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Abstract: Zeolites with extra-large pores have attracted great
attention because of their important applications such as in
hydrocracking, catalysis, and separation of large molecules.
Despite much progress has been made during the past decades,
the synthesis of these materials remains a big challenge. A new
extra-large-pore zeolite NUD-1 (Nanjing University Du’s
group zeolite no. 1) is synthesized by using an approach
based on supramolecular self-assemblies of small aromatic
organic cations as structure-directing agents. NUD-1 possesses
interconnecting 18-, 12-, and 10-membered ring channels, built
from the same building units as those of ITQ-33 and ITQ-44.
There coexist single 3-membered ring, double-3-membered
ring and double-4-membered ring secondary building units in
NUD-1, which have not been seen in any other zeolites.

Since the discovery of the iron aluminophosphate mineral
cacoxenite with an open channel of 14.1 AY inorganic
molecular sieves with extra-large pores (i.e. consisting of
more than 12 tetrahedra) have attracted great attention
because of their potential applications in, for example,
hydroprocessing heavy oil fractions, facilitating the produc-
tion of fine chemicals and biomass processes, shape-selective
catalysis and separation of large molecules.’”! The first man-
made molecular sieve containing an 18-membered ring (18-
MR) is aluminophosphate VPI-5 (VFI, three letter structure
code given by the International Zeolite Association), which
was synthesized in 1988.°! Since then, a number of new
molecular sieves with extra-large pores have been synthe-
sized, which include silicates, germinates, metal phosphates,
and phosphites.l! However, it remains a challenge to synthe-
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size novel open inorganic frameworks with extra-large pores,
particularly of the silicate zeolites. The silicate zeolites are the
most promising materials for industrial applications because
of their good stability and chemical properties. Up to date,
there are only three known silicate/germanosilicate zeolites
with pores larger than 18-MR channels amongst more than
200 structurally characterized zeolites, that is, ITQ-37 (30-
MR),F' ITQ-43 (28-MR),"! and PKU-12 (-CLO, 20-MR)."!

The past decade has witnessed the miraculous develop-
ment and prosperity of the large and extra-large-pore
zeolites,! owing to the use of germanium in the concentrated
fluoride system during the synthesis. The F~ mineralizer has
a tendency to stabilize the double-4-membered rings (D4Rs)
in zeolites, while germanium favors the formation of the small
cages like D3Rs and D4Rs because of the longer Ge—O bond
length (ca. 1.74 A) and smaller Ge-O-Ge angle (ca. 130°)
compared with those of silicon (Si—O bond length ca. 1.61 A
and Si-O-Si angle ca. 145°).8! These small rings/cages are
thought to be the key to the formation of large and extra-
large-pore zeolites according to the studies by Brunner and
Maier.”! They showed that zeolites with a low-density frame-
work should contain a relatively large number of 3- and 4-
MRs, and the low-density materials tend to have desirable
large rings. So far, a large number of thermodynamically
feasible, new low-density zeolites have been predicted by
various computational studies,'”) which have stimulated the
research on synthesizing large and extra-large-pore zeolites.
Extra-large-pore zeolites ITQ-33""Y and ITQ-44," for exam-
ple, were first predicted by Foster and Treacy,'™ and later
successfully synthesized by Corma et al. The two structures
possess the same stuffed cage-like structure building unit
(SBU) [3%.4.6°] made of two 3-MRs, three 4-MRs and nine 6-
MRs. The SBUs are linked together by bridging oxygen atoms
between the 4-MRs and by either sharing the 3-MRs, or
bridging oxygen atoms between the 3-MRs to form a three-
dimensional framework. This gives rise to ITQ-33 with a pore
system of 18 x 10 x 10 MRs, or ITQ-44 with a pore system of
18 x 12 x12 MRs, respectively. Herein, we present the syn-
thesis of a new zeolite NUD-1 (Nanjing University Du’s
group zeolite no. 1) with an extra-large pore of 18 MR, built
on the same SBUs as those of ITQ-33 and ITQ-44. Interest-
ingly, the SBUs in NUD-1 are instead connected together
both by sharing the 3-MRs and by bridging oxygen atoms
between the 3-MRs, thus leading to a new zeolite structure
with a pore system of 18 x 12 x 10-MRs.

NUD-1 was synthesized by using 1-methyl-3-(4-methyl-
benzyl)imidazolium (SDA1) as a structure-directing agent
(SDA; see Table S1 in the Supporting Information) in the
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presence of germanium and fluoride. The best crystallized,
pure phase of NUD-1 was obtained with a gel composition of
18i0,:1GeO,:0.8 SDA1(OH):0.8 HF:10H,0 at 150°C for
15 days. Large, hexagonal prism crystals of NUD-1 up to
45x10x10 um® in sizes were obtained with 1-methyl-3-
(naphthalen-2-ylmethyl)-imidazolium (SDA2) as an SDA
(inset in Figure 1 ), from which suitable crystals were selected
for single-crystal X-ray diffraction analysis. The X-ray powder
diffraction (XRPD) pattern of NUD-1 calculated from the
single-crystal structure data is in good agreement with those
observed for the as-synthesized NUD-1 (Figure 1).
Single-crystal X-ray diffraction analysis reveals that
NUD-1 crystallizes in a hexagonal space group P6/mmm,"!
the structure of which is built on the same stuffed cage-like
SBU as that of ITQ-33 or ITQ-44. As shown in Figure 2 a, the
SBU is formed by three small [4.5%.6%] cages by sharing the T6-
T7 edges, then capped by two 3-MRs from the top and the
bottom, respectively. This gives rise to a triagonal bipyramid
SBU [3%4%.6°], possessing two coordination-unsaturated 3-
MRs (T3 and T8) locating at the apices and three coordina-
tion-unsaturated 4-MRs (T1 and T2) lying on the basal plane.
The SBUs are aligned with the basal plane parallel to the
ab plane and the principal axis of each triagonal bipyramid
(passing through the T6-T7) coinciding with the 3-fold axis.
The adjacent SBUs in the same basal plane are connected
together by bridging oxygen atoms between the coordination-
unsaturated 4-MRs, that is, by D4Rs, to form a 2-dimensional
sheet with large 18-MR pores (Figure 2b). The identical
sheets are also found in ITQ-33 and ITQ-44. It is, however,
because of the different connection manners between the
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neighbouring sheets that results in different structures in the
three zeolites. In ITQ-33 (Figure 2d), the adjacent layers are
fused together by sharing the 3-MRs of the SBUs in each
layer, which results in 10-MR pores along the a and b axes
intersecting the 18-MR channels. On the other hand, the
layers in ITQ-44 are connected by bridging oxygen atoms
between the coordination-unsaturated 3-MRs (Figure 2e).
This leads to the formation of D3Rs and 12-MR channels
intersecting with the 18-MR pores. NUD-1, however, adopts
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Figure 1. XRPD patterns of a) the as-synthesized and b) the calculated
NUD-1 based on the single-crystal diffraction data. The inset shows
a SEM image of SDA2-NUD-1 crystals (picture size about 100 um).

Figure 2. Structure of NUD-1. a) SBU of NUD-1, showing the locations of the eight independent T atoms. b) View of a single layer formed by the
SBUs, showing the 18-MR channels along the [001] direction. c) Tilt view of three adjacent layers along the (110) direction, showing the D4R units
(indicated by an arrow). d) ITQ-33: Condensation of the layers through the 3-MRs, forming the 10-MRs. ) ITQ-44: Connection of the layers by
bridging O atoms on the 3-MRs, forming the D3Rs and the 12-MRs. f) NUD-1: Connection of the layers alternatively by 3-MRs and D3Rs, forming
the 10-MRs and 12-MRs. The frames highlight the different connections in zeolites. Oxygen atoms have been omitted for clarity.
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both ways of linking the neighboring layers: Each sheet is
connected to the neighboring one by sharing the 3-MRs as in
ITQ-33 on one side of the sheet, whereas on the other side it is
connected to another neighboring sheet by bridging D3Rs as
in ITQ-44. This results in a new three-dimensional zeolite
possessing structure features of both ITQ-33 and ITQ-44
(Figure 2 f).

NUD-1 possesses a three-dimensional channel system
with straight extra-large 18-MR channels along the c axis
direction which are intersected by 10-MR and 12-MR
channels running along the a and b axes (Figure S2). The
crystallographic pore diameter of the 18-MR channel is
12.2 A, similar to those found in ITQ-33 (12.2 A) and ITQ-44
(12.5 A), while the 10-MR and 12-MR channels have open-
ings of 43x6.2 A and 5.8x8.2 A, respectively, very close to
those of ITQ-33 (4.3 x6.1 A, 10-MR) and ITQ-44 (6.0x 8.2 A,
12-MR). The framework density of NUD-1 is 11.8 T atoms
per 1000 A?, which is in between those of ITQ-33 (12.3 T) and
ITQ-44 (109T). From a topological point of view, the
structure of NUD-1 can be considered as a known uninodal
5-connecting BN net (Figure S3), in which the SBU [3%.4°.6°]
is considered as a 5-connecting triagonal bipyramid node.

NUD-1 contains single 3-MR, D3R and D4R units, which
is unprecedented in any other known zeolites. At the center of
each D4R, an F~ ion was located during structure refinement,
while an hydroxyl ion was found at the center of each D3R,
similar to the result of Monge and co-workers.'!! Consistently,
the solid-state '’F NMR spectra of the as-synthesized NUD-
1 (Figure S4) showed a strong resonance band at —9.0 ppm
owing to the F~ in D4Rs and a peak at —122.3 ppm for free F~
jon within the channels.” In the meanwhile, the solid-state
¥Si MAS NMR spectrum of the as-synthesized NUD-1 (Fig-
ure S5) showed a weak signal at —123.8 ppm originating from
five-coordinate SiO,,F~ units,'! in addition to the peaks of
tetrahedral framework silicons between —90 and —110 ppm.
The structure refinements of the single-crystal diffraction
data showed that there are preferential germanium occupan-
cies at D3R and D4R units in NUD-1, similar to those of ITQ-
33 and ITQ-44. As shown in Figure 2a, there are eight
crystallographically independent T-sites in NUD-1, rather
than four as in ITQ-33 and ITQ-44. In respect of the
coordination environments, the TS5, T8, T6 and T1 positions
in NUD-1 with Ge occupancies of 9, 0, 0, and 70%,
respectively, resemble their respective counterparts in ITQ-
33 (c.f. 33,0, 0, and 39 % of Ge). On the other hand, the T3,
T4, T7, and T2 positions in NUD-1 consisting of 86, 33, 0, and
65 % of Ge, respectively, are comparable to those of 50, 26, 0,
and 37 % of Ge observed in ITQ-44. Therefore, germanium in
NUD-1 preferentially occupies the positions that are directly
linked to D3Rs (T4) or on the D3Rs (T3) and D4Rs (T1 and
T2), while it disfavors the positions that are directly linked to
single 3-MRs (T5) or on the single 3-MRs (T8) and 5-MRs
(T6 and T7). The chemical composition of the framework
atoms obtained from the crystal structure refinement is
Geyr415150190106, Which matches well with the ICP result of
Ge/Si=0.95.

Due to the disorders, the organic cations were not located
in the single-crystal structure model. However, the solid-state
C NMR spectra of the as-synthesized NUD-1 (Figure S6)
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showed that the organic SDA cations were included intact in
the final product. Based on the crystal structure refinement,
thermogravimetry (Figure S7), inductively coupled plasma
(ICP), and CHN elemental analyses, the formula of the as-
synthesized SDA2-NUD-1 can be calculated as
Ge7.515150.190196(C1sNoHi5F)7.60(C1sN,H sOH),.

It is possible to incorporate Al into the framework of
NUD-1 so that it can generate the acidic sites for potential
catalytic applications. By using the synthesis procedure
described above, the pure phase of Al-containing NUD-
1 (AI-NUD-1) was obtained from the gel composition of
1Si0,:1 Ge0,:0.03 Al,05:1 SDA1(OH):1 HF:15H,0 at
150°C for 15d (Figure S8). The Al MAS NMR spectrum
of the as-synthesized AI-NUD-1 (Figure S9) showed the
presence of a strong signal at 57 ppm with a negligible peak at
0 ppm. The results showed aluminium atoms present in the
zeolite are tetrahedrally coordinated, suggesting that they are
located in the framework positions.

The SDAs in NUD-1 can be removed by calcination in air
at 550°C while the structure remains intact (Figure S8). Like
other germanosilicate zeolites, the calcined NUD-1 was not
stable once left under the moisture condition, owning to the
easy hydrolysis of the Ge—O bonds. In recent years, however,
it has been shown that it is possible to decrease the Ge content
or even obtain a pure silica polymorph during the synthesis
with specially designed SDAs.!""! Moreover, the post-synthesis
treatment such as isomorphous substitution of Al or Si for Ge
has been proven to be an efficient, useful method to yield
highly stable aluminosilicate or siliceous zeolites.'s! Work on
NUD-1 in this aspect is in progress.

The N, adsorption of the calcined NUD-1 (Figure S10)
gave the Brunauer-Emmett-Teller (BET) surface area of
646 m’g~!, and the #-Plot micropore volume of 0.26 cm®g~".
Partly because of a higher Ge content in NUD-1, the BET
surface area is slightly lower than that of ITQ-33 (690 m*g™")
but higher than that of ITQ-44 (470 m?’g""). The estimated
textural properties for the pure silica polymorph of NUD-
1 would be 880m?g~' for the BET surface area and
0.35cm’®g! for micropore volume because of the lower
atomic weight of silicon compared to germanium. The pore-
size distribution obtained by applying the Howarth—-Kamazoe
formalism!" to the Ar adsorption isotherm showed that
NUD-1 possesses three different kinds of pore channels with
pore sizes of 5.5, 6.8, and 10.4 A, respectively, in accordance
with the single-crystal structure model (Figure S11).

Finally, we noted that the formation of NUD-1 may
involve supramolecular self-assemblies of SDAs, similar to
those observed by Corma et al.'’? and Gémez-Hortigiiela
et al.” during the syntheses of LTA-type germanosilicate
ITQ-29 and aluminophosphate AIPO,-5, respectively. This
was confirmed by photoluminescent spectroscopy studies of
the SDAs in diluted and concentrated solution, and the as-
synthesized zeolites (Figure S12 and S13). The main emission
bands of the SDA monomers in the hydroxide form in diluted
solution appeared at ca. 330 nm. The SDA in the concentrated
solution with the same concentration as for the synthesis of
NUD-1 zeolite emitted at ca. 430 nm, attributable to the
formation of excimers. The same emission bands were
observed in the as-synthesized NUD-1 zeolite. These suggest
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that the self-assembled aggregates of aromatic-containing
cations were formed during the zeolite synthesis and acted as
actual SDAs for the formation of NUD-1. It is worthy of note
that, although the concept of self-assembled supramolecular
aggregates as SDAs has been demonstrated previously, this
work presents the first example of a new, extra-large-pore
zeolite synthesized by this approach.

In conclusion, using easily prepared, small, and simple
aromatic-containing imidazolium SDAs we have successfully
synthesized a new extra-large-pore zeolite NUD-1 with
interconnecting 18-, 12-, and 10-MR channels. The structure
of NUD-1 is closely related to those of ITQ-33 and ITQ-44;
the three zeolites are built from different stacking of the same
building layer. NUD-1 consists of single 3-MR, D3R, and
D4R units, which has not been observed in any other known
zeolites. This study demonstrated that the use of supramolec-
ular aggregates of aromatic-containing cations as SDAs can
be employed to synthesize new extra-large-pore zeolites.

Experimental Section
The syntheses of SDAs are given in the Supporting Information.
Zeolite NUD-1 was synthesized from the gel with a molar compo-
sition of 1Si0,:x GeO,:y SDA(OH):y HF:z H,O, where x=1-0.2, y =
1-0.5, and z =3-10 at 150°C for 15 days. Further details are given in
the Supporting Information.

X-ray powder diffraction (PXRD) data were collected on
a Bruker D8 Advance instrument using a Cuyg, radiation (A=
1.54056 A) at room temperature. Elemental analyses of C, H, and
N were performed on an Elementar Vario MICRO Elemental
Analyzer. The inductively coupled plasma (ICP) analysis was carried
out on a PerkinElmer Optima 3300 DV. Thermogravimetric analyses
(TGA) were performed on a PerkinElmer thermal analyzer under air
with a heating rate of 5°Cmin". A Micromeritics ASAP 2020 surface
area porosimetry system was used to measure N, gas adsorption at
77 K. Scanning electron microscopy (SEM) images of the products
were obtained on a field emission scanning electron microanalyzer
(Hitachi S-4800), employing an accelerating voltage of 10kV.
Fluorescence measurements were performed on FluoroMax-4 spec-
trofluorometer with 3 nm slit for both excitation and emission. Liquid
BCNMR spectra were recorded on Bruker DRX-500. Solid-state
NMR spectra were recorded on a Bruker Av-400 spectrometer using
magic-angle spinning (MAS) techniques at room temperature.
F NMR spectra were measured at 376.47 MHz in 4.0 mm diameter
zirconia rotors at a spinning rate of 14 kHz. The spectra were
collected using 2.1 ps pulses, which correspond to a magnetization flip
angle of m/2 rad and a recycle delay of 15s; the spectra were
referenced to CFCl;. The *C spectra were acquired at 100.62 MHz
resonance frequency using a cross-polarization (CP) MAS sequence,
with a 3.0 ps 'H excitation pulse, 2.0 ms contact time, 5 s recycle delay,
and 100 kHz spectral width, using proton decoupling at 60 kHz
spinal64 during acquisition. The *Si MAS NMR spectra were
acquired at a resonance frequency of 79.49 MHz with a nt/8 pulse at
56 kHz, spectral width of 100 kHz, and 20 s relaxation delay. Solid-
state Al MAS NMR spectra were recorded on a Varian Unity VXR-
400WB spectrometer at 104.2 MHz, with a n/18 rad pulse length,
a recycle delay of 0.5 s, and spinning rate of 14 kHz.

The data collections for single-crystal X-ray diffraction for NUD-
1 were carried out on a Bruker D8 VENTURE with TURBO X-RAY
SOURCE Cug, radiation (A =1.54178 A) at 100 K, with an exposure
time of 60 s in a shutterless mode. The detector distance is 50 mm,
while the scan width is 0.5°. Data reductions and absorption
corrections were performed using the SAINT and SADABS pro-
grams,”"! respectively. Additional superstructure reflections that
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would double the c-axis were not taken into further account because
of the low intensity. The structures were solved by direct methods
using the SHELXS-97 program and refined with full-matrix least
squares on F? using the SHELXL-97 program.”” The organic cations
and/or solvent molecules were not taken into account and squeezed
out by PLATON/SQUEEZE.™ All non-hydrogen atoms were
refined anisotropically. Slightly large isotropic factors for the T8
and O15 positions at the single 3-MRs were found, which may be due
to the presence of the superstructure. The largest peak in the final
difference electron density synthesis was 3.63¢~ A~ and the largest
hole was —2.847 e~ A~ with an RMS deviation of 0.168 e~ A=, which
were located near the T8 and O15 positions. Details of the crystal
parameters, data collection and refinement results are summarized in
Table S2. The atomic coordinate data and selected bond lengths and
angles are shown in Tables S3 and S4, respectively.
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