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S1. Catalyst Characterization 

S1.1 X-Ray Diffraction to Observe Crystallinity of M-BEA Catalysts 

 

 

Figure S1. Powder X-ray diffractograms obtained with Cu Kα radiation (0.15418 nm) under ambient conditions for 

a) M-BEA-OH, b) M-BEA-F (Al (black), Zr (blue)), and c) the corresponding bulk metal oxides (γ-Al2O3 (black), 

ZrO2 (blue)). Spectra are vertically offset for clarity. 

 

The crystallographic features for each M-BEA are representative of the *BEA framework.1 As displayed 

in Figures S1a and S1b, each M-BEA material shows weak features around 25.5, 27, 29, and 33 degrees. 

The sharper feature at ~22.5 degrees for the M-BEA-F materials in Figure S1b indicates a highly crystalline 

material, consistent with previous reports for zeolites synthesized in fluoride media.2 The broader feature 

for the M-BEA-OH in Figure S1a suggests a smaller crystallite size3 and the presence of internal (SiOH)x 

defects formed by dealumination of the parent Al-BEA material (Si:Al = 20). 

 

Figure S1c reveals that each of these peak locations coincides with strong features in the diffractograms of 

at least one of the metal oxides. However, the presence of the weak features 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 S1 support that each M-BEA possesses the crystalline *BEA 

framework, with minimal to no detectable metal oxide crystallites present. 
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S1.2 Diffuse Reflectance UV-Vis Spectra to Infer Metal Atom Dispersity  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Tauc plots obtained with a UV-Vis spectrophotometer at ambient conditions for a) M-BEA-OH and b) M-

BEA-F (solid lines; Al (−), Zr (−)) and the respective metal oxides (dotted lines; γ-Al2O3 (--), ZrO2 (--)). UV-Vis 

spectra were obtained from 200 to 800 nm. The 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 S2 to the baseline. The intersection of the baseline and linear 

region represents the band gap photon energy. Each 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-Al2O3.4-

5 Table S1 reveals that the band gaps for each Al- and Zr-BEA are greater than the band gaps for the metal 

oxides, providing evidence that the metal atoms are well dispersed in the *BEA framework. 
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Table S1. Calculated band gaps for M-BEA and metal oxide materials. The band gaps for the Al materials likely 

exceeds the regime of wavelengths possible to measure on the DRUV-Vis spectrophotometer. 

 

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

𝐸 =
3 ∗ 108 𝑚

𝑠

𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ (𝑛𝑚) ∗
1 𝑚

109 𝑛𝑚

∗ ℎ ∗ (6.242 ∗ 1018
𝑒𝑉

𝐽
) 

where h equals the Planck constant. The ordinate from Figure S2 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) =
(1 −

%𝑅
100

)
2

2 ∗ (
%𝑅
100

)
 

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

the ordinate for Figure S2.  

  

Catalyst 
M-BEA  

Band Gap (eV) 

Metal Oxide 

Band Gap (eV) 

Al-BEA-F -- -- 

Al-BEA-OH -- -- 

Zr-BEA-F 5.7 4.9 

Zr-BEA-OH 5.8 4.9 
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S1.3 Ex situ Raman Spectra of M-BEA Materials to Confirm Metal Coordination 

 

Figure S3. Ex situ Raman spectra of M-BEA-OH (Zr (blue), 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 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. 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. 

 

 

Figure S4. Ex situ Raman spectra of M-BEA-F (Zr (blue), Al (black)) with Si-BEA-OH for reference (orange). 
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Figures S3a and S4a reveal that each M-BEA and a dealuminated *BEA material (Si-BEA-OH) possess 

similar Raman spectra, with features characteristic of the *BEA framework. The intense peaks between 250 

and 550 cm-1 represent features of the *BEA framework: the peaks at 315 and 345 cm-1 are assigned to six-

membered rings, the peaks at 400 and 425 cm-1 are assigned to five-membered rings, and the peak at 465 

cm-1 represents four-membered rings characteristic of the *BEA framework.6-7 The peak at ~695 cm-1 has 

previously been reported on Raman spectra of crystalline *BEA zeolites, suggesting the feature may be 

characteristic of the *BEA framework.8-9 The peak at ~820 cm-1 represents a symmetric skeletal mode of 

microporous silicates.10-11  

All M-BEA materials show a feature at 144 cm-1. The feature is also present in Si-BEA, which supports 

that the feature results from a mode inherent to the *BEA framework. Alternatively, the feature may simply 

be an artifact of the Raman filter used to suppress signal from Rayleigh scattering. Figures S3b and S4b 

zooms into a region in which Al2O3 (640, 751 cm-1)12-14 and ZrO2 (610, 640 cm-1)15-17 have been reported to 

show Raman features. All M-BEA materials show nearly identical spectra in this region, with no notable 

features in the regions where the respective metal oxides contain features. These data support that all M-

BEA materials do not contain oligomeric metal oxide structures. 

Figure S3c and S4c show that each M-BEA possesses features at ~960 and ~1080 cm-1. The feature at ~960 

cm-1 has been commonly attributed to silanol defects.18-20 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.21-24 However, similar features have not been well reported for Al- or Zr-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 Figures S3 and S4 suggest that the Al and Zr atoms within M-BEA predominately 

reside at tetrahedral framework positions within the *BEA zeolite framework. 
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S1.4 Infrared Spectra of M-BEA Materials to Measure Silanol Density 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Infrared spectra of dehydrated samples of a) M-BEA-OH, b) M-BEA-F (Zr (blue), Al (black)). The samples 

were dehydrated under flowing He (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 1 of the main text 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).  
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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 Zr-BEA-OH. 

 

As shown in Equation 1 in the main text, the equation to calculate ΦIR is: 

𝛷𝐼𝑅 =
𝐴𝜈(𝑂−𝐻)

𝐴𝜈(𝑆𝑖−𝑂−𝑆𝑖)
                                                            (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 𝐴𝜈(𝑆𝑖−𝑂−𝑆𝑖). The blue peak 

in v(O-H) represent isolated SiOH features, so these peak areas were excluded from the ΦIR calculations.  
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S1.5 Calculation of (SiOH)x (unit cell)-1 in M-BEA-OH 

 

The density of (SiOH)x per unit cell in M-BEA-OH 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 Zr), so the 

initial quantity of Al per unit cell equals 3.047: 

𝑆𝑖 + 𝐴𝑙 = 64 

20𝐴𝑙 + 𝐴𝑙 = 64 

𝑨𝒍 = 𝟑. 𝟎𝟒𝟕  𝒑𝒆𝒓 𝒖𝒏𝒊𝒕 𝒄𝒆𝒍𝒍 

Assuming all Al atoms are removed in the thorough dealumination treatment for the Lewis acids, 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: 

𝑆𝑖 + 𝑀 = 64 

(𝑆𝑖: 𝑀)𝑀 + 𝑀 = 64 

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 Zr-BEA-PJ is equal to the initial amount of Al (assumed that all Al is 

removed) subtracted by the added Zr. 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:  

(𝑆𝑖𝑂𝐻)𝑥,𝑍𝑟−𝐵𝐸𝐴−𝑂𝐻 = 3.047 − 𝑎𝑑𝑑𝑒𝑑 𝑍𝑟 

(𝑆𝑖𝑂𝐻)𝑥,𝑍𝑟−𝐵𝐸𝐴−𝑂𝐻 = 3.047 − 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝐴𝑙 

Table S2 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 S1.4 and Table 1. 

However, rate measurements as a function of metal loading (Section S4, vide infra) demonstrate a weak 

rate dependence on metal loading, and therefore (SiOH)x (unit cell)-1, within the range of loadings examined 

for the M-BEA-OH materials here. 

 

 

 

 

 

Table S2. Metal loadings and (SiOH)x per unit cell, determined from metal loadings from ICP and estimated Al 

removed by dealumination treatments. 

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

Al-BEA-OH 0.94 2.11 

Zr-BEA-OH 0.45 2.59 
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S1.6 Infrared Spectra of C5H5N and CD3CN Adsorption to Probe Active Site Character  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Infrared spectra of deuterated acetonitrile (CD3CN) bound to hydrophilic (solid lines) and hydrophobic 

(dashed lines) Al-BEA (black) and Zr-BEA (blue) materials (0.03 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. 

Zr-BEA-OH and Zr-BEA-F possess single peaks at ~2308 cm-1, in agreement with previous assignments 

of Lewis acid-bound CD3CN within Zr-incorporated25-26 zeolites. Both Zr-BEA materials also show an 

absorbance feature at ~2275 cm-1, which has been reported as CD3CN coordinated to Si-OH groups within 

*BEA.27-28 Zr-BEA-F shows a less intense feature at ~2275 cm-1, aligning with the lower density of (SiOH)x 

groups within Zr-BEA-F compared to Zr-BEA-OH. While each Zr-BEA only shows a single Lewis acid 

feature in Figure S7, each material likely contains both open and closed sites. Previous work demonstrated 

the presence of two Lewis acid features over Zr-incorporated zeolites from the infrared spectra of CO 

adsorption under cryogenic conditions, which the authors attributed to the presence of both open and closed 

Zr sites.25 We do not rule out that -OH functions at open Zr sites could also contribute to the feature at 

~2275 cm-1. Furthermore, several publications also argue that closed Lewis acid sites may open in the 

presence of protic molecules such as H2O29-31 and alcohols,32-33 meaning that Lewis acid sites in M-BEA 

could open in situ in the presence of CH3OH and convolute ex situ comparisons of site distributions. 

The feature at ~2299 cm-1 for Al-BEA-OH and Al-BEA-F is consistent with previous assignments for 

Brønsted acidic Al sites.28, 34 Al-BEA-OH shows a shoulder at ~2275 cm-1 that likely originates from 

(SiOH)x nests in the hydrophilic material. The absence of a clear shoulder at ~2275 cm-1 in Al-BEA-F 

agrees with the lower (SiOH)x density of the material relative to Al-BEA-OH. Notably, Al-BEA-F also 

shows a feature at ~2327 cm-1 that is not present in Al-BEA-OH. Extraframework Lewis acidic Al species 

have been reported to show a feature in this range,28, 34 suggesting that not all Al exists as framework 

Brønsted acid sites within Al-BEA-F. 27Al NMR spectra and active site titration experiments (Figures S9, 

S10, and Figure S18, vide infra) suggest that ~ 4 and 10% of Al sites exist as extraframework species in 

Al-BEA-OH and Al-BEA-F, respectively. Nevertheless, the Raman spectra for Al-BEA-OH and Al-BEA-

F do not show noticeable extraframework Al features. Al-BEA-OH and Al-BEA-F may both contain a 

minor fraction of extraframework Lewis acid Al sites, but the Al atoms predominantly exist as Brønsted 
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acid sites. Collectively, the spectra of adsorbed CD3CN in Figure S7 demonstrate the presence of Lewis 

and Brønsted acid sites within the M-BEA materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Infrared spectra of pyridine (C5H5N) bound to Lewis and Brønsted acid sites over hydrophilic (solid lines) 

and hydrophobic (dashed lines) Al-BEA (black) and Zr-BEA (blue) materials (1.4 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 (green), 

only Lewis acid sites (red), and either Lewis or Brønsted acid sites (purple). Spectra are vertically offset for clarity.  

Each material possesses a feature at ~1450 cm-1 that has been attributed to C5H5N bound to only Lewis acid 

sites.35-38 All M-BEA materials also show features at ~1490 cm-1, corresponding to C5H5N bound to Lewis 

or Brønsted acid sites.35, 39 Each material also shows peaks in the region of 1580-1625 cm-1, commonly 

attributed to Lewis acid-bound C5H5N.40-42 The presence of these features in the Al-BEA zeolites may signal 

the presence of some fraction of extraframework Lewis acidic Al species. This aligns with the presence of 

the Lewis acid Al feature on the CD3CN spectra of Al-BEA-F, but contrasts with the absence of any Lewis 

acid feature for CD3CN adsorption over Al-BEA-OH. Both Al-BEA-OH and Al-BEA-F also show features 

at ~1550 and ~1640 cm-1, which solely originate from protonated C5H5N at Brønsted acid sites.35-39 Zr-

BEA-OH and Zr-BEA-F do not contain features in this region, suggesting that all Zr sites in these materials 

are Lewis acidic. Each material also shows a feature at ~1575 cm-1 of varying intensity, which has been 

attributed to physisorbed C5H5N.35, 38, 43 

Notably, the Zr-BEA materials show distinct features at ~1595 and ~1610 cm-1. The peak at ~1610 cm-1 

has previously been assigned to C5H5N coordinated to Lewis acidic Zr sites.44-45 However, the peak at ~1595 

cm-1 resides in a position previously assigned to C5H5N hydrogen-bonded to -OH groups.37-39, 41 This peak 

may arise from C5H5N coordinated to the -OH group from Zr-OH or the adjacent Si-OH in open sites within 

Zr-BEA. However, a feature at ~1595 cm-1 has also been attributed to gas-phase C5H5N, which convolutes 

the assignment of that feature the Zr-BEA materials. Overall, the spectra of adsorbed C5H5N in Figure S8 

provide insight into the distribution of active sites within each M-BEA. 
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S1.7 Identifying Al Structure within Al-BEA Materials Using 27Al NMR Spectra 

Figure S9. 27Al NMR spectra for a) bare Al-BEA-OH, and b) Al-BEA-OH impregnated with C5H5N (298 K). The 

peaks representing tetrahedral and octahedral Al species are highlighted in purple and green, respectively. Asterisks 

represent spinning side-band features. 

 

Figure S10. 27Al NMR spectra for a) bare Al-BEA-F, and b) Al-BEA-F impregnated with C5H5N (298 K). The peaks 

representing tetrahedral and octahedral Al species are highlighted in purple and green, respectively. Asterisks 

represent spinning side-band features. 



13 

 

Figures S9 and S10 present the 27Al NMR spectra for the Al-BEA materials in the presence and absence of 

liquid pyridine (C5H5N). The percentage of octahedral Al was calculated from the ratio of the tetrahedral 

to octahedral peak area features (Table S3). Notably, the bare zeolites show greater percentages of 

octahedral Al than the materials impregnated with C5H5N. Liquid or vapor water (H2O) binds to Al atoms  

tetrahedrally coordinated within the zeolite framework and give rise to octahedral 27Al NMR features, 

which reflects the additional coordination of two H2O molecules.46-48 Here, we believe that adventitious 

H2O adsorbed from the atmosphere contributes to the larger quantities of octahedral Al observed in the bare 

zeolite materials in Figures S9 and S10. Previous works demonstrate that loading hydrated Brønsted acid 

zeolites with ammonia (NH3) converts octahedral Al species back to tetrahedral Al sites, and consequently, 

the adsorption of a strong Brønsted base provides a more reliable strategy to report octahedral Al content 

without interference from H2O.48-50 

Motivated by the role of NH3 shown in previous studies, we impregnated the Al-BEA materials with liquid 

C5H5N to revert hydrated Al species back to tetrahedral Al atoms. Table S3 shows that the C5H5N-

incorporated materials show lower quantities of octahedral Al than the bare materials, but Al-BEA-OH and 

Al-BEA-F still contain non-zero quantities of octahedral Al. The 27Al NMR spectra give octahedral Al 

percentages of 4 and 10% for Al-BEA-OH and Al-BEA-F, respectively. These values align closely with 

those obtained from active site titrations (Section S4, vide infra), which yield octahedral Al percentages of 

3% and 8% for Al-BEA-OH and Al-BEA-F, respectively. Overall, the spectra in Figures S9 and S10 support 

that Al-BEA-OH and Al-BEA-F contain minor quantities of octahedral Al that do not convolute the kinetics 

reported in the main text. 

 

 

 

 

 

 
Table S3. Percentage of tetrahedral Al measured from 27Al NMR spectra (Figures S9 and S10) and active site titrations 

(see Section S4). 

  

Catalyst 
% tetrahedral Al 

(bare zeolite) 

% tetrahedral Al 

(with C5H5N) 

Active Metal % 

(site titrations) 

Al-BEA-OH 88 96 97 ± 4 

Al-BEA-F 78 90 92 ± 3 
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S1.8 Scanning Electron Micrographs of M-BEA Catalysts 

  

 

Figure S11. Representative high resolution scanning electron micrograph images of a) Al-BEA-OH, b) Al-BEA-F, c) 

Zr-BEA-OH, d) Zr-BEA-F. 

 

The particle diameters of the M-BEA materials were estimated from scanning electron microscopy (SEM), 

with representative SEM images shown in Figure S11. Al-BEA-OH and Zr-BEA-OH both possess particles 

with mean diameters of 0.5 ± 0.2 μm, while Al-BEA-F and Zr-BEA-F show mean diameters of 2.0 ± 0.5 

μm. The larger particle size of materials prepared in fluoride media compared to hydroxide media is 

consistent with previous reports over Ti-MFI51-52 and Al-BEA53-56 materials. 

The differences in particle size can lead to internal mass transfer artifacts. However, we exclude this 

possibility because site titration experiments with 1,2-diphenyl-1,2-ethylenediamine show that all M-BEA 

materials possess approximately 100% active metal atoms (Figure S18, vide infra). Therefore, differences 

in C4H8O ring-opening rates between M-BEA-OH and M-BEA-F materials do not stem from differences 

in the particle diameter. 
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S1.9 Ar Adsorption Isotherms over M-BEA Materials  

 
Figure S12. Ar (87 K) adsorption isotherms over hydrophilic (solid points) and hydrophobic (hollow) a) Al-BEA 

and b) Zr-BEA. The samples were degassed under dynamic vacuum prior to adsorption (< 7 × 10−4 Pa, 673 K, 3 h). 

 

The BET surface areas and micropore volumes reported in Table 1 of the main text were calculated from 

the adsorption isotherms in Figure S12. The values in Table 1 are consistent with previous reports of surface 

areas57-59 and micropore volumes58, 60-63 of *BEA zeolites, supporting that M-BEA-OH and M-BEA-F 

possess the *BEA framework. 

Al-BEA and Zr-BEA show similar surface area and volume magnitudes for both hydrophilic and 

hydrophilic catalysts. The BET surface area of the M-BEA-OH materials exceeds M-BEA-F by less than 

1.2 times, while the micropore volume of the M-BEA-F materials is ~1.2 times greater than M-BEA-OH. 

While the external surface areas of the M-BEA-OH materials are ~2 times greater than M-BEA-F, the total 

pore volumes (micropore + mesopore) differ by less than 1.25 times between M-BEA-OH and M-BEA-F 

zeolites (Table S4).  

 

 

 

 

 

 

Table S4. External surface areas and total pore volumes obtained from Ar physisorption isotherms (Figure S12).  

Catalyst 
External Surface Area 

(m2 g-1) 

Total Pore Volume 

(cm3 g-1) 

Al-BEA-OH  268 0.310 

Al-BEA-F  132 0.252 

Zr-BEA-OH  231 0.294 

Zr-BEA-F  142 0.269 
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S2. Calculation of Epoxide and Product Sensitivity Factors 

 

  

   

 

 

 

 

 

 

 

Figure S13. Raw GC chromatograms zoomed in to show peaks corresponding to (a) C4H8O, and (b) 1-methoxy-2-

butanol and 2-methoxy-1-butanol formed by reaction of C4H8O with CH3OH over Zr-BEA-OH for 1 h (0.005 M 

C4H8O, 6 M CH3OH, CH3CN, 308 K). 

 

Figure S14. Integrated GC peak areas as a function of concentration for (a) C4H8O, and (b) 1-methoxy-2-butanol 

(black) and 2-methoxy-1-butanol (blue) in CH3CN.  

Figure S13 demonstrates the high signal-to-noise ratio of the epoxide and 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 (Figure S14) to determine the sensitivity factors of the epoxide 

and products using the as-purchased chemicals (see Sections 2.3 and 2.4 of the main text for sources and 

purities). Table S5 reports the sensitivity factors, which equal the slope of the calibration curve fit lines in 

Figure S14. 
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Table S5. Sensitivity factors determined from calibration curves in Figure S14. 

 

During reactions, the concentration of the products was calculated with the integrated peak areas and 

measured sensitivity factors: 

[𝑝𝑟𝑜𝑑𝑢𝑐𝑡] =
𝐺𝐶 𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟
                                                              (S2) 

 

 

  

   

 

 

 

 

 

 

 

Figure S15. Raw GC chromatograms zoomed in to show peaks corresponding to 1-methoxy-2-butanol, 2-methoxy-

1-butanol, and unknown peaks that appear during the reaction of C4H8O with CH3OH over Al-BEA-F for 1 h (0.005 

M C4H8O, 0.025 M CH3OH, CH3CN, 303 K). 

 

Figure S15 presents a GC chromatogram from the reaction of C4H8O with CH3OH, where unknown peaks 

grow at 7.4 and 10.3 minutes. We have ruled out many possible products that may form through side 

reactions of C4H8O because these species appear at different retention times than the unknown peaks, as 

shown in Table S6. As mentioned in Section 2.3 of the main text, the unknown peaks form without CH3OH 

present, ruling out dimethoxybutane (C6H14O2) and secondary oligomerization products as possible side 

products. We were unable to obtain 1,2-butylene carbonate (C5H8O3) or C6H10ON (from reaction of C4H8O 

with CH3CN) samples to check retention times, but these are two plausible side products that likely appear 

at similar retention times to the ring-opening products (C5H12O2). 

Compound Sensitivity Factor (peak area M-1) 

C4H8O 302810 

1M2B 349380 

2M1B 338550 
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Table S6. Measured GC retention times for ring-opening products, unknown peaks, and plausible side products. 

  

Compound GC Retention Time (min) 

1M2B 7.9 

2M1B 8.7 

Unknown 1 7.4 

Unknown 2 10.3 

Butanone 3.9 

1-butanol 5.4 

2-butanol 4.4 

Butyraldehyde 3.8 

Crotonaldehyde 4.6 

Crotyl alcohol 5.1 

1,2-butanediol 9.5 

Dibutyl ether 11.2 
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S3. Hot Filtrations and Madon-Boudart Tests to Identify Active Centers for Ring-Opening  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S16. Measured total product concentrations (sum of [1M2B] and [2M1B]) as functions of time during hot 

filtration tests (0.005 M C4H8O, 6 M CH3OH, CH3CN solvent, 308 K) over (a) Al-BEA-OH, (b) Al-BEA-OH, (c) Zr-

BEA-OH, and (d) Zr-BEA-F. 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 over the course of the reaction. 

 

Figure S16 displays the results of the hot filtration tests for all M-BEA. For all M-BEA, product formation 

ceases after separating the solution from the catalyst (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. 
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Figure S17. Total product formation rates from C4H8O ring-opening with CH3OH (0.02 M C4H8O, 0.4 M CH3OH, 

CH3CN solvent, 308 K) as a function of active metal loading over hydrophilic (solid points) and hydrophobic (hollow) 

Zr- (blue) and Al-BEA (black) materials. The circled points signify the catalyst used for this study. 

 

Figure S17 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. 

Table S7 compares product formation rates per gram of catalyst for the catalysts used in this study and a 

dealuminated *BEA zeolite (Si-BEA-OH). The Si-BEA-OH materials shows formation rates 13 times less 

than the least active catalyst in this study (Zr-BEA-F), providing evidence that (SiOH)x and Si-O-Si 

functions do not contribute significantly to the calculated turnover rates for C4H8O ring-opening over M-

BEA materials. Instead, C4H8O ring-opening occurs primarily at the active Al or Zr sites within M-BEA. 

 

 

 

 

 

 

 

Table S7. Product formation rates per gram of catalyst for the M-BEA catalysts used in this study compared to Si-

BEA-OH (0.02 M C4H8O, 0.4 M CH3OH, CH3CN solvent, 308 K). Rates for Si-BEA-OH were normalized by the 

number of (SiOH)x groups in the material (3.047, see Section S2.5) 

Catalyst 
Product Formation Rate 

(mol C5H12O2) ∙ (gcat ∙ s)-1) 

Al-BEA-OH  1.35 x 10-7 

Al-BEA-F  1.17 x 10-7 

Zr-BEA-OH  2.38 x 10-7 

Zr-BEA-F  3.89 x 10-8 

Si-BEA-OH 2.88 x 10-9 
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S4. Counting Active Sites with 1,2-Diphenyl-1,2-Ethylenediamine Titrations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S18. 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 

hydrophilic (solid points) and hydrophobic (hollow) Zr- (blue) and Al-BEA (black) materials.  

 

Recently, phosphonic acids64-67 have been employed as titrants during liquid phase reactions to count or 

distinguish acid sites in Lewis acid materials. Amines have been used to probe both Lewis acid68-69 and 

Brønsted acid sites70-71 for similar purposes. Therefore, we selected 1,2-diphenyl-1,2-ethylenediamine 

(DPED) as a titrant that could poison active sites in both Lewis and Brønsted acidic M-BEA. A line was fit 

to the linear portion of the plots in Figure S18 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 differences in the quantity of active metal do not contribute to rate differences 

between M-BEA. 

The change in concentration of DPED during the reactions in Figure S18 was quantified by GC-FID. A GC 

calibration curve was developed for DPED, from which the moles of DPED in the liquid phase before and 
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at the completion of the reaction was determined with GC peak areas. A separate DPED adsorption 

measurement was carried out in a dealuminated *BEA catalyst (Si-BEA) to estimate contributions from 

DPED bound to (SiOH)x and pore walls (i.e., Si-O-Si). The DPED volume for the Si-BEA control was 

chosen to match the largest volume used in an experiment in Figure S18. Noticeably, the liquid phase DPED 

concentration decreases by more than 97% in all experiments in Figure S18 and the Si-BEA control after 1 

h. This result suggests that any DPED that does not coordinate to Lewis or Brønsted acid sites can bind to 

(SiOH)x or Si-O-Si linkages. Nevertheless, the suppression of rates and extrapolated linear fits in Figure 

S18 provide strong evidence that DPED preferentially binds to Lewis and Brønsted acid sites, suppressing 

C4H8O ring-opening over M-BEA. 
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S5. Formation Rates of Individual Products of C4H8O Ring-Opening with CH3OH 

 

Figure S19. Formation rates of a) 1-methoxy-2-butanol (1M2B) and b) 2-methoxy-1-butanol (2M1B) products from 

C4H8O ring-opening with CH3OH as functions of CH3OH concentration over hydrophilic (solid points) and 

hydrophobic (hollow) Zr- (blue) and Al-BEA (black) materials (0.005 M C4H8O, CH3CN solvent, 308 K). 

Figure S20. Formation rates of 1-methoxy-2-butanol (1M2B) from C4H8O ring-opening with CH3OH as a function 

of C4H8O concentration at a) 0.025 M CH3OH, b) 6 M CH3OH, or c) neat (24.7 M) CH3OH (CH3CN solvent, 308 K) 

over hydrophilic (solid points) and hydrophobic (hollow) Zr- (blue) and Al-BEA (black) materials. 
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Figure S21. Formation rates of 2-methoxy-1-butanol (2M1B) from C4H8O ring-opening with CH3OH as a function 

of C4H8O concentration at a) 0.025 M CH3OH, b) 6 M CH3OH, or c) neat (24.7 M) CH3OH (CH3CN solvent, 308 K) 

over hydrophilic (solid points) and hydrophobic (hollow) Zr- (blue) and Al-BEA (black) materials. 

 

Figures S19 to S21 present the formation rates of the individual products from C4H8O ring-opening over 

M-BEA (total ring-opening rates shown in Figures 1 and 2 of the main text). In all M-BEA and solvent 

composition combinations, both products show nearly identical formation rate dependences on [C4H8O] 

and [CH3OH]. The similar rate dependences provide compelling evidence that each product forms from 

identical reaction pathways and reactive intermediates, and differences in the stability of transition states 

between the products drive changes in regioselectivities. 
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S6. Derivation of Rate Expression for C4H8O Ring-Opening with CH3OH over M-BEA 

 

Scheme 2 in the main text and Scheme S1 above present proposed catalytic cycles for the ring-opening of 

C4H8O with CH3OH over Lewis and Brønsted acidic M-BEA materials, respectively. Each mechanism 

begins with the adsorption of CH3CN (step 1), C4H8O (step 2), or CH3OH (step 3). The 1M2B or 2M1B 

products may then form through one of two plausible kinetically relevant steps (4 and 5), where a liquid-

phase CH3OH or C4H8O molecule may then react with adsorbed C4H8O or CH3OH, respectively. The 

products then desorb in a reversible step to complete the cycle, with steps 6 and 7 accounting for the 

individual products that can form.  

The reaction likely does not proceed as a bimolecular Langmuir-Hinshelwood reaction between surface-

bound CH3OH and C4H8O because this would lead to squared dependences on the CH3OH and C4H8O terms 

in the denominator at sufficiently high coverages of either species. Rates would eventually decrease with 

increasing concentrations of CH3OH and C4H8O in a bimolecular surface reaction. Rates show linear or 

zero order dependences over all conditions studied here, providing support that the reaction proceeds 

through an Eley-Rideal mechanism as illustrated in Scheme 2 and Scheme S1. 

Epoxide ring-opening rates for the two possible reaction paths can be modeled with Equation 2 from the 

main text: 

𝑟𝑅𝑂 =  𝑟4 +  𝑟5 = 𝑘4[𝐶4𝐻8𝑂∗][𝐶𝐻3𝑂𝐻] + 𝑘5[𝐶4𝐻8𝑂][𝐶𝐻3𝑂𝐻∗]                                                      (S3) 

 

Scheme S1. Proposed catalytic cycle for C4H8O ring-opening with CH3OH in CH3CN solvent over Al-BEA 

zeolites. All adsorption steps are currently assumed as reversible. Steps to form 1M2B and 2M1B are denoted as 
1C or 2C, to signify nucleophilic attack on the primary and secondary carbons in the epoxide ring, respectively. 

For brevity, we do not show the reversible adsorption of CH3CN molecules (step 1) in this cycle. 
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where 𝑘4 and 𝑘5 are the sum of the rate constants to form each product in steps 4 (𝑘4, 𝐶 
1  , 𝑘4, 𝐶 

2 ) and 5 (𝑘5, 𝐶 
1  , 

𝑘5, 𝐶 
2 ) in Scheme S1, and [C4H8O*] and [CH3OH*] represent the number of bound intermediates from each 

reactant. We apply the pseudo-state hypothesis to the respective bound intermediates, which gives: 

𝑟𝑅𝑂,𝐶4𝐻8𝑂∗ =
𝑘2𝑘4[𝐶4𝐻8𝑂][𝐶𝐻3𝑂𝐻][∗]

𝑘−2+𝑘4[𝐶𝐻3𝑂𝐻]
+

𝑘3𝑘5[𝐶4𝐻8𝑂][𝐶𝐻3𝑂𝐻][∗]

𝑘−3+𝑘5[𝐶4𝐻8𝑂]
                                                                                          (S4) 

The total number of active sites in each M-BEA ([L]) can be written as: 

[𝐿] = [∗] + [𝐶𝐻3𝐶𝑁∗] + [𝐶𝐻3𝑂𝐻∗] + [𝐶4𝐻8𝑂∗] + [1𝑀2𝐵∗] + [2𝑀1𝐵∗]            (S5) 

Where [∗] is 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: 

[𝐿] = [∗] (1 + 𝐾1[𝐶𝐻3𝐶𝑁] +
𝑘2[𝐶4𝐻8𝑂]

𝑘−2+𝑘4[𝐶𝐻3𝑂𝐻]
+

𝑘3[𝐶𝐻3𝑂𝐻]

𝑘−3+𝑘5[𝐶4𝐻8𝑂]
+

𝑘4[𝐶𝐻3𝑂𝐻]+𝑘5[𝐶4𝐻8𝑂]+𝑘−6[1𝑀2𝐵]

𝑘6
+

𝑘4[𝐶𝐻3𝑂𝐻]+𝑘5[𝐶4𝐻8𝑂]+𝑘−7[2𝑀1𝐵]

𝑘7
)                       (S6) 

Using Equation S6 to substitute an expression for [∗] in Equation S4 yields a full rate expression (Equation 

3 in the main text): 

𝑟𝑅𝑂

[𝐿]
=

𝑘2𝑘4[𝐶4𝐻8𝑂][𝐶𝐻3𝑂𝐻]

𝑘−2+𝑘4[𝐶𝐻3𝑂𝐻]
+

𝑘3𝑘5[𝐶4𝐻8𝑂][𝐶𝐻3𝑂𝐻]

𝑘−3+𝑘5[𝐶4𝐻8𝑂]

1+𝐾1[𝐶𝐻3𝐶𝑁]+
𝑘2[𝐶4𝐻8𝑂]

𝑘−2+𝑘4[𝐶𝐻3𝑂𝐻]
+

𝑘3[𝐶𝐻3𝑂𝐻]

𝑘−3+𝑘5[𝐶4𝐻8𝑂]
+

𝑘4[𝐶𝐻3𝑂𝐻]+𝑘5[𝐶4𝐻8𝑂]+𝑘−6[1𝑀2𝐵]

𝑘6
+

𝑘4[𝐶𝐻3𝑂𝐻]+𝑘5[𝐶4𝐻8𝑂]+𝑘−7[2𝑀1𝐵]

𝑘7

             (S7) 

Rates depend linearly on [CH3OH] and weakly on [C4H8O] at ratios of [CH3OH] to [C4H8O] less than 40 

over each M-BEA, implicating active sites saturated with a C4H8O-derived species. In this case, the 

[C4H8O*] term dominates in the denominator of Equation S7, allowing all other terms to be canceled out: 

𝑟𝑅𝑂

[𝐿]
=

𝑘2𝑘4[𝐶𝐻3𝑂𝐻](𝑘−3+𝑘5[𝐶4𝐻8𝑂])+𝑘3𝑘5[𝐶𝐻3𝑂𝐻](𝑘−2+𝑘4[𝐶𝐻3𝑂𝐻])

𝑘2(𝑘−3+𝑘5[𝐶4𝐻8𝑂])
                 (S8) 

This equation predicts a superlinear dependence of rates on [CH3OH] and a weak dependence on [C4H8O] 

at low ratios of [CH3OH] to [C4H8O]. However, the form of this equation matches the trends observed in 

Figures 1 and 2 of the main text at ratios of [CH3OH] to [C4H8O] up to ~40 in Zr-BEA and ~1000 over Al-

BEA only when the first term in the numerator dominates, which leads to the following:  

𝑟𝑅𝑂

[𝐿]
= 𝑘4[𝐶𝐻3𝑂𝐻]                                            (S9) 

Neglecting the second term implies that the value of 𝑘2𝑘4 far exceeds 𝑘3𝑘5. C4H8O shows much larger 

adsorption enthalpies (~ -50 to -100 kJ mol-1) than CH3OH (~ 0 to -5 kJ mol-1) over M-BEA, measured by 

ITC (vide infra, Section S12). These comparisons suggest that values for the equilibrium constants for 

binding C4H8O (𝐾2) exceed those for CH3OH (𝐾3), which implies that C4H8O adsorbs more readily than 

CH3OH (i.e., 𝑘2 >> 𝑘3). The much greater values of 𝑘2 relative to 𝑘3 may lead to the first term in the 

numerator of Equation S8 dominating up to [CH3OH] to [C4H8O] ratios of ~40 in Lewis acids and ~1000 

over Al-BEA, even if 𝑘4 and 𝑘5 have similar values.  Consequently, these comparisons indicate that the 

difference in adsorption strength between C4H8O and CH3OH leads to rate trends that agree with the form 

of Equation 4 at sufficiently low ratios of [CH3OH] to [C4H8O]. These assumptions and adsorption enthalpy 

measurements justify the simplification of Equation S8 to Equation S9 and the conclusion that C4H8O-

derived species dominate active sites at these conditions. 
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At sufficiently high ratios of [CH3OH] to [C4H8O] (> 500 for Lewis acids and > 5000 for Al-BEA), ring-

opening rates shift to a weak dependence on [CH3OH] and linear dependence on [C4H8O]. The [CH3OH*] 

term now dominates in the denominator of Equation S7: 

𝑟𝑅𝑂

[𝐿]
=

𝑘2𝑘4[𝐶4𝐻8𝑂](𝑘−3+𝑘5[𝐶4𝐻8𝑂])+𝑘3𝑘5[𝐶4𝐻8𝑂](𝑘−2+𝑘4[𝐶𝐻3𝑂𝐻])

𝑘3(𝑘−2+𝑘4[𝐶𝐻3𝑂𝐻])
                         (S10) 

Here, the numerator simplifies to a form that matches the linear rate dependence on [C4H8O] and weak 

dependence on [CH3OH] under greater ratios of [CH3OH]:[C4H8O] when the second term of the numerator 

dominates, which gives:     

𝑟𝑅𝑂

[𝐿]
= 𝑘5[𝐶4𝐻8𝑂]                                    (S11) 

At sufficiently high ratios of [CH3OH] to [C4H8O] (>500 in Lewis acids and ~5000 over Al-BEA), 

[CH3OH] likely dominates over all terms in Equation S10, leading to a negligible value for the first term in 

the numerator. These assumptions lead to the form of Equation S11 in solutions with a large stoichiometric 

excess of CH3OH, even if 𝑘4 and 𝑘5 possess values of a similar magnitude. 

The rate expressions in Equations S9 and S11 account for all kinetic regimes observed as functions of 

reactant concentrations in Figures 1 and 2 of the main text. 
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S7. Excess Energies to Probe Liquid-Phase C4H8O and CH3OH Stability  

 

Table S8. Activity coefficients (γ), excess enthalpies (𝐻𝜀), and  excess free energies (𝐺𝜀) calculated at 308 K in 

mixtures of CH3CN and CH3OH. Activity coefficients were obtained with the UNIFAC method on ChemCAD. 

 

Table S8 presents the excess energies and activity coefficients for C4H8O and CH3OH in mixtures of 

CH3OH and CH3CN at 308 K. The equations used to compute the excess energies from the activity 

coefficients are as follows: 

𝐺𝑗
𝜀 = 𝑅𝑇 ∗ 𝑙𝑛(𝛾𝑗)                                                                                         (S12) 

𝐻𝑗
𝜀 = −𝑅𝑇2 ∗

𝑑 𝑙𝑛(𝛾𝑗)

𝑑𝑇
                                                                                                               (S13) 

where j represents C4H8O or CH3OH here, R equals the ideal gas constant, and T represents temperature. 

The differential term (
𝑑 ln(𝛾𝑗)

𝑑𝑇
) was obtained by calculating activity coefficients between 303-323 K by 

increments of 5 K. The natural log of the activity coefficients was plotted against the temperature, and the 

slope of this line equaled the differential term. 

 

Notably, γ values vary by factors of less than 2 and 3 for C4H8O and CH3OH, respectively, across the range 

of solvent compositions examined for ring-opening and C4H8O adsorption. Furthermore, both 𝐻𝜀 and 𝐺𝜀  

values span a range of less than 3 kJ mol-1 across solvent compositions. The weak dependences of these 

values on the mixing ratios 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 C4H8O. 

 

  

 C4H8O CH3OH 

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

CH3CN 2.23 1.01 2.08 2.64 2.39 2.53 

6 M CH3OH (in CH3CN) 2.91 3.52 2.78 1.77 2.43 1.48 

12 M CH3OH (in CH3CN) 2.85 3.20 2.72 1.29 0.9 0.66 

CH3OH 3.62 1.70 3.35 1 0 0 
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S8. Activation Enthalpy and Entropy Calculations and Supplemental Data 

∆𝐻‡ and ∆𝑆‡ values to form each ring-opening product were calculated using van’t Hoff analysis. Applying 

transition state theory and substituting an expression for the apparent free energy to Equations S14 and S15 

yields alternate rate expressions for ring-opening through either the bound C4H8O path (C4H8O MARI) or 

bound CH3OH route (CH3OH MARI): 

𝑟𝑥

[𝐿]
=

𝑘𝐵𝑇

ℎ
·  exp (−

∆𝐺𝑥
‡

𝑅𝑇
) · [𝐶𝐻3𝑂𝐻]                                                                                                                       (S14) 

𝑟𝑥

[𝐿]
=

𝑘𝐵𝑇

ℎ
·  exp (−

∆𝐺𝑥
‡

𝑅𝑇
) · [𝐶4𝐻8𝑂]                                                                                                                       (S15) 

Where x represents the two possible products, 1M2B and 2M1B. Rearranging and substituting in the 

apparent activation enthalpy and entropy: 

ln (
𝑟𝑥

[𝐿]

ℎ

𝑘𝐵𝑇[𝐶𝐻3𝑂𝐻]
) =

1

𝑇
(

−∆𝐻𝑥
‡

𝑅
) +

∆𝑆𝑥
‡

𝑅
                                                                                                                    (S16) 

ln (
𝑟𝑥

[𝐿]

ℎ

𝑘𝐵𝑇[𝐶4𝐻8𝑂]
) =

1

𝑇
(

−∆𝐻𝑥
‡

𝑅
) +

∆𝑆𝑥
‡

𝑅
                                                                                                             (S17) 

The natural log term on the left side of Equations S16 and S17 was plotted against the inverse temperature 

for each product. A line was fit to this data (Figure S22), where the slope of this line equaled the negative 

of the apparent activation enthalpy divided by the ideal gas constant, and the y-intercept equaled the 

apparent activation entropy divided by the ideal gas constant (Table S9).  

 

 

 

 

 

 

 

 

 

Figure S22. Representative Eyring plot for C4H8O ring-opening (0.005 M C4H8O, 0.025 M CH3OH, CH3CN solvent, 

293-323 K) over Zr-BEA-OH to form 1-methoxy-2-butanol (solid points) and 2-methoxy-1-butanol (hollow points). 

 

 

 

Table S9. Activation enthalpy and entropy to form each product in C4H8O ring-opening divided by the ideal gas 

constant, obtained from the slope and intercept, respectively, of Figure S22. 

−∆𝐻1𝑀2𝐵
‡

𝑅
 

∆𝑆1𝑀2𝐵
‡

𝑅
 

−∆𝐻2𝑀1𝐵
‡

𝑅
 

∆𝑆2𝑀1𝐵
‡

𝑅
 

-2.0 ± 0.1 -29.5 ± 1.0 -1.8 ± 0.2 -30.7 ± 0.6 
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Figure S23. Values for a) ∆∆𝐻‡ and b) ∆∆𝑆‡ for C4H8O ring-opening and corresponding average values of 𝛽 over 

hydrophilic (solid) and hydrophilic (hollow) Al- (black) and Zr-BEA (blue) materials from 298 – 323 K. 

Measurements were obtained in dilute CH3OH (diamonds; 0.005 M C4H8O, 0.025 M CH3OH in CH3CN) and neat 

CH3OH as solvent (circles; 1 M C4H8O, 24.7 M CH3OH) with concentrations resulting in C4H8O*-covered active sites 

for all conditions. 

 

Figure S23 presents differences in the activation enthalpies and entropies to form the products, 

deconvoluted from the activation barriers for total product formation presented in Figure 3 of the main text. 

These values represent the difference in the activation parameters for 2M1B relative to 1M2B: 

∆∆𝐻‡ = 𝐻2𝑀1𝐵
‡ − 𝐻1𝑀2𝐵

‡                      (S17) 

∆∆𝑆‡ = 𝑆2𝑀1𝐵
‡ − 𝑆1𝑀2𝐵

‡                      (S18) 

Formation of 2M1B shows an increasing enthalpic preference (more negative ∆∆𝐻‡) with increasing 

[CH3OH] and decreasing β values (Figure S23a). This trend supports that CH3OH molecules stabilize the 

2M1B transition state through hydrogen-bonding interactions. At the same time, the formation of the 2M1B 

transition state requires a greater entropic penalty (more negative ∆∆𝑆‡) regardless of catalyst identity or 

[CH3OH] (Figure S23b). Overall, the differences in activation parameters between the products suggests 

that changing [CH3OH] influences reaction regioselectivity through differences in solvent environment. 
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S9. Kinetic Measurements Under C4H8O-Covered Active Sites at High [C4H8O] 

 

 

 

 

 

 

 

 

 

 

 

Figure S24. Turnover rates for C4H8O ring-opening with CH3OH as functions of a) CH3OH concentration at 0.25 M 

C4H8O (CH3CN solvent, 308 K) and b) C4H8O concentration at 6 M CH3OH (CH3CN solvent, 308 K) over hydrophilic 

(solid points) and hydrophobic (hollow) Zr- (blue) and Al-BEA (black) materials. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S25. Turnover rates for C4H8O ring-opening with CH3OH as functions of a) CH3OH concentration at 1 M 

C4H8O (CH3CN solvent, 308 K) and b) C4H8O concentration at 24.7 M CH3OH (308 K) over hydrophilic (solid points) 

and hydrophobic (hollow) Zr- (blue) and Al-BEA (black) materials. 
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Figure S24 and Figure S25 present turnover rates for C4H8O ring-opening as a function of [CH3OH] and 

[C4H8O] at high concentrations of [C4H8O]. All materials show a regime of first-order rate dependence on 

[CH3OH], under which rates were then measured at varying [C4H8O]. Under this regime, materials show a 

corresponding zero-order rate dependence on [C4H8O], suggesting that C4H8O saturates active sites even at 

these high concentrations of [C4H8O]. The activation barriers reported in Figure 3 of the main text were 

made under these conditions to ensure C4H8O-covered active sites at each [CH3OH]. 

  

 

 

 

 

 

 

 

 

 

 

Figure S26. Values of β for C4H8O ring-opening with CH3OH as a function of a) CH3OH concentration (0.005 M 

C4H8O, CH3CN solvent, 308 K), and b) C4H8O concentration at 0.01 M (triangles), 6 M (circles), or 24.7 M CH3OH 

(squares) (CH3CN, 308 K) over hydrophilic (solid) and hydrophilic (hollow) Al- (black) and Zr-BEA (blue). 

 

Figure S26a shows β values for C4H8O ring-opening at a constant [C4H8O] (0.005 M), with regimes under 

which C4H8O or CH3OH covers active sites. Figure S26b reveals the β values under several [CH3OH], also 

under a regime where either C4H8O or CH3OH covers active sites. Notably, Figure S26 shows very similar 

trends to Figure 7 in the main text, where greater [CH3OH] leads to lower β values and greater [C4H8O] 

provides higher β values. The similarity among the trends demonstrates that the shift from C4H8O to 

CH3OH-saturated active sites at high [CH3OH] in Figure S26 does not strongly affect trends in β, 

supporting that the differences in β in Figure 7 stem from changes in the intrapore solvent environment 

rather than any influence of the dominant surface intermediate. 
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S10. Measurements of Intrapore Solvent Composition 

 

The liquid-phase concentrations of mixtures of CH3OH and CH3CN were quantified by GC before and after 

contact with M-BEA to determine the intrapore solvent composition. The ratio of the GC peak areas for 

each component was calculated for each sample before (𝐴𝐶𝐻3𝑂𝐻:𝐶𝐻3𝐶𝑁,𝑖𝑛𝑖𝑡𝑖𝑎𝑙) and after (𝐴𝐶𝐻3𝑂𝐻:𝐶𝐻3𝐶𝑁,𝑓𝑖𝑛𝑎𝑙) 

adding the catalyst to the mixture. Then, the known initial mole fraction of CH3OH (𝑥𝐶𝐻3𝑂𝐻,𝑏𝑢𝑙𝑘,𝑖𝑛𝑖𝑡𝑖𝑎𝑙) was 

used to calculate the final bulk solvent fractions: 

𝑥𝐶𝐻3𝑂𝐻,𝑏𝑢𝑙𝑘,𝑓𝑖𝑛𝑎𝑙 = 𝑥𝐶𝐻3𝑂𝐻,𝑏𝑢𝑙𝑘,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗
𝐴𝐶𝐻3𝑂𝐻:𝐶𝐻3𝐶𝑁,𝑓𝑖𝑛𝑎𝑙

𝐴𝐶𝐻3𝑂𝐻:𝐶𝐻3𝐶𝑁,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
                                                         (S18) 

𝑥𝐶𝐻3𝐶𝑁,𝑏𝑢𝑙𝑘,𝑓𝑖𝑛𝑎𝑙 = 1 − 𝑥𝐶𝐻3𝑂𝐻,𝑏𝑢𝑙𝑘,𝑓𝑖𝑛𝑎𝑙                                                     (S19) 

The fraction of the initial solvent volume remaining in the bulk solvent after adsorption (𝑥𝑏𝑢𝑙𝑘,𝑓𝑖𝑛𝑎𝑙) was 

then calculated by estimating the fraction of solvent adsorbed from the bulk solvent (𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡,𝑎𝑑𝑠): 

𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡,𝑎𝑑𝑠 = 𝑚𝑧𝑒𝑜𝑙𝑖𝑡𝑒 ∗ 𝑉𝑝𝑜𝑟𝑒, 𝐵𝐸𝐴 
∗ 

                                                       (S20) 

𝑥𝑏𝑢𝑙𝑘,𝑓𝑖𝑛𝑎𝑙 = 1 − (
𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡,𝑎𝑑𝑠

𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡,𝑡𝑜𝑡𝑎𝑙
)                                                              (S21) 

where 𝑚𝑧𝑒𝑜𝑙𝑖𝑡𝑒 is the mass of M-BEA added to the solvent and 𝑉𝑝𝑜𝑟𝑒, 𝐵𝐸𝐴 
∗  is the pore volume of *BEA, 

measured for a Ti-BEA material in a previous study by Ar physisorption72 and assumed to be identical for 

all M-BEA here. 

From there, the intrapore molar ratio (
𝑛𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒

𝑛𝐶𝐻3𝐶𝑁,𝑝𝑜𝑟𝑒
) and CH3OH fraction (𝑥𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒) can be calculated: 

𝑛𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒

𝑛𝐶𝐻3𝐶𝑁,𝑝𝑜𝑟𝑒
=

𝑥𝐶𝐻3𝑂𝐻,𝑏𝑢𝑙𝑘,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −(𝑥𝑏𝑢𝑙𝑘,𝑓𝑖𝑛𝑎𝑙∗𝑥𝐶𝐻3𝑂𝐻,𝑏𝑢𝑙𝑘,𝑓𝑖𝑛𝑎𝑙)

𝑥𝐶𝐻3𝐶𝑁,𝑏𝑢𝑙𝑘,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −(𝑥𝑏𝑢𝑙𝑘,𝑓𝑖𝑛𝑎𝑙∗𝑥𝐶𝐻3𝐶𝑁,𝑏𝑢𝑙𝑘,𝑓𝑖𝑛𝑎𝑙)
                                             (S22) 

𝑥𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒 =

𝑛𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒

𝑛𝐶𝐻3𝐶𝑁,𝑝𝑜𝑟𝑒

1 − 
𝑛𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒

𝑛𝐶𝐻3𝐶𝑁,𝑝𝑜𝑟𝑒

                                                                                                         (S23) 

Figure 4 in the main text reports 𝑥𝐶𝐻3𝑂𝐻,𝑏𝑢𝑙𝑘 values as a function of the ratio of 𝑥𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒 to 𝑥𝐶𝐻3𝑂𝐻,𝑏𝑢𝑙𝑘, 

defined as 𝜒 in Equation 11 of the main text:  

𝜒 =
𝑥𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒

𝑥𝐶𝐻3𝑂𝐻,𝑏𝑢𝑙𝑘
                              (S24) 

A full analysis of these solvent uptake measurements are included in Section 3.3 of the main text. Generally, 

Figure 4 demonstrates that β values decrease at greater 𝑥𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒 for all M-BEA, providing evidence that 

the solvent structure surrounding active sites may strongly influence regioselectivities for C4H8O ring-

opening through changes in 𝐺2𝑀1𝐵
‡,𝜀 and 𝐺1𝑀2𝐵

‡,𝜀. Of note, this result demonstrates that the choice of active 

metal not only influences 𝐺 
0 values of reactive species through covalent interactions, but also can indirectly 

affect 𝐺 
𝜀values by influencing the surrounding solvent structure. The choice of active metal leads to a span 

of β values even at nearly identical 𝑥𝐶𝐻3𝑂𝐻,𝑝𝑜𝑟𝑒, showing that differences in 𝐺 
0  stemming from the properties 

of the active site contribute to differences in β. 

 

 



34 

 

S11. Isothermal Titration Calorimetry Thermograms and Heats per Epoxide Injection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S27. 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 S27 were obtained during the cleaning and calibration procedures for isothermal titration 

calorimetry (ITC), as discussed in Section 2.5 of the main text. Figure S27a shows the heat released from 

the sequential pulses during the electrical calibration. The instrument gave a calibration factor after the 

calibration was completed, for which values greater than 0.98 were assumed to be satisfactory. Figure S27b 

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 S28. 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. 
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Figure S28 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 S28b was -8.1 ± 1.2 

kJ mol-1, which agrees well with the reported enthalpy of -9.1 kJ mol-1.73-74 

∆𝐻𝑎𝑑𝑠 values for all ITC experiments shown here were calculated by averaging the non-opaqued points in 

the heat vs. coverage plot, from a regime in which the integrated heat remains approximately constant (see 

Figure 6 in main text). The ∆𝐻𝑎𝑑𝑠 values are illustrated by the dashed line intersecting these points. The 

uncertainties were calculated from a single standard deviation among the points used to calculate ∆𝐻𝑎𝑑𝑠.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S29. a) ITC thermogram from the titration of CH3OH with neat 1M2B (8.7 M 1M2B, 308 K, 1 μL per 

injection), b) the corresponding heats released as a function of titrant injected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S30. a) ITC thermogram from the titration of CH3CN with neat 1M2B (8.7 M 1M2B, 308 K, 1 μL per 

injection), b) the corresponding heats released as a function of titrant injected. 
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Figure S31. a) ITC thermogram from the titration of CH3OH with neat 2M1B (8.9 M 2M1B, 308 K, 1 μL per 

injection), b) the corresponding heats released as a function of titrant injected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S32. a) ITC thermogram from the titration of CH3CN with neat 2M1B (8.9 M 2M1B, 308 K, 1 μL per 

injection), b) the corresponding heats released as a function of titrant injected. 

 

Figures S29 to S32 report the heat changes from the injection of the neat ring-opening products into CH3OH 

or CH3CN. Each product adsorbs exothermically into CH3OH and endothermically into CH3CN. 1M2B 

shows a more exothermic enthalpy of mixing into CH3OH than 2M1B, but 2M1B shows a less endothermic 

enthalpy of mixing into CH3CN than 1M2B. While these measurements provide insight into the stability of 

the products in CH3OH and CH3CN-rich solvents, they do not correlate with the trends of β values or 

∆𝐻𝑎𝑑𝑠,𝑝𝑟𝑜𝑑. values into each solvent, indicating that the active metal and solvating environment within the 

pores of M-BEA govern these differences. 
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Figure S33 presents an ITC thermogram and heat release plot from the adsorption of C4H8O into Al-BEA 

at high coverages, to test if lateral interactions between nearby active sites play a role in the adsorption 

enthalpy of C4H8O. The integrated heat begins to decrease sharply near an epoxide coverage of 1, which 

supports that the Brønsted acid sites bind 1 epoxide molecule on average. Furthermore, the integrated heats 

change negligibly as the epoxide coverage approaches 1, which suggests that lateral interactions do not play 

a strong role between proximal active sites. The absence of these effects in the material with Al-BEA, which 

shows the highest density of active sites (Si:M ~70), also indicates that lateral interactions will not play a 

role in Ti-, Sn-, or Zr-BEA (Si:M > 90). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S33. a) ITC thermogram from the titration of Al-BEA-OH with C4H8O (0.05 M C4H8O in CH3OH, 308 K, 1 

μL per injection), b) the corresponding heats released as a function of titrant injected. 

 

 

The ITC thermogram and heat release plots for all ITC experiments used to calculate the adsorption 

enthalpies of C4H8O into M-BEA, which were run at low coverages as compared to Figure S33, are shown 

below. ITC measurements for CH3OH adsorption into M-BEA are also shown below, although these 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. 

 

As discussed in Section 3.3, 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 S34. a) ITC thermogram from the titration of Al-BEA-OH with C4H8O (0.005 M C4H8O in CH3OH, 308 K, 1 

μL per injection), b) the corresponding heats released as a function of titrant injected. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S35. a) ITC thermogram from the titration of Al-BEA-OH with C4H8O (0.005 M C4H8O in CH3OH, 308 K, 1 

μL per injection), b) the corresponding heats released as a function of titrant injected. This point was repeated to ensure 

accuracy and reproducibility of measurements. 
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Figure S36. a) ITC thermogram from the titration of Al-BEA-F with C4H8O (0.005 M C4H8O in CH3OH, 308 K, 1 

μL per injection), b) the corresponding heats released as a function of titrant injected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S37. a) ITC thermogram from the titration of Zr-BEA-OH with C4H8O (0.005 M C4H8O in CH3OH, 308 K, 

1 μL per injection), b) the corresponding heats released as a function of titrant injected. 
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Figure S38. a) ITC thermogram from the titration of Zr-BEA-F with C4H8O (0.005 M C4H8O in CH3OH, 308 K, 1 

μL per injection), b) the corresponding heats released as a function of titrant injected. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S39. a) ITC thermogram from the titration of Al-BEA-OH with C4H8O (0.005 M C4H8O in CH3CN, 308 K, 

1 μL per injection), b) the corresponding heats released as a function of titrant injected. 
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Figure S40. a) ITC thermogram from the titration of Al-BEA-F with C4H8O (0.005 M C4H8O in CH3CN, 308 K, 1 

μL per injection), b) the corresponding heats released as a function of titrant injected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S41. a) ITC thermogram from the titration of Zr-BEA-OH with C4H8O (0.005 M C4H8O in CH3CN, 308 K, 1 

μL per injection), b) the corresponding heats released as a function of titrant injected. 
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Figure S42. a) ITC thermogram from the titration of Zr-BEA-F with C4H8O (0.005 M C4H8O in CH3CN, 308 K, 1 

μL per injection), b) the corresponding heats released as a function of titrant injected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S43. a) ITC thermogram from the titration of Al-BEA-OH 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. 
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Figure S44. a) ITC thermogram from the titration of Al-BEA-F 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S45. a) ITC thermogram from the titration of Zr-BEA-OH 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. 
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Figure S46. a) ITC thermogram from the titration of Zr-BEA-F 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. 
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S12. Accounting for Reaction Enthalpy Contribution in ∆𝑯‡ - ∆𝑯𝒂𝒅𝒔,𝑪𝟒𝑯𝟖𝑶 Correlation 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S47. ∆𝐻‡ values for C4H8O ring-opening (from Figure 3, 0.025 M CH3OH in CH3CN (triangles) or 24.7 M 

CH3OH (circles)) as a function of the reaction-corrected adsorption enthalpy of C4H8O (∆𝐻𝑎𝑑𝑠,𝐶4𝐻8𝑂(𝑐𝑜𝑟𝑟)) over 

hydrophilic (solid) and hydrophilic (hollow) Al- (black) and Zr-BEA (blue) materials. Assumed contribution from 

enthalpy of reaction between C4H8O and CH3OH are subtracted from ∆𝐻𝑎𝑑𝑠,𝐶4𝐻8𝑂 (reported in Figure 7) to get 

∆𝐻𝑎𝑑𝑠,𝐶4𝐻8𝑂 (𝑐𝑜𝑟𝑟). 

 

The enthalpy of reaction was estimated from the gas-phase formation enthalpies for the products and 

reactants: 

∆𝐻𝑟𝑥𝑛 = ∆𝐻𝑓,𝐶5𝐻12𝑂2
− ∆𝐻𝑓,𝐶4𝐻8𝑂 − ∆𝐻𝑓,𝐶𝐻3𝑂𝐻                      (S25) 

The formation enthalpies of C4H8O (-185.1 kJ mol-1) and CH3OH (-201.3 kJ mol-1) are tabulated75 but the 

values for the products are not (C5H12O2 – 1M2B and 2M1B). These values were estimated using the Joback 

group-contribution method,76 which yielded equal values for both products (-436.3 kJ mol-1). These values 

give an estimated ∆𝐻𝑟𝑥𝑛 value of -49.9 kJ mol-1.  

The corrected adsorption enthalpy in Figure S47 assumes that all epoxide that adsorbs at 24.7 M CH3OH 

reacts over the course of the injection period (1800 – 2400 s), and subtracts out a contribution equivalent 

to the estimated ∆𝐻𝑟𝑥𝑛 value: 

∆𝐻𝑎𝑑𝑠,𝐶4𝐻8𝑂(𝑐𝑜𝑟𝑟) = ∆𝐻𝑎𝑑𝑠,𝐶4𝐻8𝑂 − ∆𝐻𝑟𝑥𝑛                           (S26) 

The correction shifts all adsorption enthalpies to more endothermic values. All points for Zr-BEA fall on 

a line after this correction, in contrast to the discontinuity in Figure 7 of the main text. The points for Al-

BEA still scale linearly as in Figure 7, but with a much shallower slope.  
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The reaction-corrected adsorption enthalpy can be expressed as follows: 

∆𝐻𝑎𝑑𝑠,𝐶4𝐻8𝑂(𝑐𝑜𝑟𝑟) = 𝐻𝐶4𝐻8𝑂
∗ − 𝐻𝐶4𝐻8𝑂 − 𝐻∗                      (S27) 

where 𝐻∗ represents the enthalpy of the Lewis and Brønsted acid sites within Zr- and Al-BEA, respectively. 

The solvation of the proton by CH3OH may decrease 𝐻∗ values, leading to less exothermic 𝐻∗ values and 

the shallower slope for the Al-BEA correlation compared to Zr-BEA. 

While the reaction-corrected adsorption enthalpies do show linear correlations, they rely on the assumption 

that all epoxide molecules react within the span of each injection into the ITC cell. The rate and extent of 

reaction cannot be monitored over time in the ITC, making it impossible to test the validity of the 

assumption. However, the conclusions discussed in Section 3.4 irrespective of the extent of reaction during 

C4H8O adsorption into CH3OH. The correlations between ∆𝐻‡ and ∆𝐻𝑎𝑑𝑠,𝐶4𝐻8𝑂 at a given solvent 

composition demonstrate that the adsorption of C4H8O and the formation of the C4H8O ring-opening 

transition state reorganize the surrounding solvent structure in similar ways, which leads to differences in 

both the kinetics and thermodynamics of epoxide ring-opening. 

 

 

  



47 

 

S13. Adsorption Enthalpies of C4H8O and CH3OH to M-BEA in CH3CN 

 

  

 

 

 

 

 

 

 

 

 

 

Figure S48. Adsorption enthalpies of C4H8O (solid points, 0.005 M C4H8O, 308 K) and CH3OH (hollow points, 0.1 

M CH3OH, 308 K) as a function of active metal in CH3CN over Zr- (blue) and Al-BEA (black) materials. 

 

The adsorption enthalpies of C4H8O and CH3OH shown in Figure S48 were obtained with isothermal 

titration calorimetry (see Section S11 for thermograms). For all M-BEA, C4H8O shows an adsorption 

enthalpy at least 50 kJ mol-1 more exothermic than CH3OH. These values suggest that C4H8O adsorbs more 

readily to the active sites in M-BEA and likely explains why CH3OH only saturates active sites under large 

excesses of CH3OH ([CH3OH]:[C4H8O] > 500, see Section 3.1 in the main text). 

Figure S49 displays the heat released from CH3OH adsorption over M-BEA as a function of CH3OH 

coverage. Notably, Zr-BEA-OH and each Al-BEA material show similar trends with CH3OH coverage. 

CH3OH adsorbs exothermically at a CH3OH coverage below 0.25, after which the adsorption heat gradually 

increases to reach a nearly constant and endothermic value. In contrast, Zr-BEA-F shows an endothermic 

heat at all CH3OH coverages, with the most endothermic heats of all M-BEA at high coverages. These 

trends suggest that CH3OH adsorbs more favorably over Zr-BEA-OH and each Al-BEA than Zr-BEA-F, 

aligning with the trends of CH3OH uptake from binary mixtures with CH3CN (Figure 4). Furthermore, the 

curves of Al-BEA-OH and Al-BEA-F show more similar trends than Zr-BEA-OH and Zr-BEA-F, 

providing further support that the intrapore environment within Brønsted acid zeolite materials depends 

less strongly on (SiOH)x density than Lewis acid zeolites. 
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Figure S49. Adsorption enthalpies of C4H8O (solid points, 0.005 M C4H8O, 308 K) and CH3OH (hollow points, 0.1 

M CH3OH, 308 K) as a function of active metal in CH3CN over Zr- (blue) and Al-BEA (black) materials. 
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