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alcohol ring opening of epoxides, experiments reveal that Sn-Beta
crystallized for 10 days (Sn-Beta-200-10d) is more active than Sn-
Beta crystallized for 40 days (Sn-Beta-200-40d). These materials
are investigated using site quantification experiments with three probes—triethylamine, pyridine, or 2,6-lutidine—to reveal the
different fractions and types of sites. As the probe:Sn ratio is increased, these experiments result in two distinct slopes, indicating two
distinct activities: high and low activity. The difference in activity between Sn-Beta-200-10d and Sn-Beta-200-40d can be attributed
to the reduced fraction of high-activity sites. Although the two slopes have typically been assigned to open defect Sn sites for high
activity and closed Sn sites for low activity, "N NMR measurements of materials dosed with '*N-labeled pyridine contradict this
assignment. Indeed, at low concentrations, pyridine adsorbs on both open defect and closed Sn sites whereas the low activity
corresponds to pyridine binding to SnOH groups in addition to closed Sn sites. Overall, the identification of appropriate site
quantification experiment parameters and the combination of these titrations with NMR techniques allows for the establishment of a
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synthesis—structure—activity relationship that has the potential to improve the performance of Sn-Beta.
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1. INTRODUCTION

Interest in Lewis acid zeolites has exploded with the discovery
of synthetic methods to produce highly crystalline, pure silica
materials containing heteroatoms such as Sn, Zr, and Hf'™?
These materials can catalyze many important and exciting
reactions,” *° adding a new dimension to our current catalytic
capabilities. Yet, these materials were quickly discovered to be
rather complex, containing multiple types of catalytic sites. The
different types of sites have been demonstrated through
complementary forms of spectroscopy and are often correlated
with the catalyst activity, with each site having a different
activity for a given reaction. Other site quantification
experiments have been used to reveal distinct activity levels
that are consistent with the catalyst having multiple types of
sites, but the nature of these sites has not been rigorously
identified. Additional research is necessary to establish the
connection between the spectroscopic structure of the sites
and the activity of the catalyst.

Lewis acid zeolites may be promising for improving the
efficiency of important industrial reactions, but their
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nonuniformity poses a challenge as researchers attempt to
elucidate their synthesis—structure—activity relationships. One
such complex zeolite is Sn-Beta, which has been proposed to
have different catalytic sites, including (a) “closed” sites, (b)
“hydrolyzed-open” sites, and (c) “open defect” sites (Figure
1).”” Closed sites are comprised of a tin atom tetrahedrally
coordinated through four siloxane bonds. When closed sites
hydrolyze at the oxygen bridge between the tin and silicon,
they form hydrolyzed-open sites, which can then transform
back to closed sites upon dehydration. Lastly, open defect tin
sites are adjacent to a missing framework silicon atom.”” These
structural distinctions are important because it is expected that
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Figure 1. Catalytic sites in Sn-Beta, specifically (a) closed, (b)
hydrolyzed-open, and (c) open defect sites.

open sites have different binding energy than closed sites,”®

causing different activities for specific reactions; there is
evidence that open defect sites are more active for glucose
isomerization,”*** MPVO,**** Baeyer—Villiger oxidation,>**¢
and epoxide ring opening (ERO),"” whereas closed sites are
correlated to the activity for ethanol dehydration®**” and aldol
condensation.”®*” As different sites exist, it is important to
accurately quantify the catalytic site distribution to establish
synthesis—structure—activity relationships for Sn-Beta.

This philosophy was exemplified by Kolyagin et al. as they
studied the effect of crystallization time on Sn-Beta activity for
MPVO reactions.'’ Interestingly, it was discovered that Sn-
Beta activity for MPVO conversion of cyclohexanone was
maximized at a crystallization time of approximately 13 days,
beyond which performance was significantly reduced. Materials
were characterized via NMR for site quantification to attribute
the lower activity to a decrease in high-activity “group I” and
“group 27 sites, but the measurements do not establish the
nature of the site or the activity on a per-site basis. As
synthesis—structure—activity relationships continue to be
developed, catalytic site quantification will be crucial for
establishing structure—activity connections, which are cur-
rently limited.

Commonly reported methods to characterize the types of
catalytic sites in Sn-Beta include infrared spectroscopy (IR)>’
and nuclear magnetic resonance spectroscopy (NMR).* One
standard IR technique is diffuse reflectance Fourier transform
infrared spectroscopy (DRIFTS) wherein a Lewis base probe
molecule—typically deuterated acetonitrile (CD;CN)—is
adsorbed to the Lewis acid sites prior to the collection of
spectra,””*%***1 =% It is expected that CD3;CN adsorption on a
Lewis acid weakens the C=N bond proportionally to the
Lewis acid strength; the interaction causes IR peaks to shift
away from that of uncoordinated CD;CN. FTIR with CD,;CN
has shown to be effective at differentiating Lewis acid sites with
varying acid strengths.”* ™" Specifically, it has been proposed
that peaks at 2316 and 2308 cm™' correspond to CD,CN
adsorbed to open and closed sites, respectively.”® Despite the
widespread use of DRIFTS as a site quantification technique,
an incomplete understanding of the interactions between the
acetonitrile molecules and catalytic sites has caused some

researchers to question the assignment of specific peak shifts
with different types of sites.*®

Unlike DRIFTS, **Sn NMR can be a direct and quantitative
method to determine the active site coordination and identity
of Sn in Sn-Beta materials without the use of probe
molecules.'”****75* However, the low natural abundance of
the ''”Sn isotope (8.59%) coupled with the low Sn
incorporation in the materials (0.5—1%) makes ''*Sn NMR
challenging without long analysis times or expensive, isotopi-
cally enriched materials. Despite the development of strategies
to overcome these challenges, such as usin% advanced Dynamic
Nuclear Polarization NMR techniques,”*>** recent inves-
tigations have focused on alternative NMR methods for site
quantification involving the use of Lewis basic probe
molecules.>

The challenges associated with ''°Sn NMR can be overcome
through analysis with *'P NMR following the adsorption of
Lewis basic phosphorus-containing probe molecules to Sn-Beta
materials. As the NMR active *'P nucleus is 100% naturally
abundant, this analysis has improved sensitivity as compared to
'”Sn NMR. Recent work to establish *'P NMR as a viable
characterization technique has identified trimethylphosphine
oxide (TMPO) as a probe molecule that is able to differentiate
types of Lewis-acidic sites.”> >’ Specifically, following the
addition of TMPO in dichloromethane (DCM), peaks located
at ~55 and ~58 ppm are believed to be associated with unique
Sn framework sites in Sn-Beta.'”?>* Probe molecule
interactions are under investigation to corroborate NMR
peak assignments to specific catalytic site structures or
coordination environments.””®" Although *'P NMR appears
promising for site quantification, the use of TMPO may limit
comparison to other site quantification techniques, as TMPO
has limited solubility in solvents except for DCM, which may
be problematic since the solvent can impact the site
quantification experiments.43

To improve the potential for connecting NMR spectroscopy
to other site quantification techniques, "N MAS NMR may be
performed using '*N-labeled pyridine as a probe molecule.
Pyridine can be dosed to the catalyst in hexane, a solvent that
we have used previously for site quantification techniques.*
>N NMR using pyridine has been shown to produce peaks at
260 and 265 ppm (referenced to liquid ammonia) for Sn-Beta,
representing Sn sites with different Lewis acidity.”> Overall,
spectroscopic techniques such as FTIR and NMR are valuable
for site characterization, but they do not provide direct insight
into the catalytic contributions of different sites, spurring
investigation into techniques that allow for site quantification
in tandem with catalytic testing.
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Figure 2. Schematic of site quantification experiments, in which a probe molecule is added to the catalyst in increasing amounts to deactivate and

thereby quantify active sites.
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Site quantification experiments involve the addition of Lewis
basic probe molecules to deactivate a certain fraction of the Sn
sites prior to catalyzing the reaction (Figure 2). The ratio of
the probe molecule to catalytic sites is increased until no
conversion is observed, at which point all active sites are
believed to have been deactivated. The current understanding
is that some Lewis base probes adsorb preferentially to
catalytic sites with high Lewis acid strength, allowing for the
differentiation of sites with distinct structures.”®

Site quantification experiments have been applied to zeolite
Beta,”®**** other zeolite frameworks,* and mesoporous
catalysts such as amine-functionalized SBA-15.°"°° For Sn-
Beta, Harris et al. used pyridine for titration experiments and
complemented these results with FTIR using acetonitrile to
identify open defect sites as the dominant sites for glucose
isomerization,*® corroborating earlier ﬁndings.4’29 Bates et al.
later expanded upon this work and determined that closed Sn
sites were more active than open defect Sn sites for ethanol
dehydration using similar techniques.*

Overall, site quantification experiments are a promising
technique with the ability to quantify distinct catalytic sites and
their respective activities, causing them to be conducted more
frequently in zeolite research. However, several challenges
remain in that there is (1) limited investigation of experimental
parameters and (2) limited understanding of how poisoning
occurs on a molecular level. In this work, we address these
challenges by (a) investigating the impact of selected poison
on site quantification experiment results and (b) establishing a
connection between site quantification experiments and results
from spectroscopic techniques.

The selection of an appropriate probe is necessary for
accurate quantification of catalytic sites. Ideally, a probe should
have minimal catalytic activity for the given reaction at the test
conditions, a size or flexibility that allows it to travel through
the catalyst pores to deactivate sites without diffusion
limitations, and preferential adsorption that enables the
differentiation of catalytic sites with varying activity levels.
Previous work in our group has used triethylamine (TEA) as a
probe molecule for zeolite Sn-Beta.” Other commonly
employed Lewis basic titrants include pyridine***>° and
2,6-lutidine.’”~"* Pyridine has previously been used in site
quantification experiments to distinguish catalytic sites through
the titration of Sn-Beta sites and subsequent assessment of
catalytic activity for ethanol dehydration and glucose isomer-
ization.”” 2,6-lutidine has been shown to distin§7uish Bronsted
acid sites in zeolites, but not Lewis acid sites.®”’ ™% Although
these molecules have each been used as probe molecules, a
direct comparison has not yet been presented. Furthermore,
when considering the selection of a probe for site
quantification, the molecule should be NMR active such that
NMR measurements may inform the structures of titrated sites.

Here, we investigate three Lewis bases—TEA, pyridine, and
2,6-lutidine—as potential probes for site quantification experi-
ments, as they have each demonstrated promise as site titrants
and can be isotopically enriched for NMR analysis. Each base
is investigated to assess the occurrence of diffusion limitations
within the Sn-Beta materials by varying the length of time for
which the probe molecule and catalyst are stirred before
beginning catalytic testing for the ERO of epichlorohydrin
(ECH) by methanol (Figure 3). The data gathered by site
quantification experiments using each probe are compared in
terms of the calculated percentage of active sites and the
differentiation (or lack thereof) of structurally different

o HO_  O— —0_ OH
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Figure 3. Reaction scheme for ERO of epichlorohydrin by methanol.

catalytic sites. Upon determination of an appropriate probe
molecule, the distribution of catalytic sites in Sn-Beta is
investigated as a function of crystallization time. Furthermore,
this work aims to better understand the results of site
quantification experiments using N NMR spectroscopy.
Importantly, the "N NMR measurements enable observation
of the types of sites that are titrated. Sn-Beta materials are
characterized using each of these techniques, and results are
used to determine catalytic site distributions as well as the
catalytic contributions from the different types of sites.

2. EXPERIMENTAL METHODS

2.1. Sn-Beta Synthesis and Characterization. Conven-
tional Sn-Beta-200 is synthesized hydrothermally following a
previously reported procedure.”> Two batches of materials are
synthesized with different crystallization times of 10 and 40
days. Synthesis details and chemical information can be found
in the Supplemental Information (SI).

The synthesized materials are characterized using numerous
standard techniques, including powder X-ray diffraction
(PXRD), nitrogen physisorption, water adsorption, elemental
analysis using inductively coupled plasma optical emission
spectroscopy (ICP-OES), diffuse reflectance ultra-violet visible
spectroscopy (DRUVS), DRIFTS, and scanning electron
microscopy (SEM). Characterization procedural details can
be found in the SL

2.2. Catalytic Testing for Epoxide Ring Opening.
Similar to our previous work,'”?%* the materials are tested for
catalytic activity for ERO between epichlorohydrin and
methanol in a 10-mL two-neck round-bottom (RB) flask
with a condenser attached to the straight neck and a septum
covering the slant neck. ECH (0.4 M) in methanol (2 mL) is
added to the RB along with 1,3,5-trimethoxybenzene (TMB;
0.06 M) as an internal standard. After 2 min of mixing (600
RPM), two t, samples (40 uL) are taken and diluted with
acetone. The catalyst is added to the reaction mixture with the
quantity of catalyst used being the mass required to achieve an
ECH:Sn of 250:1. The RB is immersed in a silicone oil bath
preheated to 60 °C using a Heidolph stir plate. It has
previously been demonstrated that the reactants do not
experience significant internal mass transfer limitations through
Sn-Beta at these reaction conditions.*

At specific times (15 min, 30 min, 1 h, 1.5 h, and 2 h), a
sample (40 pL) is drawn through the septum using a reusable
stainless-steel needle, filtered through a silica/cotton plug, and
diluted with acetone. All samples are analyzed using an Agilent
7820A gas chromatograph equipped with a flame ionization
detector (GC-FID). The two f, samples are averaged to
determine initial epichlorohydrin concentrations. Using the
initial concentrations, conversion is computed using the TMB
internal standard as a basis. Tests are repeated between 2 and 4
times each, and data are reported as average values with
calculated standard deviations.

2.3. Site Quantification Experiments. The ERO
reaction between epichlorohydrin and methanol is conducted
in a 10-mL two-neck RB flask with a condenser attached to the
straight neck and a septum covering the slant neck. The
desired catalyst is added to the RB, then a specific ratio of
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probe:Sn sites is achieved using a solution containing the
probe in hexane (0.5 mL). The probes tested are TEA,
pyridine, and 2,6-lutidine. Upon addition of the probe-
containing solution, the contents of the RB are stirred for At
=2 min (600 RPM) at ambient temperature before adding the
well-stirred reaction mixture (1.5 mL), which consists of ECH
(0.4 M) and TMB (0.06 M) in methanol. The initial ECH:Sn
is 250:1. Two t, samples (40 uL) are taken directly from the
reaction mixture and diluted with acetone before adding the
mixture to the RB. The RB is immersed in a silicone oil bath
preheated to 60 °C using a Heidolph stir plate with a stirring
rate of 600 RPM. Sample collection and analysis follow the
same procedure as described in Section 2.2.

2.4. >N MAS NMR Spectroscopy. N MAS NMR is
conducted in a 600 MHz (*H) Bruker Avance III HD
spectrometer using a 3.2 mm HXY DNP probe tuned in
double mode to 'H/"*N. Approximately 150 mg of Sn-Beta is
re-calcined at 550 °C for 10 h and degassed under vacuum
(~20 millitorr) at 140 °C overnight. In a glovebox under inert
conditions, the Sn-Beta is wetted with ~1 mL of hexane, then a
solution of '*N-labeled pyridine in hexane is added to the
material to achieve pyridine:Sn values of 0.15:1, 0.3:1, and
0.6:1, and the mixtures are stirred overnight (350 RPM) at
ambient temperature. Hexane is removed by heating the
mixture to 120 °C in an oil bath under vacuum (~100
millitorr) overnight. The final material to which pyridine has
been added is packed into the rotor in a glovebox under inert
conditions. The sample is spun at 15 kHz MAS and analyzed
for N nuclei using CPMAS with 90 kHz 'H decoupling,
64,000 scans, and a 2.5 s recycle delay. The data are referenced
externally to ammonium chloride.

3. RESULTS AND DISCUSSION

3.1. Characterization of Sn-Beta-200 Materials. Sn-
Beta-200-10d and Sn-Beta-200-40d (Sn-Beta-x—y; x =
theoretical Si:Sn and y = crystallization time) are hydro-
thermally synthesized in fluoride media and characterized
using standard techniques, including PXRD, nitrogen phys-
isorption, water adsorption, elemental analysis, DRUVS,
DRIFTS, and SEM. PXRD patterns of both materials are
consistent with *BEA patterns obtained from the International
Zeolite Association database, indicating the successful syn-
thesis of zeolite Beta (Figure S1). Nitrogen adsorption curves
show that the materials uptake high quantities of nitrogen at
low relative pressures (0—0.01) and then plateau at higher
relative pressures, consistent with microporous behavior
(Figure S2). Calculated t-plot micropore volumes are 0.20
cm’/g, which is comparable to previous values for highly
crystalline zeolite Beta (Table 1)."* Water adsorption results
indicate that at 0.2 relative pressure, Sn-Beta-200-40d adsorbs
6.9 cm? water/g STP and Sn-Beta-200-10d adsorbs 8.4 cm’®
water/g STP (Figure S3). Compared to the amount of water
adsorption at 0.2 relative pressure for hydrophobic Si-Beta-F

Table 1. Characterization Results for Sn-Beta Materials

t-plot micropore

BET surface  volume theoretical  actual

sample area (m*/g)*  (em®/g)” Si:Sn Si:Sn”
Sn-Beta-200-10d 589 + 0.7 0.20 200 191
Sn-Beta-200-40d 604 + 0.7 0.20 200 222

“Calculated from nitrogen physisorption isotherms. “Determined
from elemental analysis using ICP-OES.

(F-mediated pure silica Beta; 1.3 cm®/g STP) and hydrophilic
de-Al-Beta-OH (dealuminated zeolite Beta made using
hydroxide mediated conditions; 73 cm®/g STP), Sn-Beta-
200-10d and Sn-Beta-200-40d are considered to have similar
hydrophobicity. Elemental analysis is performed using ICP-
OES, and actual Si:Sn values are determined to be 191 and 222
for the 10 and 40 day samples, respectively (Table 1).

DRUVS results suggest the presence of isolated Sn sites and
limited to no SnO, in both Sn-Beta materials (Figure S4),
consistent with previously synthesized Sn-Beta materials.'” A
small difference in intensity of the peak at ~210 nm is
observed, but the difference has been observed for a single
sample when analyzing the same sample multiple times and
reflects the complexity of interpreting UV spectra for metal
oxide materials. Overall, the DRUVS results are sufficiently
similar for Sn-Beta-200-10d and Sn-Beta-200-40d that it is not
expected that any differences in activity would be attributed to
differences regarding the amount of inactive SnO, nano-
particles formed during hydrothermal synthesis, as opposed to
SnO, clusters formed during post-synthetic insertion that are
reported to be active.'” DRIFTS is performed by collecting
spectra after dosing increasing quantities of CD;CN to Sn-
Beta-200-10d and Sn-Beta-200-40d. Specifically, peaks in the
spectrum have been assigned to CD;CN adsorbed to open
defect Sn sites (2316 cm™), closed Sn sites (2307 cm™"), and
silanols (2278 cm™), and physisorbed CD;CN (2268 em™1).%¢
Spectra for both materials exhibit peaks at these locations
(Figure SS), indicating the presence of different types of Sn
sites as well as silanols.

SEM images show that Sn-Beta-200-10d and Sn-Beta-200-40
have comparable particle sizes, with most of the particles
having sizes from approximately 3 to S pm (Figure S6).
Therefore, any differences in catalytic activity are likely not
attributed to differences in particle size and subsequent
diffusion limitations.

Opverall, these results indicate the successful synthesis of Sn-
Beta-200-10d and Sn-Beta-200-40d materials with character-
istics that are consistent with previous syntheses.'” Further-
more, standard characterization results of these materials are
comparable, making it easier to directly compare their catalytic
activities and catalytic site distributions.

3.2. Catalytic Performance for Epoxide Ring Open-
ing. Sn-Beta-200-10d and Sn-Beta-200-40d are tested for
catalytic activity for ERO between ECH and methanol. As
shown in Figure 4, the GC-FID data from analyzed samples are
converted to conversion over time. It is observed that both
materials display high catalytic performance for this reaction at
these conditions, consistent with previous work.'”*’ Sn-Beta-
200-10d exhibits a higher catalytic activity for this reaction as
compared to Sn-Beta-200-40d, with the two materials
achieving conversions at 2 h of 95 and 90%, respectively.
The data are fit using a first-order exponential model and then
normalized by the initial molar quantity of ECH and total
molar quantity of Sn to calculate site time conversion (STC).
The values of STC for Sn-Beta-200-10d and Sn-Beta-200-40d
are determined to be 393 + 16 and 295 + 35 h™, respectively,
indicating a lower activity for the material with a longer
crystallization time.

As determined through standard characterization, the
difference in activity is not explained by differences in
crystallinity, microporosity, or differences in SnO, nanoparticle
formation. Additionally, the difference in hydrophobicity of Sn-
Beta-200-40d does not explain the difference in activity, as
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Figure 4. Comparison of catalytic performance of Sn-Beta-200-10d
and Sn-Beta-200-40d for the conversion of ECH with methanol. The
amount of each catalyst gives a constant ECH:Sn of 250:1. The error
bars indicate one standard deviation. The reaction is performed using
0.4 M epichlorohydrin and 0.06 M TMB (internal standard) in 2 mL
methanol at 60 °C and 600 RPM. The selectivity for the terminal
ether is determined to be constant at 97% for the different materials at
each time point.

previous results suggest that increased hydrophobicity actually
improves performance for ERO (Figure S3).*

These results are reminiscent of other studies in which
activity for a given reaction changes with crystallization time."’
Specifically, it has been shown that activity for MPVO is
maximized at a Sn-Beta crystallization time of 13 days, and the
activity decreases for materials synthesized using longer
crystallization times. Noting these similar trends and recalling
that the open defect site is proposed to be the dominant active
site for both MPVO®*** and ERO,"” it is possible that changes
in activity are associated with differences in the fraction of
different sites in the materials. We investigate the potential
impact of catalytic site distributions on ERO activity for the
materials crystallized for different lengths of time using site
quantification experiments.

3.3. Site Quantification Experiments on Sn-Beta-200-
10d. The site quantification experiments are performed using
hexane as the solvent since our previous work has shown that
hexane does not interact with the catalytic sites or impact site
quantification results because it is nonpolar.*> Following the
addition of the probe solution, ERO between ECH and
methanol is conducted, and STC is calculated. This process is
repeated at increasing quantities of probe molecule up to a
probe:Sn value of 1:1. Linear fits for the STC data are
calculated using MATLAB to determine catalytic site
distributions.
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Figure S. (a) Results of kinetic testing for diffusion limitations at a probe:Sn of 0.6. At refers to the amount of time for which the catalyst/probe-
containing solution is stirred before beginning the reaction. Site quantification results using (b) TEA, (c) pyridine, and (d) 2,6-lutidine in hexane
for Sn-Beta-200-10d. The error bars indicate one standard deviation. Dashed-colored lines are linear fits to the experimental data. Results of control
experiments without catalyst are represented by dashed gray lines on each graph.
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Table 2. Comparison of Catalytic Site Distributions for Sn-Beta-200-10d Determined Using Different Probes for Site

Quantification Experiments

probe % high-activity sites

TEA 23 +£2 44 +22
pyridine 28 + 4 46 + 13
2,6-lutidine

% low-activity sites

total % active sites % nonactive sites

67 + 24 33 + 24
74 £ 17 26 + 17
82+ 38 18+8

3.3.1. Test for the Impact of Diffusion on Probe
Molecules. The site quantification procedure is investigated
to determine if diffusion of the probe molecule impacts the
catalytic measurement by using different values of At—the time
from when the probe-containing solution is stirred with the
catalyst to when the reaction mixture is added (At = 0.5, 2, 30
min). These tests are conducted at a constant probe:Sn of
0.6:1. It is expected that for nondiffusion-limited poisoning, the
activity would not change with At, whereas a diffusion-limited
probe would exhibit some difference in activity.

The results of these tests are shown in Figure Sa. Results
using each probe-containing solution exhibit an increase in
activity from Af = 0.5 min to At = 2 min, indicating that at 0.5
min of stirring, changes are still occurring within the system.
The molecular origins of these observations are not yet
evident, but it appears that a At of 0.5 min is not sufficient.
From At = 2 min to At = 30 min, the activity remains the
same, indicating that the probe molecules are not diffusion-
limited in this time range. Therefore, it is concluded that At =
2 min is sufficient for site quantification experiments with these
probe-containing solutions.

3.3.2. Triethylamine. The results of site quantification
experiments using TEA at increasing loadings are shown in
Figure 5b. The initial STC at 0:1 TEA:Sn is similar to that of a
standard kinetic test; the slight decrease in activity is likely
because of the decreased concentration of methanol upon the
addition of the probe-containing solution to the reaction
mixture. From 0:1 to 0.2:1 TEA:Sn, STC decreases sharply and
linearly. A decrease in activity is expected, as the Lewis basic
TEA should adsorb to the Lewis acid Sn sites, rendering them
inactive for the reaction. From 0.2:1 to 0.7:1 TEA:Sn, STC
continues to decrease but with a distinct and less steep slope
than observed for the low TEA:Sn region. This multi-slope
decrease in STC indicates that TEA binds to sites that are
highly active for the reaction before binding to low-activity
sites; if the titration was random, the decrease in STC would
instead be represented by a single slope.

Beyond 0.7:1 TEA:Sn, the activity levels off, suggesting that
all of the active sites in the material have been deactivated. The
STC levels off before reaching 0 mol ECH-(mol Sn-h)~,
possibly because the probes themselves may promote ERO,
which can also be catalyzed by Lewis bases.”” To assess the
participation of TEA in the reaction, a control experiment is
conducted with a reaction mixture in the absence of Sn-Beta
but with the quantity of TEA that corresponds to a TEA:Sn
value of 1:1. The activity of the control reaction is represented
in Figure Sb by a dashed, gray, horizontal line. The control test
demonstrates higher activity than the leveled-off segment of
the tests with a titrated catalyst; we expect that this is because
in the site quantification tests, most of the TEA is adsorbed to
the catalytic sites and does not participate in the reaction,
whereas in the control test, all of the added TEA is available to
catalyze the reaction.

Linear fits are performed for the data using MATLAB, as we
have done previously,” with MATLAB determining the
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quantity of linear regimes as well as the slopes and ranges of
each linear regime to best fit through all data points. From the
MATLAB fits, the catalytic site distribution in Sn-Beta-200-
10d using TEA is 23 & 2% high activity, 44 + 22% low activity,
and the remainder are nonactive. The catalytic site
distributions are observed using different probes on Sn-Beta-
200-10d are shown in Table 2. Additionally, the MATLAB
program is used to calculate the activity levels of the different
types of sites. Using TEA, the high-activity sites and low-
activity sites are determined to have STC values of 765 + 78
mol ECH-(mol Sn-h)™ and 67 + 60 mol ECH:(mol Sn-h)~%,
respectively. The difference in STC is approximately an order
of magnitude.

3.3.3. Pyridine. In addition to TEA, previous work™ has
used pyridine as an active site probe, prompting us to consider
this option. Following the same procedure with pyridine dosed
in hexane, the site quantification experiment results (Figure
Sc) are similar to those produced by TEA. The STC for 0:1
pyridine:Sn is the same as that for 0:1 TEA:Sn since the
experiment does not involve the addition of probe molecules
but does include a small amount of hexane. With the addition
of pyridine, it is observed that STC decreases at a high rate and
then at a low rate, as is the case for TEA. This indicates that
pyridine is able to distinguish between sites of different activity
levels in a similar manner. Finally, the control experiment—
adding only pyridine and no Sn-Beta—yielded similar results,
with the site quantification test activity leveling oft below the
control test activity. Using the same MATLAB model, the site
quantification experiments using pyridine indicate that Sn-
Beta-200-10d has 28 + 4% high-activity sites and 46 + 13%
low-activity sites. The STC values for the different sites are
calculated to be 562 + 83 mol ECH-(mol Sn-h)™" for high-
activity sites and 94 + 30 mol ECH-(mol Sn-h)™" for low-
activity sites. The difference in STC values between TEA and
pyridine for high-activity sites is attributed to the small
difference in the mean fraction of high-activity sites. Overall,
these results are in reasonable agreement with the results
obtained using TEA.

3.3.4. 2,6-Lutidine. The site quantification results using 2,6-
lutidine are unique compared to the results of TEA and
pyridine; the decrease in STC follows a single slope (Figure
5d). It is likely that the methyl groups of 2,6-lutidine cause the
amine to be sterically hindered, limiting the adsorption of 2,6-
lutidine to the catalytic sites. This observation is consistent
with previous literature in which it is concluded that 2,6-
lutidine does experience steric hindrance that prevents it from
distin§uishing, or even adsorbing to, some Lewis acid
sites.” 73 7%

Additionally, 2,6-lutidine experiments result in an unexpect-
edly high STC at 2,6-lutidine:Sn > 0.8:1 as compared to the
control test; this discrepancy may be explained by 2,6-lutidine
being unable to titrate a fraction of the Lewis acid sites, a
hypothesis that is supported by the appearance of a 2,6-lutidine
peak in the GC-FID chromatogram (Figure S7). It is verified
that peaks for pyridine and TEA are not observed in the
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previous tests. These data are further discussed in SI Section
S.3.3. Based on these results, 2,6-lutidine does not appear to be
a good probe molecule for site quantification of Sn-Beta
materials, as it is unable to distinguish between types of
catalytic sites and does not appear to fully deactivate the
catalytic sites to achieve an STC at or below that of the control
experiment.

Overall, it is found that TEA and pyridine both provide
results that distinguish between types of sites, whereas 2,6-
lutidine is unable to do so. Moving forward, pyridine is used as
the probe to study the effect of crystallization time on the
catalytic site distribution in Sn-Beta materials, as '*N-labeled
pyridine is readily available and will allow for connection to
NMR experiments.

3.4. Effect of Crystallization Time—Site Quantifica-
tion Experiments on Sn-Beta-200-40d. Previous studies
report that Sn-Beta crystallization time impacts the catalytic
site distribution and thus the activity of the material for a given
reaction. Specifically, for MPVO, Sn-Beta activity increases to a
maximum at 13 days and then decreases to a value lower than
observed for shorter crystallization time.'” These changes are
correlated to the amounts of high-activity sites in Sn-Beta at
different crystallization times. A similar trend is observed here
for ERO, as Sn-Beta-200-10d has a higher activity for ERO
than Sn-Beta-200-40d; this is expected because the high-
activity sites for MPVO and ERO are thought to be the same.
To correlate the change in activity for ERO to the catalytic site
distribution, site quantification experiments are conducted
using pyridine for Sn-Beta-200-40d and compared to results
for Sn-Beta-200-10d.

Pyridine is tested for diffusion limitations through Sn-Beta-
200-40d using a consistent methodology. Activity for ERO
between epichlorohydrin and methanol does not appear to
change between At values of 2 and 30 min, indicating that the
solution is not diffusion-limited at the standard At value of 2
min (Figure S8). Results using pyridine on Sn-Beta-200-40d
again show preferential binding to high-activity sites followed
by low-activity sites (Figure 6). Sn-Beta-200-40d is found to
have 19 + 4% high-activity sites and 60 + 17% low-activity
sites (Table 3).

The differences in catalytic site distributions can be used to
understand the trends in catalytic activity over Sn-Beta
crystallization time. Sn-Beta-200-40d has less high-activity
and more low-activity sites compared to Sn-Beta-200-10d,
explaining Sn-Beta-200-40d’s inferior performance for ERO.
Although site quantification experiments appear to explain the
trends in activity for ERO over crystallization time, it has yet to
be seen how spectroscopic techniques connect to this
narrative.

3.5. >N MAS NMR on Sn-Beta Materials Using '°N-
Labeled Pyridine. The preferential titration that is observed
in site quantification experiment results may occur by (a)
pyridine binding exclusively to a single type of Sn site, as
previously reported,” or (b) pyridine binding to both open
and closed Sn sites followed by another kind of site. The order
in which site binding occurs using pyridine in hexane is
determined using "N MAS NMR CP experiments after dosing
“N-labeled pyridine to Sn-Beta-200-40d at pyridine:Sn ratios
of 0.15:1, 0.3:1, and 0.6:1. Based on previous literature, it is
proposed that peaks near 264 and 259 ppm (referenced to
ammonium chloride) are associated with pyridine binding to
Sn sites and a peak near 206 ppm is assigned to the formation
of pyridinium ions at SnOH groups.”> Furthermore, the
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Figure 6. Site quantification experiment results and linear fits using
pyridine in hexane on Sn-Beta-200-40d. The dashed dark gray lines
are linear fits to the experimental data. Results of control experiments
without zeolite catalysts are represented by the dashed light gray line.

chemical shift is correlated with Lewis acid strength; as Lewis
acid strength of the Sn site increases, the chemical shift
decreases. Therefore, the peak at 264 ppm has been assigned
to pyridine binding to closed Sn sites, whereas the peak at 259
ppm is assigned to pyridine at open defect sites.

At a low pyridine:Sn of 0.15:1, peaks are observed at 264
and 259 ppm with no peak at 206 ppm (Figure 7), providing
evidence for the titration of both open and closed sites but no
pyridinium ion formation. At a pyridine:Sn of 0:3:1, an
additional peak at 206 ppm emerges, indicating the formation
of pyridinium ions at SnOH groups. Finally, at a pyridine:Sn of
0.6:1, the peak associated with closed Sn sites increases in
intensity, suggesting continued binding to closed Sn sites.
Thus, the following sequence is proposed: (1) pyridine adsorbs
to both open defect and closed Sn sites and then (2) pyridine
continues to bind to closed Sn sites, but also forms pyridinium
ions at SnOH groups. These groups may be located at open
defect or hydrolyzed-open Sn sites. As the N NMR
experiments are performed via cross-polarization with 'H
nuclei, the measurements cannot be used for the quantitative
determination of the fraction of sites titrated at each
pyridine:Sn. For the analysis conditions, direct polarization
experiments do not produce a signal for the '“N-labeled
pyridine-dosed materials.

The "N NMR experiments do enable the identification of
the sites that contribute to the high-activity and low-activity
regimes in the site quantification experiments (solvent phase
titrations in hexane at ambient temperature followed by solvent
phase reactions in methanol at 60 °C). The steep slope at low
pyridine loadings represents the loss of activity from both open
defect and closed sites. This observation is distinct from
previous work that suggests site quantification experiments can
differentiate open defect and closed Sn sites. The shallow slope
at intermediate pyridine:Sn seems to be associated with the
deactivation of not only closed Sn sites, but also SnOH sites,
which have previously been overlooked as having their own
catalytic capability for ERO, but have been considered for
other reactions.””*””> These results may help reconcile
previous reports that suggest preferential site binding of
pyridine to either open defect sites (titrations in vacuum at 150
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Table 3. Comparison of Catalytic Site Distributions for Sn-Beta-200-10d and Sn-Beta-200-40d Determined Using Site

Quantification Experiments with Pyridine in Hexane

sample % high-activity
Sn-Beta-200-10d 28 + 4
Sn-Beta-200-40d 19 £ 4

% low-activity

46 + 13
60 + 17

% nonactive

26 + 17
21 £ 21

total % active

74 + 17
79 £ 21

Sn-Beta-200-40d

4=
Pyridinium lon
Closed S
Skl @ SnOH
+ Open '
3 . Defect Sn )

Intensity (a.u.)

Pyridine:Sn = 0.15
1 1 1 1 1 1 1
300 280 260 240 220 200 180

"N Chemical Shift (ppm)

Figure 7. >N CP-MAS NMR analysis on Sn-Beta-200-40d. Peaks at
264, 259, and 206 ppm are believed to correspond to closed Sn sites,
open defect Sn sites, and pyridinium ions formed at SnOH groups,
respectively.

°C followed by solvent phase reactions in water at 100 °C)**
or closed sites (simultaneous gas phase titration and reaction in
a mixture of ethanol and water at 131 °C).”

Revisiting the investigation of the effect of crystallization
time on Sn-Beta structure and activity, "N NMR results
provide evidence that as crystallization time increases, the
fraction of high-activity Sn sites is reduced, lowering ERO
activity. Additionally, as crystallization time increases, the
fraction of low-activity species (representing both SnOH and
closed Sn sites) increases. The combination of N NMR with
site quantification experiments has allowed for the establish-
ment of a new Sn-Beta synthesis—structure—activity relation-
ship for ERO. These results will guide future work as we aim to
tune Sn-Beta to improve its activity for this valuable reaction.

4. SUMMARY

Results from site quantification experiments and spectroscopic
characterization are combined to investigate the structure—
activity relationships for Sn-Beta. This work identifies the use
of site quantification experiments, particularly with pyridine
dosed in hexane, as a promising technique for the catalytic site
quantification of Sn-Beta for ERO between ECH and
methanol. Pyridine appears to be nondiffusion-limited at a
mixing time of 2 min. Pyridine preferentially adsorbs to high-
activity sites followed by low-activity sites. TEA in hexane is
also acceptable, but 2,6-lutidine in hexane is not ideal since it
does not adsorb fully on the tin sites.

SN NMR provides further support for pyridine/hexane site
quantification experiments. Data from "N NMR with "N-
labeled pyridine at different loadings suggest that pyridine first
binds to both open defect and closed Sn sites, followed
bySnOH sites and additional closed Sn sites. These results
offer new insights for the interpretation of site quantification

data, as previous studies associated the different activity losses
in titration experiments to open defect vs closed Sn sites.
Opverall, site quantification experiments using pyridine/
hexane solutions are used to establish a new synthesis—
structure—activity relationship for ERO wusing Sn-Beta
materials: increasing crystallization times reduces the fraction
of high-activity Sn sites, thereby decreasing the overall activity
for the reaction between ECH and methanol. This method-
ology will advance our understanding of zeolites as
heterogeneous catalysts and enhance their tunability to
improve a wide array of industrially relevant reactions.
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