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ABSTRACT: The structure of the calcined form of the high-silica zeolite SSZ-70 has been
elucidated by combining synchrotron X-ray powder diffraction (XRPD), high-resolution
transmission electron microscopy (HRTEM), and two-dimensional (2D) dynamic nuclear
polarization (DNP)-enhanced NMR techniques. The framework structure of SSZ-70 is a
polytype of MWW and can be viewed as a disordered ABC-type stacking of MWW-layers.
HRTEM and XRPD simulations show that the stacking sequence is almost random, with
each layer being shifted by +1/3 along the (110) direction with respect to the previous
one. However, a small preponderance of ABAB stacking could be discerned. DNP-
enhanced 2D *’Si{*’Si} J-mediated NMR analyses of calcined Si-SSZ-70 at natural 2’Si
isotopic abundance (4.7%) establish the through-covalent-bond **Si—0-**Si connectivities
of distinct Si sites in the framework. The DNP-NMR results corroborate the presence of
MWW layers and, more importantly, identify two distinct types of Q® silanol species at the
surfaces of the interlayer regions. In the first, an isolated silanol group protrudes into the

interlayer space pointing toward the pocket in the adjacent layer. In the second, the surrounding topology is the same, but the
isolated —SiOH group is missing, leaving a nest of three Si—O—H groups in place of the three Si—O—Si linkages. The analyses
clarify the structure of this complicated material, including features that do not exhibit long-range order. With these insights, the

novel catalytic behavior of SSZ-70 can be better understood and opportunities for enhancement recognized.

Bl INTRODUCTION

Zeolite molecular sieves have nanoporous architectures with
pore openings that are typically less than 1 nm in diameter. The
tetrahedrally coordinated Si atoms in the silicate framework
structure may also be replaced with other elements such as Al
and this can lead to charge imbalance and an opportunity for
additional cations to be introduced into the structure. If
protons are used to counterbalance such AI** sites, very strong
acid catalysts can be created, and these have a great impact in a
large variety of chemical and petrochemical processes.' In
particular, they are used to promote catalytic rearrangement
reactions in which the location of the acid sites within the
zeolite structure have a strong effect on the selectivity and
activity for a given reaction.” The nanopore architecture and
composition of a zeolite are important factors in controlling the
transition states between reactants and products within the
confining nanopores.3 Furthermore, the diffusion pathways for
the products, which are influenced by the details of the zeolite
structure (and crystallite size), also play a significant role in the
selectivity.”*

Indeed, there is an increasing understanding that instead of
focusing on the entire zeolite structure, portions of the internal
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zeolite architecture can be exploited in an optimal fashion to
design the catalytic sites. Excellent recent examples include (1)
the development of a novel carbonylation catalyst using only a
subdomain of the zeolite mordenite,”® (2) the creation of acid
sites in only the large pores of a borosilicate zeolite where there
are both large and small pores and boron has been selectively
replaced postsynthetically with aluminum,”” and (3) an elegant
effort to synthesize a zeolite using an organic structure directing
agent (OSDA) designed to mimic the structure of the desired
transition state of a reaction.” These advances broaden our view
of how to use zeolites as catalysts, going beyond the previous
boundaries of just focusing on the size of the pores.
Consequently, understanding the fine and local structural
details of a new zeolite is essential for designing an optimal
catalyst.

Here, we present a comprehensive structural analysis of the
novel zeolite SSZ-70, which has already begun to emerge as an
important and novel catalytic material. SSZ-70 was first
synthesized in borosilicate form when Zones and Hwang
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were exploring a system featuring both borosilicate inorganic
reaction conditions and HF as a mineralizer (in contrast to the
conventional alkaline type of reaction normally used in zeolite
syntheses).” In this environment and using N,N’-diisopropyli-
midazolium, which has very high selectivity for MTT-type
frameworks under alkaline conditions,'® as the OSDA, the
novel phase B-SSZ-70 was formed."'

In a later study, Archer and co-workers'” extended the range
of imidazolium-type OSDAs that favor the formation of SSZ-
70. They also showed that aluminosilicate analogues (Al-SSZ-
70) could be made and developed the synthesis chemistry to
allow alkaline media to be used instead of HF. Scanning
electron microscopy (SEM) images of these materials showed
them to be platelets, as would be expected for a layered
material, and their X-ray powder diffraction (XRPD) patterns
contained both broad and sharp peaks, which would be
consistent with well-ordered layers stacked in a somewhat
disordered fashion. Further characterization by magic angle
spinning (MAS) nuclear magnetic resonance (NMR) showed
that SSZ-70 was related to, but distinctly different from, MCM-
227 (MWW-type framework structure),'* which has already
been developed as a commercial catalyst for the alkylation of
aromatics.'> MCM-22 and its MWW-type analogues (e.g., ITQ-
1'° and $8Z-25"7) are unique among the known zeolites in that
they only form the fully 4-connected MWW-type framework
upon calcination. The as-synthesized materials are layered
(alumino)silicates that lend themselves to exfoliation.

In view of these observations, it appeared that as-synthesized
SSZ-70 was likely to be organized in layers, so exfoliation
procedures were applied, and indeed, exfoliated Al-SSZ-70 was
found to exhibit enhanced catalysis rates for alkylation
reactions.'® In the calcined form, AI-SSZ-70 exhibits high
activity as a cracking catalyst, and subsequent deactivation is
different from that of SSZ-25 (MWW), which becomes more
selective with coking.'” This difference in catalytic performance
indicates that there are some key differences in the structural
details of zeolites SSZ-25 and 70, even though both are built
from similar layers. With more structural information, we
hoped to rationalize the different activities of SSZ-70 as a
catalyst when the material has been delaminated and certain
external features at the surface of the crystalline zeolite
modified. The replacement of boron sites located in wells
along the interlayer surface of B-SSZ-70 with other
heteroatoms, for example, has proven to be particularly
effective in creating catalysts that are suitable for larger reactant
molecules, while retaining the important confinement features
of a zeolite catalyst.'®** We also wanted to understand why the
structure of SSZ-70 lends itself to delamination via more gentle,
nondestructive conditions, which allow the integrity of the
boron replacement sites in the surface structure to be
retained.”’ Most of the previous delamination work on other
zeolite materials required harsh basic conditions that led to
some amorphization of the materials, which is detrimental to
the catalytic properties.””

We realized early on that a straightforward determination of
the structure of SSZ-70 from diffraction data would not be
possible, because of the disorder in the material. Therefore, we
combined three highly complementary state-of-the-art techni-
ques to elucidate the structure. Here, we present the structure
of calcined siliceous SSZ-70, as determined from a combination
of high-resolution transmission electron microscopy
(HRTEM), synchrotron X-ray powder diffraction (XRPD),
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and dynamic-nuclear-polarization (DNP)-enhanced MAS
NMR spectroscopy data.

B EXPERIMENTAL SECTION

Synthesis of Si-SSZ-70. Tetraethyl orthosilicate (6 mmol, 1.26 g)
and 3 mmol of N,N’-diisobutylimidazolium hydroxide (Figure 1, 6.66
g of solution) were added to a tared cup and cap (Teflon) of a small
Parr reactor. The top was tightly closed, and the reactants were
allowed to hydrolyze the silicate for 3 days. Afterward, the top was
lifted, and the internal reactor contents were exposed to an air draft in
a hood to remove ethanol and water slowly. When the reactor
contents had been reduced to near dryness (requiring several days) the
reactor and top were weighed again. The H,0/SiO, molar ratio was
then adjusted to 7 by adding water in small amounts to the reaction
mixture. After stirring, 50% HF was added by mass to add 3 mmol
(about 0.12 g) of reagent. The reactor was closed and heated to 150
°C while being tumbled at 43 rpm for 8 days. The reactor was then
removed from the oven and allowed to cool to room temperature.

The Al-SSZ-70 material was synthesized according to the protocol
described in ref 12 using N,N’-diisobutylimidazolium hydroxide as the
OSDA.

Figure 1. N,N’-Diisobutylimidazolium cation that was used as the
organic structure-directing agent in the syntheses of SSZ-70.

Calcination. To simplify the complicated structure analysis, the
material was calcined to remove the OSDA. A thin bed of the zeolite
sample was calcined in air in a muffle furnace with a controlled ramp
program: temperature increased at a rate of 1 °C per minute up to 120
°C; held for 2 h; increased at the same rate up to 540 °C; held for S h;
and finally allowed to cool down slowly in the oven.

X-ray Powder Diffraction. Synchrotron XRPD data were
collected on both calcined and as-synthesized samples of Si-SSZ-70
and AI-SSZ-70 in a rotating 0.3 mm capillary on the MS-Powder
beamline at the Swiss Light Source in Villigen, Switzerland
(wavelength 0.70848 A, MYTHEN II detector).”

Electron Microscopy. Scanning electron micrographs (Figure 2)
were obtained using a JEOL JSM 6700F instrument. For high-
resolution transmission electron microscopy (HRTEM) analysis, a
sample of as-synthesized Al-SSZ-70 was mixed with ethanol, treated by
ultrasonication, then transferred to a copper grid covered with lacey
carbon and dried in air. Using a 200 kV JEOL JEM-2100F

Figure 2. SEM image of as-synthesized Al-SSZ-70.
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transmission electron microscope equipped with a Gatan UltraScan
1000 camera, 20 HRTEM images were taken under the same
conditions (close to the Scherzer focus) with a weak electron beam.
These were then summed together into a single image, after correcting
for sample drift by cross correlation, to improve the signal-to-noise
ratio, following the approach described by Xie and co-workers.”*

Solid-State NMR Spectroscopy. DNP-enhanced MAS NMR
techniques at low temperatures (ca. 100 K)**~** provide significantly
enhanced NMR signal sensitivity that allows the detection and analysis
of *Si environments in zeolite frameworks at natural isotopic
abundance (4.7%).>7>® More explanatory details of the DNP-NMR
methods and analyses are provided in the Supporting Information.

All solid-state DNP-enhanced *’Si{*Si} and *’Si{'H} NMR
experiments were carried out on a Bruker ASCEND 400 DNP-
NMR spectrometer with a 9.4 T superconducting magnet operating at
399.95 and 79.46 MHz for 'H and *’Si nuclei, respectively, and
equipped with a gyrotron and microwave transmission line capable of
providing 263 GHz microwave irradiation at the sample and a low-
temperature 3.2 mm triple-resonance MAS probehead. The DNP-
enhanced ?’Si{'"H} and ’Si{*Si} spectra were acquired at 95 K, 8 kHz
MAS, under continuous microwave irradiation at 263 GHz, and in the
presence of 16 mM TEKPol biradical®® in frozen 1,1,2,2-tetrachloro-
ethane (TCE). Before NMR analyses, the calcined Si-SSZ-70 material
was dried overnight at 200 °C to remove adsorbed water. The sample
was prepared in a dry glovebox and was mixed under incipient wetness
conditions.*”*® The 2°Si DNP-NMR signal enhancement was
quantified as the ratio of the fully relaxed ’Si{'H} CPMAS signal
intensities obtained with and without continuous microwave
irradiation and was measured to be ca. 16.

The DNP-enhanced solid-state 2D J-mediated 2’Si{*Si} spec-
trum’®>*"** was acquired using *Si{’"H} cross-polarization with a 2.5
us "H excitation pulse and a contact time of 4 ms to circumvent the
effects of the long 2Si spin—lattice relaxation times. The efficiency of
the 2D *Si{**Si} J-mediated experiment depends on the ratio of *Si
relaxation parameters T,’/T,*, which was measured to be 11 or greater
for all of the **Si signals (Supporting Information). The spectrum was
acquired with an experimentally optimized half-spin—echo (7) delay of
8 ms, Si 7/2 and 7 pulse lengths of 5 and 10 us, respectively, a
repetition time of 3 s, 32 t; increments, a rotor-synchronized
incremental step size of 125 us, and 2048 transients for a total
acquisition time of 54 h. Additional experimental details are provided
in the Supporting Information.

The DNP-enhanced 2D ¥Si{'H} HETeronuclear CORrelation
(HETCOR) spectra were acquired using 0.2 or S ms contact times, 80
or 160 t; increments, an incremental step size of 64 us, 64 or 16
transients, and repetition times of 3 s for total acquisition times of 4 or
2 h. The *Si{'H} DNP-HETCOR spectra were acquired using
eDUMBO-1,, homonuclear coupling during the 'H evolution period
to improve resolution in the 'H dimension.” All *’Si NMR spectra
were acquired usin§ 100 kHz SPINAL-64 'H decoupling during the
acquisition period.*

B RESULTS AND DISCUSSION

Long-Range Order in Si-SSZ-70. Synchrotron X-ray
powder diffraction (XRPD) data were collected on as-
synthesized and calcined samples of Al- and Si-SSZ-70 (Figure
3). We started our analysis with the XRPD data for as-
synthesized Si-SSZ-70. Although the pattern contains a mixture
of broad and sharp reflections, it could still be indexed with a
hexagonal unit cell (P6,/mmc, a = 14.223 A, ¢ = 53.786 A).
SSZ-70 crystallizes in the form of well-defined hexagonal flakes
approximately SO nm in thickness (Figure 2), and this is
consistent with the unit cell and space group symmetry. The a
lattice parameter is similar to and the ¢ parameter is
approximately double that of the high-silica MWW-type
precursor ITQ-1P (Table 1). A further indication of a structural
relationship could be found in the HRTEM images, which show
the presence of layers similar to those in MWW-type materials

Figure 3. (Top to bottom) Synchrotron XRPD data collected on as-
synthesized Si-SSZ-70 and Al-SSZ-70 and calcined Si-SSZ-70 and Al-
SSZ-70.

Table 1. Unit Cell Parameters of the As-Synthesized and
Calcined Versions of Si-SSZ-70 and ITQ-1

space group a (A) c (A) vol. (A%)
ITQIP (assynth)20  P6/mmm 142091 274877  4806.39
ITQ-1 (calcined)19 P6/mmm 142081 249450  4361.00
SSZ-70 (as-synth) P6,/mmc 14.223 53.786 9422.85
SSZ-70 (calcined) P6;/mmc 14.227 49.806 8730.64

(Figure 4a) and also reveal the irregular stacking of these layers
(Figure 4b). Each layer is shifted by approximately +1/3 in the
horizontal direction ((110)) with respect to the previous one,
while in the MWW framework structure the layers are aligned
directly above one another. The dark band observed between
the MWW layers does not necessarily indicate the presence of
additional siliceous species in the interlayer region, as HRTEM
images simulated using a structure model built by stacking the
MWW layers only (overlay in Figure 4a) match the
experimental image very well (Supporting Information).

We therefore turned to the XRPD data on the calcined
material and were also able to index those with a hexagonal unit
cell (P63/mmc, a = 14.227 A, c = 49.806 A). The contraction of
approximately 4 A in the ¢ direction with respect to the as-
synthesized form is similar to that found in ITQ-1 (Table 1),
supporting the hypothesis that SSZ-70 does indeed consist of
silicate layers that condense upon calcination. The broadened
reflection around 4° 26 (013) in the XRPD patterns of both the
as-synthesized and the calcined materials (Figure 3) provides
clear evidence that stacking disorder is present in SSZ-70 and
that this disorder persists through calcination. Unfortunately,
this also prevents its structure from being determined and
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Figure 4. HRTEM images along the b-axis of as-synthesized Al-SSZ-
70. (a) Image with an outline of the MWW-layers overlaid. Each layer
is shifted by +1/3 along (100) with respect to the neighboring one.
The inset (lower left) shows an image simulated from the outlined
structural model. (b) Larger area with a schematic description of the
ABC stacking disorder. The colored lines indicate the positions of the
10-ring pore.

refined in a conventional manner. Therefore, we first looked at
w}116at is known about its ordered MWW-type counterpart, ITQ-
1.

Relationship between SSZ-70 and ITQ-1. ITQ-1P is the
layered precursor to the pure silica MWW-type material ITQ-1,
which is formed only upon calcination, when the layers
condense to form an ordered three-dimensional framework
(Figure Sa). The relationship between as-synthesized and
calcined SSZ-70 is similar. Solid-state *Si MAS NMR spectra
reported for high-silica ITQ-1P show an intense signal (ca. 30%
of the total *Si signal intensity) around —95 ppm, which is
characteristic of Q* (Si with three O—Si linkages) silicate
species.'® Camblor and co-workers showed that this peak
disappears completely upon calcination, consistent with a
condensation of the silicate layers. Structure refinement using
XRPD data confirmed that calcined ITQ-1 has low defect
concentrations and a three-dimensional, fully 4-connected
framework structure. In the same study, they claimed that the
distribution of Q* Si sites in the precursor is not random.
Indeed, in the follow-up study by Njo," the Q sites in ITQ-1P
were assigned to Sil silanol groups protruding from the surface
of the layer (Figure Sc), and the best XRPD agreement values
were obtained with partial occupation (occupancy = 0.5) of
these Si sites. It should be noted that the ¢ lattice parameter of
ITQ-1P is too small to accommodate the simultaneous
occupation of opposing Sil silanol groups in adjacent layers,
so an occupancy of 0.5 also makes chemical sense. An attempt
was made to determine the nature of the species in the
interlayer region of the precursor, in order to better understand
what happens during calcination, but the results were
inconclusive.

Initial Structural Model of Calcined SSZ-70. Conven-
tional **Si MAS NMR spectra for as-synthesized and calcined
SSZ-70 have been reported as part of the study by Archer and
co-workers.'* The spectrum for as-synthesized SSZ-70 is very
similar to that of ITQ-1P. The *Si signal at —95 ppm present
in ITQ-1P can also be found in the spectrum of as-synthesized
Si-SSZ-70, with the key difference that it does not disappear

Figure S. (a) Schematic representation of ITQ-1P and its trans-
formation into ITQ-1 (MWW) upon calcination. (b) Schematic
representation of the structure of calcined SSZ-70, showing the MWW
layers. (c) Building unit of MWW showing the terminal —SiOH group
responsible for linking the layers.

completely upon calcination. Based on the intensity of this
peak, the population of Q* Si sites for as-synthesized SSZ-70
was estimated to be approximately 10%, and after calcination,
5%. This indicates that approximately half of the terminal
—SiOH species condense on calcination to form Q* Si species
that connect the MWW layers.

With the constraint that only half of the terminal Si atoms in
adjacent MWW layers need to align with one another for
condensation, a model could be built for calcined SSZ-70
(Figure Sb). In this model, which we refer to as model 1, half of
the interlayer Si atoms are connected to form an oxygen bridge
to the neighboring layer, while the other half point into the
pocket of that layer. The coordinates for the atoms in the
second layer are x + 1/3,y + 2/3 or x + 2/3, y + 1/3 where «
and y are those for the first layer (Figure 6). This model fits
well with the disorder observed in the HRTEM images of the
as-synthesized material because there are two possible positions
for each layer, just as in the ABC-type stacking of spheres.

The interatomic distances in the model were optimized using
distance least-squares,”® and the program DIFFaX'” was used
to simulate the stacking disorder in calcined SSZ-70. Three
identical MWW layers (A, B, and C) were introduced into the
program with a c-parameter (stacking distance) of 24.903 A and
the layer shifts described above. There was no indication in the
HRTEM images of AA stacking (MWW structure), so each
shift was assumed to have equal probability. In essence, A — B
and A — C have equal probabilities (P(A —» B) =P(A — C) =
0.5), but A — A is forbidden (P(A — A) = 0). The resulting
simulated pattern corresponds very well to the observed one
and accurately simulates the observed broadening of the
reflections (Figure S1). However, a shoulder to the left of the
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Figure 6. Schematic representation of the two possible stacking
arrangements of the MWW layers in SSZ-70. The layers can be viewed
as a hexagonal grid. Each interlayer terminal O atom (shown as red
spheres) can act as a node to connect to the next layer. Only half of
these O atoms in neighboring layers are used in making this
connection. Viewed along the [001] direction.

broad peak at 4.0° 26 that is observed in the measured XRPD
pattern (Figure 3) is not explained by the model. Although the
shoulder could arise from an MWW-type impurity, other
features related to an AA stacking are not present. Hypothesiz-
ing that the shoulder might be linked to a higher probability of
AB — A than AB — C, we carried out a new series of
simulations varying the layer stacking probability from truly
random (P(AB — A) = P(AB — C) = 0.5; as above), to truly
ordered (P(AB — A) = 1.0, P(AB — C) = 0.0; essentially
ABAB stacking). The shoulder in the simulated data becomes
more pronounced as some short-range order of successive
layers is introduced into the system (Figure S2). The best visual
match is found for the pattern calculated with a 60% probability
of short-range ABAB ordering.

Previous *’Si MAS NMR results indicated the presence of
approximately 3.3 Q® Si species per layer, but in our working
model (model 1, Figure Sb) there are only two. Therefore, a
second model with all of these silanol groups removed to create
nests of three silanol groups (model 2) was constructed. A
comparison of the two models is shown in Figure 7. The
simulated diffraction pattern corresponding to model 2 (Figure
S1) is very similar to that of model 1 but reproduces the
observed data slightly better. The intensities of the low angle
reflections are somewhat overestimated in both simulations,
perhaps because residual OSDA species or adsorbed H,O are
not accounted for in the model.

Ultimately, the XRPD data cannot distinguish model 1 from
model 2 definitively, so we turned to NMR to learn more. It
should be noted that a third model was also considered, but it
could be dismissed easily on the basis of both XRPD and NMR
data (Supporting Information).

Model 1 or Model 2? By taking advantage of the large
enhancements in signal sensitivity provided bzf DNP-enhanced
MAS NMR techniques at low temperatures,” > powerful 2D
NMR methods can be applied to measure and understand the
compositions, structures, covalent interconnectivities, and
molecular-level interactions of *°Si species in zeolite frame-
works at natural isotopic abundance (4.7%). This precludes the
need for expensive isotopic enrichment in *’Si and allows 2D
NMR analyses to be conducted on the same calcined Si-SSZ-70
sample as characterized by synchrotron XRPD. For example,
2D *Si{'H} DNP-enhanced HETeronuclear CORrelation
(HETCOR) methods selectively detect *’Si species that are
dipole—dipole-coupled to 'H nuclei and therefore in close
proximity to one another (within 0.5 nm for short contact
times, e.g., 0.2 ms) and were applied to calcined Si-SSZ-70. The

Figure 7. (a) Projection of the interlayer region of calcined Si-SSZ-70
highlighting the cages with silanol groups. (b) Cage structure for
model 1 showing the four-site connectivity path with blue lines and (c)
for model 2 showing the three-site connectivity path with red lines.

resulting spectra are plotted as 2D frequency contour maps
with normalized "H and *Si chemical shift axes such as in
Figure 8. At very short contact times (0.2 ms), the 2D *’Si{'H}
DNP-HETCOR spectrum exhibits *°Si signals at —99 ppm
from interlayer Si Q* silanol species that are correlated with
'H signal intensities at 3.0 and 8.8 ppm from isolated and

Figure 8. Solid-state DNP-enhanced 2D *Si{'H} dipolar-mediated
HETCOR spectrum of calcined Si-SSZ-70 with a contact times of 0.2
ms. A 1D *Si{'"H} DNP-CPMAS spectrum acquired under the same
conditions is shown along the horizontal axis for comparison with the
1D projection of the 2D spectrum.
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strongly H-bonded —SiOH moieties, respectively. The former
correlated intensities are consistent with the isolated silanol
groups in model 1 and the latter with the silanol nests in model
2. Additional partially resolved *°Si signals at —105 and —112
ppm arise from Q* species in the zeolite framework. The broad
correlated intensity at 7.0 ppm in the 'H dimension with *Si
signals from —94 to —118 ppm arises from DNP solvent
interactions in the zeolite nanopores. At longer contact times,
the *’Si signals from both Q® and Q*?Si species are all
correlated with all 'H signals, which reveals that the different
types of —SiOH moieties are commingled over nanoscale
dimensions (Figure S3). More details about the DNP-
HETCOR analyses can be found in Figures S3—S5.

Though the different candidate structures in Figure 7 are
very similar, they are distinguished by the different local
bonding environments associated with their respective
interlayer Q° silanol moieties. In particular, the Q® Si sites are
covalently linked to three equivalent Q” Si sites (Si2b) in model
1 and to two different Q* Si sites (Si3 and Si4b) in model 2.
Therefore, the different interlayer surface structures are
expected to lead to distinct pairs of correlated intensities in
2D J-mediated *Si{*Si} NMR spectra. Importantly, such
spectra resolve and correlate inhomogeneously broadened *°Si
signals, which strongly overlap in 1D *°Si spectra. Correlated
pairs of *Si signal intensity unambiguously establish the
covalent **Si—O—?"Si connectivities of nearest neighbor Q* and
Q" ’Si sites, which were previously unfeasible to measure for
natural abundance *°Si (4.7%) materials. A DNP-enhanced 2D
»8i{*Si} dipolar-mediated (through-space) NMR correlation
spectrum of calcined Si-SSZ-70 was also acquired, though it
contains contributions from next-nearest neighbor sites as well,
which complicate the analysis (Figure S7).

The sensitivity enhancements provided by DNP-NMR
enabled acquisition of the 2D J-mediated *Si{*Si} correlation
spectrum shown in Figure 9a, which resolves multiple intensity
correlations that correspond to covalent connectivities between
distinct Q* and Q*?*°Si framework species. The spectrum is
dominated by broad *Si signal intensity straddling the diagonal
from —110 to —121 ppm, which arises from overlapping signals
associated with covalently bonded 2’Si—0-*’ moieties that are
fully cross-linked and can be assigned to Q**Si sites in the
MWW layers. Their shift values are consistent with (1)
previous results on similar zeolites,"*** (2) chemical shieldings
calculated using the proposed models for calcined zeolite Si-
SSZ-70 and well-established semiempirical relationships,*”>’
and (3) signals detected in a similar DNP-enhanced 2D
»8i{*Si} J-mediated spectrum of calcined ITQ-1 (Figure S8).
While the signals are broadened by interactions with frozen
TCE solvent molecules in the zeolite nanopores, the resolution
provided by the 2D spectrum is nevertheless sufficient to
resolve pairs of correlated signal intensity that arise from the
covalent interconnectivities of different framework Q* sites.
These signals are tabulated and analyzed in detail in Figure S9
and Table S1.

Of most interest here are the pairs of correlated *°Si signals
associated with the Q* —SiOH moieties that are not present in
MWW-type zeolites and that enable the candidate models for
calcined SSZ-70 to be distinguished. While the *Si signals from
the Q’ species overlap in the range —94 to —101 ppm in the
conventional 1D *Si MAS spectrum (Figure 9b), they are
resolved in the 2D DNP-enhanced *’Si{*Si} J-mediated
spectrum. On the basis of the analysis of the *’Si DNP-NMR
spectra of calcined ITQ-1 (Figure S8), *Si signals in the —105

Figure 9. (a) Solid-state DNP-enhanced 2D *Si{*Si} J-mediated
correlation spectrum of calcined Si-SSZ-70. A 1D *Si{'H} DNP-
CPMAS spectrum acquired under the same conditions is shown along
the vertical axis for comparison with the 1D projection of the 2D
spectrum. 2D intensity correlations associated with covalent
connectivities of Q* and Q*?Si species that are consistent with
models 1 and 2 are indicated by blue and red lines, respectively. (b)
Solid-state quantitative 1D single-pulse *Si MAS NMR spectrum
acquired at 11.7 T, 298 K, and 10 kHz MAS. The simulated spectrum
is the dotted red line with the fit deconvolution offset below.

to —106 ppm range are assigned to Si2b Q* sites in model 1,
while *°Si signals from Si4b and Si3 sites overlap in the —109 to
—113 ppm range. In the 2D spectrum in Figure 9a, the broad
*%Si signals in the Q® range (—98 to —100 ppm) are correlated
(lower blue line) with signals that can be attributed to Q* Si2b
sites in model 1. These Si2b *’Si signals are themselves
correlated with the broad intensity maximum at ca. —112 ppm
attributed to Si4b and Si3 sites, and these in turn with intensity
at ca. —116 ppm attributed to SiSb and Si6 sites. These three
pairs of *Si intensity correlations are indicated by the blue lines
in Figure 9a. In model 1, there are two paths of three Si—O—Si
covalent linkages connecting the Q Silb silanol moieties at the
interlayer surface with the Q* species at the surface of the
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channel system within the layer (Silb—O—Si2b—O—Si4b—0O—
SiSb and Silb—O-Si2b—0—Si3—0—Si6). These relatively
long four-site connectivity paths are shown in blue in Figure 7b.

However, there are further 2°Si intensity correlations from
distinct covalently linked Q* and Q* moieties in Figure 9a that
cannot be assigned to model 1 and are instead consistent with
model 2. Specifically, partially resolved Q®?Si signals in the
range —94 to —99 ppm are each correlated with intensity from
—110 to —114 ppm in the Q* region of the spectrum that can
be assigned to Si4b and Si3 sites (lower red lines in Figure 9a).
These in turn are correlated with *Si signals in the range —114
to —118 ppm (upper red lines), which are assigned to
overlapping signals from sites SiSb and Si6. These results reflect
the two shorter Si—O—Si covalent interconnectivity paths
between the Q* S2b silanol moieties and Q* sites at the
intralayer channel surfaces (Si2b—O—Si4b—O—SiSb and Si2b—
0-Si3—0-S8i6). These relatively short three-site connectivity
paths are consistent with model 2 and shown in red in Figure
7c.

The high signal sensitivity and spectral resolution of the 2D
DNP-enhanced J-mediated *’Si{*Si} spectrum of calcined
zeolite Si-SSZ-70 thus provide direct evidence of the presence
of two distinct types of Q silanol species in the material. One
has covalent connectivities that are consistent with model 1 and
the other with model 2. Neither model alone is consistent with
all of the observed connectivities. Although the *Si signals
overlap in the quantitative 1D single-pulse *’Si MAS NMR
spectrum in Figure 9b, the enhanced resolution of the 2D
DNP-NMR spectrum enables the positions and line widths of
partially resolved *Si signals in the single-pulse spectrum to be
deconvoluted with confidence and their relative integrated
intensities and site populations quantified. Noting that the
percentages of Q” sites in models 1 and 2 are distinct (3% and
9%, respectively), we estimate that S0 = 10% of the calcined Si-
SSZ-70 material is structurally consistent with model 1 and 50
+ 10% with model 2. The estimated uncertainties arise from
the low absolute quantities of Q* moieties in the material (ca. 6
+ 1%) and the *Si signal fits.

Structure of Calcined SSZ-70. The framework structure
of calcined SSZ-70 can then be described as a polytype of
MWW, with an almost random ABC-type stacking of
MWWIayers to create the framework shown in Figure S.
Each layer is translated by (x + 1/3,y + 2/3) or (x + 2/3, y +
1/3) with respect to the previous one, with a probability of 50%
for either translation. Our simulations show that some short-
range ordering, where ABA has a slightly higher chance of
occurring (60%) than ABC (40%), is present. The isolated
silanol groups protruding into the interlayer space and pointing
toward the pocket of the adjacent layer in Figure Sb are only
present 50% of the time. When they are absent, a nest of three
silanol groups is present (Figure 7). A model for calcined Si-
SSZ-70 with these stacking probabilities and a 50% occupancy
of the Silb and O1b sites results in a diffraction pattern that
shows good agreement with the observed data (Figure 10). The
average structure can be described in P6;/mmc symmetry with
a=14.227 A and ¢ = 49.806 A as an ABAB stacking of MWW
layers. Prominent examples in zeolite structures with similar
stacking disorder include the ABC-6 family’' and the FAU/
EMT systems.””

Despite the disorder, the regions between the layers are
topologically identical. The layers are connected via widely
spaced bridging oxygen atoms, forming elongated 14-ring
windows lying along (110), with free dimensions of 4.0 A X

Figure 10. Observed (blue) and simulated (red) pattern generated by
DIFFaX for calcined Si-SSZ-70, corresponding to a 50/50 mixture of
models 1 and 2 with a 60% chance of short-range ABAB ordering of
the layers.

11.5 A (Figure 11a, b). The terminal SiOH groups in models 1
and 2 act as additional obstacles for diffusion through the

Figure 11. Effective pore opening of the 14-ring window for (a) model
1 and (b) model 2. The van der Waals radius of O (1.35 A) has been
taken into account in calculating the distances. (c) Schematic
representation of the interlayer region along (110) showing the two
possible arrangements. The terminal and layer-bridging O atoms are
shown in red, but the others have been omitted for clarity.

channels. These pores form a 2D channel system between the
MWW layers that is very different from that in the MWW
framework structure. In calcined Si-SSZ-70, there are only half
as many oxygen bridges between the layers as in ITQ-1
(MWW). The other half are replaced by silanol groups (either
isolated or nests of three) opposite the 12-ring pockets of the
adjacent layer. From the NMR results, we estimate that there
are approximately equal numbers of the two types of silanol
species (Figure 11c). This corresponds to four —SiOH groups
per MWW layer in the unit cell, in good agreement with the
value of 3.3 estimated in earlier work.'*

Catalytic Aspects. With this greater insight into the
organization and distinction of silanol groups at the SSZ-70
interlayer surfaces, new opportunities and challenges for the
development of newer catalysts based upon SSZ-70 arise. The
reduced number of potential linkages between MWW layers in
the as-synthesized form of SSZ-70 (compared with MWW-type
materials) may explain why it is such a good candidate for
delamination using milder nonaqueous treatment conditions. A
high degree of externally exposed surface area is achieved while
leaving the intrinsic structure intact. Even without the detailed
understanding presented here, Katz and co-workers have
already produced some exceptional Lewis acid catalysts based
on SSZ-70 by inserting tin>? or titanium®"* (in place of boron in
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B-SSZ-70) into the cups on the interlayer surface. The latter
catalyst seems to exceed commercial materials in performance
for partial oxidation reactions.

With the structural details of Si-SSZ-70 that have been
learned in this study, new possibilities for enhancing the
performance of a class of catalysts that are already active and
performing well can be envisaged. Indeed, Aigner et al. recently
showed that the delamination procedure for Ti-SSZ-70
materials has a significant effect on catalytic performance.>
Another question is whether the location of the substituting
heteroatom can be controlled differentially to create single-site
catalysts with a variation in the environment around the site.

Further Points of Discussion. Recently, the structure of a
new zeolite, ECNU-S, synthesized by rapid dissolution—
recrystallization of an MWW-type material was reported.*®
We were surprised to discover that the powder pattern of
ECNU-S closely resembles that of calcined Si-SSZ-70.
However, the structure of ECNU-S5 was described as an
intergrowth of two polymorphs with ABAB and ABCABC
stackings of MWW layers. We believe that our model for
calcined SSZ-70 with an almost random stacking sequence fits
the data for ECNU-5 better than the intergrowth model. This is
most noticeable in the 12—13° 20 region in the XRPD pattern
of ECNU-35, where it exhibits two small reflections. With the
intergrowth model, one of these is absent, while the other is
greatly overestimated. Both are present in the simulated data
for the disordered model for calcined SSZ-70 (~6° 26 in Figure
10) and have intensities comparable to the observed data. For
completeness, we also compared the ECNU-S intergrowth
model with our data, but the match was much worse than with
the simpler random stacking model.

A wide variety of layer packing possibilities in the MWW
family has been discovered.”” However, one with lateral
disorder was missing until ECNU-S and now SSZ-70 were
reported. Roth and Dorset have classified each type of layer
stacking (conventional, layered ordered/disordered, delami-
nated, swollen/pillared), and they showed how each type can
be identified with a few unique features in the low angle region
of the XRPD diffraction patterns. To extend their classification,
the diffraction pattern of SSZ-70 can be distinguished clearly on
the basis of the characteristic broad reflection at 4.0° 26 in
Figure 3 (d = 10.0 A) or 8.8° 20 with a laboratory instrument
(Cu Ka radiation).

B CONCLUSION

For the determination of the structures of complex polycrystal-
line materials, conventional methods are rarely sufficient, so
information from different sources must be combined.**”*
This process is much like solving a puzzle, where data and
constraints over multiple length scales must be analyzed to
establish a structure (or distribution of structures) that is
consistent with all data. Sometimes such data simply provides
independently corroborative information, but for SSZ-70, the
HRTEM images, synchrotron XRPD data, and DNP-enhanced
2D NMR spectra, each provided crucial and complementary
insights. Specifically, the HRTEM images provided evidence
that the framework structure of calcined Si-SSZ-70 is a polytype
of MWW consisting of laterally displaced MWW layers, the
initial XRPD data analysis yielded the unit cell and space-group
symmetry, and 1D *°Si MAS NMR data indicated that only half
of the silanol groups condensed upon calcination. With this
information, it was possible to build an initial model of the
structure. A more accurate description of the disordered

stacking of the MWW-layers could then be derived from the
XRPD data. Finally, the combined sensitivity and resolution of
the DNP-enhanced 2D *Si{'H} and *’Si{*Si} NMR analyses
established the types and bonding environments of terminal
—SiOH groups at the interlayer surfaces. Three state-of-the-art
characterization techniques were used to probe different
structural aspects of calcined SSZ-70, ranging from the long-
range average structure (>500 nm) to short-range stacking
sequences (ca. S0 nm) to local atomic-level compositions and
structures (<1 nm). The combination is particularly well suited
to the investigation of materials with complex partially
disordered structures that cannot be resolved with conventional
X-ray diffraction analysis alone.

Obtaining detailed structural information for zeolites at
natural isotopic abundance of *Si (4.7%) from solid-state *Si
NMR has previously been challenging because the low
sensitivity of conventional methods made it unfeasible to
determine the covalent *?Si—O—2’Si interconnectivities within
the framework. However, by exploiting DNP-enhanced NMR
techniques, which dramatically increase ¥Si NMR signal
sensitivity, the interconnectivities and the relative proximities
of different framework silicate sites have been established, even
for natural abundance *Si in calcined zeolite Si-SSZ-70.

The deeper understanding of the structural details of SSZ-70
realized in this study are expected to enable further develop-
ment toward new single-site selective heterogeneous catalysts
via carefully controlled chemical modification.
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Figure S1. Observed (blue), and calculated (red) patterns corresponding to model 1, model 2, and
a 50/50 mixture of models 1 and 2 generated by DIFFaX for calcined Si-SSZ-7o0.

Figure S2. Comparison of the observed data for calcined Si-SSZ-70 (blue), and those calculated
by DIFFaX with varying degrees of short-range ABAB ordering. Here, 50% corresponds to truly
random stacking sequence (P(AB — A) = P(AB — C) = 0.5), 100% corresponds to long-range
ABAB ordering (P(AB - A) = 1.0, P(AB — C) = 0.0), and anything inbetween corresponds to
a preference for short-range order (i.e. a higher probability of the layer following AB being A rather
than C).
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HRTEM image simulation

A structure model of the as-synthesized SSZ-70 (P6;/mmc, a = 14.223 A, ¢ = 53.786 A) was built
by stacking the MWW layers as overlaid in Figure 4a, with half of the terminal Si atoms in
adjacent MWW layers aligned with one another. Image simulation was done using JEMS' for
varying crystal thicknesses and defocus values. The best match between the simulation and the
experimental images was found at a crystal thickness of 71 nm and a defocus value of -85 nm.

Sensitivity enhancements provided by DNP-NMR

DNP-enhanced MAS NMR techniques at low temperatures (ca. 100 K),> provide significantly
enhanced NMR signal sensitivity that allows the detection and analysis of heteroatom and 29Si
environments in zeolites at natural 2°Si isotopic abundance (4.7%).°" The DNP NMR
experiments use continuous microwave irradiation at ca. 100 K to transfer high electron spin
polarization from stable nitroxide biradicals, such as TEKPol,” via hyperfine interactions to 'H
nuclei of frozen DNP solvent molecules, such as 1,1,2,2-tetrachloroethane (TCE), which was used
here. The hydrophobic solvent TCE was chosen so as not to perturb the structure or hydration
environments of 29Si species in the zeolite framework. The DNP-enhanced 'H spin polarization
was distributed by 'H-'H spin diffusion through the frozen solvent to other nearby (<1 nm) solvent
molecules, to the surface of the zeolite particles, and into the nanopores. Subsequently, DNP-
enhanced 'H polarization was transferred via 2Si{'H} cross-polarization (CP) to *°Si nuclei in the
zeolite framework, resulting in more than an order-of-magnitude enhancement in *Si signal
intensity. Such increased signal sensitivity enables the measurement of two-dimensional (2D)
29Gi{29Si} correlation spectra, which as discussed below have been challenging to acquire for
nuclear-dipole-mediated (through-space) measurements and entirely unfeasible for J-mediated
(through-covalent-bond) measurements, without expensive isotopic enrichment in 29Si.

Q% and Q*?°Si environments in natural abundance calcined Si-SSZ-70

Molecular interactions among organic solvent molecules, residual SDA molecules, adsorbed
water, and framework Q3 and Q* silicate species in calcined zeolite Si-SSZ-70 are established by
using 2D DNP-enhanced NMR methods to measure and correlate their respective isotropic
chemical shifts. For example, 2D Si{*"H} or 3C{'"H} DNP-enhanced HETeronuclear CORrelation
(HETCOR) methods selectively detect 29Si or 3C or species that are dipole-dipole-coupled to 'H
nuclei that are in close molecular proximities (<1 nm). The resulting 2D NMR spectra are plotted
as 2D frequency contour maps with normalized 'H and 29Si or 3C chemical shift axes (Hz/MHz
or ppm), such as shown in Figures 8, 9, Error! Reference source not found., and S5 where the
2D intensity correlations establish the site-specific interactions and relative proximities of
dipole-dipole coupled *Si or 3C and 'H nuclei. For example, the 2D DNP-enhanced **Si{*H}
HETCOR spectra in Figures 8 and Error! Reference source not found. demonstrate that Q3 -
SiOH moieties in the calcined zeolite Si-SSZ-70 framework exhibit hydrogen bonding
interactions that are consistent with structural Models 1 and 2. The 2D spectra yield improved
spectral resolution compared to the 1D *°Si{'H} CPMAS spectra shown above the 2D contour
maps, which enables the detection of a number of distinct correlated 'H-*9Si signals. Spectral
resolution in the 'H dimension is improved by the application of 'H-'"H homonuclear decoupling
during the evolution time to mitigate the influence of strong 'H-'H dipolar interactions among
'H nuclei on the Si-SSZ-70 framework and TCE solvent molecules. To demonstrate the improved
resolution of the 2D spectra, Figure S4 shows 1D slices extracted at 'H shifts of 4.0, 7.2, and 8.8
ppm from the 2D spectrum acquired at very short *Si{'H} contact times (0.2 ms) in Figures 8 and
Error! Reference source not found.a. Different *9Si signals at -96, -99, -105, -110, -113, and -114
ppm are each resolved in at least one of the horizontal slices, indicating that the different *9Si
species are in close molecular proximity within 0.5 nm for short contact times, e.g., 0.2 ms) to 'H
moieties at the corresponding 'H chemical shifts. For example, in the 2D spectrum acquired at
very short *Si{'H} contact times (0.2 ms) in Figures 8 and S3a, 'H signals are detected in the
chemical shift range 2.0 to 4.4 ppm from relatively isolated -SiOH groups that are correlated with
29Si signals in the range -95 to -103 ppm from silanol Q3 2Si species, as expected, and also at -105
ppm from Q4 29Si species that are in close proximities to silanol moieties such as Si2b in Model 1.
The presence of isolated silanol groups that exhibit little hydrogen bonding is consistent with
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models 1 and 3 of calcined Si-SSZ-70 shown in Error! Reference source not found.10. There are
also 'H signals at 6.5 and 7.2 ppm which arise from the DNP solvent (1,1,2,2-tetrachloroethane,
TCE) which are correlated with all of the 2Si signals, indicating that the TCE solvent molecules
have entered into the zeolite nanopores, and are present both in the inter- and intralayer channel
systems.
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Figure S3. Solid-state DNP-enhanced 2D *9Si{'H} dipolar-mediated HETCOR spectra of calcined
Si-SSZ-70 acquired in the presence of 16 mM TEKPol biradical in frozen tetrachloroethane, at 9.4
T, 95 K, 8 kHz MAS, with microwave irradiation at 263 GHz, and with different contact times of
(a) 0.2 ms (same spectrum as Figure 8) and (b) 5 ms. 1D »Si{'H} DNP-CPMAS spectra acquired
under the same conditions are shown along the horizontal axes for comparison with the 1D
projections of the 2D spectra. The signal-to-noise ratios of the 2D spectra in (a) and (b) are 1 and
67, respectively.

Importantly, high frequency 'H signals in the chemical shift range 8 to 10 ppm arise from H-
bonded -SiOH groups that are correlated with >9Si signals from 3 silanol species at -93 to -103
ppm, and also with 29Si signals from Q* species at -105 to -115 ppm. 'H signals from H-bonded
-SiOH groups over this range of 'H frequencies are consistent with predictions based on empirical
relations for 'H isotropic chemical shifts as functions of -SiOH-OSi- distance in silicate
glasses and minerals.1314 The shortest -OH-O distances (2.8 A) associated with -SiOH--OHSi-
hydrogen bonds in Models 2 and 3 (Error! Reference source not found.9) are consistent with
the 'H signals in the region 8-10 ppm. The presences of both isolated and strongly H-bonded -
SiOH species are consistent with all three of the candidate structures proposed for calcined
zeolite Si-SSZ-7o0.

All of the distinct *°Si moieties present in the calcined zeolite Si-SSZ-70 are in close molecular
proximities to each other, as established by the 2D 29Si{*H} DNP-HETCOR spectrum acquired at
a longer contact time (Figure S3b, 5 ms). The spectral resolution is reduced at the longer contact
time because the spectrum manifests longer range *°Si-'H interactions, such that each *°Si signal
is correlated with a broader distribution of 'H signals than at shorter contact times. Nevertheless,
different 'H signals are detected at 2.2 to 3.0 ppm from isolated -SiOH groups, 6.3 to 6.7 ppm
from frozen TCE solvent molecules, and 9.5 ppm from H-bonded -SiOH groups. Importantly,
these 'H signals are all correlated with broad 2°Si signals with partially-resolved peak maxima at
-96, -99, -105, -11, and -3 ppm, establishing the close mutual proximities (<1 nm) of the
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corresponding 2°Si and 'H environments. These results suggest that the different types of -SiOH
moieties are intermixed over nanoscale dimensions.

(@)

H projection

Isolated |35/ ....ccauen-..a
-SiOH 14.0°

PP |85 Arsenanilia Jic
solvent | R

H-bonded
-SiOH

Sg0  -100 -110  -120 ppm T80 -100  -110 -1%0 ppm
2Sj chemical shift 2Sj chemical shift

Figure 4. (a) Solid-state DNP-enhanced 2D *Si{'H} dipolar-mediated HETCOR spectrum of
calcined Si-SSZ-70 acquired in the presence of 16 mM TEKPol biradical in frozen
tetrachloroethane, at 9.4 T, 95 K, 8 kHz MAS, with microwave irradiation at 263 GHz, and with
a 0.2 ms contact time (same spectrum as Figures 8 and S3a). (b) Horizontal *9Si slices extracted
from the DNP-enhanced 2D *Si{'H} dipolar-mediated HETCOR in Figure S3a at 'H shifts of 4.0,
7.2, and 8.8 ppm. Dotted lines indicate the different Si signals resolved in the 2D spectrum.

Residual OSDA in calcined SSZ-70

Interestingly, a small quantity of the organic N,N-diisobutyl imidazolium cation structure
directing agent (SDA)1516 used in the synthesis of Si-SSZ-7o is present in the calcined material,
though was removed on subsequent drying of the sample at 200 °C. The small quantity of the
organic SDA in calcined Si-SSZ-70 gives rise to 'H signals that are assigned in the 2D 3C{'H} DNP-
HETCOR spectrum in Error! Reference source not found.s5. This spectrum yields improved 'H
spectral resolution compared to the 1D single-pulse 'H spectrum that shows only a single broad
signal at 6.1 ppm from 'H moieties on the TCE solvent. The 2D 3C{*"H} DNP-HETCOR spectrum
enables the detection of additional 'H signals at 7.2 and 8.8 ppm that are correlated with the 3C
signals at 131 and 122 ppm from imidazole carbon atoms 1 and 2, as indicated in the inset to the
2D spectrum, and are assigned to two different 'H imidazole moieties. A 'H signal is also detected
at 2.8 ppm, which is correlated to 3C signals at 59 ppm from carbon atoms 3 on the imidazole
cation and is thus assigned to 'H alkyl species. No correlated signal intensities from 3C atoms 4
and 5 are detected in the 2D BC{'"H} DNP-HETCOR spectrum, likely because of the low absolute
quantity of SDA molecules in the material and spectral broadening due to the freezing out of
motions of alkyl sidechains on the SDA molecules at the low temperature conditions (95 K) used
for DNP-NMR experiments. Furthermore, the percentage of residual SDA species can be
estimated by comparing the relative integrated intensities of the 3C signals resolved in the 1D
BC{*H} DNP-CPMAS spectrum shown above the 2D spectrum in Error! Reference source not
found.s, which is dominated by a 3C signal at 75 ppm from frozen DNP solvent TCE molecules.
Weak 3C signals from residual SDA species are also detected at 131, 123, 59, 31, and 16 ppm from
BC atoms 1-5, respectively, on the SDA molecule as indicated in the inset to the 2D spectrum.
While 1D 3C{'"H} DNP-CPMAS NMR measurements are not strictly quantitative, by assuming that
the BC signals from the frozen TCE and organic SDA molecules are all enhanced equally by DNP
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(ec ~60) and have similar 3C spin-spin and 'H spin-lattice relaxation times, we estimate that the
residual SDA comprises <0.4 wt% of the calcined Si-SSZ-70. The residual OSDA was removed by
drying the calcined Si-SSZ-70 sample at 200 °C as described in the Experimental section, after
which the spectra in Figures 8, 9, Error! Reference source not found., S4, S7b, S8, and Sg were
acquired.

Figure S5. Solid-state 2D 3C{"H} DNP-HETCOR spectrum of calcined zeolite Si-SSZ-70 (without
first drying at 200°C), acquired in the presence of 16 mM TEKPol biradical in frozen
tetrachloroethane, at 9.4 T, 95 K, 8 kHz MAS, with a contact time of 0.5 ms, and with microwave
irradiation at 263 GHz. A single-pulse 1D 'H MAS NMR spectrum and a 1D 3C{*"H} DNP-CPMAS
spectrum acquired under the same conditions are shown along the vertical and horizontal axes,
respectively, for comparison with the 1D projections of the 2D spectrum. The inset shows a
schematic diagram of the N,N’-diisobutyl imidazolium cation used as a structure-directing agent
in the synthesis of SSZ-70.

Detecting and correlating covalent 2°Si-O-°Si linkages

To establish unambiguously the covalent 29Si-O-*Si connectivities that distinguish the
different interlayer structures of calcined Si-SSZ-70, the DNP-enhanced 2D 29Si{>9Si} J-mediated
correlation spectra (Figures o9a, S7yb, S8, and Sg) were acquired using the refocused
INADEQUATE pulse sequence.7® A schematic diagram of the DNP-enhanced j-mediated
refocused INADEQUATE pulse sequence is shown in Figure S6. Through-bond J interactions
between pairs of 29Si nuclei are relatively weak (ca. 10-15 Hz), so that such measurements are
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sensitive principally to 29Si-O-2Si nearest neighbor tetrahedral (T) site pairs. Due to the weak J
interactions, such through-bond-mediated measurements have inherently low sensitivity. As a
consequence, until recently the application of 2D 29Si{>9Si} J-mediated NMR analyses of silicate
solids has been limited to materials prepared with isotopic enrichment in 2Si.!® The sensitivity
enhancements provided by DNP-NMR techniques enable the detection and analysis of covalently
bonded 29Si-O-Si moieties in solids at natural isotopic abundance of 29Si (4.7%). Analyses of
DNP-enhanced 2D 29Si{*Si} J-mediated correlation spectra have recently been used to study the
connectivities of organosiloxane species grafted onto silica nanoparticles,® and elucidate the
crystallization mechanisms of mesostructured zeolite framework structures.”

Figure S6. Schematic diagram of the DNP-enhanced 2D 29Si{*9Si} CP-mediated refocused
INADEQUATE experiment™7*® used to acquire the 2D 29Si{>9Si} spectra in Figures 9, S7, S8, and
Sgb. The rotor-synchronized delay time t refocuses the chemical shift interaction and was
experimentally optimized as discussed in the Experimental Section. The double-quantum
coherences evolve during the incremented delay period t, and the signal is detected directly
during the acquisition period t..

The efficiency of the refocused INADEQUATE experiment depends on the ratio of the spin-
spin relaxation time 7>, as measured by a spin-echo experiment, to the apparent spin-spin
relaxation time T-*, which can be extracted from signal linewidths. The T>'/T-* ratio provides a
measure of the extent of magnetization loss during the relatively long r-7-t periods that refocus
the 29Si-9Si J interactions. A larger ratio (> 10) indicates that a greater fraction of the signal can
be refocused, with higher resulting overall efficiency of the experiment.”” The 29Si T- relaxation
time of calcined Si-SSZ-70 was measured by a spin-echo experiment under the same experimental
conditions used to acquire the DNP-enhanced 2D 29Si{*°Si} J-mediated correlation spectra, and
found that T. = 13.5 + 0.3 ms for all of the 29Si signals. The T-.* times were estimated from
deconvolution of the 2°Si spectra, and range from 0.8 to 1.2 ms for the different >9Si signals. The
ratio of 2°Si T>'/T>* is thus 11 or greater, indicating that approximately 9o% of the spectral line
width is due to inhomogeneous effects that are refocusable by the J-mediated experiment. The
efficiency of the experiment is therefore high, consistent with previous refocused INADEQUATE
analyses on partially-ordered solids. The large inhomogeneous components of the 2°Si linewidths
likely arise from distributions of chemical shifts, due in part to the different types of interlayer
structures, as well as to distributions of local *9Si environments arising from interactions with the
frozen TCE DNP solvent molecules.

Comparison of through-bond and through-space DNP-enhanced 2D ?°Si{*Si} J-
and dipolar-mediated correlation spectra

Compared to J-mediated spectra, dipolar-mediated spectra rely on through-space interactions
between 29Si-*9Si spin pairs, which, while stronger than J interactions, can arise from both
covalently linked or non-covalently linked framework sites and thus are inherently ambiguous.
Dipolar-mediated 2D >9Si{>9Si} spectra yield greater signal sensitivity, and so for comparison with
the DNP-enhanced 2D >9Si{>9Si} J-mediated correlation spectrum of calcined Si-SSZ-70 (Figures
9a, S7b, S8b, and Sg), a dipolar-mediated analogue was acquired (Figure S7). The dipolar-
mediated spectrum was acquired using symmetry-based SR264u dipolar recoupling’®*° and with
a short recoupling time (3.4 ms) expected to yield good selectivity for 29Si-9Si spin pairs that are
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< 5 A separate.” Similar 2D intensity correlations are present in both the dipolar and J-mediated
spectra (Fig. S7b), consistent with the expected signal contributions to the dipolar-mediated
spectrum from pairs of nearest-neighbor Si sites. However, the dipolar-mediated spectrum also
exhibits a partially-resolved on-diagonal correlation at -105 ppm (blue box in Figure S7a) from
through-space interactions between next-nearest-neighbour Q4 Siza-Si2a and Si2b-Sizb pairs.
The signal arises because the Siza-Siza or Sizb-Sizb distance is relatively short (4.2 A), and
because Q* Si2a and Siz2b together comprise a substantial fraction (ca. 13%) of the >9Si species in
the material, with relatively narrow 29Si signals that are well-resolved in the 2D dipolar-mediated
spectrum. Because of the potential for ambiguity with the dipolar-mediated analyses, we have
emphasized the J-mediated analyses, which provide clear unambiguous evidence for the different
types of 29Si-O-29Si covalent linkages that are crucial to understanding the interlayer structure of
calcined Si-SSZ-70. In the past, dipolar-mediated spectra were principally used in spite of the
ambiguities, because the weak J interactions and low (4.7%) isotopic abundance of >9Si rendered
2D Si{>Si} J-mediated correlation spectra entirely unfeasible to acquire without isotopic
enrichment in 29Si. Acquisition of 2D 29Si{>9Si} J-mediated correlation spectra has been enabled
here on natural abundance materials by enhancements provided by DNP-NMR.

Figure S7. Solid-state DNP-enhanced 2D 2Si{*Si} dipolar-mediated correlation spectrum of
calcined Si-SSZ-70 acquired at 9.4 T, 298 K, 4.6 kHz MAS, and using symmetry-based SR26%,
dipolar recoupling with 3.4 ms excitation and reconversion blocks to reintroduce the 29Si-*9Si
dipole-dipole couplings. A 1D Si{'H} DNP-CPMAS spectrum acquired at 8 kHz MAS but under
otherwise the same conditions is shown along the vertical axis for comparison with the 1D
projection of the 2D spectrum. The signal-to-noise ratio of the 2D spectrum is 17. (b) Comparison
of the DNP-enhanced 2D *Si{*Si} J- (red, same spectrum as Fig. ga, S6b, and S7) and dipolar-
mediated (blue, same spectrum as (a)) correlation spectra of calcined Si-SSZ-7o.

Comparison to ITQ-1

To better identify and assign the 29Si signals in the DNP-enhanced 2D 29Si{*Si} J-mediated
correlation spectrum of calcined Si-SSZ-70 (Figure 9a), a similar DNP-NMR analysis was
conducted on an ITQ-1 sample (Error! Reference source not found.). An impurity phase was
identified in this ITQ-1 sample by synchrotron XRPD, which contributes to the overall signal
sensitivity of the 2D J-mediated spectrum and gives rise to a number of correlated signals in the
DNP-enhanced 2D J-mediated >9Si{>9Si} spectrum in Figure S8a that have not been assigned and
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overlap with some of the *Si signals from sites in the ITQ-1 framework. Nonetheless, several >9Si
signals can be resolved and assigned to key structural features that are shared by both ITQ-1and
calcined zeolite Si-SSZ-70. Specifically, the signal at -105 ppm is assigned to Si2 on the basis of
past 29Si NMR analysis of ITQ-1>> and semi-empirical 29Si shift calculations as described in the
main text. This signal is correlated to partially-resolved *9Si signals at -112 and -u13 ppm (blue
lines) which are assigned to Si3 and overlapping signals from Sig and Sii, respectively.
Assignment of the remaining signals resolved in the spectrum in Error! Reference source not
found.a to the >9Si T-sites in ITQ-1is impeded by the presence of the impurity phase and the low
signal-to-noise ratio of the J-mediated spectrum. However, comparison to the analogous
spectrum of calcined Si-SSZ-70 (Figure S8b) shows that the signals from Si2 (or Sizb), Sig (or
Sigb), Si3, and Si1 (or Si1a) are in similar shift positions for both materials. Key differences include
broader *9Si signals in the spectrum of calcined Si-SSZ-7o0, likely due to the presence of distinct
but very similar T-sites (e.g., Sisa/Sisb, Si8a/Si8b, etc.) which have overlapping 2Si signals.
Signals in the 2D spectrum of ITQ-1 that do not overlap with the spectrum of calcined Si-SSZ-70
likely arise from the impurity phase. Notably the signals from Si2, Si3, and Si4 Q* T sites are
similar for both materials, enabling the more detailed analysis and assignment of the 29Si
spectrum of calcined Si-SSZ-70 discussed below and in the main text.

Figure S8. (a) Solid-state DNP-enhanced 2D *Si{>Si} J-mediated correlation spectrum of ITQ-1.
A 1D »Si{'H} DNP-CPMAS spectrum acquired under the same conditions is shown along the
horizontal axis for comparison with the 1D projection of the 2D spectrum. Signals assigned to an
impurity phase are indicated by asterisks. The inset shows the structure of ITQ-1 with all T-sites
labeled, adapted from [*3]. The signal-to-noise ratio of the 2D spectrum is 4. (b) Comparison of
the DNP-enhanced 2D *Si{*°Si} J-mediated correlation spectra of ITQ-1 (blue, same spectrum as
(a)) and calcined Si-SSZ-70 (red, same spectrum as Figure 9a).

Covalent framework 2°Si-O-2°Si connectivities in calcined Si-SSZ-70

As discussed in the main text, multiple covalent connectivities among distinct Q3 and Q* *9Si
species that are consistent with the proposed structural models of calcined zeolite Si-SSZ-70 are
resolved in the 2D 29Si{*Si} DNP-enhanced J-mediated correlation spectrum shown in Figures
93, S7b, S8b, and Sg. The spectrum is dominated by broad *9Si signal intensity that straddles the
diagonal centered at -114 ppm, which arises from overlapping signals associated with covalently
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bonded *9Si-O-2°Si moieties among the different framework Q* sites in calcined zeolite Si-SSZ-
70. *°Si signals in the spectral region -105 to -122 ppm are assigned to Q* T-sites in the MWW-
type layers of calcined Si-SSZ-70, and their shifts are consistent with past results on similar
zeolites*>* and shift values calculated using the proposed models of calcined zeolite Si-SSZ-70
and well-established semi-empirical relationships.!®?* The signals are broadened due to
interactions with frozen TCE solvent molecules in the zeolite nanopores; nevertheless, the
resolution provided by the 2D spectrum is sufficient to partially resolve pairs of correlated signal
intensity at *Si indicated by the solid lines in Figure Sg9, which arise from the covalent
interconnectivities of different framework T-sites. These 29Si signals are tabulated and assigned
on the basis of their shift values and covalent connectivities in Table S1. We note that the signal
at -95.0 ppm from Model 2 Sizb silanol moieties is missing its correlated signal pair, which is
expected to be at ca. -112 ppm and is probably absent because of the low absolute quantities of
the corresponding *9Si species and differences in T spin-spin relaxation times.

Figure Sg. Solid-state DNP-enhanced 2D *Si{*Si} J-mediated correlation spectrum of calcined
Si-SSZ-70 (same spectrum as Figures 10a and S6b). A 1D *Si{'H} DNP-CPMAS spectrum acquired
under the same conditions is shown along the vertical axis for comparison with the 1D projection
of the 2D spectrum. 2D intensity correlations associated with covalent connectivities of Q3 and
QQ* *9Si species that are consistent with model 1 and model 2 are indicated by blue and red lines,
respectively, while those associated with Q* 29Si-O-*°Si connectivities shared by both models are
indicated by black lines. The signal-to-noise ratio of the 2D spectrum is 15.
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Table S1. 2°Si NMR signal assignments to *9Si sites in calcined Si-SSZ-70, based on the DNP-
enhanced 2D 29Si{>9Si} J-mediated NMR results.

2Si chemical shift (ppm) | Type Assignment
:gg:g Q? Si2b (Model 2)
-97.5
-98.5 . Si2b (Model 2)
299.0 Q Si1h (Model 1)
-101.0
-105.5 o Si2b (Model 1)
-105.7 Si2a
-108 Q* Siba
-110 Q* Si4b, Sida
-111
-112 Q* Sidb, Sida, Si3
-113
-114 Q* Sidb, Sida, Si3, Si5h
-116 Q* Si5h, Si6
-118
-120 Q* | Si7a, Si7h, Si8a, Si8b
-121

Model 3

Initially, we hypothesized a third model, referred to as Model 3, where another 3-ring takes the
place of the terminal SiOH (Error! Reference source not found.10). In comparison to Models
1and 2, there is less compelling evidence for the candidate structure depicted in Model 3. Based
on *Si shift values calculated from semi-empirical relations,’>* Q4 T-sites S2b and Si3 in Model
3 would be expected to exhibit overlapping *Si signals in the range of -107 to -110 ppm, while Q*
T-sites Sigb and Si5b would exhibit 29Si signals in the ranges of -116 to -119 ppm and -118 ppm to -
121 ppm, respectively. Thus, the four-T-site covalent interconnectivity paths between the
(3 silanol moieties and the Q+ T-sites in the MWW cages (Si19-O-Si12-O-Sii4-O-Si15 and Si1g-O-
Si12-0-Si3-0-Si6) expected for model 3 would yield distinct correlated *Si signal pairs at
approximate shift values of (-95, -109) for Siic-O-Si2b, (-109, -116) from Si3-O-Si6, (-109, -118) from
Si2b-O-Si4b, and (-118, -120) from Si4b-O-Sisb. Broad signal intensity in these regions is detected,
which could possibly be assigned to Q3 and Q#* T-sites in Model 3, though which are not resolved.
If present, such correlated pairs of signals could not be distinguished from those associated with
interconnected Q* 29Si T-sites in the intralayer channel which are expected to be the same for all
three candidate structures. Thus, while Model 3 cannot be definitively ruled out, the absence of
clear evidence for silicate T-site structural connectivities that are assignable to Model 3 suggests
that this candidate structure is less likely to be present, within the resolution limits of the
measurements. In contrast, the 2D DNP-enhanced J-mediated 2°Si{*Si} NMR correlation
spectrum of calcined Si-SSZ-70 provides clear evidence for the presence of distinct Q3 silanol
species with covalent connectivities that are consistent with candidate structural Models 1 and 2,
as discussed above. Additionally, the total quantity of (3 silicate species present in the material
is ca. 6% (Figure gb),which is consistent with roughly 50% of calcined Si-SSZ-70 being
structurally consistent with Model 1 and 50% with Model 2.
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Figure Si0. Proposed candidate structures of calcined zeolite Si-SSZ-70 showing the differences
in interlayer structure with the distinguishing connectivities indicated with green lines for (a)
Model 1, (b) Model 2, and (c) Model 3.
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