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ABSTRACT: Group IV and V framework substituted zeolites have been used for olefin epoxidation reactions for decades, yet the 

underlying properties that determine the selectivities and turnover rates of these catalysts have not yet been elucidated. Here, a 

combination of kinetic, thermodynamic, and in situ spectroscopic measurements show that when group IV (i.e., Ti, Zr, and Hf) or V 

(i.e., Nb and Ta) transition metals are substituted into zeolite *BEA, the metals that form stronger Lewis acids give greater selectiv-

ities and rates for the desired epoxidation pathway and present smaller enthalpic barriers for both epoxidation and H2O2 decomposi-

tion reactions. In situ UV-vis spectroscopy shows that these group IV and V materials activate H2O2 to form pools of hydroperox-

ide, peroxide, and superoxide intermediates. Time-resolved UV-vis measurements and the isomeric distributions of stilbene epoxi-

dation products demonstrate that the active species for epoxidations on group IV and V transition metals are only M-OOH/-(O2)
2- 

and M-(O2)
- species, respectively. Mechanistic interpretations of kinetic data suggest that these group IV and V materials catalyze 

cyclohexene epoxidation and H2O2 decomposition through largely identical Eley-Rideal mechanisms that involve the irreversible 

activation of coordinated H2O2 followed by reaction with an olefin or H2O2. Epoxidation rates and selectivities vary over five- and 

two-orders of magnitude, respectively, among these catalysts and depend exponentially on the energy for ligand-to-metal charge 

transfer (LMCT) and the functional Lewis acid strength of the metal centers. Together these observations show that more electro-

philic active-oxygen species (i.e., lower energy LMCT) are more reactive and selective for epoxidations of electron-rich olefins and 

explain why Ti-based catalysts have been identified as the most active among early transition metals for these reactions. Further, 

H2O2 decomposition (the undesirable reaction pathway) possesses a weaker dependence on Lewis acidity than epoxidation, which 

suggests that the design of catalysts with increased Lewis acid strength will simultaneously increase the reactivity and selectivity of 

olefin epoxidation. 

1.0 INTRODUCTION 

Small-molecule oxidations are among the most important 

and well-studied reactions in synthetic chemistry.1 Olefin 

epoxidation is of particular importance, as epoxides (e.g., pro-

pylene oxide, styrene oxide, etc.) are important precursors and 

monomers for the production of pharmaceuticals and epoxy 

resins.2-4 Despite the importance of epoxides, current produc-

tion methods typically involve the use of hazardous organic-

peroxide oxidants4 or caustic-waste producing Cl-containing 

processes (e.g., the chlorohydrin process).5 Molecular oxygen 

(O2) is utilized for the epoxidation of ethylene (C2H4) to form 

ethylene oxide (EO) over promoted Ag catalysts.6-9 However, 

selectivities for C2H4 epoxidation with O2 reach 90 %, while 5 

– 10 % of C2H4 is over oxidized to form massive amounts of 

CO2 annually (1.5 – 3 Mton yr-1),6 which contributes to global 

climate change.10 Furthermore, supported Ag catalysts tend to 

oxidize allylic positions within hydrocarbons, which prevents 

the use of these catalysts and O2 for the epoxidation of mole-

cules larger than C2H4.
6   

Hydrogen peroxide (H2O2) is a green oxidant that can selec-

tively epoxidize olefins and may replace more environmental-

ly impactful oxidants. Currently, one of the few industrial 

processes that utilizes H2O2 for olefin epoxidation is the hy-

drogen peroxide – propylene oxide process,4,11 which couples 

the anthraquinone auto-oxidation process with a propylene 

epoxidation facility that catalyzes propylene epoxidations with 

a microporous titanium silicate zeolite catalyst (TS-1).12,13 TS-

1 gives acceptable H2O2 selectivities (80 – 95 %) for propyl-

ene epoxidation;14 however, it is not obvious how other early-

transition metal substituted zeolites may perform in epoxida-

tions. Additionally, the differences of epoxidation rates and 

selectivities between Ti- and other early transition metal atoms 

in zeolite frameworks are not experimentally demonstrated in 

the open literature and neither are the reasons for such poten-

tial differences. Consequently, there are few proven guiding 

principles for the synthesis of improved microporous catalysts 

for epoxidations. 

Group IV and V metals grafted onto SiO2 or incorporated 

into tetrahedral sites within zeolite frameworks effectively 

activate H2O2 and epoxidize olefins.4,15-23 Monomeric Nb at-

oms in the *BEA zeolite framework (Nb-β) irreversibly acti-

vate H2O2 to form superoxide intermediates (i.e., Nb-(O2)
-) 

that selectively epoxidize olefins.15 Alternatively, Ti atoms 

within TS-1 activate H2O2 to form Ti-OOH species, which are 

thought to be active for olefin epoxidation.24-26 Several compu-

tational studies probed the effects of transition metal atom 

substitution into zeolite frameworks on the Lewis and 

Brønsted acid strengths and correlated these changes to pre-
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dicted reactivity predominantly for biomass conversion or the 

isomerization of glucose.27-30 Most relevant to this work, 

Boronat et al. used quantum chemical calculations to relate the 

LUMO energy of the transition metal atoms Ti, Zr, and Sn 

within the framework of zeolite *BEA to the measured rates of 

octene epoxidation and attributed the relatively high reactivity 

of Ti-β to a LUMO energy that is lower than those of Zr- and 

Sn-β.31 Experimentally, Notestein and coworkers found that 

the initial rates of cyclohexene epoxidation over group IV and 

V metals grafted onto silica correlate with the Pauling electro-

negativity of these metals.23 In summary, the Lewis acidity of 

these heterogeneous atomically-isolated catalysts has been 

hypothesized to determine the ability of such species to acti-

vate H2O2 and the manner by which the activated complex 

reacts with an olefin.22,31-36 Interestingly, these trends disagree 

with a significant body of work on group VII and VIII (e.g., 

Mn and Fe) homogeneous complexes (e.g., porphyrin- and 

Schiff-base complexes), for which greater electron densities 

on the metal centers increase oxidation rates by facilitating the 

formation of M=O species via heterolytic cleavage of the O-O 

bond of H2O2.
4,37 Connections between the Lewis acid strength 

of metal-substituted zeolites and epoxidation rates and selec-

tivities have been hypothesized to exist for nearly two dec-

ades.23,31,35,36 However, to the best of our knowledge, no inves-

tigations have correlated barriers for epoxidation and H2O2 

decomposition (i.e., to infer selectivity) to experimentally de-

termined descriptors of the strength of the Lewis acid sites or 

to the electronic structure of the reactive surface intermediates 

for epoxidation. Furthermore, no studies have compared the 

identities and relative reactivities of the active hydroperoxo 

and superoxo intermediates for epoxidation or the ways in 

which their electronic structures reflect the chemical proper-

ties of the transition metal heteroatom on these group IV and 

V metal substituted zeolite catalysts. 

Here, we incorporate group IV (i.e., Ti, Zr, and Hf) and V 

(i.e., Nb, and Ta) metal atoms into the framework of zeolite 

*BEA (M-β) and use reaction rates measured as a function of 

the reactant concentrations to show that these M-β catalysts 

catalyze H2O2 decomposition and cyclohexene (C6H10) epoxi-

dation through an identical mechanism that varies only in the 

structure of the active oxidant. H2O2 activates irreversibly to 

form dioxygen intermediates (M-(O2)), such as M-(O2)
- or M-

OOH/-(O2)
2-, which subsequently react with C6H10 through an 

Eley-Rideal mechanism to form cyclohexene oxide (C6H10O) 

or with H2O2 to decompose. In situ UV-vis measurements and 

the distributions of isomeric products from Z-stilbene epoxida-

tion demonstrate that only M-(O2)
- species participate directly 

in epoxidation on group V Lewis acid sites, whereas only M-

OOH/-(O2)
2- intermediates react to form epoxides on group IV 

Lewis acid sites. Reaction rates and selectivities depend expo-

nentially on the extent of electron exchange between these 

active intermediates and the metal centers, as shown by the 

energy of the ligand-to-metal charge transfer (LMCT) bands. 

The thermodynamic strengths of the Lewis acidic metal cen-

ters were quantified from adsorption isobars for deuterated 

acetonitrile and compared to activation enthalpies (ΔH‡) for 

both pathways. These comparisons show that stronger Lewis 

acids possess both lower ΔH‡ (i.e., increased reactivity) and 

higher selectivities for the epoxidation of C6H10 by M-(O2) 

intermediates. Collectively, these results demonstrate that the 

rates for catalytic epoxidation on these M-β materials (and 

likely that in other zeolite frameworks) directly reflect the 

strength of the Lewis acid site and elucidate the reasons for 

observed selectivity trends on similar group IV and V hetero-

geneous catalysts.  

 

2.0 EXPERIMENTAL METHODS 

2.1 Catalyst Synthesis 

Group IV and V transition metal atoms were incorporated 

into tetrahedral positions of the *BEA framework by either 

solid-state38 (Zr and Hf) or liquid-phase15,39,40 (Nb, Ta, and Ti) 

metal-atom incorporation of dealuminated *BEA following 

previously published procedures. In short, commercial *BEA 

(Zeolyst, Si:Al ~ 12.5, NH4
+ cation) was contacted with con-

centrated HNO3 (Macron Chemicals, 69-70 wt. %, 20 cm3 

HNO3 gzeolite
-1) at reflux (448 K) for 20 h with the intent to 

remove Al atoms from the framework to produce solvated 

Al(NO3)3. Afterwards, the solids were recovered by filtration 

and washed first with concentrated HNO3 and then with deion-

ized H2O (17.8 MΩ). The recovered solids were then heated to 

823 K at 5 K min-1 under flowing dry air (100 cm3 min-1, Air-

gas, Ultra-zero grade) with the intent to remove residual vola-

tiles and any organic species and to produce Si-β (Si:Al > 

1200, determined by ICP-OES). 

Ti atoms were incorporated into the framework by liquid-

phase incorporation (LPI),15,39,40 which involved stirring Si-β 

in dichloromethane (DCM, Fisher Chemicals, Certified ACS 

Stabilized, 15 cm3 DCM gzeolite
-1) under an argon atmosphere 

using standard schlenk technique. An appropriate amount of 

TiCl4 (Sigma-Aldrich, 99.9%) was added dropwise to the stir-

ring suspension of Si-β in DCM and brought to reflux (323 K) 

for 3 hours. Notably, TiCl4 and will violently react with mois-

ture in air to release HCl, and should be handled carefully in 

an inert atmosphere. After ca. 30 minutes at reflux, the color 

of the suspension turned from bleached white to tan. 

Nb and Ta atoms were also incorporated into the framework 

by LPI,15,39,40 which involved stirring Si-β in isopropanol (IPA, 

Fisher Chemicals, 15 cm3 IPA gzeolite
-1) under an ambient at-

mosphere. An appropriate amount of NbCl5 (Sigma-Aldrich, 

99.9%) or TaCl5 (Sigma-Aldrich, 99%) dissolved in IPA was 

added to the stirring suspension of Si-β in IPA and heated to 

333 K for 3 hours. Notably, NbCl5 dissolved in IPA is bright 

yellow, and maintains this color for a short time (ca. 10 min) 

upon addition of Si-β, after which the color of the suspension 

turns white.  

For Ti-, Nb-, and Ta-samples, the solvent (i.e., DCM or 

IPA) was removed in vacuo (via rotovap), and the recovered 

solids were heated to 823 K at 5 K min-1 for 6 h in flowing dry 

air (100 cm3 cm-1, Airgas, Ultra-zero grade). The heat-treated 

solids possessed a bleached white color. 

Hf- and Zr-incorporated *BEA materials were synthesized 

via solid-state ion exchange.38 In brief, Si-β was intimately 

ground with an appropriate amount of Hf(OEt)4 (Alfa-Aesar, 

99.9 %) or Zr(OEt)4 (Alfa-Aesar, 99 %) to yield a homogene-

ous solid mixture. The solids were then heated to 823 K at 2 K 

min-1 for 6 h in flowing air (100 cm3 min-1, Airgas, Ultra-zero 

grade), with the intent to melt the Zr- and Hf(OEt)4 and pro-

vide ample time for these species to diffuse into the SiOH 

pockets within the Si-β crystals prior to decomposition. This 

process results in Zr- or Hf-β, the colors of which are bleached 

white and light gray, respectively. This solid-state synthesis 

method can potentially produce extra-framework species (e.g., 

oligomeric ZrOx or HfOx species); however, characterization 

results (shown below) suggest the fraction of Zr- and Hf-
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atoms that exist outside the framework are insignificant.  Fur-

thermore, the kinetic analysis (Sections 3.2 and S2) and corre-

lations reported here rely only on how rates change with a 

function of reactant concentrations and temperature, such that 

an error in the site count would be systematically applied and 

would not alter any conclusions. 

 

2.2 Catalyst Characterization 

The transition metal content of each M-β content was de-

termined by inductively coupled plasma-optical emission 

spectroscopy (ICP-OES, PerkinElmer 2000DV), which was 

calibrated against known dilution standards. For Mx-β, the 

subscript refers to the number of metal atoms per unit cell of 

the *BEA framework, quantified by ICP-OES. For all kinetic 

and in situ spectroscopic measurements (Sections 2.3 and 2.4), 

samples of M-β were prepared to result in 0.6 – 1 (M at-

oms)(unit cell)-1 (i.e., Si/M ratios > 60). Consequently, statisti-

cal arguments show that the M-atoms are well separated from 

one another and that catalysts will contain only a very small 

fraction of M-O-M linkages, which is supported also by other 

characterization methods described below. Furthermore, the 

post-synthetic modification of Al-β only replaced approxi-

mately 1 in 5 Al atoms, which leaves ~4 silanol nests (unit 

cell)-1. This suggests that all M-β used in this study are highly 

hydrophilic, rather than hydrophobic (as is the case in defect-

less M-β materials).41 

Catalyst crystallinity was confirmed by powder X-ray dif-

fraction (p-XRD). X-ray diffractograms were obtained on a 

Siemens/Bruker D5000 diffractometer with Cu K-α radiation 

(0.15418 nm) using a step size of 0.02o, taken at 1o min-1, un-

der ambient conditions. The similarities between the x-ray 

diffractograms (Fig. S1) show that the *BEA framework re-

mains intact after dealumination and metal incorporation for 

all M-β samples.  

Band edges (Eg) were determined by analysis of diffuse re-

flectance UV-vis spectra of the bare M-β materials (Fig. S2). 

Total reflectance spectra were measured at ambient conditions 

with a UV-vis-NIR spectrophotometer (Agilent CARY 5) 

equipped with a diffuse reflectance accessory (Harrick crick-

et®). Magnesium oxide (MgO, Sigma Aldrich, 99.995% trace 

metals basis) was used as a background for all spectra ob-

tained. Samples were prepared by intimately combining M-β 

(~10 mg) with MgO (~100 mg) using a pestle and mortar. 

Values of Eg were determined from the x-intercept of the line-

ar portion of the corresponding Tauc plots for each material 

(Fig. S2b).42 The relatively large value of the band edges (Ta-

ble 1) for all of the materials (and absence of shoulders to-

wards lower energies) further suggests that transition metal 

atoms within each of these materials are highly disperse and 

contain little to no oligomeric or bulk metal-oxide phases.17 

The incorporation of the transition metal atoms into the 

*BEA framework was confirmed by vibrational spectra of 

each sample obtained by attenuated total reflectance IR (ATR-

IR) spectroscopy. Samples (~10 mg) were pressed onto the 

diamond internal reflection element of an ATR-IR instrument 

(Bruker Alpha) and spectra were recorded at ambient condi-

tions (Fig. S3, 32 scans, 2 cm-1 resolution). Figure S3a shows 

the normalized IR spectra for all M-β, all of which possess 

nearly identical spectra within the framework stretching re-

gion. Figure S3b shows the difference spectra for group IV 

and V catalysts with respect to that of Si-β, and are all normal-

ized to the well-documented ν(Si-O-M)15,43 feature at 960 cm-

1, for clarity. The appearance of this feature at ca. 960 cm-1 

(ν(Si-O-M)) on all M-β shows that the transition metal atoms 

are incorporated into the *BEA framework upon post-

synthetic modification. 

The presence of Lewis acid sites was characterized by the 

IR spectra of adsorbed deuterated acetonitrile (CD3CN, Cam-

bridge Isotope Laboratories, 99.8% D atom),44,45 coordinated 

to M-β using a custom-made transmission cell coupled to an 

FTIR spectrometer (Bruker, Tensor 37) equipped with a liq-

uid-N2-cooled HgCdTe detector.46 Catalysts were pressed into 

self-supporting wafers (~ 60 mg) and placed within the stain-

less-steel cell, which was equipped with CaF2 windows and 

connected to a gas manifold by gas-transfer lines that were 

heated to 423 K via electrical heating tape (Omega, FGH Se-

ries). Catalysts were first heated to 423 K (10 K min-1) and 

held for 1.5 h under flowing He (50 cm3 min-1, Airgas Ultra 

High Purity), with the intent to remove any residual H2O and 

other volatiles that may have adsorbed during catalyst storage. 

CD3CN was fed via a syringe pump (KD Scientific, Legato 

100) at 1 µL min-1 and vaporized inside the heated gas-transfer 

lines into a stream of flowing He (50 cm3 min-1, Airgas, 

99.999%) to produce a stream containing 1.0 kPa CD3CN. IR 

spectra (Fig. S4) of adsorbed CD3CN were obtained by flow-

ing the CD3CN/He stream over the sample for 15 minutes. The 

flow of CD3CN was then stopped and the sample was heated 

at 10 K min-1 to a final temperature of 423 K while FTIR spec-

tra (128 scans, 1 cm-1 resolution) were continuously recorded.  

 

 

Figure 1. Infrared spectra of CD3CN bound to Lewis acid, 

Brønsted acid, and silanol sites on M-β catalysts including 

Ti1.0- (blue), Zr1.0- (red), Hf1.0- (green), Nb0.2- (black), and 

Ta0.6-β (orange). Spectra are normalized to ν(C≡N) of silanol-

bound CD3CN (2274 cm-1) and were acquired in flowing He 

(50 cm3 min-1, ~373 K) to monitor the desorption of CD3CN 

after saturation.  
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Figure 1 shows FTIR spectra for adsorbed CD3CN on all M-

β during the desorption of CD3CN in flowing He (50 cm3 min-

1, ~333 K) after saturation of CD3CN to visualize relevant 

CD3CN IR features. All M-β possess an absorbance feature at 

~2274 cm-1, which corresponds to ν(C≡N) of CD3CN coordi-

nated to SiOH functionalities within the *BEA framework. Ti-

, Nb-, and Ta-β each possess a single additional feature at 

2302, 2306, and 2312 cm-1, respectively, which is assigned to 

ν(C≡N) of Lewis-acid bound CD3CN.41 Both Zr- and Hf-β 

possess two additional features at 2326 cm-1 and 2296 cm-1. Of 

these two features, the peaks at 2296 cm-1 are assigned to 

CD3CN coordinated to the Lewis acidic Zr and Hf atoms in the 

*BEA framework, based on recent reports for Zr-β.47 Finally, 

CD3CN bound to Brønsted acid sites on H-exchanged USY48 

has been observed at 2332 cm-1; therefore, the features at 2326 

cm-1 on Zr- and Hf-β may be attributed to CD3CN coordinated 

to Brønsted acid sites (e.g., (SiO)3Zr(OH)), as Zr-β is known 

to contain Brønsted acid sites at open Zr sites in the frame-

work.49 Notably, the features at 2326 and 2296 cm-1 in Zr- and 

Hf-β do not correspond to remaining Lewis or Brønsted acidic 

Al atoms in the framework41 as these features are not observed 

in the purely Si-β starting material (Fig. S4), nor are they at-

tributed to bulk or oligomeric extraframework metal oxide 

clusters.45  

The presence and ratio of open versus closed sites has been 

shown to influence the reactivity of similar M-β catalysts. For 

example, the rates for the conversion of ethanol to butadiene 

on Zr-β has been shown to be proportional to the number of 

open Zr sites on a series of materials (as detected by FTIR of 

adsorbed CO at 100 K),50 which suggests that butadiene forms 

primarily on open sites. Gounder and coworkers have used the 

FTIR spectra of adsorbed CD3CN to show that Sn-β made by 

both post-synthetic modification and hydrothermal syntheses 

contain significant amounts of both open and closed sites, 

which suggests that it is extremely difficult to synthesize ma-

terials that contain solely one type of site.41 Thus, the M-β 

materials in this study likely contain a mixture of open and 

closed sites. However, the relationships developed within this 

work seek to correlate the experimentally observed reactivity 

(e.g., quantified by values of the ΔH‡ which do not depend on 

the number of sites) of these materials with a functional de-

scriptor of the Lewis acid strength, rather than compare within 

each material the reactivity of open versus closed sites. Future 

studies will explore how changes in the prevalence of open or 

closed sites (e.g., manipulated using hydrothermal synthesis 

versus post-synthetic modification methods) affect the Lewis 

acid strength, reactivity, and selectivity of a given group IV or 

V metal in the framework of these zeolitic materials 

To obtain functional measures of the Lewis acid strength, 

the enthalpies for adsorption of CD3CN to Lewis acid sites 

(ΔHCD3CN) were determined by monitoring the absorbance 

value of the ν(C≡N) feature as a function of inverse tempera-

ture (at a constant partial pressure of CD3CN (Fig. S5, ~1.2 

kPa CD3CN, 373 – 423 K). The coverage of Lewis-acid bound 

CD3CN is proportional to the intensity of the ν(C≡N) feature 

in the absorbance spectra, and the heat of adsorption for 

CD3CN onto Lewis-acid sites on each of the M-β materials is 

calculated by the method of van’t Hoff (Fig. S5). Table 1 

summarizes the experimentally determined values of ΔHCD3CN 

for all M-β catalysts.   

Overall, the results from p-XRD, diffuse reflectance UV-vis 

spectroscopy, and IR spectra of Mx-β and adsorbed CD3CN 

show that the *BEA framework is intact after post-synthetic 

modification; very little, if any, oligomeric or bulk metal oxide 

is present; metal atoms are incorporated into the framework; 

and quantify Lewis-acid strength, respectively (SI, Section S1; 

Table 1; Fig. 1 and S1 – S5).  

Table 1. Heats of adsorption for CD3CN coordinated to Lewis 

acidic framework metal atoms and band edge energies (meas-

ured via DR UV-vis) for Nb0.6-, Ta0.6-, Ti1.0-, Zr1.0-, and Hf1.0-

β. 

Sample ΔHCD3CN (kJ mol-1) Band Edge (eV) 

Nb0.6-β -22 ± 2 4.2 

Ta0.6- β -17 ± 1 4.8 

Ti1.0- β -31 ± 2 4.0 

Zr1.0- β -14 ± 1 5.6 

Hf1.0- β -13 ± 1 5.7 

 

2.3 Measurements of Reaction Rates and Selectivities 

Rates for cyclohexene (C6H10) epoxidation and H2O2 de-

composition were measured within batch reactors (100 cm3, 

three-neck round bottom flask) equipped with reflux conden-

sers to minimize evaporative losses. Appropriate amounts of 

C6H10 (Sigma-Aldrich, 99%) or cis-stilbene (Sigma-Aldrich, 

>96 %) and H2O2 (Fischer Chemicals, 30 wt. % in H2O) were 

added to a solution of acetonitrile (CH3CN, Macron Chemi-

cals, >99.8%) and benzene (for use as an internal standard, 

Sigma-Aldrich, thiophene free, >99%) and heated to the de-

sired temperature (303 – 348 K) while stirring at 600 rpm. 

Epoxidation and H2O2 decomposition was initiated by adding 

the M-β catalyst. Small aliquots (~300 μL) of the reaction 

solution were extracted as a function of time through a 0.22 

μm syringe filter (with the intent to remove suspended catalyst 

and quench epoxidation and H2O2 decomposition). The hydro-

carbon and oxygenate concentrations within these aliquots 

were quantified via a gas chromatograph (HP-5890, Series A) 

equipped with a flame-ionization detector. All species were 

identified and calibration factors were quantified using stand-

ards of known concentration. The H2O2 concentration of each 

aliquot was determined by colorimetric titration using an 

aqueous solution of CuSO4 (8.3 mM, Fisher Chemicals, 

>98.6%), neocuproine (12 mM, Sigma-Aldrich, >98%), and 

ethanol (25% v/v, Decon Laboratories Inc., 100%). The con-

centration of H2O2 was quantified from comparison of the 

absorbance at 454 nm to calibrated standards, measured using 

a visible-light spectrophotometer (Spectronic, 20 Genesys). 

Test reactions (0.01 M C6H10, 1 mM H2O2, 313 K) with Si-β 

reveal that no reaction (i.e., C6H10 epoxidation or H2O2 de-

composition) occurs in the absence of the metal atoms. In all 

reported data, the carbon balance closed within 98% and the 

standard uncertainty for measured reaction rates was < 7%. 

Rates for the conversion of C6H10 and H2O2 on the five M-β 

were measured as functions of [H2O2], [C6H10], and [C6H10O], 

and all reported results were obtained at differential conver-

sion (i.e., < 5% conversion of limiting reagent). 

Reported rates were measured in the absence of intra-pellet 

mass-transfer limitations, as shown by satisfying the Madon-

Boudart criterion for Ti-β (i.e., the M-β catalyst with the 

greatest turnover rates) by performing reactions under identi-

cal conditions with catalysts containing different metal load-

ings (see SI, Section S1.2).51 Over the metal loadings tested, 
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the epoxidation turnover rates did not depend on the metal 

content, which demonstrates that concentration gradients do 

not exist within the reactor or within the M-β particles. Addi-

tionally, all catalysts tested are of similar metal loadings 

(group IV ~ 1 (M atom)(unit cell)-1; group V ~ 0.6 (M at-

om)(unit cell)-1). 

 

2.4 In situ UV-vis spectroscopy 

In situ UV-vis spectroscopy was used to identify the inter-

mediates formed upon H2O2 activation and determine which of 

these species were directly responsible for olefin epoxidation. 

M-β samples were pressed into 7 mm diameter pellets (~5 mg) 

and loaded into a custom-built UV-vis liquid flow cell 

equipped with cartridge heaters for temperature control. UV-

vis spectra (100 scans, 600 ms integration time) were collected 

using a 45-degree diffuse reflection probe (Avantes, solariza-

tion-resistant fibers) connected to a fiber-optic spectrometer 

(Avantes, AvaFast 2048) with a compact deuterium-halogen 

light source (Avantes, AvaLight-DHc). Reactant and solvent 

solutions were introduced via a high-performance liquid 

chromatography pump (Waters, 515). A CH3CN solution (0.4 

M H2O, 1 cm3 min-1) flowed over the samples at 313 K for 1 

hr, and the corresponding UV-vis spectra for each M-β was 

used as the background for all measurements. The M-β sam-

ples were activated with H2O2 by switching the flow to a solu-

tion of H2O2 in CH3CN (0.1 M H2O2, 0.4 M H2O, 1 cm3 min-1) 

at 313 K until the UV-vis spectra became constant (i.e., imply-

ing a constant coverage of surface intermediates). Pure 

CH3CN (1 cm3 min-1) was then flowed over the samples at 313 

K for 10 min to remove residual H2O2. The reactivity of the 

surface intermediates was determined by continuously acquir-

ing UV-vis spectra while flowing a solution of C6H10 in 

CH3CN (0.1 M C6H10, 0.4 M H2O, 1 cm3 min-1) and by math-

ematically modeling the rates of peak attenuation (see SI, Sec-

tion S2). Notably, separate experiments showed that the UV-

vis absorbance features on the H2O2-activated M-β did not 

change or attenuate (for a period of 2 hr) under a flowing 

stream of CH3CN (0.4 M H2O, 1 cm3 min-1) or pure H2O (1 

cm3 min-1, 17.8 MΩ) at 313 K. Processes for peak smoothing, 

background subtraction, and peak fitting were performed with-

in OriginPro® and are described in the SI (Section S2). 

 

3.0 RESULTS AND DISCUSSION 

3.1 Identifying Active Oxygen Intermediates for Epoxida-

tions  

Metal-bound superoxide (M-(O2)
-),15,52 peroxide (M-(O2)

2-

),16,20,24 and hydroperoxide (M-OOH)24-26,53-55 intermediates 

have been proposed as the active intermediates for olefin 

epoxidation on group IV and V catalysts grafted onto SiO2 and 

incorporated into zeolite frameworks. However, published 

results disagree over the exact identity of the reactive interme-

diate on these solid catalysts. The activation of H2O2 on group 

IV (i.e., Ti, Zr, and Hf) and V (i.e., Nb and Ta) transition met-

al atoms incorporated into the *BEA framework (M-β) likely 

forms a pool of superoxide, peroxide, and hydroperoxide in-

termediates, where these complexes may be characterized by 

their electronic transitions (e.g., ligand-to-metal charge trans-

fer) via UV-vis spectroscopy.  

UV-vis spectra of H2O2-activated M-β acquired in situ (Fig. 

2, 0.1 M H2O2, 0.4 M H2O, in CH3CN, 1 cm3 min-1, 313 K) 

show that all M-β materials possess overlapping absorbance 

features (Fig. S8), whose intensities are proportional to the 

relative surface coverage of these species. Similar overlapping 

features exist on TS-1,24,56,57 Nb-β,15 and bulk Nb2O5,
58

 where 

the lower energy (higher wavelength (λ)) features are known 

to correspond to M-OOH/M-(O2)
2- species while the higher 

energy (lower λ) peaks are assigned to the M-(O2)
- 

species.15,24,52,58,59 As such, we systematically assign the higher 

λ features in Ta-, Zr-, and Hf-β to the M-OOH/-(O2)
2- species 

and the lower λ feature to M-(O2)
-.  

 

 

Figure 2. UV-vis spectra of H2O2-activated (Section 2.4) M-β 

catalysts including Hf1.0- (green), Zr1.0- (red), Ta0.6- (orange), 

Nb0.2- (black), and Ti1.0-β (blue). Spectra were acquired in situ 

in flowing H2O2 in CH3CN (0.1 M H2O2, 0.4 M H2O, 1 cm3 

min-1) at 313 K. Nb0.2-β data is adapted from Ref [15]. 

 

 

Scheme 1. Interconversion and consumption of M-OOH/M-

(O2)
2- (M-OOH) shown) and M-(O2)

- species upon reaction 

with C6H10. Color coding is for clarity: Group IV (Ti, Zr, and 

Hf, blue) and V (Nb and Ta, red).  

 

Scheme 1 shows the possible reaction of both the M-OOH/-

(O2)
2- and M-(O2)

- intermediates with C6H10, where the differ-

ences in the rates of consumption of these species in the pres-

ence of C6H10 will reflect the relative reactivity of these inter-

mediates. However, to accurately estimate values of rate con-

stants for the reaction of dioxygen species with C6H10 (i.e., kc 

and kd), the analysis must account for the interconversion of 

these species via reversible isomerization and charge transfer 

processes (Section S2.3 discusses how the interconversion of 

the two intermediates is accounted for during the transient 

kinetic analysis).15,60  
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Figure 3. Change in the normalized surface coverage of M-

OOH/M-(O2)
2- (open symbols) and M-(O2)

- (closed symbols) 

species as a function of time for Ti1.0- (▼), Zr1.0- (●), Hf1.0- 

(▲), Nb0.2- (■), and Ta0.6-β (⬧). UV-vis spectra were acquired 

in situ upon flowing C6H10 in CH3CN (0.1 M C6H10, 0.4 M 

H2O, 1 cm3 min-1) over H2O2-activated samples (Section 2.4) 

at 313 K. Nb0.2-β data is adapted from Ref [15]. Closed sym-

bols for Zr1.0- and Hf1.0-β coincide with the open symbols. 

Note that the Y-axis is shown on a logarithmic scale. 

 

The UV-vis absorbance features for species on Ti-, Nb-, and 

Ta-β attenuate exponentially with time upon exposure to flow-

ing C6H10 (0.1 M C6H10, 0.4 M H2O, in CH3CN, 313 K). Fig-

ure 3 shows the change in the normalized surface coverages of 

these species as a function of time and indicates clearly that 

specific intermediates are more reactive than others on a given 

M-β catalyst. Specifically, the number of Ti-OOH/-(O2)
2- spe-

cies diminish at a faster rate than those for Ti-(O2)
-, while the 

opposite is observed for Nb- and Ta-β. Table 2 shows rate 

constants for the reaction between M-(O2)
- or M-OOH/-(O2)

2- 

intermediates and C6H10 (Scheme 1) on each catalyst that are 

calculated from the change in the normalized intensity of the 

corresponding spectral features for each species (Fig. 3), dur-

ing the reaction of H2O2-activated M-β with flowing C6H10 at 

conditions similar to those for rate measurements (SI, Section 

S2.3). The calculated rate constants (Tables 2 and S2) for 

epoxidation by M-(O2)
- on Nb- and Ta-β are 2·104 and 32 

times larger than for epoxidation by M-OOH/-(O2)
2-, respec-

tively, which suggests that superoxide species are the active 

intermediates for epoxidation on group V substituents in the 

*BEA.15 However, for Ti-β, the rate constant for the consump-

tion of Ti-OOH/-(O2)
2- (i.e., kc) is larger than that for Ti-(O2)

- 

(i.e., kd) by a factor of 170. This difference shows that the Ti-

OOH/-(O2)
2- species are primarily responsible for olefin epox-

idation on Ti-β, which agrees with the intermediates proposed 

for epoxidation reactions on TS-1.25,26,57,60,61 The attenuation of 

the UV-vis absorbance features for Zr- and Hf-β were negligi-

ble on the time scale of the experiment, which corresponds to 

rate constants for epoxidation with these intermediates of < 10-

6 s-1 and is consistent with kinetic measurements for these ma-

terials (i.e., the rates of reaction for Zr- and Hf-β are a factor 

of ~105 less than Ti-β at comparable conditions (Fig. 5)). The 

values of kc and kd could not be determined on Zr-β and Hf-β, 

because the attenuation rates were immeasurable, however, the 

identities of the H2O2-derived intermediates responsible for 

epoxidation on these materials was determined using an alter-

native method, described next. 

Epoxidation reactions with Z-stilbene were used to support 

the identifications of the active intermediates derived from the 

in situ UV-vis measurements. Olefin epoxidations that involve 

M-OOH/-(O2)
2- species occur through a concerted mechanism, 

where oxygen-atom transfer from the active intermediate to 

the olefin occurs in a single step and, thus, prevents stereo-

chemical rearrangement (e.g., C-C bond rotation).4,26,62 Such 

epoxidations result in the nearly-exclusive formation of Z-

stilbene oxide. Epoxidations that use M-(O2)
- intermediates, 

however, react through a biradical mechanism that allows 

nearly unhindered rotation about the C=C bond, and therefore, 

gives distributions of epoxide products that contain compara-

ble amounts of E- and Z-stilbene oxide isomers.15,63,64 Table 2 

shows that group IV (i.e., Ti, Zr, and Hf) catalysts preferen-

tially form Z-stilbene oxide, while group V (i.e., Nb and Ta) 

produce nearly equal amounts of Z- and E-stilbene oxide. The 

microporous nature of these materials does not introduce arti-

facts in the analysis or the interpretation of these isomer distri-

butions. The disparity in the Z:E ratio of stilbene oxide be-

tween group IV and V metals (Table 2), suggests that the pore 

geometry has minimal, if any, effect on the distribution of 

products. An in situ UV-vis experiment was performed on 

H2O2-activated Ti-β (Fig. S9) to determine if Z-stilbene was 

able to diffuse into the *BEA framework and react with all Ti-

atoms within the bulk. The absorbance features for both M-

OOH/-(O2)
2- and M-(O2)

- attenuated exponentially and indi-

cate that ~95 % of the intermediates were consumed, which 

strongly suggests that the Z-stilbene is able to fully access the 

pores of M-β and react. Consequently, the E- and Z-stilbene 

oxide isomers form by reactions that occur on the same sites 

and with the same intermediates that facilitate C6H10 epoxida-

tion and not on a subset of sites on the exterior surface of the 

catalyst particles. These product isomer distributions, in con-

junction with in situ UV-vis measurements (Fig. 3) and the 

calculated rate constants (Table 2), strongly suggest that the 

reactive intermediate(s) responsible for olefin epoxidation on 

group IV (i.e., Ti, Zr, and Hf) catalysts are the M-OOH/-(O2)
2- 

species, while group V (i.e., Nb and Ta) materials react 

through a M-(O2)
- intermediate. 

 

Table 2. Evidence for the Direct Involvement of Specific In-

termediates in Olefin Epoxidation: Rate constants for the 

epoxidation of C6H10 and Z:E (cis:trans) stilbene oxide prod-

uct ratios for the epoxidation of Z-stilbene 

Sample kc (s
-1) kd

 (s-1) Z:E ratio 

Ti1.0-β 2.9·10-2 1.7·10-4 9.2 

Nb0.2-β 2.2·10-7 4.5·10-3 1.0 

Ta0.6- β 1.0·10-4 3.3·10-3 1.0 

Zr1.0- β < 10-6 < 10-6 7.1 

Hf1.0- β < 10-6 < 10-6 6.3 
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Figure 4. Turnover rates for the formation of C6H10O as a function of (a) C6H10 over Nb0.6-β (■, 1 mM H2O2, 313 K), Ta0.6-β (⬧, 1 

mM H2O2, 313 K), Ti1.0-β (▼, 0.01 M H2O2, 313 K), Zr1.0-β (●, 0.1 M H2O2, 323 K), and Hf1.0-β (▲, 0.1 M H2O2, 323 K), (b) H2O2 

over Nb0.6-β (□, 0.05 M C6H10, ■, 3 M C6H10, 313 K), Ta0.6-β (⬨, 2 mM C6H10, ⬧, 0.5 M C6H10, 313 K), Ti1.0-β (▽, 0.05 M C6H10, 

▼, 0.5 M C6H10, 313 K), Zr1.0-β (○, 5 mM C6H10, 323 K), and Hf1.0-β (△, 5 mM C6H10, 323 K), and (c) C6H10O over  Nb0.6-β (■, 3 

M C6H10, 1 mM H2O2, 313 K), Ta0.6-β (⬧, 0.5 M C6H10, 1 mM H2O2, 313 K), Ti1.0-β (▼, 0.5 M C6H10, 0.01 M H2O2, 313 K) Dashed 

lines are intended to guide the eye. Nb-β data is adapted from Ref [15]. 

 

Scheme 2. Proposed mechanism for the epoxidation of C6H10 with H2O2 over group IV (Ti, Zr, and Hf, M-OOH shown, blue) and 

group V (Nb and Ta, red) M-β. The symbol represents a quasi-equilibrated step, while represents a kinetically relevant 

step. Note, the unoccupied metal atoms are meant to be representations of an empty site, rather than suggest all metal atoms exist as 

closed sites, as both open and closed sites likely exist in these materials (see characterization results, Section 2.2). 

 

3.2 Mechanistic Interpretation of Kinetic Data 

Figure 4a shows turnover rates for the formation of cyclo-

hexene oxide (C6H10O) as a function of [C6H10] (10-4 – 5 M) at 

constant [H2O2] over all M-β, while Fig. 4b shows turnover 

rates for C6H10O formation as a function of [H2O2] at constant 

[C6H10], and Fig 4c shows C6H10O formation rates as a func-

tion of [C6H10O] at constant [H2O2] and [C6H10]. In all cases, 

rates of epoxidation depend linearly on [C6H10] (Fig. 4a) and 

do not depend on [H2O2] (Fig. 4b) at relatively low 

[C6H10]:[H2O2], which suggests that the active sites are satu-

rated with a H2O2-derived intermediate at these conditions. As 

[C6H10]:[H2O2] reactant ratios increase, the rate of epoxidation 

eventually becomes independent of [C6H10] (Fig. 4a), propor-

tional to [H2O2] (Fig. 4b, Ti-, Nb-, and Ta-β), and inversely 
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proportional to [C6H10O] (Fig. 4c). This change suggests that 

the identity of the most abundant surface intermediate (MASI) 

changes to a C6H10-derived intermediate (e.g., most likely 

C6H10O). Conceptually, this occurs because C6H10 and its de-

rivatives displace H2O2-derived species from the metal centers 

at high values of [C6H10].  Notably, the effect of [C6H10O] on 

epoxidation turnover rates on Zr- and Hf-β (comparable to Fig. 

4c) could not be measured because catalytic turnover rates at 

high [C6H10] (> 1 M) were obscured by non-catalytic C6H10 

oxidation rates (i.e., homogeneous reactions). 

Scheme 2 shows a series of elementary steps that account 

for the measured effects of [C6H10] (Fig. 4a), [H2O2] (Fig. 4b), 

and [C6H10O] (Fig. 4c) on both rates of C6H10 epoxidation and 

of H2O2 decomposition (H2O2 decomposition rate expression 

is derived in SI, section S3.2).15 The catalytic cycle for epoxi-

dation involves the quasi-equilibrated adsorption of H2O2 (step 

1),15,16,51 followed by the irreversible activation of H2O2 (step 

2) to form a pool of M-(O2)
- and M-OOH/-(O2)

2- active inter-

mediates (referred to collectively as M-(O2)).
4,15,25,60,65 Among 

these species, either M-OOH/-(O2)
2- or M-(O2)

- then reacts 

with C6H10  (depending on the metal identity, Section 3.1) via 

an Eley-Rideal mechanism to form C6H10O (step 3), which 

desorbs  (step 4). The M-(O2) species may also decompose 

nonproductively by reaction with H2O2 (step 5). Measured 

C6H10 epoxidation rates represent the kinetically relevant reac-

tion of the active form of the oxidizing surface intermediate 

with a C6H10 molecule: 

 

]][[ 10623 HCOMkrE 
 (1) 

 

where rE is the rate of C6H10 epoxidation, [M-(O2)] is the 

number of the M-OOH/-(O2)
2- (group IV) or M-(O2)

- (group 

V) species and kx is the rate constant for step x in Scheme 2. 

Application of the pseudo-steady state hypothesis to the M-

(O2) intermediates, in combination with a site balance to ac-

count for all surface species (full derivation in SI, Section 3.1), 

provides: 

 



])[][(

]][[

][

2251063

22106132

OHkHCk

OHHCKkk

L

rE 


 (2) 

 

where [L] is the total number of M atoms (i.e., active sites) 

present during reaction, and β describes the sum of terms rep-

resenting all potential surface intermediates:  

 

][
])[][(

][
][][1 1064

2251063

2212
2211066 OHCK

OHkHCk

OHKk
OHKHCK 




 (3) 

 

Here, Kx is the equilibrium constant for each step x, such 

that the five terms in β correspond to the number of site occu-

pied by CH3CN (i.e., the solvent), C6H10, H2O2, -(O2) species, 

and C6H10O, respectively. At high [H2O2]:[C6H10] reactant 

ratios (e.g., 10 for Ti-β), M-(O2) species become MASI, which 

is shown by epoxidation rates that increase linearly with 

[C6H10] and do not depend on [H2O2] (Fig. 4). In this limit, 

equation 2 simplifies to the form: 

 

][
][

1063 HCk
L

rE 

 (4) 

 

which is consistent with the measured dependence of rE on the 

reactant concentrations (Fig. 4). Similarly, at lower ratios of 

[H2O2]:[C6H10], the reaction product (C6H10O) becomes the 

MASI as indicated by epoxidation rates that are independent 

of [C6H10] and proportional to [H2O2] (Fig. 4b), but also in-

versely dependent on [C6H10O] (Fig. 4c, observed on Ti-, Nb-, 

and Ta-β). When C6H10O is the MASI, the rate of epoxidation 

is much greater than the rate of H2O2 decomposition (i.e., 

k3[C6H10] >> k5[H2O2]; SI, Section S3.2), and, equation 2 sim-

plifies to yield: 

 

][

][

][ 10645

2212

OHCKk

OHKk

L

rE 

 (5) 

 

Notably the form of equation 5 matches the ways in which rE 

changes with variations in [C6H1o] and [H2O2] as well as 

[C6H10O]. 

 

 

Figure 5. Turnover rates for the formation of C6H10O (solid) 

and H2O2 selectivities (taken as the ratio of the turnover rate 

for C6H10O formation to total H2O2 consumption, striped) for 

Ti1.0-β (blue), Nb0.6-β (black), Ta0.6-β (orange), Zr1.0-β (red), 

and Hf1.0-β (green) (5 mM C6H10, 5 mM H2O2, at 313 K).  
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Figure 5 shows that these M-β catalysts all have very differ-

ent turnover rates and selectivities (i.e., productive use of 

H2O2) at standardized conditions (5 mM C6H10, 5 mM H2O2, 

313 K). For example, Ti-β gives turnover rates that are a factor 

of 105 (i.e., 100,000) times greater and selectivities that are 60 

times greater than those on Zr-β (one element down group IV), 

while changing the metal from Nb to Ta results in minimal 

changes in rates and selectivities. Epoxidation rates depend on 

[C6H10], [H2O2], and [C6H10O] in similar ways on all M-β, 

which strongly suggests that these materials catalyze olefin 

epoxidation with H2O2 through the common mechanism 

shown in Scheme 2. The reasons for such large differences in 

turnover rates and selectivities and the disparity between 

group IV and V catalysts must be related to consequential 

differences in the electronic structure and reactivity of the 

involved intermediates.  Moreover, these differences must 

produce activation barriers for epoxidation and H2O2 decom-

position that depend on both the elemental identity and the 

details of how these transition metal atoms are coordinated 

within the *BEA framework. Revealing the reasons for these 

differences requires both quantitative measurements of the 

activation barriers and methods to probe the chemical proper-

ties of the active sites and the electronic structure of the reac-

tive intermediates that bind to these sites. To make equitable 

comparisons among activation barriers for epoxidation and 

H2O2 decomposition reactions, all M-β materials must be 

evaluated within the same kinetic regime (i.e., at comparable 

surface coverages, MASI).  

 

Table 3. Activation enthalpies and entropies for C6H10 epoxi-

dation (ΔH‡
E and ΔS‡

E) and H2O2 decomposition (ΔH‡
D and 

ΔS‡
D) over M-β catalysts, measured on M-(O2) saturated sites. 

Sample 
ΔH‡

E 

(kJ mol-1) 

ΔS‡
E 

(J mol-1 K-1) 

ΔH‡
D 

(kJ mol-1) 

ΔS‡
D 

(J mol-1 K-1) 

Nb
0.6

-β 72 ± 5 -35 ± 21 45 ± 5 -91 ± 30 

Ta
0.6

-β 86 ± 6 -19 ± 11 56 ± 5 -61 ± 25 

Ti
1.0

-β 43 ± 5 -53 ± 30 31 ± 10 -104 ± 40 

Zr
1.0

-β 91 ± 10 -31 ± 9 65 ± 8 -55 ± 25 

Hf
1.0

-β 93 ± 7 -26 ± 8 64 ± 6 -77 ± 21 

 

Table 3 shows activation enthalpies (ΔH‡) and entropies 

(ΔS‡) for both C6H10 epoxidation (ΔH‡
E and ΔS‡

E) and H2O2 

decomposition (ΔH‡
D and ΔS‡

D) obtained on M-(O2) saturated 

surfaces (i.e., where rates are proportional to [C6H10] and in-

dependent of [H2O2] in Fig. 4) by operating at high 

[H2O2]:[C6H10] reactant ratios and by measuring rates of reac-

tion as a function of inverse temperature (SI, Section S3.3, 

Fig. S11). Notably, values of ΔS‡
E and ΔS‡

D do not change 

systematically with the identity of the metal, because these 

activation entropies largely reflect the loss of translational 

entropy that results from the coordination of either C6H10 or 

H2O2 to the activated catalyst for epoxidation and H2O2 de-

composition pathways, respectively. Table 3 shows that values 

of ΔH‡
 are much smaller for Ti-β (the catalyst with the greatest 

turnover rates), somewhat larger for Nb- and Ta-β, and ~50 kJ 

mol-1 greater on Zr- and Hf-β (the catalysts with the lowest 

turnover rates). Although these active site structures are simi-

lar in coordination (among Ti-, Hf-, and Zr-β), clearly the 105-

fold difference in rates (Fig. 5) and 50 kJ mol-1 change in ΔH‡
E 

must reflect some intrinsic property of the metal atom, how 

the metal coordinates to the framework, and properties of the 

M-(O2) species (i.e., active intermediate). 

Previous studies have attempted to relate the reactivity of 

site-isolated group IV and V metal atoms grafted onto meso-

porous SiO2 to the Pauling electronegativity (Ex, where x rep-

resents the elemental identity) of the metal.23,66,67 Values of 

ΔH‡ and Ex among the different M-β catalysts appear to corre-

late linearly for Nb-, Ta-, Zr-, and Hf-β and ΔH‡ values de-

crease with increasing electronegativity (Fig. S12); however, 

the values of ΔH‡ for both reactions (i.e., C6H10 epoxidation 

and H2O2 decomposition) on Ti-β are grossly overestimated 

(by 40 kJ mol-1) by this trend. The fact that Ex values alone are 

not enough to predict reactivity is not surprising, because the 

electronic structure of the metal sites and their Lewis acid 

strength should reflect, in part, their coordination environment 

within the zeolite framework. This same consideration also 

indicates that the Ex of the metal atoms should not be an accu-

rate predictor for the properties of the active oxidizing inter-

mediates (i.e., M-OOH/-(O2)
2- for group IV or M-(O2)

- for 

group V). Therefore, a complete understanding of the role that 

metal identity has for epoxidation with H2O2 requires a direct 

measurement of Lewis acid strength of the metal centers (as it 

exists in the zeolite framework) and the electronic structure of 

the reactive intermediate (acquired in situ).  

 

3.3 Importance of Lewis Acid Strength and Electronic 

Structure for Olefin Epoxidations 

The enthalpy of adsorption of CD3CN (ΔHCD3CN) to Lewis 

acid sites provides a direct and quantitative measure of the 

Lewis acid strength for all M-β. Values of ΔHCD3CN were de-

termined by van’t Hoff analysis of CD3CN adsorption isobars 

as a function of inverse temperature (Fig. S5, Table 1).  These 

measurements were acquired using transmission infrared (IR) 

spectroscopy to quantify the change in the coverage of CD3CN 

at individual Lewis acid sites (Section 2.2) by monitoring the 

intensity of the specific ν(C≡N) feature of interest within the 

range of 2295 – 2320 cm-1. This approach distinguishes be-

tween the amounts of CD3CN adsorbed by physisorption to the 

zeolite framework, coordination to surface silanol groups, and 

strong chemisorption to Lewis acid sites, because each adsorp-

tion mode produces a distinct ν(C≡N) absorbance feature in 

the IR spectra (Fig. S4).35,44 Consequently, IR spectroscopy 

allows measurements of ΔHCD3CN at distinct Lewis acid sites, 

while conventional calorimetric methods would give ensemble 

averaged values that would lack specificity for CD3CN mole-

cules adsorbed to Lewis acid sites.  

Figure 6a shows that values of ΔH‡
E and ΔH‡

D depend line-

arly on ΔHCD3CN for all M-β catalysts, which strongly suggests 

that stronger Lewis acids (i.e., more negative ΔHCD3CN) pos-

sess lower activation enthalpies for both C6H10 epoxidation 

and H2O2 decomposition. These trends show that stronger 

Lewis acid sites give greater turnover rates (Fig. 4 - 6), lower 

ΔH‡ values (Table 3), and greater selectivities for epoxidation 

(Fig. 5), because strong acids pull electron density away from 

the –(O2)
- or -OOH/-(O2)

2- moiety, making these oxidants 

more electrophilic and reactive. Consequently, these surface  
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Figure 6. Comparisons between activation enthalpies for C6H10 epoxidation (ΔH‡
E, solid symbols) and H2O2 decomposition (ΔH‡

D, open 

symbols)for M-(O2) saturated surfaces of M-β catalysts and measured (a) heats of adsorption for acetonitrile to the active sites (ΔH‡
CD3CN; 

Table 1) and (b) ligand-to-metal charge transfer (LMCT) energies (Table S1) of the specific reactive intermediate identified on each cata-

lyst for Ti-β (▼),Nb-β (■), Ta-β (⬧), Zr-β (●), and Hf-β (▲).  Dashed lines represent linear fits.  

species are more reactive towards electron-rich functions of 

C6H10 (i.e., the C=C) and H2O2 (i.e., the lone pairs of O).68 The 

phenomena observed here was alluded to by Boronat et al., 

who predicted that among Lewis acidic metal atoms within the 

*BEA framework those with a lower-energy LUMO would 

give greater rates for the epoxidation of olefins.31 Additionally, 

these experimentally determined descriptors of the Lewis acid 

strength (i.e., ΔHCD3CN) and the electronic structure of the reac-

tive intermediate (i.e., LMCT energy, discussed below (Fig. 

6b)) also show the reasons for the large differences in selectiv-

ity for H2O2 use in the epoxidations (discussed next). To the 

best of our knowledge, these data provide the first clear link 

between both the turnover rates and selectivities of M-β cata-

lysts for epoxidation that span multiple groups in the periodic 

table and show how these catalytic properties depend on the 

Lewis acid strength of the active sites and also the electronic 

structure of the reactive species that are formed.  

Furthermore, the difference in the slopes for ΔH‡
E (~3) and 

ΔH‡
D (~2) as a function of ΔHCD3CN, show that the most elec-

trophilic M-(O2) intermediates give the greatest selectivities 

for epoxidation (Fig. 5), which is industrially desirable. Figure 

5 shows that H2O2 selectivities increase by nearly a factor of 

60 at these conditions when the framework metal atom chang-

es from Hf (~0.5 %) to Ti (38%). Note that different reaction 

conditions are used to optimize the H2O2 selectivity on the 

most selective material (e.g., selectivities exceeding 95% for 

Ti-β at high [C6H10]:[H2O2]). For all M-β, C6H10 epoxidation 

(Section 3.2) and H2O2 decomposition (SI, Section S3.2) occur 

through an Eley-Rideal mechanism between C6H10 or H2O2 

with the active M-(O2) intermediate,15,54 which when com-

bined with the observed dependencies of ΔH‡
E and ΔH‡

D on 

ΔHCD3CN suggests that there is a stronger interaction of C6H10 

with the M-(O2) specie than H2O2 in the transition state. This 

trends differs from previously proposed O-O bond homolysis 

mechanism for H2O2 decomposition over TS-1,56,69 where in-

creasing Lewis acid strength was thought to decrease H2O2 

decomposition rates by pulling electron density from the –(O2) 

moiety and, thus, decreases the propensity for O-O bond 

cleavage. The data and conclusions here (i.e., Fig. 6, more 

electrophilic intermediates yield greater epoxidation rates) are 

consistent with the prior observation that epoxidation turnover 

rates increase with the electron richness of the olefin (e.g., 

allyl alcohol > allyl chloride > 1-hexene).4,26 Importantly, here 

the electronic structure of the active site was modified (and by 

extension the structure and form of the reactive dioxygen in-

termediate that is active for epoxidation) by changing the iden-

tity of the transition metal substituent, whereas, the earlier 

studies manipulated rates by changing the structure of the re-

actant. 

Figure 6b shows that ΔH‡
E and ΔH‡

D also increase linearly 

with the energy for LMCT (assessed by UV-vis) for the active 

intermediate (i.e., specifically M-(O2)
- species for group V and 

M-OOH/-(O2)
2- for group IV, Fig. 2 and S8) on all M-β. High-

er LMCT energies reflect weaker Lewis acid sites, because 

these catalysts have a lower tendency to pull electron density 

towards the metal nuclei. As such, electronic transitions in 

weaker Lewis acids (e.g., Hf) require higher-energy photons, 

as the electrons have the preference to reside on the -OOH/-

(O2)
2- or –(O2)

- moiety. Conversely, a strong Lewis acid (i.e., 

Ti) has the tendency to pull electron density to the metal cen-

ter, resulting in a lower energy LMCT as there is a smaller 

energetic preference for the electrons to reside on the -OOH/-

(O2)
2- or -(O2)

-. These differences correlate with the ΔH‡
E and 

ΔH‡
D values and show that the M-O2 species with the greatest 
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degree of electrophilicity are the most reactive and selective 

for olefin epoxidation.  

Table 1 (Section 2.2) contains ΔHCD3CN values for each M-β 

catalyst and Fig. S13 shows that Lewis acid strength (quanti-

fied by the value of ΔHCD3CN) appears to correlate linearly with 

the values of ENb, ETa, EZr and EHf, but ETi deviates sharply 

from this trend. Recently, Román et al. measured the chemical 

shifts of 15N within labeled pyridine coordinated to defect-less 

M-β materials (using MAS-NMR) and correlated these shifts 

to the Mulliken electronegativities (χx, where x is the metal 

identity) and calculated (via DFT methods) metal-pyridine 

bond dissociation energies.70 Figure S14 shows ΔHCD3CN plot-

ted as a function of χx and suggests that there is no obvious 

relationship between the measured Lewis acid strength and χx. 

The discrepancies in the relationship between Lewis acidity 

and Pauling/Mulliken electronegativity likely reflects differ-

ences in coordination environment of the metal center. For 

example, group V metals (i.e., Nb and Ta) are penta-

coordinated in *BEA with typically four -O-Si bonds to the 

framework and an appendage -OH group (i.e., closed 

sites),15,71,72 while group IV metals (i.e., Ti, Zr, and Hf) are 

tetra-coordinated and exist with four framework -O-Si bonds 

(i.e., closed sites) or three framework bonds and a terminal -

OH (i.e., open sites).19,45,73 Consequently, the reactivity of 

elements within the same group may correlate with Ex or χx; 

however, more meaningful comparisons that extend across the 

periodic-table and which capture potential variations in the 

coordination of the metal to the zeolite framework require 

more direct measurements of the properties of the active sites 

and active intermediates that exist in the catalyst, such as those 

presented here.  

The structure-function relationships elucidated here (Fig. 6) 

for group IV and V transition metal atoms within a zeolite 

framework directly oppose the widely-accepted electronic 

relationships described for homogeneous porphyrin and 

Schiff-base catalysts.4,37 These homogeneous complexes are 

generally constructed to result in increased electron density at 

the metal center (generally Fe or Mn) to facilitate homolysis of 

the M-OOH species and yield active oxo (M=O) or oxene 

(M+=O) intermediates. In contrast, epoxidation rates and selec-

tivities of these group IV and V catalysts increase exponential-

ly with Lewis acid strength, while increased electron density 

(as is beneficial to porphyrin and Schiff-base complexes) on 

the metal centers would lead to lower epoxidation rates and 

selectivities.  

 

4.0 CONCLUSIONS 

In situ UV-vis spectroscopy shows that group IV (i.e., Ti, 

Zr, and Hf) and V (i.e., Nb and Ta) metal atoms incorporated 

into the *BEA zeolite framework activate H2O2 to form a pool 

of hydroperoxide, peroxide, and superoxide intermediates. 

Time resolved UV-vis spectra acquired in situ during reaction 

of H2O2-activated materials with C6H1o show that group IV 

metals react primarily through M-OOH/M-(O2)
2- (i.e., hydrop-

eroxide/peroxide) intermediates, while M-(O2)
- (i.e. superox-

ide) complexes are the active intermediates on group V metals, 

which are further confirmed by the isomeric distributions of 

the epoxide products detected from reaction with Z-stilbene. 

The dependencies of turnover rates on reactant and product 

concentrations, show that these group IV and V catalysts all 

irreversibly activate H2O2 to form a pool of M-(O2) intermedi-

ates that react with C6H10 or H2O2 via an Eley-Rideal mecha-

nism to form C6H10O or H2O2-decomposition products, respec-

tively. Correlation of activation enthalpies for epoxidation and 

H2O2 decomposition to CD3CN adsorption enthalpies reveal 

that stronger Lewis acids give greater turnover rates and selec-

tivities towards olefin epoxidation. Additionally, activation 

enthalpies depend strongly on the energy of the LMCT band 

of the reactive intermediate for each M-β, which suggests that 

metals that more easily pull electron density from the bound-

dioxygen intermediates result in a more electrophilic, reactive, 

and selective intermediates. As such, the design of catalysts 

with metal centers that are stronger Lewis acids can give both 

greater reactivity for olefin epoxidation and also greater selec-

tivity and yield for these epoxidations on the basis of H2O2. 

Ongoing investigations in our group seek to understand the 

relationship between the electronic properties of the reactive 

intermediates and the steric or electronic properties of various 

olefins and how the energetics of epoxidation and related oxi-

dation reactions is affected.  
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