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ABSTRACT: The structure of aluminum-containing moieties in
and within zeolite H-ZSM-5 catalysts is a complex function of the
elemental composition of the catalyst, synthesis conditions,
exposure to moisture, and thermal history. 27A] NMR data

collected at field strengths ranging from 7.0S to 35.2 T, i.e,,
Larmor frequencies from 300 to 1500 MHz, reveal that

'H
Al

primarily exists as framework or partially coordinated framework
species in commercially available dehydrated H-ZSM-S catalysts
with Si/Al ranging from 11.5 to 40. Quantitative direct-excitation
and sensitivity-enhanced *’Al NMR techniques applied over the
wide range of magnetic field strengths used in this study show that prior to significant hydrothermal exposure, detectable amounts of
nonframework Al species do not exist. Two-dimensional *’Al multiple-quantum magic-angle spinning (MQMAS) along with
"H—*"Al and *Si—*’Al dipolar correlation (D-HMQC) NMR experiments confirm this conclusion and show that generation of
nonframework species following varying severities of hydrothermal exposure are clearly resolved from partially coordinated
framework sites. The impact of hydration on the appearance and interpretation of conventional direct-excitation *’Al spectra,
commonly used to assess framework and nonframework Al, is discussed. Aluminum sites in dehydrated catalysts, which are
representative of typical operating conditions, are characterized by large quadrupole interactions and are best assigned by obtaining
data at multiple field strengths. On the basis of the results here, an accurate initial assessment of Al sites in high-Al content MFI
catalysts prior to any hydrothermal treatment can be used to guide reaction conditions, anticipate potential water impacts, and
identify contributions from hydroxyl groups other than those associated with the framework bridging acid site.

B INTRODUCTION

Zeolite catalysts have been successfully implemented in
industrial processes for decades, but economic and environ-
mental drivers for lifetime, selectivity, and reactivity improve-
ments continue to motivate structure—property research.' > A
key aspect to understanding zeolite structure—activity relation-
ships is the location of aluminum atoms in the catalyst
framework, the details of aluminum bonding in the framework,
proximity of framework Al sites, and the structure and
distribution of Al species in nonframework structures.’”"" In
addition, proximity between framework and nonframework Al
species may also be important to overall reactivity, selectivity,
and potential impacts from water.”””'® In typical zeolite
analyses, direct excitation *’Al MAS (magic-angle spinning)
NMR of catalysts under ambient hydration are used to probe
the distribution of Al atoms between framework and
nonframework sites, but such studies are limited in that they
may only emphasize those Al species whose bonding
environment approximates a spherical, e.g, tetrahedral or
octahedral, electronic distribution.'” Accurate detection of all
Al species is even more complex when the catalyst is dry, due
to the large quadrupolar interaction of Al in distorted
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tetrahedral, pentavalent, and trivalent coordinations, or when
Al occurs at framework sites in which it lacks full coordination
to other framework Si atoms through oxygen bridges. The
latter case, termed partially coordinated Al'*'’ has recently
been detected in H-ZSM-5 based on ultrahigh-field and
multidimensional NMR experiments.”’

In order to develop meaningful structure—activity relation-
ships for H-ZSM-S catalysts, as well as address the current
literature debate about water’s impact on both reactivity and
stability of the various Al moieties and their associated
hydroxyl groups,”"** there exists a need to systematically assess
and discuss the accurate detection of all Al species in
industrially relevant H-ZSM-5 catalysts in both hydrated and
dehydrated states. Excellent descriptions of the unique
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requirements for doing quantitative NMR on quadrupolar
nuclei already exist in the literature.”>~>° Here, the primary
goal is to identify how signals from the different Al species in
H-ZSM-5 catalysts manifest themselves as a function of
catalyst history, exposure to moisture, and the specific NMR
experiments used to detect them. Particular focus will be given
to the types of Al species that exist when the catalyst is
dehydrated, as such conditions should more accurately reflect
the high-temperature reactions relevant to hydrocarbon
catalysis. A combination of single-pulse, spin—echo, quad-
rupolar Carr—Purcell-Meiboom—Gill (Q-CPMG), multi-
quantum MAS (MQMAS), and dipolar heteronuclear multi-
ple-quantum correlation (D-HMQC) experiments reveal that
prior to any hydrothermal treatments, there is no evidence of
nonframework Al species. Rather, Al exists primarily as fully
coordinated framework Al (denoted AI(IV)-1) and partially
coordinated framework Al (denoted AI(IV)-2) in the catalysts
with Si/Al ranging from 11.5 to 40 used in this study. In
addition, depending on the level of catalyst hydration, the data
show that signals that arise from Al(IV)-2 can be mistakenly
assigned to Al(V) species. Finally, no evidence for AI(III)
species was found in dry H-ZSM-$ catalysts using a variety of
NMR experiments, including high-sensitivity Q-CPMG experi-
ments at 19.6 T.

B EXPERIMENTAL SECTION

Catalyst Samples. Zeolite ZSM-5 samples with different
aluminum contents (Si/Al = 40 CBV 8014, Si/Al = 15 CBV
3024E, Si/Al = 11.5 CBV 2314) were obtained from Zeolyst in the
ammonium-exchanged form. Dehydrated H-ZSM-S zeolite samples
were prepared from the ammonium form in a glass reactor body via a
stepwise vacuum procedure to a final temperature of 723 K, under 2 X
10™° Torr using an Edwards EO4K diffusion pump. AHFS-washed
catalysts were obtained by washing as-received NH,-ZSM-5 with
ammonium hexafluorosilicate (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.

NMR Hardware and Sample Packing. NMR experiments were
recorded on a variety of instruments at 7.05, 9.4, 14.1, 19.6, and 35.2
T (*H Larmor frequencies at 300, 400, 600, 830, and 1500 MHz),
with Bruker Avance II, III or NEO consoles. On the 7.05 and 9.4 T
instruments, samples were packed in 4 mm rotors with grooved
Teflon spacers for further sealing, as described previously,” with
typical spinning speeds of 10—15 kHz. On the 14.1, 19.6, and 352 T
instruments at NHMFL, samples were packed in Al-free 3.2 mm
pencil rotors purchased from Revolution NMR, with spinning speeds
of 16 or 18 kHz when magic-angle spinning (MAS) was needed.
Verification that 2’Al signals from rotors or stators do not influence
interpretation of chemical species is critical, since many commercial
systems present background signals that can lead to erroneous
interpretations of broad Al quadrupolar lineshapes. As an additional
measure against moisture ingress for those samples that needed long-
term sample storage, sulfur powders were used to provide an
additional seal to the sample, as illustrated in the scheme in Figure S1.
The finite vapor pressure of sulfur was exploited to prevent moisture
adsorption into the rotor, as confirmed by the T, data in Figure S1.

NMR methods. 7D #’Al NMR. For 1D single-pulse 2’Al spectra, 8
and S us dead-time was used at 14.1 and 19.6 T, respectively, to avoid
ring-down baseline distortions. A 1.6 s pulse was used for central-
transition (CT) 90° and 16° excitation flip angles, respectively,
corresponding to ’Al radio frequency (RF) field strengths of 52 kHz
and 10.4 kHz, and consistent with known nutation behavior illustrated
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in Figure S2. Spin—echo spectra were acquired with 90- and 180-pulse
of 1.6 and 3.2 s, respectively. In all cases, a recycle delay of 0.2 s was
used when quantitative measurement was desired.

2D YAl-"H correlation. Robust Al- or 'H-excited D-HMQC
sequences were used,”® as it requires lower power and shorter mixing
time for recoupling and importantly, distance measurements can be
obtained from the Al—H buildup curves.*>*”*° For the D-HMQC
experiment, recoupling was applied with the SR4} sequence at various
mixing times as stated in the text accordingly. For *’Al detected D-
HMQC experiments, an adiabatic WURST (wideband, uniform rate,
smooth truncation) type of pulse was applied before each transient for
a 2-fold signal sensitivity enhancement;>’ 80 and 50 rotor-
synchronized t, increments were required in 2’Al- and 'H- detected
experiments, respectively, to avoid truncations in the indirect
dimension.

2D MQMAS. The shifted-echo®® MQMAS sequence was used
instead of a z-filter sequence,® as it provides increased sensitivity and
better preserves the lineshape for the large Cq, (~17 MHz) site in the
catalysts studied here. MAS spinning at 16 and 18 kHz was used on
the 14.1 and 19.6 T instruments, respectively, with 12 rotor-
synchronized t; increments and 0.1 s of recycle delay. The MQMAS
data were processed with a Q-shear transformation to expand the F1
spectral width.**

2D 7Al-%Si. An ¥Al-excited D-HMQC sequence was used for
2Al-*Si correlation. Following iterative optimization, a recoupling
time of 4.4 ms was implemented. A WURST pulse was applied before
each transient for signal enhancement, with a total recycle delay of 0.3
s.

B RESULTS AND DISCUSSION

Typically, aluminum speciation in H-ZSM-S catalysts is
accomplished via single-pulse Al MAS NMR experiments
on hydrated samples, using a small flip-angle pulse to
quantitatively excite the central transition. Spectra similar to
that shown in the top slice of the Figure 1 stack plot are
obtained, and the relative amounts of tetrahedrally coordinated
framework Al at bridging-acid sites (BASs) vs nonframework,
octahedrally coordinated Al (AI(VI)) are assumed from the
integrated areas of the ~55 and O-ppm peaks, respectively.
However, by now it is clear that more than one type of
framework Al site can exist, which is not reflected in the simple
two-site assignment of either framework or nonframework Al
afforded by such spectra.”’”***® Examining all of the spectra in
Figure 1, beginning with the completely dehydrated spectrum
in the bottom trace, shows that the signals are complex and
may span up to 80 ppm. On the basis of past work, two types
of framework Al are known to exist, i.e.,, Al(IV)-1 and Al(IV)-
2, but such assignments are not possible by direct inspection of
any of the spectra in Figure 1.°”*> Moreover, Figure 1 shows
that depending upon the state of catalyst hydration, the
apparent amount of O-ppm nonframework signal changes,
suggesting that the formation of octahedral Al species are
reversible at room temperature or that their coordination
changes with water adsorption. It is also important to notice
that AI(IV)-2 converges to the SS-ppm region upon hydration
due to reduced Cq, but not to 0 ppm. In addition to the
questions that Figure 1 generates concerning the potentially
transient nature of Al distribution in the catalyst versus
hydration, the concomitant changes in the number and type of
hydroxyl groups, i.e., acidic vs nonacidic, are also important to
understanding catalyst function. While the bottom spectrum in
Figure 1 of the completely dry sample appears to be the least
informative due to the dominant quadrupolar broadening, it
should represent the fewest number of possible Al species due
to the absence of water as discussed in more detail below. The
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Figure 1. Al MAS NMR spectra of H-ZSM-S (Si/Al = 15) acquired
at 19.6 T with in situ water exposure, beginning with the completely
vacuum-dehydrated catalyst whose spectrum is shown in the bottom
trace. The asterisk denotes a sideband from a satellite transition (ST)
signal. All experimental data acquired at field strengths of 14.1 T or
larger utilized aluminum-free MAS rotors.

process illustrated by the series of spectra in Figure 1 is
reversible, as subjecting the hydrated sample in the top slice to
simple vacuum-dehydration under relatively mild temperatures
(e.g, 350—450 °C) will generate again the bottom spectrum.

Figure 2 summarizes *’Al and 'H one-dimensional NMR
data acquired on dry H-ZSM-S catalysts following different
sample histories and using static or MAS data acquisition. The
series of catalysts used for Figure 2 include as-received H-
ZSM-5 with Si/Al of 15 or 40, as-received followed by AHFS
washing under mild conditions that should not significantly
impact the number of framework Al species, and as-received
followed by the mild-steaming protocol described in the
Experimental section. AHFS has been reported as an effective
method for removing nonframework Al species in zeolite
catalysts,””* and under appropriately mild conditions, e.g., low
temperature and short exposure times, it can be used without
damaging the framework.”® To indicate which Al species may
exist in a catalyst, and whether Al species that are removed by
AHFS under typical conditions are only nonframework species,
Figure 2a,b shows direct-excitation MAS and static spin—echo
YAl NMR spectra for a dehydrated Si/Al = 1S5 catalyst,
respectively, before (red or upper trace) and after (blue or
lower trace) washing with AHFS. The 19.6 T MAS spectra in
2a yield quantitative information on Al species, due to the high
field strength and small-flip angle excitation. From 2a, there is a
ca. 30% decrease in the total integrated signal area for the
AHFS-washed catalyst relative to the initial catalyst. Static
whole-echo spin—echo spectra acquired at 14.1 T are shown in
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Figure 2b, revealing a similar ca. 35—40% intensity loss before
and after washing. Figure S3 shows that quantitative conditions
and constant lineshapes may be achieved by small-flip angle,
90° excitation, or spin—echo methods. A proposed inter-
pretation of the data in parts a and b of Figure 2 is that two
types of Al species exist, which are further verified in
subsequent experiments (vide infra): one of which is
characterized by a large quadrupole interaction giving rise to
the double-horned powder pattern, with singularities near 200
and —200 ppm in 2b, and a second species giving rise to the
relatively narrow signal centered near 50 ppm. This second
component represents a species with a smaller quadrupolar
interaction and, more importantly, is the species that is
predominantly removed by AHFS washing. Figure 2a supports
these conclusions, with the smaller quadrupolar-interaction
species contributing to the narrower peak component centered
near 40 ppm. Again, it is this species that is predominantly
removed by AHFS washing.

Analysis of the dehydrated MAS spectra in Figure 2a can
support this assignment in which elements arising from
appropriate quadrupolar interaction and asymmetry parame-
ters may be fit to the data. Figure S4 shows the results for
appropriate quadrupolar parameters in which the amounts of
AI(IV)-1 and AI(IV)-2 were found to be 69% and 31%,
respectively, in agreement with the amounts determined via
the AHFS-washing treatment described in the preceding
paragraph. Given the expected distributions in chemical shift
as well as T, anisotropy inherent to fitting large quadrupolar
line widths, multiple experimental methods and samples, in
addition to simulations, provide optimum results. Therefore,
additional experiments on postsynthetically modified catalysts
were pursued. Figure 2c shows static 2’Al spectra for a second
as-received catalyst with Si/Al = 40, ie., a lower Al content
than the samples in Figure 2a,b. Again, the initial catalyst (blue
or lower trace) appears to contain the same two spectral
components as observed in 2b, albeit in a slightly different
ratio. Two different field strengths were used for the spectra in
Figure 2b,c, as noted in the figure caption, which explains the
different chemical shift scales. Hydrothermal treatment, or
steaming, of a zeolite catalyst is known to lead to framework
hydrolysis and creation of nonframework Al species. Of course,
varying steaming conditions can lead to different outcomes.
Similar to the mild AHFS treatment, in which minimal impacts
on framework integrity were targeted, the initial Si/Al = 40
catalysts was subjected to the mild hydrothermal treatment
described above, leading to the second spectrum in Figure 2c¢
(red or upper trace). As was noted with the data in Figure 2a,b,
the first Al component characterized by the large quadrupolar
interaction and maximum width singularities appears un-
changed after steaming, as shown in Figure 2c. However, the
narrow-lineshape component associated with the second Al
species increases in magnitude, with a relative ratio of the two
Al species now more closely mirroring the ratio for the as-
received Si/Al = 15 catalyst in 2a. To clarify, the spectra in
Figure 2a—c are plotted to show changes in relative amounts of
Al species; the total amount of Al cannot be calculated from
these spectra alone due to disparate changes in the species with
large and small Cg,. As an additional control, static 27A1 spectra
were acquired at five different field strengths, ranging from 7.05
to 35.2 T, or from 300 to 1500 MHz 'H Larmor frequency.
The results are shown in Figure S5 and are consistent with the
field-dependent response expected for two Al species as
proposed above.
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Figure 2. Al and 'H solid-state NMR spectra showing changes in number of aluminum species upon postsynthetic treatments. The effect of
AHFS washing is shown using dehydrated H-ZSM-$S (Si/Al = 15) zeolite, with (a) 18-kHz MAS spectra at 19.6 T acquired by single-pulse small-
flip-angle method and (b) static spectra at 14.1 T acquired by whole-echo spin—echo method. Note the change in chemical shift scales. The effect
of a mild steaming process is shown using dehydrated parent H-ZSM-S (Si/Al = 40) in (c) static spectra at 9.4 T acquired by whole-echo spin—
echo method. (d) The relevant '"H MAS spectra upon the postsynthetic treatments. Note: The intensities of static spectra in parts b and c are
normalized to the left horn of the quadrupolar pattern, while in part a, it is to the right horn.

Finally, changes in the number and type of Al species should
impact the number and type of OH groups present in the
catalyst, and Figure 2d shows '"H MAS NMR spectra on the
same dry catalysts whose Al NMR data were shown in Figure
2a—c. The two well-known peaks at ca. 1.8—2 and 4.2 ppm are
the nonacidic silanol (SiOH) and acidic bridging-acid sites
(BAS), respectively. However, additional peaks are present,
some of which are observed in the 10—15 ppm range as
recently reported.” These other peaks in Figure 2d appear
near 2.8 ppm, from 5 to 10 ppm and from 10 to 15 ppm.
Previously, the species giving rise to the 'H signal at ca. 2.8
ppm, and the broad signals in the 5—10 ppm region, were
assigned to a variety of hydrogen-bonded species,**~** strongly
adsorbed water in the framework,® or hydroxyls on the
crystallite surfaces.” Critically, for both the Si/Al = 15 and 40
catalysts, the appearance and disappearance of these other
peaks with either AHFS or mild-steaming treatments,
excluding the 2 and 4.2 ppm peaks, responds in a manner
identical to that of the more narrow Al signal in Figure 2a—c.

Al Assignments via 2D NMR on Different Catalyst
Preparations. Figure 3 summarizes results from *’Al 2D
MQMAS experiments, which support the assignment of two
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types of Al as proposed from the data in Figure 2. Figure 3a is
the same dehydrated Si/Al = 15 sample as previously discussed
in 2a, for which two signals are observed off the diagonal in the
MQMAS spectra denoted Al(IV)-1 and AI(IV)-2. Along the
diagonal in Figure 3a—c, a signal corresponding to a small
amount of framework Al(IV) species with a small (near zero)
quadrupolar coupling constant Cg is observed, which arises
from some residual NH," cations associated with tetrahedral
framework Al sites and is denoted Al(IV)yy,. The magnitude
of this signal is likely artificially enhanced in the MQMAS
spectra relative to the other larger Cq (ca. 10—17 MHz)
species, and 'H NMR data in Figure 2d shows that the total
amount of residual ammonium cation is low. Moreover, as
shown in Figure 3d, the signal is easily removed with complete
calcination or subsequent thermal treatments, and will not be
discussed further. Also, following complete hydration of the
tetrahedral framework Al sites, which would give rise to a 1D
*’Al NMR spectra similar to that shown in the top trace of
Figure 1, the MQMAS intensity for those Al sites would also
appear along the diagonal in the same position as the
Al(IV) 4 signal. Indeed, it is possible that trace moisture
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Figure 3. 2D MQMAS NMR spectra of dehydrated zeolites showing the separation of Al species with varying C, values. (a) as-received Si/Al = 15
catalyst; (b) same as part a after AHFS washing; (c) as-received Si/Al = 11.5 catalyst; (d) same as part c after steaming. The asterisk denotes an
AI(IV)-2 spinning sideband resulting from the Q-shear transformation.
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ingress into the dehydrated catalyst could also contribute to
this signal in Figure 3a—c.

Figure 3a,b was obtained on the same sample before and
after AHFS-washing, directly complimenting the results shown
above in Figure 2a,b. The signal labeled AI(IV)-1 is the
tetrahedral framework Al site known to give rise to the
bridging-acid site hydroxyl group, for which previous MQMAS
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data have been reported."* Figure 3b shows that this signal is
essentially independent of the AHFS treatment, in agreement
with Figure 2ab. The AI(IV)-2 signal, which was previously
assigned to framework Al sites that were partially coordi-
nated,”® is essentially removed by the washing step as shown
by comparing parts a and b of Figure 3. Similarly, Figures 3c,d
illustrate that AI(IV)-2 sites can be created in an H-ZSM-5
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Figure 4. (a) *Al{’"H} and (b) "H{*’Al} two-dimensional D-HMQC data for dehydrated Si/Al = 15 H-ZSM-5 acquired at 19.6 T. (c) *’Al{'H} D-
HMQC data for dehydrated Si/Al = 11.5. (d) Example *’Al slices at the 4.2 ppm '"H chemical shift as a function of dipolar mixing time for the Si/Al
= 1§ data similar to that shown in part a. An example correlation for the *’Al and 'H shifts with maxima at 38 and 2.8 ppm, respectively, is
highlighted by the dashed red lines in parts a and b. Note the absence of Al/H correlations in part ¢ that were present in part a, as indicated by the

boxed areas.

catalyst where they did not initially exist. In the as-received Si/
Al = 11.5 sample, Figure 3c shows that AI(IV)-2 sites are
absent, but can be created following the “severe-steaming”
treatment described in the Experimental Section. Importantly,
what is termed severe-steaming here is mild compared to
industrial hydrothermal treatments. Figure 3d shows that the
AI(IV)-2 species are created by the steaming step, as well as
Al(V) “pentacoordinated” species. As a large fraction of
AI(IV)-1 is converted to Al(IV)-2 and its MQMAS efficiency is
low due to large Cq, the signal for the remaining Al(IV)-1 is
not prominent. The signal assigned as Al(IV)-2 exhibits
chemical shift and quadrupolar parameters consistent with
known values for tetrahedral Al sites in H-ZSM-S catalysts that
are dehydrated. Importantly, the data in Figure 3 shows that
prior to formation of nonframework Al(V) or AI(VI) species in
a catalyst that only has AI(IV)-1 sites, significant amounts of
AI(IV)-2 species can be present. Coupled with the data in
Figure 2c,d, these data indicate that partially coordinated
framework AI(IV)-2 sites, and their associated hydroxyl
groups, can exist in amounts comparable to framework

Al(IV)-1 and BAS’s prior to the formation of any EFAI
species. As a guide to the reader, some representative
structures for the Al(IV)-1 and AI(IV)-2 sites are depicted in
Scheme 1, with the blue termini denoting lattice attachment.

Al and Proximate H’s in Different Catalysts. Data in
Figures 2, 3, and S4 indicated that Al(IV)-2 species can be
present in relatively large amounts in as-received H-ZSM-5
catalysts, on the order of 30—40% of the total Al spins, and that
their presence correlates with the many of the hydroxyl signals
in the high-resolution 'H MAS data shown in Figure 2d.
Bonding relationships that define interatomic H and Al atom
distances can be investigated by 2D dipolar coupling
experiments like those shown in Figure 4. Specifically,
dipolar-mediated heteronuclear multiple-quantum coherence
(D-HMQC) data for ’Al and 'H spins in the dehydrated Si/
Al = 15 H-ZSM-S sample are shown, using either *’Al (4a) or
'"H (4b) as the detected spin population. As expected, the latter
exhibits better signal-to-noise due to the larger 'H
gyromagnetic ratio. A comparison of the summed projections
of the contours on the 'H and *’Al axes in parts a and b of
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Figure 5. (a) Regions in the 2’Al{'"H} two-dimensional D-HMQC data used for quantitative analysis of Al—H internuclear distances by extracting
Al slices to get data of the type shown in (b) for four different "H chemical shifts denoted by the boxed regions. In part b, intensities are plotted in
absolute units, while the companion Figure S6 shows the same data normalized to the maximum intensity for each curve to facilitate comparison

between all species.

Figure 4 indicates that the data for the directly and indirectly
detected case for each spin are comparable. Importantly, the
same H—Al correlations are detected in each experiment,
although the aluminum lineshapes vary based on differences in
the *’Al (shorter) and 'H (longer) T, values operative in each
directly detected dimension. In parts a and b of Figure 4, there
exist a 2’Al/'H chemical shift correlation at approximately 38/
2.8 ppm, indicated by the dashed red lines. Recall, in Figure 2b,
the ?’Al signal whose maximum intensity appeared at 38 ppm
was disproportionally affected by AHFS washing, and Figure 4
shows that this Al signal is correlated to protons with a
chemical shift of ca. 2.8 ppm. Similarly, Figure 2d showed that
the 2.8 ppm signal, as well as other signals in the 5—10 and
11-15 ppm regions, were also removed or significantly
attenuated by AHFS washing. Figure 4c shows results from
the same HMQC experiment on Si/Al = 11.5 catalyst that was
used to obtain the Si/Al = 1S data in 4a. Note the complete
absence of intensity in the regions corresponding to the 'H and
YAl signals proposed to arise from the AI(IV)-2 species in
Figure 4c, as highlighted by the boxed areas, which were filled
in Figure 4a. Further, the previous data in Figures 2 and 3
showed that in catalysts where neither the Al nor H signals
giving rise to the dipolar correlations shown in Figure 4 were
present, they could be created by mild hydrothermal treatment
of the catalyst. Thus, Figure 4 further supports the assignment
that the AI(IV)-2 signal and these correlated 'H signals
originate from the same species. The cross-peak intensities in
the HMQC data are a function of the dipolar evolution, or
recoupling, time in the pulse sequence as demonstrated by the
YAl slices at the 4.2 ppm 'H chemical shift in 4d. In order to
quantify Al-H through-space distances for these and all
species detected in the Figure 4 HMQC experiments, variable
dipolar recoupling time experiments were acquired and
analyzed in detail, as shown in Figure S.

Analyzing the time-dependence of two-spin coherence
arising from heteronuclear dipolar coupling is a well-known
approach for estimating through-space distances of isolated
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spin pairs’’ in which it is assumed that homonuclear dipolar
coupling between spins with large gyromagnetic ratios and
concomitant complications from spin-diffusion may be
ignored. Previously, several groups have used one-dimensional
echo methods, e.g., spin—echo double-resonance
(SEDOR)*™ or rotational echo adiabatic passage double
resonance (REAPDOR),***’ to probe Al-H distances in
zeolites. Two-dimensional HMQC data provides additional
opportunities to probe site specificities by resolving chemically
distinct Al and H species in the second dimension that are not
visible in standard 1D data. For example, Figure Sa shows the
analysis of four key regions of the HMQC results, as indicated
by the rectangular boxes at different 'H chemical shift
positions, and their corresponding signal intensities in Sb
obtained using 13 different recoupling times. Integrating
intensities at each of these positions, and analyzing either the
full ’Al intensity or the intensity at the right or left horn of the
quadrupolar powder pattern, according to the dipolar coupling
equation shown in Figure S6 yields quantitative estimates of
the internuclear distance for the AI-H spin pair in that species.
As in all spectra of anisotropic powders, T, anisotropy exists,
and since that is a term in the dipolar coupling equation shown
in Figure S6, slightly different fitting approaches are required
whether one chooses to use the entire powder pattern or to fit
the intensity at one of the singularities. There are theoretical
drawbacks in each method. Fitting the entire powder pattern
requires using an average or global T, value, which introduces
uncertainty due to the fact that T, is anisotropic. Fitting at
each singularity allows the use of a known, fixed T, value, but
the result is impacted by the incomplete integration over the
polar angle that defines the relative "H—*"Al dipolar and *’Al
quadrupolar interactions. However, the results presented here
indicate that both approaches yield similar results, suggesting
that these effects have a negligible impact on the measured
dipolar coupling. Here, a single averaged-T, value for the series
of spectra like those previously shown in Figure 4d was used,
ie, 0.7 to 0.8 ms depending on the species, based on
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experimental data and the full spectral fits. This method was
compared to fitting the right or left horn, with typical T,’s of
0.6 and 0.9 ms, respectively. As shown by comparing Figures
S6 and S7, the internuclear distances for all species were
comparable using either approach.

Fits to the Figure S data are shown in Figures S6 and S7
along with the calculated internuclear Al-H distances. The
AI(IV)-1 results for the well-known BAS, denoted by the box
labeled ii in Figure S, provide a meaningful reference since that
internuclear distance has been previously reported, ranging
from 0.238 to 0.255 nm.***~>* In a comparison of the results
for the full-spectrum/averaged-T), vs fitting the horn/single-T,
methods in Figure S7, the HMQC experiments yield an Al-H
distance for the BAS at the framework AI(IV)-1 position of
0.242 and 0.255 nm, respectively, which are within the
expected range. As an additional control, fitting the full slice
intensities for the BAS AI(IV)-1 species in both the dehydrated
Si/Al = 15 and Si/Al = 11.5 catalysts yielded AlI-H distances
of 0.242 and 0.250 nm, respectively. A further 2D SEDOR
experiment at 19.6 T, in which the static *’Al echo was
measured as a function of evolution time in the presence of 'H
dipolar coupling, yielded a dipolar Pake pattern from which the
dipolar coupling constant D = 1906 Hz could be directly
extracted. The results of this experiment are shown in Figure
S8, and yields an internuclear "H—?7Al distance of 0.254 nm in
agreement with the HMQC dipolar evolution results. More
important than the absolute distances, which are subject to
potential errors from the assumptions described above, is the
comparison between the internuclear distance of the Al(IV)-1
and its BAS proton to the other AI-H species giving rise to
signals in the boxed regions labeled i, iii, and iv in 5a. These
are the signal regions that Figures 2—4 indicated arise from
AI(IV)-2 and its associated hydroxyl groups. From the initial
growth of the dipolar evolution curves in Figure S and the fits
in Figures S6, S7, the Al-H distances for the intensity in the i
and iii regions of Figure S are essentially the same as for the
AI(IV)-2/BAS proton at 0.255 nm, while that for the signal in
region iv is 0.278 nm. Obviously, the signal-to-noise in region
iv of Figure Sa is very low, making the latter value most subject
to error as can be seen by examining the individual data points
for all buildup curves in Figure S6. The important conclusion
from this analysis, however, is that the Al and H spin pairs exist
for the proposed Al(IV)-2 species, with interatomic distances
similar to that found for the framework BAS’s at the Al(IV)-1
sites.

Presence of Al(lll) Species. In total, the data in Figures
1—5 and their accompanying SI figures support the recent
assignment that partially coordinated framework Al(IV)-2
species can exist in significant amounts in H-ZSM-S, prior to
the formation of any detectable nonframework Al moieties.”’
To further confirm that the Al and associated hydroxyl species
discussed above do not arise from AI(III) species, sensitivity-
enhanced static high-field experiments with extensive signal
averaging were acquired to yield Q-CPMG data with excellent
signal-to-noise ratios on dehydrated Si/Al = 15 catalysts, with
several examples illustrating the increased sensitivity shown in
Figure S9. For reference, the expected quadrupolar lineshape
simulated using Cq = 25 MHz and asymmetry parameters 7 =
0.1 and 0.6 are superimposed on the experimental data in
Figure S9b,c; it is known that tricoordinate Al species are
characterized by large quadrupolar coupling constants.**™>
The expected AI(III) quadrupolar line width significantly
exceeds the experimental one for the Si/Al = 15 catalyst.

6676

Figure S9c shows the baseline expansion of the experimental
spectrum obtained following 128 K scans, for which there is no
detectable signal in the regions associated with AI(III) species,
i.e, 200—300 and —200 to —400 ppm. The static Q-CPMG
approach with extensive signal averaging is an attractive
approach for addressing this question, since the quadrupolar
powder pattern expands toward both low and high frequencies
which favors the differentiation of species with varying Cq
values, and additionally, the spinning sidebands from MAS
experiments typically interfere with those signal regions.
Water Exposure, Steaming, and Al(IV)-2 vs EFAls.
Figure 1 previously illustrated the effect of hydration on the
27A1 spectra of as-received H-ZSM-S, while Figures 2¢,d and
3¢c,d showed how the 1D and 2D spectra of dehydrated
catalysts revealed AI(IV)-2 and some EFAl's could be
introduced by steaming. Spectra obtained for the dehydrated
Si/Al = 11.5 catalysts, following the severe-steaming procedure
described in the Experimental Section and subsequent
exposure to ambient moisture are shown in Figure 6 as a

AI(IV)-1

Al(IV)-2
Al(V)

.0 :
S5 ALV
.0 :
2
;
o

40 20 0 -20 -40 -60 -80
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Figure 6. ”7Al 1D MAS NMR spectra of hydrated SS-Z11.5 acquired
at 9.4 (blue or top), 14.1 (orange or middle), and 19.6 T (yellow or
bottom), showing the field-dependent lineshape of the Al(IV)-2
signal.

function of field strength. This is the same sample used to
obtain the dehydrated MQMAS data shown previously in
Figures 3d, but following ambient moisture exposure. Although
the Cq for AI(IV)-2 is smaller in the dehydrated catalysts than
the Cq, for Al(IV)-1, ca. 11 MHz vs 17 MHyz, respectively, it is
larger than that for Al(IV)-1 once the catalyst is hydrated, ca.
$5—6 MHz vs 1-2 MHz.”*® Recall, the dashed line shown
previously in Figure 1 reflects this change in Cq, for Al(IV)-2,
ie, from ca. 11 MHz to 5—6 MHz. This creates potential
problems for interpretation of standard single-pulse *’Al
spectra as illustrated by comparing the three spectra in Figure
6. At 9.4 T, the quadrupolar-broadened Al(IV)-2 lineshape
extends into the 20—40 ppm region, which is often assigned to
nonframework Al(V) species. As the Al(IV)-2 quadrupolar
broadening decreases at higher fields, the presence of some
Al(V) species in the steamed sample becomes evident, but the
presence of Al(IV)-2 is no longer obvious since the Al(IV)-1
and AI(IV)-2 lineshapes overlap due to the relatively smaller
quadrupolar interaction at 19.6 T. Figure 6 demonstrates how
standard 1D *’Al MAS NMR data on hydrated zeolites can be
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Figure 7. (a) A comparison between 1D *Al{*’Si} D-HMQC (orange or bottom trace) and single-pulse (blue or top trace) spectra of hydrated
mild-steamed Si/Al = 11.5 catalyst, showing the absence of 0 ppm peak in the HMQC result. (b) 2D *Al{**Si} D-HMQC spectra of the same
catalyst as in part a, compared to that for the parent in catalyst shown in part c; the Al—Si correlation from Al(IV)-2 is only observed in part b. All

spectra in this figure were acquired at 14.1 T.

misleading, resulting in incorrect or incomplete assignment of
important Al species. MQMAS experiments can resolve both
species in the hydrated catalysts, even at relatively high field
strengths, as shown in Figure S10.

As additional evidence that simple 1D experiments on
hydrated catalysts can be misleading, Figure 7 compares single-
pulse Al NMR data with Al species detected via 2D *’Al{*’Si}
D-HMQC experiments, both acquired at 14.1 T. As a control,
Figure 7a compares single-pulse quantitative excitation with a
1D dipolar-coupled spectrum in which no AI(VI) species at 0
ppm are present in the latter since they are not in the Si-rich
framework. This Si/Al = 11.5 catalyst has only been subjected
to mild-steaming, so no Al(V) species are present.

A comparison of the 2D results for the mild-steamed catalyst
in Figure 7b to those of the initial one in Figure 7c shows that
the Al(IV)-2 species are created by mild-steaming, as indicated
by the signal in the 40—50 ppm regions of the Al dimension in
7b. Further, the relative intensity in the F, projection in Figure
7b suggests that the Al(IV)-2 species are dipolar-coupled to
multiple Si atoms similar to that for AI(IV)-1, while no
correlation is observed for any EFAI signals. Figure 7b is
particularly useful in making assignments, since the ca. 5S-ppm
signal in the 1D spectrum in 7a appears symmetrical, and it is
difficult to discern contributions to the lineshape from Al(IV)-
2 that are clearly evident in the contour plot.

Al(IV)-2 and Catalysis. Previous work has shown that H-
ZSM-S can exhibit increased reaction rate constants and
conversions for H/D exchange, dehydration, and alkane
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cracking reactions when all Al species are present in the
catalyst, i.e., prior to catalyst treatments designed to extract
EFAl species.20’26’3’7 Moreover, in some cases, the addition of
trace water amounts leads to increased reaction rates, but
again, only in catalysts that have not been exposed to solvent
washing traditionally associated with EFAl removal.’”"
Previous reports have suggested that EFAI species are present
in some of the same commercial catalyst used in this study, and
that Brensted-Lewis and Bronsted-Bronsted synergies are
responsible for enhancements to reaction rates or conver-
sions.”” " In reviewing this literature, it is probable that
partially coordinated framework Al(IV)-2 and associated OH
groups were present in some H-ZSM-S catalysts. Moreover,
EFAI species should not be present in typical commercial
H-ZSM-5 catalysts prior to any hydrothermal treatments based
on the results above. Of course, partially coordinated
framework AI(IV)-2 can serve as precursors to hydrothermal
evolution of EFAI species under high-temperature reaction
conditions, as discussed recently by Bokhoven,®® but
examination of past literature in view of our detailed results
suggests that Al(IV)-2 and its OH groups can contribute to
catalysis through increased rates for probe reactions.” Further,
it appears likely that Al(IV)-2 species can play a role as sites for
phosphate tethering to the catalyst in phosphorus-based
modifications of H-ZSM-S catalysts, which are commercially
practiced and designed to increase selectivity and hydro-
thermal stability.”*®> The detailed experiments described here
show that AHFS washing can remove Al(IV)-2 species while
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leaving AI(IV)-1 species intact, that mild steaming can
reintroduce Al(IV)-2 without generating significant amounts
of EFAls, and that severe steaming leads to both AI(IV)-2 and
EFAI species like Al(V) and AI(VI).

Potential Dynamics of Al Coordination. Labile
tetrahedral framework Al species in the presence of water
has been discussed extensively.”""" Specifically, interconver-
sion between tetrahedral and framework-associated octahedral
Al species in the presence of moisture has been reported for
zeolites Mordenite and Beta.®® ™" Here, all assignments related
to Al(IV)-2 in our work were based first on the analysis of dry
samples in which 'H T, measurements confirmed that water
was present at most only in trace amounts. The results
presented here are not inconsistent with the findings in MOR
and Beta, in that Al(IV)-2 could be involved in such a process,
but the 2’Al/*Si dipolar correlation results in Figure 7a suggest
that the O-ppm AI(VI) signal is not associated with the
framework as might be necessary for a reservoir of framework-
associated Al(VI) that easily interconverts with Al(IV)-2
species. It is also possible that the O-ppm Al(VI) species
interconverts with EFAls by hydration/dehydration. Some
preliminary MQMAS experiments on a limited sample set
suggest that more than one type of AI(VI) species might be
present, but additional work is required to confirm such an
assignment. However, Al(IV)-2 species could be involved in
such processes. Most importantly, the data presented here
show that AI(IV)-2 species survive dehydration and are distinct
relative to Al(IV)-1 sites.

B CONCLUSIONS

The structure of aluminum-containing moieties in and within
H-ZSM-S catalysts as a function of the elemental composition
of the catalyst, synthesis conditions, exposure to moisture, and
thermal history has been investigated using a variety of 1D and
2D 'H, ¥Al, and *Si NMR experiments at field strengths
ranging from 7.05 to 35.2 T, i.e,, "H Larmor frequencies from
300 to 1500 MHz. In addition to traditional framework BAS Al
species, ie., AI(IV)-1, significant amounts of partially
coordinated framework Al, Al(IV)-2, were detected in some
catalysts based on their Si/Al and hydrothermal history in both
dry and hydrated catalysts. Particular focus on understanding
Al signals in dehydrated catalysts revealed that the Al(IV)-2
species are more clearly identified when moisture is absent but
still exist following hydration. Importantly, Al(IV)-2 was
abundant in in multiple catalysts where no extra-frameowork
Al species could be detected. Quantitative direct-excitation and
sensitivity-enhanced *’Al NMR techniques applied over a wide
range of magnetic field strengths showed that prior to
significant hydrothermal exposure, detectable amounts of
nonframework Al species do not exist. In addition, it was
shown that Al(IV)-2 species could be mistakenly assigned as
Al(V) in spectra acquired under ambient hydration. Examina-
tion of these results in the context of prior literature indicates
that the framework Al(IV)-2 and its OH groups can contribute
to catalysis based on increased catalyst/hydrocarbon H/D
exchange rates at low temperature and increased hexane
cracking conversion at high temperature. An accurate initial
assessment of AI(IV)-1 and Al(IV)-2 sites in MFI catalysts
prior to any hydrothermal treatment can be used to guide
reaction conditions, anticipate potential water impacts, and
identify contributions from hydroxyl groups other than those
associated with the framework bridging acid site.
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