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ABSTRACT: The disruption of ordered water molecules confined
within hydrophobic reaction pockets alters the energetics of
adsorption and catalysis, but a mechanistic understanding of how
nonaqueous solvents influence catalysis in microporous voids remains
unclear. Here, we use kinetic analyses coupled with IR spectroscopy to
study how alkanol hydrogen-bonding networks confined within
hydrophobic and hydrophilic zeolite catalysts modify reaction free
energy landscapes. Hydrophobic Beta zeolites containing framework
Sn atoms catalyze the transfer hydrogenation reaction of cyclo-
hexanone in a 2-butanol solvent 10× faster than their hydrophilic
analogues. This rate enhancement stems from the ability of
hydrophobic Sn-Beta to inhibit the formation of extended liquid-like
2-butanol oligomers and promote dimeric H-bonded 2-butanol
networks. These different intraporous 2-butanol solvent structures manifest as differences in the activation and adsorption
enthalpies and entropies that comprise the free energy landscape of transfer hydrogenation catalysis. The ordered H-bonding solvent
network present in hydrophobic Sn-Beta stabilizes the transfer hydrogenation transition state to a greater extent than the liquid-like
2-butanol solvent present in hydrophilic Sn-Beta, giving rise to higher turnover rates on hydrophobic Sn-Beta. Additionally, reactant
adsorption within hydrophobic Sn-Beta is driven by the breakup of intraporous solvent−solvent interactions, resulting in positive
enthalpies of adsorption that are partially compensated by an increase in the solvent reorganization entropy. Collectively, these
results emphasize the ability of the zeolite pore to regulate the structure of confined nonaqueous H-bonding solvent networks, which
offers an additional dimension to modulate adsorption and reactivity.

1. INTRODUCTION

The thermodynamics of molecular adsorption from the liquid
phase into a confining pocket often deviate from trends
observed in the gas-phase for numerous reasons that depend
on the solvent, adsorbate, and polarity of the confined
adsorption site. In biological catalysts, the complexation of
guest molecules from aqueous solutions with active sites results
in substantial rearrangement and removal of water molecules
confined within the organic scaffold, leading to compensating
changes in the enthalpies and entropies of adsorption.1−3 In
such systems, positive entropies of adsorption are compensated
by endothermic adsorption enthalpies that arise from the
displacement of ordered water molecules confined within
microporous hydrophobic voids (pore diameter <2 nm)
surrounding the catalytic binding site.4 The arrangement of
various hydrophobic and hydrophilic residues within enzy-
matic active sites facilitates the organization of confined
solvent molecules, which serves to modify reaction free energy
landscapes.3,5 This evolutionary ability of biological catalysts to
enhance reaction rates by regulating the structure of occluded
solvent molecules has stimulated interest in the design of
zeolite catalysts as artificial analogues.

Siliceous zeolites are an intriguing class of microporous
catalysts for liquid-phase reactions because their molecular-
sized pores (<2 nm) introduce steric constraints that inhibit
catalysis of molecules larger than their pore diameters via size
exclusion phenomena6 but also mirror biological catalysts in
their ability to solvate transition states and reactive
intermediates confined within their pores via dispersive
interactions with the zeolite framework. Such interactions
alter selectivities and rates of catalytic reactions that depend on
the size and shape of the confined species and pore
architecture.7−13 Zeolites are constructed from nonpolar SiO2

networks and often contain a portion of their tetrahedrally
coordinated Si4+ atoms isomorphously substituted for trivalent
heteroatoms (e.g., Al3+), which give rise to anionic framework
charges that are balanced by extraframework cations (e.g., H+
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and Na+) and act as hydrophilic adsorption and catalytic active
sites. Alternatively, siliceous zeolites may be synthesized with
varied concentrations of framework defects to prepare
hydrophilic14−17 or hydrophobic17−19 frameworks that contain
a portion of their framework Si4+ atoms replaced by tetravalent
Lewis acidic d0 (e.g., Ti4+, Zr4+, and Hf4+) or d10 (e.g., Sn4+)
transition metals with open coordination sites.18−22 In these
Lewis acid zeolites, hydrophilic defect sites (e.g., silanol
groups) can form during crystallization when cationic structure
directing agents are in excess of anionic framework charges,
leading to the formation of charge balancing lattice Si−O−

defects,23,24 or from the removal of framework heteroatoms
(e.g., demetalation) to form silanol nests. Hydrophilic lattice
defects formed during crystallization can be mitigated via the
introduction of F− anions to the synthesis media that
incorporate during crystallization and balance excess cationic
charge, giving rise to predominantly hydrophobic frame-
works.25

The hydrophobicity of such microporous voids directly
affects reaction kinetics in liquid media, for example, by
altering the structure and dielectric properties of confined
water relative to the bulk,26−33 enabling selective adsorption of
molecules from solutions based on polarity,34−41 and by
altering free energy barriers of reactions in liquid solvents.42,43

Adsorption of pyridine from aqueous solution into siliceous
MFI zeolites (293−353 K) shows more positive enthalpies and
entropies of adsorption, relative to gas-phase pyridine
adsorption, which were attributed to the more negative
enthalpy and entropy of pyridine solvated in water compared
to the gas phase.44,45 Similarly, experimentally measured
(368−383 K) and computed glucose adsorption entropies,
which represent differences in entropy between glucose
adsorbed within hydrophobic Beta zeolites and glucose in
aqueous solution, are positive and likely reflect the
unstructuring of first-shell water molecules that solvate glucose
reactants and displacement of water molecules coordinated at
the active site upon glucose adsorption within the zeolite
pore.46,47 In aluminosilicate zeolites, the density of hydrophilic
binding sites (e.g., H+ sites) confined within Beta zeolites alters
phenol adsorption equilibrium constants in liquid water as
hydrophobic voids more favorably adsorb phenol reactants and
give rise to higher phenol alkylation turnover rates (523 K, per
H+).48 Additionally, both the density of H+ sites and
framework connectivity have been shown to alter the extent
that ethanol dehydration transition states perturb confined
water structures in zeolites by influencing energetic penalties
associated with solvent reorganization upon transition state
formation.49 In Lewis acidic zeolites, the preferential
stabilization of inhibitory water−ethanol dimers at silanol
(SiOH) defects leads to lower apparent gas-phase ethanol
dehydration turnover rates (404 K, per Sn) in hydrophilic than
in hydrophobic Sn-Beta zeolites, despite similar intrinsic rate
constants, because water−ethanol adducts are preferentially
stabilized at hydrophilic binding sites and must be desorbed
prior to formation of the transition state.50,51 Hydrophobic
Ti4+- and Sn4+-substituted Beta zeolites catalyze aqueous-phase
glucose isomerization >10× faster (per Lewis acid site, 373 K)
than hydrophilic frameworks because hydrophobic voids
inhibit the formation of extended water structures leading to
lower activation free energy barriers.17,47,52,53 Olefin epox-
idation turnover rates (per Ti, 313−333 K) measured in
nonaqueous solvents (e.g., methanol and acetonitrile) using
aqueous H2O2 as the oxidant, however, are larger in

hydrophilic Ti-zeolites (e.g., MFI and Beta) than in hydro-
phobic analogues,54−56 which has been attributed to the
preferential nucleation of water clusters at SiOH groups
located near Lewis acidic Ti sites that lower the free energy
barrier for the formation of the epoxidation transition
state.54,57 Collectively, these results highlight how water
confined within hydrophobic and hydrophilic Lewis acidic
zeolites influences catalysis for a variety of reactions, but the
consequences of confined nonaqueous solvents, absent a
cosolvent (e.g., water), on catalysis are not fully understood.
The development of a mechanistic framework that describes
the role of confined nonaqueous solvents will provide further
insight into how microporous catalysts organize solvent and
reactant molecules to modify reaction free energy landscapes
during liquid-phase catalysis.
Here, we investigate how the polarity of the zeolite

framework influences reaction rates in nonaqueous solvent
systems in the context of the intermolecular Meerwein−
Ponndorf−Verley reduction and Oppenauer oxidation
(MPVO) transfer hydrogenation reaction between 2-butanol
and cyclohexanone using hydrophobic Sn-Beta-F and hydro-
philic Sn-Beta-OH zeolite catalysts. Turnover rates of
intermolecular MPVO reactions have been recognized to
depend on both the zeolite framework and solvent polar-
ity,58,59 but a more complete mechanistic understanding
requires consideration of both reactant adsorption phenomena
and the intraporous environment that solvates transition states.
MPVO turnover rates (normalized per active site) are
measured on Sn-Beta-F and Sn-Beta-OH as functions of
temperature (333−393 K) and cyclohexanone activity and are
used to extract enthalpic and entropic barriers that decouple
cyclohexanone adsorption from transition state formation.
Infrared spectra of adsorbed solvent molecules reveal that the
polarity of the zeolite framework regulates the structure of the
confined solvent, leading to differences in MPVO turnover
rates that depend on the hydrophobic character of the zeolite
framework. This set of spectroscopic and kinetic data reveals
that these diverse solvent environments alter reactant
adsorption thermodynamics that facilitate the partitioning of
reactant and solvent molecules between the bulk and adsorbed
phases. These findings provide mechanistic insight into how
the structure of confined nonaqueous H-bonding solvent
molecules alters the reaction and adsorption free energy
landscape of MPVO catalysis and provides an extra dimension,
beyond those aimed at modifying the active site directly, to
tailor adsorption and catalytic phenomena in microporous
materials.

2. EXPERIMENTAL METHODS
2.1. Synthesis of Siliceous and Sn-Containing Zeolites.

Hydrophobic Si-Beta (Si-Beta-F) and Sn-Beta (Sn-Beta-F) zeolites
were crystallized via a direct hydrothermal route in the presence of F−

anions, which minimize the formation of framework defects in
siliceous zeolites by balancing excess cationic charge during
crystallization.25 Specifically, Si-Beta-F was synthesized by the
following procedure with a molar composition of 1 SiO2/0.54
TEAOH/0.54 HF/7.25 H2O. An aqueous tetraethylammonium
hydroxide solution (TEAOH; 23.38 g, Sigma-Aldrich, 40 wt %) was
added to a perfluoroalkoxyalkane (PFA, Savillex Corp.) jar containing
deionized water (18.2 MΩ-cm, 3.95 g) and stirred under ambient
conditions for 5 min. Tetraethyl orthosilicate (TEOS; 25.00 g, Sigma-
Aldrich, 99 wt %) was then added to the aqueous TEAOH solution,
which was covered and stirred under ambient conditions for 2 h. The
PFA jar was then uncovered, and ethanol and excess water were

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c09825
J. Am. Chem. Soc. 2020, 142, 19379−19392

19380

pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c09825?ref=pdf


allowed to evaporate until the desired mass was obtained. Hydro-
fluoric acid (HF; 2.65 g, Sigma-Aldrich, 48 wt % in H2O, ≥99.99%
trace metals basis) was then added dropwise, and the mixture was
stirred with a PTFE spatula for 5 min. The mixture was then
transferred to a 45 mL PTFE-lined, stainless steel autoclave (4744,
Parr Instruments) and heated to 413 K under rotation (∼40 rpm) for
7 days. Solids were recovered via centrifugation, washed with
deionized water and acetone (99.5 wt %, BDH Chemicals) until
the pH of the supernatant remained constant between washes, and
dried overnight under ambient air at 393 K. The dried powder was
then heated to 853 K (1 K min−1) under flowing dry air (100 cm3

min−1; −80 °F dew point, Airgas) for 10 h.
Sn-Beta-F was prepared according to a previously reported

procedure.58 An aqueous TEAOH solution (11.65 g) was added to
a PFA jar containing deionized water (8.44 g) and stirred under
ambient conditions for 5 min. TEOS (12.10 g) was then added to the
aqueous TEAOH solution, covered, and stirred under ambient
conditions for 2 h. In a separate vessel, stannous chloride (Sn(II)Cl2 ·
2H2O; 0.044 g, Sigma-Aldrich, 98 wt %) was dissolved in ethanol (2
g, Koptec, 99.5 wt %) and added dropwise to the aqueous TEAOH
and TEOS solution, which was then left uncovered and stirred under
ambient conditions to evaporate ethanol and excess water. After the
evaporation step, HF (1.30 g) was added dropwise, and the mixture
was stirred with a PTFE spatula for 5 min. The resulting molar
composition of the synthesis mixture was 1 SiO2/0.0033 SnO2/0.54
TEAOH/0.54 HF/7.52 H2O. Dealuminated Beta zeolite (0.173 g, 5
wt % SiO2 basis) was added to the mixture, which was then
transferred to a 45 mL PTFE lined, stainless steel autoclave and
heated to 413 K under rotation (∼40 rpm) for 7 days. Solids were
then recovered via centrifugation, washed with deionized water and
acetone until the pH of the supernatant remained constant between
washes, and dried overnight under ambient air at 393 K. The dried
powder was then heated to 853 K (1 K min−1) under flowing dry air
(100 cm3 min−1) for 10 h.
Dealuminated Beta (Si-Beta-OH; residual Si/Al > 5000) was

prepared by addition of Al-Beta (1 g, Si/Al = 12.5, CP814E, Zeolyst)
to concentrated nitric acid (HNO3; 80 g, 70 wt %, Sigma-Aldrich) in a
PFA jar. The jar was sealed, heated to 353 K, and stirred for 24 h.
After cooling to ambient temperature, the solids were recovered via
centrifugation and washed repeatedly with deionized water until the
pH between washes was constant. The solids were dried at 393 K
overnight under ambient air and then heated to 853 K (1 K min−1)
under flowing dry air (100 cm3 min−1) for 10 h.
Sn-Beta-OH was synthesized via postsynthetic grafting of vacancy

defects present in dealuminated Beta under dichloromethane reflux
following reported procedures.14 Dealuminated Beta zeolites (∼1 g)
and a PTFE stir bar were placed into a 500 cm3 two-neck round-
bottom flask. A septum stopper (Viton, Signa-Aldrich) was used to
seal one of the openings, and the other was connected to a Schlenk
line via a reflux condenser. The dealuminated Beta zeolites were then
dehydrated overnight at 473 K under dynamic vacuum (<1 Torr),
cooled to room temperature, and then held under a dry N2 purge

(liquid N2 boil-off, Airgas). In a separate two-neck flask connected to
the Schlenk line and sealed with a Viton septum, dichloromethane
(DCM, 100 cm3, 99.8 wt %, Sigma-Aldrich) was dried on activated
molecular sieves (dehydrated at 523 K overnight under vacuum; 3A,
4−8 mesh, Sigma-Aldrich) for 24 h under N2 purge. Dried DCM
(∼25 cm3) was transferred to a sealed 50 cm3

flask (Viton septum) via
moisture-free cannula and transferred to a glovebox purged with dry
N2, and the desired amount of an anhydrous 1 M stannic chloride in
DCM solution (SnCl4, Sigma-Aldrich) was added to the sealed flask.
The rest of the dried DCM and the SnCl4 solution were then
sequentially transferred to the flask containing the dealuminated Beta
zeolites via moisture-free cannula and then stirred under DCM reflux
(313 K) for 8 h. The solids were then recovered via centrifugation,
washed repeatedly with methanol (35 cm3 per wash), dried under
ambient air overnight at 393 K, and then heated to 853 K (1 K min−1)
under flowing dry air for 10 h.

Sn−xerogel was synthesized according to previously reported
methods.52,60 An aqueous 0.1 M hydrochloric acid solution (HCl;
2.81 g, 37 wt %, Sigma-Aldrich) was added to a PFA jar containing a
solution of TEOS (25.2 g) and deionized water (34.7 g) and stirred
for 2 h at ambient temperature. Next, tin(IV) chloride pentahydrate
(SnCl4·5H2O; 0.35 g, 98 wt %, Sigma-Aldrich) was added, and the
mixture was stirred for 1 h. Finally, an aqueous 1 M ammonium
hydroxide solution (NH4OH; 28−30 wt % NH3 basis, Sigma-Aldrich)
was added dropwise until the gel point was reached. The resulting gel
was then dried at 433 K for 12 h, washed with deionized water until
the pH remained constant between washes, dried at 373 K overnight,
and then heated to 853 K (1 K min−1) under flowing dry air for 10 h.

Individual Sn-Beta samples will be referred to by using the
following nomenclature to distinguish between different syntheses:
Sn-Beta-X(Y), where X is either F (hydrophobic) or OH (hydro-
philic) and Y is the Si/Sn molar ratio determined by ICP-MS.

2.2. Catalyst Characterization. Crystal structures of each Beta
zeolite were determined from powder X-ray diffraction (XRD)
patterns collected on a Bruker D8 diffractometer using Cu Kα
radiation (0.15406 nm) between 5° and 40° 2θ and a scan rate of
0.077° s−1. XRD patterns of each Beta zeolite are shown in section S1
of the Supporting Information.

Nitrogen adsorption isotherms (77 K) were measured on a
Quantachrome Autosorb iQ apparatus. All samples were pelleted and
sieved to retain particulates between 150 and 250 μm and degassed
under vacuum (<5 μmHg) for 12 h at 623 K prior to analysis.
Micropore volumes were calculated by using a semilog derivative
analysis of the isotherm (∂(Vadsg

−1)/∂(log(PP0
−1) vs log(PP0

−1)),
where the first minimum after the first maximum represents the end of
micropore filling.61 N2 adsorption isotherms are shown in section S2
of the Supporting Information, and micropore volumes are tabulated
in Table 1.

Diffuse reflectance ultraviolet−visible (DRUV) spectra were
measured on a Cary 5000 spectrometer (Agilent) equipped with a
DiffusIR diffuse reflectance accessory and environmental chamber
(PIKE Technologies). Prior to measurement of a DRUV spectrum,

Table 1. Sn Content, Total Number of Lewis Acid Sites, Open/Closed Site Ratio, Total Number of SiOH Groups, and
Absorption Edge Energy of Si-Beta-F, Si-Beta-OH, Sn-Beta-F, and Sn-Beta-OH Zeolites

sample Si Sn−1a micropore volumeb LAS Sn−1c open/closed ratioc SiOH contentc,d edge energye

Si-Beta-F 0.21 0.8
Si-Beta-OH 0.18 33.9
Sn-Beta-F 302 0.22 0.95 0.43 3.5 5.83

264 0.19 0.86 0.56 4.9
Sn-Beta-OH 326 0.19 0.74 0.74 63.0 5.63 (5.24)f

412 0.19 0.68 0.48 52.1
553 0.20 0.71 0.47 51.4

aDetermined from ICP-MS. bUnits of cm3/g at STP. Determined from N2 adsorption isotherms measured at 77 K (section S2 of the Supporting
Information). cMeasured from IR spectra of adsorbed CD3CN (303 K; Figure 1, details in section S5 of the Supporting Information). dUnits of
10−5 mol of SiOH/g of zeolite. eUnits of eV. Determined from intercepts of the linear portion of the adsorption edge (section S3 of the Supporting
Information). fAbsorption edge energy of low-energy shoulder listed in parentheses.
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zeolite samples were dehydrated at 523 K (5 K min−1) under flowing
dry air for 2 h and then cooled to 298 K. All spectra of Sn-containing
samples were measured relative to a dehydrated Si-Beta-F sample, and
reflectance measurements were converted to absorbance by using the
Kubelka−Munk function. DRUV spectra are shown in section S3 of
the Supporting Information.
Elemental analysis was performed by inductively coupled plasma

mass spectrometry (ICP-MS) using an Agilent 7900 ICP-MS
instrument. Zeolite powder (∼10 mg) was added to a polypropylene
vial containing HF acid (200 μL) and allowed to digest for 6 h prior
to dilution with 2 wt % HNO3 (Veritas Double Distilled, GFS
Chemicals Inc.) to obtain a predicted metal concentration of ∼100
ppb. Sn and Al concentrations were determined from calibration
curves prepared from standard solutions of 1000 ppm of Sn in 10%
hydrochloric acid (TraceCERT, Sigma-Aldrich) and 1000 ppm Al in
2% HNO3 (TraceCERT, Sigma-Aldrich), respectively, diluted in 2 wt
% HNO3.
2.3. Measurement of IR Spectra. IR spectra of adsorbed probe

molecules were measured by using a Bruker Vertex 70 spectrometer
equipped with a liquid N2 cooled Hg−Cd−Te (MCT) detector by
averaging 128 scans at 4 cm−1 resolution between 4000 and 400 cm−1.
All IR spectra were collected relative to an empty cell spectrum
measured at 303 K under dynamic vacuum (<8.0 × 10−5 Torr,
Edwards T-Station 75 Turbopump). Zeolite powders (∼5−10 mg)
were pressed into 7 mm diameter self-supporting wafers, secured in a
sample holder (Harrick Scientific Products Inc.),and placed in a high-
temperature transmission cell (Harrick Scientific Products Inc.) sealed
with KBr windows (32 × 3 mm; Harrick Scientific Products Inc.).
The temperature of the sample was measured by a thermocouple (K-
type, 1/16 in., Omega) inserted just below the sample holder and in
contact with the internal cell wall and controlled by a Watlow EZ-
Zone temperature controller. Both the cell inlet and outlet were
connected to stainless steel bellows valves (SS-4BRG, Swagelok) to
allow for isolation and evacuation of the transmission cell. The inlet
valve was then connected via 1/4 in. flexible stainless-steel tubing
(Swagelok) to a Schlenk line (Chemglass Airfree), which enabled
isolation of the vacuum manifold, pretreatment gas manifold, and
dosing ampules. The outlet valve was connected to an oil bubbler to
monitor gas flow and minimize backflow of ambient air into the cell.
Prior to collection of IR spectra, each sample was heated to 673 K (5
K min−1) under flowing dry air (50 cm3 min−1) for 2 h, cooled under
flowing air to 303 K, and then evacuated until the pressure in the cell
reached <8.0 × 10−5 Torr. IR spectra of clean Si and Sn-Beta zeolites,
normalized by the total T-O-T overtone area (2100−1750 cm−1),
were measured under dynamic vacuum (<8.0 × 10−5 Torr) at 303 K
after dehydration in dry air at 673 K and are shown in section S4 of
the Supporting Information.
Acetonitrile-d3 (CD3CN; anhydrous, ≥99.8 atom % D, Sigma-

Aldrich) and 2-butanol (99.8 wt %, Sigma-Aldrich) were purified via
successive freeze−pump−thaw cycles to remove dissolved gases and
volatiles and then introduced to the sample in serial doses ((1.4−7.0)
× 10−7 mol dose−1). An IR spectrum was measured after each dose
once the pressure in the cell remained constant for >30 s. The
spectrum of the dehydrated parent zeolite was subtracted from all
subsequent spectra after dosing, which were then baseline corrected
and normalized by the total area of the T−O−T combination and
overtones modes (2100−1750 cm−1) of the parent zeolite sample.
Assignments of CD3CN coordinated to open Sn sites (ν(CN):
2316 cm−1), closed Sn sites (2308 cm−1), silanol groups (2275 cm−1),
and physisorbed or gas-phase CD3CN (2265 cm−1) are based on
prior evidence.52,62,63 The total number of SiOH groups, closed Sn
sites, and open Sn sites were quantified from deconvolution of spectra
at saturation into their principal components and using previously
reported integrated molar extinction coefficients for CD3CN adsorbed
in Sn-Beta zeolites (details in section S5 of the Supporting
Information).52 2-Butanol used in dosing experiments was purified
by refluxing over sodium borohydride (NaBH4, >95%, Macron Fine
Chemicals) for 12 h and then distilled to remove residual carbonyl
impurities (see section S6 of the Supporting Information).64

2.4. Measurement of MPVO Kinetics. MPVO kinetic studies
were performed in glass batch reactors (10 cm3, VWR Scientific)
using reactant solutions containing 0.01−1 M cyclohexanone (99.5 wt
%, Sigma-Aldrich) in a bulk 2-butanol (99.8 wt %, Sigma-Aldrich)
solvent. Prior to rate measurements, glass batch reactors were
sonicated for a minimum of 15 min in acetone, isopropanol (99.5 wt
%, VWR), and deionized water, dried at 393 K, and flushed with dry
N2 after cooling to room temperature. Zeolite powder (∼5−10 mg)
and a PTFE-coated magnetic stir bar were loaded into a glass batch
reactor and sealed with a PTFE-faced silicone septum housed in an
aluminum crimp top (Supelco). The reactant solution (∼2 cm3) was
added to a separate glass batch reactor and sealed, and both catalyst
and reactant vials were heated to the desired reaction temperature
(333−393 K) for >15 min to minimize thermal gradients at initial
reaction times. The molar ratio of cyclohexanone to total Sn in the
reaction was maintained at >100 for all rate measurements. After
preheating, the reactant solution was transferred to the catalyst vial via
gastight syringe, and the reaction allowed to proceed under stirring
(300 rpm) for ∼5 min (>373 K), 10 min (373 K), or 20 min (<373
K). The catalytic reaction mixture was then quenched in an ice bath,
filtered through a 0.2 μm PTFE syringe filter (VWR), and diluted
with a 2-pentanone standard solution (5 wt % in 2-butanol; 99.5 wt %,
HPLC grade, Sigma-Aldrich). Filtered reaction solutions were then
injected into a gas chromatograph (7890A, Agilent Technologies)
equipped with a DB-1701 column (30 m × 250 μm × 0.25 μm,
Agilent) and a flame ionization detector. Initial MPVO turnover rates
(normalized per open Sn site) were calculated by extrapolation of the
total cyclohexanol production (moles of cyclohexanol produced per
open Sn site) to zero reaction time (i.e., zero conversion). This single
point method yielded kinetic data measured at <5% conversion for all
reaction conditions investigated and gave similar initial rates (within
20%) to those calculated from full transient reaction profiles (details
in section S8 of the Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Quantification of Active Sn Sites and SiOH
Groups in Sn-Beta. Mechanistic interpretation of kinetic
data measured on Sn-Beta zeolites with different pore polarity
requires that turnover rates are rigorously normalized by the
total number of active sites that catalyze such reactions. Sn-
Beta zeolites contain at least two distinct framework Sn
coordination environments: closed Sn sites with 4-fold
coordination to lattice O atoms ((SiO)4Sn) or open Sn sites
with 3-fold coordination to lattice O atoms and a hydroxide
ligand ((SiO)3SnOH). These different Sn coordination
environments have been identified by using a combination of
var ious computat ional50 , 63 , 65−67 and exper imen-
tal51,52,62,63,67−69 methods and differ in their ability to activate
C−O bonds.50−52,58,63 Specifically, both inter- and intra-
molecular MPVO reactions are catalyzed by open Sn sites in
Sn-Beta zeolites.52,58,63,67,70 IR spectra of adsorbed deuterated
acetonitrile-d3 (CD3CN) can differentiate between these
different Sn sites because the electron density of the nitrile
bond is perturbed to different extents upon ligation to open or
closed Sn sites.52,63 CD3CN preferentially coordinates to open
Sn sites (ν(CN): 2315 cm−1) in Sn-Beta at low coverages,
prior to adsorption at closed Sn sites (ν(CN): 2308 cm−1),
which is characterized by a red-shift in the peak center of Lewis
acid bound CD3CN (Figure 1) and consistent with prior
observations for CD3CN adsorbed on Sn-zeolites.52 At
increasing coverages, vibrational bands reflecting CD3CN
adsorbed at SiOH groups (ν(CN): 2275 cm−1) and
physisorbed or gas-like CD3CN (ν(CN): 2265 cm−1) are
also observed. All Sn-Beta-F and Sn-Beta-OH zeolites exhibit
substoichiometric fractions of Sn present as Lewis acid sites
(LAS/Sn = 0.68−0.95), in agreement with UV−vis spectra
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that indicate a small fraction of SnOx is present on these
zeolites (section S3 of the Supporting Information) and ratios
of open to closed Sn sites (Table 1) that are similar to those
expected for Sn-Beta (open/closed = 0.44−0.74).52
Adsorbed CD3CN also enables quantitative titration of the

total number of SiOH groups present in Lewis acidic Beta
zeolites,47,52 which provides a comparative metric for the total
number of hydrophilic binding sites present in Sn-Beta-F and
Sn-Beta-OH. These titration data show that Sn-Beta-OH
zeolites contain >10× more SiOH groups than Sn-Beta-F
(Table 1), similar to the difference between purely siliceous Si-
Beta-F and Si-Beta-OH zeolites (Table 1; spectra shown in
section S5 of the Supporting Information). The difference in
hydrophobicity between these different classes of Sn-Beta
catalysts was confirmed by measurement of first-order glucose
isomerization rate constants in liquid water (373 K, per open
Sn site) that are ∼16× larger on Sn-Beta-F(302) than on Sn-
Beta-OH(326) (details in section S7 of the Supporting
Information). These results are consistent with previous
reports for glucose-to-fructose isomerization in hydrophobic
and hydrophilic Sn-Beta zeolites14,52 and arise because
hydrophobic voids exclude bulk water structures leading to
lower free energy barriers for the formation of the isomer-
ization transition state.17,47,52 Collectively, these data indicate
that Sn-Beta-F and Sn-Beta-OH contain a similar fraction of
Lewis acidic Sn sites but differ drastically in framework polarity
as determined by titration of SiOH groups by CD3CN (Table
1 and Figure 1) and measurement of glucose isomerization
first-order rate constants (373 K, per open Sn; section S7 of
the Supporting Information).
3.2. Kinetics and Mechanism of MPVO Reactions

Catalyzed by Sn-Beta Zeolites. MPVO kinetic data
measured on Sn-Beta zeolites are not influenced by back-
ground reactions in the homogeneous phase or those that
might be catalyzed by SnO2 domains and were determined to
be free of internal mass transport artifacts under the conditions
investigated here (details in section S8 of the Supporting
Information). Initial turnover rates of the MPVO reaction
between 2-butanol and cyclohexanone were measured on Sn-
Beta-F(302) and Sn-Beta-OH(326) zeolites as a function of
cyclohexanone concentration (0.01−1 M) and temperature

(333−393 K) in a 2-butanol solvent. Thermodynamic activities
of cyclohexanone and 2-butanol are used to describe initial
MPVO turnover rates instead of concentration due to expected
nonideal solution behavior that affect reaction rates.71

Temperature- and concentration-dependent solution phase
activity coefficients (γi) were estimated by using the UNIFAC
group contribution method,72−74 and the activity of each
species (ai) was calculated via the following equation:

γ=a
C
Ci i

i

i
0

i
k
jjjjj

y
{
zzzzz (1)

where Ci is the concentration (mol L−1) of species i in solution
and Ci

0 is the standard state concentration equal to the
concentration (mol L−1) of the pure component, such that the
activity of the pure species equals unity.
Initial MPVO turnover rates (normalized per open Sn site)

measured as a function of cyclohexanone activity (ac; 0.01−1
M cyclohexanone) and temperature (333−393 K) in 2-butanol
on Sn-Beta-F(302) and Sn-Beta-OH(326) show a first-order
dependence on cyclohexanone activity at low values of ac,
consistent with previous MPVO kinetic studies performed at
low ketone concentrations in an alcohol solvent on Lewis
acidic Beta zeolites,58 and transition to a zero-order kinetic
regime at higher values of ac (Figure 2). Initial MPVO

turnover rates (per open Sn site) are similar (within 2×) on
both Sn-Beta-F(302) and Sn-Beta-OH(326) at low temper-
atures (<353 K) and low values of ac (<10

−2) but deviate with
increasing values of ac and temperature and are 5−10× higher
on hydrophobic Sn-Beta-F than on hydrophilic Sn-Beta-OH in
the zero-order regime across all temperatures (ac > 10−1;
Figure 2). These differences in initial MPVO turnover rate at
high ketone concentration are consistent with prior reports
that rates of MPVO between 4-tert-butylcyclohexanone in a 2-
propanol solvent (355 K, per total Zr; 1 M 4-tert-butyl-
cyclohexanone) are larger in Zr-Beta zeolites synthesized in F−

media (522 h−1) than those prepared via postsynthetic grafting
of dealuminated Beta with Zr(NO3)4 or ZrOCl2 (20−350
h−1).59 Additionally, the differences in initial MPVO turnover
rate (per open Sn) between hydrophobic and hydrophilic Sn-
Beta catalysts that manifest at different temperatures and
cyclohexanone activities are likely not a result of trace water

Figure 1. IR difference spectra (relative to the parent spectrum) of
(a) Sn-Beta-F(302) and (b) Sn-Beta-OH(326) with increasing
coverage of CD3CN measured at 303 K. Dashed lines indicate
expected ν(CN) stretching frequencies for CD3CN coordinated to
open Sn sites (2315 cm−1), closed Sn sites (2308 cm−1), and SiOH
groups (2275 cm−1) and for physisorbed or gas-phase CD3CN (2265
cm−1).

Figure 2. Cyclohexanol formation rates (per open Sn site) measured
on (a) Sn-Beta-F(302) and (b) Sn-Beta-OH(326) as a function of
cyclohexanone activity (0.01−1 M cyclohexanone) in 2-butanol at
333 K (triangles), 353 K (diamonds), 373 K (squares), and 393 K
(circles). Dashed lines are regressions of eq 5. Error bars are
determined from propagation of experimental uncertainty.
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present in the reaction media, which is known to inhibit
homogeneous metal−alkoxide MPV reduction catalysts.75

Initial MPVO turnover rates (0.01−1 M cyclohexanone in 2-
butanol, 373 K, per open Sn) measured under anhydrous
conditions on Sn-Beta-F and Sn-Beta-OH catalysts are similar
(within 1.5×) to those measured under standard reaction
conditions (∼2−3 wt % H2O under an ambient atmosphere;
details in section S8 of the Supporting Information), further
emphasizing the water tolerance of isolated Lewis acidic metal
centers hosted in microporous siliceous frameworks. Thus, we
propose that the observed transition from a first-order to zero-
order kinetic regime with increasing ac is consistent with a
change in the most abundant reactive intermediate (MARI)
from a solvent-covered active site to one involving cyclo-
hexanone adsorbed at the active site. Interestingly, the onset of
the zero-order kinetic regime on Sn-Beta-F(302) occurs at
nearly a 10× lower value of ac at 393 K than at 333 K (Figure
2), a phenomenon not observed on Sn-Beta-OH(326),
suggesting that the coverage of kinetically relevant inter-
mediates on Sn-Beta-F(302), but not Sn-Beta-OH(326), is
strongly dependent on both ac and temperature. These results
indicate that initial MPVO turnover rates (per open Sn site)
depend on the polarity of the zeolite framework, and this effect
is further examined by using transition state theory.
Intermolecular MPVO reactions between an alcohol and a

ketone occur via the same mechanism, regardless of alcohol or
ketone identity, on both homogeneous76,77 and heteroge-
neous58,78,79 Lewis acid catalysts. In a 2-butanol solvent, the
MPVO reaction between 2-butanol and cyclohexanone on Sn-
Beta proceeds over a 2-butanol-covered open Sn site via quasi-
equilibrated adsorption of cyclohexanone, liberating an
adsorbed 2-butanol molecule and forming a coadsorbed 2-
butanol−cyclohexanone adduct (step 1, Scheme 1). 2-Butanol
then undergoes quasi-equilibrated deprotonation with the
stannanol group to form an adsorbed 2-butoxide species and
water,58,79,80 which remains coordinated to the Sn site (step 2,
Scheme 1). The coadsorbed 2-butoxide−cyclohexanone
precursor then proceeds through the rate-controlling C-1
hydride shift transition state to form 2-butanone and an
adsorbed cyclohexoxide (step 3, Scheme 1). Formation of the
hydride shift transition state in Lewis acidic zeolites has been
shown to be the rate-controlling step from density functional
theory (DFT) calculated reaction barriers for the MPVO
reaction between 2-butanol and cyclohexanone79 and exper-
imentally measured kinetic isotope effects between methyl
levulinate and deuterated 2-propanol (423 K, labeling
confirmed by 1H NMR).58 The cyclohexoxide ligand is then
protonated via water decomposition to form cyclohexanol and
regenerate the open Sn site (step 4, Scheme 1). Considering
the formation of the hydride shift transition state as the rate-
controlling step and the observed change in the MARI from a
likely 2-butanol-covered open Sn site to a coadsorbed 2-
butanol−cyclohexanone adduct with increasing cyclohexanone
activity (Figure 2), a rate expression can be derived by using
transition state theory which describes the kinetic dependence
of initial MPVO turnover rates on cyclohexanone activity (full
derivation in section S9 of the Supporting Information):

η
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γ

γ
γ
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Here, Kj represents the equilibrium constant of step j, k3 is the
intrinsic rate constant, aC and aB are the solution phase
thermodynamic activities (described by eq 1) of cyclo-
hexanone and 2-butanol, respectively, γ‡ is the activity
coefficient of the transition state, γA* is the activity coefficient
of the coadsorbed 2-butanol−cyclohexanone adduct, γBB* is
the activity coefficient of the 2-butanol-covered open Sn site, η
is the approach to equilibrium, and [L] is the number of open
Sn sites (i.e., active sites). Given the low concentration of Sn
sites present in the Sn-Beta catalysts used in this study (Si/Sn
= 250−550; <1 Sn atom per 4 unit cells) and assuming that the
intraporous solvating environment does not change substan-
tially with increasing cyclohexanone activity, adsorbed
intermediates reflect ideal noninteracting species and satisfy
the basic assumptions of the idealized Langmuir adsorption
model. Thus, we make the approximation that the activity
coefficients of all adsorbed species and transition states are
unity under the conditions studied here:

η
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=
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−
r K K k a
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MPVO turnover rates are reported as initial turnover rates
extrapolated to zero conversion, which causes η to approach
zero (i.e., X → 0, η → 0), resulting in eq 4 which describes
MPVO turnover rates at initial time:

[ ]
=

+
r K K k a

a K aL
net 1 2 3 C

B 1 C (4)

It should be noted that the activity of 2-butanol in the bulk
solution, aB, does decrease systematically (aB = 0.999−0.900)
with increasing cyclohexanone activity in solution, and this
change in activity of solution-phase 2-butanol is explicitly

Scheme 1. Proposed MPVO Reaction Mechanism between
2-Butanol and Cyclohexanone over an Open Sn Site in a 2-
Butanol Solventa

aQuasi-equilibrated adsorption of cyclohexanone displaces an
adsorbed 2-butanol molecule from the open Sn site (step 1) and
precedes the deprotonation of 2-butanol to form an adsorbed 2-
butoxide (step 2). This step is followed by the formation of the rate-
controlling hydride shift transition state to form 2-butanone and an
adsorbed cyclohexoxide (step 3), which is then protonated to form
cyclohexanol and desorbs to return the 2-butanol-covered open Sn
site (step 4).
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accounted for in eq 4. The individual contributions from K2
and k3 to the free energy barrier of reaction cannot be uniquely
decoupled from experimental kinetic measurements alone and
are thus lumped together into an apparent zero-order rate
constant (kapp) that reflects the difference in free energy
between the hydride shift transition state (‡) and the
coadsorbed 2-butanol−cyclohexanone adduct (A*):

[ ]
=

+
r K k a

a K aL
net ads app c

B ads C (5)

This equation provides a mechanistic basis to interpret how
zeolite hydrophobicity influences initial MPVO turnover rates
and the coverage of kinetically relevant intermediates.
Apparent zero-order MPVO rate constants (kapp, normalized

per open Sn site) are ∼10× larger on hydrophobic Sn-Beta-
F(302) than on Sn-Beta-OH(326) at all studied reaction
temperatures (333−393 K; Figure 3). These data indicate that

the intraporous solvating environment within hydrophobic Sn-
Beta-F zeolites gives rise to lower apparent zero-order MPVO
free energy barriers (which relate differences in the free energy
between the hydride shift transition state and the coadsorbed
2-butanol−cyclohexanone adduct) when compared to those of
hydrophilic Sn-Beta-OH zeolites despite both materials having
open Sn sites that catalyze the same set of MPVO elementary
steps. Cyclohexanone adsorption equilibrium constants (Kads)
increase with increasing temperature on both Sn-Beta-F(302)
and Sn-Beta-OH(326), indicating that cyclohexanone adsorp-
tion from the solution to the open Sn site becomes more
favorable with increasing temperature in both Sn-Beta
catalysts. The value of Kads measured on hydrophobic Sn-
Beta-F, however, is more sensitive to changes in temperature
than that measured on Sn-Beta-OH (∼10× change on Sn-
Beta-F, ∼2.5× on Sn-Beta-OH; 333−393 K), suggesting that
different intraporous solvating environments are likely present
within the microporous voids of hydrophobic and hydrophilic
Sn-Beta zeolites, as changes in adsorption free energies of
cyclohexanone within the same zeolite framework are
referenced to an identical solution phase.
Initial MPVO turnover rates vary continuously from first- to

zero-order with increasing values of ac on Sn-Beta catalysts, but
the onset of the zero-order kinetic regime, and thus the

coverage of adsorbed cyclohexanone adducts, shows different
dependencies on cyclohexanone activity at different temper-
atures on Sn-Beta-F(302) and Sn-Beta-OH(326) zeolites
(Figure 2). The rate equation given by eq 5 provides a
mechanistic basis for this transition between first- and zero-
order kinetic regimes and enables the estimation of surface
coverages during MPVO catalysis.81,82 A relationship between
the apparent cyclohexanone reaction order (Ψc) and the
fractional coverage of cyclohexanone within Sn-Beta zeolites
(θc, per open Sn site) can be determined by differentiating the
natural log of the MPVO rate equation (eq 5) with respect to
the natural log of the cyclohexanone activity (ac):
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∂
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is the fractional coverage of cyclohexanone (θc)

described by the Langmuir adsorption isotherm and, assuming
ideal adsorption behavior, leads to the following relationship
between the MPVO turnover rate and the fractional coverage
of cyclohexanone:
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∂
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1
ln( )
ln( )c
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Figure 4 shows θc calculated as a function of cyclohexanone
activity and temperature on both Sn-Beta-F(302) and Sn-Beta-

OH(264). The origin of the strong temperature dependence of
the shift in kinetic regime observed on Sn-Beta-F(302) can be
rationalized by the 5−6× larger cyclohexanone coverage
expected at 393 K than 333 K at low values of cyclohexanone
activity (ac < 0.1), suggesting that cyclohexanone adsorption
becomes preferred at elevated temperatures in hydrophobic
Sn-Beta-F zeolites. The fractional coverage of cyclohexanone
predicted on Sn-Beta-OH shows a less dramatic increase with
temperature at low values of cyclohexanone activity (∼1.5×
between 393 and 333 K at ac < 0.1). The greater insensitivity
of θc to changes in reaction temperature on Sn-Beta-OH,
relative to Sn-Beta-F, suggests that the solvating environment
confined within hydrophilic Sn-Beta-OH is more similar to
that of the solution phase and differs from that confined within
hydrophobic Sn-Beta-F. On the basis of these observations, we
hypothesize that hydrophobic zeolites induce structural
ordering on confined hydrogen-bonded (H-bonded) 2-butanol
networks, similar to how H-bonding water networks become

Figure 3. Cyclohexanone adsorption equilibrium constants (a; Kads)
and apparent zero-order rate constants (b; kapp, per open Sn site)
determined by regression of eq 5 to initial MPVO turnover rates (per
open Sn site, Figure 2) measured on Sn-Beta-F(302) (filled) and Sn-
Beta-OH(326) (open) in a 2-butanol solvent as a function of
temperature (333−393 K). Dashed lines are exponential fits to the
data.

Figure 4. Fractional cyclohexanone coverage (per open Sn site)
calculated from eq 7 as a function of temperature (333−393 K light to
dark) and cyclohexanone activity (0.01−1 M cyclohexanone) in a 2-
butanol solvent on (a) Sn-Beta-F(302) and (b) Sn-Beta-OH(326).
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ordered when confined within subnanometer hydrophobic
voids. Conversely, 2-butanol adsorbed within a hydrophilic
zeolite would be expected to adopt a more disordered,
liquidlike structure due to favorable H-bonding interactions
between framework SiOH defects and adsorbed 2-butanol
molecules.
3.3. IR Spectra of 2-Butanol Adsorbed on Sn-Beta

Zeolites of Different Polarity. The difference in the
structure of adsorbed 2-butanol within hydrophobic and
hydrophilic Sn-Beta zeolites was probed by measuring IR
spectra of Sn-Beta-F(302) and Sn-Beta-OH(326) zeolites in
equilibrium with various pressures of 2-butanol. Figure 5a

shows IR spectra of 2-butanol adsorbed on Sn-Beta-F(302),
after subtraction and normalization by the total T−O−T
overtone area (2100−1750 cm−1) of the parent zeolite,
measured with increasing 2-butanol partial pressure at 303 K
(spectra of 2-butanol adsorption on Si-Beta zeolites are shown
in section S6 of the Supporting Information). Features
characteristic of adsorbed 2-butanol monomers are observed
at low equilibrium pressures of 2-butanol and are characterized
by the appearance of an O−H stretching feature centered near
3600 cm−1, which is similar to that of gas-phase 2-butanol83

and spectral features observed when low concentrations of
alcohols are adsorbed in nonpolar solvents,84−88 suggesting the
presence of isolated 2-butanol molecules. Concurrent to the
formation of 2-butanol monomers at low dosing pressures, a
decrease in the OH stretching mode of isolated SiOH groups
(∼3700 cm−1) is observed that is accompanied by the
appearance of symmetric and asymmetric C−H stretching
modes of the various CHx groups (3000−2800 cm−1) and C−
H and O−H bending modes (1500−1350 cm−1). A broad
feature centered near ∼3300 cm−1 also forms at low 2-butanol
pressures and is attributed to a combination of perturbed
SiOH and 2-butanol OH groups,87−91 which are absent at low

coverages of 2-butanol on Si-Beta-F (section S6 of the
Supporting Information). The signals assigned to perturbed
OH groups likely represent the preferential adsorption of 2-
butanol at framework Sn sites and SiOH defects that are
observed on the dehydrated parent Sn-Beta-F(302) zeolite
(spectra in section S4 of the Supporting Information).
These data are consistent with the preferential adsorption

and nucleation of small water or alcohol clusters at hydrophilic
binding sites (e.g., metal heteroatoms, SiOH defects, or H+

sites) confined within zeolites prior to the formation of
extended solvent structures.28,49,92,93 Increasing the equili-
brium coverage of 2-butanol results in stronger 2-butanol
monomer peak intensities and is accompanied by a blue-shift
(toward 3620 cm−1) and sharpening of this feature. This
phenomenon likely reflects the adsorption of 2-butanol
monomers within a less polar intraporous solvating environ-
ment due to the absence of coadsorbed 2-butanol molecules
that modify the local electric field near the OH dipole.94−97

The vibrational peak characteristic of 2-butanol monomers
undergoes a red-shift with increasing 2-butanol coverage in
hydrophobic Si-Beta-F (3635 to 3609 cm−1, section S6 of the
Supporting Information), suggesting that the intraporous
solvating environment becomes more polar as increasing
amounts of 2-butanol are adsorbed within the purely siliceous
pores of Si-Beta-F. These results suggest that 2-butanol
preferentially adsorbs at hydrophilic Sn sites (or at the
minority SiOH defect sites) prior to adsorption within the
extended hydrophobic channel environment that bridge Sn
sites confined in Sn-Beta-F zeolites. At the highest equilibrium
2-butanol coverages, a new feature centered at ∼3510 cm−1

appears and grows with 2-butanol pressurean effect that is
reminiscent of the formation of H-bonded alcohol dimers
observed from IR spectra of light alcohols (C1−C4) dissolved
in nonpolar solvents (3540−3500 cm−1).86−89

Adsorption of 2-butanol at low pressures within hydrophilic
Sn-Beta-OH (Figure 5b) and Si-Beta-OH (section S6 of the
Supporting Information), however, occurs via H-bonding to
SiOH groups as evidenced by the decrease in intensity of
various SiOH groups (∼3740−3650 cm−1; nests and isolated
SiOH) and coincident formation of a broad peak centered near
3300 cm−1, characteristic of perturbed OH stretching modes,
that increases in intensity with increasing 2-butanol adsorption.
C−H stretching modes (3000−2800 cm−1) and C−H and O−
H bending modes (1500−1350 cm−1) that increase in intensity
with increasing 2-butanol partial pressure are also observed.
The broad absorption feature between 3700 and 3000 cm−1

was qualitatively deconvoluted into four component peaks
(section S6 of the Supporting Information), corresponding to
2-butanol monomers (3611 cm−1), 2-butanol dimers (3480
cm−1), polymeric 2-butanol networks (3393 cm−1), and
perturbed SiOH groups (3240 cm−1) to better identify
component peaks in this absorption region. As the 2-butanol
partial pressure increases, a peak attributed to monomeric 2-
butanol appears near 3610 cm−1 and, unlike in Sn-Beta-F, does
not red-shift with increasing 2-butanol adsorption, suggesting
that 2-butanol monomers experience a similar solvating
environment within the zeolite pore that is independent of
the amount of 2-butanol adsorbed. The peak attributed to
perturbed SiOH groups (∼3300 cm−1) increases in intensity
and red-shifts with increasing adsorption of 2-butanol
indicative of increasing extents of H-bonding between SiOH
and 2-butanol at higher coverages.95,98 At intermediate 2-
butanol coverages a shoulder appears near 3480 cm−1 that is

Figure 5. IR difference spectra (relative to the parent spectrum) of
(a) Sn-Beta-F(302) and (b) Sn-Beta-OH(326) with increasing
equilibrium pressure of 2-butanol (light to dark) measured at 303
K. Insets show the region from 2200 to 1300 cm−1.
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attributed to 2-butanol dimers and precedes the formation of
oligomeric 2-butanol clusters, which give rise to a feature
centered near 3393 cm−1 at high 2-butanol pressures that
resembles liquidlike alcohols.87−91 This data set indicates that
the presence of H-bonding groups (e.g., SiOH defects) allows
adsorbed 2-butanol molecules to adopt a disordered, liquidlike
network of H-bonds within hydrophilic Sn-Beta-OH zeolites
that resembles bulk 2-butanol.
In contrast, the pores of hydrophobic Sn-Beta-F appear to

impede the formation of liquidlike 2-butanol oligomers and
instead give rise to primarily dimeric 2-butanol species near
pore-filling that we speculate adopt a similar pseudo one-
dimensional wirelike structure to that observed for water
confined within subnanometer hydrophobic pores (diameter
<1 nm).28,29,99−103 These dipole-oriented ordered water
networks confined within the hydrophobic voids of zeolites
also appear in biological catalysts and give rise to positive
entropies of reactant adsorption and transition state formation
due to reorganization and displacement of confined solvent
molecules.1−4,104,105 We hypothesize that the ordered 2-
butanol networks confined within Sn-Beta-F are disrupted to
a greater extent than the liquidlike networks observed within
Sn-Beta-OH, giving rise to entropically driven adsorption of
cyclohexanone due to the need to liberate an ordered H-
bonding network (Scheme 2) and results in more favorable

cyclohexanone adsorption with increasing temperature.
Collectively, these results provide evidence that the polarity
of the zeolite pore alters the structure of intraporous H-
bonding alcohol networks, which influence adsorption and
activation free energies of MPVO reactions catalyzed by Sn-
Beta zeolites.
3.4. Adsorption and Activation Enthalpies and

Entropies Measured in the Presence of Different
Intraporous Solvent Structures. Apparent MPVO rate
constants (kapp) and cyclohexanone adsorption equilibrium
constants (Kads) can be expressed in terms of enthalpic and
entropic contributions that comprise free energy differences
between final and initial states:

= =−Δ −Δ Δk
k T

h
k T

h
e e eG RT H RT S R

app
b / b / /app app app

(8)

= =−Δ −Δ ΔK e e eG RT H RT S R
ads

/ / /ads ads ads (9)

where kb is Boltzmann’s constant, T is the reaction temper-
ature, h is Planck’s constant, and R is the ideal gas constant.
ΔHads and ΔSads are the enthalpy and entropy, respectively, of
cyclohexanone adsorption and reflect differences between the
final adsorbed 2-butanol−cyclohexanone adduct and 2-butanol
in solution and the 2-butanol-covered open Sn site and
cyclohexanone in solution. ΔHapp and ΔSapp are the apparent
enthalpy and entropy, respectively, of activation and reflect
differences between the hydride-shift transition state and the
coadsorbed 2-butanol−cyclohexanone adduct. Values of
ΔHads, ΔSads, ΔHapp, and ΔSapp extracted from traditional
Arrhenius plots (data shown in Figure 2) were found to be
strongly intercorrelated due to confounding statistical linear
enthalpy−entropy compensation that arises from uncertainty
in experimental data and may not reflect purely chemical
thermodynamic trends (details in section S11 of the
Supporting Information).106−108 Here, values of ΔH and ΔG
are determined by transforming the typical 1/T axis of an
Arrhenius-type plot (i.e., ln(k) vs 1/T) to be relative to the
harmonic mean temperature (Thm) of the system (i.e., ln(k) vs
[1/T − 1/Thm]), such that the vertical axis bisects the data set.
This attenuates compensating errors associated with the
nonlinear regression of ΔH and ΔS and traditional Arrhenius
analyses that arise from extrapolation of small uncertainties in
measured activation (or adsorption) slopes (e.g., enthalpies) to
a vertical axis (defined at 1/T = 0) far from the measured
experimental temperature range that can result in large changes
in ΔS leading to statistically coupled values of ΔH and ΔS
(details in section S11 of the Supporting Information).106−108

Values of ΔHads, ΔSads, ΔHapp, and ΔSapp determined from
this analysis on Sn-Beta-F(302) and Sn-Beta-OH(326) in a 2-
butanol solvent are listed in Table 2. The modest enthalpic

barrier on Sn-Beta-F(302) and Sn-Beta-OH(326) (ΔHapp = 33
and 40 kJ mol−1, respectively) for the formation of the hydride
shift transition state from the coadsorbed 2-butanol−cyclo-
hexanone adduct reflects the deprotonation of 2-butanol to
form the adsorbed alkoxide and water and the partial cleavage
of the αC−H bond of 2-butanol required to form the six-
membered ring transition state.79 The change in the apparent
activation entropy measured on both Sn-Beta catalysts (ΔSapp
= −148 to −149 J mol−1 K−1) reflects the change in entropy
between the hydride shift transition state and the coadsorbed
2-butanol−cyclohexanone adduct. This decrease in entropy
upon transition state formation is likely caused by the loss of
frustrated rotational and quasi-translational degrees of freedom
present in noncovalently adsorbed species confined within
zeolite catalysts.50,109 The apparent enthalpic activation barrier

Scheme 2. Adsorption of Cyclohexanone within the 2-
Butanol Filled Pores of (a) Hydrophobic Sn-Beta-F and (b)
Hydrophilic Sn-Beta-OHa

aAtom color codes: red: O; gray: C; white: H.

Table 2. Values of ΔHads, ΔSads, ΔHapp, and ΔSapp
Determined from Experimental Kinetics Measured on Sn-
Beta-F(302) and Sn-Beta-OH(326) in a 2-Butanol Solvent

zeolite ΔHads
a ΔSadsb ΔHapp

a ΔSappb

Sn-Beta-F(302) 43 ± 10 134 ± 24 33 ± 8 −149 ± 19
Sn-Beta-OH(326) 14 ± 5 64 ± 13 40 ± 3 −148 ± 9
ΔΔ(F−OH) 29 70 −7 −1

aUnits of ΔH are kJ mol−1. bUnits of ΔS are J mol−1 K−1.
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(ΔHapp) is about 7 kJ mol−1 smaller on Sn-Beta-F than Sn-
Beta-OH (Table 2), while both catalysts exhibit a similar
entropy of activation (∼−148 J mol−1 K−1). These differences
in activation parameters reflect apparent activation free energy
barriers that are ∼7 kJ mol−1 (evaluated at 373 K) lower on
Sn-Beta-F than on Sn-Beta-OH, which give rise to zero-order
rate constants that are ∼10× larger on Sn-Beta-F(302) than on
Sn-Beta-OH(326) (Figure 3). The lower apparent activation
barriers on Sn-Beta-F(302) are likely due to the preferential
enthalpic stabilization of the hydride-shift transition state,
relative to the coadsorbed 2-butanol−cyclohexanone adduct,
by the more tightly ordered intraporous solvent structure
present in Sn-Beta-F (Figure 5) as the MPVO reaction is
catalyzed by open Sn sites confined within pores of the same
size in both Sn-Beta zeolites.
Adsorption of cyclohexanone within Sn-Beta-F(302) and

Sn-Beta-OH(326) from the 2-butanol solution phase results in
positive values of ΔHads (43 and 14 kJ mol−1, respectively) and
ΔSads (134 and 64 J mol−1 K−1, respectively) despite
confinement and adsorption of cyclohexanone at the open
Sn site within the Beta framework from the solution phase.
Thus, occlusion and coordination of cyclohexanone at an open
Sn site result in an enthalpic penalty, but a net gain in entropy,
relative to the initial state, upon adsorption. This behavior
contrasts classical adsorption within microporous materials
from the gas phase, which is typically characterized by negative
adsorption enthalpies and entropies due to favorable dispersive
interactions between the adsorbate and the zeolite pore walls
and coordination at the adsorption site.110−113 The gain in
entropy upon adsorption observed here is likely not due to loss
of a solution phase solvation shell or displacement of adsorbed
2-butanol from the open Sn site as the change in entropy
would be expected to be similar on both Sn-Beta-F(302) and
Sn-Beta-OH(326), which contain similar active sites in the
same 2-butanol solution phase. IR spectra (Figure 5) indicate
that 2-butanol adsorbed within hydrophobic Sn-Beta-F form
ordered H-bonding networks that deviate in structure from 2-
butanol in the bulk or that confined within hydrophilic Sn-
Beta-OH. Additionally, adsorption within a tightly ordered
solvent, as are often found within hydrophobic pockets of
enzymatic active sites, is dominated by the breakup of solvent−
solvent interactions and an increase in solvent disorder leading
to higher solvent reorganization enthalpies, which may be
partially compensated by an increase in solvent reorganization
entropy.114,115 Together, these spectroscopic and kinetic data
suggest that adsorption of cyclohexanone within Sn-Beta-
F(302) disrupts the ordered solvent structure confined within
hydrophobic pores and incurs an enthalpic penalty, but results
in the liberation of tightly ordered 2-butanol molecules, giving
rise to an increase in entropy relative to the initial state of
solution phase cyclohexanone.
In contrast to the less positive apparent activation enthalpy

and similar apparent activation entropy on Sn-Beta-F, both the
enthalpy and entropy of cyclohexanone adsorption from a 2-
butanol solvent are significantly more positive on Sn-Beta-
F(302) than on Sn-Beta-OH(326) (ΔΔ(F−OH): 29 kJ mol−1

and 70 J mol−1 K−1, respectively; Table 2). This indicates that
confinement and adsorption of cyclohexanone within the 2-
butanol filled pores of Sn-Beta-OH are more enthalpically
favorable than in Sn-Beta-F but result in a smaller gain in
entropy. This difference in cyclohexanone adsorption entropy
gives rise to the large deviation observed in cyclohexanone
adsorption equilibrium constants (Figure 3) between Sn-Beta-

F(302) and Sn-Beta-OH(326) with increasing temperature
because the entropy of adsorption becomes a more dominant
contributor to the free energy of adsorption at elevated
temperatures. As a result, the free energy of adsorption within
hydrophobic Sn-Beta-F becomes more negative with increasing
temperature, which gives rise to cyclohexanone coverages that
increase with temperature (Figure 4). This behavior causes the
dramatic shift in the onset of the zero-order kinetic regime to
nearly a 10× lower value of cyclohexanone activity with
increasing temperature (Figure 2). Moreover, these data
highlight the importance of extracting adsorption and
activation enthalpies and entropies from rate and equilibrium
constants measured as a function of both thermodynamic
activity (or concentration) and temperature instead of solely
from single point rate measurements, which are often assumed
to remain within a given kinetic regime with changing reaction
temperature. Doing so becomes increasingly important when
H-bonding solvents become confined within the subnanometer
pores of zeolite catalysts because the transition between
different kinetic regimes can vary strongly with temperature
due to the complex interactions between adsorbates and the
catalyst surface.

4. CONCLUSION

While the polarity of the zeolite pore that confines Lewis acidic
active sites has been recognized to influence catalytic turnover
rates in aqueous media, the results presented here describe
how catalytic and adsorption phenomena in nonaqueous H-
bonding solvents are influenced by the polarity of the
secondary solvating environment. Sn-Beta zeolites synthesized
via direct hydrothermal crystallization in the presence of F−

anions (Sn-Beta-F) and from postsynthetic grafting of
anhydrous SnCl4 precursors at defect sites in dealuminated
Beta zeolites (Sn-Beta-OH) contain similar fractions of their
framework Sn atoms as Lewis acid sites, but Sn-Beta-OH
zeolites contain >10× more hydrophilic SiOH groups, as
determined from IR spectra measured after titration of surface
sites by CD3CN. Initial turnover rates (333−393 K;
normalized per open Sn site counted by CD3CN) of the
MPVO transfer hydrogenation reaction between 2-butanol and
cyclohexanone measured in a 2-butanol solvent increase
linearly on both Sn-Beta-F and Sn-Beta-OH zeolites at low
cyclohexanone activities (ac < 0.02) and approach a zero-order
regime with increasing cyclohexanone activity (ac > 0.1),
reflecting a change in the MARI from a 2-butanol-covered
open Sn site to a coadsorbed 2-butanol−cyclohexanone
adduct. At low reaction temperatures (<353 K), first-order
initial MPVO turnover rates (per open Sn) are similar (within
2×) on Sn-Beta-F and Sn-Beta-OH but become nearly 10×
larger on Sn-Beta-F in the zero-order kinetic regime (333−393
K) and in the first-order regime at elevated temperatures
(>353 K). Apparent zero-order rate constants (per open Sn)
are ∼10× larger on Sn-Beta-F than on Sn-Beta-OH at all
temperatures (333−393 K), reflecting the preferential
stabilization of the hydride-shift transition state within
hydrophobic Sn-Beta-F zeolites. Cyclohexanone adsorption
equilibrium constants, extracted from kinetic data, increase
with increasing temperature on both Sn-Beta zeolites but are
more sensitive to changes in temperature on Sn-Beta-F (∼10×
larger at 393 K than 333 K) than on Sn-Beta-OH (∼2.5×
larger at 393 K than 333 K), suggesting that the intraporous 2-
butanol solvent environment in Sn-Beta-OH changes more
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similarly to the bulk solution than that confined in hydro-
phobic Sn-Beta-F.
IR spectra of 2-butanol adsorbed at different coverages in

Sn-Beta zeolites reveal the preferential stabilization of dimeric
2-butanol networks in hydrophobic Sn-Beta-F zeolites near
pore filling, whereas the structure of 2-butanol adsorbed within
hydrophilic Sn-Beta-OH more closely resembles that of the
bulk liquid solvent. The hydrophobic pores of Sn-Beta-F
appear to inhibit the formation of extended liquidlike 2-
butanol oligomers and instead give rise to ordered H-bonded
2-butanol networks, a phenomenon similar to that observed for
water confined within microporous hydrophobic voids. These
ordered solvent structures are reminiscent of those observed in
biological catalysts, which give rise to entropically favored
adsorption and transition state formation due to the
reorganization and displacement of H-bonded solvent
molecules. The different intraporous 2-butanol solvent
environments observed in hydrophobic and hydrophilic Sn-
Beta zeolites manifests in the activation and adsorption
enthalpies and entropies that comprise the free energy
landscape of MPVO catalysis. The more tightly ordered 2-
butanol solvent structure present in the pores of Sn-Beta-F
leads to lower apparent activation enthalpies than those
observed for Sn-Beta-OH, which reflect smaller apparent free
energy barriers (by ∼7 kJ mol−1 at 373 K) for the formation of
the hydride-shift transition state from the coadsorbed 2-
butanol−cyclohexanone adduct on hydrophobic Sn-Beta-F
zeolites. Cyclohexanone adsorption enthalpies and entropies
on both Sn-Beta-F and Sn-Beta-OH are both positive,
indicating that adsorption and confinement of cyclohexanone
within Sn-Beta give rise to an enthalpic penalty, but a net gain
in entropy, relative to the initial state. Furthermore, the
adsorption of cyclohexanone within the 2-butanol-filled pores
of hydrophilic Sn-Beta-OH is more enthalpically favorable than
in Sn-Beta-F (ΔΔHads(F−OH): 29 kJ mol−1) but results in a
smaller gain in entropy (ΔΔSads(F−OH): 70 J mol−1 K−1),
likely because adsorption within an ordered H-bonding
network is dominated by the breakup of solvent−solvent
interactions that result in an increase in solvent disorder. The
disruption of such ordered solvent structures present within
hydrophobic Sn-Beta-F catalysts results in more positive
enthalpies of adsorption, which are partially compensated by
an increase in the solvent reorganization entropy. Collectively,
these results emphasize how hydrophobic zeolite pores order
intraporous H-bonding networks, similar to how biological
catalysts use hydrophobic amino acid residues to regulate
solvent structure within active site pockets, and highlight the
importance of the zeolite framework polarity on catalysis
within microporous voids. Moreover, the ability of the zeolite
pore to control the structure of confined nonaqueous H-
bonding solvent networks offers a unique dimension for the
design and engineering of microporous adsorbents and
catalysts beyond the active site.
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