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The new zeolite NUD-3 possesses a three-dimensional system of large
pore channels that is topologically identical to those of ITQ-21 and PKU-
14. However, the three zeolites have distinctly different frameworks: a
particular single 4-membered ring inside the denser portion of the
zeolite is missing in PKU-14, disordered in ITQ-21 and fully ordered in
NUD-3. We document these differences and use molecular simulations
to unravel the mechanism by which a particular structure directing agent
dication, 1,1'-(1,2-phenylenebis(methylene))bis(3-methylimidazolium), is
able to orient this inner ring.

Structure directing agents (SDAs) typically play an important
role in the synthesis of zeolites."”> Over the last several decades
there has been huge experimental effort in the design and trial
of organic SDAs for the synthesis of zeolites.> The effort has
been rewarded with a large increase in the number of zeolite
topologies recognized as unique and viable by the International
Zeolite Association (IZA) with a steady rate of over five new
topologies accepted per year during the last 40 years.* However,
it is still generally impossible to predict the target zeolite
topology before the synthesis, even when the structural relation-
ship among the various zeolite topologies and their “synthesis
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descriptors” is studied,” or when the SDA is selected by energy
minimization calculations to target a specific topology,®
although some notable cases of success have been reported.”
Occasionally, a very small change in the SDA brings about a large
change in the ability to produce one or another zeolite
framework.® One could be tempted to consider structure-direc-
tion in pretty simple terms: zeolites that are intrinsically stable
may just require a loose pore filling, easily achievable, for
instance, by flexible SDAs that can adapt themselves to the
zeolite pores (“the cation adapts to the pore”, as in the so called
“default zeolites”), whereas less stable zeolites would require a
more specific structure-direction where the pore matches to
some extent the geometry of a particular cation (“the zeolite
adapts to the cation”). However, the structure-direction by
organic agents is far from well understood and it is likely rich
in subtleties, although the notion that the size and shape of the
organic cation may influence the size and shape of the zeolite
pore in which it resides is still popular. We will challenge this
notion by presenting the case of three zeolites with distinct
structures but topologically identical pores that are synthesized
through the use of different cations.

The new zeolite NUD-3 (Nanjing University Du’s group zeolite
number 3) possesses a hitherto unknown topology that is,
however, closely related to those of another two previously
reported materials, ITQ-21"° and PKU-14.'" In fact, the three
zeolites possess a topologically identical three-dimensional (3D)
system of large pores opened through 12-membered ring win-
dows (12MR). The difference between the three materials doesn’t
lie in the pores but in the denser portion of the structure, where
there may be missing tetrahedral atoms (PKU-14), a disordered
array of atoms (ITQ-21) or a fully ordered structure (NUD-3).
Since the pores of the three zeolites are topologically identical, it
is intriguing that the ability to direct the synthesis towards any of
the three materials depends on the host-guest interactions
established between the cation and the pore. In this work, we
characterize the new zeolite NUD-3 to clearly establish its unique
nature and then use molecular simulations to study the mecha-
nism of this special structure-direction effect.
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NUD-3 has been discovered using 1,1'{(1,2-phenylenebis
(methylene))bis(3-methylimidazolium) dications (SDA1, Fig. Sla,
ESIt) and fluoride anions from a gel composition 0.5 SiO,:
0.5 GeO,:0.25 SDA(OH),:0.5 HF:1.5 H,0, at 150 °C for 15 days
within a static autoclave. It is worth mentioning that one very similar
SDA2 (Fig. S1b, ESIt) was used by Boal et.al, but only yielded a
layered material plus zeolite Beta.* Additionally, we have found out
that, under the same synthesis conditions, SDA3 (Fig. Sic, ESIt) and
SDA4 (Fig. S1d, ESIt), also containing phenyl and imidazolium
moieties, are good templates to synthesize ITQ-21, but not NUD-3
(see the ESLt Table S1)."> An SDA similar to SDA3 but lacking all
methyl groups at position 2 of the imidazolium rings directed the
synthesis towards ITQ-37 quite specifically."

The structure of NUD-3 was solved by the state-of-the-art three-
dimensional electron diffraction technique, namely continuous
rotation electron diffraction (cRED).'* A 4/mmm Laue symmetry
with a tetragonal unit cell @ = 14.56 A and ¢ = 13.11 A can be easily
obtained from the cRED dataset (Fig. S2, ESIf). The reflection
conditions derived from the reconstructed 3D reciprocal lattice
indicated as possible space groups P422 (89%), PAmm (994#), PA2m
(111#), PAm2 (115#) and P4/mmm (123#). The cRED data were used
to solve the structure with space group P4/mmm and the structure,
including the SDA location, was refined against synchrotron
powder X-Ray diffraction data (Fig. S3, ESIT). All the crystallo-
graphic details are provided in the ESI} (Tables S2-54, ESI) and
the structure was deposited in the CCDC (no. 2045881).

The framework of NUD-3 is very similar to those of ITQ-21
and PKU-14. Their structures could be described as 0D [4°6"%]
units of 32 T atoms (i.e. units displaying six 4MR and twelve
6MR faces; T atoms: tetrahedral atoms) connected through
double 4-membered rings (D4R) along the three dimensions,
thus forming a 3D framework with intersecting 12MR channels
along the three crystallographic axes (Fig. 1a and b). It should
be noted that the only topological difference among NUD-3,
ITQ-21 and PKU-14 is the presence, orientation or absence of
four additional inner T atoms in that unit, which then may
actually contain 32 or 36 T atoms. In ITQ-21, a single 4-membered
ring unit (S4R) formed by those four inner atoms is disordered
along the a-, b-, and c-axis, so each S4R has an occupancy of 1/3
and the unit contains 36 T atoms (Fig. 1d)." In PKU-14, the four
inner atoms are absent and the unit is effectively a 32 T-atom cage
filled with 8 terminal T-OH and 2 extra water molecules (Fig. 1¢)."*
In contrast, in NUD-3, the four inner atoms form a S4R, which is
ordered and oriented perpendicular to the c-axis (Fig. 1c), and the
unit is a 36 T-atom unit. Since the structural difference between the
three frameworks is restricted to an area inside a dense portion of
the structure, the pore system and the microporous surface of the
three zeolites are topologically equivalent, which makes intriguing
that a simple host-guest filling interaction in the pores might cause
a difference in the zeolite that crystallizes.

NUD-3 has a 3D system of intersecting and straight 12MR
channels along the a-, b- and c-axis. Along the ¢- and c-axis
(Fig. S4, ESIY), the pore sizes are 6.3 x 8.1 A and 7.7 x 8.0 A,
respectively. The framework density (FD) of NUD-3 is 13.63 T/
1000 A%, which is very close to that of ITQ21 (13.55).)%
N, and Ar adsorption data (Fig. S5-S7) are discussed in the ESLt
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Fig. 1 Structural relationship among NUD-3, ITQ-21, and PKU-14:
(@) 12MR channel in all three structures, viewed along the c-axis,
(b) 12MR channel in NUD-3 with ordered S4R, viewed along the a-axis,
where the 36 T unit is encircled, (c) the unit of 36 T atoms in NUD-3,
showing the ordered S4R, (d) the unit of 36 T atoms in ITQ-21, with a S4R
disordered along each direction and a 1/3 occupancy each (red, green and
light blue), and (e) the unit of 32 T atoms in PKU-14, showing the absence
of S4R and the presence of 8 terminal T-OH inside the resulting cage.

_ PKU-14

The differences between NUD-3, ITQ-21 and PKU-14 are clearly
revealed in the PXRD patterns of the three structures and their
symmetries (Fig. 2 and Table S5, ESIT). As-made and calcined ITQ-
21 are cubic, Fm3c, only showing three reflections, (200), (220) and
(222), in the region up to 12° (Fig. 2a). Ass-made PKU-14 is
monoclinic, I2/m, which splits the first and second peaks into
several partially overlapped peaks (Fig. 2c). However, after heating
PKU-14 at 180 °C for 2 hours, the removal of the water molecule
inside the [4%6'%] cage results in a cubic symmetry with space
group Fm3c (Fig. 2b),"" the resulting pattern being much similar
to that of ITQ-21 with the same three reflections in the low angle
region. This high symmetry reflects the disorder inside the denser
portion of both frameworks. By contrast, both as-made and
calcined NUD-3 are tetragonal, space group P4/mmm, due to the
ordered orientation of S4R, and thus the first two reflections (200)

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 PXRD patterns of simulated (a) as-made ITQ-21, (b) dehydrated
PKU-14, (c) as-made PKU-14, and experimental (d) as-made NUD-3 and
(e) calcined NUD-3. Each peak ranging from 20 5-15° is marked with its
Miller index.

and (220) in the cubic system split into (100), (001) and (110),
(101), respectively (Fig. 2d and e). Additionally, when we calcined
the NUD-3 samples in air from room temperature to 600 °C, all
the patterns kept the same tetragonal symmetry (Fig. S8, ESIT).
In conclusion, the three structures can be characterized and
distinguished by the differences in their PXRD patterns and
crystallographic data.

The Fourier transform infrared (FT-IR) spectra can addition-
ally prove the difference between NUD-3 and PKU-14. After
heating at 180 °C for 2 hours, the FT-IR spectrum of NUD-3
(Fig. S9, ESIt) showed no band in the 3400-3600 cm™" range
while PKU-14 showed a band located at 3528 cm ™" ascribed to
the stretching vibrations of the terminal hydroxyl groups.™

The incorporation of SDA1 within the NUD-3 framework was
studied by molecular simulations. We started from the location
of the organic dication obtained from the Rietveld refinement; in
this location, the organic dication sites in the ac (or bc) plane,
with one imidazolium ring in the elliptical [100] (or [010])
channels, and the other imidazolium ring aligned along the
c-axis (Fig. S10, ESIT). Three different long-range arrangements
for packing the organic cations in such a position while avoiding
short-contacts were found, which differ in the relative orienta-
tion of adjacent SDA1 cations (1, 2 and 3 in Fig. S11, ESI}). In the
most stable case (3) (as calculated using Dreiding forcefield), the
imidazolium rings along the ¢ axis point in opposite directions,
and no n-m stacking between imidazolium rings is developed
(Fig. 3, top). From these systems with the NUD-3 framework

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Packing interactions between imidazolium rings along the [001]
channels in the tetragonal (top) or pseudocubic (bottom) cell, showing the
steric repulsion in the latter case.

under the Rietveld refined tetragonal unit cell, we built analo-
gous systems but now with an isometric (pseudocubic) unit cell
(with @ = 13.8490 A), and calculated the interaction energy
(Table S6, ESIt). In all cases, the host/guest interaction energy
developed in the pseudocubic framework is lower in magnitude,
showing that SDA1 fits better in the tetragonal framework. In
order to confirm this, we built hypothetical NUD-3 frameworks
while varying the ¢ parameter from 12.35 to 14.85 A, and
calculated the stability of the resulting structure (Fig. S12, ESIT).
Energy results showed a reduced stability when ¢ increased,
displaying an energy minimum at the real ¢ value of 12.85 A,
clearly evidencing an optimal geometric relationship of SDA1
and the NUD-3 tetragonal unit cell. Methyl groups in adjacent
SDA1 cations of the imidazolium rings aligned with [001]
channels become too close when ¢ increases (Fig. 3, bottom),
provoking a steric repulsion and providing a potential explana-
tion for the reduced stability of SDA1 confined in the pseudo-
cubic framework.

As mentioned previously, the reduced ¢ parameter is a direct
consequence of the ordered nature of the S4R, and hence of the
better fit of the SDA1 packing arrangement within a tetragonal
unit cell. Propagation of this favored geometrical host/guest fit
along the crystal might be explained because of the particular
organic supramolecular arrangement, where the imidazolium
rings aligned within the [001] channels develop a well-ordered
orientation, with the imidazolium rings of adjacent cations
siting parallel to each other to optimize the packing efficiency,
spreading the preferred S4R orientation along the c-axis. In
addition, adjacent SDA1 cations in the ab plane orient
perpendicular to each other to avoid overlapping (Fig. S11,
ESIt), thus promoting also propagation of the preferred S4R
orientation along the crystal in [100] and [010] directions. We
note here that under none of the three potential configurations,
n-n stacking interactions between the phenyl rings are estab-
lished, which is consistent with a major occurrence of phenyl
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monomers observed by fluorescence spectroscopy (band at
280 nm, Fig. S13, ESIt). Interestingly, this type of long-range
organic arrangement achieved by SDAL1 is not possible for SDA3
or SDA4 because of their different molecular structure, which
could explain the lack of a preferential long-range orientation
of the zeolite building units, and hence the crystallization of a
cubic framework with disordered S4R instead.

NUD-3 poses an additional intriguing question related to
charge balance. In our SDA1-NUD-3 model, there are 2 dica-
tions per unit cell, which amounts to 4 positive charges. The
organic content in the real system, impossible to model by
simulation because of disorder, is even slightly larger. Three of
the positive charges would be compensated by three F anions
occupying the three D4Rs per unit cell found in the NUD-3
framework, consistent with a '°F MAS NMR resonance at —8.2 ppm
(Fig. S14, ESIt) that we assign to fluoride occluded in D4R units
with Ge-Ge pairs but with no Ge adjacent to three Ge neighbours
(type III resonance).® The rest of the positive charges could be
balanced by T-O~ but these are more frequently associated with
T-OH that are absent in NUD-3,"® according to the FT-IR spectra
commented above. Thus, we propose that additional fluoride
anions could be located in the main channels, associated with
water clusters or the positively charged imidazolium rings,
and could be responsible for an additional broad signal around
—100 ppm in the *°F MAS NMR spectrum. A broad signal around a
similar chemical shift is present in the spectrum of PKU-12, where
fluoride is believed to be present in 8MR pores (in addition to
D4R)."”

In conclusion, NUD-3 possesses a new topology with a 3D
system of large pores. The structure is fully ordered and fully
condensed and is closely related to the disordered zeolite ITQ-21
and the interrupted zeolite PKU-14. Its structure has been solved
by continuous rotation electron diffraction and refined using
synchrotron diffraction data. We propose that the ability of the
SDA to direct the crystallization to a fully ordered, fully con-
densed tetragonal framework relies on better packing of the
organic structure directing agent in the tetragonal cell. This can
explain the specific structure-direction of SDA1 towards NUD-3
despite the topological equality of the pore system of the three
zeolites.
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