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ABSTRACT: Current needs for extending zeolite catalysts beyond traditional
gas-phase hydrocarbon chemistry demand detailed characterization of active site
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homonuclear and heteronuclear NMR correlation experiments on dehydrated 2‘*\ 2l RO TN i

H-ZSM-5 catalysts with isotopically enriched '"O frameworks reveals that at
least two types of paired active sites exist, the amount of which depends on the
population of fully framework-coordinated tetrahedral Al (AI(IV)-1) and  *
partially framework-coordinated tetrahedral Al (AI(IV)-2) sites, both of which
can be denoted as (SiO),_,—Al(OH),. The relative amounts of Al(TV)-1 and 5 «
AI(IV)-2 sites, and subsequent pairing, cannot be inferred from the catalyst Si/Al ~ *
ratio, but depend on synthetic and postsynthetic modifications. Correlation
experiments demonstrate that, on average, acidic hydroxyl groups from Al(IV)-
1/AI(IV)-2 pairs are closer to one another than those from Al(IV)-1/Al(IV)-1
pairs, as supported by computational DFT calculations. Through-bond and through-space polarization transfer experiments
exploiting 70 nuclei reveal a number of different acidic hydroxyl groups in varying Si/Al catalysts, the relative amounts of which
change following postsynthetic modifications. Using room-temperature isotopic exchange methods, it was determined that 70 was
homogeneously incorporated into the zeolite framework, while 7O — *’Al polarization transfer experiments demonstrated that '’O
incorporation does not occur for extra-framework Al,O,, species. Data from samples exposed to controlled hydrolysis indicates that
nearest neighbor Al pairs in the framework are more susceptible to hydrolytic attack. The data reported here suggest that Al(IV)-1/
Al(IV)-2 paired sites are synergistic sites leading to increased reactivity in both low- and high-temperature reactions. No evidence
was found for paired framework/nonframework sites.
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B INTRODUCTION

Uncertainties surrounding long-standing questions about the
nature of the active site in zeolite catalysts have been magnified
by the recent discoveries of active site structure distributions,
and the growing recognition that proximate Al sites in the
framework may act as synergistic sites.'~'® Whether the sites
responsible for C—C, C—H, C—0O, and O—H bond activation
exist as isolated or paired Bronsted acid sites, whose generation

successfully extended beyond the realm of gas-phase Bronsted
acid catalysis involving pure hydrocarbon feeds, character-
ization of active site structures as it relates to isolated vs paired
framework and nonframework Al sitings, and their dynamics in
the presence of other oxygen-rich and water-rich molecules,
must be addressed.

One of the most intriguing and pursued topics in current
zeolite science involves the synthesis, characterization, and
impact of proximate Al atoms in the zeolite framework,

through synthesis or loss from hydrothermal treatments is
irreversible, or as paired and dynamic sites with mixed but
temporal Bronsted and Lewis character are questions that have
been pushed to the forefront of heterogeneous -catalysis
research by the growing need to adapt zeolites as catalysts in
demanding processes other than high-temperature gas-phase
hydrocarbon conversions."'~"* Increasing environmental
pressures require that catalysts convert moisture- and oxy-
gen-rich feedstocks, including agricultural, municipal, and
technological waste streams, and their diverse structural variety
and environmentally benign characteristics make zeolites
attractive choices for these new areas.'° >’ Even in traditional
gas-phase hydrocarbon conversion processes like cracking and
reforming, growing environmental pressures require increased
selectivity to target molecules. In order for zeolites to be

© 2022 American Chemical Society

7 ACS Publications

typically termed paired sites, and concomitant questions
regarding acidic hydroxyl group types.”' ™ Several recent
reports highlight the difficulty in experimentally assessing
framework Al pairing in MFI zeolites, some of which are
commercially important in cracking, isomerization, and
methanol-to-hydrocarbon conversions. Specifically, Gounder
and co-workers have shown that using mixed structure-
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directing agents during synthesis can impart some degree of
control on Al siting in the framework among the 12
crystallographically inequivalent tetrahedral sites, as well as
the number of paired Al sites.”””” Indeed, their synthetic
approach has been successfully implemented for both CHA
and MFI zeolites to some degree, with mixtures of charged and
uncharged template molecules leading to more isolated
Bronsted sites in some cases.”* " Other studies on zeolites
with high framework Al density, e.g. HY, have shown that the
expected paired Bronsted sites convert to Bronsted—Lewis
pairs followin§ hydrothermal treatments and framework
dealumination.”’ Others have shown that varying the Si and
Al sources, e.g. colloidal silica vs TEOS (tetraethylorthosili-
cate) and a variety of Al salts, can lead to different amounts of
Al in different framework positions relative to the location of
the SDAs.”>*’ Dusselier and others have used “seeding’-based
methods and temporal changes in the synthesis compositions
to effect interzeolite conversions, and final Al siting based on
controlling Al mobility in the synthesis gels.”* Zoned and
core—shell Al distributions have been discussed by Rimer and
co-workers, revealing key aspects of specific siting in
framework positions versus spatial gradients in Al density
throughout the crystallites."

Cu®* or Co®* titrations are often used to identify proximate
acid sites in zeolites, with detection via UV—vis or IR
spectroscopies.”® > In addition, recent work shows that 'H
solid-state NMR standard-addition methods can be used to
directly quantify divalent cation titration and the fraction of
proximate acid sites in MFI catalysts, with some advantages as
the method avoids potential false-positive spectrophotometric
signals from physisorbed cations.”*” For example, in a
commercial Si/Al = 15, approximately 35% of all acid sites
were paired, whereas only 10% were found to be proximate in a
different commercial catalyst with Si/Al = 40, in agreement
with other reports on MFI catalysts prepared with similar
structure-directing agents.””** What is clear is that the number
of paired acid sites depends on the synthesis procedures used
to make the catalysts as well as on postsynthetic history. While
many elegant experimental and computational methods have
been recently reported to support the presence of paired acid
sites, questions remain about the structural and temporal
details of paired acid sites. For example, are all paired
framework active sites composed of the standard bridging
hydroxyl groups, or can one or more of the paired sites have a
modified or “defective” structure? Can characterization
methods unequivocally separate paired framework sites from
a framework/nonframework pair, e.g. as is often termed a
synergistic Bronsted/Lewis pair? Are all of the possible
hydroxyl groups resulting from 12 crystallographically
inequivalent Al sites and 26 different framework O atom
sites, e.g. in an MFI catalyst, structurally equivalent?

In this contribution, '"O-labeling of MFI catalyst frameworks
are used to reveal paired-acid site structures. A quadrupolar
nucleus, 70O, does not lend itself to routine magic-angle
spinning (MAS) NMR experiments on zeolite catalysts as
originally reported by Oldfield and co-workers, due to
quadrupolar coupling constants of several megahertz (MHz)
depending upon the hydration level of the catalyst.”>'”O NMR
analyses of zeolite catalysts have been previously used by the
Gray group to characterize acid sites in several zeolite catalysts,
revealing detailed information regarding the quadrupolar
parameters for 70 in faujasite, mordenite, and MFI catalysts,
as well as some O—H bond distances.”*™” Earlier 7O NMR

studies demonstrated that '’O quadrupolar and chemical shift
parameters for zeolitic oxygen were influenced by cations and
other nonframework species in naturally occurring zeolites.”>*”
Recently, the combined use of DNP (dynamic nuclear
polarization) with 7O NMR detection at natural abundance
provided accurate O—H bond distances and a measure of bond
lability in amorphous silica—aluminas.** Here, the combined
use of heteronuclear and homonuclear correlation experiments
involving 'H, *Al, and 7O on MFI catalysts with Si/Al
ranging from 11.5 to 40 shows that at least two types of paired
active sites exist, the amount of which depends on the
population of fully framework-coordinated tetrahedral Al
(Al(IV)-1) and partially framework-coordinated tetrahedral
Al (AI(IV)-2) framework sites. Both the AI(IV)-1 and AI(IV)-2
sites obey the empirical formula (SiO),_,—Al(OH),. Partially
coordinated framework Al ie, AI(IV)-2, was previously
proposed based on computational work®' and has recently
been verified in MFI catalysts by experiment.'”** The relative
amounts of AI(IV)-1 and AI(IV)-2 sites, and subsequent
pairing, cannot be inferred from the catalyst Si/Al ratio, but is a
function of synthetic and postsynthetic modifications. Well-
known postsynthetic treatments involve exposing the catalyst
to wet-air streams at ca. 300—600 °C, known as “steaming”,
cation exchanges, or chemical reagents like SiCl, or AHFS
(ammonium hexafluorosilicate), all of which can impact the
number and type of Al atoms in the framework or in proximity
to the active sites of the framework. Comparison of newly
resolved structural details on Al(IV)-1/Al(IV)-2 pairs with
previous literature reports on both room-temperature and
high-temperature reactions suggests that such pairs might
confer additional reactivity compared to catalysts containing
only traditional AI(IV)-1/AI(IV)-1 pairs.'”**** The introduc-
tion of 7O sites affords unprecedented resolution of a number
of hydroxyl groups through '"O—'H heteronuclear correlation
experiments, revealing some new sites, allowing confirmation
of previously proposed proton site assignments, and extending
them to include paired sites. Further, detailed correlation
experiments coupled with DFT calculations show that Al—Al
distances for Al(IV)-1/AI(IV)-2 pairs are less than those from
AI(IV)-1/AI(IV)-1 pairs. 7O incorporation does not occur for
nonframework Al,O,, species, thereby diminishing the
possibility that a reversible framework/nonframework pathway
exists for Al,O,, exposed to room temperature water.

B EXPERIMENTAL SECTION

Catalyst Preparation. Zeolite ZSM-5 samples with different
aluminum contents (Si/Al = 40 CBV 8014, Si/Al = 15 CBV 3024E,
and Si/Al = 11.5 CBV 2314) were obtained from Zeolyst in the
ammonium-exchanged form. In general, dehydrated HZSM-$ zeolite
samples were prepared from the ammonium form in a glass reactor
body via a stepwise vacuum procedure to a final temperature of 450
°C, under 2 X 107 Torr using an Edwards EO4K diffusion pump.

Steaming and AHFS Treatment. AHFS (ammonium hexa-
fluorosilicate) washed catalysts were obtained by washing as-received
NH,-ZSM-5 with AHFS, with detailed procedures described
previously.** The “mild-steamed” catalyst was prepared by heating
at 500 °C for 72 h in a home-built flow reactor, under a 12 mL/min
dry N, flow with 17 Torr water vapor (saturated vapor pressure at
ambient lab temperature). Catalysts exposed to “severe steaming”
conditions followed the same procedure, but at 600 °C. The steamed
samples were dehydrated following the same procedure for
dehydrating as-received samples as described above.

70 Enrichment. The proton form of zeolite samples, i.e., as-
received, AHFS treated, or steamed at appropriate Si/Al ratios, were
each well mixed with H,"7O (liquid, 90% enriched) at 70 mg catalyst/
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70 uL H,"0, to form a slurry for 7O enrichment, following the
method proposed by Ashbrook et al. recently.**® To clarify, isotopic
enrichment occurred after any postsynthetic treatments. Each mixture
was kept for 14 days to ensure efficient 'O exchange and then used as
hydrated zeolites for NMR experiments. To dehydrate, the sample
was then carefully transferred into a 4 mm MAS NMR rotor and
dehydrated under vacuum, at 450 °C for 5§ h. The '"H MAS NMR
spectrum was always acquired to verify a complete removal of the
water peak at ca. 6—7 ppm. For NMR spectrometers that were only
equipped with 3.2 mm probes, the dehydrated catalyst was carefully
transferred from 4 mm to 3.2 mm rotors in a glovebox, assured by the
'"H MAS NMR spectrum to rule out water contamination.

NMR Hardware and Sample Packing. NMR experiments were
recorded on a variety of instruments at 9.4, 14.1, 18.8, and 19.6 T (*H
Larmor frequencies at 400, 600, 800, and 830 MHz), with Bruker
Avance II, III or NEO consoles. On the 9.4 T instrument, samples
were packed in 4 mm zirconia rotors with grooved Teflon spacers for
further sealing, as described previously.” On the 14.1, 18.8, and 19.6 T
instruments at NHMFL, samples were packed in Al-free 3.2 mm
zirconia Pencil rotors purchased from Revolution NMR. For zirconia
Pencil rotors, sulfur powders were copacked to provide an additional
seal to the sample, as demonstrated previously.*” The magic-angle
spinning rates are indicated in the text accordingly for the specific
experiments.

1D 7O NMR. 1D O spectra were acquired by spin—echo
sequences, with a central transition (CT) selective 90°- and 180°-
pulse of 9 and 18 us, respectively, and recycle delay of 0.2 s.

2D 'H-"70 Correlation. For dipolar coupling based experiments,
proton-detected "H{'’0O} D-HMQC (dipolar heteronuclear multiple
quantum coherence) was employed, as it provides increased
sensitivity and stability.***SR4? recoupling sequences*”*® were
applied at various mixing times as stated in the text accordingly,
where 80 rotor-synchronized t; increments were normally applied.
For J-coupling based experiments, excitation was also applied on the
'"H channel, with 80 rotor-synchronized t;, increments. As a
consequence of proton detection, the recycle delay is determined
by the 'H spin—lattice relaxation constant (T,), which is determined
by trace water adsorptions, as demonstrated in our previous work.”*>
For the samples used in this work, the recycle delay value for proton
detected "H—'7O correlation experiments varied from 0.2 to 0.5 s per
optimization. Typically 128 or 256 scans were acquired, depending on
the specific spectral quality desired. Thanks to the high sensitivity of
the proton detection method, a 2D HMQC spectrum can usually be
acquired in 1 to 3 h.

2D MQMAS. The z-filter*”** MQMAS (multiple-quantum magic-
angle spinning) "0 sequence was employed at MAS = 16 kHz, with
100 rotor-synchronized t, increments, a recycle delay of 0.1 s, and
2400 scans, yielding typical experimental times of 8 h. The MQMAS
data were processed with a Q-shear transformation to expand the F1
spectral width.”'

2D "H-"H, ZAl-%Al, and 70-"70. DQ-SQ_(double-quantum
single-quantum) experiments were used for establishing homonuclear
correlations. A BABA (back-to-back) recoupling sequence was used to
generate 'H DQ_coherence.”*’BR2} homonuclear dipolar recoupling
sequences were used to generate DQ coherence for quadrupolar
nuclei ?7Al and '70,” where a central-transition (CT) 7z pulse was
placed during the t, evolution to reject DQ-ST (satellite transitions)
coherences, and thus ensure all signals arise from CT-CT DQ
coherence.”* A WURST (wideband, uniform rate, smooth truncation)
pulse was applied to ST before each transient for CT signal
enhancement.”> For *Al-*Al, the 2D DQ-SQ_experiment was
optimized for 60 rotor-synchronized t; increments with 0.02s of
recycle delay, while those parameters were optimized as 30 rotor-
synchronized t, increments and recycle delay = 0.1s for "O-'"0
correlation. ’Al—*"Al and 7O—"70 experiments were carried out on
the 19.6 T instrument at NHMFL, at MAS = 16 kHz. For 'H-'H
DQ-SQ_experiments, similar to the proton detected 'H{'’O} D-
HMQC experiments, the 2D experiment was optimized for 100 rotor-
synchronized t; increments (td1) with 1 s recycle delay. It should be
noted the optimal proton recycle delay can vary from 0.2 s to more

than 1 s due to trace water effects, depending on the sample
preparation and sealing condition, which has been demonstrated
previously.”** The proton T} is not critical to the overall conclusions,
but can significantly affect the experimental time, e.g., from a few hour
to a few days. In general, we selected samples with T; < 0.3 s, and
typically set d1 = 1s, with optimized tdl = 100 for the 2D 'H-'H
DQ-SQ experiment.

Computational Details. The periodic DFT calculations were
performed using the Vienna ab initio simulation package (VASP)>
version 5.4.1. The PBE generalized gradient approximation (GGA)*’
exchange-correlation potential was used with the projector augmented
wave (PAW) method.***® To account for the dispersion forces, the
DFT-D2 method as implemented by Henklemen was employed.*® All
atoms were fully relaxed until the atomic net force on each atom was
smaller than 0.02 eV/A. The plane-wave kinetic cutoff energy was set
to 400 eV.

The ZSM-5 zeolite was modeled using a unit cell consisting of 96
T-sites (Si or Al) and 192 oxygen atoms. The lattice constants were
constructed from our previous studies as a = 20.078 A, b = 19.894 A, ¢
=13.372 Aand a = b = g = 90°. We choose Al(IV)-1/AI(IV)-1 pair at
T7 and T12 at intersection, which are separated by 2 Si linking site for
calculations of framework hydrolysis.'>*>*}

Gibbs free energies were calculated based on a harmonic oscillator
model at 500 °C, in which all the degrees of freedom are treated
harmonically. The energy threshold for vibrational frequency
calculations was set at 10™® eV. The low-lying vibrations coming
from the free rotations and translations were treated using the quasi-
rigid rotor harmonic oscillator approximation (QRRHO) of Grimme®'
and Head-Gordon.”” Additionally, gas-phase Gibbs free energy
calculations were carried out using a system pressure of 1 atm.

B RESULTS AND DISCUSSION

The extremely low natural abundance of 'O (0.037%)
coupled with its quadrupolar properties (I = 5/2) necessitates
isotopic labeling of catalysts. Figure 1 shows single-pulse MAS

196T
141 T

94T
100 50 0 -50 -100
ppm

Figure 1. 7O MAS NMR spectra of isotopically labeled and
dehydrated HZSM-5 (Si/Al = 15) acquired at multiple field strengths
as indicated.

NMR spectra for dehydrated '"O-labeled zeolite HZSM-S
acquired at three different field strengths corresponding to 'H
Larmor frequencies of 400, 600, and 830 MHz. As expected
from the known relative contribution of the quadrupolar
interaction as a function of magnetic field strength,'" the
overall width of each spectrum decreases at higher fields. The
70 labeling method results in excellent overall sensitivity, but
even at 19.6 T, insufficient resolution exists to assign different
oxygen chemical shifts arising from unique sites in the catalyst
due to residual quadrupolar interactions, the latter of which are
larger in magnitude for dry catalysts due to increased electric
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Figure 2. Overview of 70O MQMAS spectra of HZSM-$ catalysts at 18.8 or 19.6 T on Si/Al = 15 (a—d), Si/Al = 11.5 (e), and Si/Al = 40 (f), with
postsynthetic treatment history indicated in each figure. Spectral plots in (a) and (b) compare the effect of AHFS treatment on ambient-hydration
samples; (c) and (d) compare the effect of AHFS treatment on dehydrated samples. (e) Spectra acquired on Si/Al = 11.5 after severe steaming. (f)
Spectra acquired on Si/Al = 40 after mild steaming. Unless noted, samples are in their as-received H* form.

field gradients from the lattice strain in the absence of
moisture. The 19.6 T spectrum suggests that multiple oxygen
sites might exist in the dehydrated catalyst, but 2D correlation
experiments that eliminate quadrupolar broadening are
required to make complete assignments.

Distribution of Oxygen Atom Sites. Two-dimensional
MQMAS experimental results are shown in Figure 2, providing
a general overview of how various sample histories impact the
2D spectra. Figure 2c—2d show that indeed three general
populations of 7O sites exist, as expected based on past
studies,”**”%* corresponding to nonacidic silanol sites
(SiOH), framework oxygen atoms surrounded by only Si
atoms (SiOSi), and oxygen bonded to both Si and Al atoms
(SiOAl). The SiOAl signal is more complex as it may contain
up to 12 T-site signals with a range of SiOAl bond angles as
well as other types of SiOAI structures as will be discussed in
Figure 3. Qualitative comparisons between '’O chemical shifts

16919

and bond angle ranges have been reported for low-silica
zeolites,” as well as quantitative ab initio correlations for
siliceous ferrierite.’* Interestingly, the SiOH signal does not
appear in the hydrated samples (Figure 2a and 2b),
presumably due to water-induced chemical exchange on an
intermediate time scale that interferes with either the pulse
sequence or MAS. Alternatively, the signals arising from the
hydrated SiOH moieties are possibly below the noise as the
triple-quantum states are not efficiently excited due to water-
induced chemical exchange. A distribution of SiOAl environ-
ments is indicated by the broad signal envelope in the isotropic
dimension of each 2D plot, while as expected, the projection
for the SiOSi signal is relatively narrow. Also, the increased
width of the summed projections in both dimensions for the
dry versus hydrated samples, e.g., comparing Figure 2¢/d to 2a,
suggests a contribution from the quadrupolar induced shift in
the former due to the increased lattice strain accompanying
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Figure 3. Correlated 2D 'H{'70} D-HMQC (left column) and '”O MQMAS (right column) correlation spectra for dry HZSM-$ zeolites acquired
at 19.6 T and with 16 kHz MAS. (a,b) Si/Al = 15; (c,d) same as (a,b) after AHFS washing; (e,f) Si/Al = 11.5 after steaming; (gh) same as (e,f) but

with J-HMQC instead of D-HMQC.

dehydration, coinciding with a range of SiOAl bond angles.
Further, differences in the response of the SiOSi and SiOAl
signals to hydration, as seen in Figure 2c/d vs Figure 2a/b,
suggest that strong water interactions exist at the SiOAl sites

and that 7O data on dry samples will be critical to

16920

differentiating different framework sites. Previous investiga-
tions revealed that the Si/Al = 15 HZSM-5 catalyst used here
does not have detectable amounts of nonframework Al(III)
sites, but does contain a small amount of nonframework
AI(VI).* As described in the cited reference which employed
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multiple field strengths up to 35.2 T, AI(III) sites have very
large electric field gradients and resulting quadrupolar
interactions and can be difficult to detect in the absence of
high-field data and multiple-field strength comparisons.*
Thus, the Si'’OAl signals in Figure 2 must predominantly
originate from oxygens at Bronsted acid sites. As will be
verified by *’Al—'"O coupling experiments shown in Figure 7
(vide infra), nonframework AI(VI)-coordinated oxygen does
not undergo isotopic exchange using this type of isotopic
labeling procedure, and thus does not contain any 'O
isotopes.

Stated simply, none of the signals for the nonsteamed
samples in Figure 2 or 3 below can be attributed to
nonframework oxygen species. For the mild- and severe-
steamed 11.5 catalysts, any nonframework 'O signals that
might exist are from oxygen atoms that were originally in the
framework. Examining Figure 2c—2f shows little variation in
the number and apparent distribution of '’O species, with the
exception of the expected decrease in the SiOAl signal in 2f for
the Si/Al = 40 sample. Analysis of slices parallel to the F, axis
in concert with computational analysis can possibly yield
additional structural details via quadrupolar parameters like the
quadrupole coupling constant C, and asymmetry parameter 7,
but otherwise the amount of additional information easily
accessible from Figure 2 is limited.

Correlating 70 and 'H Sites. A key conclusion from this
work centers on the presence and structure of paired active
sites in zeolites. As such, it is important to experimentally
extract as much catalyst structure information as possible. The
distribution of species suggested by the MQMAS data in
Figure 2 can be resolved with 2D '"H{'’O} HMQC correlation
experiments. A “correlation of correlations” plot shown in
Figure 3 extends new information from highly resolved
'"H{"70} D- and J-HMQC data (left column in Figure 3) to
isotropic 7O shifts obtained via MQMAS (right column in
Figure 3). In contrast to Figure 2 and the standard
representation of MQMAS data, the MQMAS spectra in the
right column are plotted differently, i.e., with the indirectly
detected isotropic dimension on the x-axis, and the
quadrupolar spectrum on the y-axis. Figure 3 contains a large
amount of information, and a stepwise analysis of the HMQC
data in the left column as well as complementary data in the
Supporting Information (SI) is necessary to establish mean-
ingful relationships to the MQMAS data in the right column,
which in total will provide the most complete structural
analysis of the reactive sites in the catalyst. The samples
selected for representative illustration in Figure 3 represent a
logical progression from an as-received, high-Al content
commercial HZSM-S catalyst (Figure 3a) to a similar catalyst
following chemical washing (Figure 3c) or one subjected to
hydrothermal steaming (Figure 3e). A complete series of all
'"H{"”0} HMQC data on these and other catalyst samples are
provided in Figures S1—S4. "H{"’O}HMQC data acquired at
the multiple field strengths (9.4, 14.1, 19.6 T) for the initial
HZSM-5 (Si/Al = 15) and its AHFS-washed analogue, as well
as several other catalysts, are shown in the SI in order to
provide evidence that such experiments are not only possible
but also extremely informative even at relatively modest
magnetic fields. Key information from those SI data will be
incorporated into the discussion below.

The dipolar recoupling time for the HMQC is the key
experimental variable governing the relative signal intensities
and ranges from 125 us (2 rotor period Tr) to almost 3.7 ms

(60 rotor periods) for the D-HMQC data presented
throughout this work. In Figure 3, intermediate recoupling
times are used that are sufficient to provide reasonable signal-
to-noise for all species present, with sufficient length for
dipolar couplings to evolve but short enough to avoid
complications from spin—spin relaxation. For example, Figure
3a was obtained using a 40-Tr recoupling time, but comparison
to a more complete series of recoupling times in Figure S1
shows that all signals are not present at the shortest dipolar
mixing times, only those from the most strongly coupled O—H
pairs. In the absence of significant molecular motion, the latter
correspond to O—H pairs with the shortest through-space
distance, which presumably will be directly bonded atoms. J-
HMQC experiments transfer polarization between the O and
H spins exclusively through bond, and not through space. The
magnitude of the scalar or J-coupling between atoms is
typically much smaller than the dipolar coupling, typically on
the order of Hz vs kHz respectively, thus requiring longer
recoupling times for the same relative sensitivity. In all of the
HMQC data provided in the Supporting Information, one
observes complete agreement between the ]-HMQC plots and
the D-HMQC spectra obtained at the shortest mixing times,
independent of the zeolite examined and independent of the
field strength. This general result, while expected, is critical to
subsequent discussions on acidic vs nonacidic OH site
assignment and exchange lifetimes for protons at different
framework oxygen sites.

Figure 3a shows several O—H correlations for the
commercial HZSM-S Si/Al = 15 catalyst. Since the relationship
between structure and activity is critical to catalyst perform-
ance, those signals corresponding to OH groups associated
with Bronsted acidity are addressed first. These signals are
shown in the two solid boxes and labeled i and ii, with the
traditional BAS OH groups from tetrahedral framework Al
(AI(IV)-1) in the red box giving rise to the 'H signal at 4.2
ppm, and OH groups from the recently identified partially
coordinated tetrahedral framework Al (AI(IV)-2) in the orange
box with a 'H signal at 2.8 ppm.'”** The signal in the orange
box is not associated with extra-framework AIOH species, as
has been thoroughly demonstrated in past works.'”** Within
the limits of the sensitivity, signals i and ii have similar
isotropic '7O shifts near 28 ppm, as seen by the line connecting
these signals to the boxed regions in the Figure 3b MQMAS
results, confirming past results showing that each of these OH
moieties are bonded to a tetrahedrally coordinated framework
Al atom.

The signal labeled iii in Figure 3a originates from silanol OH
groups on crystallite surfaces or at defect sites internal to the
crystal, with an oxygen signal corresponding to the previously
assigned SiOH signal region in the Figure 3b MQMAS plot.
Given that Figure 3a was acquired with a relatively long dipolar
recoupling period corresponding to 40 rotor periods, the
additional signal iv at the same 'H chemical shift but
correlated to the SiOSi region in the MQMAS (Figure 3b)
is observed due to long-range '"O—'H dipolar couplings that
are able to evolve at longer times. Importantly, signal iv is not
observed at the shorter recoupling times as can be seen in
Figures S1 and S2. As such, signal iv in Figure 3a does not
correspond to a separate type of hydroxyl group, but simply
reflects the spatial relationship of the OH moiety (iii) to the
rest of the siliceous catalyst matrix.

Acidic OH Groups. Chemical washing of the catalyst in
Figure 3a with AHEFS yields the catalyst whose HMQC results
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Figure 4. 2D 'H DQ-SQ spectra acquired on initial and postsynthetically modified catalysts. (a) As-received HZSM-5 (15). (b) As-received
HZSM-S (11.5). (c) Same as in (a) following AHFS treatment. (d) Same as in (b) following mild steaming. (e) Same as in (b) following severe-

steaming. All experiments were acquired at 9.4 T, 14 kHz MAS, with
kHz.

8 rotor periods of recoupling time, i.e., 571 ps corresponding to MAS = 14

are shown in Figure 3¢, and accompanying multiple dipolar
recoupling time data in Figure S2. All signals in Figure 3a
persist in Figure 3¢, with the important exception of the OH
groups ii arising from hydroxyls at the framework AI(IV)-2
sites. The signal labeled v is due to some water contamination,
i.e. ingress into the packed sample rotor, also observed in
Figure 3a but not labeled there for clarity. Confirmation of this
assignment is given in Figure S9, which shows that vacuum
dehydration removes signal v. Previous work has shown that
mild AHFS washing conditions remove only the AI(IV)-2
framework sites, and not the Al(IV)-1 framework atoms, and
therefore signal i remains in Figure 3c while ii is completely
eliminated as indicated by the black dashed arrow. Together,

the results in Figure 3a, 3¢, and 3d confirm that these OH
groups originate from framework Si'’OAl sites based on the
Figure 3b MQMAS correlation, and not extra-framework Al
structures that are historically assumed to generate signals at
that 'H chemical shift and for which AHFS is typically
considered to remove from the catalyst. Figure 7 will further
verify this result. Comparing all of the D-HMQC data for the
HZSM-5 and AHFS-washed analogue in Figures S1 and S2 to
their J-HMQC counterparts shows that, in all cases, signals i
and ii are always absent in the ]-HMQC data. For convenience,
this is also shown in Figure 3g and 3h by the missing intensity
in the same color red and yellow boxes for the Si/Al = 11.§
catalyst, and is true for all HZSM-5 catalysts examined to date.
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The 'H{"”O}HMQC experiments reveal that proton exchange
is occurring with an exchange lifetime short enough to
eliminate the O—H J-coupling at only two sites in the zeolite,
i, for hydroxyls at the AI(IV)-1 BAS (i) and the recently
discovered Al(IV)-2 framework site (ii). Thus, '’O labeling of
the framework confirms that the OH groups giving rise to
signal ii and bound to partially coordinated framework Al(IV)-
2 have exchange dynamics consistent with those characteristic
of the known Bronsted acid site i. Reducing the Al content in
the catalyst reduces the number of signals observed in the
"H{"”O}HMQC experiments, as shown by the Si/Al = 40 data
in Figure S3. As compared to the 40-Tr recoupling time data
for Si/Al = 15 in Figure 3a, only signals i, iii, and iv
corresponding to AI(IV)-1 BASs and SiOH groups are
detected for the 40-Tr Si/Al = 40 experiment.

Additional Framework Hydroxyl Groups. Figure 3e
shows HMQC results for a commercial Si/Al = 11.5 following
the severe steaming treatment outlined in the Experimental
Section, and acquired using 16-Tr recoupling time. The full
data set for this sample as a function of recoupling time is
shown in Figure S4. For clarity, the acid site correlations i and
ii in Figure 3e are not labeled, but are present at the expected
2.8 and 4.2 ppm chemical shifts in the 'H dimension. Two
additional OH groups labeled vi and vii are easily visible in
Figure 3e and 3g, which are also the first species detected at
the shortest D-HMQC recoupling times in Figure S4 and in
the J-HMQC spectrum for the Si/Al = 15 catalyst in Figure S1.
Species vi has a 'H chemical shift at 2.6 ppm, and from the
correlation to Figure 3f the ca. 10 ppm 7O shift clearly
identifies this as an SIOH group. Conversely, species vii with a
'H chemical shift of 3.9 ppm is identified as an SiOAl moiety
based on the ca. 35 ppm 7O shifts in Figure 3f. A similar
isotropic '7O shift correlation in the MQMAS spectrum of HY
has been previously reported, which corresponded to an
oxygen site with a large quadrupolar moment.”> Here, with the
added clarity from the complete series of "H{'"”O}HMQC data
in Figure 3 and Figures S1—S4, species vii is revealed as a
framework SiOAl hydroxyl group that has a stronger dipolar
OH coupling than the previously discussed acid sites i and ii,
since it appears at the shortest recoupling times and decays at a
faster rate due to spin—spin relaxation at longer recoupling
times. In addition, correlation vii is also seen in the ]-HMQC
data in Figure 3g and in Figures S1—S4 for the other catalysts,
but neither species i nor ii is detected. In total, the correlated
'H{"0}D-, JJHMQC, and MQMAS results suggest that
species vii arises from a subset of framework SiOAl hydroxyl
groups whose protons are static compared to the other acidic
species i and ii, and in slow exchange on both the scalar
coupling (Hz) and dipolar coupling (kHz) time scales and
therefore potentially less acidic than species i and ii. Also, it is
intriguing to observe a field-dependence of the proton
chemical shift of species vii, which is unusual given 'H is a
spin-1/2 nucleus. Figure SS presents field-dependent HMQC
data regarding species vii, indicating the proton dipolar
coupling to *’Al and/or 7O spins with a large quadrupolar
moment impacts the 'H peak position, as discussed there.

Finally, Figure 3e highlights signal viii showing a wide range
of 'H shifts that are clearly associated with the range of
framework SiOAl oxygen sites in Figure 3f. These signals are
also evident in the Si/Al = 15 data, albeit partially obscured by
the trace water peak in Figure 3a, but clearly evident in the 9.4
T 'H{"”O}HMQC data for Si/Al = 15 shown in Figure S6 and

in 14.1 T data discussed later in Figure 4. Indeed, based on
prior works involving 'H solid-state NMR studies of
dehydrated HZSM-S, there has been extensive debate on the
origin of this broad and poorly resolved signal that routinely
appears from ca. 5—9 ppm in 'H spectra of zeolite catalysts,
and which can now be clearly associated with oxygen atoms in
SiOAl sites. Previously, species with proton chemical shifts in
this range have been assigned to a varie?f of hydrogen-bonded
BASs, "> hydrogen-bonded silanols,”” strongly adsorbed
water in the framework,®® or hydroxyls on the crystallite
surfaces. Our assignment to Al(IV)-2 does not necessarily
exclude previous assignments from the literature, but does
show it is the predominant species in HZSM-S catalysts.
Recently, we have shown that these signals are associated with
the presence of hydroxyl groups from Al(IV)-2 sites,'”** and
similar to the loss of the 2.8 ppm peak, the 5—9 ppm 'H signals
are also eliminated after AHFS washing.9 Here, the correlation
of the 'H{"”O}HMQC and MQMAS results shows that these
signals do not arise from hydrogen-bonded SiOH sites, but are
from SiOAl hydroxyl groups in the framework. Otherwise, a
correlation signal to the Si'"’OH silanol signal would be
observed.

Proton Proximities. The OH groups i—iii and vi—viii
described in Figure 3 are not all present in all catalysts, even if
they have a similar Si/Al. As explained above, AHFS-washed
Si/Al = 15 catalysts and the Si/Al = 40 catalysts do not have
the acidic protons ii, nor does the Si/Al = 11.5 catalyst in its
as-received commercial form even though species ii is present
in Si/Al = 15. However, even very mild steaming introduces
species ii into the 11.5 catalyst, and certainly Figure 3e showed
a prominent ii correlation after the severe-steaming step used
in this work. Again, what is labeled as “severe” steaming here is
much less severe than the conditions used in commercial
steaming processes. The correlated 'H{'’O}HMQC and
MQMAS data in Figure 3 unambiguously identify groups i,
ii, vii, and viii as OH groups associated with SiOAl sites,
meaning all have the potential to act as Bronsted acid sites.
"H—'"H DQ-SQ experiments can be used to establish relative
proximities among the chemically similar or dissimilar OH
groups, i.e., i, ii, vii, and viii. Stated simply, the appearance of
peak intensity in this type of experiment means that there are
proton pairs that are within 0.4—0.6 nm for the experimental
conditions used here, therefore strongly dipolar coupled and
leading to cross-peaks whose y-axis chemical shift value is the
sum of the chemical shifts for the two coupled 'H spins, each
of which corresponds to the x-axis values at the individual
cross-peaks. The black arrows in Figure 4a and 4d illustrate this
concept, showing that in Figure 4a the hydroxyl groups giving
rise to the signals at 13 ppm are coupled as a dipolar spin pair
to protons at 2.8 ppm (i.e., the Al(IV)-2 hydroxyl group ii
from Figure 3), thus producing a double-quantum correlation
or “cross-peak” at 15.8 ppm on the y-axis. Similarly, Figure 4d
shows that the 4.2 ppm (i) and 2.8 ppm (ii) acidic hydroxyl
group protons are dipolar coupled, yielding a correlation at 7
ppm on the double-quantum y-axis. The implications of these
spin-pair couplings are discussed below, with the primary
emphasis here to ensure that the reader understands how to
interpret the data.

Figure 4 shows representative results obtained on the Si/Al
=15 and 11.5 catalysts, demonstrating that the distribution of
hydroxyl groups in the initial as-synthesized catalysts is
markedly different, even though both are representative of
commercial high-Al content HZSM-S catalysts and have
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each figure.

similar Si/Al. Comparing Figure 4b to 4a shows that, in
agreement with the discussion above, the 11.5 catalysts do not
initially have species ii or viii, the latter of which is also
associated with the signals in the 10—15 ppm region of Figure
4a. The red arrows in Figure 4a denote the long “ridge” of
double-quantum couplings involving the 2.8 ppm Al(IV)-2
hydroxyl group protons (ii) and the protons in the S—15 ppm
region of the spectrum, the length of which indicates
broadening from chemical shift distribution. Such couplings
are absent in the other samples shown in Figure 4b, 4c, and 4d,
but are evident (red arrows) in Figure 4e which is the same
11.5 sample shown in Figure 4b after steaming treatment of the

16924

catalyst. In addition, Figure 4a, 4d, and 4e show that when the
2.8 ppm peak is present, it is coupled to 4.2 ppm BAS protons
(i). Figure 4a and 4b demonstrate that, in both the 15 and 11.5
samples, the 4.2 ppm BAS protons are coupled to the broad
5—10 ppm signal, but not the 11—15 ppm region, thus
suggesting that the chemical identity of the protons from the
hydroxyl group identified as viii from Figure 3 and those in the
11—-15 ppm region are not the same.

Observation of Paired Acid Sites. The dipolar
recoupling time in the '"H—'"H DQ/SQ_experiments, as in
the HMQC experiments described previously, is controlled as
a function of the number of rotor periods Tr. Proton spin pairs
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Figure 7. (a) ?’Al spin—echo and (b) *’Al{'’O} J-HMQC spectra for the 7O enriched Si/Al = 15 catalyst at fully hydrated condition, showing

EFAl species at 0 ppm are not enriched by '"O-water.

that are closest will appear at the shortest recoupling times,
which was 2-Tr in this work. Figure S shows an expanded view
of the key spectral region from ca. 1-6 ppm of '"H—'H DQ/
SQ_ experiments on the Si/Al = 11.5 catalyst previously shown
in Figure 4e, at mixing times ranging from 2-Tr to 12-Tr or
140—900 us. Signals from the protons at the acid site i from
Al(IV)-1 at 4.2 ppm and the partially coordinated framework
AI(IV)-2 site protons ii at 2.8 ppm are visible. Extracted slices
are shown in Figure 5 at the indicated recoupling times, with
each of the three sets labeled corresponding to either
autocorrelations between chemically similar proton pairs
occur, ie, between BAS AI(IV)-1 pairs i/i and AI(IV)-2
pairs ii/ii, versus cross-correlations between protons from
proximate Al(IV)-1/A1(IV)-2 pairs i/ii. The variable coupling
time data in Figure 5 show that the cross-correlations i/ii are
visible at the shortest recoupling times, while the self-
correlations i/i are not. The data in Figure 5 were collected
on the steamed 11.5 catalyst, but based on identical spectral
features in Figures 4a and 4e, the conclusion is the same for the
as-received Si/Al = 15 catalyst. When AI(IV)-2 hydroxyl
groups exist, their internuclear distance to Al(IV)-1 BAS
hydroxyl groups in the catalyst is shorter than the distance
between proximate AI(IV)-1 groups, and Figure S5 clearly
shows that the cross-peak growth rate for i/ii pairs is much
larger than for i/i pairs. Thus, the closest paired sites even in a
high-Al content catalyst are not composed of the traditional
BAS, but rather BAS/partially coordinated acid sites. No
proximate proton i/ii pairs exist in the AHFS-treated catalysts.
Figure S7 shows similar build-up curves for the cross-peaks
appearing between the 2.8 ppm and ca. 12—15 ppm regions,
again confirming that they arise from species ii and not from
extra-framework Al species, and on a time scale similar to that
of the i/ii pairs.

Computational Evidence for Paired Sites. In order to
support the conclusions from the 'H DQ-SQ internuclear
distance experiments, potential transformations of an Al(IV)-
1/AI(IV)-1 pair to Al(IV)-1/AI(IV)-2 pair due to partial
hydrolysis were calculated using DFT, with results summarized
in Figure 6. Total energies and atomic coordinate information
in support of Figure 6 may be found in the SI in and
immediately following Table S1. When the Al(IV)-1/AI(IV)-1
pair at T7—T12 (Figure 6A) is exposed to water vapor, one of
the two framework sites will react with water. Starting with the
T12 site for the reaction with water, the first hydrolysis step of
T12 forms a partially coordinated acid site (Figure 6B)
through an exothermic step with AE = —23 kJ/mol and AG =
90 kJ/mol. In our calculations, the T12 site is perturbed by
water and displaced toward the intersection. The atomic

distance of an Al(IV)-1/Al(IV)-1 pair reduces from 6.63 A
between the two framework Al to 5.98 A for a framework
Al(IV)-1/AI(IV)-2 pair, with concomitant decrease in the
nearest H—H distance to 4.1 A as well as a reduction from 6.7
to 6.1 A for the other H—H distance. After the first Al—O bond
breaking, the second water molecule may continue to attack
the T12 site to break the second Al—O bond and form the
configuration (Figure 6C) or react with the BAS at T7 to form
a structure in Figure 6D, with free energy at about 154 and 110
kJ/mol, respectively. While not the focus of the experimental
work described above, it is worth noting that, for the hydrolysis
of T7, the Al site is displaced toward the sinusoidal channel,
with complete hydrolysis leading to extra-framework Al that
preferentially resides in the main channel intersections.*' The
Gibbs free energies for the first hydrolysis step of T7 and T12
are comparable. The difference in AG between the first and the
second hydrolysis step of T12 is due to the structure of
partially hydrolyzed Al in configuration Figure 6C. The Al site
in configuration Figure 6C is five-member coordinated instead
of four-member coordinated, but no AI(V) signals were
detected for the samples described herein except for those
severely steamed. The partially coordinated Al at T12 in the
configuration (Figure 6C) can continue to react with a water
molecule to form a structure (Figure 6E) with AG = —2 kJ/
mol. After reacting with three water molecules, the Al site at
T12 is only coordinated with one oxygen framework atom.
This partially coordinated Al in Figure 6E further approaches
the BAS at T7 and delocalizes the proton, and the Al—Al
distance is reduced to 5.39 A. We also compare the
calculations with an isolated T12 site without neighboring Al
sites in Figure S11. The free energy values reported here are
moderately higher than literature values because gas phase
water was used as the reference while physisorbed water was
used previously."' We find that, for the first and second
hydrolysis, the adjacent BAS at T7 does not affect the
hydrolysis of T12; however, at the third hydrolysis step, the
partially hydrolyzed Al species interact with the proton at T7
(Figure 6), which leads to a more energy favorable process
when a site pair is present. In total, these calculations support
the experimental observations that paired AI(IV)-1/AI(IV)-2
framework sites and their associated protons are closer than
Al(IV)-1/A1(IV)-1 framework pairs.

Framework Pairs vs Framework/Nonframework Pairs.
70O-labeling has the potential to clarify questions regarding
synergies arising not just from paired-framework sites, as
demonstrated above, but also from framework/nonframework
pairs. For example, Figure 7 shows the results from important
control experiments on the as-received Si/Al = 15 catalyst,
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Figure 8. Al DQ-SQ_spectra of hydrated (a) ms-HZ11.5 and (b) ss-HZ11.5 acquired at 19.6 T, suggesting that dealumination preferentially
occurs at paired BAS sites. Note that Al(TV)-1/AI(VI) and Al(IV)-1/AI(IV)-2 autocorrelations are both observed, but severe steaming is required

to observe the Al(VI) autocorrelation signal (0 ppm in both dimensions).

comparing the quantitative Al spin—echo spectrum (Figure
7a) to that obtained using the *’Al{'’0} J-HMQC sequence
(Figure 7b). All Al spins are detected in Figure 7a, while only
those Al sites that are covalently bonded to O detected in
Figure 7b. As mentioned previously in the discussion of Figure
2, some nonframework Al sites are present in the Si/Al = 15
catalyst based on the O ppm peak in the total Al spectrum in
Figure 7a, but 7O is not incorporated into those sites as shown
by the absence of the 0 ppm peak in Figure 7b. The 'O
incorporation into the zeolite framework is efficient based on
the previous data in Figures 2 and 3, which is further supported
by the 7O—"70 DQ/SQ data shown in Figure S8 of the
Supporting Information. The strong cross-correlations in
Figure S8 between the SiOSi and SiOAl 7O spectral regions
verify this claim, while the absence of a 0 ppm peak in Figure
7b shows that nonframework Al—O species do not undergo
isotopic exchange. As stated in the earlier discussions of
Figures 2 and 3, the data in Figure 7b are an important
confirmation that all 7O signals arise exclusively from oxygen
sites in the zeolite framework, and importantly, including those
from partially coordinated framework AI(IV)-2. In addition,
these results suggest that the reversible exchange between
framework tetrahedral and octahedral Al coordination does not
occur when HZSM-S is in liquid water, as has been observed in
the presence of NH,.""

Previous work has shown that the as-synthesized Si/Al =
11.5 catalyst has no detectable amounts of AI(IV)-2 framework
sites or Al(VI) nonframework sites.*” Mild hydrothermal
treatment creates Al(IV)-2 and possibly some Al(VI) species,
while severe steaming creates a significant amount of Al(VI)
sites. ”’Al DQ-SQ _results shown in Figure 8 demonstrate that
Al(IV)/Al(VI) framework/nonframework pairs are detected
after mild steaming (Figure 8a) as indicated by the cross-
correlations between the ca. 50 and 0 ppm peaks, while severe
steaming is required to generate the Al(VI) autocorrelations at
0 ppm (Figure 8b). When migration of nonframework Al

16926

species under steaming conditions is ignored, these data
suggest that paired Al framework sites are the first to undergo
dealumination. Given the low Al—Al DQ sensitivity in general,
Al species must be in close proximity and present in relatively
large quantity to yield the spectra in Figure 8. Two possibilities
can lead to such results: (1) the migration of totally dislodged
framework species (EFAls) to AI(IV)-1 sites, and (2)
preferential hydrolysis at paired Al(IV)-1 sites. 'H MAS
spectra of a mild-steamed 11.5 sample show that most BAS
sites remain intact after steaming, indicating the hydrothermal
treatment in this case is moderate relative to typical methods.
Given that such a small fraction of BAS is hydrolyzed,
hydrolysis at random Al(IV)-1 sites, i.e., without preference on
paired sites, will not likely yield such a strong 2.8 ppm/4.2 ppm
AI(IV)-1/AI(IV)-2 correlation. One should also note that
scenario 1 alone cannot yield both the correlations of Al(TV)-
1/A1(IV)-2 and AI(IV)/Al(VI), but scenario 2 can, as a natural
distribution of partially bonded and totally dislodged Al species
will readily present when the hydrolysis favorably occurs at
paired framework Al sites. At this mild steamed condition,
most BASs are not yet hydrolyzed, and importantly, Figure 7
clearly shows that EFAls are not enriched by 7O water,
indicating that the 2.8 ppm species arises from partially bonded
AI(IV)-2. As partially bonded Al framework species cannot
migrate, the Figure 8 correlation indicates that Al(IV)-2 is
formed at Al(IV)-1/AI(IV)-1 pairs.

Reactivity of Paired Al(IV)-1/AI(IV)-2 Sites. Prior results
have shown that, upon calcination in flowing atmospheric
pressure air, the HZ15 catalyst exhibits significantly higher
activity per site than HZ11.5.*’ This is intriguing given the fact
that extra-lattice AI(III) species are not detected even using
ultrahigh fields in the starting catalysts,*” suggesting that the
paired framework sites themselves could impart increased
activity similar to what has been suggested for extra lattice-
framework pairs after hydrothermal treatments. Further, the
fact that these proximate framework pairs are most susceptible

https://doi.org/10.1021/jacs.2c05332
J. Am. Chem. Soc. 2022, 144, 16916—16929


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05332/suppl_file/ja2c05332_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05332/suppl_file/ja2c05332_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05332/suppl_file/ja2c05332_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05332?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05332?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05332?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05332?fig=fig8&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

to hydrothermal attack, as well as the AI(IV)-2 sites being
amenable to removal due to AHFS, suggests that the presence
of paired framework sites could either partially hydrolyze to
form active sites or under more severe conditions fully
hydrolyze to create lattice/extra-lattice framework sites.

When contrasting the results reported here with those
previously reported after pulsed steaming treatments, it is
revealed that the HZ1S catalysts exhibit a higher final activity
per site for high temperature n-hexane cracking.* This was
attributed to more nonframework sites after calcination
treatments in atmospheric pressure air as measured by
isopropylamine temperature-programmed reduction. While it
was certainly the case that after those more severe calcination
treatments the proportion of protons that do not facilitate
Hoffman elimination of isopropylamine is higher for the
HZ11.5 zeolite than HZ1S, even though more framework sites
and corresponding Al(IV)-1/Al(IV)-1 pairs initially exist in the
former, the relatively higher concentration of Al(IV)-1/Al(IV)-
2 pairs in the initial HZ-15 zeolite is clear from the results
reported here and previously.”*”** These results indicate that
these sites may serve as precursors to extra lattice species
proximate to framework protons under more severe con-
ditions, while potentially being responsible for high activity
themselves under more mild reaction conditions and pretreat-
ments.

B CONCLUSIONS

A variety of heteronuclear and homonuclear NMR correlation
experiments on "O-enriched zeolite catalysts, coupled with
supporting DFT calculations, reveal that paired active sites
exist in the framework. Assessment of experimental data for
MFI catalysts with Si/Al ranging from 11.5 to 40 shows that at
least two types of paired active sites exist, the amount of which
depends on the population of fully coordinated tetrahedral Al
(AI(IV)-1) and partially coordinated tetrahedral Al (Al(IV)-2)
framework sites. DFT calculations show that proximate
framework sites involving AI(IV-1)/AI(IV)-2 pairs are ca.
0.6—0.7 A closer than framework Al(IV-1)/Al(IV-1) pairs,
with accompanying decreases in their 'H-'H distances,
consistent with the experimental NMR data. Heteronuclear
'"H-""0 correlation NMR experiments reveal hydroxyl group
protons and oxygens arising from both Al(IV-1) and AI(IV-2)
sites with unprecedented resolution. Additionally, 7O — *’Al
polarization transfer experiments demonstrated that 'O
incorporation does not occur for extra-framework AlLO,,
species, and data from samples exposed to controlled
hydrolysis indicate that nearest neighbor Al pairs in the
framework are more susceptible to hydrolytic attack. Based on
comparison to previously published data, the total data
strongly suggest that these paired AI(IV-1)/Al(IV-2) sites
may serve as precursors to extra-lattice species proximate to
framework protons under more severe conditions, while also
being responsible for high activity themselves under more mild
reaction conditions and catalyst preparation.
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After this paper was published August 31, 2022, changes were
made to Figure 6 and the accompanying text. The revised
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