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Abstract: The adsorption and reaction properties of heteroge-
neous zeolite catalysts (e.g. for catalytic cracking of petroleum,
partial oxidation of natural gas) depend strongly on the types
and distributions of Al heteroatoms in the aluminosilicate
frameworks. The origins of these properties have been
challenging to discern, owing in part to the structural complex-
ity of aluminosilicate zeolites. Herein, combined solid-state
NMR and synchrotron X-ray powder diffraction analyses
show the Al atoms locate preferentially in certain framework
sites in the zeolite catalyst Al-SSZ-70. Through-covalent-bond
2D 7Alf*Si} J-correlation NMR spectra allow distinct frame-
work Al sites to be identified and their relative occupancies
quantified. The analyses show that 94 % of the Al atoms are
located at the surfaces of the large-pore interlayer channels of
Al-SSZ-70, while only 6% are in the sub-nm intralayer
channels. The selective siting of Al atoms accounts for the
reaction properties of catalysts derived from SSZ-70.

N anoporous zeolites are of considerable technological
interest because of their high surface areas, well-defined
sub-nanometer pore dimensions, and exchangeable cations.!
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Their molecular adsorption or reaction sites enable important
industrial applications, including air-gas separations” and
heterogeneous catalysis of reactions such as hydrocarbon
conversions®! and reduction of nitric oxides for automotive
pollution mitigation.! Aluminosilicate zeolites are composed
of corner-sharing SiO, and AlO, tetrahedra, where the AlO,
tetrahedra are associated with catalytically active sites when
the excess negative framework charges are balanced by acidic
countercations, such as H*. The molecular diffusion, adsorp-
tion, and reaction properties of zeolite catalysts are strongly
influenced by the nanopore dimensions, the framework
architectures, and the types and distributions of heteroatom
sites (e.g. Al) and the associated cations. Understanding and
controlling heteroatom locations in zeolite catalysts have
been severely limited by the non-stoichiometric substitution
of heteroatoms into the framework and their distributions,
which are challenging to characterize. Determining such
distributions in different zeolite frameworks and correlating
their macroscopic adsorption and/or catalytic reaction prop-
erties has been a long-standing challenge in the understanding
of zeolite catalysts.

Heteroatom distributions in zeolites have long been
recognized to depend strongly on synthesis conditions,
including the compositions of the precursor materials and
organic and inorganic structure-directing cations.’! Informa-
tion on heteroatom distributions in zeolites has been accessed
previously by using several scattering or spectroscopic
techniques. For example, the relative positions and proxim-
ities of Al atoms and their associated cations may be
identified by deconvolution of infrared or ultraviolet-visible
spectra of zeolite frameworks,™® though such spectra are
generally poorly resolved. While the similar electron densities
of Al and Si atoms make them challenging to distinguish using
scattering techniques,”’ Al occupancies in different tetrahe-
dral (T) sites have been determined for large single crystals by
synchrotron X-ray standing-wave diffraction.'”! For as-syn-
thesized zeolites containing organic structure-directing agents
(OSDA:s) that drive preferential configurations of heteroa-
tom sites, information on framework heteroatom distribu-
tions may be extracted by the refinement of synchrotron X-
ray diffraction data."""*! Heteroatom distributions in zeolites
can be influenced in favorable cases by the substitution of Al
for B" or the careful selection of OSDAs and synthesis
conditions.1517]

Herein, analyses of solid-state two-dimensional (2D)
NMR spectra with complementary synchrotron X-ray
powder diffraction analyses establish the preferential siting
of Al heteroatoms in calcined zeolite Al-SSZ-70. The layered
zeolite SSZ-70 has recently emerged as a promising platform
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for new catalysts because it can be exfoliated to generate
high-surface-area active materials that exhibit enhanced
catalysis rates for alkylation reactions,'®! while calcined Al-
SSZ-70 exhibits high catalytic activity for hydrocarbon
cracking."” The structure of calcined SSZ-70 has 14 crystallo-
graphically distinct T sites.?”) SSZ-70 crystallizes into hexag-
onal flakes (Figure 1a) and has two types of 2-dimensional

Calcined Si-SSZ-70

Calcined AI-SSZ-70

10 12 14 16 18 20
26 (%)
Figure 1. a) SEM image of Al-SSZ-70. b) Interlayer structure of calcined

SSZ-70, showing the two types of interlayer -OH species (red; (c,d)).
e) Synchrotron XRPD patterns of calcined Si- (black) and Al-SSZ-70

(green).

channel systems with effective cross-sectional pore openings
of 44x59 A’ (within the MWW-type layers) and 4.0 x
11.5 A? (between the MWW-type layers). However, in con-
trast to other MWW-type zeolite catalysts, the catalytic
selectivity of calcined Al-SSZ-70 for hydrocarbon cracking
does not change substantially with time on stream,!
characteristic of reactions occurring in a single type of
nanochannel system.?!! Calcined SSZ-70 exhibits two types
of silanol species that protrude into the interlayer channels
(Figure 1b): “nests” of three closely spaced silanols (Fig-
ure 1c¢) and isolated silanols (Figure 1d). The different T sites
in SSZ-70 differ with respect to their covalent bonding
configurations and positions relative to the inter- and intra-
layer channel surfaces. For example, T1a,b, T2a,b, and T3 are
at the surfaces of the interlayer channels, while T5a,b, T6,
T7a,b, and T8a,b are at the surfaces of the intralayer channels.
Al heteroatoms located in such different T sites are expected
to exhibit distinct adsorption and reaction properties. The
synchrotron X-ray powder diffraction (XRPD) patterns of
calcined Si- and Al-SSZ-70 are virtually identical (Figure 1¢),
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indicating that the long-range ordering of T-atoms in SSZ-70
is indistinguishable in silicate and aluminosilicate forms,
despite their different compositions.

Analyses of the 1D *Si MAS NMR spectra (Figure S1 in
the Supporting Information) show that the local environ-
ments of framework *Si atoms in calcined SSZ-70 are almost
identical in the siliceous and aluminosilicate forms. Because
of the small absolute quantity of Al in the material (Si/Al=
25, Ref. [19]) and overlapping ’Si NMR signals from different
O*0Al) and Q°(0Al) species in SSZ-70,2"! the *Si signals
from Q*(1Al) species cannot be resolved or quantified from
the 1D #Si MAS NMR spectra alone. (The Q™ (nAl) notation
refers to a tetrahedrally coordinated *Si atom that is
covalently linked through bridging O atoms to m other Si or
Al atoms, of which n are Al.)

Solid-state ¥ Al NMR spectroscopy is sensitive to the local
environments of the crucial Al heteroatoms in zeolite frame-
works and is in principle capable of distinguishing between
7 Al species in different T sites in aluminosilicate zeolites.”
However, the resolution of such spectra is often limited owing
to strong quadrupolar interactions of *’Al (I =5/2) nuclei, as
well as inhomogeneous distributions of *’Al species. The
resolution of solid-state *’ Al NMR spectra can be improved
by using high magnetic fields (>18 Tesla) and 2D NMR
techniques. For example, high-field *’ Al multiple-quantum
magic-angle-spinning (MQMAS) NMR analyses of different
samples of aluminosilicate zeolite ZSM-5, which has 24 crys-
tallographically distinct T sites, have led to the identification
and assignment of at least 12 different Al signals associated
with different T sites.*?* In addition, recent 2D ¥ Al{*Si}
dipolar-mediated NMR analyses of ZSM-5 provided evidence
of Al incorporation into 4 of the 24 T sites?” although
through-space dipolar interactions can manifest signal inten-
sities from next-nearest neighbor T sites and non-covalently
bonded moieties that reduce resolution. General methods for
determining the distributions and relative populations of Al
heteroatoms in zeolites have been elusive, particularly for
materials of high catalytic importance that often exhibit
exceptional structural complexity, such as Al-SSZ-70.

Herein, we report the preferential siting of Al heteroa-
toms in 5 of the 14 T sites in calcined Al-SSZ-70 established
by analyses of solid-state 2D NMR heteronuclear correlation
spectra,”®! which resolve distinct signals from different
framework *’Al moieties and provide direct evidence for the
incorporation of Al atoms into specific sites. The 1D and 2D
Al MAS NMR spectra of calcined Al-SSZ-70 in Figure 2
show well-resolved Al signals at 60 ppm, 55 ppm, and
49 ppm from ?’Al atoms in tetrahedrally coordinated environ-
ments, as well as a signal at —5 ppm from octahedrally
coordinated ¥’ Al species. The relatively narrow (2-3 ppm full-
width half-maximum, fwhm) % Al signals suggest that the “’Al
heteroatoms are sited in specific T sites, rather than being
randomly distributed.

Specific locations of Al heteroatoms in calcined Al-SSZ-
70 are determined by identification of the nearest-neighbor
¥Si sites to which the different Al species are covalently
bonded. This is achieved by measuring 2D *Al{*Si} hetero-
nuclear multiple quantum correlation (HMQC) NMR spec-
tra,®>! which here correlate the shifts of ¥Al-O-*Si spin
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Figure 2. Solid-state 2D a) ZAl{**Si} J-HMQC and b) Al{'"H} HETCOR
NMR spectra of calcined Al-SSZ-70 acquired at 18.8 Tesla, 10 kHz
MAS, and 97 K. Solid-state 1D ZAl echo and Si{'"H} CPMAS spectra
acquired under the same conditions are shown along the correspond-
ing axes for comparison with the 1D projections of the 2D spectra.
The accompanying insets show the J-coupling between “Al atoms
(orange) and »Si atoms (gray) at nearest-neighbor T sites consistent
with the correlated intensities in the 2D spectra in (a) and (b).

c) Schematic diagram of the framework structure of Al-SSZ-70, with
orange indicating the T sites that are occupied by Al heteroatoms as
determined by the solid-state NMR analyses.

pairs and are mediated by through-covalent-bond J,.g
couplings.’”) Acquisition of such spectra has been exception-
ally challenging in the past, but is enabled here by the use of
low-temperature (< 100 K) measurement conditions, which
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lead to improved NMR signal sensitivity (ca. 5x increase)
(Figure S2, S3). For example, the 2D Al{*Si} J-HMQC
spectrum of calcined Al-SSZ-70 in Figure 2a shows corre-
lated signal intensities at *’Al shifts of 60 ppm, 55 ppm, and
49 ppm that are correlated with *Si signals in the chemical
shift range —105 ppm to —108 ppm (red band in Figure 2a)
from different Q*(1Al) Si species. The 2’ Al signal at 55 ppm
is additionally correlated with #Si signals in the —99 to
—101 ppm range (blue band), which also arise from Q*(1Al)
species. The different correlated *Al-**Si signals in the 2D
TA®Si} J-mediated spectrum in Figure 2a are assigned
based on comparisons with previous 2D #Si{*’Si} and *Si{'H}
NMR analyses of calcined Si-SSZ-70,” analyses of 2D YAl
MQMAS spectra of Al-SSZ-70 (Figures S4, S5, Tables S1,
S2), well-established semi-empirical correlations relating the
isotropic “’Al and #Si chemical shift values to the -T-O-T-
bond angles,***! and prior literature.”® The predicted and
experimental isotropic ’ Al and ’Si chemical shifts associated
with different T sites in calcined Al-SSZ-70 are compared in
Figure S6. On the basis of isotropic *Si chemical shift values
calculated for Q*(1Al) species in each T site (Table S3), the
correlated signals at —99 to —101 ppm in the *’Si dimension
(blue band in Figure 2 a) are assigned to framework Al-O-Si2
Q*(1Al) moieties, while those at —105, —107, and —108 ppm
(red band; Figure 2a) are assigned, respectively, to Al-O-Si3
and Al-O-Sila, Al-O-Si6, and Al-O-Si4b and Al-O-Si7b
Q*(1Al) moieties. The correlated ¥ Al-*’Si signals at 60, 55,
and 49 ppm in the Al dimension must therefore arise from
%Al species that are covalently bonded (through bridging O
atoms) to Sila and Si3, Si6 and Si2, and Si4b and Si7b Q*(1Al)
species, respectively. The positions of the Al heteroatoms
are further constrained by analysis of the isotropic *’Al
chemical shifts determined by 2D * Al MQMAS analyses at
different magnetic field strengths and temperatures (Figur-
es S4, S5), which are compared with the calculated values for
7Al atoms in each T site (Table S2, Figure S6). With the
constraints provided by the 2D ¥ Al{*Si} J-mediated correla-
tion spectrum, these analyses enable the *’Al signals at 60, 55,
and 49 ppm to be confidently assigned to fully crosslinked
Al2a/b, Al3, and AlS5b sites, respectively. The unambiguous
identification of the different *’ Al-O-*’Si connectivities ena-
bles the specific locations of Al heteroatoms to be established,
even for a complex zeolite, such as Al-SSZ-70.

Interestingly, octahedrally coordinated ?’Al species are
also located within the aluminosilicate zeolite framework.
Octahedrally coordinated framework *Al species in alumi-
nosilicate zeolites are generally associated with framework
defect sites and/or partial dealumination of the framework.””
The correlation of the *Si signal at —101 ppm from Si2
Q*(1Al) species and the *’Al signal at —5 ppm (blue band,
Figure 2a) establishes that the octahedrally coordinated Al
species in Al-SSZ-70 are in fact covalently linked to Si2
0O*(1Al) species and are therefore in Tla/b or T3 sites. The
presence of this weak correlated signal is confirmed by the 2D
7 A1®Si} J-HMQC spectrum acquired at 9.4 Tesla and 91 K
(Figure S7). Because of steric hindrance near framework T1la
and T3 sites, the presence of octahedrally coordinated Alla or
Al3 species is considered unlikely. By comparison, T1b is
a partially crosslinked site that protrudes into the interlayer
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channels, where ?’Al atoms could coordinate to adsorbed
water and/or -OH groups. Octahedrally coordinated Allb
species are therefore expected to be associated with signifi-
cant hydrogen bonding.

Strong H-bonds associated with the octahedrally coordi-
nated *’Al species in calcined AI-SSZ-70 are identified by
analysis of the 2D *Al{'H} heteronuclear correlation
(HETCOR) spectrum of calcined Al-SSZ-70 (Figure 2b).
The spectrum manifests correlated ?’ Al{'H} signal intensities
from “Al-'H nuclear spin pairs that are dipole-dipole
coupled through space, being principally sensitive to inter-
actions over distances of <5 A.**! Analyses of 1D 'H and 2D
¥Si{'H} HETCOR NMR spectra of calcined Si- and Al-SSZ-
70 (Figures S3, S8) show that both materials possess isolated
and strongly H-bonded interlayer -OH species. The 2D
7 Al{'H} HETCOR spectrum of calcined Al-SSZ-70 in Fig-
ure 2b shows correlated intensities at 55 and 60 ppm in the
Al dimension and at 2.8-4.0 ppm (green band, Figure 2b)
and 5.1-5.6 ppm (gray band, Figure 2b) in the 'H dimension,
which arise from tetrahedrally coordinated ?’Al species
proximate to isolated interlayer -OH groups® and nano-
pore-adsorbed water,*) respectively. These signals are con-
sistent with the assignment of the *’Al signals at 55 and
60 ppm to fully crosslinked Al2a/b and Al3 sites, respectively.
By comparison, the ’Al signal at —5 ppm is correlated with
a broad, continuous distribution of 'H signals from 2.8-
14.3 ppm. The 'H signals at 2.8-4.0 ppm (green band, Fig-
ure 2b) are assigned to isolated -OH species, those at 5.1—
7.0 ppm (gray band, Figure 2b) to adsorbed water molecules,
and those at 8.8-14.3 ppm (purple band, Figure 2b) to H-
bonded -OH groups with -OH--O- distances of 2.5 A t0 2.8 A
as estimated from well-established semi-empirical correla-
tions.’*Y The correlated ¥Al{'H]} signal intensities thus
establish that the octahedrally coordinated ?’Al species are
in close proximities to isolated and strongly H-bonded -OH
moieties. All of the solid-state NMR results are therefore
consistent with the assignment of the Al signal at —5 ppm to
partially crosslinked Allb sites, which are bonded (through
bridging oxygen atoms) to three framework Si atoms and
protrude into the interlayer channels, where Al atoms are
able to adopt octahedral configurations by coordinating with
water molecules or -OH groups.

Notably, the majority of the Al heteroatoms in calcined
Al-SSZ-70 are located in framework sites at the surfaces of
the interlayer channels. Based on the analyses of the solid-
state 2D NMR spectra, each of the Al signals can be
assigned with confidence to an individual T site within the
zeolite Al-SSZ-70 framework structure. Specifically, the Al
signals at 60, 55, and 49 ppm are assigned to *’ Al atoms in fully
crosslinked T-sites 2a/b, 3, and 5b, respectively, while the 7 Al
signal at —5 ppm is assigned to octahedrally coordinated %’ Al
atoms in T-site 1b. Importantly, the relative occupancies of the
7 Al heteroatoms in these different SSZ-70 framework sites
are not the same. In fact, they are very different. Their relative
populations are quantified by deconvolution of the 1D single-
pulse Al spectrum (Figure S9), yielding the fractional
occupancies of Al atoms in each of the five T sites
(Table S4) that are shown in the schematic structure of
calcined Al-SSZ-70 (Figure 2c). The great majority of the
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7 Al species (94 %) are in T2a/b, T3, or T1b sites, which are
located at the surfaces of the interlayer channels. The
remainder of the ’Al species (6%) are at T5b sites, which
are located at the surfaces of the intralayer channels.

Because of the different positions and local structures of
Al atoms within the SSZ-70 framework, the different
heteroatom sites are expected to influence the catalyst
adsorption and reaction properties. The catalytic cracking of
long-chain alkanes by Al-SSZ-70 is characteristic of a large-
pore zeolite!" rather than one with both large- and medium-
pore channel systems, as might be expected from the structure
of the zeolite. This is fully consistent with the preferential
siting of Al heteroatoms at the surfaces of the large-pore
interlayer channels, and indicates that the catalytic cracking
(and probably other) reactions occur primarily there. The
results also account for the high catalytic activities of catalysts
derived from delamination of SSZ-70:' nearly all of the
heteroatoms associated with the cation-exchange sites in Al-
SSZ-70 are at the surfaces of the interlayer channels that are
exposed upon exfoliation and therefore are accessible for
post-synthetic modification and/or catalysis.

The locations of the majority of the Al heteroatoms at
sites at the surfaces of the interlayer channels indicate that the
bulky N,N'-diisobutylimidazolium cations used as OSDAs
during zeolite synthesis direct the Al heteroatoms to specific
sites in the Al-SSZ-70 framework. The roles of the OSDA in
the preferential siting of Al heteroatoms in Al-SSZ-70 remain
under investigation. In addition, the above analyses are
expected to be useful for further studies on the structures of
as-synthesized Al-SSZ-70 (Figure S10).

More broadly, recent research in zeolite materials has
focused on generating active sites in specific regions of
zeolites by designing zeolite architectures for specific reac-
tions!"®! or directing heteroatoms to targeted locations within
a zeolite framework.[* Such control over heteroatom loca-
tions is achievable in part for borosilicate zeolites by changing
the OSDA and synthesis conditions.”¥ However, similar
capabilities have been lacking for aluminosilicate zeolites, in
part because of the absence of experimental techniques that
are capable of resolving Al occupancies at different T sites.
The results reported here demonstrate that solid-state 2D
NMR analyses, in combination with synchrotron XRPD, can
establish Al locations and occupancies in complicated alumi-
nosilicate zeolite frameworks like SSZ-70. This opens pros-
pects for adjusting the Al distribution, and correspondingly
the catalytic properties, by judicious selection of OSDAs and
zeolite synthesis conditions.

In summary, the preferential siting of Al heteroatoms at 5
of the 14 T sites in calcined AI-SSZ-70 has been established
by using 2D ZAl{*Si} and ’Al{'"H} NMR correlation spectra
to determine the T-site connectivities and hydration environ-
ments of specific ”’Al sites. The analyses show that the
majority of Al heteroatoms in Al-SSZ-70 are located at the
surfaces of the interlayer channel regions, which are expected
to strongly influence the adsorption and catalytic reaction
properties of the material. Such insights provide a deeper
atomic-level understanding of the adsorption and reaction
properties of this emerging catalytic material. The approach
used is general and can be expected to provide similar
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understanding for other heteroatom-containing zeolite cata-
lysts, aiding in the future design of new catalytic materials
with improved activity, selectivity, and stability.
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Al-Atome lokalisiert: Die Adsorptions-
und Reaktionseigenschaften heterogener
Zeolith-Katalysatoren hingen von der
Verteilung der Al-Atome in den Alumosi-
licat-Geruisten ab. Die Positionen und
Besetzungen von Al-Heteroatomen im
Zeolith-Katalysator Al-SSZ-70 wurden
durch Festkérper-NMR und Synchrotron-
XRPD-Analysen bestimmt. Die selektive
Positionierung der Al-Atome beeinflusst
die Reaktionseigenschaften der von SSZ-
70 abgeleiteten Katalysatoren.
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