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S$1.0 Ex situ Characterization of M-BEA

$1.1 Diffuse Reflectance UV-Vis Spectra of M-BEA
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Figure S1. Tauc plots for M-BEA. Solid lines represent a low metal loading and dashed lines represent higher metal loading
for (a) Mo-BEA, (b) Ti-BEA, (c) W-BEA, and (d) Nb-BEA.

The band gaps for M-BEA in these Tauc plots are much greater than those for their respective bulk metal oxides, implying
the metals are dispersed when incorporated into the zeolite BEA framework. Calculated band gaps are summarized in

Table S1.

Table S1. Metal loading and band gap for low and high metal loading M-BEA and band gap for corresponding
metal oxide

Low metal loading High metal loading

(solid lines) (dashed lines) Bulk metal

L Metal loading Baand Metal Band gap OX;de(t;?;)ld
¥ (%) 8P | joading (%) (eV) gap
(eV)

Mo-BEA 0.40 3.96 3.2 3.92 2.9
Ti-BEA 0.25 4.34 1.8 4.07 3.2
W-BEA 0.55 4.41 7.8 3.85 2.8
Nb-BEA 0.22 4.73 3.5 4.1 34
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$1.2 X-ray Diffraction of M-BEA
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Figure S2. Powder X-ray diffractograms for 0.25 wt% Ti-BEA, 0.22 wt% Nb-BEA, 1.1 wt% W-BEA, and 0.4 wt % Mo-BEA
under ambient conditions show the zeolite BEA structure is maintained after post-synthetic modification.

The similarities between the diffraction patterns of Si-BEA and metal-incorporated BEA suggest the structure of the BEA
framework remains intact following dealumination and transition metal incorporation. At these low metal loadings (< 0.25
metal atoms per unit cell), the XRD features do not display observable shifts in the peak located at 22.5°. In our past work,
we reported shifts towards greater diffraction angles when group 4 and 5 metals were incorporated into the BEA
framework.! These shifts indicated an expansion of the zeolite lattice to accommodate these framework substituents.!. 2
However, because these M-BEA have low metal density, the shift is less apparent in their diffractograms.
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$1.3 Raman Spectra of Si-BEA and W-BEA
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Figure S3. Raman spectra (442 nm, 0.8 mW pm-2) of W-BEA pellets (~5-10 mg, 0.23 (), 0.71 (—), 0.93 (—), and 1.72 (—)
W atoms per unit cell) under ambient conditions (Si-BEA (—) under 0.01 M H20: in CH3CN flow 1 ml/min, 313 K). All
spectra are rescaled to give a constant intensity for the 312 cm-! feature of the BEA framework.

Ex situ Raman spectra of W-BEA show increasing intensities for the three vibrational modes indicative of bulk W03, which
include 270 cm-1, 715 cm-1, and 805 cm-1.3 These trends show the emergence of extra-framework W atoms when loadings
surpass 1 wt% (i.e., 0.23 W atoms per unit cell) that increase further with greater W loadings. Features between 300-550
cm-1correspond to vibrations of the BEA framework.4
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S2.0 In situ Characterization for H202 Activation on M-BEA

$2.1 In Situ Raman Spectra of M-BEA
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Figure S4. Raman spectra (442 nm laser, 0.8 mW pm-2) of M-BEA samples obtained (a) during contact with neat CH3CN for
0.5 h, and (b) after 0.5 h contact with a flowing solution of H202 in CHsCN (10 mM H202, 39 mM Hz0 in CH3CN; 1 ml min-1)
at 313 K. Spectra of Si-, Ti-, Nb-, and W-BEA are taken at steady-state, whereas Mo-BEA shows further changes following 20
min. All spectra are normalized to the BEA framework feature at 312 cm-1. M-BEA synthesized with high metal content (1.2
wt % Ti, 3 wt % Nb, 5 wt % W, 5 wt % Mo) are used to increase Raman peak intensity and clearly observe features unique
to H202 activation on incorporated metal atoms.

Figure S4a shows features on M-BEA in flowing neat CH3CN (1 ml min-1) prior to contact with H202, and these spectra
contain features indicative of oxygen ligands (e.g., metal-oxos; M=0) on Mo-BEA and W-BEA at 950-975 cm-1.3.5 Features
between 694-825 cm-! are framework vibrations of Si-BEA* and appear in all spectra. Subsequently, the liquid stream is
changed to a H202 solution (10 mM H202, 39 mM H:0 in CHsCN; 1 ml min-1), and Figure S4b shows spectra obtained after
0.5 h. These spectra include a new vibrational feature between 550-620 cm-! on Ti-BEA, Nb-BEA, and W-BEA, which
corresponds to a Raman-enhanced vibration mode that represents the formation of metal-peroxo (M-n2-02) species.3 6.7
Metal-peroxo species exist in equilibrium with metal-hydroperoxo species (M-O0H),8 9 which can be detected by UV-Vis
(Section S2.2.) but have yet to be reliably detected by Raman spectroscopy.¢ In contrast, Raman spectra of Mo-BEA in
flowing H202 solutions exhibit a short-lived peak around 560 cm-! (not shown here but in Figure 2), which indicates the
initial formation of a Mo-1n2-02 intermediate. However, all features corresponding to Mo atoms within the BEA framework
disappear after 0.5 h contact with flowing H202. These changes show the loss of Mo atoms from the zeolite framework,
which agrees with results from energy-dispersive X-ray fluorescence (EDXRF) that show the loss of at least 90 % of Mo
atoms from the sample after the experiment concludes.

Note: Figure S4a contains a feature around 560 cm-! on Si-, Ti-, and Nb-BEA samples that may indicate a relatively lower
degree of crystallinity of the BEA framework.10 We believe the absence of this feature on W- and Mo-BEA, which are
synthesized using the same parent batch of dealuminated BEA, may result from a slight change in the focus of the laser or
shift in the position of the pellet during the experiment.
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$2.2 In situ UV-Vis Spectra of M-BEA
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Figure S5. In situ UV-Vis spectra for (a) Ti-BEA (0.25 wt %), (b) Nb-BEA (0.22 wt %), (c) W-BEA (1.1 wt %), and (d) Mo-
BEA (0.40 wt %) while flowing a solution of H202 (10 mM H202, 39 mM H20, in CHsCN, 1 ml min-1) at 313 K. Each spectrum
shows the difference between the H202-activated sample and the corresponding UV-Vis spectrum for the bare M-BEA
sample, and all difference spectra are normalized to the maximum absorbance value.

Figure S5 shows steady-state UV-Vis spectra of reactive intermediates formed upon M-BEA samples by activation of
solution-phase H202 (10 mM H202, 39 mM Hz, in CH3CN, 1 mI min-1) at 313 K. These spectra are deconvoluted by subtracting
a baseline and fitting Gaussian functions to two features (fixed baseline at 0, initial guesses for peak positions are
determined by literature values for LMCT bands of M-(n2-02) and M-OOH) using OriginPro software. The two resulting
features represent the individual contributions of M-(n2-02) and M-OOH surface intermediates formed at framework
transition metal atoms and to give the ligand-to-metal charge transfer (LMCT) energies for these oxygen ligands. M-(12-02)
species absorb photons at higher energies (shorter A) than M-OOH species.6 11-14 The relative LMCT energies of active
oxygen species correlates with the electrophilicity of the reactive intermediates, which can be related to turnover rates and

apparent activation enthalpies for alkene epoxidation!5 and thiophene oxidations6 on group 4 and 5 transition metal
substituted BEA catalysts.

SI-6



$2.3 Transient In Situ UV-Vis Spectra of W-BEA and Mo-BEA
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Figure S6. In situ UV-Vis spectra of (a) W-BEA (1.1 wt %), and (b) Mo-BEA (0.4 wt %) pellets within flowing solutions of
H202 (10 mM H202, 39 mM H:0, in CH3CN, 1 cm3 min-1) at 313 K. Each spectrum shows the difference between the M-BEA
sample after contact with H20: for a given period of time and the corresponding UV-Vis spectrum for the M-BEA sample in
a solution of CHsCN (39 mM H20 in CHsCN, 1 cm3 min-1) at 313K, and all difference spectra are normalized such that the
maximum absorbance for the LMCT band in the series corresponds to a value of unity.

Figure S6 shows time-resolved in situ UV-Vis spectra for W-BEA and Mo-BEA within flowing H202 solutions (10 mM H:02,
39 mM Hz, in CH3CN, 1 ml min-1) at313 K. These series of spectra show the formation of M-n2-02 and M-OOH intermediates
with LMCT features for M-(n2-0z) at 310 nm (W-BEA) and 360 nm (Mo-BEA)!2 and for M-OOH at lower energies, as an
extension of assignments for Ti-BEA and Nb-BEA.11.13,17 The UV-Vis features for H202-activated W-BEA attain steady-state
after 1 h, however, the intensity of the absorbance features for Mo-BEA increase initially but then decrease with time. The
features at lower wavelengths (< 300 nm) represent charge transfer from Mo centers to the zeolite framework. These
features become increasingly negative during the course of the experiment, which indicates the dissolution and loss of Mo
atoms from the BEA framework!8 consistent with the discussion of Raman spectra and EDXRF results in Section S2.1.
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$3.0 Product Distributions for Cis-Stilbene Epoxidation with H20: over M-BEA
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Figure S7. Concentrations of trans-stilbene epoxide (®) and cis-stilbene epoxide ( ¥) formed during the epoxidation of cis-
stilbene (20 mM) with H202 as functions of cis-stilbene conversion over (a) Ti-BEA (0.25 wt %), (b) Nb-BEA (0.22 wt %),
(c) W-BEA (1.1 wt %) in CH3CN solutions (10 mM H202, 39 mM H:0) at 313 K.

Figure S7 shows the concentrations of cis- and trans-stilbene epoxide formed by the epoxidation of cis-stilbene as functions
of cis-stilbene conversion over Ti-, Nb-, and W-BEA samples in acetonitrile (20 mM cis-stilbene, 10 mM H202, 39 mM H:0,
in CH3CN) at 313 K. These concentration profiles indicate that both epoxide isomers are primary products and the
difference between their relative concentrations among the M-BEA catalysts suggest that distinct reactive intermediates
epoxidize alkenes on each material. Trans-stilbene epoxide forms through a multi-step homolytic mechanism for oxygen
transfer from M-(n2-O2) intermediates to alkenes, which allows rotation of the C-C bond and gives nearly equimolar
mixtures of trans- and cis-stilbene epoxides. In contrast, M-OOH and M=0 species primarily produce cis-stilbene epoxide
as a consequence of a concerted mechanism that does not permit isomerization during oxygen atom transfer to the C=C
bond.19 20 Product distributions over M-BEA suggest Ti-BEA reacts primarily through Ti-OOH, because cis-stilbene epoxide
is the predominant product. More similar quantities of cis- and tran-stilbene epoxides form over Nb-BEA and W-BEA, which
implies that these catalysts epoxidize alkenes primarily with M-(n2-02) species.
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$4.0 In Situ Tert-Butyl Phosphonic Acid Site Titrations of M-BEA
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Figure S8. Tert-butyl phosphonic acid titrations of (a) Ti-BEA (0.25 wt %), (b) Nb-BEA (0.22 wt %), (c) W-BEA (1.1 wt %)
during 1-hexene epoxidation with H202 in CH3CN (10 mM C¢H12, 10 mM H202, 39 mM H20, in CH3CN) at 313 K.

The number of catalytically active metal atoms within each M-BEA sample were determined by in situ tert-butyl phosphonic
acid (TBPA) site titrations. TBPA was introduced to a solution of 1-hexene and acetonitrile in a round bottom flask that
contained the suspended M-BEA catalyst. The mixture was stirred for 0.5 h with the intent to equilibrate the coverage of
TBPA on framework metal atoms. Then, H202 was added to initiate the reaction. The rates shown in Figure S8 are
normalized by total metal content determined by EDXRF. As the ratio of the concentration of TBPA to total metal atoms
([TPBA]:[M]) increases, the normalized rates for epoxidation decrease, because TBPA binds to a greater fraction of the
metal sites. Extrapolation of the initial few linear points to the abscissa indicates that nearly 100 % of Ti and Nb atoms
present form active sites for 1-hexene epoxidation, while ~70% of W atoms catalyze the epoxidation reaction. Inactivation
of some incorporated W atoms is likely due to oligomerization (Figure S3 and Figure S9). Turnover rates, activation
enthalpies, and enthalpies of 1,2-epoxyhexane adsorption reported in the main text were acquired from these specific M-
BEA catalysts.
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Figure S9. Tert-butyl phosphonic acid titrations of W-BEA with various W loadings (a) 0.55 wt %, (b) 1.1 wt %, (c) 3.3 wt
%, and (d) 4.3 wt % during 1-hexene epoxidation with H202 in CH3CN (10 mM CsH12, 1 mM H202, 39 mM H20, in CH3CN) at
313K

Site titrations were performed as discussed in sections 2.2 and 4.1. As W loading (as measured by EDXRF) increases,
percentage of sites active for 1-hexene epoxidation decreases. This is likely due to the tendency of W to oligomerize and
form clusters of WOs as suggested by increasing band gap (Figure S1) and more intense Raman features for WOs (Figure
S3) at higher W loadings. The percentage of active W atoms decreases with increasing W loading.

Table S2. Percentage of active W atoms and band gaps for W-BEA with increasing total W content

W content (wt %) Metal atoms per unit cell Band gap (eV)P Active metal (%)¢
0.55 0.12 4.41 80
1.1 0.23 4.30 70
33 0.71 4.13 50
4.3 0.93 4.10 40

ameasured by EDXRF (Section 2.2), bdetermined by DRUV-vis (Section 2.2, Figure S1),
cdetermined by in situ tert-butyl phosphonic acid titrations (Section 2.3, Figure S8)
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$5.0 Derivation of Rate Expression for 1-Hexene Epoxidation with H20; and H20:
Decomposition over M-BEA
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Scheme 2 (from main text). Proposed mechanism for 1-hexene epoxidation with H202 and H202 decomposition depicted
for group 4 M-BEA. The % symbol denotes a quasi-equilibrated step and the # symbol signifies the kinetically relevant
steps for the formation of distinct products.

Scheme 2 illustrates a series of elementary steps beginning with the quasi-equilibrated adsorption of 1-hexene (Ce¢H12)
(step 1) and hydrogen peroxide, H202 (step 2) which is followed by the irreversible activation of H202 to M-OOH (step 3) or
M-(n2-02). Activation of H202 can result in H202 decomposition (step 6) or Kinetically relevant epoxidation (step 4) by
reacting with a H202 molecule or CsHi2 molecule, respectively. The epoxide undergoes quasi-equilibrated adsorption to
form 1,2-epoxyhexane [CsH120] as the product. Measured rates result from the reaction of H20-derived surface species with
a CeHi12 molecule represented by the following equation:

15 = ka[M — OOH][CeH,,] (S1)

Applying the pseudo-steady state hypothesis to M-OOH species, produces Equation S2:

k3 k4 K7 [CoHy2][Ho0,][+]
k4[CoH1p] + k6[H20,]

g = (52)

where 1% is the epoxidation rate, k, is the rate constant for step 4 in Scheme 2, and [M — OOH] represents the number of
H202-activated metal sites. The total number of sites, [L], represents all occupied and unoccupied active sites:

[L] = [*] + [* C¢Hyz] + [ H;0;] + [* OOH] + [* CoH;,0] (S3)

where [*] is the number of unoccupied sites and [* OOH], [* C¢H;,], [* H,0,], and [* CcH,,0] represent the number of
activated H202, and adsorbed CsHiz, H202, and CsH120 respectively. Replacing each term with the associated rate and
equilibrium constants, and reactant and product concentrations gives:

k3K, [Hy 0,] [C6H,1,0]
k4[CeHiz]+ke[Hz 0] Ks

[L] =1+ K [CeHqp]+ Ko [H,0,] + (54)
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Bringing together equations S2 and S4 yields the rate expression for C¢éH120 formation (equation 2 in main text):

k3k,K, [H,0,][CoHiz]
Te _ ky[CoHip] + ke[H;0,] (S5)
[L] 1+ K.IC.H K.TH k3K, [H;0,] [CeH120]
+ +
+ KalCeHha I+ Kl 014 1 o T+ g [H,0,1 T K

Similarly, measured rates for H202 decomposition depend on the reaction between H202 and M-OOH or M-(12-02) to
produce Oz and H:0.

p = k¢[M — O0H][H,0,] (56)

Using the same site balance, [L] as above, we define turnover rates for H202 decomposition as:

k3kaKo [Hz02]?
D ka[CoHq2]+ke[H202] (S7)
[L] - k3K3 [H205] [CeH120]

1+K1[CoHiz]+ Kz [Hz02]+k4[C6H12]+k6[1'1202]+ Ks

Atlow of [C4H,,]: [H, 0,], the surface of M-BEA is saturated with species derived from H202 and rates of H202
decomposition increase as a linear function of [H,0,].15 The term that represents these species dominates, simplifying the
rate expression to:

[rL_D] = k¢[H,0,] (S8)
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$6.0 Heats per Injection of 1,2-Epoxyhexane and Thermograms for Isothermal

Titration Calorimetry
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Figure $10. Heats released upon 1,2-epoxyhexane adsorption in CH3CN (39 mM H:z0, 313 K) on (a) Ti-BEA (¥), (b) Nb-
BEA (m), and (c) W-BEA (@) as a function of 1,2-epoxyhexane coverage and associated thermograms for (d) Ti-BEA, (e) Nb-
BEA, and (f) W-BEA.

Adsorption enthalpies for 1,2-epoxyhexane (AHadsepox ) on M-BEA were measured by isothermal titration calorimetry.
Values of AHadsepox Were most negative for Ti-BEA suggesting Ti-BEA adsorbs the epoxide more strongly than Nb-BEA and
W-BEA.

Note: The reason for the lower heat value for the initial injection of each thermogram above (Figure S10d-f) is due to the
experimental set-up. For each experiment, before the titrant-filled syringe is loaded into the instrument, the tip of the
syringe needle is blotted to remove small amount of excess liquid. This blotting, along with natural evaporation, removes a
small amount of liquid at the tip of the needle. Moreover, during initial equilibration, diffusion occurs at the liquid at the tip
of the needle due to the concentration gradient. This results in the first injection containing less titrant than intended and
therefore, noticeable error in the first injection.
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$7.0 Effects of Electronegativity on 1-Hexene Epoxidation Apparent Activation
Enthalpies and 1,2-Epoxyhexane Adsorption Enthalpies
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Figure S11. Measured (a) C¢H120 adsorption enthalpies AHads,epox and (b) apparent activation enthalpies AH#epox are plotted
against Pauling?! (e), Sanderson (m), and Mulliken electronegativities22 ().

None of the electronegativity scales fit the initial hypothesis that more electronegative metals will lead to the synthesis of
more electrophilic sites, and therefore lower activation barriers for epoxidation. However, a linear trend (opposite of our
hypothesis) is observed for Mulliken electronegativity (average of electron affinity?3 and first ionization energy?24) values
as a function of 1-hexene epoxidation enthalpies and 1,2-epoxyhexane adsorption enthalpies on M-BEA. Nb and W are more
electronegative than Ti on the Mulliken scale which may explain the greater number of pendant oxygen ligands that form
on these metals when they are incorporated into the zeolite BEA framework. However, these ligands ultimately result in a
more diffuse electron density, making these oxygen species, some of which are reactive intermediates, less electrophilic.
This may explain the higher epoxidation activation enthalpies for the more electronegative Nb and W in BEA and why 1,2-
epoxyhexane binds weaker to Nb and W active sites than those of Ti in BEA.
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