework and activates at both Brønsted and Lewis acid sites. [image: ]
Figure S26. 13C NMR cross-polarization spectra of 13CH3OH on a) Al-BEA and b) Sn-BEA (0.2 M 13CH3OH, CH3CN, 298 K) collected as a function of time after initial contact between the liquid solution and the zeolite. Contact times are shown in parentheses. Spectra are an average of scans, ranging from 734 to 8,000 scans.



S11.5. Supplemental 13C NMR Spectra from C3H5ClO Ring-Opening with CH3OH[image: A screenshot of a computer screen  Description automatically generated]
Figure S27. 13C NMR single-pulse spectra during ring-opening of C3H5ClO with CH3OH over a) Al-BEA and b) Sn-BEA, where reaction was initiated by adding all components to the rotor at once (0.2 M 13C3H5ClO, 6 M CH3OH, CH3CN, 298 K). Spectra are an average of scans, ranging from 64 scans (20 min time points) to 2,000 scans (last time points). Note: these spectra were collected with unlabeled CH3OH, so CH3OH-derived features appear much less intensely. 


Figure S27 presents the single-pulse NMR spectra collected during the ring-opening reaction of C3H5ClO at 6 M CH3OH. The concentration-time profiles derived from these spectra are presented in Figure 6 of the main text. Compared to 0.2 M CH3OH, the carbocation species derived from are more difficult to observe. These features at low intensities over time in Al-BEA (Figure S27a), while the carbocation species do not appear in noticeable quantities over Sn-BEA (Figure S27b). The negligible accumulation of these ring-opened carbocations over both Al-BEA and Sn-BEA in Figure S27 gives evidence that the materials may catalyze ring-opening through similar reaction pathways in CH3OH-rich conditions.  



[image: A screenshot of a computer screen

Description automatically generated]Figure S28. 13C NMR cross-polarization spectra during ring-opening of C3H5ClO with CH3OH over a) Al-BEA and b) Sn-BEA, where the reaction was initiated by adding all components to the rotor at once (0.2 M 13C3H5ClO, 6 M CH3OH, CH3CN, 298 K). Contact time was 1 ms for all spectra shown here. Spectra are an average of scans, ranging from 300 to 1500 scans. Note: these spectra were collected with unlabeled CH3OH, so CH3OH-derived features appear much less intensely. 

Figure S28 presents the cross-polarization spectra for the same experiment discussed in Figure S27 (6 M CH3OH). The ring-opened carbocation species are not visible on the surface from these spectra, further supporting that C3H5ClO ring-opening proceeds through similar SN2 reaction pathways in CH3OH-rich conditions, which do not require the formation of the ring-opened carbocations as intermediates.

Figure S29 displays the cross-polarization spectra for the experiments shown with the single-pulse spectra in Figure 4 of the main text, where the reaction was initiated by adding C3H5ClO (0.2 M CH3OH). The spectra show a greater quantity of the ring-opened carbocations on the surface of Al-BEA than Sn-BEA, aligning with the interpretation from the single-pulse spectra. The difference in carbocation concentration supports that Al-BEA and Sn-BEA may catalyze ring-opening through different mechanisms in CH3CN-rich conditions.[image: A screenshot of a computer screen  Description automatically generated]
Figure S29. 13C NMR cross-polarization spectra during ring-opening of C3H5ClO with CH3OH over a) Al-BEA and b) Sn-BEA, where reaction was initiated by adding 13C3H5ClO to the NMR rotor after pre-mixing all other components (0.2 M 13C3H5ClO, 0.2 M 13CH3OH, CH3CN, 298 K). Contact times are shown in parentheses; the contact time was 2 ms for all spectra in Sn-BEA. Spectra are an average of scans, ranging from 468 to 13,200 scans.



Interestingly, the difference in contact times in Figure S29a leads to differences in the ratio of adsorbed species on Al-BEA. The peak area ratio of CH3OH-derived adsorbates (intact CH3OH, protonated CH3OH) to C3H5ClO-derived species (intact C3H5ClO, ring-opened carbocations, products) decreases as the contact time decreases. A lower contact time leads to greater intensities for more strongly-bound species, suggesting that C3H5ClO-derived adsorbates coordinate more strongly to the Al-BEA surface than CH3OH-derived species. This interpretation aligns with the much more exothermic adsorption enthalpy for C3H5ClO than CH3OH shown in Table S7 (vide supra).
Figure S30 presents single-pulse spectra where the ring-opening reaction was initiated by adding CH3OH (0.2 M CH3OH). Interestingly, initiating the reaction with CH3OH slows the reaction down significantly compared to initiating with C3H5ClO. The ring-opened carbocations form before the reaction was initiated with CH3OH, but only a small fraction converts to products over ~24 hr. [image: A screenshot of a computer screen  Description automatically generated]
Figure S30. 13C NMR single-pulse spectra during ring-opening of C3H5ClO with CH3OH over a) Al-BEA and b) Sn-BEA, where reaction was initiated by adding 13C3H3OH to the NMR rotor after pre-mixing all other components (0.2 M 13C3H5ClO, 0.2 M 13CH3OH, CH3CN, 298 K). Spectra are an average of scans, ranging from 32 scans (5 min time points) to 15,768 scans (last time points).


These spectra may suggest that CH3OH still needs to activate in some capacity to facilitate the ring-opening reaction, even through an SN1 pathway with ring-opened carbocations. C3H5ClO coordinates much more strongly with the active sites than CH3OH, so the pre-treatment of the catalyst with C3H5ClO may prevent CH3OH from easily accessing the active sites.
While the exact reason for the suppression of rates when initiating with CH3OH currently evades understanding, Figure S30 still provides strong evidence that the ring-opened carbocations convert to the terminal ether and alcohol products through an SN1 pathway.


[image: ]
Figure S31. 13C NMR cross-polarization spectra during ring-opening of C3H5ClO with CH3OH over a) Al-BEA and b) Sn-BEA, where reaction was initiated by adding 13C3H3OH to the NMR rotor after pre-mixing all other components (0.2 M 13C3H5ClO, 0.2 M 13CH3OH, CH3CN, 298 K). Contact times are shown in parentheses. Spectra are an average of scans, ranging from 754 to 4,096 scans.


Figure S31 presents the cross-polarization spectra from the same experiment in Figure S31, in which the ring-opening reaction was initiated by adding CH3OH (0.2 M CH3OH). As with Figure S29a, decreasing the contact time leads to a decrease in the relative intensity of CH3OH-derived species over Al-BEA in Figure S31a, suggesting that C3H5ClO-derived species coordinate more strongly to the surface.







Figure S32 presents single-pulse spectra where the ring-opening reaction was initiated by adding all the components to the rotor at the start of the reaction (0.2 M CH3OH). This experiment was carried out at an identical CH3OH concentration to the experiments where the reaction was initiated by adding C3H5ClO (Figure 4 of main text) or CH3OH (Figure S30).[image: A screenshot of a computer screen  Description automatically generated]
Figure S32. 13C  NMR single-pulse spectra during ring-opening of C3H5ClO with CH3OH over a) Al-BEA and b) Sn-BEA, where reaction was initiated by adding all components to the rotor at once (0.2 M 13C3H5ClO, 0.2 M CH3OH, CH3CN, 298 K). Spectra are an average of scans, ranging from 32 scans (15 min time points) to 3024 scans (last time points). Note: spectra were collected with unlabeled CH3OH, so CH3OH-derived features appear much less intensely. 



We chose to present the data where C3H5ClO initiates the reaction in Figure 4 in the main text because initiating with C3H5ClO slows down the reaction to enable easier tracking of the reactant, product, and intermediate peaks. In particular, the method of initiating with C3H5ClO demonstrates the transformation of the ring-opened carbocation intermediates to ring-opened products, as discussed above in Section S11.1. Interestingly, Figure S32 shows an intense peak at ~62 ppm over both Al- and Sn-BEA that is only observed with very weak intensity in Figure 4, which initially increases and then decreases in intensity over time. This peak in Figure S32 does not originate from a CH3OH-derived intermediate as observed at ~60.5 ppm in Figure 4 within the region highlighted red because Figure S32 was collected with unlabeled CH3OH, as even liquid-phase  CH3OH appears hardly visible on Figure S32. Instead, the peak at ~62 ppm likely originates from the terminal alcohol bound to the zeolite surface, as predicted with the DFT peak shifts in Table S9. Therefore, the faster reaction rate in Figure S32 coincides with the easier observation of the full process of terminal alcohol formation (first discussed in Section S11.1). The secondary carbocation (~63 ppm) and bound terminal alcohol (~62 ppm) appear in the initial scans, with a greater intensity for the secondary carbocation that suggests the carbocation initially forms and then converts to the terminal alcohol. The liquid-phase terminal alcohol (~67 ppm) then appears and increases in intensity in the later scans, with a subsequent decrease of intensity for the bound terminal alcohol peak that shows desorption of the formed product over time. The secondary carbocation peak maintains the strongest intensity of the three peaks throughout the reaction, demonstrating consistent coverage of the active sites with this intermediate. Despite the differences in intensity of the product and reactant features, the ring-opening product peaks evolve in a very similar distribution for Figures 4 and S32. This suggests that the method of initiating the reaction does not affect the intrinsic behavior or regioselectivity of the reaction, but instead allows for control of the reaction rate and monitoring of specific intermediate and product peaks.










[image: A screenshot of a computer screen

Description automatically generated]Figure S33. 13C  NMR cross-polarization spectra during ring-opening of C3H5ClO with CH3OH over a) Al-BEA and b) Sn-BEA, where reaction was initiated by adding all components to the rotor at once (0.2 M 13C3H5ClO, 0.2 M CH3OH, CH3CN, 298 K). Contact times are shown in parentheses; the contact time was 1 ms for all spectra in Sn-BEA. Spectra are an average of scans, ranging from 2564 to 10,094 scans. Note: these spectra were collected with unlabeled CH3OH, so CH3OH-derived features appear much less intensely. 

Figure S33 shows the cross-polarization spectra that correspond to the single-pulse spectra in Figure S32, in which all components were added to the rotor to initiate the reaction (0.2 M CH3OH). These spectra demonstrate the growth of the carbocation intermediate and ring-opened product species on the surface, as most clearly demonstrated for terminal alcohol over Al-BEA in Figure 33a. The growth patterns of the secondary carbocation (~63 ppm), bound terminal alcohol (~62 ppm), and liquid-phase terminal alcohol (~67 ppm) align with those described in Figure S32 and show the sequence of carbocation formation, product formation, and product desorption. The appearance of the peak at ~67 ppm that we attribute to the liquid-phase terminal alcohol is unexpected in the cross-polarization spectra but resembles the observation of liquid-phase C3H3ClO features from Figure 2 of the main text. We attribute this to desorbed terminal alcohol product species that remain near the zeolite surface. Figure S33 shows very similar peak growth trends to those shown in Figure S29, where the reaction was initiated by adding C3H5ClO. 

S11.6. Kinetic Comparisons from Batch Reactions and Operando 13C NMR

	Al-BEA
	Batch Kinetics
	Operando 13C NMR

	[CH3OH]
	Product Formation Rate 
(mol C4H9ClO2) • (mol M • s)-1)
	
	Product Formation Rate 
(mol C4H9ClO2) • (mol M • s)-1)
	

	0.2 M
	5.31 x 10-4
	6.9
	2.42 x 10-5
	5.4

	6 M
	5.63 x 10-3
	15.3
	4.58 x 10-4
	11.6


Table S11. Comparisons of calculated total product formation rates and β values obtained from batch kinetics and operando 13C NMR measurements for C3H5ClO ring-opening over Al-BEA (0.2 M C3H5ClO, CH3CN, 298 K).
	
	Sn-BEA
	Batch Kinetics
	Operando 13C NMR

	[CH3OH]
	Product Formation Rate 
(mol C4H9ClO2) • (mol M • s)-1)
	
	Product Formation Rate 
(mol C4H9ClO2) • (mol M • s)-1)
	

	0.2 M
	1.42 x 10-3
	12.1
	5.96 x 10-5
	9.0

	6 M
	6.38 x 10-3
	28.5
	5.18 x 10-4
	22.7


Table S12. Comparisons of calculated total product formation rates and β values obtained from batch kinetics and operando 13C NMR measurements for C3H5ClO ring-opening over Sn-BEA (0.2 M C3H5ClO, CH3CN, 298 K).

The concentration-time profiles for the NMR spectra from Figures 5 and 6 were used to measure product formation turnover rates and regioselectivities (β) for the ring-opening reaction in the NMR rotor. The concentrations were used to calculate turnover numbers for each time point in the NMR experiment, and a polynomial was fit to the plots of turnover number as a function of time. This procedure matches the method used to calculate turnover rates from the batch reactions (see Section 4.3).
Tables S11 and S12 show that the reaction rates are 10-25 times lower in the NMR than in the glass batch reactors used for the data in Figure 1. The lower rates are likely due to differences in the agitation mechanism between the systems; a stir bar directly agitates the mixture in the batch reactors, while the NMR rotor indirectly agitates the mixture by spinning. The significant differences in spin rate between the two experiments (700 rpm for batch reactions, ~4400 Hz (or ~250,000 rpm) for the NMR rotor)) and the different catalyst to volume ratio (typically ~1 g mL-1 for batch reactions, ~250 for NMR experiments) may also contribute to the observed differences in rates. 
Despite the rate differences, the NMR experiments and batch reactions show very similar β values at each [CH3OH] for both catalysts. Interestingly, the NMR experiments do consistently show slightly lower β values than the batch reactions. We believe this may originate from the NMR experiments being run to higher conversions, which may affect the reaction environment or concentration of surface-bound species in a way that promotes the terminal alcohol product over the terminal ether.
While the differences in spin rate, catalyst-to-volume ratio, and reaction conversion prevent exact comparisons between the NMR experiments and batch reactions, the qualitative regioselectivity agreement between these experiments supports that the NMR experiments capture the intrinsic behavior of the C3H5ClO ring-opening reaction.
S11.7. Comparison of Regioselectivity Trends for C3H5ClO and C4H8O Ring-Opening

The combination of kinetic and spectroscopic data presented in the main text provides evidence that changes in the reaction mechanism drive significant differences in reaction regioselectivity for C3H5ClO ring-opening. Interestingly, β values over Al-BEA and Sn-BEA materials depend much less strongly on [CH3OH] for the ring-opening of 1,2-epoxybutane (C4H8O, 0.7 – 1.6)51 than for C3H5ClO (1 – 40) over *BEA zeolites. Our previous work on 1,2-epoxybutane argued that decreases in β with increasing [CH3OH] originated from CH3OH molecules stabilizing the transition state for TA formation through hydrogen bonding.51 The differences between C4H8O and C3H5ClO suggest that mechanistic differences play a much less significant role in regioselectivity changes for C4H8O ring-opening. The SN1 reaction pathway may dominate during  C4H8O ring-opening, leading to only minor changes in β with [CH3OH] primarily driven by hydrogen-bonding effects through changes in . The apparent dominance of the SN2 pathway and more significant differences in β for C3H5ClO than C4H8O may originate from several possibilities (Scheme S4). First, the SN1 reaction pathway likely proceeds less favorably for C3H5ClO than C4H8O. The electron-withdrawing terminal Cl atom in C3H5ClO destabilizes positive charge, while the electron-donating terminal methyl (-CH3) group in C4H8O stabilizes positive charge. Therefore, the ring-opened carbocations likely form more easily from C4H8O, making the SN1 reaction more favorable for C4H8O through larger values of  and . Second, electron-withdrawing groups like Cl increase the rates of SN2 reactions by withdrawing electron density from the site of nucleophilic attack,57-58 which would increase values of  and  for C3H5ClO compared to C4H8O ring-opening. Furthermore, the presence of the Cl atom may promote TE formation through the SN2 reaction more significantly than the expected effect from steric hindrance. Cl may stabilize CH3OH through halogen bonding, drawing CH3OH from the proximal secondary epoxide carbon atom and further hindering the formation of TA. To summarize, the different regioselectivity trends between C3H5ClO and C4H8O suggest that functional groups on epoxides lead to mechanistic differences that significantly influence product distribution from ring-opening.

S11.8. Uncertainties and Limitations of 13C NMR Experiments[image: A red and green circles with white text  Description automatically generated]
Scheme S4. Visual depictions for a) inductive effect of functional groups from C3H5ClO and C4H8O on ring-opened carbocations and b) possible binding sites of CH3OH on C3H5ClO.


While the NMR spectra described in this contribution provide valuable insight into the reaction pathway for C3H5ClO ring-opening, several uncertainties remain. First, the NMR experiments provide evidence for the SN1 pathway through the formation of the ring-opened carbocations but do not show direct evidence for SN2 reaction pathways occurring. However, the differences in β with [CH3OH] strongly suggest that multiple reaction pathways can occur, as we do not expect differences in [CH3OH] would affect the ratio of primary to secondary ring-opened carbocations by orders of magnitude. Second, the identity of the adsorbed intermediates for an SN2 reaction pathway remains unclear. We propose an SN1 reaction through a C3H5ClO-derived intermediate and SN2 pathway with a CH3OH-derived intermediate based on the observed reaction orders (Table S5) and previous mechanistic proposals for C3H5ClO ring-opening over *BEA zeolites with CH3OH59 and allyl alcohol.60 However, we cannot rule out that ring-opening through a C3H5ClO-derived intermediate may also proceed by an SN2 reaction. Despite the unclear nature of a possible SN2 reaction pathway, steric effects should drive the strong preference toward the TE product. Lastly, the differences in reactivity between the primary and secondary carbocations and how the reactivity of these species changes with [CH3OH] have not been established. These differences would provide valuable insight into how changing [CH3OH] affects the regioselectivity for the SN1 pathway and the competition between SN1 and SN2 reactions, but the NMR spectra cannot provide this information. 
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