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A) Abstract

The objective of this project is to understand the mechanistic aspects behind the
cooperative activation of oxygenates by catalytic pairs in aqueous media.
Specifically, we will investigate how the reactivity of a solid Lewis acid can be
modulated by pairing the active site with other catalytic sites at the molecular level,
with the ultimate goal of enhancing activation of targeted functional groups.
Although unusual catalytic properties have been attributed to the cooperative
effects promoted by such catalytic pairs, virtually no studies exist detailing the use
heterogeneous water-tolerant Lewis pairs. A main goal of this work is to devise
rational pathways for the synthesis of porous heterogeneous catalysts featuring
isolated Lewis pairs that are active in the transformation of biomass-derived
oxygenates in the presence of bulk water. Achieving this technical goal will require
closely linking advanced synthesis techniques; detailed kinetic and mechanistic
investigations; strict  thermodynamic arguments; and comprehensive
characterization studies of both materials and reaction intermediates.

For the last performance period (2014-2015), two technical aims were pursued:

1) C-C coupling using Lewis acid and base pairs in Lewis acidic zeolites. Tin-,
zirconium-, and hafnium containing zeolites (e.g., Sn-, Zr-, and Hf-Beta) are versatile
solid Lewis acids that selectively activate carbonyl functional groups. In this aim, we
demonstrate that these zeolites catalyze the cross-aldol condensation of aromatic
aldehydes with acetone under mild reaction conditions with near quantitative yields.
NMR studies with isotopically labeled molecules confirm that acid-base pairs in the
Si-O-M framework ensemble promote soft enolization through a-proton abstraction.
The Lewis acidic zeolites maintain activity in the presence of water and, unlike
traditional base catalysts, in acidic solutions.

2) One-pot synthesis of MWW zeolite nanosheets for activation of bulky substrates.
Through post-synthetic modifications, layered zeolite precursors can be transformed
into 2-dimensional (2D), zeolites with open architectures. These novel hierarchical
microporous/mesoporous materials with exposed active sites can facilitate the



conversion of bulky substrates while maintaining higher stability than amorphous
mesoporous materials. However, post-synthetic exfoliation techniques are energy
intensive, multi-step and require highly alkaline conditions that result in low silica
yields and a partially amorphous product. In this aim, we demonstrate an effective
one-pot synthesis method to generate exfoliated single-unit-cell thick MWW
nanosheets. The new material, named MIT-1, is synthesized using a
rationally-designed OSDA and results in a material with high crystallinity, surface
area, and acidity that does not require post-synthetic treatments other than
calcination. A parametric study of Al, Na, and water content reveals that MIT-1
crystallizes over a wide synthetic window. Characterization data show that MIT-1 has
high mesoporosity with an external surface area exceeding 500 m2g* and a high
external acid site density of 21 x 10 mol g*. Catalytic tests demonstrate that MIT-1
has three-fold higher catalytic activity for the Friedel-Crafts alkylation of benzene
with benzyl alcohol as compared to that of other 3D MWW topology zeolites.

B) Results and discussion

Aim 1a: Investigation of carbonyl activation and a-proton extraction by Lewis acidic
zeolites

Motivation and Objectives

Lewis acidic zeolites have recently emerged as exceptional catalysts for the
activation of carbonyl-containing molecules, which makes them a potential catalyst
for promoting C-C coupling between aldehydes and ketones. Akin to hybrid
organic-inorganic aminosilica materials [1] and enzymatic systems,[2, 3] the
acid-base pairs in these inorganic solids are capable of cooperatively activating
carbonyl compounds. While Sn-Beta has recently been shown to promote the
self-aldol addition of glycolaldehyde [4] and the aldol condensation of
1,3-dihydroxyacetone with glyceraldehyde [5] and formaldehyde,[6] C-C coupling
with Lewis acidic zeolites is still poorly understood. According to our proposed
mechanism shown in Scheme 1, the metal center polarizes the carbonyl group of
acetone, which acidifies the a-proton. The framework oxygen atom bound to the
metal atom acts as a base that abstracts the a-proton, thereby generating a silanol
group and a metal enolate that readily undergoes C-C coupling with aldehydes. We
utilized isotopic labeling studies to show that framework acid-base pairs promote
keto-enol tautomerization through the transfer of an a-proton to the zeolite lattice.



Scheme 1. Proposed reaction mechanism for the aldol condensation of
benzaldehyde (BA) and acetone catalyzed by Lewis acidic Beta zeolites. M=metal
atom; X'=the zeolite framework beginning with OSis; and X?=0Sis or OH.

Approach

Fully deuterated acetone ([Ds]acetone) was used for **C and *H NMR spectroscopic
studies on the reversible keto-enol tautomerization of acetone in the presence of
either Hf-Beta or Sn-Beta. As shown in Scheme 2, a mechanism proceeding via a
metal enolate using [Ds]acetone would result in the transfer of an a-deuterium to
form a silanol group in the zeolite framework. This deuterium atom would readily
scramble in the presence of unlabeled hydroxy groups.

Scheme 2. Mechanistic pathway of acetone enolate formation at Hf- and Sn-Beta
active sites.

Solutions for the enolate study were prepared with 5 wt% [D6]acetone in
tert-butanol (tButOH) and [D6]benzene such that the molar ratio of [D6]acetone to
tButOH was 1:6. Solutions with reversed isotopic labeling used acetone instead of
[D6]acetone and tButOD instead of tButOH. Hf-Beta was added such that (mmol
[D6]Jacetone)/(mmol Hf) = 100:1. Reaction mixtures were sealed in 5 mL glass
reactors and heated to 363 K for 4 or 8 h. Solids were removed by a 0.2 mm
Millipore PTFE syringe filter before analysis by GC-MS and NMR.

Results

The 3C NMR spectra in Figure 1 show that upon heating to 363 K for 8 hours in the
presence of Hf-Beta and tBuOH, [De¢lacetone progressively lost its isotopic labels.
Prior to reaction, the spectrum of [D¢lacetone displayed the expected 1:3:6:7:6:3:1
septet for the methyl carbon atoms. After the reaction, a 1:2:3:2:1 quintet, a 1:1:1
triplet, and a singlet were observed, which correspond to acetone molecules with
CD.H, CDH,, and CHs groups, respectively. These signals exhibit the characteristic



splitting pattern resulting from *C-°H ] coupling and are shifted by -0.25 ppm, from
6=29.58 ppm, per proton added from [Dslacetone because of the isotope effect.
Deuteron-proton exchange is also supported by the observed changes in the *C
NMR resonances of the carbonyl carbon atom and 'H NMR signals that are
consistent with methyl groups on partially deuterated acetone, as well as a
decrease in the molecular weight of acetone as confirmed by mass spectrometry.
Identical results were observed with Sn-Beta. Acetone condensation products were
not detected with either catalyst. Experiments conducted with reversed isotopic
labeling (i.e., using acetone and [D]tert-butanol) showed the expected 3C NMR
resonance changes and larger mass fragments in the mass spectrum. Importantly,
control reactions with Si-Beta and without catalyst did not change the chemical
environment of [Dg]acetone. We note that diffuse reflectance UV-visible (DRUV) and
19Sn NMR spectra (for Sn-Beta) rule out the presence of high concentrations of
extra-framework species. Taken together, these data clearly show that framework
sites in Lewis acidic zeolites enolize acetone by activating its a-hydrogen atoms.
Similarly, Bell et al. showed that oxygen atoms with increased basicity in the first
coordination sphere of the active site in Sn-Beta abstract protons from hydroxy
groups of glucose to facilitate ring-opening for isomerization reactions.[7] Our
results are also intriguing in view of the studies by Davis et al. showing that
framework sites catalyze the isomerization of glucose into fructose in water through
an intramolecular CH hydride shift, whereas extra-framework SnO, sites catalyze
the reactions by proton transfer and enolization.[8] Evidently, enolization with
framework sites is dependent on the nature of the metal center, the substrate, and
the solvent.
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Figure 1. *C NMR spectra of [Ds]lacetone before (a) and after (b) reaction in the
presence of Hf-Beta and tBuOH at 363 K for 8 h.

Future Work



To further understand the reaction mechanism, we plan to focus on understanding
the role of closed and open sites for aldol condensation. We will use probe
molecules in conjunction with solid state NMR to more fully characterize the
molecular connectivity at the active site.

Aim 1b: Investigation of the catalytic activity of Lewis acidic Beta zeolites for C-C
coupling

Motivation and Objectives

Aldol condensation is a key carbon-carbon coupling reaction in organic synthesis
and has triggered considerable interest in the development of biomass conversion
schemes. For example, the cross-aldol reaction between furfural derivatives and
acetone has been exploited to generate Cs-Ci5 hydrocarbons using metal oxides,[9]
hydrotalcites,[10] and homogeneous mineral base catalysts.[11] Strong bases are
typically used because they readily abstract a-protons and generate the enolate
intermediate required for C-C bond formation. However, the use of base catalysts
for these reactions faces major challenges. Homogeneous mineral bases are unable
to activate molecules with hydroxycarbonyl groups because of the preferential
formation of alkoxide ions, and they require more complex separations. Solid bases
are preferable, but they easily deactivate in the presence of acids, such as acetic
acid, which are ubiquitous in biomass processing. Lewis acidic zeolites have recently
emerged as exceptional catalysts for the activation of carbonyl-containing
molecules, thus affording the opportunity to promote aldol reactions under
conditions that are generally considered unsuitable for direct C-C bond formation. In
this aim, we show that Hf-, Sn-, and Zr-Beta zeolites are highly active catalysts for
the cross-aldol condensation of aromatic aldehydes with acetone under mild
reaction conditions. We also demonstrate how Lewis acidic zeolites can tolerate
common poisons and regeneration by thermal treatments.

Approach

The aldol condensation of benzaldehyde (BA) with acetone in toluene was used as a
model reaction to study the catalytic performance of a range of Lewis acidic zeolites
in batch reactions. Catalysts tested included the Lewis acidic zeolites Hf-, Sn-, Zr-,
and Ti-Beta, along with controls of HfO, impregnated Si-Beta, Si-Beta, Al-Beta, and
no catalyst. The three most active catalysts, Hf-, Sn-, and Zr-Beta were also tested
for the aldol condensation of acetone with a range of aromatic aldehydes including
4-substituted benzaldehydes and 5-(hydroxymethyl)furfural (HMF). Catalyst stability
was probed using recyclability tests. Tolerence to common biomass-system poisons
was evaluated by adding acetic acid and water to the reaction solution.

Results

The catalytic results for the aldol condensation of benzaldehyde and acetone
promoted by Lewis acidic zeolites are shown in Table 1. Hf- and Zr-Beta showed the
highest aldol condensation activity at 363 K, achieving conversions of more than 90
% with up to 97 % selectivity toward the dehydrated cross-aldol product,
benzalacetone (2). The fact that the hydrated product,
4-hydroxy-4-phenyl-2-butanone (1), could not be detected indicates that the



dehydration reaction is fast under these reaction conditions. The double cross-aldol
condensation product dibenzalacetone (3) was not produced either, which is likely
attributable to steric hindrance caused by the zeolite pore. Ti-Beta yielded negligible
aldol condensation products. Control reactions with Al-Beta, Si-Beta,
extra-framework HfO, nanoparticles impregnated on Si-Beta (HfO./Si-Beta), and
reactions without the catalyst confirmed that framework Lewis acidic heteroatoms
are required for catalytic activity.

The observed difference between the various Beta zeolites is consistent with
previous studies, which indicated that catalytic activity is dependent on the
polarizability of the metal atom in the active site and the Brgnsted basicity of the
associated oxygen atom.[7] The d-block transition metals Hf and Zr possess similar
electronic structures when inserted in the zeolite framework and can be expected to
show similar catalytic activity, while the p-block element Sn exhibits different
bonding characteristics and charge distribution through the site because of its
antibonding o* LUMO.[7, 12] We next extended our study to include several BA
derivatives (Table 1, entries 2-4). The observed trend in catalytic activity of the
metal centers is similar to the one seen for reactions with BA: Hf=Zr>Sn. Selectivity
toward the desired single cross-aldol condensation product remained over 90 %
when using Hf- and Zr-Beta. Sn-Beta, in contrast, only reached 86 and 78 %
selectivity when starting from 4-nitrobenzaldehyde and 4-chlorobenzaldehyde,
respectively. A comparison between BA derivatives shows a decrease in activity with
the addition of both electron-withdrawing and electron-donating groups, a trend not
solely characteristic of strong base or acid catalysts. This mixed trend is indicative
of a cooperative effect between weak acid and base sites in the zeolite. Additionally,
steric limitations in the pores of zeolite Beta may impede transition-state formation
for benzaldehyde analogues with larger substituents at the 4-position. The aldol
reaction between HMF and acetone was also examined (Table 1, entry 5), as this is a
potential pathway to produce liquid alkanes from biomass.[9] Reactions with both
Hf- and Zr-Beta generated the single cross-aldol product with selectivities of 99 and
87 %, respectively, at similar conversions. Surprisingly, reactions catalyzed by
Sn-Beta only generated undesired polymerization products.

Table 1. Experimental results of the cross-aldol condensation of aldehydes with
acetone using Lewis acid zeolites.!!

Entry  Aldehyde Catalyst Conversion Selectivity [%]
[%] [b] [c]

Hf-Beta 91 97

1 - Sn-Beta 32 90
Zr-Beta 94 98
Hf-Beta 38 96

2 Sn-Beta 28 86
Zr-Beta 48 97
Hf-Beta 69 90

3 Sn-Beta 25 78
Zr-Beta 78 90
Hf-Beta 27 98

4 Sn-Beta 19 96
Zr-Beta 42 >99

5 Hf-Beta 73 >99



Sn-Beta 32 0
Zr-Beta 72 87

[a] Reaction conditions: 0.084 M aldehyde in toluene, (mmol acetone):(mmol
aldehyde):(mmol metal) = 150:50:1, 363 K, 5 h. [b] Conversion: [mmol(aldehyde
converted)]/[mmol(aldehyde initial)] x 100. [c] Selectivity: [mmol(single
cross-aldol condensation product)]/[mmol(aldehyde converted)] x100.

The stability of Hf-Beta for the aldol condensation of BA and acetone was probed by
reusing the catalyst with fresh solution for five consecutive batch reactions (see
Figure 2). Conversion decreased by 18™% between the first and second runs, and it
remained constant for subsequent runs. In all cases, selectivity for 2 remained
above 98 %. Calcination between the fourth and fifth runs did not alter activity.
Thermogravimetric analysis showed a 2 % weight loss, which we ascribe to the
presence of organic components within the zeolite pores after reaction. These
results are consistent with the observed deactivation behavior of Hf-Beta during
catalytic transfer hydrogenation reactions.[13] Hot filtration tests confirmed the
heterogeneous nature of the catalytic system.
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Figure 2. Conversion for recycle runs for Hf-Beta in the aldol condensation of BA
with acetone. Reactions were run for 2 h before separating the catalyst by
centrifugation and decantation. Fresh solution was added for each subsequent run.
The catalyst was washed with acetone and calcined at 853 K in flowing air between
runs 4 and 5. The five cycle test was equivalent to ca. 150 turnovers per Hf site.

Organic acid impurities can deactivate strong base catalysts, while water may react
undesirably with homogeneous Lewis acids. Thus, Hf-Beta was tested in the
presence of these components for the aldol condensation of BA and acetone (Figure
3). Unlike traditional base catalysts, Hf-Beta was not quenched by the presence of
acetic acid. Although conversion decreased by 35 % upon adding 0.11 wt % acetic
acid (i.e., a molar ratio of 1:5 acetic acid/BA), the zeolite generated the desired
product with a selectivity of 93 %. Conversely, the solid base catalyst MgO showed
almost no activity in the presence of acetic acid. Furthermore, MgO only achieved
42 % selectivity for 2 under acid-free conditions, primarily because of the
production of 3. Figure 3b shows that Hf-Beta is capable of catalyzing the aldol



condensation with as much as 10 wt% water, although conversions decreased by 50
% when compared to the dry reaction. Note that acetone was used as the solvent
for the water tests because of the immiscibility of water with toluene. In pure
acetone, reaction rates were lower compared to those obtained in toluene. We
hypothesize that high acetone concentrations hinder BA adsorption because of
competitive interaction with the Lewis acidic sites. Indeed, self-aldol reaction of
acetone to form mesityl oxide and diacetone alcohol was observed in small
quantities (<2 %). Reactions in acetone also displayed lower selectivity for 2
because of reduced dehydration of the aldol addition product 1. As expected, the
selectivity for 1 increased with higher water concentrations, as water is a
by-product of aldol condensation. A reaction with both water and acetic acid
impurities (Figure 3b, entry marked 1*) showed that Hf-Beta remains active even
when multiple contaminants are present.
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Future Work

The long-term stability of Hf-Beta for these reactions will be probed using a packed
bed reactor system. We also plan to expand our knowledge of C-C coupling with
Lewis acidic zeolites by exploring other target reactions where carbonyl activation is
key.

Aim 2a: Develop and optimize the one-pot synthesis of single-unit-cell thick MWW
zeolite nanosheets

Motivation and Objectives




In recent years, layered zeolite precursors have garnered increased attention as a
platform for developing new materials. An important aluminosilicate layered zeolite
precursor is MCM-22(P)[14, 15], which forms in single unit-cell thick (ca. 2.5 nm)
layers with the MWW topology. These layers are arranged perpendicular to the
c-axis such that half of the 12-ring cage is exposed to the crystal exterior,
effectively forming “cups” of fully connected tetrahedral atoms on each side of the
layer (see Scheme 3).[16] In contrast to typical surface acid sites, the Brgnsted acid
sites located in the cups are as strong as those located inside micropores.[17, 18]
Unfortunately, upon calcination, the layers of MCMC-22(P) condense topotactically
to form the microporous three-dimensional (3D) zeolite MCM-22 (12-ring cages
connected by 10-ring channels). As such, post-synthetic methods have been
developed to prevent layer condensation and generate exfoliated MWW nanosheets
with a large fraction of exposed cups. Corma et al. developed ITQ-2 by swelling the
layers of MCM-22(P) with a quaternary ammonium surfactant and then delaminating
the swollen sheets by ultrasonication.[19] The calcined material, comprised of
disordered sheets, featured very high external surface areas of ca. 700 m?g™* and
was shown to be active for the cracking of vacuum gas oil,[19] decalin and tetralin,
[20] as well as the isomerization of m-xylene.[21] Exfoliation was shown to be most
effective over a specific set of conditions that include using highly alkaline
conditions (pH > 12.5 at 353 K)[21] and precursor materials with Si/Al ratios >20.
[22] Although one-pot synthesis methods are preferable for process intensification,
they have been largely unsuccessful in creating materials with comparable
properties to those obtained with multi-step, post-synthetic methods. For example,
zeolites MCM-56,[23-25] ITQ-30,[26] and EMM-10[27] exhibit a degree of disorder in
the stacking of layers perpendicular to the c-axis, but their low mesoporosity
indicates their structure more closely resembles their 3D counterparts.
Consequently, the development of an effective and robust method to create
high-quality MWW nanosheets without additional post-synthetic treatments
continues to be challenging. Here, we demonstrate an effective one-pot synthesis
method to generate exfoliated single-unit-cell thick MWW nanosheets.
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Scheme 3. Schematic representation of the one-pot synthesis strategy to create
MIT-1.

Approach

The strategy to design an OSDA that could produce MWW nanosheets in one-pot is
depicted in Scheme 3. We surmised that a suitable OSDA should combine the
elements of the traditional OSDA used for the synthesis of layered zeolite precursor
and the quaternary ammonium surfactant typically used for the swelling step during
post-synthetic delamination. MCM-22(P) can be synthesized using
hexamethyleneimine (HMI) or trimethyladamantylammonium hydroxide (Ada-OH),
while swelling is typically performed with hexadecyltrimethylammonium bromide
(CTAB). As shown in Scheme 3, the novel OSDA, named Ada-i-16 (where i = 4, 5, or
6 -CH,- linker groups), has a hydrophobic tail segment that resembles CTAB, a
hydrophilic head segment that resembles Ada-OH, and a di-quaternary ammonium
linker that connects both segments. The linker ammonium composition and chain
length was tuned to achieve an effective C/N* ratio ranging from 17-18, which is
close to the optimal (10-15) identified for high silica hydroxide syntheses,[28, 29]
and which decreases the risk of solubility problems for the OSDA in water. We varied
the linker size between 4 and 6 -CH,- units because the linker size can affect the
mobility and interdigitation of the Cis tails, thereby influencing the packing (i.e.,
unilamellar vs. multilamellar) of the layers.[30] Molecular dynamics simulations
indicate that the structure-directing head sits inside of the cups with the
diquaternary ammonium moieties stabilizing the pore mouth.

Results

An initial screening to understand the effect of Ada-i-16 composition on MIT-1
crystallization was investigated using a synthesis gel of 1 SiO,/0.1 Ada-i-16 /0.05
Al(OH)5/0.2 NaOH/45 H,0 at 433 K with rotation at 60 rpm. Varying the linker size
drastically affected the crystallization time. Specifically, fully crystalline MIT-1 was
obtained in 14 and 22 days when using Ada-4-16 and Ada-6-16, respectively.
Interestingly, the Cs linker did not yield a crystalline product even after 30 days. *C
magic-angle spinning nuclear magnetic resonance (MAS NMR) on the as synthesized
material confirms that the OSDA remains intact in the pores. Increasing the
Ada-4-16/Si ratio up to 0.3 did not affect the synthesis time or phase purity.
Decreasing the temperature from 433 K to 423 K doubled the synthesis time, but
did not alter the product phase. A parametric study of Al, Na, and water content was
conducted to determine the synthesis window for MIT-1. The synthesis space closely
mirrors the space for phase-pure MCM-22(P). At Si/Al ratios below 12, only
amorphous product is observed, while at Si/Al ratios above 70, competing MFI
phases are observed. Materials synthesized in the absence of Al consistently
resulted in a disordered MRE topology (ZSM-48).[31-33] Increasing the NaOH/Si
from 0.2 to 0.3 decreased the crystallization time from 14 to 7 days. Decreasing the
NaOH/Si to 0.1 increased the crystallization time to 30 days. This modulation of
crystallization time likely arises from the increase in OH" content, since substituting
NaCl as a sodium source resulted in an amorphous product. Increasing the H,0/Si
ratio above 30 did not influence crystallization, but lower water contents generated
only amorphous phases.



The powder X-ray diffraction patterns (PXRD) acquired after calcination of MIT-1
(synthesized with Ada-4-16) at 813 K for 10 h confirm that the sample has the MWW
topology (Figure 4A). The diffraction pattern features broader peaks than those
observed for MCM-22. More specifically, the pattern shows reflections belonging to
the (hkO0) directions, indicating the absence of long-range order in the c-direction, as
expected for exfoliated MWW layers.[34] Simulated diffraction patterns (obtained
using powder pattern theorem for ultrasmall zeolite crystals implemented with
UDSKIP)[35, 36] for MWW crystalline constructs that are 15 unit cells wide along the
a- and b-axes and one unit-cell thick along the c-axis are in good agreement with
the experimental PXRD patterns for MIT-1. Scanning electron microscopy of MIT-1
reveal particles composed of disordered platelets agglomerated into >10 um
clusters (Figure 5). No other morphologies were detected during low magnification
inspections. TEM confirmed the presence of disordered nanosheets ca. 2.5 nm thick
along the (001) direction and ca. 150 nm (spanning 50-200 nm) long along the
(100) and (010) directions. Selected area electron diffraction perpendicular to the
plane of the sheets (inset, Figure 5) reveals the expected hexagonal symmetry of
MWW topology crystals. Nitrogen adsorption studies demonstrate that MIT-1 has
much higher mesoporosity than MCM-22 or MCM-56 with a very broad mesopore
size distribution (see Figure 4C). The total pore volume and external surface area of
MIT-1 after calcination are 1.014 cm3g? and 513 m?g?, respectively. This surface
area is very close to the theoretical value of 517 m?g™* calculated for 150x150 nm
long and 2.5 nm thick MWW sheets using geometric arguments. In contrast, the
total pore volume and external surface area of MCM-22 are three times lower at
0.289 cm3g? and 121 m?g?, respectively. For MCM-56, the total pore volume and
external surface area are two times lower at 0.601 cm3g?® and 219 m3g?,
respectively. A log-plot of the adsorption isotherms (Figure 4C, inset) shows that, in
the pressure range of 107 to 103 P/P,, MIT-1 has a lower N, uptake than MCM-22,
which is consistent with the loss of the 10-ring channels associated with the 12-ring
supercages along the c-axis.[37] Taken together, the characterization data confirm
that MIT-1 is a highly crystalline delaminated MWW material with high surface area
and mesoporosity.
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Figure 4. Powder XRD patterns (A) for calcined MCM-22 (a), MCM-56 (b), MIT-1 (c),
simulated MWW nanosheets (d). Al MAS NMR spectra of as-synthesized MIT-1 (B).
N. adsorption and desorption isotherms (C) for calcined MCM-22 (a), MCM-56 (b),
MIT-1 (c). Inset shows data on a semi-log plot.



Figure 5. Transmission electron microscopy images of MIT-1 (a,b), with
selected-area diffraction patterns perpendicular to the plane of sheets (inset).
Scanning electron microscopy images of MIT-1 (c,d).

Future work

To further reduce the costs associated with the process for producing MIT-1, we plan
to focus on recycling the OSDA and reducing synthesis time and temperature.
Molecular dynamics simulations with Ada-4-16 indicate that the structure-directing
head sits inside of the cups of the MWW zeolite nanosheet with the diquaternary
ammonium moieties stabilizing the pore mouth. This presents the possibility to
recover the OSDA from the as-synthesized material for reuse in additional
syntheses. In addition, removing the OSDA through extraction may allow us to
reduce calcination temperatures to limit the formation of extraframework aluminum
in the final product (see below).

Aim 2b: Characterize the distribution and activity of acid sites in MWW zeolite
nanosheets for the activation of bulky substrates

Motivation and Objectives

Zeolites are highly active and selective heterogeneous catalysts used in many
important chemical processes. The microporous crystalline frameworks of most
aluminosilicates have high hydrothermal stability and feature attractive shape and
transition-state selectivity effects. However, in some cases, microporosity hinders
the diffusion of bulky molecules, resulting in lowered catalyst activity and faster
deactivation. In our previous work, we found that hierarchical, MFI topology zeolite
nanosheets (Al-MFI-ns) were very effective catalysts for the ring-opening hydrolysis
of furfuryl alcohol to levulinic acid.[38] The nanosheet morphology of Al-MFI-ns
provides larger surface areas and shorter molecular-diffusion lengths as compared
to those of micron-sized zeolite crystals, while maintaining a crystalline structure
associated with strong acid sites. AI-MFl-ns also demonstrated improved
hydrothermal stability as compared to that of amorphous mesostructured silicates,



and slower deactivation from carbon deposition due to a larger number of external
pore openings. Here we probe the nature of the acid sites found in MWW zeolite
nanosheets, and test their activity for the Friedel-Crafts alkylation of bulky
substrates.

Approach

The Brensted acid sites in MIT-1 were probed with 2’Al MAS NMR as well as *'P MAS
NMR couple with adsorption of the phosphorus containing probe molecules. NMR
measures the electron shielding around a targeted nucleus, which can be used as a
highly sensitive method to study changes that arise from the effects in local
electron density and overall electronegativity induced by neighboring atoms. 2’Al
MAS NMR allows for the direct detection of the coordination environment of
framework and extraframework aluminum sites. 3P MAS NMR coupled with
trialkylphosphine oxide probe molecules will allow us to assess the strength and
distribution of the acid sites. Probe molecules trimethylphosphine oxide (TMPO) and
tributylphosphine oxide (TBPO) interact strongly with both Brgnsted and Lewis acid
sites and do not require enrichment since the 3P isotope is 100% natural
abundance. The density of the electron cloud decreases with increasing acid
strength, causing the 3'P resonance to shift toward a higher chemical shift compared
to physisorbed TMPO (42 ppm). We performed vapor phase adsorption of TMPO and
TBPO onto full dehydrated MIT-1 and benchmark MWW zeolites. Care was taken to
ensure samples are kept under an inert environment and thermal annealing
procedures (>423 K, 3 h) are performed to allow diffusion of TMPO molecules to all
accessible active sites. The total acid sites of each type can be calculated by
determining the P content in each material using elemental analysis with ICP-MS.
The catalytic activity of externally accessible acid sites was probed with the liquid
phase Friedel-Crafts alkylation of benzene with benzyl alcohol.

Results

The coordination environment of Al atoms was analyzed by #’Al MAS NMR (see
Figure 4B). MIT-1 with a Si/Alta = 16.2 (as quantified from elemental analysis)
features mainly tetrahedrally-coordinated framework Al species at 55 ppm with only
a small fraction (<8%) of octahedrally coordinated extra-framework Al species
present at 0 ppm. Note that the amount of extra-framework Al increases to ca. 30%
after calcination, in agreement with previous reports by Corma et al. for MCM-22.
[18] Calcination conditions require further optimization to minimize dealumination.

The number of internal and external acid sites were investigated with 3P MAS NMR
using trimethylphosphine oxide (TMPO) and tributylphosphine oxide (TBPO),
respectively, as probe molecules. MCM-22, MCM-56, and MIT-1 have comparable
peak signals at 85, 72, 68, and 63 ppm (Figure 6), which correspond to acid sites
present in the 12-ring cages and 10-ring channels of MCM-22.[39] These chemical
shifts are associated with strong Brgnsted acid sites as determined by theoretical
calculations between proton affinities and 3P chemical shifts.[39] Additional peaks
at 53, 42, and 31 ppm correspond to TMPO adsorbed onto Lewis acidic
extra-framework Al, physisorbed TMPO, and crystalline TMPO, respectively. The total
number of acid sites were quantified using spectra integration coupled with
elemental analysis, showing 46, 32, and 33 x 10 mol g* for MCM-22, MCM-56, and



MIT-1, respectively (see Table 2). Following the same procedure, the external acid
sites were probed with TBPO (ca. 0.8 nm), which cannot fit inside 10-ring channels.
[40] MIT-1 had 21 x 10° mol g* of external acid sites, which is approximately three
times more surface sites than those of MCM-22 (6 x 10° mol g*) and two time more
surface sites than those of MCM-56 (13 x 10 mol g!). These values correspond well
with the three and two-fold increases in external surface area for MIT-1 compared to
MCM-22 and MCM-56.

The Friedel-Crafts alkylation of benzyl alcohol (BA) with benzene was used as a
model reaction to assess the catalytic activity of MIT-1. Both the C-alkylation
(diphenylmethane (DP)) and O- alkylation (dibenzyl ether (DE)) products are unable
to fit inside 10-ring pores, thus limiting catalytic activity to the external surface for
regular 3D zeolites. As shown in Table 3, MIT-1 converts 49% of BA after 1.5 h at 358
K with a DP yield of 23%. Nearly full conversion is observed after 3 h reaction time
with a 65% yield of DP. After 5 h, the yield of DP increases to 99% as DE is reversibly
converted back to BA, which is C-alkylated into DP. In contrast, MCM-22 and MCM-56
only reach 40% and 44% conversion after 3 h, respectively, at comparable Al
loadings. Thus, Al-normalized rates at similar conversion levels show that MIT-1 has
a three-fold increase in activity. This reactivity profile is proportional to the increase
in external surface area and external acid site concentration of MIT-1 compared to
MCM-22. Bulk Al-MFI zeolites showed negligible activity due to their low external
surface areas. AI-MCM-41 also showed low activity for this reaction in agreement
with Na et al. who showed that strong Brgnsted acid sites are required to catalyze
this reaction.[41]
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Figure 6. 3P MAS NMR spectra of TMPO adsorbed onto MCM-22 (a), MCM-56 (b),
MIT-1 (c); and TBPO adsorbed onto MCM-22 (d), MCM-56 (e), MIT-1 (f). A Lorentzian
method was used for peak deconvolution.

Table 2. Properties of MCM-22, MCM-56, and MIT-1 zeolites.

Catalys Si/A Micropor Total pore Sext Total acid External acid
t 2 e volume¢ (m?g?) sites® (x sites” (x 10




volumeP®

(cm3g?) (cm3g?) 10°mol g?) mol g?)
MCM-22 25 0.142 0.289 121 46 6
MCM-56 12 0.133 0.601 219 32 13
MIT-1 16 0.131 1.014 513 33 21

a. Si/Al determined by ICP-AES elemental analysis, b. micropore volume calculated
from N, adsorption isotherm at P/P,=0.01, c. total pore volume calculated from N
adsorption isotherm at P/Py=0.95, d. external surface area Se« calculated using the
t-plot method, e. total acid sites calculated from TMPO titration and 3!P MAS NMR, f.
external acid sites calculated from TBPO titration and *'P MAS NMR.

Table 3. Reactivity and selectivity data for the Friedel-Crafts alkyation of benzene
with benzyl alcohol.

Catalyst Conversion (%) Yield DP (%) Yield DE (%)
MCM-22 40 19 18
MCM-56 44 19 20
MIT-1 98 65 26
MIT-12 49 23 21
MIT-1° 100 99 <1
Al-MCM-41 2 <1 <1
Al-MFI 3 <1 2

Reaction conditions: BA/Al = 200 mol/mol, 6.5 wt% BA in benzene, 3 h, 358 K. a. 1.5
h b. BA/Al = 100, 5 h, all other conditions the same.

Future work

Our next steps will focus on comparing the distribution of acid sites and catalytic
activity of MIT-1 with other nanosheet morphology zeolites such as Al-MFI-ns. The
local geometry of the pore environment around the tetrahedral Al active sites may
dramatically affect the catalytic performance depending on the reactants and
solvents. We will also further test MIT-1 for processes important for biomass
conversion, and assess their stability in these processes.

Summary of main findings in this project:

1) Kinetics of transfer hydrogenation in Lewis-Brgnsted acid pair catalysis:
Performing rigorous kinetic studies is essential to compare the behavior of different
Lewis acid catalysts. We conducted a comprehensive kinetic study on the
liquid-phase MPV reduction of methyl levulinate to y-valerolactone (GVL) over
M-Beta zeolites. Experiments were carried out using flow reactors operating under
differential conditions in the absence of mass transfer limitations. A rate expression
was derived from a proposed set of elementary steps, and kinetic isotope effect
studies were used to identify the rate-limiting step. We showed that, despite having
significantly different initial TOFs, the apparent activation energies for Zr-, Hf-, and
Sn-Beta were all approximately the same at ca. 52 kJ/mol and 73 kJ/mol for
secondary and primary alcohol hydrogen donors, respectively. The difference in



activity, particularly when primary alcohol donors were used, was attributed to
strong entropic effects (rather than to differences in the number of actives sites)
expressed in the vastly different apparent pre-exponential factors with the order of
Sn < Zr < Hf. These results suggest that in addition to intrinsic Lewis acid strength,
geometric configurations within the pores also play an important role in determining
catalytic activity. Extracting accurate kinetic parameters allowed us to effectively
couple transfer hydrogenation sequences with hydrolytic ring-opening sequences
for the one-pot conversion of furfural to GVL.

2) Development of hyperpolarization NMR techniques to confirm framework
incorporation. The catalytic activity of Lewis acid zeolites for C-C coupling is
critically dependent on the successful incorporation of the metal center into the
zeolite framework. However, synchrotron-based techniques or MAS NMR of samples
with “NMR-active” nuclei are the only reliable methods to verify framework
incorporation. For ''°Sn-Beta (I=1/2, N.A.=8.6%), the coupled effects of low natural
abundance of the °Sn isotope, low intrinsic NMR sensitivity (based on Sn’s low
gyromagnetic ratio), and low Sn loadings in the zeolite (<3 wt%) make MAS NMR
analysis impractical without *°Sn isotope enrichment. Unfortunately, the high cost
of isotopic enrichment drastically hinders high-throughput screening, routine
analysis, or analysis of low-yield syntheses with NMR. This analysis is even more
difficult for highly quadrupolar nuclei, such as Ti and Zr.

DNP tackles the challenge of increasing spin polarization by transferring the
larger polarization of electron spins, such as those found in stable radical
compounds, to nuclear spins through irradiation with high-frequency microwaves.
The nuclei of the target species then become dynamically polarized, and their NMR
signals are enhanced by up to four orders of magnitude. Additional signal
enhancements can be obtained by doing experiments at temperatures down to 1 K.
We demonstrated for the first time, the use of DNP NMR for characterizing zeolites
containing ~ 2 wt % of natural abundance Sn without the need for !'°Sn isotopic
enrichment. The biradicals TOTAPOL, bTbK, bCTbK, and SPIROPOL functioned
effectively as polarizing sources, and the solvent enabled proper transfer of spin
polarization from the radical’ s unpaired electrons to the target nuclei. Using bCTbK
led to an enhancement of 75, allowing the characterization of natural-abundance
1195n-Beta with excellent signal-to-noise ratios in <24 h. Without DNP, no *Sn
resonances were detected after 10 days of continuous analysis. Given that DNP
reduces the collection time of NMR data by orders of magnitude, it allows to fully
exploit the realm of information provided by more advanced NMR experiments
typically restricted to liquid-phase analysis (e.q., two-dimensional spectra of
unlabeled molecules).

3) Triggering C-C coupling with acid-base pairs in Lewis acid zeolites. Natural and
synthetic systems exploit the cooperative interactions among acid-base pairs to
promote C-C bond formation reactions. For example, class Il aldolases catalyze the
direct aldol reaction of dihydroxyacetone phosphate (DHAP) and aldehydes through
a cooperative activation called soft enolization. The proposed transition-state model
for the active sites of this lyase shows that the Lewis acid site Zn" coordinates to the
carbonyl oxygen of the ketone donor, while a glutamate residue functions as a
Brgnsted base for abstraction of the a-proton and subsequent enol formation. In
Lewis acid zeolites, soft enolization results in the formation of a Sn-enolate
intermediate and the cleavage of one Si—O—-Sn bond. We investigated the keto-enol



tautomerization mechanism using deuterated acetone with NMR and provided the
first mechanistic proof that the acid-base pairs in Sn- and Hf-Beta promote C-D
activation followed by the intramolecular transfer of an a-deuterium atom to the
zeolite lattice. UV/Vis and '*Sn NMR analyses ruled out the presence of high
concentrations of extraframework tin oxide species, corroborating that keto-enol
tautomerization is mainly catalyzed by the framework metal active centers. Our
group then demonstrated the application of Sn-Beta for the catalytic C-C coupling
between DHA and formaldehyde to form the synthetically useful compound
a-hydroxy-y-butyrolactone (HBL). We showed that Sn-, Hf- and Zr-Beta generated
near quantitative yields of the single cross-aldol condensation product from the
coupling of substituted aromatic aldehydes with acetone. Notably, unlike regular
heterogeneous base catalysts used in aldol condensations (e.g., MgO), our materials
maintained activity and showed exceptional stability in the presence of
considerable amounts of water and acetic acid contaminants.
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