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mum distance (320 pm) between the oxygen atom of CoHs;OH in E* and
a next-nearest-neighbor framework oxygen atom, as an approximation of
the O-O distance between E* and the nearest possible framework Si-OH.
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(a) Baseline-corrected IR spectra (normalized by T-O-T overtone peak
area) of Sn-Beta-F-169 in the v(O-H) region at 303 K under vacuum, in
the as-made form after treating at 473 K under dynamic vacuum for 1 h
(bottom), or in the air-treated form (853 K, flowing air) after treating at
823 K under dynamic vacuum (top). (b) IR difference spectra of CD3CN
(normalized by T-O-T overtone peak area) adsorbed at saturation cover-
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(a) Gibbs free energies of adsorbed intermediates and transition states
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concerted pathway (pink, calculated by Bukowski et al. [180]), and at
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2275 cm™! for v(C=N) stretching vibrations of CD3CN bound to Lewis
acidic Ti sites and silanol groups, respectively. The inset shows the inte-
grated area of the 2308 cm~! peak multiplied by the cross-sectional area
of the IR wafer, plotted against the moles of CD3CN adsorbed at Lewis
acidic Ti sites for Ti-Beta-F-155 (®), Ti-Beta-F-135 (W), and Ti-Beta-OH-
38 (A). The dashed line in the inset is the best fit line through all data,
with the slope representing the integrated molar extinction coefficient for
CD3CN adsorbed onto Lewis acidic Ti sites. . . . . . . . ... ... ...
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Figure

6.2

6.3

6.4

6.5

Baseline-corrected difference IR spectra of adsorbed water on Ti-Beta-F-
155 (top, magnified for clarity) and Ti-Beta-OH-46 (bottom) at 298 K
for (a) 6(HOH) scissoring modes in the water bending region and (b) the
v(O-H) water stretching region. Difference spectra reflect the subtraction
of spectrum measured on the sample under vacuum prior to water flow
and corrected for background water adsorption onto the IR cell. Spectra
for each sample displayed from bottom-to-top correspond to P/Py=0.1,
0.2, 0.5, and 0.75. The insets display the change in (a) the water bending
peak area and (b) the water stretching peak maximum with increasing
water concentration for Ti-Beta-F-155 () and Ti-Beta-OH-46 (A). . . . .

Free energy (373 K, 1 bar) reaction coordinate diagram for the formation of
fructose from glucose on closed-form Ti Lewis acid sites. Reaction arrows
with overlaid circles indicate quasi-equilibrated events or the formation of
transition states from relevant precursors. Relative enthalpies are given
near inset ImMages. . . . . . . .. ..o

Initial first-order (a) fructose and (b) sorbose formation rates (373 K, pH
4) normalized per total Ti content as a function of Ti/Si ratio, for Ti-
Beta-F (®) and Ti-Beta-OH samples (A). Data on Ti-Beta-F (x) and
Ti-Beta-OH (W) samples reported previously in Ref. [307] are plotted for
comparison. Dashed lines correspond to average values within the series
of Ti-Beta-F and Ti-Beta-OH samples. . . . . . . . ... ... ... ...

Dependence of initial glucose isomerization rates (373 K, pH 4) for fruc-
tose (filled) and sorbose (open) formation on Ti-Beta-F-155 (e, ©) and
Ti-Beta-OH-46 (A, &) as a function of initial glucose thermodynamic ac-
tivity (corresponding to 1-50 wt% initial glucose concentration). Solid
lines represent fits of the experimental data to the rate equation (Eq. 6.9)
using activation enthalpies and entropies given in Table 6.4. The inset
shows initial glucose isomerization rates at low glucose thermodynamic
activities, highlighting the first-order kinetic regime. . . . . . . . . . . ..
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6.6

6.7

6.8

6.9

(a) ATR-IR spectra of MARI (top, water derived) and minor (bottom,
glucose derived) intermediates on Ti-Beta-F-155 (black) and Ti-Beta-OH-
46 (gray) that oscillate with aqueous-phase glucose activity (0-700 mol
m3) at 373 K. Glucose spectra are normalized by the peak at ~1030 cm!
and water spectra are normalized by the peak at ~1630 cm™. Spectra re-
flecting aqueous-phase glucose (330 mol m™) flowing over the ZnSe crystal
is overlaid on the glucose spectra (dashed). Dashed vertical lines at 1630
and 3400 cm™ indicate water bending and stretching vibrational modes,
respectively. (b) ATR-IR spectra of the MARI (bottom four) and mi-
nor (top four) species that oscillate with aqueous-phase glucose activity
(~3000-3750 mol glucose m™, 373 K, normalized by the maximum fea-
ture at ~1030 cm™) over Ti-Beta-F-155, Ti-Beta-OH-46, Si-Beta-F, and
blank ZnSe crystal from top to bottom, respectively. The inset depicts
difference spectra between aqueous-phase glucose flowing over the ZnSe
crystal and the MARI (black) or minor species (gray) species observed on
Ti-Beta-OH-46 (top) and Ti-Beta-F-155 (bottom) spectra from modulat-
ing aqueous-phase glucose activity (~3000-3750 mol glucose m™) at 373
K after normalization by the peak centered at ~1030 cm™; dashed lines
indicate the baseline. All spectra are obtained during MES experiments
and isolated by processing through PSD and MCR-ALS. . . . .. .. ..

Plausible Glucose Isomerization Mechanism for Fructose and Sorbose for-
mation on Lewis Acidic Ti Sites. Modified from Ref. [307] and shown
in greater detail in Figures 6.3 and 6.33, Supp. Info. Quasi-equilibrated
glucose adsorption (Step 1) forms reactive bound glucose intermediates
(R*r and R*g) which form bound fructose (Step 2a) or sorbose (Step 2b)
isomers through the formation of kinetically relevant hydride shift transi-
tion states. Quasi-equilibrated fructose (Step 3,F) and sorbose (Step 3,5)
desorption phenomena release the product into the liquid phase. Quasi-
equilibrated water adsorption onto Lewis acidic active sites (Steps 4 and
5) inhibits isomerization rates at low glucose coverages. . . . . . . . . ..

Dependence of initial fructose formation rates (pH 3) on Ti-Beta-F-155
on initial glucose thermodynamic activity (corresponding to 1-50 wt%
glucose concentration) at 368 (W), 373 (x), 378 (A), and 383 K (®). Solid
lines represent regression of the data to the rate equation (Eq. 6.9) using
activation enthalpies and entropies given in Table 6.4. The inset shows
initial glucose isomerization rates at low glucose thermodynamic activities,
highlighting the first-order kinetic regime. . . . . . . . . ... ... ...

Powder XRD patterns of Ti-Beta-F (A) Ti-Beta-OH (B) samples studied
in this work. Weak signals around 9-10° reflect an artifact from the sample
holders used to collect XRD patterns. . . . . . . .. ... ... ... ...
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6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

N, adsorption isotherms (77 K) of Ti-Beta-F (A) Ti-Beta-OH (B) samples
studied in this work. Isotherms are offset by 200 cm?® gt for clarity. . . .

SEM images of selected Ti-Beta-F samples: (a) Ti-Beta-F-135, (b) Ti-
Beta-F-155, and (c) Ti-Beta-F-180. Bulk sample uniformity is assumed
based on images for (d) Ti-Beta-F-135, (e) Ti-Beta-F-155, and (f) Ti-Beta-
F-180. Larger crystal aggregates reflect Si-Beta-F seeds used to nucleate
the formation of Ti-Beta-F. . . . . . . ... .. ... ... ... .....

SEM images of selected Ti-Beta-OH samples: (a) Ti-Beta-OH-46, (b) Ti-
Beta-OH-34, and (c¢) Ti-Beta-OH-71. Bulk sample uniformity is assumed
based on images for (d) Ti-Beta-OH-46, (e) Ti-Beta-OH-34, and (f) Ti-
Beta-OH-71 which show larger agglomerates of small crystals. . . . . . .

SEM images of Ti-Beta-OH-34 at various steps of the synthesis procedure:
(a) Al-Beta parent material, (b) after nitric acid treatment for dealumi-
nation, and (c) after TiCly grafting to form Ti-Beta-OH-34. Bulk sample
uniformity is assumed based on images for (d) Al-Beta parent material, (e)
after nitric acid treatment for dealumination, and (f) after TiCl, grafting
to form Ti-Beta-OH-34. All show larger agglomerates of small crystals. .

Hydrated UV-Vis spectra of (A) Ti-Beta-F and (B) Ti-Beta-OH samples
studied in this work collected prior to dehydration at 523 K. . . . . . ..

Dehydrated UV-Vis spectra (523 K, 1800 s) of (A) Ti-Beta-F and (B)
Ti-Beta-OH samples studied in this work. . . . . . . .. ... ... ...

Tauc plots of (A) Ti-Beta-F and (B) Ti-Beta-OH samples studied in this
work prior to heating and sample dehydration ( “hydrated” samples). Edge
energies are summarized in Table 6.5. . . . . . . . . .. ... ...

Tauc plots of (A) Ti-Beta-F and (B) Ti-Beta-OH samples studied in this
work after treatment in flowing He at 523 K for 1800 s. Edge energies are
summarized in Table 6.5. . . . . . . .. ..o oo

IR spectra on Ti-Beta-OH-46 after progressive titration of CD3CN at
303 K (CD3CN/Ti = 0.002-2.34). Dashed lines are drawn at 2308 cm!
(CD3CN bound to Lewis acidic Ti) and 2275 cm™ (CD3CN hydrogen
bound to silanols). Note that the peak center shifts slightly to lower
wavenumbers with increasing adsorbed CD3CN concentrations. . . . . . .
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6.20

6.21

6.22

6.23

6.24

6.25

6.26

CD3CN-saturated IR spectra for Ti-Beta-F-155. The thickest solid line
reflects the measured spectra upon saturation with CD3CN while thinner
lines indicate constitute peaks associated with CD3CN bound to Lewis
acidic Ti sites (2308 cm™), CD3CN bound to silanols (2275 cm™), and gas
phase physisorbed CD3CN (2265 cm™). The dashed line represents the
modeled spectra from combining deconvoluted peaks. . . . . . .. .. ..

IR spectra collected on (A) CD3CN-saturated Ti-Beta-F and (B) CD3CN-
saturated Ti-Beta-OH samples studied in this work. Dashed lines are
drawn at 2308 cm™ (CD3CN bound to Lewis acidic Ti) and 2275 cm!
(CD3CN bound to silanols). . . . . .. ... ..o o oo

IR spectra measured (a) after the first four doses of pyridine on Ti-Beta-
F-135 (0.015-0.058 mol pyridine (mol Ti)™) and (b) after saturation of Ti-
Beta-F-135 with pyridine (1.05 mol pyridine (mol Ti)). The components
included in the deconvolution are shown (thin solid lines) with the resulting
fit envelope (dotted line) and the measured spectra (thick solid line).

(A) Integrated peak area normalized by wafer cross-sectional areas for the
IR feature centered at 1605 cm™ as a function of moles pyridine adsorbed
onto Ti-Beta-F-155 (®, Ti-Beta-F-135 (®, Ti-Beta-F-170 (A, and Ti-Beta-
OH-46 (w). Dashed lines indicate best fit lines through the origin for each
sample with slopes equal to integrated molar extinction coefficients as
listed in Table 6.7. (B) Integrated peak area normalized by wafer cross-
sectional areas for the IR feature centered at 1605 cm™ as a function of
moles pyridine adsorbed onto Ti-Beta-F-155, Ti-Beta-F-135, Ti-Beta-F-
170, and Ti-Beta-OH-46 as a single data set (®). The dashed line indicates
the best fit line through the origin for the combined data set with the
slope equal to the average integrated molar extinction coefficient.

Lewis acid site densities determined from pyridine-saturation IR experi-
ments plotted against Lewis acid site densities determined from CD3CN-
saturation IR experiments. The dashed line is a parity line drawn to guide
theeye. . . . . .

Vapor-phase water adsorption isotherms at 293 K on Ti-Beta-F samples
studied in this work. Isotherms are offset by 100 cm® gt for clarity.

Vapor-phase water adsorption isotherms at 293 K on Ti-Beta-OH samples
studied in this work. Isotherms are offset by 100 cm?® g for clarity.

Water uptakes at P/Py = 0.2 (373 K) after subtracting two moles of
water molecules per mol Ti Lewis acid site (quantified by CD3CN IR) as
a function of the bulk silanol defect density (quantified by CD3CN IR).
The solid line is a best fit line drawn through the origin to guide the eye.
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6.27

6.28

6.29
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6.31

6.32

6.33

6.34

6.35

Vapor-phase methanol adsorption isotherms at 293 K on Ti-Beta-F sam-
ples studied in this work. Isotherms are offset by 100 cm?® g for clarity. .

Vapor-phase methanol adsorption isotherms at 293 K on Ti-Beta-OH sam-
ples studied in this work. Isotherms are offset by 100 cm? g for clarity. .

Differential, subtracted, normalized, cell-corrected IR spectra of adsorbed
H,O at P/Py=0.1, 0.2, 0.5, and 0.75 (lightest to darkest, 298 K) on (A)
Ti-Beta-F-155 and (B) Ti-Beta-OH-46. Differential spectra are spectral
changes between a given P/Py value and the previous relative pressure
spectra, isolating changes in spectral features due only to increasing water
partial pressure. . . . . . ...

Vapor-phase water adsorption isotherms at 298 K on Ti-Beta-F-155 (®)
and Ti-Beta-OH-46 (0).. . . . . . . .. .. ...

Subtracted IR spectra of the OH stretching region as a function of in-
creased relative pressure of water on (A) Ti-Beta-F-155 and (B) Ti-Beta-

Solution phase 3C NMR of monosaccharide solutions after contacting 5
wt% glucose solutions with Ti-Beta-F-133, Ti-Beta-F-155, and Ti-Beta-
OH-46. Glucose, fructose and sorbose standards are given for direct com-
PATISON. . . . . o o o e

Free energy (373 K, 1 bar) reaction coordinate diagram for the formation of
sorbose from glucose on closed-form Ti Lewis acid sites. Reaction arrows
with overlaid circles indicate quasi-equilibrated events or the formation of
transition states from relevant precursors. Relative enthalpies are given
near inset images. . . . . . . . . ... .o e

First-order fructose (®, &) and sorbose (°, &) formation rate constants
(373 K, pH 4) normalized per total Lewis acidic Ti content (measured
from CD3CN IR) as a function of Lewis acidic Ti density for (A) Ti-Beta-
F and (B) Ti-Beta-OH samples. . . . . ... ... ... ... ... .. ..

Dependence of initial glucose isomerization rates (373 K, pH 4) for fructose
(filled) and sorbose (open) formation on Ti-Beta-F-155 (o, ©) and Ti-Beta-
OH-46 (A, &) as a function of initial glucose concentration (1-50 wt%).
Solid lines represent fits of the experimental data to the rate equation (Eq.
6.25 of the main text) using activation enthalpies and entropies given in

Table 6.4. . . . . . s,
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6.38
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6.40
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6.42

a) Time-resolved infrared spectra obtained in situ during reactions of glu-
cose and water over Ti-Beta-F-155 while modulating glucose concentra-
tions (42-50 wt%) with a period length of 250 s at 373 K. b) Phase
resolved spectra that result from phase sensitive detection of the time
resolved spectra in (a). Coloring indicates absorbance intensity. . . . . .

Dependence of fructose-to-sorbose selectivity (373 K, pH 4) on Ti-Beta-
F-155 (®) and Ti-Beta-OH-46 (A) as a function of initial glucose thermo-
dynamic activity. Relatively constant product selectivities support the
identification of the secondary bound glucose species being a bound inter-
mediate which is not directly responsible for sorbose formation as relative
coverages of MARI and secondary bound species observed from ATR-IR
are affected by changes in initial glucose activity. . . . . .. ... .. ..

Ti K edge XANES of water exchanged Ti-Beta-OH-46 zeolite after de-
hydration at 523 K in He (solid) and under ambient conditions (dashed).
The increase in intensity of the pre-edge peak is consistent with a decrease
in coordination number from 6 to 4 upon dehydration. . . . .. .. . ..

Magnitude of the Fourier transform of the k*-weighted Ti K edge EX-
AFS of water exchanged Ti-Beta-OH-46 zeolite under ambient conditions
(solid) and after dehydration at 523 K in He (dashed). . . ... ... ..

Magnitude of the Fourier transform of the k?>-weighted Ti K edge EXAFS
of water exchanged Ti-Beta-OH-46 zeolite after dehydration at 523 K in He
(solid) and AEXAFS of the hydrated and dehydrated water exchanged cat-
alyst (dashed). The AEXAFS spectrum was obtained by subtracting the
kY-weighted EXAFS of the sample after dehydration from the k’-weighted
EXAFS of the sample under ambient conditions and is representative of
the water adsorbed on Ti under ambient conditions. . . . . . . . . .. ..

Ti K edge XANES of water (dashed) and glucose (solid) exchanged Ti-
Beta-OH-46 zeolite under ambient conditions. The spectra are identical
within experimental error indicating Ti has equivalent coordination en-
vironments in the two samples. The intensity of the pre-edge peak is
consistent with a coordination number of 6. . . . . . . . ... ... ...

Ti K edge XANES of Ti-Beta-OH-46 zeolite: solid — glucose exchanged
under ambient conditions, long dashes — glucose exchanged after treatment
at 523 K in He, and short dashes — water exchanged after treatment at
523 K in He. The intensity of the pre-edge peak in the glucose exchanged
sample after treatment in He at 523 K is consistent with a coordination
number of 5 and suggests glucose adsorbed through a single oxygen. . . .
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6.43

6.44

6.45

6.46

6.47

6.48

Plausible glucose isomerization mechanism for fructose and sorbose forma-
tion on Lewis acidic Ti sites, modified from Ref. [53]. Quasi-equilibrated
glucose adsorption (Steps la, 1b) forms bound glucose intermediates which
form bound fructose (Step 2a) or sorbose (Step 2b) isomers through kinet-
ically relevant hydride shifts. Quasi-equilibrated fructose (Step 3a) and
sorbose (Step 3b) desorption phenomena release the product into the lig-
uid phase. Quasi-equilibrated water adsorption onto Lewis acidic active

sites (Steps 4 and 5) inhibits isomerization rates at low glucose coverages.

Dependence of initial sorbose formation rates (pH 3) on Ti-Beta-F-155 on
initial glucose thermodynamic activity (corresponding to 1-50 wt% initial
glucose concentration) at 368 (W), 373 (x), 378 (&), and 383 K (®). Solid
lines for all data represent modeled regressions of the experimental data
to the overall rate equation given in Eq. 6.16 in the main text using
activation enthalpies and entropies given in Table 6.4. . . . . . . . . . ..

Dependence of initial fructose formation rates (pH 3) on Ti-Beta-OH-46
on initial glucose thermodynamic activity (corresponding to 1-50 wt%
initial glucose concentration) at 368 (W), 373 (x), 378 (A), and 383 K (e).
Solid lines for all data represent modeled regressions of the experimental
data to the overall rate equation given in Eq. 6.16 in the main text using
activation enthalpies and entropies given in Table 6.4. . . . . . . . . . ..

Dependence of initial sorbose formation rates (pH 3) on Ti-Beta-OH-46
on initial glucose thermodynamic activity (corresponding to 1-50 wt%
initial glucose concentration) at 368 (W), 373 (x), 378 (A), and 383 K (e).
Solid lines for all data represent modeled regressions of the experimental
data to the overall rate equation given in Eq. 6.16 in the main text using
activation enthalpies and entropies given in Table 6.4. . . . . . . . . . ..

Dependence of initial fructose formation rates (pH 3) on Ti-Beta-F-155 on
initial glucose and osmotic thermodynamic activity ratio (corresponding
to 1-50 wt% initial glucose concentration) at 368 (), 373 (x), 378 (A),
and 383 K (®). Solid lines for all data represent modeled regressions of the
experimental data to the overall rate equation given in Eq. 6.16 in the
main text using activation enthalpies and entropies given in Table 6.4.

Dependence of initial sorbose formation rates (pH 3) on Ti-Beta-F-155 on
initial glucose and osmotic thermodynamic activity ratio (corresponding
to 1-50 wt% initial glucose concentration) at 368 (W), 373 (x), 378 (&),
and 383 K (®). Solid lines for all data represent modeled regressions of the
experimental data to the overall rate equation given in Eq. 6.16 in the
main text using activation enthalpies and entropies given in Table 6.4.
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6.50
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6.53

6.54

Percent residual plot of fructose formation rates on Ti-Beta-F-155 as a
function of initial glucose thermodynamic activity (corresponding to 1-50
wt% initial glucose concentration) at 368 (W), 373 (x), 378 (A), and 383
K (®) comparing experimental rate measurements with modeled rate be-
havior from Eq. 6.16 from the main text. Percent residuals were obtained
from Eq. 6.72.. . . . ..

Percent residual plot of sorbose formation rates on Ti-Beta-F-155 as a
function of initial glucose thermodynamic activity (corresponding to 1-50
wt% initial glucose concentration) at 368 (W), 373 (x), 378 (A), and 383
K (®) comparing experimental rate measurements with modeled rate be-
havior from Eq. 6.16 from the main text. Percent residuals were obtained
from Eq. 6.72.. . . . ..

Percent residual plot of fructose formation rates on Ti-Beta-OH-46 as a
function of initial glucose thermodynamic activity (corresponding to 1-50
wt% initial glucose concentration) at 368 (W), 373 (x), 378 (A), and 383
K (®) comparing experimental rate measurements with modeled rate be-
havior from Eq. 6.16 from the main text. Percent residuals were obtained
from Eq. 6.72.. . . . ..

Percent residual plot of sorbose formation rates on Ti-Beta-OH-46 as a
function of initial glucose thermodynamic activity (corresponding to 1-50
wt% initial glucose concentration) at 368 (W), 373 (x), 378 (A), and 383
K (®) comparing experimental rate measurements with modeled rate be-
havior from Eq. 6.16 from the main text. Percent residuals were obtained
from Eq. 6.72.. . . . . ..

Arrhenius plot for apparent first-order fructose (A) and sorbose (B) for-
mation rate constants (368-383 K, 5 wt%) on Ti-Beta-F-155 (®) and Ti-
Beta-OH-46 (). Solid lines represent the results of the regression of Eq.
6.16 and dashed lines represent regressions using rate measurements at 5
wt% on Ti-Beta-F-155 (black) and Ti-Beta-OH-46 (gray). Both regression
lines follow the Eyring equation with activation enthalpies and entropies
given in Table 6.4 of the main text and Table 6.9, respectively. . . . . . .

Arrhenius plot for apparent zero-order fructose (A) and sorbose (B) for-
mation rate constants (368-383 K, 50 wt%) on Ti-Beta-F-155 () and Ti-
Beta-OH-46 (). Solid lines represent the results of the regression of Eq.
6.16 and dashed lines represent regressions using rate measurements at 50
wt% on Ti-Beta-F-155 (black) and Ti-Beta-OH-46 (gray). Both regres-
sions follow the Eyring equation with activation enthalpies and entropies
given in Table 6.4 of the main text and Table 6.9, respectively. . . . . . .
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6.55 DFT-calculated glucose adsorption energies (a) and effective first- (b)
and zero-order (c) energy barriers for glucose-fructose isomerization. En-
thalpies (@) and free energies (®) are shown in kJ mol * and entropies (#)
in J mol™ K™ (373 K). The intrapore water molecule density was assumed
to remain constant during glucose adsorption and reaction for first-order
analyses yet water molecules were allowed to reorient into lowest energy
configurations in all cases. . . . . . .. . .. ... ... ... ... .. 450

7.1 Zeolite Beta with intersecting pore structures (a,b). Water physisorbed in
Si-Beta exploring parallel and perpendicular pore structures (c). Closed
Sn (d), hydrolyzed open Sn (SnOH) (e), and silanol nests (OHy) (f) in the
Si-Beta framework. Oxygen is red, silicon is blue, tin is grey, and hydrogen
is green (at defects) or white (in water). . . . . ... ... ... ... .. 452

7.2 Time-averaged low (8 HyO per cell) and high (23 HyO per cell) densities
in each Beta model, as viewed along the [010] plane. Intensities are nor-
malized to the highest intensity of each simulation and are not directly
comparable between images. Approximate location of the defects are in-

dicated by blue circles. Orthogonal direction views are provided in the SI
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7.3 (a) Clustering coefficients, (b) potential energy, (c) entropy, and (d) free
energy, defined as the calculated Helmholtz energy, minus the chemical
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molecules (see text for details), as a function of water density for each
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Calculated OD stretching peaks in (OH) -Beta. Spectra have been offset
and normalized for clarity. Inset Xw denotes X number of water molecules
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Hydrogen bonding graphs showing time averaged hydrogen bond frequency
between water pairs in Si-Beta. . . . . . ... ... 0oL

Hydrogen bonding graphs showing time averaged hydrogen bond frequency
between water pairs in Sn-Beta. . . . . . ... ..o

Hydrogen bonding graphs showing time averaged hydrogen bond frequency
between water pairs in SnOH-Beta. . . . . . .. ... ... ... .....

Hydrogen bonding graphs showing time averaged hydrogen bond frequency
between water pairs in (OH)g-Beta. . . . . . ... ..o 000

VDOS spectra of the Si-Beta framework at water densities of 0 (blue), 12
(red), and 45 (black) waters per unit cell. . . . . . . . ... ...

XRD patterns of (a) Si-Beta-F, (b) H-Al-Beta-F, and (c) Si-Beta-OH,
normalized to maximum intensity. . . . . . . . . ...

Ny adsorption isotherms (77 K) on Si-Beta-F (®) and Si-Beta-OH (m).
Isotherms are offset by 200 units for clarity. . . . . . ... ... .. ...

H,O adsorption isotherms (293 K) on Si-Beta-F (®) and Si-Beta-OH (w).

HNlustration of processing of spectra under flowing HyO, using Si-Beta-F
at P/Py = 0.5 (293 K) as an example. (a) The signal from vapor-phase
H50 in the empty cell is subtracted from the signal for Si-Beta-F under
flowing vapor-phase H,O to yield a cell-corrected spectrum, then (b) the
spectrum of the zeolite in flowing He before HyO adsorption is subtracted
from this to give the difference after adsorption. . . . . . . . ... .. ..

Differential subtracted IR spectra of H,O adsorbed at 293 K on Si-Beta-F
(left) and Si-Beta-OH (right) at P /P, values of 0.1-0.75. Si-Beta-F spectra
are multiplied by 3 for clarity. . . . . . . ... ... .. ... ... ..

Correlation of §(O-H) bending area (1630 cm™) quantified from subtracted
IR spectra in the range of P/Py = 0.1-0.75 with the amount of adsorbed

H50 quantified at the same P /Py value in volumetric adsorption isotherms
on Si-Beta-F (®) and Si-Beta-OH (™). . . . . . ... ... ... ... ...
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7.37

7.38

8.1

8.2

8.3

8.4

Grand potential energies referenced to the Helmholtz energy of water
(", at P/P° = 0.05 and 300 K) for each defect. The curves shift
systematically as the chemical potential is changed, with the mathemat-
ical dependence discussed in section 7.5.2.2. At any given value of the
chemical potential, the value of N that minimizes the grand free energy
corresponds to the thermodynamic equilibrium of the system. Blue, Si-
Beta; red, Sn-Beta; purple, SnOH; orange, (OH)4-Beta. . . . . . .. . ..

Fluctuations in total energy for Si-Beta at a unit cell energy of 23 H,O

u.c.'l. .....................................

Fluctuations in temperature for Si-Beta at a unit cell energy of 23 H,O

u.c.‘l. .....................................

(a) Bimolecular ethanol dehydration turnover rate (per H*, 373 K) as a
function of CoH5OH pressure, without co-fed H,O, on H-Al-Beta-F(1.2)
(®), H-Al-Beta-F(2.0) (w), and H-Al-Beta-OH(1.7) (V). Solid lines repre-
sent regression to Eq. 8.1. (b) Bimolecular ethanol dehydration turnover
rate (per Ht, 373 K) on H-Al-Beta-F(2.0) as a function of the CoHsOH/H,0
pressure ratio, in the range 2-10 kPa H,O (W), and at 40 kPa H,O ( ),
50 kPa HyO (M), and 75 kPa HoO (9). . . . . . . .. oo

Series of elementary steps describing associative bimolecular ethanol de-
hydration at H' sites in zeolites (steps 1-3), and the adsorption of water
to form inhibitory ethanol-water dimers (step 4). Kinetically irrelevant
DEE and water desorption steps are omitted for brevity. . . . . . .. ..

(a) Apparent first-order bimolecular ethanol dehydration rate constant
(per HT, 373 K) and (b) rate deviation (x) from the functional dependence
of Eq. 8.7, as a function of HyO pressure on H-Al-Beta-F(0.16) (&), H-Al-
Beta-F(1.2) (e, ®at 423 K), H-Al-Beta-F(2.0) (W), and H-Al-Beta-OH(1.7)
(¥). Solid lines reflect regression to the functional form of Eq. 8.7.. . . .

(a) Volumetric HoO adsorption isotherms (293 K) on H-Al-Beta-F samples
and their dealuminated analogs, with H* (or Si-OH nest) u.c.t = 0.11 (®),
0.16 (&), 0.57 (A), 0.78 (), 1.2 (®), 1.4 (7), 2.0 (W), and Si-Beta-F (¢); and
(b) after subtraction of Si-Beta-F isotherm and normalizing by H* (or Si-
OH nest). (c) Isosteric heat of adsorption of HyO as a function of coverage
on Si-Beta-F (¢) and deAl-Beta-F(2.0) (W), determined in the range 283
302 K. deAl-Beta-F isotherms are offset for clarity by 300 units in (a) and
60 unitsin (b). . . . . ..
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8.6

8.7

(a, b) Baseline-corrected difference IR spectra of H,O adsorbed at 293 K
on Si-Beta-F (bottom, x10 for clarity), H-Al-Beta-F(2.0) (middle), and
deAl-Beta-F(2.0) (top) at P/Py values of 0.1, 0.2, 0.5, and 0.75 in (a) the
v(OH) stretching region and (b) the §(HOH) scissoring region. Difference
spectra reflect the subtraction of the spectrum of the dehydrated sample
under flowing He prior to H,O adsorption, and the spectrum of H,O ad-
sorbed within an empty IR cell. All spectra are normalized to the T-O-T
overtone peak area (1750-2100 cm™) prior to adsorption. (¢) Correlation
of §(HOH) area quantified from subtracted spectra on all H-Al-Beta-F
(A) and siliceous Beta samples (deAl-Beta-F, Si-Beta-F, ®) found in Table
8.1 with the amount of HyO adsorbed at the same P/Pj in volumetric
isotherms (Figure 8.4). Solid line reflects line-of-best-fit. (d, e) Correla-
tion of the v(OH) peak center with the amount of HyO adsorbed on (d)
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H-Al-Beta-F (A) and (e) siliceous Beta samples (deAl-Beta-F, Si-Beta-F, w).528

(a, b) Baseline-corrected difference IR spectra of adsorbed species on H-
Al-Beta-F(2.5) at HyO P/Pg values of 0.1, 0.2, 0.5, and 0.75 at 293 K (bot-
tom), 373 K (middle), and 373 K with co-fed CoH5OH (top, CoHsOH/H,0
= 0.005 (10, 20 kPa H,0) and 0.03 (50, 75 kPa H,O)) in (a) the v(OH)
stretching region and (b) the (HOH) scissoring region. Difference spec-
tra reflect the subtraction of the spectrum of the dehydrated sample un-
der flowing He prior to adsorption, and the spectrum of species adsorbed
within an empty IR cell. All spectra are normalized to the T-O-T over-
tone peak area (1750-2100 cm™) prior to adsorption. (¢) Amount of HyO
adsorbed determined from §(HOH) scissoring areas and the correlation in
Figure 8.5¢ at 293 K (®), 373 K (&), and 373 K with co-fed CoH;OH (w).
Dashed line corresponds to the volumetric adsorption isotherm of H,O
at 293 K (Figure 8.4). (d) Variation in v(CH) peak area with CoH;OH
pressure on H-Al-Beta-F(2.5) at 373 K with co-fed HyO at 10, 20, 50, and
75 kPa. Dashed line represents the average value. (e) Correlation of the
v(OH) peak center with the amount of H,O adsorbed on H-Al-Beta-F(2.5)

at 293 K (®), 373 K (A), and 373 K with co-fed CoH50H (0.05-4.6 kPa) (w).534

(a) Gibbs free energies of adsorbed intermediates and transition states
within H-Al-Beta calculated by DFT, referenced to two gas-phase ethanol
molecules and one water molecule, for diethyl ether formation through
the dissociative pathway (black), the associative pathway (pink), and the
associative pathway with one co-adsorbed HoO molecule (orange). (b)
Geometries of adsorbed intermediates and transition states. . . . . . ..
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8.15

(a) Gibbs free energies of adsorption (373 K) of ethanol monomer and
dimer species with 1-6 co-adsorbed HoO molecules calculated by ab initio
molecular dynamics, referenced to gas-phase ethanol and the zeolite with
the same number of adsorbed HoO molecules. (b) Gibbs free energy land-
scape (373 K) calculated by metadynamics, as a function of the collective
variables which are the distances between the C, the ethanol molecule
bound at H3O™ in the EW5* cluster within H-Al-Beta (A), and the two O
atoms that are involved in the nucleophile and leaving group at the tran-
sition state (B). The minimum free energy path including the transition
state and representative images along the reaction coordinate are shown
below. . . . .

Series of elementary steps for ethanol dehydration catalyzed by solvated
hydronium ions, and free energy diagram illustrating the effects of solva-
tion by extended hydrogen-bonded HoO networks. . . . . . . .. ... ..

(a) Apparent first-order bimolecular ethanol dehydration rate constant
(per HT, 373 K) and (b) activity coefficient ratio (x = Ygwn/7;) from the
functional dependence of Eq. 8.7, as a function of HyO pressure on H-Al-
Beta-F(2.0) (w), H-AI-TON (A), H-AI-FAU (*), H-AI-MFI (e), H-Al-AEI
(@), H-Al-CHA (°), and HPW/Si-MCM-41 (®). Solid lines in (a) reflect
regression of measured rate constants to Eq. 8.7. Inset (a): dependence of
ksKoK, ! values on the largest included sphere diameter of zeolite pores.
Inset (b): slopes of the data sets in (b) in the high water pressure limit,
as a function of the channel undulation parameter (dpy,/drc). Solid lines
in both insets are to guide theeye. . . . . . .. ... ...

Left: XRD patterns of (a) H-Al-Beta-OH(1.7), (b) Si-Beta-F, and H-Al-
Beta-F with H" w.c.”t = (¢) 0.11, (d) 0.16, (e) 0.57, (f) 0.78, (g) 1.2, (h)
1.4, (i) 2.0. Right: dealuminated analogs (deAl-Beta-F) of the samples at
left. All XRD patterns are normalized to their highest peak intensity. . .

NH;-TPD profiles for H-Al-Beta-F zeolites with Si/Al = (a) 23, (b) 34,
(c) 45, (d) 65, (e) 93, (f) 220, (g) 500. Offset by 0.5 units for clarity. . . .

NH;-TPD profiles for (a) H-AI-MFI, (b) H-AI-TON, (c) H-AL-FAU, (d)
H-Al-Beta-OH(1.7). Offset by 0.5 units for clarity. . . . . . . .. ... ..

Diethyl ether formation rate (per g catalyst, 378 K, 5 kPa CoH50H, 1 kPa
H,0) as a function of 2,6-di-tert-butylpyridine uptake (0.6 Pa DTBP) on
H-Al-Beta-F(2.0) during catalysis. Solid line represents linear regression.

Diethyl ether formation rate (per g catalyst, 378 K, 0.7 kPa CoH;OH, 30
kPa H,0) as a function of 2,6-di-tert-butylpyridine uptake (1.4 Pa DTBP)
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on H-Al-Beta-F(2.0) during catalysis. Solid line represents linear regression.575
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8.24

Diethyl ether formation rate (per g catalyst, 378 K, 4.5 kPa CoH50H, 1
kPa H50) as a function of 2,6-di-tert-butylpyridine uptake (1.8 Pa DTBP)
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on H-Al-Beta-F(1.2) during catalysis. Solid line represents linear regression.576

Diethyl ether formation rate (per g catalyst, 378 K, 4.5 kPa CoH50H, 1
kPa H,0) as a function of 2,6-di-tert-butylpyridine uptake (0.5 Pa DTBP)

on H-Al-Beta-F(0.16) during catalysis. Solid line represents linear regression.576

Diethyl ether formation rate (per g catalyst, 378 K, 4.4 kPa CoH50H, 1
kPa H,0) as a function of 2,6-di-tert-butylpyridine uptake (1.9 Pa DTBP)
on H-Al-Beta-OH(1.7) during catalysis. Solid line represents linear regres-
SION. . .

Diethyl ether formation rate (per g catalyst, 373 K, 4.7 kPa CoH50H, 1
kPa H,0) as a function of 2,6-di-tert-butylpyridine uptake (0.9 Pa DTBP)
on H-AI-FAU during catalysis. Solid line represents linear regression.

Diethyl ether formation rate (per g catalyst, 378 K, 4.5 kPa CoH50H, 1
kPa H50) as a function of 2,6-di-tert-butylpyridine uptake (0.4 Pa DTBP)

d7T

on HPW/Si-MCM-41 during catalysis. Solid line represents linear regression.578

(a) Fractional conversion of CoH;OH as a function of site-contact time at
0.008 kPa CoH;0H on H-Al-Beta-F(2.0) (), and at 0.04 kPa and 0.002
kPa CyH;0H on H-Al-Beta-OH(1.7) (V¥), collected without co-fed H,O at
373 K. (b) provides a better view of the data points near the origin in (a)
at 0.04 kPa CoHs0H on H-Al-Beta-OH(1.7) (¥). . . .. ... ... ...

First-order (k3K, / mol (mol H")! kPa! s!) and zero-order (ks / mol
(mol H*)! s1) dehydration rate constants (per HY, 373 K) quantified
on H-Al-Beta-F(1.2) (), H-Al-Beta-F(2.0) (W), and H-Al-Beta-OH(1.7)
(¥) as a function of HT density. Dashed line represents the average value.
Because intracrystalline transport limitations would lead to lower ks values
at higher H™ densities, these data are consistent with kinetically limited
rates as described by the Madon-Boudart criterion [196]. . . . . . . . ..

Bimolecular ethanol dehydration turnover rate (per HT, 373 K) as a func-
tion of CoH50H pressure, without co-fed HoO, on H-AI-MFI. Solid line
represents regression to Eq. 8.1 (Main Text). . . . . . ... .. ... ...

Bimolecular ethanol dehydration turnover rate (373 K, per H") on H-Al-
Beta-F(2.0) as a function of ethanol pressure at water pressures of 0.02,
0.05, 0.2, 0.6, 2, 5, 7, 10, 14, 20, 30, 40, 50, 75 kPa. Squares, triangles,
and circles were measured in separate experiments. Solid lines reflect linear
regression to data points in first-order regimes. . . . . . . .. ...
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Bimolecular ethanol dehydration turnover rate (373 K, per H") on H-Al-
Beta-F(1.2) as a function of ethanol pressure at water pressures of 0.02,
0.2, 2, 10, 14, 20, 30, 40, 50, 75 kPa. Solid lines reflect linear regression
to data points in first-order regimes. . . . . . .. ... ... L.

Bimolecular ethanol dehydration turnover rate (373 K, per H") on H-Al-
Beta-F(0.16) as a function of ethanol pressure at water pressures of 10, 14,
20, 30, 40, 50, 75 kPa. Solid lines reflect linear regression to data points
in first-order regimes. . . . . . .. ..o

Bimolecular ethanol dehydration turnover rate (373 K, per H") on H-Al-
Beta-OH(1.7) as a function of ethanol pressure at water pressures of 0.05,
0.2, 0.6, 1, 2, 5, 10, 14, 20, 30, 40, 50, 75 kPa. Squares and circles were
measured in separate experiments. Solid lines reflect linear regression to
data points in first-order regimes. . . . . . ... ..o

Apparent first-order rate constant for bimolecular ethanol dehydration
(per H, 373 K) on H-Al-Beta samples as a function of HyO pressure (10—
75 kPa) and H* density (quantified by in situ 2,6-di-tert-butylpyridine
titration). Dashed lines represent averages at each HoO pressure.

Mears criterion values calculated as a function of ethanol and water pres-
sure on H-Al-Beta-F(2.0) at 373 K. Shaded regions correspond to Mears
criterion values that fall in the range of values specified by the scale bar.

Bimolecular ethanol dehydration turnover rate (423 K, per H") on H-Al-
Beta-F(1.2) (boxes) as a function of ethanol pressure at water pressures
between 2.5-75 kPa (see color legend in bottom right). Bimolecular 1-
propanol dehydration turnover rates (423, per H) on H-AI-MFI reported
by Zhi et al. [177] are adapted from Figure 8.4S in their manuscript’s
Supporting Information, where the filled circles were collected at 2.5 kPa
H>0O, and the open circles were collected at 0.53 kPa H,O. . . . . .. ..

Bimolecular ethanol dehydration turnover rate (373 K, per H") on H-Al-
FAU as a function of ethanol pressure at water pressures of 2, 5, 10, 14,
20, 30, 40, 60 kPa. Solid lines reflect linear regression to data points in
first-order regimes. . . . ... ..o

Bimolecular ethanol dehydration turnover rate (373 K, per H") on H-Al-
TON as a function of ethanol pressure at water pressures of 1, 2, 5, 10, 14,
20, 30, 40, 50, 75 kPa. Solid lines reflect linear regression to data points
in first-order regimes. . . . . .. ...
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8.40

Bimolecular ethanol dehydration turnover rate (373 K, per H") on H-Al-
CHA as a function of ethanol pressure at water pressures of 0.2, 0.6, 5, 10,
14, 20, 30, 40, 50 kPa. Solid lines reflect linear regression to data points
in first-order regimes. . . . . . .. ... 590

Bimolecular ethanol dehydration turnover rate (373 K, per H") on H-Al-
AEI as a function of ethanol pressure at water pressures of 0.6, 1, 2, 5,
10, 14, 20, 30, 40, 50, 75 kPa. Solid lines reflect linear regression to data
points in first-order regimes. . . . . .. ... 591

Bimolecular ethanol dehydration turnover rate (373 K, per H") on H-Al-
MFT as a function of ethanol pressure at water pressures of 0.02, 0.2, 2,
10, 14, 20, 30, 40, 50, 75 kPa. Solid lines reflect linear regression to data
points in first-order regimes. . . . . .. ..o 592

Bimolecular ethanol dehydration turnover rate (373 K, per H") on HPW /Si-
MCM-41 as a function of ethanol pressure at water pressures of 0.1, 0.2,

0.6, 1, 2, 5, 10, 20, 40, 50 kPa. Solid lines reflect linear regression to data
points in the first-order regime. . . . . . .. ..o 593

Dependence of activity coefficient ratios (x = vewn/7:) o0 Pu2o in the
high water pressure limit, on H-Al-Beta-F(2.0) (w), H-AI-TON (A), H-Al-
FAU (#), H-ALAEI (9), H-AL-.CHA (), and HPW/Si-MCM-41 (e), as a
function of the diameter of the largest included sphere within the pore
topology (dLc). - - - v v o o 594

Volumetric Ny adsorption isotherms (77 K) measured on H-Al-Beta-F sam-
ples (a) and their dealuminated analogs (b), with H (or Si-OH nest) per
unit cell = 0 (©), 0.11 (#), 0.16 (&), 0.57 (&), 0.78 (©), 1.2 (®), 1.4 (D), and
2.0 (w), and on H-Al-Beta-OH(1.7) (x). Isotherms are offset by 100 units
for clarity. . . . . . . L 595

(a) Volumetric Ny adsorption isotherms (77 K) measured on Si-MCM-41
(m) and HPW/Si-MCM-41 (e), and (b) NLDFT-based pore-size distribu-
tions derived from the data. . . . . . . .. ... 0000 296

(a) Volumetric HoO adsorption isotherms (293 K) on H-Al-Beta-F(0.57)
(orange squares) and Na-Al-Beta-F(0.57) (black circles). (b) Difference
between H-Al-Beta-F(0.57) and Na-Al-Beta-F(0.57) isotherms in (a), nor-
malized by the Al density. Dashed line represents approximate plateau
value between P/Py = 0.2-0.6, which implies that (H')(H20), clusters
are saturated at P/Py = 0.2, and that they contain 2 more Hy,O molecules
than (Na™)(Hy0), clusters. . . . . . .. . ... .. ... ... ...... 597
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(a) HoO adsorption isotherms (293 K) on H-Al-FAU (pink), H-AI-TON
(orange), H-AI-CHA (light blue), H-AI-AEI (purple), HPW/Si-MCM-41
(dark blue), and H-Al-Beta-F(1.2) (red), for comparison. (b) Calculated
H,0 adsorbed per H* on H-zeolite samples. HoO adsorbed within Si-Beta-
F or any other siliceous analogs is not subtracted in this case, as it is in
the main text on H-Al-Beta-F samples. . . . . . . .. ... .. ... ...

(a) Volumetric adsorption isotherms of HO on Si-Beta-F at 283 K (),
288 K (®), 293 K (A), 298 K (®), and 302 K (©), with low-coverage data
shown in (b) for clarity. . . . . . .. .. ...

(a) Volumetric adsorption isotherms of HoO on deAl-Beta-F(2.0) at 283
K (w), 288 K (®), 293 K (A), and 298 K (®), with low-coverage data shown
in (b) for clarity. . . . . .. ...

(a) Normalized (to T-O-T overtone peak area (1750-2100 cm™)) IR spec-
tra of Si-Beta-F and deAl-Beta-F zeolites at 293 K after treatment in
flowing He to 823 K for 1 h. Grey traces represent deconvoluted signal for
Si-OH nest peak areas. (b) Correlation of Si-OH nest v(O-H) peak area
with the number of Si-OH nests u.c.”! generated by removal of framework

[lustration of processing of spectra under flowing H,O, using Si-Beta-F
at P/Py = 0.5 (293 K) as an example. (a) The signal from vapor-phase
H50 in the empty cell is subtracted from the signal for Si-Beta-F under
flowing vapor-phase H2O to yield a cell-corrected spectrum, then (b) the
spectrum of the zeolite in flowing He before H,O adsorption is subtracted
from this to give the difference after adsorption. . . . . . . . . ... . ..

(a) Baseline-corrected difference IR spectra of H,O adsorbed at 293 K on
Si-Beta-F at P/Py values of 0.1 (red), 0.2 (green), 0.5 (blue), and 0.75
(orange). Difference spectra reflect the subtraction of the spectrum of
the dehydrated sample under flowing He prior to HyO adsorption, and
the spectrum of HyO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption. The
spectra on Si-Beta-F were originally reported in Ref. [406]. . . . . . . ..
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(a) Baseline-corrected difference IR spectra of HoO adsorbed at 293 K on
deAl-Beta-F(2.0) at P/Py values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to H,O adsorption, and
the spectrum of HyO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected difference IR spectra of HoO adsorbed at 293 K on
deAl-Beta-F(1.4) at P/Py values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to HoO adsorption, and
the spectrum of HoO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /P, value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected difference IR spectra of HoO adsorbed at 293 K on
deAl-Beta-F(1.2) at P/P, values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to H,O adsorption, and
the spectrum of HoO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected difference IR spectra of HyO adsorbed at 293 K on
deAl-Beta-F(0.78) at P/Py values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to H,O adsorption, and
the spectrum of HoO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected difference IR spectra of HyO adsorbed at 293 K on
deAl-Beta-F(0.57) at P/Py values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to HoO adsorption, and
the spectrum of HoO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pq value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.
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(a) Baseline-corrected difference IR spectra of HoO adsorbed at 293 K on
deAl-Beta-F(0.16) at P/Pg values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to H,O adsorption, and
the spectrum of HyO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected difference IR spectra of HoO adsorbed at 293 K on
deAl-Beta-F(0.11) at P/Pq values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to HoO adsorption, and
the spectrum of HoO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /P, value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected difference IR spectra of HoO adsorbed at 293 K on
H-Al-Beta-F(2.0) at P/P, values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to H,O adsorption, and
the spectrum of HoO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected difference IR spectra of HyO adsorbed at 293 K on
H-Al-Beta-F(1.4) at P/Py values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to H,O adsorption, and
the spectrum of HoO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected difference IR spectra of HyO adsorbed at 293 K on
H-Al-Beta-F(1.2) at P/P values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to HoO adsorption, and
the spectrum of HoO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pq value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.
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(a) Baseline-corrected difference IR spectra of HoO adsorbed at 293 K on
H-Al-Beta-F(0.78) at P/Py values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to H,O adsorption, and
the spectrum of HyO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected IR spectra of HoO adsorbed at 293 K on H-Al-
Beta-F(0.57) at P/Pq values of 0.1 (red), 0.2 (green), 0.5 (blue), and 0.75
(orange). A small leak in the system led to HoO entering the system during
cooling to 293 K, and adsorbing at some of the H* in 1:1 hydrogen-bonded
complexes, evident in the A, B, C triplet seen in the grey spectrum, so
difference spectra were not analyzed. (b) Differential-subtracted spectra
reflect the difference between the spectrum at the given P/Py value and
the next-lowest P/Py value. All spectra are normalized to the T-O-T
overtone peak area (1750-2100 cm™) prior to adsorption. . . . . . . . ..

(a) Baseline-corrected difference IR spectra of HyO adsorbed at 293 K on
H-Al-Beta-F(0.16) at P/P( values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to H,O adsorption, and
the spectrum of HoO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

(a) Baseline-corrected difference IR spectra of HoO adsorbed at 293 K on
H-Al-Beta-F(0.11) at P/P values of 0.1 (red), 0.2 (green), 0.5 (blue), and
0.75 (orange). Difference spectra reflect the subtraction of the spectrum
of the dehydrated sample under flowing He prior to HoO adsorption, and
the spectrum of HyO adsorbed within an empty IR cell. (b) Differential-
subtracted spectra reflect the difference between the spectrum at the given
P /Py value and the next-lowest P/Pg value. All spectra are normalized to
the T-O-T overtone peak area (1750-2100 cm™) prior to adsorption.

Baseline-corrected, gas-phase-corrected IR spectra of 16:8:1 DoO:HOD:H,O
mixtures adsorbed at 303 K on (a) deAl-Beta-F(2.0) and (b) Si-Beta-F,
at P/Pq values of 0.1 (red), 0.2 (green), and 0.5 (blue). All spectra are
normalized to the T-O-T overtone peak area (1750-2100 cm™) prior to
adsorption. (c¢) and (d) show subtracted IR spectra of the 6(HOD) peaks
under the same conditions described for (a), (b) on (c) deAl-Beta-F(2.0)
and (d) Si-Beta-F. . . . ...
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J(HOD) peak areas quantified from Figure 8.61c,d correlated with the
d(HOH) peak areas quantified from Figure 8.46 and Figure 8.47 on Si-
Beta-F () and deAl-Beta-F(2.0) (°) at the same P/P, conditions (0.1,

(a) Baseline-corrected difference IR spectra of HyO adsorbed at 373 K
on H-Al-Beta-F(2.0) at HyO pressures of 10 (red), 20 (green), 30 (blue),
and 75 kPa (orange) (P/Py = 0.1-0.75). Difference spectra reflect the
subtraction of the spectrum of the dehydrated sample under flowing He
prior to HoO adsorption, and the spectrum of H,O adsorbed within an
empty IR cell. (b) Differential-subtracted spectra reflect the difference
between the spectrum at the given P/Pgy value and the next-lowest P /Py
value. All spectra are normalized to the T-O-T overtone peak area (1750
2100 cm™) prior to adsorption. . . . . ... L

(a) Baseline-corrected difference IR spectra of HyO/CyHsOH mixtures ad-
sorbed at 373 K on H-Al-Beta-F(2.0) at HyO pressures of 10 (red), 20
(green), 30 (blue), and 75 kPa (orange) (P/Py = 0.1-0.75). The colors
shown in the legend correspond to CoH;OH/H50 ratios of 0.005 (red,
green) and 0.03 (blue, orange), and the lighter blue and orange spectra
correspond to a CoH;OH/H,O ratio of 0.06. Difference spectra reflect
the subtraction of the spectrum of the dehydrated sample under flowing
He prior to H,O adsorption, and the spectrum of HyO adsorbed within
an empty IR cell. (b) Differential-subtracted spectra reflect the differ-
ence between the spectrum at the given P/Py value and the next-lowest
P/Pg value. All spectra are normalized to the T-O—-T overtone peak area
(1750-2100 cm™) prior to adsorption. . . . . . . . ... ... ... ...

(a) Baseline-corrected difference IR spectra of H,O adsorbed at 373 K on
H-AI-FAU at HyO pressures of 2 (red), 4 (green), 10 (blue), 34 (grey),
and 68 kPa (orange) (P/Py = 0.02-0.75). Difference spectra reflect the
subtraction of the spectrum of the dehydrated sample under flowing He
prior to HoO adsorption, and the spectrum of HoO adsorbed within an
empty IR cell. (b) Differential-subtracted spectra reflect the difference
between the spectrum at the given P/Pgy value and the next-lowest P /Py
value. All spectra are normalized to the T-O-T overtone peak area (1750—
2100 cm™) prior to adsorption. . . . .. ... L
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(a) Baseline-corrected difference IR spectra of HoO adsorbed at 373 K on
H-ALI-TON at HyO pressures of 2 (red), 4 (green), 10 (blue), 20 (grey),
50 (purple) and 75 kPa (orange) (P/Poy = 0.02-0.75). Difference spectra
reflect the subtraction of the spectrum of the dehydrated sample under
flowing He prior to HyO adsorption, and the spectrum of HyO adsorbed
within an empty IR cell. (b) Differential-subtracted spectra reflect the
difference between the spectrum at the given P/P, value and the next-
lowest P/Py value. All spectra are normalized to the T-O-T overtone
peak area (1750-2100 cm™) prior to adsorption. . . . . . .. .. ... ..

(a) Baseline-corrected difference IR spectra of HyO adsorbed at 373 K on
H-AI-AEI at HyO pressures of 1 (red), 2 (green), 10 (blue), 20 (grey),
50 (purple) and 75 kPa (orange) (P/Py = 0.02-0.75). Difference spectra
reflect the subtraction of the spectrum of the dehydrated sample under
flowing He prior to H,O adsorption, and the spectrum of H,O adsorbed
within an empty IR cell. (b) Differential-subtracted spectra reflect the
difference between the spectrum at the given P/P, value and the next-
lowest P/Py value. All spectra are normalized to the T-O-T overtone
peak area (1750-2100 cm™) prior to adsorption. . . . . . .. ... .. ..

(a) Baseline-corrected difference IR spectra of HoO adsorbed at 373 K on
H-AI-CHA at H,O pressures of 2 (red), 4 (green), 10 (blue), 20 (grey),
50 (purple) and 75 kPa (orange) (P/Py = 0.02-0.75). Difference spectra
reflect the subtraction of the spectrum of the dehydrated sample under
flowing He prior to HyO adsorption, and the spectrum of HyO adsorbed
within an empty IR cell. (b) Differential-subtracted spectra reflect the
difference between the spectrum at the given P/P( value and the next-
lowest P/Py value. All spectra are normalized to the T-O-T overtone
peak area (1750-2100 cm™) prior to adsorption. . . . . . .. ... .. ..

(a) Baseline-corrected difference IR spectra of HyO adsorbed at 373 K on
HPW/Si-MCM-41 at H,O pressures of 1 (red), 2 (green), 10 (blue), 20
(grey), 50 (purple) and 75 kPa (orange) (P/Py = 0.02-0.75). Difference
spectra reflect the subtraction of the spectrum of the dehydrated sample
under flowing He prior to H,O adsorption, and the spectrum of HyO ad-
sorbed within an empty IR cell. (b) Differential-subtracted spectra reflect
the difference between the spectrum at the given P/Pj value and the next-
lowest P/Pg value. All spectra are normalized to the T-O-T overtone peak
area (1750-2100 cm™) prior to adsorption. . . . . . . .. ... ... ...
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ABSTRACT

Bates, Jason S. Ph.D., Purdue University, December 2019. Structure and Solvation of
Confined Water and Alkanols in Zeolite Acid Catalysis. Major Professor: Rajamani
Gounder.

Bregnsted and Lewis acid sites located within microporous solids catalyze a variety
of chemical transformations of oxygenates and hydrocarbons. Such reactions occur
in condensed phases in envisioned biomass and shale gas upgrading routes, moti-
vating deeper fundamental understanding of the reactivity-determining interactions
among active sites, reactants, and solvents. The crystalline structures of zeolites,
which consist of SiO, tetrahedra with isomorphously-substituted M** (e.g., Sn**,
Ti'*) as Lewis acid sites, or AI*" with charge-compensating extraframework H' as
Brgnsted acid sites, provide a reasonably well-defined platform to study these in-
teractions within confining voids of molecular dimension. In this work, gas-phase
probe reactions that afford independent control of solvent coverages are developed
and used to interpret measured rate data in terms of rate and equilibrium constants
for elementary steps, which reflect the structure and stability of kinetically relevant
transition states and reactive intermediates. The foundational role of quantitative ki-
netic information enables building molecular insights into the mechanistic and active
site requirements of catalytic reactions, when combined with complementary tools
including synthetic approaches to prepare active sites and surrounding environments
of diverse and intended structure, quantitative methods to characterize and titrate
active sites and functional groups in confining environments, and theoretical modeling
of putative active site structures and plausible reaction coordinates.

Bimolecular ethanol dehydration to diethyl ether was developed as a gas-phase cat-

alytic probe reaction for Lewis acid zeolites. A detailed mechanistic understanding of
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the identities of reactive intermediates and transition states on Sn-Beta zeolites was
constructed by combining experimental kinetic measurements with density functional
theory treatments. Microkinetic modeling demonstrated that Sn active site config-
urations undergo equilibrated interconversion during catalysis (404 K, 0.5-35 kPa
CoH5;0H, 0.1-50 kPa H,0) from hydrolyzed-open configurations ((HO)-Sn-(OSi=);--
-HO-Si) to predominantly closed configurations (Sn-(OSi=),), and identified the most
abundant productive (ethanol-ethanol dimer) and inhibitory (ethanol-water dimer)
reactive intermediates and kinetically relevant transition state (Sn2 at closed sites).
Mechanism-based interpretations of bimolecular ethanol dehydration turnover rates
(per Lewis acidic Sn, quantified by CD3CN IR) enabled measuring chemically sig-
nificant differences between samples synthesized to contain high or low densities of
residual Si-OH defects (quantified by CD3CN IR) within microporous environments
that confine Sn active sites. Hydrogen-bonding interactions with Si-OH groups lo-
cated in the vicinity of Sn active sites in high-defect Sn-Beta zeolites stabilize both
reactive and inhibitory intermediates, leading to differences in reactivity within polar
and non-polar micropores that reflect solely the different coverages of intermediates at
active sites. The ability of confining microporous voids to discriminate among reactive
intermediates and transition states on the basis of polarity thus provides a strategy to
mitigate inhibition by water and to influence turnover rates by designing secondary
environments of different polarity via synthetic and post-synthetic techniques.
Despite the expectation from theory that Sn active sites adopt the same closed
configurations after high-temperature (823 K) oxidation treatments, distinct Sn sites
can be experimentally identified and quantified by the v(C=N) infrared peaks of co-
ordinated CD3CN molecules, and a subset of these sites are correlated with first-order
rate constants of aqueous-phase glucose-fructose isomerization (373 K). In contrast, in
situ titration of active sites by pyridine during gas-phase ethanol dehydration catal-
ysis (404 K) on a suite of Sn-zeolites of different topology (Beta, MFI, BEC) quan-
tified the dominant active site to correspond to a different subset of Sn sites than

those dominant in glucose-fructose isomerization. An extensive series of synthetic
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and post-synthetic routes to prepare Sn-zeolites containing Sn sites hosted within
diverse local coordination environments identified a subset of Sn sites located in de-
fective environments such as grain boundaries, which are more pronounced in Beta
crystallites comprised of intergrowths of two polymorphs than in zeolite frameworks
with un-faulted crystal structures. Sn sites in such environments adopt defect-open
configurations ((HO)-Sn-(OSi=);3) with proximal Si-OH groups that do not permit
condensation to closed configurations, which resolves debated spectroscopic assign-
ments to hydrolyzed-open site configurations. Defect-open Sn sites are dominant in
glucose-fructose isomerization because their proximal Si-OH groups stabilize kinet-
ically relevant hydride shift transition states, while closed framework Sn sites are
dominant in alcohol dehydration because they stabilize Sy2 transition states via Sn
site opening in the kinetically relevant step and re-closing as part of the catalytic cy-
cle. The structural diversity of real zeolite materials, whose defects distinguish them
from idealized crystal structures and allows hosting Lewis acid sites with distinct local
configurations, endows them with the ability to effectively catalyze a broad range of
oxygenate reactions.

During aqueous-phase catalysis, high extra-crystalline water chemical potentials
lead to intra-pore stabilization of HoO molecules, clusters, and extended hydrogen-
bonded networks that interact with adsorbed intermediates and transition states at
Lewis acid sites. Glucose-fructose isomerization turnover rates (373 K, per defect-
open Sn, quantified by CD3CN IR) are higher when Sn sites are confined within
low-defect, non-polar zeolite frameworks that effectively prevent extended water net-
works from forming; however, increasing exposure to hot (373 K) liquid water gener-
ates Si-OH groups via hydrolysis of siloxane bridges and leads to lower turnover rates
commensurate with those of high-defect, polar frameworks. Detailed kinetic, spec-
troscopic, and theoretical studies of polar and non-polar titanosilicate zeolite analogs
indicate that extended water networks entropically destabilize glucose-fructose iso-
merization transition states relative to their bound precursors, rather than influence

the competitive adsorption of water and glucose at active sites. Infrared spectra sup-
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port the stabilization of extended hydrogen-bonded water networks by Si-OH defects
located within Si- and Ti-Beta zeolites, consistent with ab initio molecular dynamics
simulations that predict formation of distinct thermodynamically stable clustered and
extended water phases within Beta zeolites depending on the external water chemical
potential and the nature of their chemical functionality (closed vs. hydrolyzed-open
Lewis acid site, or silanol nest defect). The structure of water confined within micro-
porous solids is determined by the type and density of intracrystalline polar binding
sites, leading to higher reactivity in aqueous media when hydrogen-bonded networks
are excluded from hydrophobic micropores.

Aluminosilicate zeolites adsorb water to form (H3O1)(H20), clusters that mediate
liquid-phase Brgnsted acid catalysis, but their relative contributions to the solvation
of reactive intermediates and transition states remain unclear. Bimolecular ethanol
dehydration turnover rates (per H™, quantified by NH; temperature-programmed des-
orption and in situ titrations with 2,6-di-tert-butylpyridine) and transmission infrared
spectra measured on Brgnsted acid zeolites under conditions approaching intrapore
H50 condensation (373 K, 0.02-75 kPa HyO) reveal the formation of clustered, sol-
vated (CoH5OH)(H™)(H50), intermediates, which are stabilized to greater extents
than bimolecular dehydration transition states by extended hydrogen-bonded water
networks. Turnover rates deviate sharply below those predicted by kinetic regimes in
the absence of extended condensed water networks because non-ideal thermodynamic
formalisms are required to account for the different solvation of transition states and
MARI. The condensation of liquid-like phases within micropores that stabilize reac-
tion intermediates and transition states to different extents is a general phenomenon
for Brgnsted acid-catalyzed alcohol dehydration within zeolites of different topology
(CHA, AEI, TON, FAU), which governs the initial formation and structure of clus-
tered hydronium-reactant and water-protonated transition state complexes. System-
atic control of liquid-phase structures within confined spaces by gas-phase measure-
ments around the point of intrapore condensation enables more detailed mechanistic

and structural insights than those afforded by either kinetic measurements in the
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liquid phase, or structural characterizations of aqueous systems in the absence of

reactants.



Ixviii



1. INTRODUCTION

Zeolites are crystalline, microporous (< 2 nm pore diameter), inorganic solids broadly
applied in adsorption [1,2] separation [3,4], and catalysis [5]. Their diverse structures
(248 synthesized [6], >2.6 million predicted [7,8]) are built from TO, units, where
T is a tetrahedral atom and O atoms bridge two T-atoms, leading to neutrally-
charged frameworks when T = Si*™ [9,10]. Substitution of AI** at T-sites leads to
negatively-charged frameworks which, when compensated by H*, are solid Brgnsted
acids ubiquitous in hydrocarbon catalysis such as fluid catalytic cracking [11, 12].
Substitution of M4 (M = Ti, Sn, Zr, Hf) at T-sites yields Lewis acid sites, which have
found large-scale application in selective oxidations of organic molecules with HyO4
[13-15]. Efforts to devise new routes to fuels and chemicals from biomass-derived
feedstocks [16-21] and from hydrocarbons under conditions that lead to condensed
phases [22-25] motivate ongoing research in catalysis by both Lewis and Brgnsted
acid zeolites in liquid reaction media.

New applications of zeolites in liquid-phase reactions motivate studying the funda-
mentals of solvation within pores of molecular dimension. Zeolites have long been rec-
ognized as shape-selective catalysts that exclude reactants from active sites occluded
within their pores on the basis of size and shape [26-29]. Beyond size exclusion,
the voids that confine active sites provide a solvating environment that influences the
free energies of reaction intermediates and transition states through van der Waals in-
teractions [30-33]. Introducing intraporous functional groups through synthesis and
post-synthetic modifications such as Si-OH defects [34, 35] or organic moieties [36]
adds the potential for specific bonding interactions to discriminate among reactants
and solvents of different polarity. Thus, the microporous environments of diverse

size, shape, and polarity possessed by zeolites can be modified to prefer a given guest



molecule or transition state; however, the effects of co-adsorbed solvent molecules on
such reactant-framework interactions are difficult to predict.

The fundamental concepts of chemical kinetics require that a complete picture of
solvation effects in zeolite catalysis must consider solvating molecules and solid host
environments from the perspective of the transition states and the prevalent config-
urations adopted by reactant and solvent ensembles at active sites. Detailed studies
of water confined in nanoscale environments indicate that its structure [37,38] and
dynamics [24, 39, 40] are drastically different from those of liquid water and depend
strongly on confining environment dimensions [38,41] and the functional groups within
them [37,42,43]. Measured rates of zeolite-catalyzed reactions in the liquid phase dif-
fer from those catalyzed homogeneously in bulk liquid phases [44-46], depend on the
identity of solvent or solvent mixtures [47-51], and are affected by the hydrophobic-
ity of zeolite frameworks [52-58] and their pore structures [47,59-61]. The degree to
which observed rate differences are connected to the molecular structures of confined
solvents and reactants on a mechanistic basis is often limited; strengthening these
structural and mechanistic connections would enable designing with higher fidelity
microporous reaction environments for liquid-phase heterogeneous catalysis.

Although solvents may occupy the entire microporous channel networks of zeolites,
catalysis occurs at active sites [62] associated with specific collections of atoms in the
zeolite lattice. Identifying the different configurations adopted by active sites and
quantifying their numbers is essential for accurate comparisons among samples with
diverse structural motifs and different catalytic behavior in terms of their turnover
rates [63,64]. The interactions of solvents with active sites lead to additional complex-
ities in determining their chemical identity because solvents can modify the local coor-
dination of active sites to the zeolite framework, their coordination to solvent ligands,
and the chemical interactions afforded by their secondary environments, or irreversibly
deactivate some fraction of them. Liquid water at elevated temperatures (>373 K) has
been shown to leach framework heteroatoms from zeolites [65,66] and in some cases

cause collapse of porous structures [67]. Framework Lewis acid sites (M-(OSi=),)



can adopt different local configurations after partial hydrolysis by water molecules
((HO)-M-(0OSi=)3---HO-Si), which have been calculated to stabilize glucose-fructose
isomerization transition states with their proximal Si-OH group [68-70]. Bregnsted
acidic H* associated with framework AlO4 tetrahedra become solvated by water
as (H3O")(H20), clusters that locate H" more distant from framework Al [71-73],
and which have structures [73] and catalytic behavior [44-46] different from analo-
gous homogeneous clusters. The changing solvated configurations of solid Lewis and
Brgnsted acid sites within micropores lead to different solvation of adsorbed reactants
and transition states.

Fundamental insights into the active sites and reactivity of heterogenous cata-
lysts have often been driven by the kinetics of probe reactions. A probe reaction is
characterized by the ability to quantify kinetic rate constants based on a mechanistic
understanding of turnover rates, accurately normalized by the number of active sites,
and measured on a suite of catalysts with systematically varying properties [74]. For
instance, the foundational concept of the structure-sensitivity [75] of reactions cat-
alyzed by metal nanoparticles and alloys bearing different active site ensembles was
elegantly demonstrated by Sinfelt using dehydrogenation and hydrogenolysis as probe
reactions [76,77]. In the realm of acid catalysis, alcohol dehydration was studied by
Iglesia and coworkers as a probe reaction to understand the strength of solid Brgnsted
acids [74,78-83] and the consequences of confinement of H™ within zeolites for catal-
ysis [81,84,85]. In this work, alcohol dehydration is adapted to study Brensted acid
catalysis by zeolites in regimes characterized by condensed intrapore liquid phases,
and is developed as a gas-phase probe reaction for Lewis acid zeolites, taking inspi-
ration from the mechanistic insights of prior studies of alcohol dehydration on Lewis
acidic 7-AlyO3 surfaces [86-90]. The liquid-phase reactivity of Lewis acid zeolites
is interrogated by aqueous-phase glucose isomerization, which has a well-understood
mechanism [91,92] and kinetic interpretation of rate data [53].

Measured rates (404 K, per total Sn) of gas-phase bimolecular ethanol dehydration

to form diethyl ether on Sn-Beta zeolites depend on ethanol and water concentrations



(0.5-35 kPa ethanol, 0.1-50 kPa water) with non-integer reaction orders, consis-
tent with multiple prevalent surface intermediates and/or competing reaction path-
ways [88,90]. After framework Sn sites in closed configurations (Sn-(OSi=),, Figure
1.1b) react with ethanol or water to adopt new hydrolyzed-open ((HO)-Sn-(OSi=);--
-HO-Si, Figure 1.1a) or ethoxy-open ((CH3CH,0)-Sn-(OSi=);---HO-Si, Figure 1.1c)
configurations, they can adsorb ethanol molecules to stabilize distinct bimolecular de-
hydration transition states in parallel reaction pathways that are indistinguishable to

experimental reaction order measurements. In Chapter 2, density functional theory

(a) Hydrolyzed-open (b) Closed (c) Ethoxy-open
(HO)-Sn-{OSi=);--HO-Si Sn{0Si=), (CH5CH,0)-Sn-(0SiE);—HO-Si

Figure 1.1: Possible framework Sn active site configurations during gas-phase
ethanol dehydration catalysis.

(DFT) calculations are combined with experimental bimolecular ethanol dehydration
kinetics to identify the relative catalytic contributions of these pathways through mi-
crokinetic modeling. Accurate evaluation of adsorbate entropies for kinetically and
thermodynamically sensitive intermediates identified by degree-of-rate-control (DRC)
analyses requires more precise theoretical techniques that employ quasi-harmonic den-
sities of states methods to account for anharmonicity of vibrational modes, and result
in rate and equilibrium constants that agree with measured reaction orders in ethanol
and water. Site balances and DRC analyses of the microkinetic modeling data in-
dicate that quasi-equilibrated interconversion among closed, hydrolyzed-open, and

ethoxy-open sites results in adoption of predominantly closed Sn configurations dur-

ing catalysis (404 K, 0.5-35 kPa CoH50H, 0.1-50 kPa H50), that these closed sites



are covered by most abundant reactive intermediate (MARI) species consisting of
ethanol monomers, productive ethanol-ethanol dimers, and inhibitory ethanol-water
dimers, and that diethyl ether is formed in a sole kinetically relevant step through an
Sn2-like bimolecular substitution transition state at closed Sn sites.

The mechanistic insight into bimolecular ethanol dehydration detailed in Chap-
ter 2 enables it to be used as a probe reaction of the structure and function Lewis
acid zeolites, and thus to learn detailed molecular information from measured ethanol
dehydration rate and equilibrium constants quantified from kinetic data. Turnover
rates of bimolecular ethanol dehydration to diethyl ether (per Lewis acidic Sn, 404
K, 0.5-35 kPa CyH5;0H, 0.1-50 kPa H,O) are presented in Chapter 3 on a suite of
Sn-Beta zeolites with either high or low densities of Si-OH defects within secondary
environments that confine structurally similar Sn active sites. Adsorption equilibrium
constants to form both productive and inhibitory dimeric surface intermediates are 3—
4x higher in polar Sn-Beta zeolites due to hydrogen-bonding interactions with Si-OH
groups surrounding Sn active sites, resulting in more extensive HyO inhibition than
in non-polar frameworks, and consistent with their relative adsorption preferences
derived from single-component (302 K) and two-component (303 K, 403 K) ethanol
and water adsorption measurements. Similar measured values of intrinsic rate con-
stants indicate that differences in reactivity within polar and non-polar secondary
environments are solely a consequence of different abundances of intermediates at
active sites that result from the higher stabilities of these MARI when interacting
with Si-OH groups by hydrogen bonding. The sensitivity of reaction intermediates
to the polarity of their surrounding environment provides a mechanism to mitigate
solvent inhibition by designing reaction pockets that preferentially stabilize reactant
molecules over solvent molecules.

Sn sites in distinct configurations are distinguished by infrared spectra detect-
ing the v(C=N) frequency of adsorbed CD3CN at 2316 cm™ (Snaz6) and 2308 cm™
(Snases), yet Sn sites are spectroscopically indistinguishable after ethanol dehydration

catalysis (404 K) because they are covered by structurally similar reaction interme-



diates, and they revert to their initial configurations quantitatively after regenerative
oxidation treatments (21% O,, 803 K). The recovery of distinct structural configura-
tions after catalysis and regeneration indicates that underlying structural features of
the zeolite host determine the configurations of Sn Lewis acid sites. The different re-
activities and structural features that distinguish Snsg1 and Snageg sites are probed in
Chapter 4 using in situ pyridine titrations during ethanol dehydration catalysis (404—
438 K) and CD3CN IR on Sn-zeolites with diverse local coordination environments
generated by synthesis (Beta, BEC, MFI, CHA, STT) and post-synthetic treatments
to Sn-Beta. [In situ pyridine titrations identify two types of Sn sites with bimolec-
ular ethanol dehydration turnover rates (404 K) that differ by more than one order
of magnitude (>20x). Apparent activation entropies to form substitution transi-
tion states from sites predominantly covered by ethanol monomers are less negative
(AASE ) = 48 £ 22 J mol K') at the more reactive subset of Sn sites, which
are present in amounts equivalent to 17-26% of Snasgg sites, but not correlated with
Snaszig sites. Post-synthetic treatments to Sn-Beta in HF and NHyF solutions, which
preferentially dissolve zeolites at their grain boundaries, indicated that Snagie sites
are preferentially located at stacking faults generated by the intergrowth of the two
polymorphs that comprise Beta crystallites. Stacking faults lead to Snagig sites in
defect-open configurations ((HO)-Sn-(OSi=)s3) with proximal Si-OH groups that are
not able to condense with Sn-OH groups to form closed configurations. A compu-
tational model of stacking fault defect-open sites predicts apparent activation free
energies for ethanol dehydration that are 65-74 kJ mol! higher than at framework
closed sites, consistent with their low reactivity determined by in situ pyridine titra-
tions. Closed Sn sites stabilize Sy2 transition states by adopting open configurations
along the reaction coordinate of bimolecular alcohol dehydration reactions, while the
proximal Si-OH groups of defect-open Sn sites stabilize hydride shift transition states
involved in glucose-fructose isomerization. Zeolite frameworks impart different local
configurations to Lewis acid sites, which enables stabilizing transition states that

require unique chemical functionality of reaction environments.



The catalysis of oxygenates in envisioned biomass upgrading pathways occurs in
liquid phases, which necessitates understanding the effects of solvents on the struc-
tural evolution of active sites and their surrounding environments, and therefore on
the stability of reaction intermediates and transition states. The effects of hot (373 K)
liquid water pretreatments on the reactivity of Sn-Beta zeolites synthesized with polar
and non-polar frameworks is discussed in Chapter 5 as an analogy to extended solvent
exposure in continuous reactors, independent of competing deactivation mechanisms
associated with reactant conversion. Hot (373 K) liquid water exposure does not alter
the measured distribution of active Sn sites between closed and defect-open configu-
rations quantified ez situ by CD3CN IR, but systematically increases the density of
Si-OH defects in initially non-polar frameworks with increasing exposure time until
they are commensurate with those of polar frameworks after ~24 h, which is accompa-
nied by a concomitant systematic decrease in measured glucose-fructose isomerization
turnover rates (373 K, per defect-open Sn). This study highlights the need for con-
tinuous aqueous-phase processes to minimize irreversible siloxane bridge hydrolysis
that forms Si-OH groups and decreases glucose-fructose isomerization turnover rates
(373 K).

Lower first-order glucose-fructose isomerization rate constants within polar Sn-
Beta and Ti-Beta zeolites have been attributed to their ability to preferentially sta-
bilize adsorbed water molecules relative to non-polar micropores [53,56], but without
disentangling the relative contributions of the stability of adsorbed intermediates,
water molecules, and transition states. In Chapter 6, glucose isomerization turnover
rates (368-383 K, per Lewis acidic Ti) are quantified on Ti-Beta zeolites in both
first-order and zero-order regimes that reflect Ti sites covered either by bound wa-
ter molecules or bound glucose MARI, consistent with in situ attenuated total re-
flectance IR spectra (373 K). Isomerization rate constants, regardless of the MARI
species, are 3—12x higher within non-polar Ti-Beta than polar Ti-Beta not because
of competitive adsorption of glucose and water, but because isomerization transition

states are entropically destabilized relative to their bound precursors by extended



hydrogen-bonded water structures found within polar frameworks, as detected by in
situ transmission IR. Here, using glucose isomerization as an aqueous-phase probe re-
action highlights the gradual changes in the polarity of confining environments during
exposure to hot (373 K) liquid water, which lowers reactivity when polar micropores
stabilize extended solvent structures.

The varied catalytic effects of adsorbed solvents within micropores of different po-
larity motivates studying the individual contributions of different types of intracrys-
talline functional groups to the local structure of adsorbed water. In Chapter 7,
the structure and thermodynamics of water within Beta zeolites are investigated by
ab initio molecular dynamics (AIMD) simulations (293 K) across a wide range of
adsorbed water loadings (1-23 per unit cell) in the presence of silanol nest defects,
closed Sn sites, and hydrolyzed-open Sn sites (one per unit cell). Pure-SiOy zeolite
Beta with minimal intracrystalline Si-OH defects was synthesized using fluoride as
the mineralizer [35], and compared with pure-SiO, Beta with one silanol nest per
unit cell generated by complete dealumination of a fluoride-mediated Al-Beta-F zeo-
lite initially containing one Al per unit cell and minimal residual Si-OH defects [93].
Transmission IR spectra of water adsorbed within these model samples possess v(OH)
peak centers that shift to lower wavenumbers as higher amounts of water are adsorbed
at silanol nest defects and form extended hydrogen-bonded water networks, validat-
ing AIMD simulations that show these extended networks form in a periodic Beta
unit cell containing one Si-OH nest, but not within defect-free Si-Beta. Thermody-
namic and clustering analyses of AIMD simulations indicate that distinct liquid-like
phases are formed within Sn-Beta zeolites where Lewis acidic Sn sites stabilize lo-
calized clusters in their vicinity, whereas silanol nest defects assist in stabilizing the
extended hydrogen-bonded networks implicated in destabilizing glucose isomerization
transition states.

Aqueous-phase reactions catalyzed by Bregnsted acid zeolites are accompanied by
solvent-active site interactions distinct from those of Lewis acid zeolites because

confined water molecules transform isolated H™ associated with the framework to



(H307)(H20), clusters. The zeolite-confined structures of (H3OT)(H20), are be-
ginning to be understood in detail [71-73]; however, the catalytic consequences of
adsorption and reaction of organic molecules interacting with HsO' and the asso-
ciated clustered HyO molecules that solvate them still remain under investigation.
The liquid-phase probe reactions that have been studied (e.g., cyclohexanol dehy-
dration [45,46,94], carbohydrate dehydration [44,51] and isomerization [50], phenol
alkylation [95-97]) limit the ability to systematically vary solvent structures inde-
pendent of the reactant or a co-solvent. This limitation is addressed by gas-phase
probe reaction in Chapter 7, where ethanol dehydration turnover rates (373 K, per
H™) measured across a wide range of co-fed water pressures (0.02-75 kPa) enable
systematic control of intrapore water structures into regimes that include condensed
liquid-like intrapore water. Here, measured turnover rates on a suite of H-Al-Beta-F
zeolites with systematically varying HT densities (0.16-2.0 HT per unit cell) but mini-
mal Si-OH defects deconvolute the effects of HT and Si-OH groups on intrapore water
structure. First-order rate constants in ethanol pressure (kgys:) for bimolecular ethanol
dehydration (373 K, per HT) reflect surfaces saturated with (CoHsOH)(H™)(H20),
MARI, and exhibit a —1 order dependence on water pressure (2-10 kPa H,O) because
one water coordinated in MARI species must be displaced by ethanol to form the
Sn2 transition state that eliminates diethyl ether. Water inhibition of ethanol dehy-
dration rates becomes more severe at higher HyO pressures (10-75 kPa H,O, P/Pq
= 0.1-0.75), reflected in kg values with an apparent HyO order more negative than
—1. In situ IR spectra of adsorbed water (293 K and 373 K, P/P;=0.1-0.75) possess
v(OH) peak centers that shift to lower wavenumbers with increasing water cover-
age, indicating that extended hydrogen-bonded water networks form around clustered
(HsO7)(H20), or at Si-OH nests within H-Al-Beta-F and deAl-Beta-F materials, re-
spectively. The different solvation of kinetically relevant MARI and transition states
requires non-ideal thermodynamic formalisms, which show that extended hydrogen-
bonded water networks stabilize transition states less effectively than MARI, leading

to stronger water inhibition. These effects are ubiquitous in Brgnsted acid zeolites of
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different topology (CHA, AEI, TON, FAU), which influences the onset and severity
of water inhibition by extended hydrogen-bonded networks.
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2. FIRST PRINCIPLES, MICROKINETIC, AND EXPERIMENTAL ANALYSIS
OF LEWIS ACID SITE SPECIATION DURING ETHANOL DEHYDRATION ON
SN-BETA ZEOLITES

2.1 Introduction

Microporous Lewis acids formed through isomorphous metal atom substitution
into siliceous zeolite frameworks are shape selective heterogeneous catalysts that fa-
cilitate a broad range of oxygenate reactions [16], including Baeyer-Villager oxida-
tion [98], Meerwein-Ponndorf Verley carbonyl reduction and Oppenauer oxidation of
alcohols (MPVO) [99], and sugar isomerization [100]. A central question in the elu-
cidation of elementary reaction networks in solid Lewis acids is the nature of active
site heteroatom speciation. Tin heteroatoms, for example, adopt at least two dis-
tinct framework configurations: either tetra-coordinate to the framework (denoted
as “closed”) or tri-coordinate to the framework with an additional hydroxyl ligand
(denoted as “open”). Open configurations are proposed to be the dominant active
sites for glucose isomerization [56,101] and MPVO [102-104], while both open and
closed sites catalyze aldol condensation [105]. The structure of these different Sn sites
has been studied with density functional theory (DFT), as well as experimental spec-
troscopies such as ''9Sn nuclear magnetic resonance (NMR) [68, 106, 107], infrared
upon adsorption of probe molecules (e.g., pyridine, deuterated acetonitrile) [56,102],
extended X-ray adsorption fine structure (EXAFS) [108], and diffuse reflectance UV-
visible (DRUV) [102,109]. DFT studies have proposed multiple structures for de-
fect configurations of framework heteroatom sites, such as penta-coordinated Sn cen-
ters with a hydroxy ligand and protonated framework oxygen [110,111], “open” tri-
coordinate sites with a hydroxyl ligand and an adjacent framework silanol [68,69,101],

and “defect open” sites where a proximal silicon vacancy creates a nest of silanol de-
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fects [111,112]. In addition, the adsorption and subsequent dissociation of water at
heteroatom sites to form the hydroxyl ligand and proximal silanol group has been
discussed in previous studies [113,114]. In spite of these advances in understanding
the pathways that interconvert these active site structures, the dynamics of their in-
terconversion, and the resulting effects on observed reaction kinetics, have not been
quantitatively analyzed.

To obtain fundamental, molecular-level understanding of how Sn sites intercon-
vert under reaction conditions, ethanol dehydration is chosen as a model gas-phase
probe reaction. This choice is motivated by the fact that liquid phase reactions are
difficult to model accurately with DFT due to explicit solvent interactions between
intermediates and transition states [115], and, DFT studies are limited in terms of the
number and size of molecules that can be effectively treated in reaction networks, as
the search space of relevant molecular configurations that must be analyzed increases
rapidly with system complexity. Furthermore, reactive intermediate coverages are
difficult to control in experiment due to the ubiquity of the solvent, and rapid deacti-
vation in continuous liquid flow reactors [116,117] precludes analysis of site dynamics.
Ethanol dehydration therefore provides a more suitable probe of site interconversion
and its effect on reaction kinetics, and it is known to proceed on Lewis acidic sites in
v-Aly O3 [87] via both unimolecular and bimolecular pathways [88,118] to form ethene
and diethyl ether (DEE), respectively. Since reaction mechanisms on both closed and
open Sn sites form DEE, computational insights are essential to understand the in-
terconversion of active sites and its impact on the rate and selectivity of alternate
dehydration pathways.

To model the ethanol dehydration reaction network, a total of 25 elementary steps
and 19 reactive intermediates are first considered using DFT at the generalized gradi-
ent approximation (GGA) level. It is found that rates and reaction orders predicted
from GGA-level calculations, along with entropies derived using the harmonic oscil-
lator approximation, are insufficient to permit reliable interpretation of experimental

kinetic data measured under differential conditions at which DEE is the only product
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formed. To enhance model fidelity, a generalized degree of rate control (DRC) [119]
analysis is therefore used to identify kinetically relevant transition states and reaction
intermediates, which are subjected to density functional and entropy treatments that
are systematically refined. The hybrid density functional HSE06 includes a fraction
of screened exact Hartree-Fock exchange [120], which improves calculated lattice con-
stants in zeolite frameworks because it favors shorter cation-oxygen bonds [121-123].
More importantly, the confining pore environment introduces entropic contributions
that are fundamentally distinct from similar effects on terraces of supported metal
nanoparticles, because numerous anharmonic molecular interactions make harmonic
partition functions problematic for low frequency modes, resulting in errors in calcu-
lated free energies on the order of 0.1-0.2 eV [124,125]. The modes that deviate from
harmonicity correspond to delocalized rotational and translational degrees of freedom
and require more robust sampling of the potential energy surface (PES). The full PES
can be sampled using semi-empirical force fields with Monte Carlo free-energy inte-
grations [126], but direct use of such methods at the ab-initio level is limited by the
speed of current computational resources. To overcome this limitation, Piccini and
Sauer developed an algorithm in curvilinear normal mode coordinates to efficiently
sample anharmonic features of the PES of methane adsorption in the proton form
of chabazite [124]. Alternatively, Alexopoulos et al. sampled the PES of ethanol
adsorption in H-MFI [127] by integrating the rotational and vibrational density of
states from ab-initio molecular dynamics (AIMD). Both methods incorporate anhar-
monic corrections but are impractical to perform for an extensive reaction network.
For simplicity, it may be possible, in some cases, to replace harmonic modes that
have calculated frequencies below an arbitrarily chosen threshold with a higher fre-
quency harmonic mode that approximates some aspects of rotational or translational
freedom [128]. However, Jorgensen and Gronbeck have recently compared harmonic
oscillator partition functions, free translational partition functions, hindered transla-
tional partition functions, and complete potential energy sampling (CPES) methods

and have demonstrated that, even for CO oxidation on simple Pt(111) surfaces [129],
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there are non-negligible deficiencies of the harmonic oscillator approach relative to
hindered translational partition function analyses and CPES sampling. The advanced
partition function methods represent an improvement over simple harmonic analy-
ses but do not explicitly include the effects of mode-mode coupling, thus motivating
judicious use of CPES sampling or AIMD-related methods [130].

In this work, a tiered approach to kinetic model development is proposed, wherein
partition function methods are used for the majority of the reaction intermediates,
while a higher accuracy AIMD method is used for the kinetically sensitive interme-
diates determined by the DRC analysis. These intermediates, in turn, are identified
using a generalized degree of rate control (GDRC) analysis [131]. Apparent reaction
orders in water and ethanol are then determined from the fully converged model and
are compared with experimental measurements to obtain a simplified rate expression
derived from elementary steps. Finally, conclusions concerning the Sn site speciation

that dominates reactivity are drawn.

2.2 Methods

2.2.1 Computational Methods

All calculations are performed using self-consistent, periodic density functional
theory (DFT) with the Vienna Ab-initio Simulation Package (VASP) [132-136]. The
Bayesian error estimation functional (BEEF-vdw) [137], which self-consistently in-
cludes dispersion interactions, is employed. In addition to this generalized-gradient
approximation (GGA) functional, a hybrid functional, HSE06 [120, 138], using a
screened coulombic interaction with additional semi-empirical dispersion corrections
via the Grimme approach [139,140], is employed for selected calculations. Pseudopo-
tentials are constructed in the projector augmented wave (PAW) framework for PBE
functionals [136,141]. The Beta unit cell is obtained from the International Zeolite
Database [142]. The defect-free Beta framework is relaxed to final lattice vectors

12.66 A, 12.66 A, 26.54 A. For HSE06-D3 calculations, unit cell vectors are reopti-
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mized to 12.58 A, 12.58 A, 26.36 A. The optimized cell volumes are within 1.9% and
0.2% of the 1ZA values for BEEF-vdW and HSE06-D3, respectively. For geometry
optimizations, a plane wave cutoff of 520 eV is employed, along with a single gamma
point to sample reciprocal space. Geometry convergence is performed to a force cri-
terion of 20 meV/ A. All calculations are spin polarized. Gaussian smearing of the
Fermi surface with a width of 10 meV is used due to the large band gap in the zeolite
material.

Transition state geometries are obtained through the climbing-image nudged elas-
tic band (CI-NEB) method [143,144]. A total of 9 images are generated between initial
and final states, and the Image Dependent Pair Potential pre-optimizer is employed to
generate initial configurations [145]. A Lanczos diagonalization [146] scheme is used,
which converges rapidly for zeolite transition states when starting from a partially
converged NEB pathway. For all transition states and reaction intermediates, a par-
tial hessian vibrational calculation of the adsorbed structure is performed. Harmonic
vibrational states are used for zero-point vibrational energy corrections (FEzpyg) and

also form the basis for entropy calculations. Free energies are approximated as
G:E0+EZPVE—TS (2].)

where Eq is the ground state potential energy obtained through DFT. Adsorption
energies in the framework (F,4s) are considered relative to the doped framework and

gas phase molecule

Eoigs =Eza—E; — Eg (2.2)

where A is the adsorbate and Z is the doped zeolite framework.

To facilitate the identification of stable adsorbate geometries, AIMD simulations at
the same level of theory (BEEF-VdAW) are performed. Stable configurations obtained
from initial geometry optimizations are heated to 400K and then equilibrated using a
Nosé-Hoover thermostat and 0.5 fs timestep. Geometries are extracted from the equi-

librated simulation and then quenched to provide additional adsorbate configurations.
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This process is performed for selected monomolecular intermediates, including ethanol
and water, as well as for some dimeric intermediates, including ethanol-ethanol dimers
and ethanol-water dimers.

Rate constants for surface processes are evaluated using transition state theory,
where the preexponential factor is assumed to correspond to the harmonic saddle
mode. For molecular adsorption and desorption, collision theory is employed, as these
processes not activated. To simulate reaction rates, a differential reactor model, simi-
lar to that developed by Gokhale et al. [147] and by Choksi and Greeley [148], is used.
Numerical solution of the reactor and site balance equations is accomplished with a
custom python-based solver. While the rate equations are relatively straightforward
to integrate numerically, the large number of elementary steps and surface intermedi-
ates results in poor convergence of nonlinear equation solvers without the reasonable
initial guesses provided by a coarse-grained differential equation solution. Thus, the
scheme uses an initial transient differential equation solver to approximately locate
local steady state solutions, which are then input into a nonlinear equation solver
for further refinement. A rate sensitivity analysis is performed using the generalized
degree of rate control [119] to identify thermodynamically and kinetically sensitive
intermediates and transition states. A detailed discussion of entropy calculations,
elementary steps of the reaction, the microkinetic model construction, adjustments,
and error analysis can be found in the Supporting Information.

Crystal Orbital Hamiltonian Population (COHP) analysis in semiconductors and
insulators has seen success in qualitatively explaining the bonding structure of these
materials by localizing a periodic wavefunction onto Gaussian orbitals. The LOB-
STER [149] code, which employs COHP, is used for wavefunction localization, along

with a Bader analysis [150], to determine charge transfer and Sn oxidation states.

2.2.2  Catalyst Synthesis and Characterization

The Sn-Beta zeolites in this study are a subset of the samples reported by Vega-
Vila et al. [151]. In brief, Sn-Beta zeolites were prepared by post-synthetic grafting
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of stannic chloride into dealuminated Beta frameworks in dichloromethane reflux.
The zeolite topology was identified from powder X-ray diffraction patterns and N,
adsorption isotherms (77 K) that gave micropore volumes characteristic of the Beta
structure (0.21 ecm?® g!). The total Sn content was measured by atomic absorption
spectroscopy (AAS). The bulk Sn coordination was assessed from diffuse reflectance
UV-Visible spectroscopy after dehydration treatments at 523 K under flowing dry
helium, which revealed ligand-to-metal charge transfer bands centered at ~190-200
nm characteristic of tetrahedral Sn sites in framework locations [152,153]. Infrared
spectroscopic bands for CD3CN adsorbed at open (2316 cm™) and closed (2308 cm™)
Sn sites were quantified according to the methods developed by Harris et al. [56].

These data are summarized in Table 2.1 for the samples used in this study. The reader

Table 2.1: Sn contents, micropore volumes, and acid site counts for Sn-Beta cata-
lysts. [151]

Catalyst Si/Sn (Sn Vmicro LAS/Sn®  Open/Sn® Closed/Sn®
wt%)? (cm3 g1)P
Sn-Beta-OH-301 30 (6.08) 0.16 0.72 0.18 0.54
Sn-Beta-OH-41¢ 41 (4.60) 0.19 1.32 0.50 0.82
Sn-Beta-OH-46% 46 (4.10) 0.19 0.92 0.22 0.70
Sn-Beta-OH-95¢ 95 (2.00) 0.22 1.22 0.49 0.73
Sn-Beta-OH-80° 80 (2.39) 0.22 1.01 0.42 0.59
Sn-Beta-OH-84" 84 (2.29) 0.20 1.20 0.24 0.96

?Determined by AAS

’Determined by Ny adsorption minimum in 9V ,qs/0log(P/Py)
°LAS = Lewis acidic Sn sites, from CD3CN IR, errors £ 20%
dParent Si/Al = 19 “Parent Si/Al = 29 /Parent Si/Al = 54

is referred to the original study by Vega-Vila et al. for a complete description of the
synthetic protocols and characterization techniques [151]. All samples are labeled as
Sn-Beta-X-Y, where X denotes the synthesis method used (“OH” for post-synthetic
grafting) and Y denotes the Si/Sn ratio determined by AAS.
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2.2.3 Ethanol Dehydration Kinetics

Sn-Beta samples (0.010-0.050 g) were pelleted, crushed, and sieved to retain ag-
gregates between 180-250 um and supported between two plugs of acid-washed quartz
wool (W.R. Grace, 1 M HNOj for 16 h) in a tubular quartz reactor (7 mm ID). The
catalyst temperature was measured using a K-type thermocouple (Omega) placed
in contact with the outside of the quartz tube at the level of the catalyst bed, and
was maintained using a three-zone furnace (Applied Test Systems) and Watlow con-
trollers (EZ-ZONE). The catalyst was heated to 803 K (0.0167 K s!') under flowing
5% Oy /He (UHP, Indiana Oxygen, 16.67 cm?® s (g catalyst)™!), held at 803 K for 2 h,
then cooled to 404 K (0.0333 K s!) and held under flowing He (UHP, Indiana Oxy-
gen, 16.67 cm?® s (g catalyst)™?) for 1.5 h before starting the reaction. Liquid ethanol
(Sigma Aldrich, anhydrous, >99.5%) and deionized water (18.2 M{2) were introduced
using syringe pumps (KD Scientific Legato 100) into separate heated transfer lines
(>383 K) containing flowing He streams and mixed upstream of the reactor. A stream
of 25% CH,/Ar (Indiana Oxygen, 0.0167 cm?® s7') was mixed with the He stream as an
internal standard prior to mixing with ethanol. Reactant and product concentrations
were measured by gas chromatography (Agilent 6890) using a HP-PLOT-Q capillary
column (30 m x 530 pm x 40 pm) and flame ionization detector.

Prior to reaction, the composition of the feed stream was determined from reac-
tor bypass injections. Frequent sojourns to a reference condition (typically, 8 kPa
CoH50H, 0.1 kPa H50, 404 K) were used to correct for deactivation by extrapolating
rates to initial time assuming first-order deactivation. First-order deactivation rate
constants varied between 2x103-1x102 ks'. A period of 5 h on stream was allowed
at a given condition to reach steady state. Ethanol pressures were varied from 0.5-35
kPa, and HyO pressures were varied from 0.10-50 kPa. The site-contact time (total
Sn per total moles fed basis) was held constant at 0.39 s (mol Sn) (mol fed)™. Minor
background contributions to DEE formation by quartz wool and other background

sources were measured using a reactor packed with only quartz wool as a function of
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ethanol pressure at 404 K, and corrected from all rates measured in the presence of
a catalyst. Additionally, background rates on Si-Beta-F (on a per g basis) were mea-
sured at 404 K, and were <10x lower than all rates measured on Sn-Beta samples.
Measured ethanol dehydration rates and deactivation profiles on Sn-Beta catalysts
could be reversibly recovered by treating in air, as described above, after intervening

deactivation occurred over a period of >30 ks on stream.

2.3  Results and Discussion

2.3.1 T-sites in Sn-Beta

The specific distribution of Sn among crystallographically distinct tetrahedral
site (T-site) locations in the Beta framework remains a topic of continued discus-
sion [107,108,111], and the local structure of Si-O bonds around each T-site may
influence the energies of transition states and intermediates in the ethanol dehydra-
tion reaction network. To determine the sensitivity of adsorbate energies to Sn T-site
location in Beta, the energetics of two key intermediates (water, ethanol) and one
reaction step (water dissociation to form open sites) at closed sites are examined. A
single Sn atom is placed in one of nine crystallographically distinct T-sites per unit
cell to simulate a Si:Sn ratio of 63:1. The range in ethanol and water adsorption
energies, and water dissociation energies, among these 9 T-sites is less than 0.2 eV
(Supporting Information, 2.6.1). In a study of site stabilities in Sn-Beta, Josephson
et al. report a similar narrow distribution of energies, and the wide variation of stable
tin sites reported in literature are likely due to functional choice and kinetic energy
cutoff, producing energy fluctuations commensurate with a multiplicity of lowest en-
ergy Sn sites [154]. For convenience, therefore, we choose the T8 site [142] for all Sn
substitutions, as it has the most exothermic ethanol binding energy. However, we
do not anticipate the T-siting of Sn atoms to influence the binding energies of inter-

mediates beyond the standard error of periodic DFT calculations, which is typically
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around ~0.1 eV and is similar to the distribution of ethanol binding energies across

all T-sites.

2.3.2 Sn site speciation

Partially hydrolyzed open sites are formed by dissociation of water or alkanols [113]
on closed Sn sites, yielding a hydroxyl ligand on the Sn center (stannanol) and a
corresponding silanol on a framework oxygen. Water adsorption on the closed site
(W*, Figure 2.1) is exergonic by -0.12 eV at ethanol dehydration conditions of 404 K,
and dissociation on an adjacent oxygen site proceeds with an activation free energy

barrier of 0.75 eV (TS2, Figure 2.1). This adjacent oxygen site is a metastable

Figure 2.1: Hydroxy open site formation conformations corresponding to the lowest
energy structures. W* refers to water adsorbed on the closed site, W, * refers to the
hydroxy open site where water has dissociated to form a hydroxyl ligand. TS refers
to transition state, and the numbering (TS2) corresponds to the free energy diagram
in Figure 2.4.

location for the proton, which migrates to a more stable location at an oxygen anti
to the stannanol (W,*, Figure 2.1) with an HO-Sn-OH coordination angle of 160.5°,
adopting a structure similar to that reported by Josephson et al. [154]. The energy
difference between the syn and anti configurations is 0.12 eV. From the electron
localization function and Crystal Orbital Hamiltonian Population (COHP) analysis,
no significant orbital overlap exists between the framework silanol and Sn center,

consistent with full cleavage of the framework Sn-O bond (Supporting Information,
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2.6.2). A Bader charge analysis shows that the 4™ oxidation state of Sn is preserved in
its closed and open states (Supporting Information, 2.6.2). Water or ethanol carriers
facilitate a low barrier (0.3 eV) proton shuttling mechanism that transfers the silanol
proton to the most stable anti conformation, as further described in the Supporting
Information 2.6.3. Open site energies and geometries will be referenced to this most
stable conformation (W, *), and thus the reaction free energy of water dissociation to
form open sites is 0.37 eV at 404 K.

An alternative pathway for open site formation involving dissociative adsorption
of ethanol is also considered based on experimental evidence by Yakimov et al. that
dissociative adsorption of (secondary) alcohols is possible [155]. The free energy of

ethanol adsorption (-0.31 eV) at the closed site is stronger than that of water (-

0.12 e€V), and results in the alkyl group facing the channel (E*  Figure 2.2). In

Figure 2.2: Ethoxy open site conformations corresponding to the lowest energy
structures. E* refers to ethanol adsorbed on the closed site, E,* refers to the ethoxy
open site where ethanol has dissociated to form an ethoxy ligand. TS refers to transi-
tion state, and the numbering (TS3) corresponds to the free energy diagram in Figure
D.

a mechanism analogous to site opening by water, the adsorbed ethanol dissociates
to form an ethoxy open site (Ex", Figure 2). The activation free energy barrier
(T'S3, Figure 2.2) for ethanol dissociation (0.80 eV) is comparable to that of water
dissociation (0.75 eV). A proton shuttling mechanism similar to that described above

is necessary to access the most stable silanol location ant: to the ethoxy ligand,
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with an EtO-Sn-OH coordination angle of 159.7° (Ex", Figure 2.2). The energy
difference between the syn and anti configurations is 0.16 eV. The reaction free energy
of ethanol dissociation is 0.41 eV, endergonic relative to adsorbed ethanol. As in the
case of the open site formed through water dissociation, there is no orbital overlap
between the protonated framework oxygen and Sn, and Bader charge analysis on
Sn indicates that the oxidation state remains 4" after opening with ethanol. For
clarity, in what follows, open sites will be described according to their ligand identity
as either hydroxy open sites or ethoxy open sites. We note that the formation of
open sites by molecular dissociation of both water and alcohols has been described
previously [113], but the effects of reaction conditions on their speciation and relative

populations during steady-state catalysis are not well understood.

2.3.3 DEE formation mechanisms

Direct formation of DEE involves adsorption of an ethanol dimer that subsequently
undergoes bimolecular rearrangement to form DEE and water, as proposed by Chris-
tiansen et al. [89] on the Lewis acid sites of 7-Al,O3 surfaces. A second mechanism
for bimolecular dehydration involves reaction of a dissociated ethanol and an adjacent
adsorbed ethanol, as also considered by Christiansen et al. [89]. Although ethanol
reaction mechanisms on 7-Al;O3 provide conceptual analogies for candidate mecha-
nisms on zeolite Beta, a crucial structural difference exists between the two classes of
catalysts. On the 7-Al,O3 surface, bimolecular ethanol dehydration requires neigh-
boring aluminum Lewis acid sites. In contrast, tin sites in the Beta framework in
the elemental composition range studied here (1-2 per unit cell) are unlikely to be
paired, and although Bare et al. [108] have provided evidence for Sn site pairing in
Beta frameworks, reaction barriers at paired Sn sites are higher by >0.25 eV than at
isolated Sn sites (Supporting Information, 2.6.4). Therefore, our analysis of DEE for-
mation will be restricted to isolated Sn sites in at the T8 position in closed, hydroxy

open, and ethoxy open configurations.
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Figure 2.3: Condensed DEE reaction network, showing interconversion of closed
tin sites and both hydroxy-open and ethoxy-open sites, with subsequent adsorption
of ethanol and formation of DEE. Nomenclature for different Sn sites is defined in
the figure. A full list of elementary steps considered is provided in the Supporting

Information 2.6.5.
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DEE formation on the closed site must first involve adsorption of two ethanol

molecules to form an ethanol-ethanol dimer (EE*, Figure 2.4). As stated above, the
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Figure 2.4: Closed site reaction mechanism and selected adsorbate geometries. Free
energies are evaluated at 404 K and 1 bar. For clarity, the pore wall is not shown
in the TS1 diagram, and diethyl ether is referred to as D in the reaction diagrams.
Nomenclature for the other reaction intermediates and Sn sites is found in Figure 2.3.

adsorption free energy of the first ethanol molecule is -0.31 eV, while the differential

adsorption free energy of the second ethanol is -0.16 eV. For comparison, the dif-

ferential adsorption energy of a water to form an ethanol-water dimer is -0.20 eV.

This second ethanol is denoted “vdW-ethanol”, as its adsorption is largely dictated

by van der Waals interactions through the hydroxyl group in the primary ethanol.
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The interatomic distance between the protic hydrogen of the primary ethanol and
the hydroxyl group oxygen of the vdW-ethanol is 1.72 A, which, together with the
magnitude of the differential binding energy, confirms that a hydrogen bond is formed
(Figure 2.4).

We note that the binding energy of the second ethanol in the ethanol-ethanol dimer
is referenced to that of a gas-phase ethanol molecule. However, the specific ethanol
precursor that forms the dimer may originate from a weakly physisorbed state within
the zeolite framework, such as that at a silanol defect. As physisorbed ethanol is in
equilibrium with the gas phase, and there are no indications of internal mass transfer
limitations (Supporting Information 2.6.6), the barriers to intracrystallite diffusion
are assumed to be low. Such barriers do not, therefore, affect the reaction kinetics,
although they might be relevant for those describing alternative reactions.

At the subsequent nucleophilic substitution transition state for DEE formation
(TS1, Figure 2.4), the oxygen atom of the vdW-ethanol acts as the nucleophile,
attacking the alpha carbon of the primary ethanol, while its C-O bond to the leaving
group (OH) is cleaved. The angle of attack between the stannanol leaving group, the
ethyl electrophile, and the vdW-ethanol nucleophile is 154.6°, which deviates from
the expected angle of 180° for gas phase Sy2 reactions that maximizes overlap of
the vdW-ethanol oxygen lone pair and the C-O antibonding orbital of the primary
ethanol. This deviation may be influenced by the confining pore geometry, which
would strain the transition state geometry away from the most favorable angle. The
distance between the stannanol group and the ethyl electrophile is 2.24 A, while the
distance from the ethyl electrophile to the nucleophilic vdW-ethanol is 2.04 A, and
the distance from the nucleophilic vdW-ethanol ethyl group to the nearest pore wall
oxygen atom is 4.04 A. The O-H bond of the nucleophilic ethanol is fully formed at
the transition state and is similar in length as in the coadsorbed dimer. The protic
hydrogen transfers from the vdW-ethanol to an adjacent framework oxygen to form

a silanol defect.



26

The lowest energy final state (DWx ', Figure 2.4) is comprised of the hydroxyl
open site and adsorbed DEE. The most stable adsorption configuration for DEE is
on the stannanol group, with a distance of 1.76 A between the stannanol hydrogen and
the ether oxygen. The preference for adsorption at the stannanol is slight, however,
as the differential binding energy of DEE adsorbed instead to the framework silanol
is only 0.05 eV higher. The intrinsic activation free energy for DEE formation from
a coadsorbed ethanol dimer is 1.59 eV, and the reaction free energy is endergonic by
0.38 eV.

An alternative DEE formation mechanism is an Syi-type reaction where the nucle-
ophilic attack is constrained to be retentive, and necessitates a frontside attack [156].
This type of transition state has been observed for a set of glycosyltransferase en-
zymes [157] and involves a hydrogen bonding interaction between the leaving group
and the nucleophile. As the classical Sy2 angle of attack, described above, may be re-
stricted by the geometry of the confining pore, the frontside attack mechanism could
be a plausible transition state configuration. In the Syi mechanism, the protic hy-
drogen of the nucleophilic vd W-ethanol is transferred to the stannanol leaving group,
directly forming an adsorbed water molecule. The distance from the methyl group of
the vdW-ethanol to the nearest pore wall oxygen atom is 5.38 A, corresponding to
a more tightly bound transition state complex than for the Sx2 case. The intrinsic
barrier for the Syi mechanism is higher by 0.66 eV (Supporting Information, 2.6.7).
Thus, the enthalpic penalty of straining the Sx2 transition state complex is less severe

than that incurred by adopting the frontside nucleophilic attack angle.

2.3.3.2 Ethoxy open site mediated mechanism

Beginning with an ethoxy open site formed by ethanol dissociation, other DEE
formation mechanisms are possible. Adsorption of molecular ethanol on the ethoxy
open site (EEx*, Figure 2.5) is exergonic at -0.33 eV and is mediated by hydrogen
bonding with the framework silanol. The interaction distance between the proton

of the framework silanol and the hydroxyl oxygen of the adsorbed ethanol is 1.84
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Figure 2.5: Ethoxy open site reaction mechanism and selected adsorbate geometries.
Free energies are evaluated at 404 K and 1 bar. For clarity, the pore wall is truncated
in the TS4 diagram, and diethyl ether is referred to as D in the reaction diagrams.
Nomenclature for the other reaction intermediates and Sn sites is found in Figure 2.3.

A. DEE forms via nucleophilic substitution, where the ethoxy ligand behaves as the
nucleophile. In a concerted step, the adsorbed ethanol is protonated by the framework
silanol, forming water as a stable leaving group, while the ethyl electrophile is attacked
by the nucleophilic ethoxy ligand (TS4, Figure 2.5). The bond angle between the
leaving group (water), electrophile (ethyl), and nucleophile (ethoxy) is 150.6°. The
distance to the nearest oxygen atom in the opposite pore wall is greater than 5 A,
indicating minimal steric interaction based on atomic distances. The distance between

the nucleophile and electrophile is 2.40 A, while the distance from the electrophile to
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the water leaving group is 2.02 A. The free energy of activation is 1.66 eV, and the
reaction free energy is exergonic at -0.33 eV. The ethoxy open site is closed in the
process of protonating the leaving group to form the closed Sn site and coadsorbed
DEE and water. The most stable final state configuration involves adsorption of
water on the Sn and a hydrogen bonding interaction between water and DEE (DW*,
Figure 2.5). The interaction distance between the hydrogen from water and the
etheric oxygen is 1.73 A.

The possibility of forming a retentive Syi-type transition state from the ethoxy-
ethanol dimer was considered as an alternative to the backside attack Sy2 mechanism
presented above. Here, the ethoxy ligand again behaves as the nucleophile. The
nucleophilic ethoxy ligand attacks the ethanol in a concerted mechanism where the
hydroxyl leaving group forms a bond to Sn, yielding a hydroxy ligand (Supporting
Information, 2.6.7). An ethyl fragment is once again the electrophile, forming DEE
and breaking the ethoxy-Sn bond. The silanol is not necessary to protonate the
leaving group, therefore this mechanism behaves as a ligand transfer process in which
the ethoxy ligand is replaced with a stannanol to preserve the structure of the silanol
and form DEE. The free energy of activation for the ligand transfer mechanism is
higher than that of the Sy2-type mechanism by 0.2 eV.

The Sy2 mechanism on the ethoxy open site is analogous to a Brgnsted acid-like
dehydration mechanism mediated by protonation of the ethanol. The Lewis acid-
mediated mechanism differs from the Brgnsted acid-mediated one, however, because
the electronic structure of the nucleophile is modulated by the strength of the inter-
action with Sn. There is a cooperative effect of the Sn and the framework silanol in
stabilizing the nucleophile and the leaving group, which lowers the activation barrier
compared to a case involving direct ligand transfer in which Sn must stabilize the
nucleophile and electrophile simultaneously. On an oxide surface such as v-Al,O3,
adjacent Lewis acid sites stabilize the leaving group and nucleophile separately, as

described by Christiansen et al. [89]. Here, the framework silanol that is formed when
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Sn is opened by ethanol acts as a second site that stabilizes the leaving group, while

Sn stabilizes the nucleophile.

2.3.3.3 Hydroxy open site mediated mechanism

The hydroxy open site can adsorb an ethanol-ethanol dimer, introducing an ad-
ditional distinct mechanism for bimolecular DEE formation. Coadsorption of two
ethanol molecules onto a hydroxy open site can be described by multiple adsorption
geometries. One ethanol can form a hydrogen bond with the stannanol while the
second forms a hydrogen bond with the framework silanol. Either of these ethanol
molecules may alternatively form a hydrogen bond with the other ethanol rather than
the stannanol or silanol, generating two additional possibilities. The most stable con-
figuration is the former, with one ethanol on each OH site (EEW,*, Figure 2.6). As
discussed above, the binding energy for the first ethanol that makes up the dimer is
-0.07 eV, and the differential binding energy for the second ethanol is -0.24 eV.

At the transition state (T'S6, Figure 2.6), the ethanol adsorbed on the framework
silanol is protonated in a concerted step while the ethanol adsorbed on the stannanol
acts as the nucleophile. The protic hydrogen of the nucleophilic ethanol can transfer
to the stannanol, forming water and closing the active site. The attack angle is
155° and deviates from the expected 180°, suggesting that additional electrostatic
interactions with the surrounding pore stabilize this alternate configuration. The
distance between the water leaving group and the ethyl electrophile is 2.07 A, and
the distance from the electrophile to nucleophilic ethanol is 2.22 A. The most stable
final state involves a trimeric adsorbed complex of two water molecules and DEE
(DWW*, Figure 2.6). A hydrogen bonding network is formed involving a strongly
bound water molecule, a weakly coadsorbed water molecule, and the ether oxygen
in DEE. The distance from the strongly bound water to the ether oxygen is 1.76
A, and that from the strongly bound water to weakly bound water is 1.79 A. The
intrinsic activation free energy for this process is 1.67 eV with a reaction free energy

of -0.30 eV. We note that this mechanism of DEE formation bears some resemblance
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Figure 2.6: Hydroxy open site reaction mechanism and selected adsorbate geome-
tries. Free energies are evaluated at 404 K and 1 bar. For clarity, the pore wall is
truncated in the TS4 diagram, and diethyl ether is referred to as D in the reaction
diagrams. Nomenclature for the other reaction intermediates and Sn sites is found in
Figure 2.3.

to a mechanism proposed by Knaeble and Iglesia [158], in which a Brgnsted acidic
hydroxyl group on a polyoxometallate (POM) cluster protonates ethanol, while the
nucleophilic ethanol transfers its proton to a different oxygen site.

Intriguingly, the tin center does not directly influence the electronic structure of
the hydroxy open site pathway since protonation of the nucleophile occurs through the
framework silanol. The Brgnsted acidic character of this silanol has been discussed

by Josephson et al [154]. The silanol, in turn, has no electronic overlap with Sn,



31

as shown from the COHP analysis for hydroxy open sites (Supporting Information,
2.6.2). Hence, the Lewis acidic character of Sn appears to influence dehydration
transition state energies more weakly than the deprotonation energy (DPE) of the
framework silanol, as the metal atom predominantly affects the energy needed to close
the open site. The DPE, in turn, is a probe-independent descriptor of the intrinsic
strength of Brgnsted acids that correlates with the intrinsic activation barriers of
reactions mediated by ion-pair transition states [33,74,80]. Additionally, since there
is no electronic interaction between the framework silanol and the Sn center, the DPE
of framework silanols formed through site opening will likely be similar for different
Lewis acidic heteroatoms.

Figure 2.7 compares the free energy profiles for the various site-specific pathways
(closed, hydroxy open, ethoxy open), with all pathways placed on a common energy

reference of stoichiometric reactant gases and a closed Sn site. Adsorption, desorption,
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Figure 2.7: Lumped DEE formation mechanisms with different Sn site speciations.
Free energies are evaluated at 404 K and 1 bar. Black — closed site, blue — hydroxy
open site, red — ethoxy open site.

and site opening elementary steps have been lumped for clarity, highlighting the
distribution of intrinsic and apparent activation barriers relative to the gas phase

(see also Table 2.2).
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Table 2.2: Kinetic barriers for DEE formation on different Sn sites.

Sn site Intrinsic barrier (eV) Activation barrier relative to
gas phase (eV)

Closed 1.59 1.05

Hydroxy open 1.67 1.33

Ethoxy open 1.66 1.43

The apparent activation barrier relative to gas phase for the closed site mechanism
is 0.28 eV lower than the barrier for the hydroxy open site mechanism, and 0.38 eV
lower than that of the ethoxy open site mechanism. This result may relate to the
observation that the formation of hydroxy and ethoxy open sites from closed sites
is endergonic, and the free energies of ethanol-ethanol dimer species adsorbed on
these sites are hence penalized relative to the ethanol-ethanol dimer adsorption on
closed Sn sites. The relative stability of the closed sites may, in turn, be due to the
low chemical potentials of gas phase ethanol and water and to the local structure
of the beta framework. These results suggest that DEE formation will be primarily
mediated by closed Sn sites, but this conclusion depends on the relative populations
of the various sites during reaction conditions. These populations may, in turn, be
influenced by factors that are not described by the free energy diagrams, such as
the coproduction of water and associated hydroxyl open site formation. Therefore,
catalytically-relevant site populations can only be quantified through the development

of a detailed microkinetic model.

2.3.4 FEthene formation mechanisms

While the primary focus of this study is on ethanol dehydration at conditions
where DEE is the only product formed, consideration of the monomolecular dehydra-
tion products (ethene) permits prediction of selectivity at other reaction conditions.
The experimental DEE formation rate per mole of Sn at 404 K is at least two orders

of magnitude greater than that of ethene (ethene was formed below the experimental
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detection limit). Thus, an additional test of the accuracy of a microkinetic model
is to verify that DEE formation is preferred when ethene formation mechanisms are
also included. Inclusion of these additional mechanisms also permits extension of the
microkinetic model to higher temperatures where ethene formation may be favored.

On a Sn closed site, the formation of ethene requires C,-O and Cg-H scission,
which may be either concerted or sequential. The concerted pathway proceeds with
a lower overall barrier, as ethanol can form a 6-member ring transition state. In
this transition state, an OH ligand is transferred to the Sn, while a hydrogen from
the [ carbon is transferred simultaneously to a framework oxygen forming a hydroxy
open site. The methyl hydrogen must be transferred to an oxygen adjacent to the
stannanol, which is metastable compared to silanol formation anti to the hydroxy
ligand. As discussed above, a proton shuttling mechanism mediated by water or
ethanol allows the hydroxy open site to adopt its most favorable configuration. At
the transition state, the C,-O bond of ethanol elongates to 2.21 A, and the Cs-H bond
elongates by 0.33 A as the hydrogen lies equidistant between the Cs and framework
oxygen. The free energy of activation for this process is 1.96 eV with an endergonic
free energy of reaction of 0.67 eV.

Ethene can also form through a bimolecular mechanism starting from ethanol
adsorbed onto an ethoxy open site. The ethoxy ligand acts as a base to break the Cg-H
bond by a classical E2 mechanism. Simultaneously, the framework silanol protonates
the adsorbed ethanol to form water. The C,-O bond of the adsorbed ethanol elongates
to 2.23 A, while the Cp-H bond increases to 1.26 A, with a distance of 1.43 A to the
ethoxy ligand. The intrinsic activation free energy for this mechanism is 1.83 eV,
with an exergonic free energy of reaction of -0.14 eV. The most favorable final state
configuration is an ethanol-ethene-water trimer with ethanol bound to the Sn site at
a distance of 2.27 A. Water forms a hydrogen bond 1.80 A away from ethanol, while
ethene lies 3.46 A from the ethanol C,,.

Ethene formation on the hydroxy open site is closely related to that on the ethoxy

open site. Instead of ethoxy behaving as a base to remove the Cs-H, however, the
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stannanol acts as a base. The C-O bond elongation is 2.25 A, differing by 0.02 A
compared to the ethoxy open site pathway. The Cg-H bond elongates to 1.27 A, and
the transferred hydrogen is 1.41 A from the stannanol. The Cp-H distance is within
0.01 A, and the distance to the base is within 0.03 A of the ethoxy open site pathway.
The intrinsic activation free energy for this process is 1.51 eV, with an exergonic
free energy of reaction of -0.13 eV. The lumped ethene formation free energy diagram
(Figure 2.8) shows higher intrinsic activation energies than for DEE formation (Figure

2.7), suggesting selectivity toward DEE. As mentioned above, however, this conclusion
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Figure 2.8: Lumped ethene formation mechanisms with transition state geometries.
Free energies are evaluated at 404 K and 1 bar. Ethene formation on closed sites
(TST), ethene formation on ethoxy open sites (TS8), and ethene formation on hydroxy
open sites (T'S9). The pore wall is truncated for clarity.

is sensitive to the population of the various types of Sn sites, which will be further

elucidated via microkinetic modeling.
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2.3.5 Ethanol Dehydration Kinetics

Free energy diagrams of reaction pathways and transition state structural char-
acterization are useful for defining the space of plausible catalytic elementary steps.
However, direct comparison with experimental kinetic measurements, which is neces-
sary to verify mechanistic predictions, is not possible without microkinetic modeling.
An accurate microkinetic model can, in turn, provide information that may be inacces-
sible to experiment, such as the identities of the most abundant surface intermediates
(MASI) and kinetically relevant steps, and these fundamental kinetic insights may
ultimately be used to develop trend-based descriptions of how reaction conditions and

heteroatom identity influence reaction rates and selectivities.

2.3.5.1 Microkinetic model development

To develop and optimize the microkinetic model, we introduce a self-consistent
method of model calibration in which sensitive parameters are identified and subse-
quently treated at higher levels of theoretical accuracy [148,159,160], including hybrid
functional calculations for potential energies and molecular dynamics simulations for
entropies. To identify sensitive parameters, the generalized Degree of Rate Control
(GDRC) [119] is calculated for every reactive intermediate and transition state, nor-
malized by the total DEE formation rate. The first iteration of the microkinetic model
is constructed using BEEF-vdW rate constants with harmonic oscillator-derived en-
tropies for adsorbates and standard partition function methods for entropies of gas
phase species. A more detailed discussion of the microkinetic model construction,
as well as structures of all intermediates, is included in the Supporting Information
sections 2.6.8 and 2.6.9.

Once rate-controlling intermediates are identified, hybrid functional calculations
with HSE06 and improved entropy analyses are performed. A mode decomposition
method for calculating adsorbate entropies was developed, where low frequency modes

are visualized and replaced with translational and rotational degrees of freedom, as
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appropriate (Supporting Information, 2.6.10). In the zeolite framework, free transla-
tional diffusion of adsorbates is not possible due to site isolation. Despite this, AIMD
calculations of molecular adsorbates show localized translational motion around the
adsorption sites, which indicates highly anharmonic potential energy wells. A 1-D
square potential is used to approximate these wells, where the width of the square
well is estimated from AIMD calculations. Rotational modes, both with and without
hindering potentials, are treated with classical partition function methods. Finally,
higher frequency modes that cannot be identified as localized translations or rotations
are treated using harmonic vibrational partition functions.

Although unfeasible for every reaction intermediate, the entropies of kinetically
and thermodynamically sensitive intermediates are calculated using integration of
the Vibrational Density of States (VDOS) obtained from atomic trajectories [127].
Atomic trajectories are determined through AIMD with a NVT thermostat at 404 K,
and a 0.5 fs timestep is used for 10 ps of equilibration followed by a 15 ps production
run. The atomic velocities are then analyzed according to the method by Lin et
al. [161,162] by decomposing the VDOS into ideal gas, rotational, and vibrational
degrees of freedom.

A comparison of entropy calculations at 404 K for ethanol monomers and dimers
is provided in Table 2.3, including the standard quantum harmonic oscillator method,
the Campbell-Sellers relationship [163], which is a semi-empirical correlation for
weakly-bound surface intermediates whose entropies are dominated by two dimen-
sional quasi-translational modes, the mode-decomposition method, and the AIMD /VDOS
approach. The standard quantum harmonic oscillator underestimates entropies of ad-
sorbed intermediates relative to the Campbell-Sellers approximation, which accounts
for translational degrees of freedom. The inclusion of these translational degrees of
freedom, in turn, was determined to be important, as translation was observed in
AIMD simulations of adsorbed monomers and in visualization of the low frequency
harmonic modes. However, the use of the Campbell-Sellers entropy for coadsorbed

dimers does not account for the mutual exclusion of identical ethanol molecules, mo-
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Table 2.3: Selected entropy comparisons for surface-bound intermediates.

Adsorbate Harmonic Campbell- Mode- AIMD
entropy?® (J Sellers decomposition entropy (J
mol! K1) entropy (J  entropy (J mol! K1)

mol! K1) mol! K1)

Ethanol (E) 141 177 169 195
Water (W*) 63 111 109 -
Ethanol-ethanol (EE*) 319 354P 348 372
Ethanol-water (EW*) 205 288¢ 282 3904
Ethoxy open (E.*) 151 - 182 -
Hydroxy open (W, *) 59 - 105 -
DEE-water (DW*) 294 : 362 .

“Tmaginary frequencies replaced with a 20 cm™ mode, similar to [164]
bReferenced to uncorrelated gas phase ethanol

“Referenced to uncorrelated gas phase ethanol and water

4Sum of ethanol and water contributions

tivating the exploration of mode decomposition approaches. Based on the localized
translational character observed in AIMD simulations, the explicit mode decompo-
sition method used particle-in-a-box translation partition functions with diffusion
lengths derived from short 5ps AIMD simulations. The mode-decomposed entropies
are within 10 J mol*K™! of the Campbell-Sellers entropies, as adsorbates were ob-
served to have two localized degrees of translational freedom. While the Campbell-
Sellers approximation is valid for closed-shell molecular adsorbates on different Sn
speciations, the entropy change of dissociation to form defect sites involves open-shell
species. To improve estimates of the ethoxy- and hydroxy-open sites, therefore, the
mode decomposition method is applied with mode assignments being made based on
visualization of harmonic modes. The AIMD/VDOS approach is particularly useful
for ethanol monomers and dimers, as it provides a more accurate entropy treatment
than the mode decomposition method by including the coupling between anharmonic

rotations and vibrations, albeit at a much higher computational cost. With this ap-
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proach, for example, the entropy of the ethanol-ethanol dimer is found to be 24 J
mol K™ less than the weakly interacting mode-decomposition method.

We note that both the mode decomposition and AIMD/VDOS methods are ex-
pected to perform better than the purely harmonic mode approximation, which
excessively localizes the molecular adsorbates. In the case of the ethanol-water
dimer, AIMD predicts a strongly bound ethanol with entropy similar to the ethanol
monomer, and a weakly bound water with entropy similar to an ideal gas state. This
delocalization of adsorbate water is not represented in the harmonic mode approxi-
mation, which thus greatly underestimates the entropy of the ethanol-water dimer.
However, we additionally note that while the mode decomposition entropy is expected
to provide a better approximation than the harmonic entropy, the AIMD method is
necessary to properly predict experimentally observed kinetic behavior, as is discussed
further below. Since AIMD calculations are expensive due to their duration, we sug-
gest first using a mode decomposition method, with short-duration AIMD of a few
picoseconds to observe translation lengths, and finally perform a full 15ps or longer
AIMD run to obtain anharmonic entropies for the most sensitive intermediates, as
determined by the DRC.

In addition to improving the entropic contributions to the free energy, the elec-
tronic structure of intermediates can be improved by hybrid DFT functionals, such
as HSE06. These constitute a natural progression toward higher computational ac-
curacy in potential energy calculations because of the exact-exchange contributions
that properly localize electron density. The excessive delocalization of electron den-
sity by typical GGA-level functionals produces systematic errors in non-conducting
oxides [165], and some of this error can be corrected through use of hybrid functionals.
HSEO06 does not, however, treat long range dispersion interactions, as shown in the
Supporting Information 2.6.11, and thus a Grimme D3-type semi-empirical dispersion
correction is added [139,140]. To quantify the effects of these factors on adsorption
energetics, focusing on dimeric species due to their rate-sensitivity, a hypothetical

reference state is established corresponding to two adsorbates at separate Sn sites
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that are non-interacting. The energy of this configuration can then be compared to
the corresponding energy of a dimeric adsorbate and an empty Sn site as shown in
Equation 2.3. The difference in potential energy between these two states will be re-
ferred to as the dimerization energy, which only includes the energy of reorganization

of the adsorbates and additional dispersion interactions gained through dimerization.

2E* = EE* + x (2.3)

With this metric, it is found that the ethanol-ethanol and ethanol-water dimers have
lower energies when treated with BEEF-vdW as opposed to HSE06-D3 (optimized
geometries of these intermediates, however, show no significant differences between
BEEF-vdW and HSE06-D3). To compensate for this excess dimer stabilization in
BEEF-vdW| differential binding energies are adjusted by +0.12 and +0.15 for the
ethanol-ethanol dimer and water-ethanol dimer in subsequent iterations of the mi-
crokinetic model, as discussed further below. A full figure of binding energies compar-
ing BEEF-vdW, PBE, PBE-D3, HSE06, and HSE06-D3 is available in the Supporting

Information 2.6.11.

2.3.5.2  Microkinetic model refinement and mechanistic analysis

The generalized degree of rate control for intermediates and transition states based
on mode decomposition entropies and BEEF-VAW energies implies that the reaction
rate is sensitive to adsorption energies of ethanol monomers, ethanol-water dimers,
and ethanol-ethanol dimers, which have the largest GDRC values of -1.66 x 1072, -1.14
x 107, -9.83 x 10°!. These energies then become the focus for two additional tiers
of model accuracy, as described above. The results of the three tiers are summarized
in Figure 2.9, first using a purely quantum harmonic oscillator entropy description
and BEEF-VAW energies, second using the mode decomposition method with BEEF-
VAW energies, and third with AIMD entropies and HSE06-D3 corrected dimerization

energies. Using a purely harmonic oscillator entropy for all adsorbed intermediates,



40

104 1.0

g
® )
L s
g 610 g
£ 5 0
tc o
>0 ®
w —
L O s
o £ =
£= 9
i g s
= £ 10° w
>= o
s o
2 8
o >
7
a Sn-Beta
107 /! 404K
101 100 10! 102 101 100 10! 102
Ethanol Pressure (kPa) Ethanol Pressure (kPa)

Figure 2.9: A) Ethanol reaction orders at 404 K, 0.1 kPa water partial pressure.
Rate predictions at increasing levels of theoretical treatment are provided which in-
clude purely harmonic oscillator entropies (short dashed lines), mode decomposition
method using AIMD-derived diffusion distances (long dashed lines), and the full en-
tropy treatment with anharmonic integrated entropies (solid line). B) Surface cov-
erages at 404K and 0.1 kPa water partial pressure at the full quasi-harmonic level.
Ethanol monomer E* (solid line), ethanol dimer EE* (short dashed line), empty site
* (long dashed line), ethanol-water dimer EW* (dotted line).

the ethanol reaction order approaches zero at lower ethanol partial pressures than is
observed experimentally, suggesting that the harmonic oscillator approach underesti-
mates the entropy of adsorbed ethanol monomers. The ethanol reaction order of zero
is likely due to a convoluted effect of differential binding energies between the ethanol
monomer and dimer species as evidenced by the HSE06-D3 dimerization energies, as
well as the presence of coupled anharmonic entropic modes in the dimer. Without
the HSE06-D3 dimerization energy correction, ethanol orders are zero at ethanol par-
tial pressures above approximately 5 kPa. When applying the mode decomposition
(MDE) approximation for entropies and dimerization correction, the ethanol orders
remain nonzero over the entire experimental pressure range studied (0.5 kPa — 35 kPa
ethanol).

Better agreement with the experimental orders is achieved, however, when re-

placing the ethanol monomer, ethanol dimer, and ethanol-water dimer entropies with
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the full AIMD/VDOS integrated entropies. Water reaction orders agree well with
experiment at this level of treatment, and the DEE rate and selectivity are nearly
quantitatively consistent with the measurements. The ethanol reaction order is higher
(still sub-unity), however, than what is measured in experiment. This modest discrep-
ancy is likely because the ethanol-ethanol dimer binds too weakly when incorporating
the HSE06-D3 energies and AIMD integrated entropy. A small reduction of the bind-
ing energy (0.06 eV) is sufficient to remove this discrepancy, and this is the only
fit parameter in the entire model. The model is also robust against numerical un-
certainties; propagation of a 0.1 eV error centered on the calculated free energies of
adsorbates and transition states had a negligible change on the generalized degree of
rate control (Supporting Information, 2.6.12). These results highlight the usefulness
of tiered treatments of microkinetic parameters using both theoretical DRC analysis
and comparisons to experimental reaction orders and rates. The iterated DRC analy-
sis captures trends and provides semiquantitative agreement with experimental orders
and rates; achieving quantitative agreement with all measurable quantities requires a
small residual parameter adjustment.

The site interconversion steps are found to have DRC values more than three or-
ders of magnitude below those of the bimolecular rearrangement steps, demonstrating
that site equilibration is achieved under reaction conditions. Effectively, open and
closed sites readily interconvert to achieve their equilibrium distribution, which in
turn depends only on the chemical potentials of ethanol and water. Significantly, this
result demonstrates that the numbers of open and closed Sn sites determined ez-situ
or after specific gaseous pre-treatment steps cannot be directly correlated with reac-
tion rates under steady-state conditions. Additional evidence for this conclusion is
provided by our kinetic measurements. Experimental turnover rates are similar when
normalized by the total number of Sn sites (within a factor of ~2 at 404 K) among
six samples with varying Sn contents (2-5x10™* mol Sn g, or Si/Sn=30-95), but
normalization of rates by the number of open Sn sites quantified ex situ increases

the scatter in turnover rate measurements among these six samples (Supporting In-
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formation, 2.6.6). In fact, this phenomenon can be directly simulated by seeding the
reactor model with variable initial populations of open sites, similar to a catalyst
sample containing a non-equilibrated distribution of open sites under ez-situ condi-
tions. Similar equilibrium coverages of open sites are obtained at steady-state in all
cases.

The reactive intermediates with surface coverages identified by the generalized
DRC to be rate-controlling include ethanol monomers, ethanol-ethanol dimers, ethanol-
ethoxy dimers, and water-ethanol dimers. Figure 2.9 displays DEE rates and surface
coverages over an ethanol pressure range of three orders of magnitude (0.1 kPa H»O,
404 K). As discussed above, the optimized microkinetic treatment captures experi-
mental trends quite well. At conditions where experimental data are available, the
ethanol order is sub-unity, and the surface contains a mixture of ethanol monomer,
ethanol-ethanol dimer, and ethanol-water dimer species. As the ethanol pressure in-
creases beyond 100 kPa, the ethanol order approaches zero, and the surface becomes
covered in ethanol-ethanol dimers.

At low ethanol partial pressures, below 1 kPa, the coverage of empty Sn sites
begins to increase, which might eventually lead to an ethanol order greater than
unity at ethanol partial pressures much lower than what we can access experimentally.
However, as the adsorption of ethanol is highly exothermic, few vacant Sn sites are
present at the relevant pressures. This fact, coupled with the presence of a non-
negligible coverage of ethanol-water dimers resulting from competitive adsorption of
water, leads to ethanol reaction orders less than unity (see section 3.5.3 for additional
discussion).

Under reaction conditions, the abundance of vacant ethoxy and hydroxy open
sites is predicted to be below 1%. The contribution to DEE formation from the
closed site mechanism is 99% of the total DEE formation rate, with the ethoxy open
site accounting for slightly less than 1% of the total rate and the hydroxy open site
mechanism having a negligible contribution to the total DEE formation rate. This

higher turnover rate from the closed site mechanism is due to both the negligible cov-
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erage of open sites under reaction conditions and the lower kinetic barrier, relative to
the gas phase species, of the closed site mechanism (Figure 2.7). These results demon-
strate that open sites contribute only marginally to ethanol dehydration turnovers on

Sn-Beta.

Table 2.4: Selected generalized DRC for reactive intermediates and transition states.
Level of theory includes HSE06-D3 and AIMD entropy scheme.

Adsorbate Generalized DRC
Ethanol (E*) -0.55
Ethanol-ethanol (EE*) -0.37
Ethanol-water (EW*) -0.08
Closed site TS (TS1) 0.99

Water orders and coverages are calculated at fixed ethanol partial pressure and
fixed conversion and shown in Figure 2.10. At low water partial pressures, the water
order approaches zero, and at higher partial pressures, the water order approaches -1,
consistent with measured reaction rates and kinetic inhibition by water. Indeed, the
dominant water intermediate at high water pressure is found to be the ethanol-water
dimer. This result is fully consistent with DRC analyses that give a modest negative

value for ethanol-water dimers (-0.11), indicative of an inhibitory species.

2.3.5.3 Simplified mechanism and rate expression

Using the generalized degree of rate control analysis and knowledge that the ki-
netically relevant pathway is mediated by the closed site, a simplified rate expression
for ethanol dehydration can be derived. Over the range of reaction conditions stud-
ied, the intermediates with an appreciable degree of rate control and surface coverage
are ethanol monomers (E*), ethanol-ethanol dimers (EE*), and ethanol-water dimers
(EW*). All adsorption and desorption steps are quasi-equilibrated, and there is site

equilibration between closed and open sites regardless of ligand identity. From these
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Figure 2.10: A) Water reaction orders at 404 K and 20 kPa ethanol partial pressure
(short dashed line and open squares for theory and experiment), 8 kPa ethanol partial
pressure (long dashed line and filled squares for theory and experiment), 0.5 kPa
ethanol partial pressure (solid line and filled diamonds for theory and experiment. B)
Surface coverages are at 404K and 8 kPa ethanol partial pressure. Ethanol monomer
E* (solid line), ethanol dimer EE* (short dashed line), empty site * (long dashed
line), ethanol-water dimer EW* (dotted line). All calculations at full integrated
VDOS level.

observations, the mechanism can be reduced to three intermediates, three quasi-

equilibrated elementary steps, and one rate determining step (Figure 2.11).

(1) E(g)+* <0= F*
Kz

2) E()+E* <H= EE"
K3

3) W) +E* <g= Ew

k
(4) EE* — > DEE(g) + W(g) + *
Figure 2.11: Simplified reaction mechanism derived from the generalized degree of
rate control. Steps 1, 2, and 3 are quasi-equilibrated. Step 4 is the rate-limiting
bimolecular dehydration on closed Sn sites.



45

The mechanism in Figure 2.4 can be used to derive a rate expression of DEE
formation per active site in terms of ethanol and water partial pressures, as well as

rate and equilibrium constants of the elementary steps:

T'DEE _ k4K1K2PE2
L 1+ K Pp + K \K,Pg? + K1 KPPy

(2.4)

where rpgg is the rate per unit surface area, “L” denotes the total number of catalytic
Sn sites, and @ denotes the fractional coverage of a given reactive intermediate. How-
ever, since the coverage of vacant sites is negligible, the unity term in the denominator

can be neglected, yielding

TDEE _ k4 K5 Pg
L 14+ KoPg + K3Py

(2.5)

A detailed derivation is provided in the Supporting Information 2.6.13. Equation
2.5 predicts ethanol reaction orders of between zero and unity, depending upon the
relative partial pressures of ethanol and water, in agreement with our experimental
results. We note, however, that equation 2.5 will not hold in the limit of extremely
low ethanol partial pressures (below what we have accessed experimentally) where
the coverage of empty sites becomes relevant and where the ethanol order could
approach two. In general, this simplified rate expression provides a model that can
be used to extract intrinsic rate and equilibrium constants from measured kinetic data.
In addition, future computational searches over zeolites with different topologies or
Lewis heteroatom identities could be more rapidly performed by focusing on these

key descriptors of the reacting molecules.

2.4  Conclusions

A mechanistic study of ethanol dehydration to diethyl ether in Sn-substituted
zeolite Beta was performed using a combination of DF'T calculations and experimen-

tal kinetic measurements, which were linked through microkinetic modeling. The
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kinetic modeling results at the level of GGA functionals and harmonic oscillator-
derived entropies compare poorly with experimentally measured rates and reaction
orders. Although performing hybrid functional calculations and AIMD entropies for
all reactive intermediates is infeasible, a hierarchical scheme of microkinetic model
development that employs higher accuracy methods for kinetically sensitive interme-
diates provides an efficient approach to capture the critical physicochemical features
of the ethanol dehydration reaction network. Here, the generalized degree of rate con-
trol is used both as a criterion for distinguishing rate-determining pathways and as a
criterion for employing higher accuracy methods. The BEEF-vdW functional, used
for its self-consistent van der Waals correlation, overbinds ethanol-water (EW*) and
ethanol-ethanol (EE*) dimers in comparison to HSE06-D3, perhaps due to imprecise
descriptions of hydrogen bonding interactions that dominate many of the differential
binding energies in this study. For kinetically sensitive intermediates, an AIMD-based
integration scheme treats the long-range anharmonic framework interactions, and fur-
ther improves agreement with experimentally measured orders. The model allowed
for rationalization of experimentally observed reaction orders and identifies ethanol-
water dimers as the dominant inhibitory surface species. Methods such as these can
be broadly applied to microkinetic models requiring higher accuracy methods for a
subset of intermediates.

Closed and open sites are found to interconvert in quasi-equilibrated processes
under reaction conditions, and distinct mechanisms for dehydration on each site are
considered. Dehydration transition states at each type of site show similar intrinsic
barriers, and the dominant pathway is mediated by closed Sn sites. Indeed, under
experimentally studied reaction conditions (404 K, 0.5-35kPa ethanol, 0.1-50 kPa
water), the relative coverages of ethoxy and hydroxy open sites were less than 1%,
with the dominant surface intermediates being ethanol monomers and ethanol-ethanol
dimers. Mechanisms considered on the hydroxy-open site show a concerted transition
state involving both the Lewis acidic character of the tin center in addition to the weak

Brgnsted acidic character of the adjacent framework silanol, via a transition state
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geometry reminiscent of that in ethanol dehydration previously studied on Brgnsted
solid acids.

The dynamic conversion of tin sites of different coordination under reaction con-
ditions introduces additional possibilities for influencing the reactivity of Lewis acid
zeolite catalysts. Depending on the applied chemical potential of water or other alka-
nols, the equilibrium distribution of sites under reaction conditions can be controlled.
This opens an avenue to influence selectivity by preferentially enhancing rates of spe-
cific pathways that may be catalyzed on different heteroatom coordinations. These
findings show how the relative stability of different active site structures under reac-
tion conditions must be understood to gain a mechanistic understanding of reactions
catalyzed by Lewis acid zeolites and to provide additional strategies for tuning the

catalytic properties of these materials.
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2.6 Supporting Information

2.6.1 Binding Energies of key intermediates at different acid sites
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2.6.2 Electronic Structure characterization of open sites

Stannanol

W ) ) 4
L

~J

Figure 2.12: Electron localization function for hydroxy open site calculated in VASP.

Electron localization function for hydroxy open site calculated in VASP shows
no overlap of electron density between the protonated framework oxygen and Sn
heteroatom [166]. The remaining three framework oxygen atoms and Stannanol ligand

have electronic overlap with the Sn heteroatom. Bader charges show Sn maintains the

Table 2.6: Oxygen Bader charges [150] calculated for closed and open sites.

Sn speciation Unscaled Sn Bader charge (e")
closed site (*) 1.67
hydroxy open site (Wx*) 1.69
ethoxy open site (Ex*) 1.71

same oxidation state upon dissociation. COHP [149,167] bonding energies calculated
from VASP wavefunctions using the Lobster code show only 4 total Sn bonds upon
formation of an open site. The framework oxygen which is protonated loses its bond
to Sn, while Sn forms a bond to the ligand, maintaining the 4% oxidation state.
Additionally, orbital energies for OEt and OH ligands are similar to those of Sn-O¢
bonds.
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Table 2.7: COHP [149,167] bonding energies calculated from VASP wavefunctions

using the Lobster code.

Oxygen local environment®

ICOHP

Bond distance

occupation (eF) (A)
Sn-Oy 572 1.937
. Sn-Oy 5.72 1.937
*
Closed site (*) Sn-O; -5.50 1.950
Sn-Oy 5.49 1.953
Sn-Oy 5.45 1.947
, Sn-Oy _5.59 1.945
s
Hydroxy open site (W,*) Sn-Oy -5.40 1.955
Sn-OH 5.75 1.969
Sn-Oy 554 1.947
, Sn-Oy 5,51 1.950
*
Ethoxy open site (E.*) Sn-O; 515 1.974
Sn-OFEt 5.80 1.966

20¢ denotes a Sn-O bond to the framework.
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2.6.3 Water shuttling mechanism

Water shuttling allows for a syn open site with adjacent ligand and silanol to adopt
a more thermodynamically stable anti open site. Barriers are similar for ethoxy (TS2)
and hydroxy (TS4) open sites, 0.33 eV and 0.37 eV, respectively. Shown in Figure
2.13 are potential and free energy diagrams (404 K, 1 bar) for the full water-assisted
opening process, as well as images of the transition state for both ethoxy and hydroxy

open sites.
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Figure 2.13: Potential and free energy diagrams (404 K, 1 bar) for the full water-
assisted opening process, as well as images of the transition state for both ethoxy and
hydroxy open sites.
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2.6.4 Paired Sn DEE formation

DEE formation on paired Sn sites identified by Bare et al. [108]. The 0K intrinsic
potential energy barrier (referenced to EE*, where here E,* denotes a paired Sn site)
is higher than single Sn-site Beta SNy mechanisms. The left-most Sn site adsorbs
molecular ethanol while the right-most Sn site is functionalized with an ethoxy open
site with framework silanol circled for clarity. This configuration is thematically
similar to the lowest barrier transition state found by Christiansen [89] for ethanol

dehydration on 7-AlyOs.

Paired Sn-Beta
E,=1.72 eV

Figure 2.14: DEE formation on paired Sn sites identified by Bare et al. [108].
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2.6.5 Complete list of elementary steps in microkinetic model of ethanol dehydration
reaction network.

Here “C” denotes the monomolecular dehydration product, ethene.
1. WW* = W(g)+W*
2. DW* = D(g)+W*
3. C2W* = CW*+W(g)
4. E(g)+* = E*
5. E(g)+E* = EE*
6. EE.* = ECW*
7. C2W* = C(g)+WW*
8. W* = W_*
9. EE* = DW*
10. W* = W(g)+*
11. E(g)+EW,* = EEW,*
12. E(g)+W,* = EW,*
13. E* = CW*
14. EW* = C2W*
15. E*+W(g) = EW*
16. E,*+E(g) = EE*
17. E* = E*

18. DW,* = D(g)+W,*



19.

20.

21.

22.

23.

24.

25.

E 4+ W(g) = WE*
EEW,* = D2W*
EE* = DW,*

CW* = C(g)+W,*
ECW* = EW*+C(g)
CW* = C(g)+W*

D2W* = D(g)+WW*

54



2.6.6 Effect of site normalization on turnover rates

95

The standard deviations of the data in Figure 2.15(a) and (b), normalized to their

respective averages, are 0.28 (a) and 0.46 (b).
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Figure 2.15: Bimolecular ethanol dehydration turnover rate to form DEE (a) per

Lewis acidic Sn or (b) per open Sn, (b) at Prion=8 kPa, Pr20=0.1 kPa as a function of

the total Sn content for the six Sn-Beta-OH catalysts described in Table 2.1. Dashed
lines represent averages of the data.
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2.6.7 Additional mechanisms considered

Table 2.8: 0K intrinsic potential energy barriers (in eV) for the Sy2 and Syi path-
ways for bimolecular dehydration of ethanol to form DEE.

SN2 SN1

closed (*) 1.47 2.20

hydroxy open (W, *) 1.32 2.31

ethoxy open (E.*) 1.41 1.92
Closed Ethoxy open Hydroxy open

5

Figure 2.16: Images correspond to the Syi conformation (Sy2 provided in main
text). Surrounding pore environment is truncated for clarity.
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2.6.8 Construction of microkinetic model

Rate constants for gas phase adsorption are approximated using collision theory.
This approximation is the most accurate for gas collisions on a flat surface. The
inside pores of a zeolite are clearly not planar, but the flux of gas particles in the
pore striking isolated Sn atoms is likely not significantly different. The rate constant

of adsorptive processes is described by

L (2.6)
(2wkT)

where Ag is the area of a surface site and A is an adsorption sticking probability,
which will be assumed to be one. Rate constants for surface reactions are described
as

kT  (Grs-©)

Here, transition state theory has been applied to relate the free energy change from
the transition state of an elementary step to the forward rate constant with a fre-
quency factor approximated as the fundamental mode. Note that potential energy
and entropy effects have been included in the free energy.

Equilibrium constants for each step are defined by the standard relationship

_ (Gp'r‘oducts —Greactants)

K., =e KT (2.8)

The reverse rate constants can be obtained from the forward rate and equilibrium
constant with a pressure conversion term. For purely surface reactions, the reverse
rate is the forward rate divided by the equilibrium constant.

Once rate and equilibrium constants for all elementary steps have been deter-
mined, a CSTR reactor model can be established for an isothermal well-mixed reac-

tor.
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Mass balance equations for each species are developed. For a gas phase species,

the mass balance takes the form

dF

o= (Fy — F —b(rate)) (2.9)

where the rate term contains the rate expression involving gas phase species and F
denotes the gas flowrate in molar units. The parameters a and b determine the reac-
tor parameters, with ‘a’ relating to the reactor conversion and b relating to the site
normalization. To compare with experimental measurements, the rates are normal-
ized by the number of Sn sites in the same catalyst. Intrinsic rates for the reaction are
very low, and reactor conversion can be constrained below 1% by consistent choice of
parameter a.

For surface coverages, the rate of change is described by the expression

o,
dt

= rate (2.10)

where the coverage of an intermediate is expressed by the sum of the rates of elemen-
tary steps. In the microkinetic code, a stoichiometric matrix is formed which can be
used to identify rates of each elementary steps in an organized manner. The number
of sites is constrained by the site balance, resulting in a set of differential equations
numbering the total reaction species. An inert is included to maintain pressure in the
reactor. Initial gas flowrates can be calculated to match experimental data, and the
set of differential equations are integrated in time until steady state is achieved. At
steady state, the coverages and pressures can be used to evaluate the rates of each
elementary step. The total rate of product formation is defined as the total flowrate
of DEE produced from desorption.

As the overall rate of an elementary step involves the subtraction of a forward and
reverse rate, rounding errors can become large for steps with low overall rate. Thus,

the solution from the differential equation solver is fed into a nonlinear algebraic solver
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to achieve better numerical accuracy. Usage of the nonlinear solver alone is difficult,
however, since for a complex reaction network there may be many local roots.
Degree of rate control calculations are made by systematically varying each free
energy and reevaluating the rate and equilibrium constants. A differential change is
made to the free energy, and a least squares regression is made of the resultant rate
constant vs. rate plot. The least squares regression is useful to determine whether the
size of the differential perturbation is sufficient to maintain linearity in the numerical

derivative.

2.6.9 Additional adsorbate configurations

Figure 2.17: a) ethanol monomer, ethoxy open site, water monomer, hydroxy open
site
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Figure 2.18: b) ethanol-water dimer, water on ethoxy open site, water on hydroxy
open site

Figure 2.19: c¢) ethanol-ethanol dimer, ethanol on ethoxy open site, ethanol on
hydroxy open site
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Figure 2.20: d) ethene-water dimer, ethene-water-water trimer, DEE-water-water-
trimer, DEE-water dimer, DEE on hydroxy open site

Figure 2.21: ¢) water-water on hydroxy open site, water on ethoxy open site, water
on hydroxy open site, ethanol-ethene-water trimer
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2.6.10 Calculation of entropy using mode decompositions and AIMD

Harmonic vibrational modes for each adsorbate and transition state was calcu-
lated, and the modes are visualized to determine contributions to different idealized
partition functions for each respective mode. These partition functions are either the
quantum harmonic oscillator, the free or hindered rotor, or translation in an infinite
square potential. This choice of translational partition function is motivated by the
particular characteristics of adsorbates in zeolites. Through inspection of the lowest
frequency modes and AIMD simulations, adsorbates are found to translate around the
Sn atom, but they cannot diffuse to a nearby site due to isolation of the T site. Thus,
instead of using a full free translational partition function or a hindered translator,
an infinite potential well is approximated around the Sn atom.

Entropies determined from the respective partition functions, as used in the mi-

crokinetic code, are provided below for each such partition function:

1. Harmonic oscillator:

E

Suip =~ _1In (1 - e—%> (2.11)

err — 1
where E denotes the energy of the vibrational mode

2. Hindered rotators: hindered rotational modes are dependent on the free rotor
partition function and the magnitude of the rotational barrier. The entropy is
expressed for each rotational degree of freedom. The corresponding free rotor

partition functions are

0.5
Qrot = VT (M) (2.12)

o h?

which require knowledge of the symmetry factor and principle moments of in-

ertia. The hindering potential is expressed by

E

Ehindg =
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and the hindered rotational partition function is expressed as

thnd - Qrote_EhdeO (iEhind> (214)

where Jj is the zeroth order Bessel function. The entropy corresponding to each

degree of freedom is then evaluated as

Spoi = k (m (Qnona) + %) (2.15)

If the hindering potential is 0, the entropy corresponds to a free rotor about
the specified principle moment of inertia. Any hindering potential reduces the

entropy of the mode.

3. Translation in infinite square potential wells:

For localized translational modes, the characteristic translational length, L,
is used to establish an infinite square potential. The translational partition

function per degree of freedom is expressed as

2rmkTL?\ 2
Qtrans = ( 12 ) (216)

The entropy is then expressed as

Strans = k (ln (Qtrans) + %) (2.17)

To obtain accuracy beyond that of mode-decomposed partition functions, en-
tropies and free energies for adsorbed species are estimated from the two-phase ther-
modynamic method developed by Lin, Blanco, and Goddard [161,162]. The crux of
this method is usage of molecular trajectories from AIMD to calculate the vibrational
density of states (VDOS). This calculation is performed using a python code which
directly generates the VDOS from the molecular velocities. This is the same method

recommended by Lin et al. and involves projecting ideal gas translational, rotational,
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and vibrational contributions from the VDOS. The degrees of freedom corresponding
to the zeolite framework are projected out. The TRAVIS code [168,169] is used for

its ability to sort and organize molecular trajectories.
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2.6.11 Functional comparison for ethanol monomer and ethanol-ethanol dimer ad-
sorption energies.

Lattice constants for the framework were individually relaxed for each functional,
and a full geometry relaxation to a force constant of 20 meV/A was performed for

each functional considered. Free energies are calculated at 404 K and 1 bar.
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Figure 2.22: Functional comparison for ethanol monomer and ethanol-ethanol dimer
adsorption energies.
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2.6.12 Correlated error analysis

A centered 0.1 eV (4/- 0.05 eV maximum deviation) error was propagated through
the optimized microkinetic model, which includes first and second order correlations
in each reactive intermediate and transition state, as described in the text. The table
below reports the generalized degree of rate control for the unchanged model, the
change in DRC at the maximum DEE formation rate allowed by the error bounds,
and the change in DRC at the minimum DEE formation rate. These changes did not

introduce any additional rate-sensitive intermediates or alter the rate determining

step determined from the model.

Table 2.9
GDRC unchanged maximum DEE minimum DEE
formation rate formation rate
Closed site TS 0.99 0.98 0.98
E* -0.55 -0.24 -0.83
EE* -0.37 -0.62 -0.14

EW* -0.08 -0.15 -0.03
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2.6.13 Derivation of simplified kinetic equation

Ki
(1) E(g)+* <= E*
Ko
2  E@+E =&~ EE’
K3
(3) W(g) + E* ;@= EW*
k
(4) EE* —— DEE(g) + W(g) + *

Figure 2.23: Simplified reaction mechanism derived from the generalized degree of
rate control. Steps 1, 2, and 3 are quasi-equilibrated. Step 4 is the rate-limiting
bimolecular dehydration on closed Sn sites.

Assumptions based on microkinetic modeling results:
1. Steps 1, 2, and 3 are quasi-equilibrated

2. Step 4 is irreversible and rate-determining

3. The relevant surface intermediates at the conditions studied are ethanol monomers,
ethanol-ethanol dimers, and ethanol-water dimers. The coverage of empty sites

is negligible.

The overall reaction rate per Sn site is therefore:

= kyOpp (2.18)

where rpgg is the rate per unit surface area, “L” denotes the total number of cat-
alytic Sn sites, and 6 denotes the fractional coverage of a given reactive intermediate.

Applying the quasi-equilibrium hypothesis on steps 1,2, and 3 yields:

0p = KiPgb, (2.19)
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Opp = K\ KyPg?0, (2.20)

where P is a gas-phase partial pressure, and * is the coverage of empty sites. We can

write the total balance of sites L as:

1= 0+ Opg+ Opw (222)

as the coverage of empty sites under the conditions studied is negligible. Therefore:

I'DEE _ k4K1K2PE2 (2 24)
L (1+ KyPg + KsPy) K1 Py '
TDEE _ k4 Ko P (2 25)

L (1+ KyPg + K3Py)

Which is as presented in equation 2.5 of the main text.
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3. INFLUENCE OF CONFINING ENVIRONMENT POLARITY ON ETHANOL
DEHYDRATION CATALYSIS BY LEWIS ACID ZEOLITES

3.1 Introduction

Catalytic reactivity in heterogeneous solids originates from the surface sites that
bind reactive intermediates and stabilize transition states [62], and the secondary envi-
ronments that confine them. Microporous structures in zeolites influence the free ener-
gies of intermediates and transition states through van der Waals contacts that depend
on the sizes and shapes of confining environments and reacting moieties [30, 31, 33].
Co-adsorbed solvent or condensed phases that exist within microporous and meso-
porous voids during catalysis also provide solvating environments, with analogous
consequences for the free energies of intermediates that participate in productive cat-
alytic turnovers [44,46,50,170] and unproductive deactivation paths [23]. Pure-silica
zeolite frameworks are composed of siloxane bonds that provide a non-polar and hy-
drophobic solvating environment, which becomes more polar and hydrophilic as the
density of framework silanol defects (Si-OH) increases [171]. Silanol defects originate
during zeolite crystallization when framework siloxy defects (Si-O) balance cationic
charges in occluded structure directing agents (SDA) and become Si-OH groups after
SDA removal [35]; hence, their formation is suppressed during crystallization when
fluoride (F-) serves as an alternative charge-balancing anion [172,173]. Silanol de-
fect groups, which are structural features inherent to microporous silica frameworks,
comprise a solvating environment similar in function to that provided by co-adsorbed
solvent phases, by influencing reactivity and stability against inhibition or deactiva-
tion.

One consequence of zeolite framework polarity has been recognized by the prefer-

ential adsorption of molecules at locations that encourage favorable intermolecular in-
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teractions between polar or non-polar moieties. Water clusters are stabilized at polar
groups (e.g., Si-OH, H') within dealuminated MOR, [171], MFI [174] and Beta [175]
zeolites, and calorimetrically-measured water adsorption enthalpies are more exother-
mic at Ti sites confined within high-defect than low-defect Beta zeolites [52] and
on SiO, surfaces with higher Si-OH densities [176]. The resulting consequences of
framework polarity for catalysis appear to manifest as the inhibition observed during
glucose-fructose isomerization [54] and Baeyer-Villiger oxidation [55] on Sn-Beta zeo-
lites in polar solvents, which has motivated prescriptions to choose weakly-interacting
solvents [54] or to optimize defect density to favor reactant adsorption [55]. The use
of low-defect Ti-MFI (TS-1) zeolites results in higher initial epoxidation rates (308 K)
for non-polar than for polar alkenes in the presence of competing polar solvents [47],
although interactions between co-adsorbed solvent and reacting molecules also lead
to residual differences in reactivity [48,49]. Similarly, aqueous-phase phenol alky-
lation proceeds at higher turnover rates (per Ht, 523 K) as Brnsted acidic H-MFI
zeolites become more hydrophobic with increasing Si/Al ratio, solely because of in-
creases in phenol adsorption constants [95]. Beyond influencing adsorption phenom-
ena during catalysis, energetically favorable pathways involving the participation of
adsorbed water molecules have been reported for glucose-fructose isomerization [70]
and 1-propanol dehydration [177], further convoluting the inhibitory effects of com-
petitive adsorption with the potential benefits of solvent-mediated elementary steps.
Additionally, theoretical simulations predict different structures for condensed sol-
vent phases within polar and non-polar confining environments [37,178], which have
been proposed to cause differences in stabilization of glucose-fructose isomerization
transition states within polar and non-polar Sn-Beta zeolites [56, 151].

Lewis acidic Sn sites are formed by isomorphous substitution of Sn** for Si** in
siliceous zeolite frameworks, and can adopt closed configurations with four framework
bonds (Sn-(OSi=),4) or open configurations with one hydrolyzed framework bond re-
sulting in neighboring stannanol ((HO)-Sn-(OSi=)3) and silanol groups. Open and
closed Sn sites are detected spectroscopically by infrared (IR) peaks for C=N stretches
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in adsorbed CD3CN centered at 2316 cm™ and 2308 cm™, respectively, which are as-
signments supported by their relative vibrational frequencies calculated by density
functional theory (DFT) [102] and by their respective correlation to ''Sn NMR reso-
nances centered at —420 ppm and —443 ppm, only the former of which cross-polarizes
with a proton [68]. Open Sn sites in Sn-Beta zeolites have been identified as dominant
active sites for glucose-fructose isomerization by experiment using ex situ poisoning
techniques (Na™ [106], NH3 [106], pyridine [56]), and by DFT-calculated barriers
to form intramolecular 1,2-hydride shift transition states that are lower at open Sn
sites [68,69,101]. Experimental studies have focused on interpreting initial turnover
rates measured in batch reactors using Sn site configurations measured ez situ, be-
cause of the deactivation typical of Sn-Beta in condensed water [116,117,179], result-
ing in a dearth of information about the influence of reaction conditions on Sn site
configurations in situ. The reconfiguration of Sn structure during catalysis in aqueous
media seems plausible, however, considering that theoretical studies have described
the interconversion of open and closed sites via reversible hydrolysis of Sn-O-Si bonds
by adsorbed H,O [113,180], and 'Sn NMR experiments have provided evidence for
such interconversion [114, 155]. Hence, more complete descriptions of framework po-
larity effects on catalysis require considering the coverages of adsorbed species and
extended solvent structures, and their involvement in facilitating elementary steps
and structural changes to Lewis acidic binding sites.

Here, we study ethanol dehydration as a gas-phase probe of the reactivity of Lewis
acidic Sn sites to examine its sensitivity to the polarity of confining secondary environ-
ments, while circumventing complications from analogous assessments in liquid water
that arise from limited ranges of accessible surface coverages and from rapid deactiva-
tion. Ethanol dehydration occurs on Lewis acid sites and has been studied extensively
on v-Al, O3 [86,87], although the nature of active site ensembles that catalyze ethanol
dehydration remains debated [181]. Thus, we choose to probe ethanol dehydration
at site-isolated Lewis acidic Sn centers in Sn-Beta zeolites, which provide better-

defined structures to clarify the interpretation of experimental kinetic measurements
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and of spectroscopic observations for active site restructuring upon ethanol exposure.
Ethanol dehydration can proceed through unimolecular pathways to form ethene or
bimolecular pathways to form diethyl ether, generating a rich pool of surface inter-
mediates [88,90,158] that vary in size and polarity, including monomeric and dimeric
combinations of ethanol and water. Ethanol-ethanol dimers form diethyl ether, while
intermediates containing water molecules inhibit ether formation [88], providing ki-
netic responses in the form of turnover rates and apparent reaction orders that can be
related to changes in surface coverages of reactive and inhibitory intermediates. The
synthesis of low-defect (Sn-Beta-F) and high-defect (Sn-Beta-OH) molecular sieve
analogs provides a strategy to confine Sn centers within secondary environments of
different polarity. Mechanistic interpretations of measured rate data, supported by
DFT-based microkinetic modeling [180], enable rigorous assessments of the effects of
framework polarity on the stabilities of transition states and adsorbed intermediates

in ethanol dehydration catalysis.

3.2 Methods

3.2.1 Zeolite Synthesis

Si-Beta-F was synthesized hydrothermally in fluoride media according to the lit-
erature [106]. Tetraethyl ammonium fluoride hydrate (TEAF, Alfa Aesar, 98%) was
dissolved in deionized water (18.2 MQ cm) in a perfluoroalkoxy alkane (PFA) con-
tainer (Savillex Corp.) followed by addition of tetraethylorthosilicate (TEOS, Sigma
Aldrich, 98%). Then, the mixture was covered and stirred overnight at ambient con-
ditions to completely hydrolyze TEOS. The mixture was uncovered to completely
evaporate ethanol, and partially evaporate water to achieve the desired molar com-
position of 1 SiO4/0.55 TEAF /6.7 HyO. The gel was transferred into a Teflon-lined
stainless steel autoclave and heated statically in an isothermal oven at 413 K for 11
days. The solids were recovered by centrifugation and washed thoroughly with deion-

ized water and acetone, then dried overnight in a 373 K oven. The dried material was
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treated at 853 K (0.0167 K s!') for 10 h in air (Ultra Zero Grade, Indiana Oxygen,
1.67 cm?® s (g zeolite)!) in a muffle furnace (Nabertherm LE 6/11).

Sn-Beta-F zeolites were synthesized hydrothermally in fluoride media. TEOS was
dissolved in tetraethylammonium hydroxide (TEAOH, Sachem, 35%) by stirring in
a PFA container until homogeneous. Tin(IV) chloride pentahydrate (Sigma Aldrich,
98%) was dissolved in deionized water and added dropwise to the mixture. The gel
was covered and stirred overnight to completely hydrolyze TEOS, then uncovered
to completely evaporate ethanol and partially evaporate water to the desired molar
ratio. Finally, a hydrofluoric acid solution (Sigma Aldrich, 48%) was added and
stirred with a PTFE spatula to give a thick gel with molar composition 1 SiO5/0.54
TEAOH/0.54 HF /x SnCl, /7.5 HyO (where x = 0.005 or 0.0077 for target solid Si/Sn
ratios of 200 and 130, respectively). (Caution: when working with hydrofluoric acid,
use appropriate personal protective equipment, ventilation, and other engineering
controls.) The gel was transferred into a Teflon-lined stainless steel autoclave, seeded
with 0.25 g of dealuminated Beta (Sn-Beta-F-187, Sn-Beta-F-181; x = 0.005) or 0.25 g
of Si-Beta-F (Sn-Beta-F-116; x = 0.0077), and heated in an isothermal rotating oven
at 413 K for 14 days (Sn-Beta-F-187, Sn-Beta-F-181) or 28 days (Sn-Beta-F-116).
Sn-Beta-F-153 was synthesized according to the above with x = 0.005, but without
seeds and H,O/SiOs = 6.8 in 14 days, as suggested by Yakimov et al. [182]. The
solids were recovered by centrifugation and washed thoroughly with deionized water
and acetone, then dried overnight in a 373 K oven. The dried material was treated
at 853 K (0.0167 K s!') for 10 h in air (1.67 cm® s (g zeolite)™) in a muffle furnace.

Al-Beta-OH was synthesized hydrothermally in hydroxide media and subsequently
dealuminated as reported in the literature [151,183]. Tetraethylammonium hydroxide
(Sigma-Aldrich, 35%) and Ludox HS-30 colloidal silica (Sigma Aldrich, 30%) were
added to a PFA container and stirred covered for 1 h at ambient conditions. Then,
sodium hydroxide (NaOH, Avantor, 98%) was dissolved in deionized water, and this
mixture was added to the gel, followed by aluminum isopropoxide (Sigma Aldrich,

98%). The gel was stirred covered for 24 h at ambient conditions, then uncovered
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to completely evaporate isopropanol, and partially evaporate water to achieve the
desired molar composition of 1 SiO,/x Al;03/13.24 H,0/0.18 TEAOH/0.014 NayO
(where x was 0.0165, 0.01, and 0.005 for target solid Si/Al ratios of 30, 50, and 100,
respectively). The gel was transferred into a Teflon-lined stainless steel autoclave and
heated statically in an isothermal oven at 413 K for 7 days. The solids were recovered
by centrifugation and washed thoroughly with deionized water and acetone, then
dried overnight in a 373 K oven. The dried material was treated at 853 K (0.0167 K
s1) for 10 h in air (1.67 cm3 s (g zeolite)?) in a muffle furnace.

Air-treated Al-Beta-OH zeolites were dealuminated in concentrated nitric acid
(HNOg, Avantor, 69%). The zeolite was added to a PFA container, followed by
HNO3 (25 cm?® (g zeolite)!), then the container was covered and stirred for 16 h
at 353 K. The solids were recovered by centrifugation and washed thoroughly with
deionized water until the pH of the supernatant was constant, then dried overnight
in a 373 K oven.

Sn-Beta-OH zeolites were prepared by post-synthetic grafting of Sn precursors into
dealuminated Beta in dichloromethane reflux. All but one of the Sn-Beta-OH samples
used in this study are a subset of the samples reported in Vega-Vila et al. [151], and
the details of their synthesis and complete characterization can be found there. Sn-
Beta-OH-187 was synthesized using the same procedures, after dealumination of the
parent Al-Beta-OH (synthesized at a Si/Al of 34).

In this study, all samples are denoted as Sn-Beta-X-Y, where X refers to the
preparation method used (F = fluoride-assisted hydrothermal synthesis; OH = post-
synthetic Sn insertion into dealuminated Beta) and Y is the Si/Sn ratio determined

by atomic absorption spectroscopy.

3.2.2 Characterization of Zeolites

Powder X-ray diffraction (XRD) patterns were collected using a Rigaku Smartlab
X-ray diffractometer with a Cu Ka X-ray source in the range of 20 = 4-40° with a
step size of 0.01° and scan speed of 0.005° s'.
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Vapor-phase Ny, H,O, and CoH;OH adsorption isotherms were collected using a
Micromeritics ASAP 2020 instrument. Samples were pelleted and sieved to retain
180-250 pum aggregates, and 0.010-0.040 g were degassed by heating to 393 K for 2 h
then 623 K for 10 h under dynamic vacuum (<0.67 Pa) prior to adsorption measure-
ments. Ny isotherms were collected at 77 K, while H,O and CoH5OH were collected at
302 K. HyO and CyH50H (Sigma Aldrich, anhydrous, >99.5%) liquids were degassed
by three freeze-pump-thaw cycles and supplied at their respective vapor pressures at
313 K. For adequate resolution at low pressures and to avoid errors associated with
residual adsorbed gas, samples were held under dynamic vacuum (<0.67 Pa) on the
analysis port up until the point of filling the dosing manifold with adsorbate prior to
collecting the first data point. This procedure, coupled with dosing a fixed amount of
vapor, was necessary for accurate CoHsOH adsorption measurements on Si-Beta-OH.
The volume of adsorbate that filled zeolite micropores was determined at the uptake
corresponding to the minimum value of OV,q4s/0log(P/Py).

The bulk mass fraction of Al or Sn in zeolite samples was obtained by atomic
absorption spectroscopy (AAS). 0.030 g of powder were digested with 2 g of hydroflu-
oric acid (Sigma Aldrich, 48%) overnight, then diluted with 50 g of deionized water.
Calibration standards were prepared by diluting a stock solution of each metal (Sigma
Aldrich, 1000+4 ppm) with deionized water. A PerkinElmer AAnalyst 300 instru-
ment equipped with lamps for Sn (396.2 nm) and Al (284.0 nm) was used to measure
the absorbance of the standards and digested samples. Si/M ratios were calculated
assuming the unit cell formula of zeolite Beta.

Diffuse reflectance UV-Visible (DRUV) spectra were collected on a Varian-Cary
5000 spectrometer using a Harrick Praying Mantis in situ cell. Background spectra
were collected prior to zeolite spectra at all conditions with poly(tetrafluoroethylene)
(PTFE, Sigma Aldrich, 1 pym), and used to transform absorption spectra with the
Kubelka-Munk function. Spectra were collected of samples under flowing dry He

(UHP, Indiana Oxygen, 4.17 cm? s (g zeolite)!) at ambient temperature, and after
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dehydration for 0.5 h at 523 K (0.5 K s!), then after rehydration by cooling in He
(4.17 cm?® s (g zeolite) ™) saturated with deionized water at ambient conditions.
Infrared spectroscopy of adsorbed CD3CN was used to identify the type and num-
ber of Sn species in Sn-Beta catalysts as a function of reaction and post-reaction treat-
ments. A 0.030 g zeolite sample (Sn-Beta-F-187) was pressed into a self-supporting
wafer with a 0.9 cm radius and loaded into a custom-built quartz IR cell [184] with
CaFy windows, equipped with six cartridge heaters (Chromalox) and encased in an
insulated brass block within an alumina silicate cover. Wafer temperatures were
measured within 2 mm of each side of the wafer by K-type thermocouples (Omega).
IR spectra were collected on a Nicolet 4700 spectrometer with a Hg-Cd-Te (MCT,
cooled to 77 K by liquid Ny) detector by averaging 64 scans at 2 cm™ resolution in the
4000-400 cm™ range and were taken relative to an empty cell background reference
collected under dynamic vacuum (<0.1 Torr) at 303 K. The CD3CN (Sigma Aldrich,
99.96 atom% D) and ethanol (Sigma Aldrich, 200 proof) adsorbates were purified by
three freeze-pump-thaw cycles. The wafer was treated in flowing air (0.33 cm3 s!),
purified by an FTIR purge gas generator (Parker Balston, <1 ppm CO,, 200 K H5O
dew point), to 723 K (0.083 K s) for 1 h. The wafer was then held under dynamic
vacuum at 723 K for 1 h, then cooled to 303 K under dynamic vacuum. CD3;CN
was introduced into to the cell in sequential doses until the sample was saturated,
then the sample was exposed to dynamic vacuum for 0.25 h. The spectrum collected
before dosing was subtracted from all subsequent spectra. The subtracted spectrum
after dosing and then reaching dynamic vacuum was deconvoluted using CasaXPS
(Casa Software Ltd) with Gauss-Lorentzian lineshapes with a 50% Lorentzian cor-
rection (SGL(50)) to determine the areas of peaks centered at 2316 cm™ (open Sn),
2308 cm™! (closed Sn), 2287 cm™ (nanosized SnOy), 2275 cm™ (SiOH), and 2265 cm™
(physisorbed CD3CN). Integrated molar extinction coefficients reported by Harris et

al. [56] were used to quantify the number of each species according to the equation:

Integrated Peak A ! 2
Site density (umol g~*) = ( niegrated Peak Area (cm )) (acs(cm >) (3.1)

E (em pmol=1) m(g)
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Subsequently, the cell was slowly returned to ambient pressure by allowing ambient
air to leak in, and the wafer was treated under flowing air (0.33 cm?® s!) at 803 K
(0.0167 K s1) for 2 h, then cooled to 488 K (0.0333 K s). Ethanol was introduced
into the cell in sequential doses of progressively increasing amounts (7 x 108 mol
g1 x 10 mol g per dose). After a cumulative amount of 7 x 107 mol g (80
mol CoH50H (mol Sn)!') was dosed, the sample was exposed to dynamic vacuum for
300 s, after which spectra did not change further. Next, the wafer was vented with
He (UHP, Indiana Oxygen) up to ambient pressure. Then, the wafer was held under
a flowing He (0.233 ¢cm?® s7!) stream that was passed through a saturator containing
ethanol (Sigma Aldrich, 200 proof, for molecular biology) at ambient temperature (ca.
294 K), to introduce ethanol flow at ca. 6 kPa and a site-contact time of 0.39 s (mol
Sn) (mol total feed)™. The wafer was treated for 3 h under flowing ethanol in He at
488 K. During this treatment, spectra were collected every 300 s, and were essentially
invariant and dominated by gas-phase ethanol. Following ethanol reaction, the He
flow was directed to bypass the saturator for 0.5 h to purge gas-phase ethanol and
physisorbed species, then the cell was evacuated and held under dynamic vacuum for
0.25 h (spectra were invariant with time after this point). The sample was then cooled
to 303 K under dynamic vacuum, and a CD3CN dosing experiment was performed
as described previously. Next, the sample was heated to 803 K (0.167 K s!) under
dynamic vacuum and held at 803 K for 0.33 h. Then, ambient air was introduced to
the sample at 803 K by gradually leaking through the cell outlet. Flowing air (0.33
cm?® s71) was introduced to the cell for 0.25 h, and spectra were collected every 180 s.
The wafer was left under dynamic vacuum for 12 h and then allowed to cool to 303
K. Then, a third CD3CN dosing experiment was performed as described above.

Temperature programmed desorption (TPD) was performed to gain additional
insight into the chemical species present on Sn sites after ethanol dehydration catal-
ysis. 0.04-0.10 g of sample were pelleted, crushed, and sieved to retain 180-250 um
aggregates, placed between two quartz wool plugs in a U-tube reactor, and connected

to a Micromeritics Autochem II 2920 Analyzer equipped with an Agilent 5973N mass
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selective detector (MSD). Samples were treated in flowing air (Zero grade, Indiana
Oxygen, 0.833 cm? s71) at 803 K (0.0167 K s7!) for 2 h, then cooled to 404 K. Ethanol
(Sigma Aldrich, anhydrous, >99.5%) was introduced into a flowing He (UHP, Indiana
Oxygen, 1.67 cm? s7!) stream via a saturator held at 303 K, with all transfer lines
heated to >383 K to prevent condensation, and reacted over the catalyst for 8 h.
Then, any ethanol that was weakly adsorbed or in the transfer lines was purged with
flowing He (1.67 cm?® s!) for 0.5-16 h, and the TPD was performed by heating to
530 K (0.167 K s'). The MSD was used to monitor desorbing species at m/z = 18
(H20), 28 (CyHy), 31 (C,H50H), 44 (CoH4O), and 59 ((CoHs)20), selected based
on standard fragmentation patterns (Figure 3.15, Supporting Information). Ethene
was calibrated in a separate experiment by mixing two streams of Ar (UHP, Indiana
Oxygen) and CyH, (UHP, Indiana Oxygen) at a total flow rate of 0.833 cm? s! and
varying CoHy mole fraction (0.1-0.9) to fill a sample loop (0.5 cm?) that was injected
into a He stream (0.833 cm?® s!) and sent to the MSD (Ar m/z = 40, C,Hy m/z =
28). The integrated area of the CoHy signal was referenced to the area of the Ar
signal using this calibration, and a pure Ar pulse was measured following each TPD
experiment to correct for any drift in the instrument. The integrated Ar pulse area
(units of s) and mass of sample (units of g) were used to normalize ion signals (re-
sulting units s g!) such that integration of this signal in time and multiplication
by the calibrated response factor would give the total moles of CoHy (g sample), to
compare samples on a similar scale (Figure 3.25, Supporting Information).
Breakthrough adsorption measurements of two-component mixtures consisting of
CoHsOH and H5;O were conducted on the same unit as described for the TPD ex-
periments. Si-Beta-OH (0.090 g) and Si-Beta-F (0.364 g) were pelleted, crushed, and
sieved to retain 180-250 um aggregates, and loaded into the U-tube reactor between
two quartz wool plugs. Samples were pretreated in flowing air (Zero grade, Indiana
Oxygen, 0.833 cm?® s7') to 803 K (0.0167 K s!) for 2 h, then cooled to the adsorption
temperature (303 K or 403 K) under flowing He (UHP, Indiana Oxygen, 0.833 cm? s!)

with all transfer lines heated to >383 K. After reaching the adsorption temperature,
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the samples were held under flowing He (0.167 cm® s!) and the effluent was analyzed
using the MSD to obtain baseline signals for CoHsOH (m/z = 31), HoO (m/z = 18),
and Ar (m/z = 40). Concurrently, a flowing Ar stream (UHP, Indiana Oxygen, 0.167
cm?® s71) was passed through a saturator held at 303 K that contained a mixture of
52 mol% C,H50H and 48 mol% H,O to give 5.8 kPa CoH50H and 2.3 kPa H,O in
the feed. After 0.5 h, a 4-port valve was switched to direct the saturated stream
to the sample (time = 0). The breakthrough adsorption was considered complete
when the ion signals of CoH;0H, H5O, and Ar reached steady values, indicating that
equilibrium was reached. First, the baseline values obtained in flowing He prior to
adsorption were subtracted from the ion signals, then the expected gas-phase signal
was estimated by linear regression to the steady-state signal after adsorption, and
extrapolated back through the adsorption period. The baseline-corrected ion signals
were then normalized by their gas-phase signals, and the normalized ion signal for
Ar was subtracted from these to correct for the residence time in the system. These
signals represented the CoH50H and H,O that broke through the sample, and were
converted to an adsorption rate assuming a value of one corresponded to an adsorp-
tion rate of zero, and a value of zero corresponded to an adsorption rate equal to
the flow rate of the component in the feed. The adsorption rate (mol s) is plot-
ted against the adsorption time normalized by sample mass (ks g!) in Figure 3.30
(Supporting Information), such that the area under the curve is proportional to the

amount adsorbed per sample mass.

3.2.3 Gas-phase ethanol dehydration kinetic studies

Zeolite samples (0.010-0.050 g) were pelleted, crushed, and sieved to retain aggre-
gates between 180-250 um and supported between two plugs of acid-washed quartz
wool (W.R. Grace, washed with 1 M HNOj for 16 h, ambient temperature) in a tubu-
lar quartz reactor (7 mm ID). The bed temperature was measured using a K-type
thermocouple (Omega) in contact with the side of the quartz tube at the level of the
bed and kept constant using a three-zone furnace (Applied Test Systems) and Wat-
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low controllers (EZ-ZONE). The catalyst was heated to 803 K (0.0167 K s') under
flowing 5% O,/He (UHP, Indiana Oxygen, 16.67 cm?® s (g catalyst)™!), held at 803
K for 2 h, then cooled to 404 K (0.0333 K s) and held under flowing He (UHP, Indi-
ana Oxygen, 16.67 cm? s (g catalyst)™!) for 1.5 h before beginning reaction. Liquid
ethanol (Sigma Aldrich, anhydrous, >99.5%) and deionized water were introduced via
heated lines (>383 K) into separate He streams flowing at approximately equal rates
using syringe pumps (KD Scientific Legato 100), and mixed at a tee upstream of the
reactor. Reactant and product concentrations were measured by gas chromatography
(Agilent 6890) using a HP-PLOT-Q capillary column (30 m x 530 pum X 40 pm)
and flame ionization detector. Prior to reaction, the composition of the feed stream
was verified from bypass injections. The catalyst was stabilized at 8 kPa CoH50H
and 0.1 kPa Hy0O for 812 h on stream before measuring reaction orders. Frequent
sojourns to a reference condition (typically, 8 kPa CoH;OH, 0.1 kPa H,0, 404 K)
were used to correct for deactivation by extrapolating rates to initial time assum-
ing first-order deactivation. Deactivation rate constants ranged from 6x104-3x102
kst. A period of 3-5 h was allowed at a given condition to reach steady state, and
reported rates represent an average of 1.5 h at the end of this time period (6 data
points). Ethanol pressure was varied from 0.5-35 kPa, and HoO pressure was varied
from 0.1-50 kPa. Site-contact time (on a total Sn per total moles feed basis) was held
constant at 0.39 s (mol Sn) (mol feed)™?, except under conditions (Pcopson+Pr2o >
50 kPa) that required higher He flow rates to stay above the minimum that could be
reliably supplied by the mass flow controllers used (ca. 0.0667 cm?® s, per MFC).
Minor background contributions to DEE formation by quartz wool and other reactor
internals were assessed using a reactor packed with only quartz wool as a function
of ethanol pressure at 404 K, and subtracted from all experimental flow rates with
catalyst. Additionally, the background reactivity of Si-Beta-F (on a per g basis) was
assessed at 404 K over time and rates that are reported herein were >10x that of

Si-Beta-F. Estimation of rate and equilibrium constants was performed by Bayesian
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nonlinear regression in Athena Visual Studio (v14.2, Athena Visual Software, Inc.).

Reported uncertainties represent 95% marginal highest posterior density intervals.

3.3 Results and Discussion

3.3.1 Kinetic and mechanistic details of bimolecular ethanol dehydration

Alcohols dehydrate at Lewis acid sites via unimolecular pathways to form alkenes
and water, and bimolecular pathways to form ethers and water [86,87]. Diethyl ether
(DEE) was the dominant product formed on Sn-Beta zeolites in the temperature
range studied here (>80% molar selectivity, 404-528 K), and ethene was not detected
below 455 K under the typical reaction conditions studied here (8 kPa CoH5;OH, 0.1
kPa HyO, Figure 3.16, Supporting Information). Thus, ethanol dehydration rates
measured on Sn-Beta zeolites at 404 K reflect solely bimolecular pathways to form
diethyl ether. DEE site-time yields (404 K, per Sn) were measured as a function
of time-on-stream (Figure 3.17, Supporting Information) and decay transiently to
a quasi-steady-state value during the timescale of one catalytic turnover (8-12 h).
Afterwards, the partial pressures of ethanol and water were varied to measure appar-
ent kinetic orders, and frequent sojourns to a reference condition (typically, 8 kPa
CoH50H, 0.1 kPa H50) were used to assess the extent of deactivation and correct all
data points by extrapolation to initial time on stream (as illustrated in Figure 3.17,
Supporting Information).

The kinetic details of ethanol dehydration to DEE were examined at 404 K over
the pressure range of 0.1-50 kPa H,O and 0.5-35 kPa CoH50H on Sn-Beta-OH-84,
and are plotted as DEE site-time yields (404 K, per Sn) in Figure 3.1. Under these
conditions, the apparent reaction order with respect to ethanol is ca. 0.5, and the
apparent reaction order with respect to water varies monotonically from ca. —0.4
at low water pressures (0.1-3 kPa) to ca. —1.0 at high water pressures (>30 kPa).
Ethanol reaction orders that are sub-unity reflect active Sn sites that are not vacant,

but partially covered with reactive intermediates that contain at least one ethanol-
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Table 3.1: Sn contents, micropore volumes, and CD3CN Lewis acid site distributions

for Beta materials.

Catalyst Si/M (M Vo (em®  Snps/Sn®  Open/Sn®  Closed/Sn®
wt%)e g 1y

Si-Beta-F 0.21 - - -
Al Beta-OH 22 (1.88)¢ 0.24 - - -
Si-Beta-OH - 0.10 - - -
Sn-Beta-F-116 116 (1.66) 0.23 1.21 0.45 0.76
Sn-Beta-F-153 153 (1.27) 0.23 0.61 0.13 0.48
Sn-Beta-F-187 187 (1.04) 0.21 0.75 0.21 0.54
Sn-Beta-F-181 181 (1.08) 0.21 1.13 0.44 0.70
Sn-Beta-OH-307 30 (6.08) 0.16 0.72 0.18 0.54
Sn-Beta-OH-41/ 41 (4.60) 0.19 1.32 0.50 0.82
Sn-Beta-OH-46%7 46 (4.10) 0.19 0.92 0.22 0.70
Sn-Beta-OH-95% 95 (2.00) 0.22 1.22 0.49 0.73
Sn-Beta-OH-80%9 80 (2.39) 0.22 1.01 0.42 0.59
Sn-Beta-OH-84¢" 84 (2.29) 0.20 1.20 0.24 0.96
Sn-Beta-OH-187¢ 187 (1.04) 0.23 1.26 0.29 0.97

?Determined by AAS
"Determined by Ny adsorption minimum in OV 4g,/0log(P/Py)
“Sny 4 = Lewis acidic Sn sites, from CD3CN IR, errors £ 20%
IDetermined by EDS in SEM
“Data reported in Vega-Vila et al. [151]
fParent Si/Al = 19 9Parent Si/Al = 29 "Parent Si/Al = 54 ‘Parent Si/Al = 34

derived moiety, since kinetically-relevant bimolecular dehydration steps require rates

that are second-order in ethanol pressure when sites are unoccupied by ethanol (rate

derivation in Section 3.6.1.1, Supporting Information). The fractional ethanol order

suggests that more than one surface intermediate is present on Sn sites under these

conditions, most likely ethanol monomers and ethanol-ethanol dimers, as proposed on

Lewis acid sites on 7-AlyO3 surfaces by DeWilde et al. [88]. Negative fractional water

orders indicate that another surface intermediate containing water is present at active

sites, which becomes the sole most abundant reactive intermediate (MARI) at high

water pressures (>30 kPa) that lead to apparent water orders of —1, consistent with
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Figure 3.1: Diethyl ether site-time yield (per Sn) at 404 K on Sn-Beta-OH-84 (a) as
a function of ethanol pressure at constant 0.1 kPa HyO, with (&) and without () 0.2
Pa co-fed DEE, and (b) as a function of water pressure at constant 20 kPa CoH;OH
(W), and 8 kPa CoH;OH (0). Dashed lines represent regressed best fits to Eq. 3.2.

inhibition of bimolecular dehydration by ethanol-water dimers [88]. Furthermore,
ethanol dehydration rates are insensitive to co-fed DEE (0.2 Pa, 20-90% of the amount
formed catalytically, Figure 3.1), indicating that adsorbed DEE or its derivatives
are not MARI. Coverage of Sn sites with dimeric intermediates is consistent with
hexacoordinated Sn detected in 'Sn NMR spectra of hydrated samples [68]. These
experimental observations must be described by the functional form of the bimolecular
ethanol dehydration rate equation, after simplifying assumptions about kinetically-
relevant steps and MARI are applied to a general rate equation derived from a series
of plausible elementary steps.

Elementary steps for bimolecular ethanol dehydration are proposed in Figure 3.2
and account for open and closed Sn site configurations and ethoxy as an intermediate,
as described by Bukowski et al. [180]. Closed sites (*) may adsorb water (W* step 1)

and undergo framework bond hydrolysis to form an open site (W, *) with a neighbor-
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ing silanol group (step 2), a process that has been detected experimentally using 119Sn
NMR spectroscopy [155] and computed on a variety of metals substituted in zeolite
frameworks [113]. In analogous pathways, adsorption of gaseous ethanol onto closed
or open sites forms ethanol monomers (E* or EW, * in steps 3 and 4, respectively), and
is followed by adsorption of a second gaseous ethanol to form ethanol-ethanol dimers
(EE* or EEW,* in steps 5 and 6, respectively). Ethanol-ethanol dimer species at
closed or open sites (EE* or EEW,*) can subsequently undergo kinetically-relevant
nucleophilic substitution (steps 7 and 8, respectively) to form adsorbed diethyl ether
and water followed by quasi-equilibrated desorption of both products to regenerate
the active site. Adsorption of water onto ethanol monomers (E* or EW*) forms
an unreactive ethanol-water dimer species (EW*| steps 9 and 10) that inhibits DEE
formation rates. In a third parallel pathway, ethanol monomers adsorbed at a closed
site (E*) dissociate in a manner analogous to water dissociation at a closed site that
forms open sites (step 2), forming a bound ethoxy group and neighboring silanol group
(step 11). This open site configuration is denoted E,*, and can subsequently react
with gaseous ethanol (step 12) to form a co-adsorbed ethoxy-ethanol complex (EE,*),
which undergoes nucleophilic substitution to form adsorbed DEE (step 13) that des-
orbs in a quasi-equilibrated step. The parallel pathways and surface intermediates
that form DEE, as presented in Figure 3.2, are indistinguishable from steady-state
kinetic measurements alone, prompting the use of theoretical modeling to determine
which among them contribute to measured DEE formation rates.

DFT-based microkinetic modeling of the ethanol dehydration reaction pathways
presented in Figure 3.2 on Sn sites in Beta frameworks is reported elsewhere [180].
Additional steps not shown in Figure 3.2 were included in the microkinetic model
(e.g. ethene formation, ethanol-water dimers on open sites) [180], but identified as
kinetically-irrelevant under the conditions studied here. This modeling was performed
using rigorous entropy treatments that included anharmonicity, and accurately de-
scribed the experimental rate data presented in Figure 3.1. Degree of rate control

analyses, which determine the sensitivity of the product formation rate to the free en-
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ergy of a transition state [119], indicated that DEE is formed via only one kinetically-
relevant pathway through the ethanol-ethanol dimer on closed sites (EE*, step 7),
throughout the range of reaction conditions studied here (0.5-35 kPa CoH;OH, 0.1-
50 kPa Hy0, 404 K). In addition, calculated surface coverages revealed that ethanol
monomers (E*, formed in step 3), ethanol-ethanol dimers (EE*, formed in step 5),
and ethanol-water dimers (EW*, formed in step 9) were MARI in the range of ethanol
and water pressures studied here [180]. These assumptions result in a reduced reac-
tion mechanism involving the four steps shown in Figure 3.3, which taken together
with the quasi-equilibrium assumption for adsorption steps (Figure 3.3, steps 1-3)
give the simplified rate expression in Eq. 3.2 (complete derivation in Section 3.6.1.1,

Supporting Information):

B kaFGo ()
T 1+ Ko(E) + K3(W)

TDEE (L) (3.2)

Eq. 3.2 accurately describes the rate data in Figure 3.1 (parity plot shown in
Figure 3.18, Supporting Information), and captures the fractional order dependences
on ethanol and water pressure via the relative coverage terms of E*, EE*, and EW*

surface intermediates. The equilibrium constant Ky reflects the free energy of the

K4
(1) E(g) +* <o= E*
Ko
2) E(g) +E* <H= EE*
Ks
(3) W) +E* <g= Ew
kg
(4) EE" — DEE(g) +W(g) +~

Figure 3.3: Simplified series of elementary steps for bimolecular ethanol dehydra-
tion. Steps 1-3 correspond to steps 3, 5 and 9 in Figure 3.2. Product desorption is
kinetically-irrelevant and lumped into step 4 (step 7 in Figure 3.2) for clarity.
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ethanol-ethanol dimer (EE*), relative to the ethanol monomer (E*) and gaseous
ethanol. Similarly, K3 reflects the free energy of the ethanol-water dimer (EW*),
relative to the ethanol monomer (E*) and gaseous water. The intrinsic rate constant
k4 represents the free energy difference between the bimolecular ethanol dehydration
transition state (f) on closed Sn sites and its precursor, the ethanol-ethanol dimer
(EE*) (derivation in Section 3.6.1.2, Supporting Information). The values of these
thermodynamic equilibrium constants (Ko, K3) and the intrinsic rate constant (ky)
provide information about the stability of dimeric intermediates and transition states,
relative to specific precursors, at Sn sites within zeolite frameworks.

Rigorous application of Eq. 3.2 to estimate intrinsic rate constants k,; among Sn-
Beta samples requires quantification of the number of active sites (L) that turn over
during catalysis. Framework Sn atoms adopt both open and closed configurations and
can interconvert via elementary steps involving water molecules (Figure 3.2, steps 1
and 2). Sn sites in these two configurations have been quantified by ex situ spec-
troscopy of adsorbed probe molecules (CD3CN IR [56], trimethylphosphine oxide 3'P
NMR [105]), and detected by 1Sn NMR [68,155]. Previous studies suggest that open
sites are the dominant active site for glucose isomerization [56] and Baeyer-Villiger
oxidation [102] by correlating rates measured at initial times in a batch reactor with
open sites quantified by ex situ CD3CN IR. Here, quasi-steady-state ethanol dehy-
dration rate measurements reflect the reactivity of Sn sites in quasi-equilibrium with
reactant and product gas mixtures, rather than their configurations determined ez
situ that may be present at initial times. Previous microkinetic modeling results
imply that Sn sites interconvert and equilibrate to a distribution of open and closed
configurations that is dictated by reaction conditions [180], regardless of their ez situ
structures, suggesting that (L) in Eq. 3.2 should represent the total number of frame-
work Sn sites. We next experimentally probe the hypothesis that all framework Sn
sites behave catalytically equivalent during ethanol dehydration, prior to interpreting
rate and equilibrium constant differences among Sn-Beta samples determined from

turnover rate data.
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3.3.2  Spectroscopic and kinetic interrogation of active Sn identity

Deuterated acetonitrile (CD3CN) is a Lewis base that binds through its nitrogen
lone pair to Lewis acidic Sn sites, which perturbs IR-active v(C=N) stretches in
the 2265-2350 cm™ range [56,185-187]. Here, CD3CN was used to probe structural
changes to Sn sites after they catalyze at least one ethanol dehydration turnover
(at 488 K). A representative Sn-Beta-F sample (Sn-Beta-F-187) was exposed to a
high-temperature oxidation treatment (823 K), followed by exposure to CD3CN (303
K) at increasing surface coverages (0.2-2.3 CD3CN/Sn) and collection of IR spectra
(Figure 3.19, Supporting Information). The IR spectrum acquired after the first dose
(ca. 0.2 CD3CN/Sn) shows predominantly one peak centered at 2316 cm™, which
has been assigned to CD3CN adsorbed at open framework Sn sites [56]. This peak
is accompanied by a shoulder for CD3CN adsorbed at small SnOy domains at 2287
cm! [188]. After dosing to saturation coverages and evacuating to remove gaseous
species (Figure 3.4, solid trace), these two peaks are convoluted with three other peaks
for CD3CN adsorbed at closed Sn sites (2308 cm™), at silanol groups (2275 cm™), and
physisorbed CD3CN (2265 cm™). Deconvolution into these five component peaks, and
quantification using integrated molar extinction coefficients reported elsewhere [56],
estimated a total of 0.79 + 0.16 Lewis acid sites (per total Sn) on Sn-Beta-F-187,
which is composed of 0.23 + 0.05 open sites (per total Sn) and 0.56 + 0.11 closed
sites (per total Sn) (Table 3.2).

After removal of CD3CN by oxidative treatment at 803 K, Sn-Beta-F-187 was
cooled to 488 K to investigate the nature of adsorbed intermediates at open and closed
Sn sites formed upon ethanol exposure. Initial doses of ethanol (0.1-0.3 CoH5;OH/Sn,
Figure 3.20, Supporting Information) were partially adsorbed on the sample, con-
sistent with the rapid growth of gas-phase ethanol peaks in the spectra (vop: 3655
em™, 3680 et vep: 2983 cmt, 2974 cmt, 2904 cm™; Figure 3.21, Supporting In-
formation). Ethanol adsorption results in negative peaks corresponding to isolated

silanol groups at external crystallite surfaces (3745 cm™), and to isolated internal
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Figure 3.4: IR difference spectra (normalized by T-O-T overtone peak area) of
CD3CN adsorbed at saturation coverages on Sn-Beta-F-187 at 303 K, after initial air
treatment at 823 K (solid), after 3 h under 6 kPa ethanol flow (long dash), and after

re-treating in air at 803 K (short dash).

Table 3.2: Lewis acid site densities of Sn-Beta-F-187 and Sn-Beta-OH-187 after air
treatment, ethanol exposure, and reoxidation, as determined by CD3CN IR (303 K).

Sample Treatment Snza/Sn Open/Sn  Closed/Sn
Air, 823 K 0.79 £ 0.16 0.23 £ 0.05 0.56 £ 0.11
C2H5OH (6 kPa), a
Sn-Beta-F-187 488 K. 3 h 0.08 £ 0.02 n.d. 0.08 £ 0.
Air, 803 K 0.67 £0.13 0.16 £ 0.03 0.51 £ 0.10
Air, 823 K 1.26 £ 0.25 0.29 £ 0.06 0.97 £ 0.19
CQH5OH (5 kPa),
Sn-Beta-OH-187 403 K. 11 h 0.39 £0.08 0.03 £0.01 0.36 £ 0.07
Air, 823 K 1.13 £0.23 0.33 £0.07 0.81 £ 0.16

“n.d.; not detected

silanol groups (3735 cm™) [189] generated by the faulted intergrowth of zeolite Beta
polymorphs (BEA, BEB) [190] and as part of hydrolyzed-open Sn sites. A broad

positive peak at 3000-3500 cm™ also appears, corresponding to perturbed hydroxyl
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stretches in silanol groups or ethanol molecules and water molecules that are present.
After exposure to excess ethanol (>30 CoH;OH/Sn) and subsequent evacuation, a
sharper fraction of the perturbed hydroxyl stretching peak remains centered at ca.
3445 cm™ for perturbed silanol groups [189] (Figure 3.20, Supporting Information).
These vibrations, taken together with the negative 3745 and 3735 cm™ peaks and
persistent C-H stretches after evacuation, suggest that intermediates derived from
ethanol interact with surface hydroxyl groups.

Next, the sample was exposed to flowing ethanol (6 kPa, 488 K) over 3 h at
the site-contact time used in flow reactor experiments (0.39 s (mol Sn) (mol total
feed)!), during which the turnover number is estimated to reach ca. 1.4 (Figure
3.22, Supporting Information). IR spectra showed predominantly gas-phase ethanol
peaks after exposure to flowing ethanol (Figure 3.21, Supporting Information), and
the subtracted spectrum after subsequent purge and evacuation (Figure 3.23, Sup-
porting Information) showed the same features that appeared during the ethanol
dosing experiments described above. When CD3CN was adsorbed on the sample af-
ter these treatments (Figure 3.4, long dash), contributions from open Sn sites were
undetectable and those from closed Sn sites were nearly fully suppressed (0.08 closed
sites per Sn, Table 3.2). A new IR peak centered at 2282 cm™ was observed and
attributed to CD3CN adsorbed at Sn sites containing ethanol-derived intermediates,
consistent with the persistent C-H stretches and perturbed O-H stretches after reac-
tion and evacuation (Figure 3.23, Supporting Information), and reminiscent of the
2280 cm™ peak for CD3CN adsorbed at Na-poisoned Sn sites in Sn-Beta-F [106]. Re-
generative oxidative treatments (803 K) followed by CD3CN titration (303 K, Figure
3.4, short dash), resulted in IR spectra that gave an open (0.16 £+ 0.03 per Sn) and
closed (0.51 + 0.10 per Sn) site distribution identical, within error, to the initial dis-
tribution (Table 3.2). The recovery of the initial open-to-closed distribution after Sn
sites were converted to a spectroscopically indistinguishable configuration suggests
that these initial open and closed site configurations are determined by structural

or geometric constraints related to the position of Sn atoms in the zeolite lattice or
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their local environment. Similar site reconstruction behavior was also observed on
a representative Sn-Beta-OH sample (Sn-Beta-OH-187; Figure 3.24, Supporting In-
formation), with the site quantification shown in Table 3.2. The near-quantitative
consumption of open and closed sites, the appearance of the 2282 cm™ peak, and
the reversibility of these changes are consistent with the dynamic interconversion and
participation of all Sn sites during ethanol dehydration catalysis [180], regardless of
their initial configurations.

The species adsorbed on Sn sites after ethanol dehydration at 403 K, and a sub-
sequent purge step in flowing helium, were probed using on-line mass spectrome-
try to monitor gaseous products formed during temperature programmed desorption
(TPD). Minor amounts of physisorbed ethanol unassociated with Sn sites desorbed
at low temperature (<500 K), but this amount decreased with increasing purge time
until it was eliminated (16 h). Ethene and water were the predominant species that
desorbed from Sn-Beta-F-116 (Figure 3.25, Supporting Information); however, no
diethyl ether was observed because the purge step had effectively eliminated ethanol-
ethanol dimers as surface species. Desorption of ethene and water is consistent with
unimolecular dehydration events that convert adsorbed ethanol monomers (E*) to
ethene and water. Species associated with Sn sites desorbed predominantly as ethene
at high temperature (600-800 K), although caution should be taken when interpreting
the positions of TPD peak maxima [191-193], which are influenced by re-adsorption
during egress from tortuous pores, and bed-scale and particle-scale transport effects.
The number of ethene molecules evolved per Sn was 0.9 (at 0.5 and 1.0 h purge times),
numbers larger than expected from intermediates covering solely open sites (0.45 per
Sn) or closed sites (0.76 per Sn), yet smaller than the total number of Sn sites, consis-
tent with the minority fraction of closed Sn sites (0.08 per Sn) on Sn-Beta-F-187 that
could bind CD3CN even after ethanol exposure (Figure 3.4). These TPD experiments
corroborate the IR data and indicate that nearly all Sn sites in Sn-Beta are converted
to a common intermediate structure during catalysis, suggesting that (L) in Eq. 3.2

represents the total number of Lewis acidic Sn sites. We note, however, that these
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TPD and IR data do not rigorously exclude the possibility that a subset of all Sn
sites are responsible for the majority of observed reactivity.

Turnover rates provide quantitative comparisons among samples with different
active site densities and framework polarities, and facilitate identifying differences in
catalytic behavior among materials [63] and benchmarking of catalytic data measured
in different studies [194]. Site-time yields represent rates averaged over the catalyst
bed, and are rigorously turnover rates when gradients in reactant and product cover-
ages are differential throughout the bed [195]. In practice, this requirement is met by
(i) low conversions (<1%), and either (ii) co-feeding products or (iii) verifying lack of
product inhibition. Here, (i) is satisfied in all reported data, (ii) is accomplished by
co-feeding HoO in excess of the amount produced by reaction, and (iii) was verified
for DEE (Figure 3.1a). Bimolecular dehydration turnover rates (404 K, per Snpa)
were fit at constant 0.1 kPa HyO and 0.5-35 kPa CyH;OH to obtain an empirical

apparent rate constant, according to:

_ o
TDEE,app = kappPCQH5OH (3.3)

This apparent rate constant (404 K, per Sny ) is invariant within a factor of 3 (AG,pp
< 4 kJ mol!) within the series of three Sn-Beta-F samples, and within the series of
seven Sn-Beta-OH samples, studied here across a wide range of Sn contents (Fig-
ure 3.5), consistent with measured rates that are kinetically-limited according to the
Madon-Boudart criterion [196]. Normalization of turnover rates by either the open
or closed Sn site densities (CD3CN IR, 303 K) does not reduce the variation in k,p,
values within the Sn-Beta-F or Sn-Beta-OH series (Figure 3.27, Supporting Informa-
tion), consistent with IR spectra and TPD measurements that suggest all framework
Sn sites interconvert to common configurations during catalysis. Although apparent
rate constants measured at 0.1 kPa HyO imply that Sn-Beta-OH is more reactive
than Sn-Beta-F, a broader survey of experimental conditions and mechanistic inter-

pretations (Eq. 3.2) are required to assess whether these differences reflect variations
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Figure 3.5: Apparent rate constants (k,,, in Eq. 3.2) for bimolecular ethanol
dehydration (per Lewis acidic Sn) at 404 K and 0.1 kPa HyO (3-35 kPa CoH50H) on
Sn-Beta-F (®) and Sn-Beta-OH (D) as a function of Sn content. Dashed lines represent
average values among the series of Sn-Beta-F or Sn-Beta-OH samples.

in intermediate surface coverages via equilibrium constants or in transition state sta-

bilities via reaction rate constants.

3.3.3 Influence of framework polarity on ethanol dehydration catalysis

Ethanol and water reaction orders reflect the relative coverages of ethanol monomers
(E*), ethanol-ethanol dimers (EE*), and ethanol-water dimers (EW*); hence, differ-
ences in these orders between Sn-Beta-F and Sn-Beta-OH samples indicate differing
extents to which the polarity of the confining environment affects reactive intermedi-
ate coverages. Figure 3.6 shows the bimolecular ethanol dehydration turnover rates
(per Snpa) as a function of ethanol pressure (at 0.1 kPa HyO) and water pressure
(at 8 and 20 kPa CyH;0H) on two representative samples, Sn-Beta-F-116 and Sn-
Beta-OH-84. The turnover rate is higher on Sn-Beta-OH than on Sn-Beta-F, and

the magnitude of the difference depends on both the water and ethanol pressures.



94

10 5 10+ 5
S { @ s 1 (b)
= ] — ]
cw cw 1
= = .
b= -
-g E O - g E | O
25 . 25 -
o = 105 4 (] o 5 105 - o O
o . (] .
= £ O ® » £ ] o O
82 0 o £ .
[3) o . 0
SE SE - o
o~ °® o~ ] )
E E o
o m O
10_6 T T T T TTT11] T T T T TTITIT 10_6 T T 1T T T 1T T T 1T T T rrrm|
100 101 102 102 101 100 101 102

C,H;0H Pressure / kPa H,O Pressure / kPa

Figure 3.6: Bimolecular ethanol dehydration turnover rate (per Lewis acidic Sn)
at 404 K on Sn-Beta-OH-84 (0) and Sn-Beta-F-116 (®) (a) as a function of ethanol
pressure at constant 0.1 kPa H,O, and (b) as a function of water pressure at constant
20 kPa CyH5;0OH.

At high water pressures, the apparent reaction order in water is less negative on Sn-
Beta-F (-0.5 between 10-30 kPa) than Sn-Beta-OH (-0.6 between 10-30 kPa sharply
falling to —1.0 above 30 kPa), suggesting that the ethanol-water dimer is more sta-
ble in polar Sn-Beta-OH frameworks under these conditions. Furthermore, at high
ethanol pressures (20-35 kPa), the apparent reaction order in ethanol is less positive
on Sn-Beta-OH (0.4) than on Sn-Beta-F (0.6), indicating a higher coverage of ethanol-
ethanol dimers in polar Sn-Beta-OH frameworks under these conditions. These re-
action orders suggest that the framework polarity influences reactivity by changing
the coverages of reactive and inhibitory intermediates, but cannot determine whether
differences in intrinsic kinetic rate constants also influence measured turnover rate
differences. Mechanistic interpretations of measured turnover rates using Eq. 3.2 al-
low separating the contributions of kinetic rate constants and adsorption equilibrium

constants.
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Regression of rate data (404 K) measured on four Sn-Beta-OH samples and two
Sn-Beta-F samples (0.5-35 kPa CoH;OH, 0.1-50 kPa H,0O, 24-33 data points per
sample) to Eq. 3.2 allowed estimating two thermodynamic adsorption constants (Ka,
K3) and the intrinsic kinetic rate constant (k4) on each sample (Table 3.4, Supporting
Information). Values of Ky, which represent equilibrium constants to form ethanol-
ethanol dimers from ethanol monomers (Figure 3.3), were higher on Sn-Beta-OH sam-
ples (6.6-11x102 kPa!) than on Sn-Beta-F samples (2.8-3.7x102 kPa!). Values of
K3, which represent equilibrium constants to form ethanol-water dimers from ethanol
monomers (Figure 3.3), were also higher on Sn-Beta-OH samples (4.3-16x 107! kPa™!)
than on Sn-Beta-F samples (2.5-2.7x 107! kPa!). In general, values of K3 are an order
of magnitude larger than Ky, regardless of framework polarity, consistent with the
prevalence of EW* intermediates that inhibit turnover rates even at high CoH;OH
pressures (20 kPa, Figure 4). Values of k; were similar on both Sn-Beta-OH samples
(2.6-10%10° mol (mol Snpa)?t s!) and Sn-Beta-F samples (2.6-4.7x 10 mol (mol
Snpa )t st).

The effects of framework polarity on rate and equilibrium constants in bimolecular
ethanol dehydration were assessed by averaging values of Ky, K3, and ks among low-
defect (Sn-Beta-F) or high-defect (Sn-Beta-OH) samples of similar polarity, to give
the values reported in Table 3.

Table 3.3: Sample-averaged rate and equilibrium constants for Sn-Beta-F and Sn-
Beta-OH.

Parameter /Catalyst Sn-Beta-F¢ Sn-Beta-OH®  OH/F Ratio
K, /1072 kPa™! 3.3 +14 8.6 £ 3.3 3
Kz / 107! kPa™! 26 +1.0 10 £4 4
ks / 107° mol (mol Snp4)~! s7! 3.7+0.8 4.6 +£ 0.8 1.3

*Average of Sn-Beta-F-181 and Sn-Beta-F-153
bAverage of Sn-Beta-OH-80, Sn-Beta-OH-84, Sn-Beta-OH-41, and Sn-Beta-OH-187

Sample-averaged values of Ky and K3 are larger by 3x and 4x, respectively, on Sn

sites within high-defect frameworks than low-defect frameworks (Table 3). The higher
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Ky and K3 values on Sn-Beta-OH than Sn-Beta-F are consistent with observed reac-
tion orders in similar ethanol and water pressure regimes (Figure 3.6), which indicate
that Sn-Beta-OH catalysts stabilize higher coverages of ethanol-ethanol dimers, yet
are more susceptible to inhibition by ethanol-water dimers. In contrast, the sample-
averaged value of ky is identical within error on Sn-Beta-F and Sn-Beta-OH samples.
We note that higher values of Ky and K3 on Sn-Beta-OH than on Sn-Beta-F samples,
and the identical values of k4 on the two sets of samples, are independent of the active
site type (open, closed, or total Lewis acidic Sn) used to normalize rate data (Tables
S.3, S.4, Supporting Information). This kinetic analysis indicates that differences
in observed catalytic behavior between polar Sn-Beta-OH and non-polar Sn-Beta-F
samples solely reflect differences in the coverages of reactive and inhibitory dimers.
The Gibbs free energy differences (at 404 K) corresponding to differences in
sample-averaged values of Ky, K3, and k4 are summarized on the reaction coordinate
diagram in Figure 3.7, using Eqs. 3.16-3.25 and DFT-predicted values for AGg+ [180]
(Step 1, Figure 3.3). For clarity, Figure 3.7 was constructed assuming that Gg+ is the
same value in both polar and non-polar frameworks, which seems reasonable given
that the adsorbed ethanol molecule is closely associated with the Sn atom (235 pm
distance between Sn and O(H)CoHj [180], Figure 3.28, Supporting Information), pre-
cluding hydrogen bonding (typical O-O distances <300 pm [197,198]) with the nearest
potential framework silanol groups at next-nearest-neighbor O atoms (>300 pm from
the O atom in CoH5O(H)-Sn, Figure 3.28, Supporting Information). Formation of
the ethanol-water dimer (EW*) is 7-8 kJ mol™ more exergonic than formation of the
ethanol-ethanol dimer (EE*) in either framework (K;/Ky; = 8-12, Eq. 3.19), which
is qualitatively consistent with DFT-predicted reaction free energies of these elemen-
tary steps (13 kJ mol!, BEEF-vdW and AIMD-based entropy [180]). Both dimeric
intermediates (EE* and EW*) are 3-5 kJ mol™ lower in Gibbs free energy (404 K, Eq.
3.22-3.23) within Sn-Beta-OH, consistent with stabilization of the second adsorbed
ethanol or water molecule by hydrogen bonding with framework silanol groups. This

proposal seems reasonable because the second ethanol molecule in EE* and the wa-
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ter molecule in EW* are more distant from the Sn atom than the first ethanol (433
pm distance between Sn and O(H)CyHs, Figure 3.29, Supporting Information; 422
pm distance between Sn and OHy, Figure S.21, Supporting Information). These free
energies reflect the ability of polar frameworks to stabilize polar adsorbates (either

ethanol or water) that form dimeric intermediates with prevalent ethanol monomer

species (E*).
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Figure 3.7: Reaction coordinate free energy diagram for bimolecular ethanol dehy-
dration on Sn-Beta-F (solid line) and Sn-Beta-OH (dashed line), using predictions
from DFT [180] for E* in Sn-Beta-F, and the average values of Ky, K3, and ky re-
ported in Table 3 for EE*, EW*, and f. The depicted adsorbate and transition state
geometries were calculated via DFT (BEEF-vdW) [180]. Gas-phase ethanol and wa-
ter molecules are present in the free energies for E* (E(g)+W(g)), EE* (W(g)), EW*
(E(g)), and £ (W(g)), but omitted for clarity in the scheme.
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The estimated intrinsic free energy barrier (404 K, AG;, Eq. 3.18) to form di-
ethyl ether is the same within polar and non-polar frameworks at ca. 130 kJ mol™,
and in reasonable agreement with the DFT-calculated value of 150 kJ mol™ [180].
The similarity of intrinsic free energy barriers in polar and non-polar environments
implies (via Eq. 3.25) that the transition state is stabilized to a similar extent as
the ethanol-ethanol dimeric precursor within the two environments. Thus, the ap-
parent free energy barrier to form the transition state (404 K, relative to E(g) +
E*) is ca. 3 kJ mol! lower within polar Sn-Beta-OH frameworks, and turnover rates
are consequently higher, in kinetic regimes corresponding to dilute dimer coverages
(Figure 3.6, low HoO pressures). In contrast, apparent free energy barriers (404 K)
to form the transition state (141 kJ mol?, Sn-Beta-F; 142 kJ mol?, Sn-Beta-OH)
are similar, and turnover rates approach similar values on Sn-Beta-F and Sn-Beta-
OH, in kinetic regimes wherein ethanol-water dimers (EW*) become MARI at high
water pressures (Figure 3.6b). In this regime, the free energy penalty to desorb wa-
ter (in EW*) from polar environments is nearly commensurate with the free energy
benefit to adsorb ethanol (forming EE*) within them. Hence, polar silanol defect
groups influence turnover rates through preferential stabilization of reactive (EE*)
and inhibitory (EW*) dimers, resulting in higher turnover rates at low water pres-
sures within polar frameworks, but which also become more rapidly inhibited as water
pressures increase.

We conclude from this kinetic analysis that bimolecular ethanol dehydration rate
differences between Sn-Beta samples of different framework polarity result solely from
differences in the stabilization of polar ethanol and water molecules that form in-
hibitory and reactive dimer species within confining environments of different polarity.
Next, we use single-component and two-component adsorption measurements on non-
catalytic Si-Beta-F and Si-Beta-OH materials to independently probe the influence
of framework polarity on the coverages of polar molecules, and to corroborate con-
clusions drawn from kinetic measurements on catalytic Sn-Beta-F and Sn-Beta-OH

materials.
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3.3.4 Influence of framework polarity on coverages of polar intermediates

Single-component vapor-phase adsorption isotherms (302 K) of water and ethanol
were measured on Si-Beta-F and Si-Beta-OH to probe preferences for polar adsorbates
introduced by the higher density of silanol defect groups within Si-Beta-OH than
Si-Beta-F, absent of adsorption or catalytic effects introduced by Sn heteroatoms.
Adsorption isotherms are plotted on a semi-log scale (Figure 3.8) to facilitate com-
parisons across all relative pressures (P /Py = 107-10°; linear scale provided in Figure

3.31, Supporting Information). Water adsorption isotherms on each sample (Figure
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Figure 3.8: Single-component adsorption isotherms (302 K) of (a) HoO and (b)
CyH5;0H on Si-Beta-OH (0) and Si-Beta-F (®). The volume adsorbed is normalized
in (a) by the volume of HyO that would fill the micropore volume (determined by N
adsorption) at its bulk liquid density, and in (b) by the volume of ethanol that fills
the pores as determined by the minimum in 9V,q4s/0log(P/Py). The shaded regions
reflect the range of gas-phase P /P accessed during kinetic measurements (at 404 K).

3.8a) are normalized by the liquid volume of Ho,O (302 K) that would be equivalent
to the micropore volume measured by Ny at 77 K (Table 3.1), to provide a reference

value for the total water uptake that would be nominally commensurate with mi-
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cropore filling. On hydrophobic, non-polar Si-Beta-F, the water adsorption isotherm
is characteristic of weak adsorbate-adsorbent interactions (Type III), and water up-
takes are much lower than the available micropore volume. On hydrophilic, polar
Si-Beta-OH, the water adsorption isotherm is characteristic of stronger adsorbate-
adsorbent interactions (Type II) [199] Higher water uptake values on Si-Beta-OH
than Si-Beta-F (40x at P/Py=0.2) reflect the ability of silanol groups to stabilize
water clusters [171], and the higher values than available micropore volume likely
reflect contributions from adsorption at defects in external crystallite surfaces.

In contrast to water, ethanol fills the micropore volume of both Si-Beta-OH and
Si-Beta-F (Figure 3.8b), evidenced by local minima in semi-log derivative isotherms
(OVags/0log(P/Py), Figure 3.32, Supporting Information) that occur at P/P, values
of 0.17 and 0.28, respectively. The lower reduced pressure corresponding to ethanol
micropore filling reflects the more facile condensation of ethanol within the high-defect
Si-Beta-OH framework. Assuming that ethanol occupies the equivalent micropore
volume measured by liquid Ny at 77 K (Table 3.1), these data indicate that ethanol
pore filling of Si-Beta-OH and Si-Beta-F occurs at 65% and 88% of its liquid density at
302 K, respectively (Section 3.6.1.6, Supporting Information). Geometric constraints
provided by confining micropores are responsible for the inability of ethanol to pack
at its liquid density [200], which prevent optimal hydrogen-bonding interactions with
other ethanol molecules as occurs in bulk liquid phases. Here, it appears that Si-
OH groups that hydrogen bond with adsorbed ethanol molecules further inhibit the
efficiency of intermolecular ethanol interactions that are otherwise present in its bulk
liquid structure.

Although ethanol fills the pores of both hydrophobic, low-defect Si-Beta-F and
hydrophilic, high-defect Si-Beta-OH, notable differences in adsorption behavior are
revealed at low relative pressures (Figure 5b). At low P/P, values, ethanol forms
hydrogen bonds at polar silanol groups within Si-Beta-OH to fill available microp-
ore volume via strong adsorbate-adsorbent interactions (Type I). In contrast, ethanol

initially adsorbs within Si-Beta-F via dispersive interactions at non-polar siloxane
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bonds, consistent with ethanol adsorption enthalpies at low coverage that are less
negative on thermally-treated low-defect silica than on hydroxylated silica [176]. At
higher ethanol reduced pressures, non-polar micropores in Si-Beta-F become filled
with ethanol in adsorption processes driven by adsorbate-adsorbate hydrogen-bonding
interactions (Type V). Comparisons of the single-component adsorption isotherms in
the P/Py ranges corresponding to ethanol dehydration kinetic measurements (0.5-35
kPa CoH50H, 0.1-50 kPa HyO, Py values at 404 K give the shaded regions in Figure
3.8) suggests that polar Si-Beta-OH frameworks stabilize higher intrapore concen-
trations of ethanol and water molecules than non-polar Si-Beta-F frameworks un-
der conditions relevant to catalysis. Although single-component adsorption measure-
ments near ambient (302 K) qualitatively indicate that polar silanol groups provide
favorable hydrogen-bonding interactions for polar adsorbates, they do not accurately
reflect the prevalent intrapore coverages of two-component ethanol-water mixtures,
nor the elevated temperatures of catalysis (404 K).

Two-component breakthrough adsorption measurements were performed on Si-
Beta-F and Si-Beta-OH at 303 K and 403 K (5.8 kPa C;H50H, 2.3 kPa H,0, Figure
3.33, Supporting Information) to provide additional evidence for the enhanced uptake
of polar molecules within polar frameworks under ethanol dehydration reaction con-
ditions. Ethanol uptakes in competitive adsorption experiments at 303 K approached
those measured in single-component isotherms at 302 K (Vags/Vmicro = 0.45-0.69,
Table 3.7, Supporting Information), but were lower because co-adsorbed water occu-
pied some of the micropore volume. The water uptake on Si-Beta-F was nearly 4x
higher than in the single-component case, because ethanol molecules adsorbed within
the pores provided hydrogen-bonding interactions for water co-adsorption. These
ethanol and water uptakes on Si-Beta-F at 303 K (0.16 cm?® g! C,H50H, 0.02 cm?
gl Hy0) also closely resemble those previously reported using two-component break-
through measurements on Sn-Beta-F (0.14 cm?® g' C,H50H, 0.02 cm? ¢! HyO, 293
K, 1 kPa CoH50H, 1.7 kPa HyO [54]), providing independent verification of these

measurements.
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The ratio of adsorbed ethanol to water from equilibrium measurements, denoted
as I'yy (x = sample type (F, OH), y = number of components in the measurement
(1, 2) or ‘k’ for kinetics), is taken here as a quantitative descriptor for framework
polarity, for which a value of unity indicates no preference for ethanol or water at
the chosen reference condition (5.8 kPa CoH;OH, 2.3 kPa HyO). I" values are shown
for low-defect (-F, filled bars) and high-defect (-OH, open bars) Beta zeolite samples

in Figure 3.9. I'y; values estimated from single-component isotherms measured at

Equilibrium N¢opson / Nuzo (1)
=

102 T T T T
Single- Two- Single- Two- Kinetics
component component component component
302 K 303 K 403 K 403 K 404 K

Figure 3.9: Ratio of the equilibrium uptake of ethanol to water (I') on Si-Beta-OH
(0) and Si-Beta-F (®) at 5.8 kPa CoH50H and 2.3 kPa HyO as estimated from single-
component adsorption isotherms, two-component breakthrough adsorption measure-
ments, and kinetic equilibrium constants (I'yx = KoPconson (K3Phao)™t). Dashed
line indicates no preference for ethanol or water (I' = 1).

302 K (CoH50H P/Py = 0.59, H,O P/Py = 0.49) indicate that polar frameworks
prefer water (I'og1 = 0.26) while non-polar frameworks prefer ethanol (I'r; = 15).
The single-component uptakes were adjusted to the reaction temperature (404 K) by
recalculating the saturation pressure and comparing uptakes measured at 302 K at
corrected P/Pq values (CoHs;OH P/Py = 0.0099, H,O P /Py = 0.0082), which predict

an enhanced preference for ethanol in both frameworks at 404 K (I'r; = 96, I'op 1 =
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2.5). Independent of the reference temperature chosen, non-polar frameworks prefer
ethanol over water to a greater extent than their polar analogs, which reflects both
the lack of hydrogen-bonding interactions for water at non-polar siloxane bridges, and
the favorable dispersive contacts for ethyl groups provided by them.

The measured two-component I'y 5 values (Figure 3.9) indicate that the non-polar
framework prefers ethanol more than the polar framework, at both 303 K (I'p , = 3.1 >
Fone =1.3) and 403 K (I'r 2 = 7.3 > o2 = 4.4). Consistent with single-component
predictions, both frameworks prefer ethanol to a greater extent at higher temperatures
(Cpo: 7.3 > 3.1; opo: 4.4 >1.3). In contrast to single-component predictions, I'y o
values are closer to unity, because ethanol-water interactions attenuate adsorbate-
adsorbent effects that are more prominent in single-component systems. In the case
of Si-Beta-F, co-adsorbed ethanol molecules provide additional hydrogen bonds for
adsorbed water that attenuate the preference for ethanol (I'r; = 15 I'po =3.1). In
the case of Si-Beta-OH, ethanol molecules more effectively compete with water for
hydrogen bonding at Si-OH groups (I'om1 = 0.26 T'ome = 1.3). Despite attenuation
of adsorbate-adsorbent interactions in two-component mixtures, the I'ro > Iomno
trend indicates that framework polarity influences the coverages of polar molecules
at catalytically-relevant temperatures (403 K).

Furthermore, this trend is consistent with that predicted from kinetically-measured
equilibrium constants at 404 K (Txx = KoPconson (KsPu20) ™ T'rx = 0.32 > Topx =
0.21). I'xx values less than unity indicate a greater preference for water over ethanol in
kinetic measurements at 404 K, in contrast to breakthrough adsorption measurements
(I'x2 > 1) at 403 K. This difference seems reasonable because I'y » values represent an
integral co-adsorption of both ethanol and water molecules within zeolite frameworks
absent of Sn sites, while I'y i are calculated using equilibrium constants that represent
elementary steps in which gas-phase ethanol or water molecules adsorb within zeolite
frameworks and associate with an ethanol monomer already adsorbed at a Sn site
(E*). Thus, I'xx values reflect not only the relative preference of polar and non-polar

frameworks for ethanol and water adsorption, but also the relative preference for ad-
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sorbing a second molecule (ethanol or water, to form EW* or EE*, respectively) at
an ethanol preadsorbed at the active Sn site (E*). Differences in I'yx among polar
and non-polar frameworks reflect their relative preference for ethanol and water ad-
sorption. The higher I'r than I'omy values estimated from kinetic data (404 K),
and the higher values measured in breakthrough adsorption measurements (I'y 2, 403
K) in the absence of metal site effects, provide quantitative evidence that framework

polarity changes the coverages of intermediates during catalysis.

3.4 Conclusions

The influence of confining environment polarity on Lewis acid catalysis was probed
by studying the kinetics of bimolecular ethanol dehydration on Sn-Beta zeolites with
high and low silanol defect densities. Selecting this gas-phase probe reaction avoided
complications introduced by molecules present in condensed phases that mediate el-
ementary steps [70], form extended solvating environments [56, 151], or cause rapid
deactivation [116,117,179]. Gas-phase ethanol and water facilitated interconversion
among Sn site configurations during catalysis, as detected by infrared spectroscopy
of adsorbed CD3CN after reaction and consistent with predictions from theory [180].
Although this evidence does not preclude the existence of a subset of more reactive
sites, as reported for other catalytic reactions [56, 68, 102], the conclusions drawn
here regarding the effects of framework polarity on ethanol dehydration catalysis do
not depend on the choice of active site configuration used to normalize rate data.
Turnover rates (per Snpa) measured between 0.5-35 kPa of ethanol and 0.1-50 kPa
of water at 404 K were accurately described by a mechanism-derived rate expression
supported by DFT-based microkinetic modeling [180], and comparisons among ten
different samples with varying Sn contents (Si/Sn = 30-187) were used to eliminate
transport corruptions. These treatments enabled assigning chemical significance to
turnover rates in the form of regressed rate (k4) and equilibrium (Kz, K3) constants,
which had characteristic values on samples with different defect densities imparted

by synthetic control (post-synthetic, -OH; hydrothermal, -F).
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Regressed thermodynamic equilibrium constants were 3—4x higher on Sn sites
within polar frameworks, while kinetic rate constants were similar regardless of frame-
work polarity, leading to differences in turnover rates between polar Sn-Beta-OH
and non-polar Sn-Beta-F samples. Therefore, the polarity of the confining envi-
ronments surrounding Sn sites influence ethanol dehydration catalysis by changing
the prevalent coverages of the MARI, whose adsorption free energies are sensitive
to hydrogen-bonding interactions with silanol defects present in secondary confining
environments. The identity of MARI species as productive ethanol-ethanol dimers
or inhibitory ethanol-water dimers gave rise to predictable differences in measured
reaction orders in ethanol and water pressures on samples with different framework
polarity. Furthermore, these framework polarity effects during ethanol dehydration
catalysis were corroborated using single-component and two-component adsorption
measurements on non-catalytic Si-Beta materials. Changes in equilibrium uptakes on
these non-catalytic materials, which differed solely in their framework polarity, were
similar to changes in coverages predicted by kinetically-derived equilibrium constants,
consistent with analogous polarity effects present during catalysis at Lewis acidic Sn
sites.

The sensitivity of reaction intermediates to the polarity of their surrounding en-
vironment provides a mechanism to enhance turnover rates when productive and
inhibitory intermediates differ in polarity. During ethanol dehydration at low water
pressures, turnover rates are higher at Sn sites confined within polar surroundings
because coverages of reactive ethanol-ethanol dimers are enhanced, but also decrease
more sharply with increasing water pressure because such environments stabilize in-
hibitory ethanol-water dimers. Hydrophobic, non-polar reaction environments atten-
uate this inhibition by ethanol-water dimers, which has been recognized as one under-
lying feature characteristic of water-tolerant Lewis acids [173,201]. Besides destabi-
lizing inhibitory intermediates by selecting confining environments with incompatible
polarity, these results also highlight the benefit of stabilizing productive intermediates
within environments of compatible polarity, as suggested in Sn-Beta, [55] TS-1 [47],
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and increasingly complex co-solvent systems [50]. Here, studying a gas-phase probe
reaction on well-defined catalysts using mechanistic interpretations of rate data and
corroborating adsorption measurements gave chemical insights into the role of con-
fining secondary environment polarity, which influenced intermediate coverages and
thereby reactivity and the extent of water inhibition, on active sites of similar local
structure. The conceptual framework used to interpret these catalytic effects can be
extended to probe and predict the behavior of other reactions within microporous

materials synthesized with different framework polarity.
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3.6 Supporting Information
3.6.1 Supplementary Discussion

3.6.1.1 Derivation of bimolecular ethanol dehydration rate equation

Elementary steps refer to Figure 3.3 in the main text.

Assuming the MARI are E*, EE*, and EW* the site balance is:

(L) = (E+) + (EE*) + (EWx) (3.4)
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Assuming quasi-equilibrated adsorption steps,

(Bx) = K\ (E)(x) (3.5)
(EE*) = K, (E*) (E) = KK, (E)2 (*) (3-6)
(EWx) = K3 (Ex) (W) = K1 K3(E)(W)(*) (3.7)
Therefore,
(¥) = (L) [K\(E) + K1 Ky (E)? + K Ks(E)(W)] (3.8)

Assuming DEE is formed in the sole kinetically relevant step 4,
TDEE — T4 — k4 (EE*) (39)

rppe = kiK1 Ky (E)? (%) (3.10)

Substituting the site balance gives:

koK K (E)?
T'DEE = L i( ) (L) (3-11)
Ky (E) + K1 K3 (B)” + K1 K5 (E) (W)
which can be simplified to the form:
ksKs (E
T"DEE = 2 2( ) (L) (3'12)

14+ Ky (E) + K3 (W)

We note that if vacant sites are included in the MARI, then the rate expression

becomes:

B koK, Ky (E)?
14K, (E)+ KKy (BE)’ + K K5 (E) (W)

(L) (3.13)

I'DEE

which implies a second-order dependence on ethanol pressure under conditions where
*is the sole MARI:
T'DEE — ]{74K1K2 (E)2 (L) (314)
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Including quasi-equilibrated elementary steps that lead to water dimers (WW*) as

the sole MARI will also lead to a second-order dependence on ethanol pressure:

kK K
T'DEE = e 2 (E)2 (L) (3-15)
Ky Kyww (W)

We note that WW* are not MARI species under the experimental conditions
studied here. As seen in Figure 3.1(b) in the main text, the reaction order in HyO at
high H,O pressures is close to —1, inconsistent with WW* as the sole MARI, which
would give rise to a reaction order of -2 (Eq. 3.15). This is also consistent with the
microkinetic modeling results of Bukowski et al. which predict E*, EE*, and EW*
are the MARI [180].

3.6.1.2 Relation of rate and equilibrium constants to thermodynamic quantities

The adsorption equilibrium constants as derived above have units of inverse pres-
sure. To relate them to free energies, the standard state pressure is required (P° =1

bar) [202]:

AG Gpps — G — G
KQ,thermodynamic = KQPO = &xXp <_ RT2> = ©Xp (_ = R};—' E(g)) (316)

AG Gews — Ggx — G
KS,thermodynamic = KSPO = exp (_ RT3) = exXp (_ Ll RL:F W(9)> (317>

k4 is readily interpreted as a thermodynamic quantity according to transition state

theory, when rates are normalized by the number of active sites (L):

. ]{JBT AGi o k?BT Gi — GEE*
ky = 1 eXD <— RT) = exp( 7T ) (3.18)

The ratio of Ky/Kj3 reflects the relative free energy changes of adsorption steps:

Ks b (_ AG; — AGa) — exp (_ Gppe — GEW*R+TGE(g) - GW(g)) (3.19)
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Rate and equilibrium constants may also be compared between high-defect and low-

defect frameworks:

Kson — exp <_ AGz,OH - AG2,F) — exp (_ GEE*,OH - GEE*,F + GE*,F — GE*,OH

Ky p RT RT
(3.20)
Kson - _AGS,OH — AGsp —exp [ — Gewson — Gewwr + Gesr — GEvon
Ksp 0 RT b RT
(3.21)
And if GE*,OH = GE*,F:
Kson Gepvon — GeeeF
: = — : : 3.22
Kop P ( BT (3.22)
Kson Gewson — GEwsF
= — ’ ’ 3.23
Kyp 0 ( RT (3:23)

Comparing rate constants between high- and low-defect frameworks:

kiom ox _AG:c,OH — AGyr ~ex _Gi,OH — Gy r+ Gepwr — Gepson
p RT P RT

ks r
(3.24)

And using Eq. 3.21,

kion — Kor ( Gi,OH—Gi,F> kson Kz on ( GLOH—G17F>
= exp | — or =&Xp |\~ %7

ks B Koon RT ’ kir Kop RT

(3.25)
The derived equations allow comparison of free energies of adsorbed intermediates
and transition states between Sn-Beta-F and Sn-Beta-OH catalysts, as illustrated in

Figure 3.7, main text.

3.6.1.3 Synthesis and characterization of zeolites

Si-Beta-F and dealuminated Beta (denoted Si-Beta-OH) were synthesized to com-
pare the effects of framework defects on adsorption in the absence of a heteroatom.
Sn-Beta-F and Sn-Beta-OH samples were synthesized to compare the effects of frame-

work defects on catalysis. Table 3.1 in the main text summarizes the range of Sn
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loadings and micropore volumes for these samples. Successful synthesis was confirmed
from micropore volumes near 0.21 cm?® g1, together with XRD patterns (Figure 3.10)
that possess reflections at 8° and 22.4° 26, characteristic of the Beta topology. The
micropore volume of Si-Beta-OH was 0.10 cm?® g! and a significant decrease in XRD
peak intensity was observed, consistent with partial destruction of the framework
by dealumination treatment, and generation of mesopores, seen in the increase in
adsorbed volume at high P/P, values (Figure 3.11).

Sn sites were predominantly incorporated within the Beta framework as confirmed
by diffuse reflectance UV-Visible (DRUV) spectra (Figure S.3-Figure 3.14) and IR of
adsorbed CD3CN (Figure 3.19, and Table 3.1, main text). Ambient DRUV spectra
showed bands centered around ~230 nm that shifted toward 190-210 nm upon dehy-
dration, then returned to their ambient position upon rehydration. These shifts are
consistent with ligand-to-metal charge transfer for Sn** in octahedral coordination
(with HyO), and tetrahedral coordination upon dehydration [68,152]. Sn incorpora-
tion within the framework is corroborated by values of the number of Lewis acid sites
per Sn atom near unity, quantified by IR spectroscopy of adsorbed CD3CN [56]. The
dehydrated DRUV spectra for Sn-Beta-F-187 (Figure 3.13) and Sn-Beta-OH-30 [151]
show broad features centered around 250-260 nm for small SnO, particles, consistent
with Lewis acid sites per Sn atom counted <1. These data indicate that Sn atoms

are incorporated in tetrahedral configuration within the Beta framework.

3.6.1.4 IR Spectroscopy of CD3CN after ethanol dehydration catalysis on Sn-Beta-
OH-187

The IR spectra from an experiment similar to that described in the main text on
Sn-Beta-F-187 are shown in Figure 3.24, and quantified in Table 2 (main text). The
details of this experiment are the same, except ethanol treatment occurred at 403 K for
11 h (5 kPa CoH50H), and the initial ethanol dosing was omitted. Subtracted spectra
after treating in flowing ethanol, purging in flowing helium, and exposure to dynamic

vacuum (Figure 3.24a) possess the same features discussed in the main text (C-H
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stretches, perturbed O-H stretch) that correspond to adsorbed intermediates. Initial
doses of CD3CN (Figure 3.24b) adsorbed at ethanol-modified Sn sites (2282 cm™),
consistent with spectra showing this peak on Sn-Beta-F in the main text. This peak is
not prominent in saturated spectra (Figure 3.24¢) because the Si-OH peak (2275 cm™)
overlaps with it and is present in higher densities (6.8x10™* mol g') on Sn-Beta-OH-
187 than on Sn-Beta-F-187 (8.1x 107 mol g!). Quantification of these spectra (Table
3.2, main text) indicates that reoxidation of Sn sites restores the initial open-to-closed
distribution, within error, after ethanol treatment quantitatively consumed the open
sites, and reduced the closed site density by ca. 60%. This is consistent with the
spectra reported on Sn-Beta-F-187, where all open sites (2316 cm™) were consumed
after ethanol reaction, but some closed sites (2308 cm™, 0.08 closed/Sn) remained.
Some closed sites are detected by CD3CN likely because reaction intermediates may
desorb from Sn sites during the He purge step (0.5 h) and dynamic vacuum treatment
(0.25 h), prior to cooling to 303 K for CD3CN adsorption. Furthermore, gas-phase
H50O transiently present within micropores as a reaction product may also displace

some reaction intermediates from Sn sites.

3.6.1.5 Temperature programmed desorption after ethanol reaction as a function of
purge time

All sites are covered by intermediates during ethanol dehydration catalysis, but
when the feed is switched to He purge, the resulting transients in ethanol and water
concentration in the gas phase allow water to displace the small number of adsorbed
ethanol molecules needed to close the site balance to 1.0 (Figure 3.25). After a 16
h purge, 0.58 ethene per Sn were quantified, indicating some adsorbed ethanol can

desorb during the purge step at 404 K.

3.6.1.6 Calculation of CoH;OH density at micropore filling

The micropore filling transition for single-component CoH5OH isotherms (302 K)
on Si-Beta-F and Si-Beta-OH is given by the minimum of 9V ,qs/0log(P/Py), shown
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in Figure 3.32. These values were 1.13 mmol g'* and 3.12 mmol g'* on Si-Beta-OH and
Si-Beta-F, respectively. Dividing by the Ny micropore volume values (Table 3.1, main
text), and converting mmol CoHsOH to g gave the value of the density of CoH;OH
within the micropores: 0.51 g cm™ (Si-Beta-OH) and 0.69 g cm™ (Si-Beta-F). This
was compared with the value for bulk C,H5;OH, 0.78 g cm™.

3.6.1.7 Assessment of intraparticle transport corruptions

Intraparticle transport corruptions were ruled out using the Mears criterion [203].
Measured reaction rates are kinetically limited when they are significantly lower than

the estimated diffusion rate per catalyst particle:

Rr? 1
P« — 3.26
CsD.  |n| (3:26)

where R is the reaction rate (per particle volume) for an n'™™ order reaction
(R=kCy"), r, is the particle radius, Cs is the reactant concentration at the exter-
nal surface of the particle, and D, is the effective diffusivity of the reactant within
the particle.

The highest reaction rate per particle volume was measured on Sn-Beta-OH-30
at 35 kPa CyH5O0H, which has a site-time yield of 3x107° mol (mol Sn)™* s'. Using
the Sn site density of 5.12x10% mol Sn g and 1.53x10°% ¢ m™ (estimated from the
*BEA unit cell formula), the reaction rate per crystallite volume is R = 2.4x 102
mol m™ s'. A conservative estimate for the particle radius of 1x10% m was chosen,
which is twice the typical radius observed for Sn-Beta-F samples in SEM images
[56]. Sn-Beta-OH crystallites are expected to be smaller than this (ca. 250 nm in
radius estimated from SEM images [151]. The surface concentration of CoH;OH was
taken as the bulk fluid concentration (10 mol m™), because interparticle gradients
are not expected (particles were sieved to 180-250 um). The effective diffusivity
was estimated to be similar to the self-diffusivity of CoHsOH within FAU zeolites

calculated using molecular dynamics simulations at 300 K [204], which is conservative
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for the reaction temperature of 404 K. Using these estimates, the left-hand side of
Eq. 3.26 was approximately 8x 10, ruling out intraparticle diffusion corruptions of

measured reaction rates.

3.6.2 Supplementary Figures

* Si-Beta-OH

A p Sn-Beta-OH-187
A

Sn-Beta-F-187

A A A i

I Sn-Beta-F-153
I Sn-Beta-F-116

A i Si-Beta-F
L A A N

Normalized Intensity / a.u.

5 10 15 20 25 30 35 40
20/°
Figure 3.10: XRD patterns of Beta zeolites after air treatment (853 K, 10 h),

normalized by maximum intensity. * denotes an artifact from the sample holder.
XRD patterns of Sn-Beta-OH samples are reported in [151].
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Figure 3.11: N, adsorption isotherms (77 K) on Si-Beta-OH (4), Si-Beta-F (m),
Sn-Beta-F-187 (), Sn-Beta-F-153 (¥), Sn-Beta-F-116 (®), Sn-Beta-F-181 (x), and

Sn-Beta-OH-187 (). Isotherms are offset by multiples of 100 cm?® g (STP) for
clarity. Isotherms on the other Sn-Beta-OH samples are reported in [151]
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Figure 3.12: DRUYV spectra of Sn-Beta-F-203 under ambient conditions (thin line),
dehydrated at 523 K for 0.5 h under flowing helium (thick line), and rehydrated by
cooling under HyO-saturated (ambient temperature) helium flow to 303 K (dashed
line).
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Figure 3.13: DRUV spectra of Sn-Beta-F-187 under ambient conditions (thin line),
dehydrated at 523 K for 0.5 h under flowing helium (thick line), and rehydrated by
cooling under HyO-saturated (ambient temperature) helium flow to 303 K (dashed
line).
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Figure 3.14: DRUYV spectra of Sn-Beta-F-116 under ambient conditions (thin line),
dehydrated at 523 K for 0.5 h under flowing helium (thick line), and rehydrated by
cooling under HyO-saturated (ambient temperature) helium flow to 303 K (dashed
line).
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Figure 3.15: Normalized relative abundances of possible ethanol dehydration prod-
ucts at m/z = 2 to 75, from NIST [205].
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Figure 3.16: Site-time yields (per Sn) of diethyl ether (9) and ethene (W) on Sn-
Beta-F-181 at 8 kPa CH30H, 0.1 kPa H,O, and a constant site-contact time of 0.39 s
(mol Sn) (mol total feed)™ over the temperature range 404-528 K, after stabilization
for 12 h on stream at 404 K.
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Figure 3.17: Diethyl ether (DEE) site-time yield (404 K, per Sn) on Sn-Beta-OH-41
as a function of time-on-stream, with initial conditions of 8 kPa CH3OH and 0.1 kPa
H50. Discontinuities represent changes in the inlet pressures. Open symbols are data
points measured upon return to initial inlet conditions, and were used to extrapolate
the measured data in (a) to initial times to correct for intervening deactivation and
give the corrected site time yields reported in (b).
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Figure 3.18: Parity plot of diethyl ether (DEE) site-time yields (404 K, per total
Sn) measured experimentally on Sn-Beta-OH-84 and predicted by best-fit regression
to Eq. 3.2 using Athena Visual Studio.
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Figure 3.19: IR difference spectra of CD3CN (303 K) on air-treated (823 K) Sn-Beta-
F-187 (relative to the vacant surface), with increasing coverage 0.2-2.3 CD3CN/Sn,
and after evacuation to remove gas-phase CD3CN (bold spectrum).
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Figure 3.20: IR difference spectra of ethanol dosing (relative to the vacant sur-

face, dotted lines) from 0.08-80 CoH5OH/Sn on Sn-Beta-F-187 at 488 K followed by
dynamic vacuum for 300 s (solid lines).
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Figure 3.21: (a) Baseline-corrected infrared spectrum of 0.4 kPa gas-phase ethanol
in flowing helium through an empty IR cell at 298 K, and (b) IR difference spectrum
of Sn-Beta-F-187 (relative to the vacant surface) under flowing 6 kPa CoH;OH after
3 h of reaction at 488 K. Both spectra are normalized by the maximum absorbance
in the 1300-3800 cm™ range.
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Figure 3.22: Site-time yields (488 K, per total Sn) of diethyl ether (?) and ethene

(W), and turnover number (®), on Sn-Beta-F-187 at 8 kPa CH3OH and no co-fed water,
as a function of time on stream.
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Figure 3.23: IR difference spectrum of Sn-Beta-F-187 (relative to the vacant surface)
at 488 K, after 3 h of ethanol reaction, 0.5 h helium purge, and 0.25 h dynamic
vacuum.
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Figure 3.24: (a) IR difference spectra of Sn-Beta-OH-187 (relative to the vacant
surface) after 11 h under flowing CoH;OH (5 kPa) at 403 K (dashed), followed by
0.5 h purging in flowing helium and 0.25 h of dynamic vacuum (ca. 10 Pa) (solid).
(b) Normalized (by T-O-T overtone peak area) IR difference spectra (relative to
the vacant surface) of initial doses of CD3CN (303 K, 0.2-1.0 CD3CN/Sn) after the
treatments described in (a). Dashed lines indicate peaks at 2308 cm™ and 2282 cm™.
(c) IR difference spectra (relative to the vacant surface, normalized by T-O-T overtone
peak area) of CD3CN adsorbed on Sn-Beta-OH-187 at 303 K, fresh (solid), after 11

h under 5 kPa ethanol flow at 404 K (long dash), and after treating in air at 823 K
(short dash).
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Figure 3.26: Ethene evolved per Sn as a function of purge time during temperature

programmed desorption in flowing helium (1.67 ¢cm?® s') of ethanol reacted on Sn-
Beta-F-116 at 404 K for 8 h, followed by purging in flowing helium (1.67 cm? s!).
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Figure 3.27: Apparent rate constant for bimolecular ethanol dehydration normalized
by open Sn (a) or closed Sn (b) at 404 K, and 0.1 kPa HyO (Prion=3-35 kPa) derived
from empirical power rate law expressions (rpgg=KappPrion®) on Sn-Beta-F (®) and
Sn-Beta-OH (D) as a function of Sn content. Dashed lines represent averages within
all Sn-Beta-F and Sn-Beta-OH samples. Vertical arrows indicate the minimum-to-
maximum variation in the Sn-Beta-OH samples.
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Figure 3.28: DFT-optimized geometry of the ethanol monomer (E*) from Bukowski
et al. [180] illustrating the Sn-O(H)CyH; distance (235 pm), and the minimum dis-
tance (320 pm) between the oxygen atom of CoHs0H in E* and a next-nearest-
neighbor framework oxygen atom, as an approximation of the O-O distance between
E* and the nearest possible framework Si-OH.
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Figure 3.29: DFT-optimized geometry of the ethanol-ethanol dimer (EE*) from
Bukowski et al. [180] illustrating O-O distance between ethanol molecules (270 pm),
the Sn-O(H)CyH; distance for the strongly-bound ethanol (229 pm) and the weakly-
bound ethanol (433 pm), and the minimum distance between the oxygen atom of the
weakly-bound CoH5OH and a framework oxygen atom (292 pm), as an approximation
of the O-O distance between it and the nearest framework Si-OH.
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Figure 3.30: DFT-optimized geometry of the ethanol-water dimer (EW*) from
Bukowski et al. [180] illustrating O-O distance between ethanol and water (275 pm),
the Sn-O(H)CoH; distance (227 pm), the Sn-OH, distance (422 pm), and the mini-
mum distance between the oxygen atom of HoO and a framework oxygen atom (324
pm), as an approximation of the O-O distance between it and the nearest framework

Si-OH.
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Figure 3.31: Linear-scale single-component adsorption isotherms (302 K), reported
in Figure 3.8 of the main text, of (a) H,O and (b) CoH;0H on Si-Beta-OH (0) and
Si-Beta-F (®). The volume adsorbed is normalized in (a) by the volume of H,O that
would fill the micropore volume (determined by Ns adsorption) at its bulk liquid
density, and in (b) by the volume of ethanol that fills the pores as determined by the
minimum in 0V ,qs/0log(P/Py).
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Figure 3.32: Semi-log derivative ethanol adsorption isotherms on (a) Si-Beta-F
and (b) Si-Beta-OH. Open circles indicate the local minima corresponding to the
micropore filling transitions.
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Figure 3.33: Two-component breakthrough adsorption measurements of ethanol
(5.8 kPa, black) and water (2.3 kPa, gray) on (a) Si-Beta-F at 303 K, (b) Si-Beta-F
at 403 K, (c) Si-Beta-OH at 303 K, and (d) Si-Beta-OH at 403 K.
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3.6.3 Supplementary Tables

Table 3.4: Regressed rate and equilibrium constants for each Sn-Beta sample.

Catalyst Ky / 1072 kPa™! Kz /107! kPa=! k4 / 107 mol (mol
SHLA)fl g1

Sn-Beta-F-153 3.7+ 14 2.7+1.0 4.7+ 0.9
Sn-Beta-F-181 28+ 1.3 25+ 1.1 2.6 £0.7
Sn-Beta-OH-41 9.5 £ 3.6 16 £5 27+£04
Sn-Beta-OH-80 11+£3 6.7 £ 2.1 3.1+ 0.3
Sn-Beta-OH-84 7.9+ 4.0 15 £ 8 2.6 = 0.6
Sn-Beta-OH-187 6.6 £ 2.7 43+19 10 £ 2

Table 3.5: Sample-averaged rate and equilibrium constants for Sn-Beta-F and Sn-
Beta-OH, assuming (L) = (mol Open Sn).

Parameter Sn-Beta-F¢  Sn-Beta-OH® OH/F Ratio
K, / 1072 kPa™! 3.3+14 8.6 £ 3.3 3
Kz / 107! kPa™! 26 £1.0 10 £ 4 4
ks / 1074 mol (mol Open Sn)~!s~t 1.5+ 0.3 1.8 4+ 0.3 1.2

*Average of Sn-Beta-F-181 and Sn-Beta-F-153
b Average of Sn-Beta-OH-80, Sn-Beta-OH-84, Sn-Beta-OH-41, and Sn-Beta-OH-187

Table 3.6: Sample-averaged rate and equilibrium constants for Sn-Beta-F and Sn-
Beta-OH, assuming (L) = (mol Closed Sn).

Parameter Sn-Beta-F¢ Sn-Beta- OH/F Ratio
OH?®

K, / 1072 kPa™! 33+14 8.6 = 3.3 3

Kz / 107! kPa™! 26 +1.0 10 £ 4 4

ky / 107° mol (mol Closed Sn)~!'s™! 6.5 + 1.0 51+ 1.2 1.3

*Average of Sn-Beta-F-181 and Sn-Beta-F-153
bAverage of Sn-Beta-OH-80, Sn-Beta-OH-84, Sn-Beta-OH-41, and Sn-Beta-OH-187
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Table 3.7: Ethanol and water uptakes from two-component breakthrough adsorption
measurements®.

Sample Temperature [, Veiou/Vimiere® V20, Vmicro®
(K)

Si-Beta-F 303 3.1 0.69 0.07

Si-Beta-OH 303 1.3 0.45 0.11

Si-Beta-F 403 7.3 0.11 0.0041

Si-Beta-OH 403 4.4 0.12 0.0079

*5.8 kPa CoH50H, 2.3 kPa H,O

"Ngion /Nu20 adsorbed, x = F or OH, 2 denotes two-component
¢Assuming ethanol liquid density at 303 K and 403 K
dAssuming water liquid density at 303 K and 403 K
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4. DISTINCT CATALYTIC REACTIVITY OF SN SUBSTITUTED IN
FRAMEWORK LOCATIONS AND AT DEFECT GRAIN BOUNDARIES IN
SN-ZEOLITES

4.1 Introduction

The concepts of active sites [62] and their turnover rates [63] are foundational to
understanding the reactivity of heterogeneous catalysts; yet, a priori knowledge of
the structure of active sites is difficult to obtain [64]. Site-time yields (STYs) often
serve as a starting point for kinetic analysis, wherein initial assumptions of active site
identity can lead to preliminary mechanistic insights that suggest new experiments to
refine the structural descriptions of active sites [206]. Even for catalytic solids contain-
ing sites that are presumed to be “well-defined,” such as those associated with single
atoms, heterogeneous structural features often lead to differences in reactivity. Single
metal atoms hosted on supports such as CeOs [207], graphene [208], and N-doped
carbons [209,210] enable maximum dispersion of active metals [211], yet potassium
thiocyanate [209] and benzoic acid [210] titrations of Fe and Co atoms in N-doped
carbons reveal that <30% of the metals are the most reactive sites, in the case of Fe
because of their local N-coordination environments [209]. Metal-organic frameworks
that host coordinatively-unsaturated “open” metal sites [212] provide well-defined lo-
cal structures; however, defects caused by missing organic linkers are prevalent [213]
and catalytically relevant, such as for two-defect Zrg nodes in UiO-66 with lower in-
trinsic activation energies for bimolecular ethanol dehydration [214]. Brensted acidic
zeolites were once the canonical example of single-site heterogeneous catalysts [215],
but their protons exhibit different reactivity either when confined within different-

sized void environments, such as in 8-MR side pockets of MOR [216-218] or near
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extraframework Al species [84,219], or when protons are in close proximity with one
another [220-222].

Heterogeneous distributions of framework Lewis acid sites in zeolites have simi-
larly been identified and characterized by spectroscopic techniques with and without
probe molecules. Boronat et al. [102] first identified two distinct Sn configurations
in Sn-Beta zeolites that bind CD3CN differently so as to perturb IR-active v(C=N)
stretches to either 2316 cm™ (Snazi) or 2308 cm™ (Sngzeg) from the gas-phase fre-

I and correlated Baeyer-Villiger oxidation rates (363 K, per g)

quency of 2265 cm’
with the number of Snyzj sites. The Davis [68] and Ivanova [155,223] groups also
identified two distinct tetrahedral Sn sites in dehydrated Sn-Beta samples associated
with 1Sn NMR chemical shifts at ca. -420 ppm and -440 ppm, and the -420 ppm
peak was correlated with Snagig sites by NHj poisoning experiments [106]. Harris
et al. [56] quantified integrated molar coefficients (IMECs) for CD3CN IR peaks at
2316 cm™ and 2308 cm™, allowing quantitative comparisons with the number of sites
titrated ex situ by pyridine before glucose isomerization catalysis to provide further
evidence that Snsy4 sites are correlated with the predominant active sites for glucose-
fructose isomerization. Lewis et al. [105] dosed trimethylphosphine oxide (TMPO)
onto Sn-Beta and identified 'P NMR resonances at 55.8 and 54.9 ppm that appeared
concomitantly as the -420 ppm 9Sn NMR resonance shifted to that characteristic of
penta-coordinated Sn (-582 ppm) and that correlated with glucose-fructose isomeriza-
tion STY values (358 K, per mole Sn), while distinct Sn sites with 3!P resonances at
58.6 ppm and 57.2 ppm instead correlated with benzaldehyde-acetone aldol conden-
sation STY values (383 K, per mole Sn). In summary, spectroscopic characterizations
of Sn-Beta zeolites after dehydration treatments detect a distinct tetrahedral Sn site
(2316 cm™ CD3CN IR, -420 ppm '%Sn NMR, 55.8/54.9 ppm TMPO 3'P NMR)
whose quantity correlates with reaction rates of Baeyer-Villiger oxidation [102] and
glucose-fructose isomerization [56,105], while other sites (58.6/57.2 ppm TMPO 3P
NMR) correlate with rates of aldol condensation, but their precise structures and

mechanistic origins of their different reactivity still remain incompletely understood.
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Various structures for Sn sites in zeolites have been postulated in prior work, the

most common of which are depicted in Figure 4.1. Closed Sn sites (Sn-(OSi=)y,

(a) Closed
O Sn-(0Siz), k

(b) Hydrolyzed-open (c) Defect-open
(HO)-Sn-(OSi=);—-HO-Si (HO)-Sn-(0Si=),

Figure 4.1: Structurally distinct configurations of Sn Lewis acid sites in zeolites
proposed in the literature.

Figure 4.1a) are generated by isomorphous substitution of Sn** into framework posi-
tions occupied by Si** in pure-SiO, zeolite crystal structures. Water may react with
closed Sn to hydrolyze one Sn-O-Si bond and generate a hydrolyzed-open site ((HO)-
Sn-(OSi=)3---HO-Si, Figure 4.1b) with a proximal Si-OH group. DFT-calculated
activation enthalpies for glucose-fructose isomerization were lower by 30 kJ mol™! at
hydrolyzed-open Sn sites than at closed Sn sites [68], which is attributed to participa-
tion of the proximal Si-OH group in the kinetically-relevant intramolecular 1,2-hydride
shift step [69,70]. Treating Sn-Beta-F zeolites in aqueous NaNOs solutions, which
was intended to exchange Na for proximal Si-OH group protons at hydrolyzed-open
Sn sites, decreased glucose-fructose isomerization conversion values, consistent with
the involvement of a proximal Si-OH group in this reaction [106]. 'H cross-polarized
(CP) 19Sn NMR spectra (pretreated at 393 K under vacuum) that detect only the
-420 ppm peak provided evidence that these are hydrolyzed-open Sn sites [68], but
later studies report disappearance of this CP peak after high-temperature (>523

K) dehydration treatments under vacuum [155]. In addition, interconversion among
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hydrolyzed-open and closed sites is thermodynamically accessible according to DFT
calculations [113,180], and has been observed by two-dimensional proton-detected
'H/M9Sn correlation NMR, [224]. Characterizations that detect multiple site configu-
rations (e.g., CD3CN IR, 19Sn NMR) performed after high-temperature treatments
under vacuum therefore would not sample hydrolyzed-open sites because they become
equilibrated to closed configurations, supporting proposals for an additional site con-
figuration called “defect-open” (Figure 4.1c) on the basis of "9Sn DNP NMR and
DFT calculations [111], wherein deletion of a neighboring Si atom generates an open
site (HO)-Sn-(OSi=); and three additional Si-OH groups that are not sufficiently
proximal to the stannanol to re-close the site. A defect-open cluster model was also
used in DFT calculations by Boronat et al. [102] to rationalize the frequency shift
of the 2316 cm™ peak in CD3CN IR; however, it is unclear how defect-open sites
are formed during crystallization, and there is a dearth of definitive experimental
evidence for their existence. 2D ''Sn NMR has been used to propose that distinct
Sn configurations exist at different T-sites in Beta frameworks [111,225], and multi-
shell EXAFS fittings have invoked additional site configurations such as 3-coordinate
Sn with a nearby charge-balancing SiO™ as a frustrated Lewis pair [226], and paired
Sn sites at TH/T6 sites in 6-MR [108]; however, these site proposals have not yet
been verified by quantitative characterization and catalytic data. Identifying probe
reactions sensitive to distinct site configurations is integral to this effort, as in the
connections made between glucose-fructose isomerization turnover rates and Snasig
sites identified by CD3CN IR [56].

In our previous work [180,227] studying the gas-phase bimolecular ethanol dehy-
dration reactivity of Sn-Beta, theory and experiment together suggested that all Lewis
acidic Sn sites, if speciated in the closed form, contribute to measured turnover rates.
DFT calculations and microkinetic modeling indicated that interconversion between
closed and hydrolyzed-open framework Sn sites was quasi-equilibrated during ethanol
dehydration catalysis (404 K, 0.5-35 kPa CoH;OH, 0.1-50 kPa H50), and that the

most abundant reactive intermediate (MARI) species at steady-state were adsorbed
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monomeric and dimeric intermediates at closed Sn sites, which accurately described
measured STYs (per total Sn) and reaction orders in both HyO and CoH50H [180].
After ethanol dehydration catalysis, CD3CN titrants detected Sn sites predominantly
covered by indistinguishable MARI species (v(C=N) = 2282 cm™), whereas distinct
Sn sites (Snazie, Snages) were present in equivalent quantities before catalysis and
after regenerative oxidation treatments (823 K) in flowing air [227]. Complete cov-
erage by indistinguishable MARI after ethanol dehydration is consistent with both
types of Lewis acidic Sn contributing to measured turnover rates, as was assumed
previously [227]; however, as noted previously, this does not preclude the existence of
a subset of intrinsically more reactive sites. The recovery of initial Sn configurations
after catalysis indicates their distinct structural identities are retained and perhaps
related to distinct local coordination environments.

Here, the choice of gas-phase ethanol dehydration as a catalytic probe reaction
of Lewis acid zeolites enables performing in situ pyridine titrations to quantify the
densities of dominant active sites during catalysis on a suite of eleven Sn-Beta-F (i.e.,
hydrophobic, hydrothermally crystallized in fluoride media) and Sn-Beta-OH (i.e.,
hydrophilic, prepared via post-synthetic grafting of Sn into dealuminated supports)
zeolites. Approximately 5-35% of the total Sn sites were found to contribute 70—
90% of the overall bimolecular ethanol dehydration STY (404 K, per Sn) on Sn-Beta,
prompting more detailed kinetic analyses a