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porous solvent environments:
effects of aqueous-organic solvent mixtures on
competition between zeolite-catalyzed
epoxidation and H2O2 decomposition pathways†

David S. Potts, Chris Torres, Ohsung Kwon and David W. Flaherty*

Solvent molecules alter the free energies of liquid phase species and adsorbed intermediates during

catalytic reactions, thereby impacting rates and selectivities. Here, we examine these effects through the

epoxidation of 1-hexene (C6H12) with hydrogen peroxide (H2O2) over hydrophilic and hydrophobic Ti-

BEA zeolites immersed in aqueous solvent mixtures (acetonitrile, methanol, and g-butyrolactone).

Greater H2O mole fractions provide greater epoxidation rates, lower H2O2 decomposition rates, and

hence improved H2O2 selectivities to the desired epoxide product in each combination of solvent and

zeolite. The mechanisms for epoxidation and H2O2 decomposition remain constant across solvent

compositions; however, H2O2 activates reversibly in protic solutions. Differences in rates and selectivities

reflect the disproportionate stabilization of transition states within zeolite pores with respect to surface

intermediates and fluid phase reactants, as evinced by turnover rates normalized by the activity

coefficients of C6H12 and H2O2. Opposing trends in activation barriers suggest that the hydrophobic

epoxidation transition state disrupts hydrogen bonds with solvent molecules, while the hydrophilic

decomposition transition state forms hydrogen bonds with surrounding solvent molecules. Solvent

compositions and adsorption volumes within pores, from 1H NMR spectroscopy and vapor adsorption,

depend on the composition of the bulk solution and the density of silanol defects within pores. Strong

correlations between epoxidation activation enthalpies and epoxide adsorption enthalpies from

isothermal titration calorimetry indicate that the reorganization of solvent molecules (and associated

entropy gains) required to accommodate transition states provides the most significant contribution to

the stability of transition states that determine rates and selectivities. These results demonstrate that

replacing a portion of organic solvents with H2O offers opportunities to increase rates and selectivities

for zeolite-catalyzed reactions while reducing usage of organic solvents for chemical manufacturing.
1. Introduction

Epoxides are used as intermediates to manufacture fragrances,
plastics, and biologically active ingredients and are produced
and consumed on a massive scale.1 The primary methods to
produce epoxides industrially include the chlorohydrin process,
organic-hydroperoxide (Halcon) process, and hydrogen
peroxide (H2O2) to propylene oxide (HPPO) process.1 Industrial
HPPO processes involve one of two combinations of a micro-
porous titanosilicate catalyst and an aqueous organic solvent:
Ti-MFI (i.e., titanosilicate-1) with aqueous methanol (CH3OH)2,3

or Ti-MWW with aqueous acetonitrile (CH3CN).3–7 The reactant
streams for these processes oen include aqueous H2O2, which
lar Engineering, University of Illinois
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tion (ESI) available. See DOI:

1

introduces a mole fraction of water (xH2O) reported in the range
of 0.05 to 0.3;2,3,5,6 however, patented processes add water (H2O)
to the reaction mixture even when producing H2O2 in situ from
H2 and O2.3,4,7 These reports imply that H2O may improve
epoxidation performance, but the reasons for these differences
and the magnitude of the effects are not reported.2–7

The quantity of H2O combined with organic solvents in
binary, ternary, or more complex solvents affects rates of cata-
lytic reactions. For example, turnover rates for homogeneous
Brønsted acid-catalyzed alcohol dehydrations increase by two to
three orders of magnitude when changing the solvent from neat
H2O to mixtures of H2O and organic solvents (i.e., >0.3 molar
fraction of dimethyl sulfoxide, dioxane, tetrahydrofuran (THF),
CH3CN, or gamma-valerolactone).8–10 A separate work revealed
that furfuryl acid hydrolysis yields over Brønsted acidic zeolite
H-MFI increased from less than 10% in neat H2O to nearly 70%
in an equimolar THF–H2O mixture.11 Authors of these studies
attribute rate changes to differences in the solvent environment
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc06473a&domain=pdf&date_stamp=2023-03-21
http://orcid.org/0000-0001-8303-7359
https://doi.org/10.1039/d2sc06473a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06473a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014012


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/2
/2

02
6 

6:
51

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
around the reactant in the uid phase or within the zeolite
pores as the solvent composition varies. Solvent molecules
interact with and alter the stability of reactive species, which
can inuence rates of homogeneous and heterogeneous cata-
lytic reactions.12–16

Within the eld of organocatalysis, recent studies sought to
manipulate the rates and selectivities achieved by catalytic
complexes by tailoring outer-sphere interactions, also known as
second coordination sphere effects.17,18 Outer-sphere interac-
tions encompass hydrogen bonding, electrostatic, and hydro-
phobic interactions, among others. These interactions may be
manipulated through alterations to the ligand structure and ion
pairs but also by changes to the composition of the solvent.19

Researchers have long appreciated that solvents inuence
enzymatic20 and organocatalytic21 reactions, with publications
dating to 1890 showing that the solvent choice altered rates for
the quaternization of triethylamine with iodoethane by nearly 3
orders of magnitude.22 Classical theories (e.g., Kirkwood,23

Debye and Hückel,24 and Kamlet and Ta25) provide frameworks
to understand the inuence of solvents on reaction rates by
correlating bulk solvent properties to the thermodynamic
activity of reactive intermediates (i.e., solutes). These descrip-
tions rely on mean-eld descriptions and do not describe
phenomena at a molecular level. For these reasons, they cannot
account for outer-sphere or solvent-mediated interactions at
solid–liquid interfaces. Recently, we described a conceptual
framework14 for quantifying these effects within rate expres-
sions for chemical reactions that captures the impact of solvent
mediated interactions on the stability of reactive species
Scheme 1 Reaction coordinate depicting the influence of solvent
molecules on a generic reaction over a metal (M)-incorporated zeolite
between A and B through changes in the excess free energy of the
reference state (G3,ref) and transition state (G3,‡).

© 2023 The Author(s). Published by the Royal Society of Chemistry
through excess free energy contributions (G3) (Scheme 1). These
contributions arise from thermodynamic non-idealities that
alter the activity coefficients of reactive species.26 The non-
idealities brought about by solvent molecules are functionally
identical to second coordination sphere effects considered for
homogeneous, enzymatic, and electrochemical catalytic
processes.

Interactions between solvents and reactants at solid–liquid
interfaces provide energetic contributions that strongly inu-
ence zeolite-catalyzed epoxidation reactions,27–34 among other
chemistries. For example, the identity of the organic solvent
affects alkene epoxidation turnover rates. Previous work from
our group and others showed that CH3OH solvent gives greater
epoxidation turnover rates for C6–C18 linear and cyclic alkenes
than CH3CN over Ti-MFI,29,35–37 but lower rates than CH3CN over
Ti-BEA29,37–39 and Ti-MWW.37,40,41 These differences reect either
direct effects of the zeolite topology or inadvertent or unrecog-
nized effects that may include differences related to the densi-
ties of silanol defects ((SiOH)x, where x ranges from 1 to 4 and
depends upon the mechanism of defect formation), variations
in the crystal habit, particle dimensions, and associated intra-
particle transport effects caused by variations in the synthesis
protocol. Notably, the density of (SiOH)x impacts the hydro-
philicity of the pores and the kinetics of liquid phase alkene
epoxidations. Turnover rates for epoxidations of C6–C18 linear
alkenes in CH3CN with aqueous H2O2 in hydrophilic Ti-BEA
surpass rates in hydrophobic Ti-BEA by factors of 40 to
450.27,33,34 The most hydrophilic zeolites possess multiple
(SiOH)x nests per unit cell that stabilize hydrogen bonded
networks of H2O molecules within their pores, while the most
hydrophobic zeolites contain far less than one (SiOH)x per unit
cell and contain less H2O.42,43 During epoxidation turnovers, the
formation of the alkene epoxidation transition state (or the
adsorption of an epoxide) disrupts and displaces hydrogen
bonded H2O and CH3CN molecules from pores and brings
entropic gains that stabilize the transition state to increase
rates.27,34 In general, solvent molecules alter rates and activation
free energies for catalytic reactions through changes in G3

(Scheme 1).
Recent literature indicates that the presence of H2O inu-

ences rates of alkene epoxidation; however, discrepancies
among reports regarding the magnitude of these effects, the
values of xH2O needed, differences between organic solvents,
and disagreement over the physical origins motivate closer
examination of these phenomena across common aqueous
organic solvent mixtures. A fraction of studies showed that
increasing xH2O does not affect rates for alkene epoxidations.
Ramachandran et al. reported that 1-hexene (C6H12) 35 epoxi-
dation rates do not depend on xH2O (0.03 # xH2O # 0.3) and
argued that H2O does not enter pores or reside near Ti active
sites. Bregante et al. showed that 1-octene (C8H16) epoxidation
rates did not change with xH2O (0.0002 # xH2O # 0.008) and
reasoned that the intrapore H2O concentration remains
constant in this dilute limit.27 Other reports found that adding
H2O increases epoxidation rates of propylene (C3H6) 40 and
C6H12.37,39 The rate increases for each C6H12 epoxidation study
were attributed to the stabilization of titanium-hydroperoxo
Chem. Sci., 2023, 14, 3160–3181 | 3161
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(Ti–OOH) reactive intermediates by the formation of a 5-
membered ring with an H2O molecule.37,39 The ratio of the
organic solvent (CH3CN) to H2O was proposed to affect rates by
changing the hydrophilicity of the environment around Ti sites,
which affected the access of C3H6 and H2O2 to Ti sites.40 Rates
and barriers for H2O2 decomposition (an undesirable side
reaction) also depend on the choice of organic solvent used in
aqueous mixtures,39,44 however, the dependence upon xH2O has
not been reported. Notably, these prior studies utilized different
combinations of organic solvents (e.g., CH3OH, CH3CN,
acetone), Ti-zeolites (i.e., *BEA, MFI, MWW frameworks), and
reaction conditions (i.e., temperature, reactant, and H2O
concentrations). Furthermore, reactant concentrations varied
in ways that apparently yielded distinct kinetic regimes. Finally,
speculative interpretations were rarely corroborated by
complementary experimental methods to conrm the inuence
of xH2O on rates. Consequently, intentional pairing of solvents
with surfaces for new systems of reactants, solvents, and cata-
lysts relies on guesswork and experimentation. Solvent
composition clearly inuences the kinetics and possibly the
mechanism for alkene epoxidation and H2O2 decomposition
reactions at solid–liquid interfaces, underscoring the impor-
tance of understanding how xH2O inuences epoxidation and
H2O2 decomposition pathways.

Here, the interpretations of differences between the intrinsic
kinetics for C6H12 epoxidation and H2O2 decomposition reac-
tions in aqueous-organic solvent environments within Ti-BEA
zeolites show that solvation effects primarily govern rates and
barriers. These comparisons control for potential variations in
zeolite framework and reaction conditions that differed among
previous studies, strengthening conclusions that solvent struc-
tures interact with adsorbed and liquid phase reactive species to
inuence catalysis. Turnover rates for C6H12 epoxidation with
aqueous H2O2 increase with xH2O (0.002 # xH2O # 0.8) while
turnover rates for H2O2 decomposition decrease over hydro-
philic (Ti-BEA-OH) and hydrophobic (Ti-BEA-F) zeolites in
aqueous mixtures of three organic solvents (CH3CN, CH3OH,
and g-butyrolactone (GBL, C4H6O2)). These trends result in
greater epoxide formation rates and H2O2 selectivities at higher
xH2O, regardless of the identity of the organic component of the
solvent. Comparisons among turnover rates normalized by the
solvent-dependent activity coefficients of the uid phase reac-
tants demonstrate that the solvent composition strongly inu-
ences the stability of intermediates and transition states within
the pores of Ti-BEA. The interpretation of measured activation
enthalpies and entropies for epoxidation and H2O2 decompo-
sition shows that epoxidation rates rise with higher xH2O due to
a combination of increased thermodynamic activity of uid
phase C6H12 and increases in the entropy of the epoxidation
transition state by the disruption of hydrogen bonds among
intrapore H2O molecules. In contrast, H2O molecules likely
enthalpically stabilize the hydrophilic transition state for H2O2

decomposition through hydrogen bonding but more signi-
cantly stabilize uid phase H2O2 and Ti–OOH, leading to lower
decomposition rates at higher xH2O. These interpretations agree
with differences among 1,2-epoxyhexane adsorption enthalpies
measured by isothermal titration calorimetry as functions of
3162 | Chem. Sci., 2023, 14, 3160–3181
solvent composition. Analysis of the activation barriers for both
reaction pathways and the trends in epoxide adsorption
enthalpies show that multiple kinetic and thermodynamic
parameters depend sensitively on the values of xH2O and vary
more signicantly with xH2O in Ti-BEA-OH than Ti-BEA-F. These
comparisons agree with differences among intrapore solvent
compositions between zeolites and organic solvents, which
show that (SiOH)x nests facilitate preferential uptake of H2O
within pores and lead to greater interaction among H2O mole-
cules and surface intermediates at any given xH2O for the bulk
uid. Cumulatively, these ndings show how the stability of
reactive intermediates and transition states for epoxidation vary
due to interactions with intrapore H2O molecules and demon-
strate the ubiquity of these effects across solvent mixtures and
zeolites with distinct hydrophilic or hydrophobic nature.

2. Materials and methods
2.1 Catalyst synthesis

Ti-BEA-OH was prepared by post-synthetic modication of
commercial Al-BEA, following previously published proce-
dures.45,46 Al-BEA (TOSOH, lot no. 94HA6X02Y; Si : Al = 20) was
treated in reuxing HNO3 (Macron Chemicals, 68–70 wt%, 20
cm3 g−1) at 433 K for ∼24 h to remove Al atoms from the *BEA
framework by forming soluble Al(NO3)3. The dealumination
treatment was carried out 3 times to ensure thorough deal-
umination (Si : Al > 1200). Between dealumination, the *BEA
sample was washed with deionized H2O (18.2 MU cm, Elga
Purelab Flex 2, 50 cm3 gzeolite

−1) and recovered by vacuum
ltration. Aer the last dealumination, the dealuminated *BEA
was heated to 823 K (5 K min−1) in owing air (200 cm3 min−1;
Airgas, Ultra Zero grade) and held at 823 K for 6 h to remove
organic residues. The resulting material (Si-BEA-OH) was
heated in a round-bottom ask under vacuum (<5 Pa, 473 K) to
create a moisture-free environment, aer which dichloro-
methane (CH2Cl2, Fisher Chemicals, 20 cm3 gzeolite

−1) solvent
was added to the ask. Titanium atoms were then incorporated
into the framework by adding TiCl4 to the Si-BEA-OH and
CH2Cl2 mixture under an inert atmosphere (328 K, reuxing
CH2Cl2, ∼16 h, 50 cm3 min−1 Ar, Airgas, Ultra High Purity). The
resulting Ti-BEA-OH was recovered by rotary evaporation and
was heated to 823 K (5 K min−1) in owing air (200 cm3 min−1)
and held at 823 K for 6 h, resulting in a white powder sample.

Ti-BEA-F was synthesized by following a previous proce-
dure.47,48 16.82 g of tetraethylammonium uoride hydrate (TEAF,
Sigma-Aldrich, 98%) was dissolved in 27 cm3 of deionized H2O
(18.2 MU cm, Elga Purelab Flex 2) in a polypropylene container.
39.87 cm3 of tetraethylorthosilicate (TEOS, Sigma-Aldrich,
>98 wt%) was added, and the mixture was stirred for 30 min at
room temperature. 0.351 cm3 of titanium(IV) isopropoxide (TIPO,
Sigma-Aldrich, 99.999%) was added, and the solution was
covered and stirred for an additional 16 h to produce a white,
opaque homogeneous solution. The cover was removed, and the
mixture was stirred for 12 h to evaporate the alcohols formed
from the hydrolysis of TIPO (isopropanol) and TEOS (ethanol).
The mass of alcohols formed was estimated by assuming
complete and stoichiometric hydrolysis of all TIPO and TEOS
© 2023 The Author(s). Published by the Royal Society of Chemistry
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added. The solution was le uncovered to allow the alcohols to
evaporate until the mass of the solution decreased by an amount
equal to 115% of the calculated mass of the alcohols to increase
the likelihood of complete evaporation of these alcohols. The
alcohols are assumed to evaporate preferentially before water
based on their greater volatility. A mass of deionized H2O
equivalent to the difference between the total mass evaporated
(36.8 g) and the calculated mass of alcohols formed (31.0 g) was
added to account for the H2O lost during evaporation. The
mixture was then transferred to a Teon liner (Parr Instruments,
125 cm3, Model 4748). This yielded a gel with an approximate
molar composition of 1Si : 0.006Ti : 0.56TEAF : 8.89H2O. A small
amount of Si-BEA-OH seeds (3% by mass relative to SiO2 in the
synthesis gel) from a previous synthesis was added to promote
crystallization. The Teon liner was loaded into a stainless-steel
autoclave (Parr Instruments, 125 cm3, Model 4748) and heated
to 413 K at dynamic conditions (60 rpm) in a convection oven
(Yamato, DKN602C) for 20 days. The resulting material was
recovered by centrifugation, washed with H2O, and dried in an
oven for 12 h at 343 K. The dried solid was heated at 5 K min−1 to
823 K in owing air (200 cm3 min−1) and held at 823 K for 6 h to
produce a white powder Ti-BEA-F sample.

2.2 Catalyst characterization

The titanium (Ti), silicon (Si), and aluminum (Al) contents of the
Ti-BEA catalysts were determined with energy-dispersive X-ray
uorescence (EDXRF). Finely ground samples of Ti-BEA (∼50
mg) were loaded into a polypropylene cup (1 cm diameter) sealed
with ultralene lm. The sample cups were loaded into the He-
purged chamber of the spectrometer (Shimadzu, EDX-7000).
The samples were scanned between 0 and 30 keV, and the
intensities of the uorescence features were used to calculate the
mass of Ti, Si, and Al within the sample. The EDXRF measure-
ments show that Ti-BEA-OH (Si : Al ∼ 1200) and Ti-BEA-F (Si : Al
∼ 1750) contain only trace quantities of Al. The trace amount of
Al in Ti-BEA-F may result from Al impurities from the compo-
nents used in the synthesis. Compositions of the Ti-BEA samples
were also assessed by ICP-OES, which conrmed each sample
contained negligible quantities of Al (Si : Al > 2800) and
possessed Ti quantities consistent with the results from EDXRF.
Ti loadings and Si : Al ratios for each zeolite are shown in Table 1.

The dispersity of the Ti atoms in the Ti-BEA catalysts was
measured with diffuse reectance UV-vis (DRUV-vis) spectros-
copy. Magnesium oxide (MgO, Sigma-Aldrich, 99.9995%) was
used as a background. Ti-BEA samples were mixed and ground
Table 1 Ti Content, Band Gap, and Relative Hydrophilicity of Synthesize

Catalyst Si : Al Ti wt% Band gap

Ti-BEA-OH 1220a, 2800b 0.36a, 0.34b 4.3
Ti-BEA-F 1750a, 2880b 0.26a, 0.25b 4.3

a Determined with EDXRF. b Measured with ICP. c Extracted from lea
transmission spectra of dehydrated Ti-BEA samples. e Measured by
physisorption.

© 2023 The Author(s). Published by the Royal Society of Chemistry
into a ne powder with magnesium oxide at a MgO : Ti-BEA
mass ratio of 10 : 1 to measure sample spectra on a UV-vis
spectrophotometer (Varian, Cary 5G). The total reectance
spectra weremeasured under ambient conditions, and the band
gap energies (Table 1) were determined by extrapolating the
linear portion of the Tauc plots to the horizontal axis to deter-
mine the minimum energy of photons absorbed (eV) (Fig. S1†).

The crystallinities of the Ti-BEA samples were conrmed
using an X-ray diffractometer (Bruker, D8 Advance) with Cu Ka
radiation under ambient conditions. The Ti-BEA samples were
ground into a ne powder and loaded into a polypropylene
sample holder for the measurements. The diffractograms of the
Ti-BEA samples match previously reported powder diffraction
patterns for zeolite *BEA (Fig. S2†).49 These diffractograms
conrm that all Ti-BEA samples possess the *BEA zeolite
framework. Anatase TiO2 contains a strong feature at ∼25.5°,50

while the *BEA framework shows a weak feature in the same
location. The patterns for each Ti-BEA and Si-BEA-OH in
Fig. S2† possess a small feature in this region, suggesting that
the feature either originates from a *BEA framework feature or
minimal quantities of TiO2 present within the Ti-BEA materials.

Ex situ Raman spectra of the Ti-BEA catalysts were measured
with a Raman spectrometer (Renishaw, InVia) equipped with
a 532 nm laser. The measurements were performed at ambient
conditions on pressed catalyst pellets. The accumulation time
was 20 s per scan, and each Raman spectra was calculated by
averaging 10 scans. The delivered power density was approxi-
mately 2 mW mm−2, as measured by a power meter (Gentec-EO,
PRONTO-SI). The Raman spectra for each Ti-BEA (Fig. S3†) lack
discernible features at 144 cm−1, which indicates the absence of
Ti–O–Ti bonds present in anatase TiO2. In conjunction with the
high band gaps (4.3 eV, Table 1) of these materials and the
absence of strong TiO2 features on the XRD patterns, these
spectra indicate that Ti atoms reside in tetrahedral positions
within the *BEA framework.

The surface area andmicropore volumes of each Ti-BEA were
determined using gas-phase adsorption isotherms of N2 (77 K)
and Ar (87 K). The effect of (SiOH)x density on gaseous solvent
uptake was determined from adsorption isotherms of H2O and
CH3OH (295 K). All adsorption isotherms were collected on
a volumetric adsorption instrument (Micromeritics, 3Flex). The
Ti-BEA samples were pelletized and sieved to retain particles
from 100–250 mm in diameter. The samples were degassed
under dynamic vacuum prior to adsorption (<7 × 10−4 Pa, 673
K, 3 h). The surface area was calculated using the Rouquerol-
d Ti-BEA

c (eV) FIR
d

BET surface
areae (m2 g−1)

Micropore volumef

(cm3 g−1)

2.25 628 0.172
0.27 543 0.173

ding edge of Tauc plot from DRUV-vis. d Calculated from infrared
volumetric Ar physisorption. f Calculated using the t-plots from Ar

Chem. Sci., 2023, 14, 3160–3181 | 3163
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modied Brunauer–Emmett–Teller (BET) method,51 and the
micropore volume was determined from the t-plot method.52

Fig. S4† shows the N2 and Ar isotherms, and Table S1† presents
the total and external surface area, BET surface area and pore
volume from N2 adsorption, and total pore volume for each Ti-
BEA. The H2O and CH3OH isotherms are displayed in Fig. S5.†

The relative density of (SiOH)x groups within the Ti-BEA
catalysts was measured using infrared spectroscopy. Catalyst
pellets (∼50 mg) were loaded into a transmission cell cong-
ured with CaF2 windows. The transmission cell was connected
to a temperature controller and gas manifold, then loaded into
a Fourier-transform infrared spectrometer (Bruker, Vertex 70)
equipped with a liquid N2-cooled HgCdTe detector, as described
previously.53 The cell was rst heated to 573 K at ∼5 K min−1

and held for 2 hours in owing He (50 cm3 min−1, 99.997%,
Airgas) to desorb any water and volatile compounds. Infrared
spectra (128 scans, 1 cm−1) of the Ti-BEA samples were then
taken at 573 K (Fig. S6†). Background spectra were obtained
with the empty transmission cell at identical conditions. The
vibrational modes on the dehydrated Ti-BEA spectra between
3300–3750 cm−1 and 1800–2100 cm−1 represent v(O–H) of
(SiOH)x groups54,55 and Si–O–Si overtones56 of the *BEA frame-
work, respectively. The sharp feature at 3740 cm−1 represents
isolated SiOH groups that do not interact with other SiOH
groups.54,55 The broader features from 3300 to 3700 cm−1

represent defects containing multiple interacting hydroxyl
moieties present within (SiOH)x groups. The ratio of the areas
for v(O–H) and v(Si–O–Si) at 1865 and 2000 cm−1 gives a relative
measure of SiOH density in each Ti-BEA (FIR, eqn (1)). The area
of the isolated SiOH feature is excluded from v(O–H) in FIR

calculations. The v(O–H) region was deconvoluted into multiple
peaks (see Section S1.5†), and the isolated SiOH peak area was
subtracted from the combined area of the v(O–H) region.

FIR ¼ AnðO�HÞ
AnðSi�O�SiÞ

(1)

The FIR values (Table 1) suggest that Ti-BEA-OH contains
a density of (SiOH)x groups nearly one order of magnitude
greater than Ti-BEA-F.

Collectively, the characterization results provide strong
evidence that Ti-BEA-OH and Ti-BEA-F materials contain
atomically dispersed Ti atoms at framework positions within
a crystalline *BEA framework. Moreover, these materials lack
spectroscopically detectable quantities of TiO2 nanoparticles or
crystallites. Each zeolite contains ∼1 Ti atom per 4 unit cells of
*BEA, and Ti-BEA-OH contains 2.75 (SiOH)x nests per unit cell
(calculation in ESI Section S1.6†). The synthesis method of Ti-
BEA-F prohibits a direct calculation of (SiOH)x per unit cell,
but previously established trends between FIR and (SiOH)x 28

indicate that the Ti-BEA-F sample synthesized for this work (FIR

= 0.27, Table 1) contains < 0.1 (SiOH)x per unit cell.
2.3 Epoxidation turnover rate measurements

Turnover rates for 1-hexene (C6H12, Sigma-Aldrich, >99%) epox-
idation with hydrogen peroxide (H2O2, Fisher Chemical,
3164 | Chem. Sci., 2023, 14, 3160–3181
30 mol% in H2O) in aqueous solutions of either acetonitrile
(CH3CN, Fisher Chemical, HPLC Grade), methanol (CH3OH,
Sigma-Aldrich, HPLC, $99.9%), or g-butyrolactone (GBL,
C4H6O2, Sigma-Aldrich, $99%) were measured in three-necked
round-bottom asks with magnetic stirring (700 rpm). The
asks were gently clamped to reux condensers to avoid evapo-
rative losses and submerged in a temperature-controlled H2O
(308–318 K) or oil (323–338 K) bath on a hot plate (Corning, PC-
420D). The reagents (C6H12 and H2O2) were combined with H2O
(18.2 MU cm, Elga Purelab Flex 2) and CH3CN, CH3OH, or
C4H6O2 along with benzene as an internal standard (Sigma-
Aldrich, thiophene-free, >99%) and stirred for 0.5 h before an
initial aliquot (∼0.5 cm3) was taken to determine the initial
concentration of C6H12 and product, 1,2-epoxyhexane (C6H12O).
Ti-BEA (∼20–50 mg) was then added to initiate the reaction, and
aliquots were taken as a function of time using a syringe
equipped with a polypropylene lter (Tisch Scientic, 0.22 mm) to
separate the sample from the catalyst particles. The concentra-
tions of alkene, benzene standard, and epoxide product were
quantied with a gas chromatograph (Agilent, 6850) equipped
with a polysiloxane column (HP-1, Agilent, 19091Z-115E), ame
ionization detector, and liquid autosampler (CTC Analytics, GC
Pal). Initial turnover rates were determined by tting turnover
numbers (moles of C6H12O per moles of Ti) as a function of time
to a second-order polynomial with the y-intercept xed at zero
and determining the derivative at time equal to zero. All reported
turnover rates were measured at differential conversion (<5%),
with an uncertainty of ∼10% in reported rates, as shown with
replicated measurements. The conditions used for rate
measurements in this study avoid internal mass transfer
constraints, as indicated by the linear dependence of turnover
rates on alkene concentration (Section 3.1),57 which is consistent
with expectations based on prior studies of reactions of H2O2

with alkenes in Ti substituted MFI, *BEA, and FAU at similar
conditions.29,33,58 A mass-transfer limited material would show
a sub-linear dependence on alkene concentration because the
mean concentration of alkenes throughout the pores would not
depend linearly on the uid phase alkene concentration.

H2O2 consumption rates (−rH2O2) were measured with C6H12

present to calculate the selectivities for H2O2 consumption
(SH2O2) as a co-reactant for epoxidation, as opposed to decom-
position between two H2O2 molecules to form H2O and oxygen
(−rdecomp). We note that solvent molecules may react with H2O2

to provide another contribution to −rdecomp, but rate changes
with [H2O2] suggest that the bimolecular decomposition of
H2O2 dominates contributions to −rdecomp (Fig. 2c). We dene
H2O2 selectivity as the ratio of the epoxidation rate (repox) to the
overall H2O2 consumption rate (−rH2O2):

SH2O2
ð%Þ ¼ repox

�rH2O2

� 100 (2)

Activation barriers for H2O2 decomposition were measured
in the absence of C6H12. Solutions to measure H2O2 concen-
tration were prepared using colorimetric titration with a titrant
solution consisting of cupric sulfate (8.3 mM; VWR, 99%) and
neocuproine hydrate (12 mM; SAGECHEM) in an aqueous
© 2023 The Author(s). Published by the Royal Society of Chemistry
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solution of ethanol (4.3 M; Sigma-Aldrich, $99.5%). Aliquots
from the reactions (0.15 cm3) were mixed with the titrant (1 cm3)
and DI H2O (0.85 cm3). The absorbance of this solution at
454 nm was then measured using a UV-Vis spectrophotometer
(Spectronic, 20 Genesys) to obtain the H2O2 concentration. A
calibration curve was developed with solutions of known H2O2

concentration to convert absorbance to concentration. The
concentrations were used to calculate H2O2 decomposition
rates by subtracting the formation rate of 1,2-epoxyhexane from
the total rate of H2O2 consumption.

2.4 In situ analysis of H2O2 activation

H2O2 activation over the Ti-BEA catalysts was examined using
a UV-Vis spectrometer (Avantes, AvaSpec-2048) equipped with
a pulsed xenon light source (Avantes, AvaLight-XE-Mini). Ti-BEA
pellets (7 mm diameter) were loaded into a custom-built liquid
ow cell attached to cartridge heaters and a temperature
controller (Watlow, EZ-ZONE PM) to hold the cell at 313 K. The
cell and spectrometer were connected to a 45-degree ber optic
diffuse reection probe (Avantes, FC-UVIR600-2-BX-SR).
Solvents and H2O2 were introduced continuously to the cell (1
cm3 min−1) using a high-performance liquid chromatography
pump (Teledyne ISCO, ReaXus M1 Class). Background spectra
were collected by owing solvent without H2O2 (10–40 ms
integration time, averaging 125–500 scans). Then solvent and
H2O2 (0.1 M H2O2, 0.39 M H2O) owed through the cell until
spectra stopped changing (∼0.5 h), which indicated the
coverage of H2O2-derived intermediates reached a steady state
value. Finally, the cell was purged with owing solvent without
H2O2 for 1 h to examine the reversibility of H2O2 activation.

2.5 Liquid phase adsorption enthalpies for 1,2-epoxyhexane

The heat released upon adsorption of C6H12O (TCI Chemicals,
>96%) was measured with an isothermal titration calorimeter
(ITC) (TA Instruments, NanoITC) equipped with sample and
reference cells. A multi-step cleaning procedure was performed
to prepare the sample and reference cells for each experiment. A
cleaning solution (75 vol% of 1 MNaOH, 20 volume% CH3OH, 5
volume% dish soap) was rst injected into the sample cell and
le for 5 minutes at room temperature. The sample cell was
then rinsed with 500 cm3 of DI H2O (18.2 MU cm, Elga Purelab
Flex 2). Next, a 4 M NaOH (VWR, 10 N) solution was le in the
cell for 2 hours at 353 K, followed by another rinse with 500 cm3

of DI H2O. Finally, the cell was treated with a solution of 4 M
HNO3 (Macron Chemicals, 68–70 wt%) for 2 hours at 353 K,
then a third rinse with 500 cm3 of DI H2O. The sample cell,
reference cell, and 50 mL ITC syringe were then lled with H2O,
and the syringe was loaded into the instrument. A subsequent
electrical calibration used sequential pulses to determine the
heat released from a calibrated Pt resistor. Finally, pure DI H2O
was injected into DI H2O to ensure that the sample cell was
clean enough to begin experiments. The cell was assumed to be
clean when the H2O–H2O injection released negligible amounts
of heat (±3 mJ for each injection of 1 mL). The cleaning proce-
dure was repeated if the H2O–H2O injection did not give suffi-
ciently low heat rates.
© 2023 The Author(s). Published by the Royal Society of Chemistry
In a typical experiment, a slurry of Ti-BEA (15–30 mg) in
organic solvent with H2O was titrated by a solution of epoxide
(5–10 mM C6H12O) in the same solvent mixture. The mass of Ti-
BEA in the sample cell was calculated by taking the difference
between the mass added to the slurry and the mass remaining
upon evaporation of the residual slurry aer loading the cell.
H2O concentrations were chosen to match conditions for
kinetic turnover rate measurements (Section 3.1). The titrations
were carried out at 313 K with a stirring rate of 250 rpm. The
enthalpies of epoxide adsorption were calculated by averaging
the integrated heats released upon adsorption of the epoxides
to Ti-BEA sites from a 1 mL injection of titrant at low coverages
(<0.25 mol epoxide (mol Ti)−1). The heats released in this low
coverage regime remain approximately constant, suggesting
that the calculated enthalpies represent the isosteric adsorption
enthalpies for each epoxide.28
2.6 Liquid phase absorption of aqueous solvents

A nuclear magnetic resonance (NMR) spectrometer (Unity,
INOVA 500 NB) was used to calculate the equilibrium compo-
sitions of aqueous solutions of organic solvents contacted to
and equilibrated with Ti-BEA-OH and Ti-BEA-F samples by
measuring 1H NMR peak areas. For each data point, an aliquot
(∼0.25 cm3) of organic solvent and H2O was taken from
a solvent solution (5 cm3) before and aer 2 h contact with a Ti-
BEA sample (∼500 mg) at a stirring rate of 700 rpm and
temperature of 313 K to measure the change in the bulk liquid
phase concentration. The catalyst and solvent mixture were in
contact for 2 h to ensure solvent absorption had reached equi-
librium. The sample of organic solvent and H2O was thenmixed
with deuterated methanol (CD3OD) as solvent and acetone or
chloroform as an internal standard to prepare the NMR sample.
The initial and nal composition of the extrapore liquid was
determined using areas of 1H-NMR features for H2O (4.5 ppm),
acetone (2.2 ppm) or chloroform (7.8 ppm), and the organic
solvent (CH3CN at 2.1 ppm, CH3OH at 3.3 ppm, C4H6O2 features
at 2.3, 2.6 and 4.5 ppm). The intrapore solvent composition was
estimated from the amount of solvent absorbed by the catalyst
and the difference in extrapore liquid phase concentration
before and aer contacting the solvent with the catalyst (ESI
Section S2†).
3. Results and discussion
3.1 Epoxidation and H2O2 decomposition rates depend on
aqueous solvent composition

Fig. 1 shows that turnover rates for C6H12 epoxidation and H2O2

decomposition depend strongly on the identity of the organic
component of the aqueous solvent and the value of xH2O.
Turnover rates span four-orders of magnitude and, conse-
quently, lead to H2O2 selectivities (SH2O2

) that range from 0.1–
98%. Fig. 1a shows that rates of C6H12 epoxidation increase as
xH2O increases for all organic solvents over both Ti-BEA-OH and
Ti-BEA-F. Ti-BEA-OH gives greater rates than Ti-BEA-F for each
organic solvent at all xH2O. This systematic difference was
previously attributed to entropy gains that reect the disruption
Chem. Sci., 2023, 14, 3160–3181 | 3165
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Fig. 1 Turnover rates for (a) C6H12 epoxidation to form C6H12O (1 mM C6H12, 10 mM H2O2, 313 K), (b) H2O2 decomposition (1 mM H2O2, 313 K),
and (c) H2O2 selectivities for epoxidation (1 mM C6H12, 10 mM H2O2, 313 K) as a function of H2O mole fraction in mixtures of CH3CN (-,,),
CH3OH ( ), and C4H6O2 ( ) with H2O over Ti-BEA-OH (solid points) and Ti-BEA-F (hollow points). The furthest left data points represent
xH2O = 0.002, which comes from the aqueous H2O2 reagent solution (39 mM).
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of greater quantities of hydrogen bonded H2O molecules in
hydrophilic pores of Ti-BEA.27,33,34 Epoxidation turnover rates in
C4H6O2 are consistently lowest among these organic solvents at
all xH2O. CH3CN provides the greatest rates in all cases except
when xH2O exceeds 0.4 over Ti-BEA-F, where rates in CH3OH
surpass those in CH3CN.

Fig. 1b shows that turnover rates for H2O2 decomposition
(i.e., in the absence of C6H12) decrease with increasing xH2O for
all combinations of organic solvent and zeolite, which opposes
the trend for epoxidation turnover rates. Among organic
solvents, C4H6O2 gives the greatest H2O2 decomposition rates
and CH3OH gives the lowest rates at all xH2O. The lower H2O2

decomposition rates in CH3OH than in CH3CN mixtures agree
with previous reports over Ti-incorporated zeolite materials,39,44

while turnover rates for C6H12 epoxidation in CH3CN that are
greater than those in CH3OH mixtures concur with ndings
over Ti-BEA materials.29,37–39 Notably, H2O2 decomposition rates
in Fig. 1b span less than two-orders of magnitude, which shows
the decomposition pathway senses the identity of the solvent
and zeolite less strongly than C6H12 epoxidation. The con-
trasting effects of organic solvent and xH2O on epoxidation and
H2O2 decomposition rates evince that solvent molecules inu-
ence the stability of the uid phase reactants and transition
states within pores for the two pathways in different ways.

Fig. 1c reveals that all combinations of organic solvents and
zeolites show signicantly higher SH2O2

for C6H12 epoxidation at
greater xH2O. Ti-BEA-OH gives greater values of SH2O2

than Ti-
BEA-F in all cases, but SH2O2

increases more with xH2O over Ti-
BEA-F relative to Ti-BEA-OH (see ESI Section S3†). The greatest
SH2O2

(98%) occurs in Ti-BEA-OH with aqueous CH3CN (xH2O =

0.75) (Note: values of xH2O greater than 0.8 were not used due to
miscibility issues with C6H12). Overall, CH3CN mixtures lead to
the highest SH2O2

and C4H6O2 leads to the lowest SH2O2
at all xH2O

in Ti-BEA-OH. This trend holds at lower xH2O values (#0.35) in
Ti-BEA-F, but CH3OH gives the highest SH2O2

at higher xH2O

($0.75). Collectively, the data presented in Fig. 1 shows that
increasing xH2O within each organic solvent provides greater
3166 | Chem. Sci., 2023, 14, 3160–3181
epoxidation rates and more selective use of H2O2 for epoxida-
tion over Ti-BEA zeolites with different (SiOH)x densities.

The differences in turnover rates for C6H12 epoxidation
(Fig. 1a) and H2O2 decomposition (Fig. 1b) may result from
changes in the coverage of reactive species, the reaction
mechanism, or the kinetically relevant step; alternatively, these
differences may reect changes in the free energies of reagents,
reactive intermediates, or key transition states due to direct
interactions with solvent molecules. The coming sections
distinguish these possibilities using the molecular interpreta-
tion of turnover rate expressions for the epoxidation and H2O2

decomposition reactions.
3.2 xH2O does not inuence reaction mechanisms

Turnover rates for epoxidation and H2O2 decomposition reect
the stabilities of the associated transition states together with
the coverages of reactive surface species formed during catal-
ysis, which depend on the concentrations of the reactants and
products present. Fig. 2a shows that C6H12 epoxidation rates
depend linearly on C6H12 concentration ([C6H12], where
brackets denote the concentration of a species or the number of
surface intermediates) at low ratios of [C6H12] to [H2O2] (<0.5) in
aqueous CH3OH mixtures over both Ti-BEA-OH and Ti-BEA-F.
At these low ratios of [C6H12] to [H2O2], rates do not depend
on values of [H2O2] (Fig. 2b). Rates show a sublinear depen-
dence on [C6H12] at higher ratios of [C6H12] to [H2O2], which
signies a change in the most abundant reactive intermediate
(MARI). In contrast, turnover rates for epoxidation depend
weakly on [C6H12], linearly on [H2O2], and inversely on epoxide
product concentration ([C6H12O]) at sufficiently high ratios of
[C6H12] to [H2O2] ([C6H12] : [H2O2] > 50), consistent with
previous work.58,59 Fig. 2c demonstrates, however, that H2O2

decomposition turnover rates increase linearly with [H2O2] on
both Ti-BEA materials for all xH2O examined. Measurements
obtained from aqueous solutions of CH3CN and C4H6O2 (ESI
Section S4†) exhibit effects of reactant concentrations on
epoxidation and H2O2 decomposition turnover rates that match
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Turnover rates for C6H12 epoxidation as a function of (a) C6H12 concentration (10 mM H2O2, 313 K), and (b) H2O2 concentration (1 mM
C6H12, 313 K), and turnover rates for (c) H2O2 decomposition (313 K) as a function of H2O2 concentration for CH3OHmixtures with the minimum
or maximumwater contents examined (39 mMH2O, xH2O = 0.002 ( ); ∼31.6 M H2O, xH2O = 0.75 ( )) over Ti-BEA-OH (solid points) and Ti-
BEA-F (hollow points).
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the behavior in aqueous CH3OH (Fig. 2). Collectively, these
observations match the manner in which turnover rates for
epoxidation of 1-alkenes (C6H12 to C18H36),27,29,33,34,58,60,61 cyclo-
hexene,59 and styrene62–64 with H2O2 depend upon concentra-
tions of reactants and products in CH3CN 27,29,33,58–64 and
CH3OH 29,64 upon a range of titanosilicates (Ti-MFI,29,33 Ti-
BEA,27,29,58,59,61–63 Ti-FAU,33,63 Ti–SiO2

60–63) and Fe- and Cr-
incorporated metal–organic frameworks,64 which implies that
conclusions for the effects of xH2O on epoxidation kinetics for
C6H12 should extend broadly across alkenes.

Scheme 2 depicts a plausible system of elementary steps that
describe the epoxidation of C6H12 and the bimolecular
decomposition of H2O2. The catalytic cycle begins with quasi-
equilibrated adsorption of a solvent molecule (step 0), C6H12

(step 1), or H2O2 (step 2). Then, H2O2 activates to form a pool of
Ti–OOH58,65–70 and titanium-peroxo (Ti-(h2-O2))58,62,69,70 interme-
diates (step 3). The H2O2-derived intermediates may protonate
to reform H2O2 (reverse of step 3), react with C6H12 to form
C6H12O (step 4), or react with a uid phase H2O2 molecule to
decompose to water and oxygen (step 6) in kinetically relevant
processes. Radical clock experiments performed with cis-stil-
bene58 give evidence that Ti–OOH intermediates, commonly
repox

½L� ¼
k3k4K2½C6H12�½H2O2�

k�3 þ k4½C6H12� þ k6½H2O2�
K0½S� þ K1½C6H12� þ K2½H2O2� þ k3K2½H2O2�

k�3 þ k4½C6H12� þ k6½H2O2� þ
½C6H12O�

K5

(4)
invoked as the reactive intermediate for epoxidations,58,62,69,71,72

primarily participate in the transfer of O-atoms to alkenes to
form epoxides (rather than Ti-(h2-O2)). We, therefore, refer to
the pool of H2O2-derived intermediates as Ti–OOH for
simplicity. The formed epoxide then desorbs in a quasi-
equilibrated manner to release the 1,2-epoxyhexane (C6H12O)
© 2023 The Author(s). Published by the Royal Society of Chemistry
product (step 5) and complete the catalytic cycle. This scheme
accounts for differences in the apparent dependence of rates on
reactant concentrations at low and high ratios of [C6H12] to
[H2O2]. While O-atom transfer from Ti–OOH to C6H12 remains
the kinetically relevant step for each kinetic regime,58 the MARI
differs between the regimes. Ti–OOH intermediates saturate
active sites at low ratios of [C6H12] to [H2O2], and the C6H12O
product covers these sites at high ratios of [C6H12] to [H2O2].
Based upon Scheme 2 and the kinetic relevance of each step
depicted, epoxidation rates (repox) follow a simple rate
expression:

repox = k4[Ti–OOH][C6H12] (3)

where k4 is the rate constant for step 4 (Scheme 2) and [Ti–OOH]
represents the number of the H2O2-derived surface intermedi-
ates. Applying the pseudo-steady state hypothesis to Ti–OOH
intermediates and a site balance yields a turnover rate expres-
sion (see Section S6† for full derivation) consistent with rate
measurements:
Fig. 3 presents evidence that the values of k−3 depend on the
identity of the organic solvent and xH2O. In situ UV-Vis spectra
give strong evidence that the H2O2-derived intermediates form
reversibly in H2O (Fig. 3a) and irreversibly in C4H6O2 (Fig. 3b).
Notably, the peak areas for Ti–OOH and Ti–(h2)–O2 attenuate by
∼60% in H2O (Fig. 3a) and by∼6% in C4H6O2 (Fig. 3b) over a 1 h
Chem. Sci., 2023, 14, 3160–3181 | 3167
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Scheme 2 Proposed mechanism for C6H12 epoxidation with H2O2 and H2O2 decomposition on Ti-BEA catalysts. denotes a quasi-
equilibrated step, while signifies kinetically relevant steps for formation of distinct products. The degree of reversibility of H2O2 activation
(step 3) varies with the quantity of proticmolecules in the solvent. The blue H atom in the Si–OHgroup adjacent to Ti–OOHoriginates fromH2O2

during Ti–OOH formation. Solvent molecules have been omitted for clarity, except for the adsorption of a solvent molecule (S) to Ti sites in step
0.

Fig. 3 In situUV-Vis spectra of Ti-BEA-OH as a function of timewithin continuously flowing neat (a) H2O, (b) C4H6O2, and (c) equimolar H2O and
C4H6O2 (313 K, 1 cm3 min−1) after H2O2 activation (100 mM H2O2, 390 mM H2O, 313 K, 1 cm3 min−1). Spectra were acquired every 600 s after
H2O2 activation. Spectra for Ti-BEA-F and desorption rate constants are included in Section S5.†
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period aer switching from an aqueous H2O2 solution to the
neat solvent. Prior UV-Vis spectra suggest irreversible H2O2

activation in CH3CN29,59,62 and reversible activation in
CH3OH.29,69 Therefore, these ndings lead to the broader
conclusion that protic solvents (i.e., H2O, CH3OH) protonate Ti–
OOH and Ti–(h2–O2), which then desorb as H2O2, but these
3168 | Chem. Sci., 2023, 14, 3160–3181
steps are much slower in aprotic solvents (i.e., CH3CN, C4H6O2).
The H2O2 intermediate peak areas also attenuate by ∼40% in
1 h in an equimolar mixture of H2O and C4H6O2 (Fig. 3c), which
indicates that including a sufficient quantity of a protic
component within a solvent mixture allows for reversible H2O2

activation. These ndings demonstrate that H2O2 may reform
© 2023 The Author(s). Published by the Royal Society of Chemistry
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from Ti–OOH and Ti–(h2–O2) within all aqueous solvent
combinations utilized here, where the rate of reformation
depends on the concentration of protic solvent molecules
present. Values of k−3 over Ti-BEA zeolites in CH3OH are up to
10-times greater than in neat H2O (Table S3†),29 which suggests
that CH3OH facilitates the reformation of H2O2 more readily
than H2O.

Despite the variations in the reversibility of H2O2 activation
across solvent mixtures, the full rate expression (eqn (4))
simplies to a common form when Ti–OOH intermediates
saturate active sites (i.e., [Ti–OOH] z [L]).

repox

½L� ¼ k4½C6H12� (5)

Eqn (5) predicts rates that match the data in Fig. 2a (at
[C6H12] : [H2O2] < 0.5) and 2b, implicating Ti–OOH intermedi-
ates as the MARI for epoxidation. Notably, Fig. S9† and 2
together demonstrate that the regime of a Ti–OOH MARI and
rst-order kinetics with respect to [C6H12] holds for each
combination of catalyst, organic solvent, and xH2O when molar
ratios of H2O2 to C6H12 exceed two.

Rates for H2O2 decomposition depend on the coverage of Ti–
OOH and [H2O2] because H2O2 decomposition involves a reac-
tion between a Ti–OOH intermediate and a uid phase H2O2

molecule. Therefore, H2O2 decomposition rates correspond to:

−rdecomp = k6[Ti–OOH][H2O2] (6)

where k6 is the rate constant for step 6 in Scheme 2. Substituting
terms for [Ti–OOH] and using the site balance for [L] gives a full
rate expression:
�rdecomp

½L� ¼
k3k4K2½H2O2�2

k�3 þ k4½C6H12� þ k6½H2O2�
KS½S� þ K1½C6H12� þ K2½H2O2� þ k3K2½H2O2�

k�3 þ k4½C6H12� þ k6½H2O2� þ
½C6H12O�

K5

(7)
Once again, the rate expression simplies when Ti–OOH
intermediates saturate active sites, such that eqn (7) collapses to
the form:

�rdecomp

½L� ¼ k6½H2O2� (8)

The rate expression in eqn (8) reproduces the turnover rate
dependencies on [H2O2] shown in Fig. 2c. This interpretation
also agrees with prior studies that invoked a mechanism in
which uid phase H2O2 reacts with an H2O2-derived interme-
diate over Ti-,65,73 Nb-,74 and Ta-incorporated75 microporous and
mesoporous catalysts.

Notably, applying Ti–OOH as the MARI yields equations that
match the data for C6H12 epoxidation (eqn (5)) and H2O2

decomposition (eqn (8)) in Fig. 2 simultaneously. The two
© 2023 The Author(s). Published by the Royal Society of Chemistry
pathways, therefore, proceed through the common reaction
intermediate (Ti–OOH) that remains the MARI at all xH2O

examined here in each zeolite. As shown for epoxidation rates,
the simplied decomposition rate expression (eqn (8)) does not
reect the value of k−3, which implies that the reversibility of
H2O2 activation does not impact rates of alkene epoxidation and
H2O2 decomposition within the regime where Ti–OOH inter-
mediates saturate active sites. This analysis indicates that
kinetic measurements made under these conditions provide the
requisite platform for direct and quantitative comparisons
between solvent – catalyst pairs.

To summarize, similar rate dependences for both Ti-BEA-OH
and Ti-BEA-F at high (0.002) and low (0.75) xH2O in each organic
solvent suggest that epoxidation and H2O2 decomposition
proceed through the same reaction mechanisms. Differences in
epoxidation rates with different organic solvents, concentra-
tions of water, and (SiOH)x defect densities within pores of *BEA
(Fig. 1) do not result from changes in the reaction mechanisms
or coverage of reactive species. These ndings resemble the
interpretation of prior investigations for homogeneous acid-
catalyzed alcohol dehydration reactions that concluded
solvent molecules inuence the stability of uid phase reactive
species.10,76–78 Our group and others showed that solvent mole-
cules within zeolite pores affect the stability of adsorbed reac-
tive species for alkene epoxidation with H2O2,27,29,33 glucose
isomerization,48,79–81 and alcohol dehydration.82–86 With mecha-
nistic differences excluded, the rate differences for epoxidation
and H2O2 decomposition in Fig. 1 and 2 must reect interac-
tions among solvent molecules and reactive species located
both within pores and within the bulk solvent that drive
changes in k4 (eqn (5)) and k6 (eqn (8)).
3.3 Activity coefficients show differences in intrapore and
uid phase species stability

Activity coefficients (g) of the uid phase reactants (C6H12 and
H2O2; gC6H12

and gH2O2
) contribute to observed differences

between turnover rates. Prior studies correlated values of uid
phase g for 5-hydroxymethylfurfural87 and glucose48 to ether-
ication and isomerization rates, respectively. Here, thermo-
dynamic models were used to directly quantify g values to
determine how reagent stability changes with xH2O and organic
solvent identity (ESI Section S7†). Fig. 4 shows turnover rates for
C6H12 epoxidation and H2O2 decomposition normalized by g

values of the respective reactant at each xH2O, which accounts
for the inuence of intramolecular interactions (i.e., excess
contributions) on the stability of the reactant in the uid phase.
When normalized by solvent-dependent values of gC6H12

, the
Chem. Sci., 2023, 14, 3160–3181 | 3169
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Fig. 4 Turnover rates for (a) C6H12O formation (1 mM C6H12, 10 mMH2O2, 313 K) normalized by gC6H12
and (b) H2O2 decomposition (1 mMH2O2,

313 K) normalized by gH2O2
as a function of xH2O in mixtures of CH3CN (-,,), CH3OH ( ), and C4H6O2 ( ) with H2O over Ti-BEA-OH (solid

points) and Ti-BEA-F (hollow points). Activity coefficients of C6H12 were calculated using the Volume-Translated Peng-Robinson (VTPR) method
on ChemCAD, while activity coefficients of H2O2 were calculated with the nonrandom two-liquid (NRTL) method.
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epoxidation turnover rates still span three-orders of magnitude
and depend on both xH2O and the identity of the organic
component of the solvent (Fig. 4a). In addition, the changes in

activity-normalized turnover rates
�

repox
½L� � gC6H12

�
as func-

tions of xH2O exhibit complex non-monotonic dependences,
which may reect the inuence of pore connement on the
solvation shells of reactive species and transition states within
*BEA pores. Indeed, these data indicate that the stabilities of
reactive species in the pore (GTi–OOH, G‡

epox) change with xH2O

and affect rates signicantly. Accounting for gC6H12
and gH2O2

values within turnover rate expressions for C6H12 epoxidation
and H2O2 decomposition when Ti–OOH covers sites (eqn (5)
and (8)) and dening alternate rate constants (k*4 and k*6) yields:
Scheme 3 Proposed reaction coordinate diagrams for (a) C6H12 epoxid
molecules are organic solvent or H2O and are denoted with an “S”. In (a),
form the epoxide. The epoxide then desorbs to complete the reaction. I
form the transition state. The remainder of the reaction coordinate in w

3170 | Chem. Sci., 2023, 14, 3160–3181
repox

½L� � gC6H12

¼ k*
4½C6H12� (9)

�rdecomp

½L� � gH2O2

¼ k*
6½H2O2� (10)

where k*4 and k*6 depend on corresponding alternate apparent
activation free energies ðDG*‡appÞ (see Section 3.4†). The non-
monotonic trends in Fig. 4a must stem from differences in
the structure and composition of the solvation shells for Ti-
bound intermediates and transition states as a function of
organic solvent, xH2O, and zeolite (SiOH)x density. The Ti–OOH
intermediate and epoxidation transition state likely have
different sizes and polarities (Scheme 3a), which promote
different stoichiometries of water and co-solvent within their
solvation shells.
ation and (b) H2O2 decomposition over Ti-BEA zeolites, where solvent
the alkene adsorbs into the pore and reacts with the Ti–OOH MARI to
n (b), the liquid phase H2O2 adsorbs and binds to the Ti–OOH MARI to
hich the products form (2H2O + O2) is not shown for brevity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4b reveals that rates for H2O2 decomposition normalized

by gH2O2

� �rdecomp

½L� � gH2O2

�
increase systematically with increasing

xH2O in all combinations of zeolite and organic solvent. The
decomposition transition state and Ti–OOH plausibly form
hydrogen bonds with multiple H2O molecules (Scheme 3b),
which stabilize these species at higher xH2O. Transition state
stabilization through hydrogen bonds with H2O may outweigh
the same effect for Ti–OOH because the transition state
contains more hydrogen bonding functions. This disparity in
hydrogen bond donating and accepting interactions generates
the trends in activity-normalized turnover rates in Fig. 4b (eqn

(10)). Overall,
�rdecomp

½L� � gH2O2

values change less signicantly with

xH2O than
repox

½L� � gC6H12

, indicating that differences in Ti–OOH

stability largely cancel out with the decomposition transition
state but differ more signicantly from epoxidation transition
state stability. The differences between the sensitivities of these
reaction pathways to xH2O reect the distinct size and structure
of solvation shells surrounding the corresponding transition
states within the pores of Ti-BEA catalysts and indicate that
solvent molecules assist with the selective stabilization of
certain transition states for these parallel pathways.

Variations between the trends for turnover rates in Fig. 1 and

for
ri

½L� � gi
values in Fig. 4 and their dependence on xH2O

directly reect the stabilization of uid phase C6H12 and H2O2

by interactions with uid phase solvent molecules. As xH2O

increases (0.002# xH2O # 0.8), gC6H12
increases by factors of 12–

15 while gH2O2
decreases by 3–6 fold (Fig. S13 and S14†). These

opposing changes result from destabilizing interactions
between hydrophobic C6H12 and H2O and stabilizing interac-
tions between hydrophilic H2O2 and H2O. These g trends
correspond to the rate trends for C6H12 epoxidation and H2O2

decomposition in Fig. 1. The persistent dependence of
ri

½L� � gi

values in Fig. 4 on organic solvent identity, xH2O, and (SiOH)x
density establishes that the stability of transition states and Ti–
OOH intermediates in the pore respond to changes in uid
composition within the pores of *BEA. The following section
provides further insight and quantitatively assesses the effect of
xH2O on the stability of reactive species in the pores with acti-
vation barrier measurements.

3.4 Stability of reactive species vary with organic solvent,
xH2O, and (SiOH)x density

Turnover rate measurements (Fig. 1 and 2) show that C6H12

epoxidation and H2O2 decomposition turnover rates depend on
the organic solvent, xH2O, and (SiOH)x density of Ti-BEA. The
rst two factors alter the solvent environment around reactive
species in the bulk uid phase, whereas all three factors inu-
ence the solvation of species at active sites within the pores of
Ti-BEA. Consequently, these variables impact apparent activa-
tion enthalpies ðDH‡

appÞ and entropies ðDS‡appÞ for epoxidation
ðDH‡

app;epox; DS
‡
app;epoxÞ and H2O2 decomposition

ðDH‡
app;decomp; DS

‡
app;decompÞ. Values of DH‡

app and DS‡app were
© 2023 The Author(s). Published by the Royal Society of Chemistry
measured in identical kinetic regimes, where C6H12 or H2O2

react with the Ti–OOH MARI to form the corresponding tran-
sition states (Scheme 3). The apparent activation free energy
ðDG‡

appÞ depends on DH‡
app and DS‡app and can be dened as the

difference between the free energy of the transition state and
reference state components, shown here for C6H12 epoxidation:

DG‡
app;epox ¼

�
G‡;0

epox þ G‡;3
epox

�
� �

G0
Ti�OOH þ G3

Ti�OOH

�

�
�
G0

C6H12
þ G3

C6H12

�
(11)

where free energies contain both standard state (G0) and excess
(G3) contributions. The excess free energy for a species i can be
calculated from the activity coefficient for that species (gi),
which depends on interactions with solvating molecules or
nearby surfaces.

Gi
3 = RT × ln(gi) (12)

The excess free energies equal zero for ideal solutions (i.e.,
when the activity coefficient equals one) but are non-zero in
non-ideal solutions and at solid–liquid interfaces.26 We can
dene apparent free energy terms ðDG*‡appÞ that exclude the
activity coefficient of the reactant (i.e., C6H12), which corre-
spond to the k*4 term represented in eqn (9):

k*
4 ¼

kBT

h
exp

�
� DG*‡app;epox

RT

�
(13)

To dene DG*‡app values, we must simply add GC6H12

3 to each
side of eqn (11):

DG*‡app;epox ¼ DG‡
app;epox þ G3

C6H12

¼
�
G‡;0

epox þ G‡;3
epox

�
� �

G0
Ti�OOH þ G3

Ti�OOH

�� G0
C6H12

(14)

Note, an identical derivation of equations for H2O2 decom-
position is included in the ESI (Section S6†). Values for gC6H12

were used to compute HC6H12

3 (Section S7†). The HC6H12

3 values
allow for the derivation of an enthalpy term ðDH*‡app;epoxÞ
analogous to DG*‡app;epox:

DH*‡app;epox ¼ DH‡
app;epox þH3

C6H12

¼
�
H‡;0

epox þH‡;3
epox

�
� �

H0
Ti�OOH þH3

Ti�OOH

��H0
C6H12

(15)

Likewise, gH2O2
values yield values for HH2O2

3 (ESI Section
S7†), which allows for the calculation of a similar enthalpic term
for H2O2 decomposition ðDH*

‡
app;decompÞ:

DH*
‡
app;decomp ¼ DH‡

app;decomp þH3
H2O2

¼
�
H

‡;0
decomp þH

‡;3
decomp

�
� �

H0
Ti�OOH þH3

Ti�OOH

�
�H0

H2O2

(16)
Chem. Sci., 2023, 14, 3160–3181 | 3171
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Fig. 5 DH*‡app;epox values for C6H12 epoxidation (1 mM C6H12, 10 mM H2O2, 308–333 K) as a function of xH2O in mixtures of (a) CH3OH ( ), (b)
CH3CN (-,,), and (c) C4H6O2 ( ) with H2O over Ti-BEA-OH (solid) and Ti-BEA-F (hollow).
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ESI Section S9† includes the measured DH‡
app and DS‡app for

each pathway and discusses the entropy trends, which align
with the interpretation of the enthalpy trends that follow. Eqn
(15) and (16) account for the dependence of enthalpy values on
organic solvent identity, xH2O, and (SiOH)x density. The values of
HC6H12

0 and HH2O2
0 do not depend on these variables, so

differences in DH*‡app;epox and DH*
‡
app;decomp arise entirely from

changes in H3 values for the Ti–OOH intermediate and respec-
tive transition states.

Fig. 5 shows that DH*‡app;epox varies as a function of xH2O

between Ti-BEA-OH and Ti-BEA-F, which indicates that the
organization, density, and composition of solvent molecules
within the pores of *BEA differ between these materials. Across
organic solvents, DH*‡app;epox values span 4–19 kJ mol−1 between
the lowest and highest xH2O for Ti-BEA-F and 12–32 kJ mol−1

over Ti-BEA-OH. These comparisons give evidence that the
solvent structure in Ti-BEA-OH pores changes more signi-
cantly with increasing xH2O than in Ti-BEA-F. DH*‡app;epox
increases with increasing xH2O for CH3OH (Fig. 5a) and CH3CN
Fig. 6 DH*
‡
app;decomp values for H2O2 decomposition (1 mM H2O2, 313–3

(-,,), and (c) C4H6O2 ( ) with H2O over Ti-BEA-OH (solid) and Ti-B

3172 | Chem. Sci., 2023, 14, 3160–3181
(Fig. 5b) mixtures over Ti-BEA-OH, which may indicate the
transition state disrupts a greater quantity of H2O within pores,
which increasesH‡;3

epox. For C4H6O2mixtures (Fig. 5c),DH*‡app;epox
may decrease with increasing xH2O because the transition state
needs to displace a smaller quantity of bulky C4H6O2 molecules,
offsetting the enthalpic penalty of disrupting hydrogen bonded
solvent molecules and reducing H‡;3

epox.
Fig. 6 demonstrates that values of DH*

‡
app;decomp also depend

strongly on xH2O in each organic solvent. DH*
‡
app;decomp

decreases with increasing xH2O in both Ti-BEA-OH and Ti-BEA-F
because greater quantities of H2O near sites enthalpically
stabilize the hydrophilic transition state for H2O2 decomposi-
tion more signicantly than Ti–OOH (Scheme 3b). For a given
organic solvent and xH2O, Ti-BEA-F gives greater DH*

‡
app;decomp

values than Ti-BEA-OH. More H2O molecules may adsorb and
hydrogen bond with the transition state within Ti-BEA-OH,
which yields lower H‡;3

decomp values. DH*
‡
app;decomp depends

more strongly on xH2O for Ti-BEA-OH than Ti-BEA-F in each
organic solvent, showing that xH2O affects the stability of
43 K) as a function of xH2O in mixtures of (a) CH3OH ( ), (b) CH3CN
EA-F (hollow).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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adsorbed reactive species more signicantly in Ti-BEA-OH than
Ti-BEA-F. Between organic solvents, DH*

‡
app;decomp values differ

by 4 kJ mol−1 over Ti-BEA-F and 8 kJ mol−1 over Ti-BEA-OH at
the highest xH2O (0.75). The smaller changes observed in Ti-BEA-
F imply that H2O molecules form similar rst coordination
solvation shells around the transition state and Ti–OOH inter-
mediate at the highest xH2O. In contrast, the differences among
Ti-BEA-OH may reect contributions from extended hydrogen
bonding networks of H2O and organic solvent molecules within
Ti-BEA-OH that inuence both the decomposition transition
state and Ti–OOH intermediate. DH*‡app;epox values differ by
6 kJ mol−1 for Ti-BEA-F and 26 kJ mol−1 over Ti-BEA-OH at the
highest xH2O values, and the spans of values and differences
between zeolites exceed that for DH*

‡
app;decomp. This nding

agrees with chemical intuition that the larger transition state
for C6H12 epoxidation depends more sensitively on the
secondary coordination sphere of solvent molecules within the
pore than the smaller transition state for H2O2 decomposition
(Scheme 3). Recent work demonstrated that solvent displace-
ment dominates DHapp,epox differences as a function of alkene
carbon number in aqueous CH3CN, suggesting that changes in
(SiOH)x and intrapore solvent composition more signicantly
affect the stability of larger transition states that displace more
solvent.34

The differences in the functional dependencies of
DH*

‡
app;decomp andDH*‡app;epox on xH2O must reect differences in

the hydrophilicity of the transition state complexes for these
competing reaction pathways. Greater xH2O may increase H3 of
the hydrophobic transition state for epoxidation from a combi-
nation of increased disruption of H2O molecules and unfavor-
able interactions between the transition state and intrapore
H2O. In contrast, greater quantities of H2O molecules likely
lower H3 for the transition state for H2O2 decomposition in all
organic solvents. Among organic solvents, changing xH2O in
CH3OH mixtures has the least signicant effect on both
DH*‡app;epox and DH*

‡
app;decomp values. The weak effects of xH2O in

CH3OH likely reect the more similar hydrogen bonding ability
of CH3OH to H2O than CH3CN or C4H6O2 (see Section S10† for
solvent parameters). Therefore, CH3OH molecules may
hydrogen bond with reactive species in the pore similarly to
H2O, which lessens the differences in the solvent organization
within pores brought about by replacing a fraction of CH3OH
with H2O.

Overall, activation barrier measurements for epoxidation
and H2O2 decomposition in Fig. 5 and 6 suggest that the organic
solvent, xH2O, and (SiOH)x density in Ti-BEA affect the stability
of the Ti–OOH intermediate and transition states for epoxida-
tion and H2O2 decomposition. The differences in stability result
from differences between the organization and composition of
uid-like molecules within Ti-BEA pores, as described next.
3.5 Intrapore solvent composition depends on bulk solvent
composition and (SiOH)x density

The bulk solvent composition79,88,89 and intrapore (SiOH)x
density90–92 affect the intrapore composition of solvent mole-
cules and other adsorbates in aqueous-organic solvent
© 2023 The Author(s). Published by the Royal Society of Chemistry
mixtures. Fig. 7 presents measured mole fractions of H2O
within pores (xH2O,pore) (see Section S2†) in equilibrated
mixtures of H2O with CH3CN, CH3OH, and C4H6O2 as a func-
tion of the bulk H2O fraction (xH2O,bulk). For each organic
solvent and zeolite, increasing xH2O,bulk leads to greater xH2O,pore

values across the full range of conditions examined. These
observations agree with the interpretations of changes in
turnover rates and activation parameters as functions of xH2O

(Sections 3.1 and 3.4) and explains how altering xH2O,bulk

inuences the stabilities of reactive species both in the bulk
(i.e., C6H12 and H2O2) and in pores (i.e., Ti–OOH and transition
states). Ti-BEA-OH adsorbs a greater fraction of H2O than Ti-
BEA-F for all combinations of organic solvents and xH2O,bulk,
consistent with vapor adsorption results (Fig. S8a†) that show
(SiOH)x groups promote H2O adsorption. The ratio of xH2O,pore

between Ti-BEA-OH and Ti-BEA-F generally decreases as xH2-

O,bulk increases. This suggests that (SiOH)x functions carry
a stronger inuence on H2O adsorption at low xH2O,bulk, because
the pores contain fewer H2O molecules. This interpretation
agrees with previously published binary adsorption measure-
ments that indicate values of xH2O,pore in hydrophilic zeolites
depend more strongly on xH2O,bulk from mixtures with meth-
anol,93 ethanol,94,95 and acetic acid96 at lower xH2O,bulk values. As
xH2O,bulk increases, H2O molecules associate with H2O already
within pores, which leads to a weaker inuence of the (SiOH)x
density and organic co-solvent on adsorption. This explanation
agrees with CH3CN mixtures that give the greatest difference in
xH2O,pore between zeolites at low xH2O,bulk. CH3CN contains
a lower sum of hydrogen bond donors and acceptors (1) than
CH3OH (3) or C4H6O2 (4) (Scheme S1†), as such, CH3CN mole-
cules offer fewer sites for H2O molecules to associate than other
organic solvents. Furthermore, CH3CN mixtures give greater
uptakes of H2O within Ti-BEA-OH than the other organic
solvents at similar xH2O,bulk. CH3OH and C4H6O2 may interact
with (SiOH)x more strongly than CH3CN, which suggests those
molecules may compete with H2O for (SiOH)x sites more effec-
tively than CH3CN. The bulky nature of C4H6O2 may also lead to
a lower available pore volume for H2O molecules to co-adsorb.

For all organic solvents, Ti-BEA-OH shows greater xH2O,pore

values than Ti-BEA-F, and an increase in xH2O,bulk leads to
a corresponding increase in xH2O,pore. These observations
correspond to our interpretations of the effect of xH2O on C6H12

epoxidation and H2O2 decomposition, as outlined in the
previous sections. While Fig. 7 demonstrates that Ti-BEA-OH
promotes a more H2O-rich pore solvent environment (higher
xH2O,pore), the vapor adsorption isotherms from Fig. 8a also
suggest that Ti-BEA-OH likely adsorbs greater numbers of H2O
molecules. Ti-BEA-OH adsorbs a greater volume of H2O than Ti-
BEA-F at all P/P0 values, with the largest difference between the
zeolites (∼10-fold) occurring at 0.5 PH2O/PH2O,0. The greater H2O
uptake in Ti-BEA-OH agrees with previous vapor H2O adsorp-
tion measurements over MFI42,97,98 and *BEA27,43,48 zeolites that
observed increasing H2O uptake with increasing (SiOH)x
density. Furthermore, the isotherm in Fig. 8b signies that Ti-
BEA-OH preferentially adsorbs CH3OH molecules, with the
maximum difference between Ti-BEA-OH and Ti-BEA-F (∼3.5-
fold) at 0.03 PCH3OH/PCH3OH,0. The H2O and CH3OH uptake in Ti-
Chem. Sci., 2023, 14, 3160–3181 | 3173
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Fig. 7 Intrapore mole fraction of H2O (xH2O,pore) as a function of the equilibrium bulk H2O fraction (xH2O,bulk) at 313 K in mixtures of (a) CH3OH
( ), (b) CH3CN (-,,), and (c) C4H6O2 ( ) with H2O over Ti-BEA-OH (solid points) and Ti-BEA-F (hollow points). The faint green lines signify
the parity line.

Fig. 8 (a) H2O (295 K) and (b) CH3OH (295 K) adsorption isotherms over Ti-BEA-OH ( ) and Ti-BEA-F (black). The samples were degassed at
673 K under vacuum (<0.7 Pa) before adsorption.
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BEA-OH exceeds Ti-BEA-F by more than 3 and 1.3 times,
respectively, at all P/P0 values greater than 0.01, which cannot
stem from the differences between BET surface areas and pore
volumes in Table 1. The experimental capabilities of the vapor
adsorption instrument prohibit measurements with CH3CN
and C4H6O2. Nevertheless, these observations provide strong
evidence that (SiOH)x defects promote the uptake of molecules
with hydrogen bonding functions, an interpretation supported
by prior infrared spectroscopy experiments and molecular
dynamics simulations showing that Ti-BEA-OH adsorbs more
CH3CN molecules than Ti-BEA-F.34 Therefore, Ti-BEA-OH likely
3174 | Chem. Sci., 2023, 14, 3160–3181
contains greater quantities of both H2O and the organic co-
solvent (i.e., CH3CN, CH3OH, C4H6O2) at all conditions, which
leads to higher solvent densities within pores. These differences
in intrapore solvent densities lead to greater C6H12 epoxidation
turnover rates through displacement and reorganization of
hydrogen bonded solvent molecules, as reported for CH3CN.34

More generally, the data in Fig. 7 and 8 demonstrate that the
solvent composition and density within porous catalysts can be
tuned by altering the bulk composition and catalyst (SiOH)x
density. This knowledge allows for control of the intrapore and
bulk solvent environment for any liquid phase chemistry, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
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can signicantly inuence rates and selectivities for catalysis
and adsorption processes.

3.6 Measured enthalpies for adsorption and activation
reveal inuence of intrapore solvents on surface species

Brønsted–Evans–Polanyi relations propose that the intrinsic
activation energy for an elementary step scales linearly with the
enthalpy of reaction for the same process.99–101 Hammond
postulated that the transition state structurally resembles the
reaction state (i.e., reactant or product) most similar in energy,
which leads to strong correlations between reaction kinetics
and thermodynamics for adsorption of reactant or product
molecules, as demonstrated frequently onmetal surfaces and in
computation.102,103 Recently, the validity of these concepts were
demonstrated within solvent-lled pore of zeolite catalysts used
for alkene epoxidations. Values of DH‡

app;epox correlate with the
liquid phase enthalpy of epoxide adsorption (DHads,epox) for
C6H12 epoxidation and C6H12O adsorption over *BEA zeolites
containing different active metals (i.e., Ti, Nb, W)58 and C6–C18

alkenes and epoxides over Ti-BEA with varying (SiOH)x densi-
ties.28,34 The positive correlations between the enthalpies in
these previous studies indicate that the transition state for
epoxidation structurally resembles the adsorbed epoxidation
product (Scheme 3a), because excess enthalpy contributions
from interactions with surrounding solvent molecules affect
epoxide adsorption and epoxidation transition state formation
similarly. Measuring differences in DHads,epox provides
a complementary method to examine how the composition of
the organic solvent, xH2O, and (SiOH)x density of Ti-BEA cata-
lysts impact the structure of intrapore solvation structures and
their inuence on the stability of surface intermediates.

Isothermal titration calorimetry (ITC) experiments provided
values of DHads,epox for C6H12O. The calorimeter releases heat
upon each injection of C6H12O solution into a solution of Ti-
Fig. 9 (a) Thermogram from the titration of Ti-BEA-OHwith 1,2-epoxyhe
1 mL per injection) during isothermal titration calorimetry (ITC), and (b)
coverage. Transparent points are omitted due to common errors associ

© 2023 The Author(s). Published by the Royal Society of Chemistry
BEA, as shown in a representative ITC thermogram in Fig. 9a.
Fig. 9b shows the molar heats of adsorption from Fig. 9a at low
C6H12O coverages (<0.25 mol C6H12O (mol Ti)−1), a regime in
which all epoxide molecules are assumed to adsorb to Ti sites.28

Values of DHads,epox for 1,2-epoxyhexane within each combina-
tion of solvent and Ti-BEA zeolite were calculated from the
average value of the heat released in this low coverage regime.
The rst injection (transparent) was omitted from the DHads,epox

calculation, because these values exhibit much lower heat than
other points due to well-known instrumental errors (e.g., evap-
oration of titrant from syringe needle, leading to smaller than
expected injected volumes). The thermograms and integrated
heat data for the remaining solvent combinations and zeolites
are found in Section S11.†

Fig. 10a displays DHads,epox values for C6H12O as a function of
xH2O. Notably, aqueous CH3CN mixtures and neat CH3CN give
signicantly more exothermic DHads,epox values than either
CH3OH or C4H6O2 solutions, which suggests that CH3CN
mixtures provide the greatest stability to adsorbed C6H12O.
These comparisons appear to explain why CH3CN mixtures
show greater C6H12 epoxidation turnover rates (Fig. 1) than the
other solvents examined. Fig. 10b shows that DHads,epox values
correlate with DH*‡app;epox values across all combinations of
solvent composition and zeolites, which signies the strong
structural similarities between the intrapore solvation envi-
ronment of 1,2-epoxyhexane bound to Ti active sites and the
transition states for epoxidation that form in these same envi-
ronments. The dependence of DH*‡app;epox and DHads,epox on
xH2O is weaker over Ti-BEA-F than Ti-BEA-OH (see Fig. 5 and 10a)
for all solvents, which shows that increases in xH2O lead to less
signicant changes in the solvent structure within Ti-BEA-F (see
Section 3.5). Based on insight gained from quantitative
comparisons between GCMD simulations and ITC measure-
ments of DHads,epox values,34 the more endothermic DH*‡app;epox
xane (10mMC6H12O in xC4H6O2
= 0.25 (7.6 M) with H2O (22.8 M), 313 K,

the corresponding heats released as a function of 1,2-epoxyhexane
ated with early injections.

Chem. Sci., 2023, 14, 3160–3181 | 3175
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Fig. 10 (a) C6H12O enthalpies of adsorption (5–10 mM C6H12O, 313 K) as a function of xH2O and (b) difference between the enthalpy of the
transition state for C6H12 epoxidation (1 mM C6H12, 308–333 K) and the Ti–OOH and standard state C6H12 enthalpies as a function of C6H12O
enthalpies of adsorption (5–10mMC6H12O, 313 K) in aqueousmixtures of (a) CH3OH ( ), (b) CH3CN (-,,), and (c) C4H6O2 ( ) over Ti-BEA-
OH (solid points) and Ti-BEA-F (hollow points).
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and DHads,epox values in CH3CN mixtures at higher xH2O reect
the disruptions of greater numbers of hydrogen bonds that
involve H2O molecules upon adsorption of the epoxide.
Presumably, the changes of DH*‡app;epox and DHads,epox with xH2O

in CH3OH mixtures over Ti-BEA-OH reect similar processes
that displace solvent molecules, however, the lower magnitude
of these changes in CH3OH likely stems from the greater
hydrogen bonded character of neat CH3OH relative to neat
CH3CN. Hence, the addition of small quantities of H2O leads to
more signicant changes in the organization of CH3CN mole-
cules within pores than CH3OH. In contrast, the values of
DH*‡app;epox and DHads,epox become more exothermic with
increasing xH2O in C4H6O2 mixtures. While the full reasons for
this trend remain unclear presently, these results give evidence
that the spatial positioning of C4H6O2 within pores responds to
the presence of water.

Notably, DH*‡app;epox and DHads,epox show a positive and
super-linear correlation for every combination of solvent and
zeolite (Fig. 9b). The derivative of the correlation increases at
more endothermic enthalpies, which indicates that the transi-
tion state for epoxidation resembles the epoxide product more
closely at more endothermic DH*‡app;epox values, following
Hammond's postulate.102 We cannot, however, exclude the
possibility that HTi–OOH

3 varies systematically with xH2O and
contributes to the non-linear trend. Nevertheless, the positive
correlations between DH*‡app;epox and DHads,epox suggests that
interactions with solvent molecules affect the stability of the
epoxidation transition state and the adsorbed epoxide in
3176 | Chem. Sci., 2023, 14, 3160–3181
similar ways. These ndings show that solvent molecules and
solvent composition inuence the stability of solutes in bulk
solvents and at solid–liquid interfaces during catalysis. These
concepts can guide the design of not only heterogeneously
catalyzed reactions, but also liquid phase homogeneously
catalyzed and organic reactions in which reactant g values carry
signicance.

4. Conclusions

The organic solvent choice, xH2O, and zeolite (SiOH)x density
inuence rates and selectivities of liquid phase zeolite-catalyzed
reactions by altering G3 values of reactants in the bulk uid
phase and at solid–liquid interfaces, as demonstrated with
interpretations of alkene epoxidation kinetics. While the
organic solvent identity and xH2O inuence the reversibility of
H2O2 activation, neither the solvent nor zeolite choice inu-
ences the mechanisms for alkene epoxidation or H2O2 decom-
position. Instead, differences among turnover rates and
selectivities stem from the distinct dependence of G3 values of
reactive species for C6H12 epoxidation and H2O2 decomposition
on xH2O. Greater rates of C6H12 epoxidation in each zeolite and
organic solvent at greater xH2O appear to be primarily driven by
incommensurate changes in the activity coefficients of C6H12

and for epoxidation transition states. However, H2O2 decom-
position rates decrease at higher xH2O for both Ti-BEA-OH and
Ti-BEA-F, likely because stabilization of the hydrophilic transi-
tion state by H2O is outweighed by the stabilization of uid
phase H2O2 and the Ti–OOH intermediate.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The ndings reported here demonstrate the signicance of
interactions between solvent molecules and reactants in the
liquid phase and at solid–liquid interfaces during catalytic
reactions. Broadly, the ndings suggest that introducing a more
polar reaction environment promotes zeolite-catalyzed reaction
pathways with predominantly hydrophobic reactants and tran-
sition states while suppressing pathways with hydrophilic
reactive species. For industrial purposes, diluting organic
solvents with H2O increases separation costs for epoxidation,
may increase rates of ring-opening of the epoxide
product40,104,105 (not observed under differential conversions in
this study), and may inuence the long-term stability of zeolite
catalysts.106–108 Results presented here show that simply adding
more H2O increases rates and H2O2 selectivities for C6H12

epoxidation in conned environments. Evidently, proper
selection of organic solvent, xH2O, and catalyst polarity and
topology can improve the performance of liquid phase reac-
tions. The concepts outlined here can guide the design of
adsorption and catalytic processes in the liquid phase and at
solid–liquid interfaces.
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