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Abstract: The synthesis of the high-silica zeolite SSZ-61 using
a particularly bulky polycyclic structure-directing agent and
the subsequent elucidation of its unusual framework structure
with extra-large dumbbell-shaped pore openings are described.
By using information derived from a variety of X-ray powder
diffraction and electron microscopy techniques, the complex
framework structure, with 20 Si atoms in the asymmetric unit,
could be determined and the full structure refined. The
Si atoms at the waist of the dumbbell are only three-connected
and are bonded to terminal O atoms pointing into the channel.
Unlike the six previously reported extra-large-pore zeolites,
S§8Z-61 contains no heteroatoms in the framework and can be
calcined easily. This, coupled with the possibility of inserting
a catalytically active center in the channel between the terminal
O atoms in place of H", afford SSZ-61 intriguing potential for
catalytic applications.

Zeolites are crystalline aluminosilicate framework materials
with pores of molecular dimensions. It is the variability in the
structures of their well-defined pore systems that makes them
so attractive as shape-selective catalysts. A zeolite is typically
synthesized hydrothermally in the presence of an organic
cation, around which the aluminosilicate framework forms.
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Consequently, considerable effort has gone into creating
novel organic cations, also called structure-directing agents
(SDAs), with the hope that they, in turn, will help to direct the
formation of novel host frameworks.!'! Larger SDAs that are
still soluble in water, for example, might promote the
formation of zeolites with larger pores. If the crystallized
framework is an aluminosilicate, the SDA can usually be
removed easily by heat treatment leaving the porous frame-
work structure intact. In what follows, we describe the
synthesis of high-silica SSZ-61 using a particularly bulky
polycyclic SDA (Figure 1a), and the challenges that had to be
overcome to elucidate its unusual structure.
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Figure 1. SDA used in the synthesis of a) SSZ-61 (8-azonia-8,8-dieth-

yltetracyclo[4.3.3.1%°.0"%]tridec-3-ene), and b) SSZ-35 (8-azonia-8,8-
dimethyltetracyclo[4.3.3.1%%.0" ]tridec-3-ene).

An SDA is usually a quaternary ammonium compound
that is stable at elevated temperatures,””! although phospho-
nium cations have also been used.®* In the past we have
found it helpful to create families of SDAs built around
a particular organic entity. For example, using a Diels—Alder
strategy, Nakagawa brought together sources of reactive
dienes and dienophiles to build the skeleton of a polycyclic
hydrocarbon with some rigidity (Figure S1a in the Supporting
Information). This could then be transformed into a family of
organic cations that produced a series of different zeolites.!
Later, another layer of complexity was added to increase the
size of the SDA by using a bicyclic dienophile in the reaction
(Figure S1b). The variant with two N-Methyl groups shown in
Figure 1b has been found to be particularly selective for the
zeolite SSZ-351 (framework type STF!"®)), and its excellent
pore-filling function was confirmed by molecular modeling.”!

If one or both of the N-methyl groups is replaced with the
next largest candidate, ethyl, a new material, SSZ-61,
emerges, albeit under a much narrower set of hydrothermal
synthesis conditions than those found for SSZ-35. The
synthesis was performed in relatively dilute conditions using
fluoride rather than hydroxide as the mineralizer.">'? With
this fluoride route, high reactant concentrations, where the
Si-F interaction is significant, tend to produce multi-dimen-
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sional channel systems. In more dilute systems, where the
structure-directing influence of the fluoride is diminished,
one-dimensional channel systems and higher framework
densities are favored.'”! It is under the latter conditions that
SSZ-61 was synthesized,'*'! and its structure indeed proved
to be consistent with these trends.

For most applications, the organic guest species are first
removed from the zeolite by calcination at ca. 300-600°C,
leaving behind a porous host. Synchrotron X-ray powder
diffraction (XPD) data were collected on a sample of SSZ-61
that had been calcined in this way, but because the crystallites
of SSZ-61 are very fine needles (ca. 100 nm thick, Figure 2),

Figure 2. Scanning electron microscopy image showing the morphol-
ogy of SSZ-61. The scale bar is 5 um.

most diffraction peaks are broadened and the pattern was of
poor quality (Figure S2). Initial attempts to index the pattern
failed, but by using these data in conjunction with electron
diffraction data collected along different projections, a C-
centred monoclinic unit cell (a=25.03 A, b=530A, c=
19.99 A, f=104.5°) could be derived.

The short repeat distance along b indicated that SSZ-61
was likely to have a one-dimensional channel system in that
direction, in line with expectations emanating from the
synthesis conditions. A further transmission electron micros-
copy experiment showed that this short axis was aligned with
the needle axis of the SSZ-61 crystal. It was also noted that
the a and b parameters were very similar to those of the
framework types MTW (C2/m; a=25.6A, b=53A, c=
121 A, =109.3°) and SFN (C2/m; a=252A, b=53 A,
c=150A, $=103.9°), which are closely related to one
another. SFN can be described as a sigma expansion of
MTW (Figure S3).1!°!

Through-focus high-resolution transmission electron mi-
croscopy (HRTEM) images along different zone axes, each
series containing 20 images with fixed focus intervals, were
then collected. Structure projections were reconstructed from
the through-focus HRTEM images by compensating for the
effects of contrast transfer functions (CTFs) of the micro-
scope lenses and combining CTF-corrected images."”
Unfortunately, images along the channel direction (i.e.,
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Figure 3. Images of SSZ-61 reconstructed from a series of through-
focus HRTEM images. a) Lattice averaged image viewed along the
channel direction highlighting the connecting rings (yellow) and

a possible arrangement (blue) of 4-, 5- and 6-rings aroung the large
pore. b) Image showing an MTW-type intergrowth (yellow triangle).

down the needle axis) could not be obtained at first, so the
ultra-microtome technique was used to prepare suitable
samples. The resulting reconstructed images showed a large
elongated pore delimited by 4-, 5- and 6-rings very clearly
(Figure 3a). Furthermore, intergrowths of a 12-ring structure
(possibly MTW-type) could be identified (Figure 3b). With
this information, it was then possible to construct a framework
model for SSZ-61 with the layers common to SFN and MTW
connected by pairs of 5-rings to create a dumbbell-shaped 18-
ring pore (model A ; Figure 4a). The 5-rings connect down the
channel (parallel to the b axis) to form triple zigzag chains.
Unfortunately, this model contains a significant number of
Si atoms that are only two-connected (rather than four-
connected), and this is inconsistent with ¥Si MAS NMR
measurements, which revealed the presence of an unusually
large percentage of three-connected (Q%) Siatoms, with
a Q*:Q* ratio of 1:5, but no Q? Si atoms.

The early reconstructed HRTEM images showed a faint
line of contrast across the “waist” of the channels, which could
be because of truncation effects in the imaging, but could also
come from the structure. Therefore, model A was modified to
include a bridge of two T atoms across the channels, thereby
creating two 12-rings, eliminating the Q? Siatoms and
forming Q® Si atoms (model B; Figure 4b). The geometry of
this model could be optimized with a distance least-squares
(DLS) refinement," showing it to be intrinsically robust, and
the calculated XPD pattern looked promising.
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Figure 4. Structural models for SSZ-61. a) Model A with Q* Si atoms,
b) model B with two 12-ring channels, and c) model C with 18-ring
dumbbell-shaped channels. In each case, the [010] projection is shown
on the left, and the connecting chain down the channel on the right.
The triple zigzag chain is shown in green and the different connections
are highlighted in orange. Model C proved to be the correct one.
Bridging O atoms have been omitted for clarity.

In an attempt to obtain better quality XPD data,
synchrotron data were collected on an as-synthesized
sample of SSZ-61. This pattern was indeed better, though
still not good (Figure S4), and could be indexed directly using
the auto-indexing procedure in the program Topas!" (C-
centered; a=252370 A, b=5.0367 A, ¢=19.7500 A, p=
106.9°).

Unfortunately, Rietveld refinement™! of model B de-
scribed above did not converge. Furthermore, it became
apparent that there was not enough space in the 12-ring
channels with the terminal O atom protruding into the
channel to accommodate the bulky organic SDA, so the
model was modified once again. The connection across the
channel was removed to allow more space for the SDA, and
the problematic Q? Si atoms in model A were connected to
one another directly in a pairwise fashion along the channel
wall (model C; Figure 4c). In this way, the two-connected
Si atoms became three-connected. This adjustment required
that the b axis be doubled, the space group changed to P2/c,
the number of Si atoms per asymmetric unit be increased to
20, and the unit cell axes switched (a=19.8 A, b =101 A, c=
252 A, =106.9°).

With the DLS-optimized coordinates for model C, struc-
ture refinement using the Rietveld method as implemented in
Topas™ was started. Despite the mediocre quality of the
diffraction pattern, a difference electron density map gen-
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erated using just the framework structure showed clouds of
density within the pores of the zeolite, presumably indicating
the location of the SDA. Therefore, an idealized model of the
SDA was added to the refinement as a rigid body and its initial
location and orientation were found by applying the simu-
lated annealing routine in Topas. It was then converted to
a flexible model with geometric restraints for further refine-
ment.

The three-dimensional framework structure of SSZ-61 is
characterized by large 1-dimensional, dumbbell-shaped, 18-
ring channels running along the [010] direction (Figure 5).

Figure 5. Framework structure of SSZ-61 showing the 18-ring channels
and the location of the SDAs viewed a) down the channel and b) from
the side. The terminal O atoms are shown in red and other O and

H atoms have been omitted for clarity. Details of the effective pore
openings of c) the 18-ring and d) the window across the waist of the
18-ring. All O-O distances shown are in Angstrom and the O radius of
1.35 A has been subtracted.

Si atoms at the waist of the channel are only three-connected
and are bonded to terminal O atoms pointing into the
channel. The free distance between these terminal O atoms
across the channel is less than 1 A (assuming an oxygen radius
of 1.35 A). The effective pore openings of the two rings that
form the dumbbell (each defined by 11 O atoms) are
approximately 5.3 A x 6.1 A (Figure 5¢). Along the [100]
direction, the terminal O atoms form what could be viewed as
a window between the two halves of the channel, with an
effective opening of 6.9 A x 3.3 A (Figure 5d).

The framework structure is closely related to those of
ZSM-12 (MTW)? and SSZ-59 (SFN).*! All three have the
same layers; they differ only in the connection between these
layers. In MTW the layers are connected directly, creating
single zigzag chains running down the sides of the 12-ring
channel. In SFN the layers are separated by 4-rings, which
increases the c axis by 2.9 A and creates a 14-ring channel
with double zigzag chains. In SSZ-61, the connection is via
two 5-rings, extending the axis by 7.7 A and creating an 18-
ring channel with triple zigzag chains. The three chains are
linked in an alternating fashion to form a series of 6-rings, and
the 6-rings are spanned in turn by an additional Si atom to
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form two 5-rings, and these Siatoms are linked pairwise to
form mor units®! on both sides of the chains (Figure 4c).

Each half of the 18-ring channel in SSZ-61 contains one
SDA cation to give a total of four per unit cell (Figure 5). The
dumbbell-shaped pore provides room for the bulky part of the
SDA, and allows the positively charged N atom to lie near two
terminal O atoms. As in the case of SSZ-35, the framework
wraps tightly around the SDA, but in this case it wraps around
pairs of the organic cations. Of the 80 Si atoms per unit cell in
SSZ-61, eight are only three-connected, which is less than the
13 Q° Si atoms per unit cell expected on the basis of the NMR
data. We assume that the additional Q® Si atoms arise from
defects in the material. The fourth bond of these Q* Si atoms
is to a terminal O atom that protrudes into the 18-ring
channel. From charge balance considerations, it is likely that
four of the eight terminal O atoms are protonated and that
the four organic cations compensate for the charge on the
other four.

Although the HRTEM images show evidence of stacking
disorder in SSZ-61 (Figure 3b and S7), DIFFaX™ simula-
tions of different degrees of faulting (Figure S8) indicate that
the level is below 5 %. The fact that no reflections with odd k
(i.e. those requiring the doubled b axis, Figure S9) were
observed in 3-dimensional rotation electron diffraction
(RED) data,® prompted us to re-examine the structural
model. A second potential source of disorder involving the Q*
Si atoms was found. These Siatoms are linked along the
channel in a pairwise fashion, and two pairing arrangements
are possible (Figure S10). To model this disorder, four Si and
ten O atom positions were split and a second (constrained)
position and orientation of the SDA was added to the model.
All were assigned occupancies of 0.5. With this model, the
profile fit in the 5-10°26 region improved considerably
(Figure S11) and refinement converged with Rp=0.070 and
R,;,=0.110 (R, =0.103). In the ordered structure, the pairs
of Q® Si atoms in adjacent 18-rings are strictly alternating in
an up-down arrangement, but in fact, an up-up or down-down
sequence is equally probable. Fortunately, the 18-ring channel
is not affected at all by this minor disorder. More details of the
refinement and the disorder are given in the Supplementary
Information.

Initial adsorption experiments have been taken for SSZ-
61 using 2,2-dimethyl butane (kinetic diameter =6.2 A) and
1,3,5-triisopropylbenzene (kinetic diameter =8.5 A) as adsor-
bates. It is not surprising that SSZ-61 can take up 2,2-dimethyl
butane as does MTW and other 12-ring zeolites like SSZ-24
(AFT).” But there is also some evidence of slow, diffusion-
hindered uptake of the planar adsorbate, 1,3,5-triisopropyl-
benzene. This adsorbate was used to give the first indication
that the zeolite UTD-1 (DON) might be an extra-large pore
zeolite (it was eventually shown to be a one-dimensional 14-
ring zeolite), because the larger adsorbate yielded the same
pore filling as the 2,2-dimethyl butane. Other 12-ring zeolites
only show filling by the latter.” A more open framework
material VPI-5 (VFI, one-dimensional 18-ring aluminophos-
phate) shows equal filling for both adsorbates with no
diffusion hindrance.” SSZ-61 does not show equivalent
filling for the two adsorbates but there is some very slow
uptake of the larger one. The amount observed is above that
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for the more hindered 14-ring zeolite CIT-5 (CFI) but smaller
than that for SSZ-59 (SFN),”! so there must be some
“breathing” of the SSZ-61 structure that allows the planar
adsorbate a chance to pass through the narrow space at the
center of the pore.

By combining several modern structure analysis tech-
niques with zeolite crystal chemistry, the unusual structure of
SSZ-61 could be elucidated. Not only the complex interrupted
framework structure with 20 Si atoms in the asymmetric unit
(24 in the disordered model), but also the location of the SDA
within the pores of the zeolite could be clarified, despite the
relatively poor quality of the powder diffraction pattern.
Zeolites with 18-ring or larger pore openings are rare. To date
only six have been reported and SSZ-61 makes the seventh.
However, SSZ-61 is the first high-silica member of this family.
All others are gallo- (-CLO) or aluminophosphates (VFI) or
gallo- (ETR) or germanosilicates (IRR, ITT, -ITV), which are
difficult to calcine, especially in moist environments, and
therefore less useful for application. While the 18-ring in SSZ-
61 has a narrow waist that limits the size of molecule that can
be adsorbed, precisely this waist offers the tantalizing
possibility of inserting a catalytically active center in the
channel between terminal O atoms in place of H*.

Further details on the crystal structure investigations for
SSZ-61 may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on
quoting the depository number CSD-428025.
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