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A new germanosilicate zeolite (denoted as ITQ-53) with
extra-large pores has been synthesised using tri-
tertbutylmethylphosphonium cation as the organic structure
directing agent (OSDA). Rotation electron diffraction (RED)
was used to identify ITQ-53 from an initially-synthesised
sample containing impurities, and to solve its structure. The
structure was refined against PXRD data of pure ITQ-53
samples obtained after synthesis optimisation. ITQ-53 is the
first example of extra-large pore zeolites with tri-directional
interconnected 14x14x14-ring channels. It is stable up to at
least 650°C. The structure of ITQ-53 changes from
monoclinic to orthorhombic up on calcination.

Zeolites are crystalline microporous materials with well-defined
pores in molecular dimensions. They have wide industrial
applications in catalysis, ion-exchange, sorption and separation.
These materials can be described as a three-dimensional (3D)
framework of vertex-sharing TO, tetrahedra (T = Si, Al, Ge, etc.).
The spatial distribution and connection of the TO, tetrahedra give
rise to specific and well-defined pore and channel systems,
conferring them an important class of materials with interesting
applications as molecular sieves and catalysts. Multi-directional
extra-large pore (defined by >12TO, tetrahedra) zeolites are
especially interesting, because they can allow large molecules to
diffuse in and out of the channels, which facilitates industrial
processing of bulky molecules. Despite great synthetic efforts by
many groups, zeolites with multi-directional extra-large pore
channels are very rare. Among the 225 zeolite framework types
in the Database of Zeolite Structures’, only three, cloverite (-
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CLO)*™, ITQ-37 (4TV)® and ITQ-40 (-IRY)® have multi-directional
extra-large pores.

Several approaches have been used to discover new zeolite,
including the use of ammonium-based organic structure directing
agents (OSDAs), and/or inorganic structure directing agents
(ISDAs) such as fluoride anions or Ge atoms. In general, large
3D bulky OSDAs may facilitate the synthesis of zeolites with
multi-directional extra-large channels. Recently, the use of P-
based molecules opened the door to a large family of new
OSDAs, for example alkylphosphonium molecules’™"
phosphacenes™.

Zeolites are usually obtained as polycrystalline powders and
sometimes with other impurities. When they have large unit cells
and complex structures, their structural elucidation by X-ray
diffraction becomes extremely challenging. Electron diffraction is
a method of choice for structure determination of crystals too
small or too complex for X-ray diffraction. One important
advantage of electron diffraction is that it can be used to identify
new interesting compounds and/or impurities in multi-phasic
samples'>™
materials.

and

, which is very helpful for the discovery of new
Recently, we have developed a new electron
diffraction method, rotation electron diffraction (RED)'"*™", which
allows collecting single-crystal-like 3D electron diffraction data
from nano- or micrometer-sized particles. It has been used for
structure determination of several 181822 Here, we
present the synthesis and structure of a novel zeolitic structure
ITQ-53 with intersecting tri-directional 14-ring channels. We also
show the power to combine RED and powder X-ray diffraction
(PXRD) for phase identification and structure determination.

zeolites
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ITQ-53 was obtained using tri-tertbutylmethylphosphonium
cations as the OSDA (Scheme 1), and fluoride and GeO. as the
ISDAs. It was first synthesised at 135°C as a mixture with
another zeolite of the SAS-type framework (Fig. S1, TESI)"#*?,
After ITQ-53 has been identified from the RED data, the
synthesis conditions were further improved and pure ITQ-53
samples were finally obtained at 150°C (Table S1, ESI). The
synthesis gel composition was 0.5Si0,:0.5Ge0,:0.50SDA(OH):
0.5HF:7.0H,0O. Details about the synthesis of OSDA(OH) and
ITQ-53 are given in the ESI S1 and S2. Elemental analysis and
®C MAS-NMR proved that the OSDA remained intact in the
framework of ITQ-53 (Fig. S4, 'ESI). *'P MAS-NMR suggests
that the OSDA might occupy two different locations in the
channels, with different interactions between the P atoms and
their surroundings (Fig. S4, 'ESI). Furthermore, chemical
analysis shows that the Si/Ge ratio was 1.1 (Table S2, 'ESI).

CHs

H.C CH
v CH,
HaC
HaC P+\ s
’ >( CH,
HaC
CH,

Scheme 1 The organic structure directing agent used for the synthesis of ITQ-53.

PXPD patterns of the initially-synthesised samples could not be
indexed due to the presence of impurities. Thus rotation electron
diffraction was applied to identify the possible phases in the
sample. Transmission electron microscopy (TEM) shows that the
samples contain crystals with two distinct morphologies, plate-
like and rod-like (Fig. S1, TESI), which indicates the presence of
more than one phase. RED data were collected on crystals with
the two different morphologies (Figs. 1 and S8, 'ESI). The RED
data show that the plate-like crystals have the unit cell a=19.12A,
b=22.77A, ¢=30.21A, a=90.91°, B=90.94°, y=90.25° (Fig. 1a),
which indicates that the crystal is either
orthorhombic. The possible space groups are Cc (No. 9), C2/c
(No. 15), Cmc24 (No. 36), C2cm (No. 40) and Cmcm (No. 63), as
deduced from the reflection conditions of the 2D slices cut from
the reconstructed 3D reciprocal lattice of RED data (Fig. 1).
Because most zeolite structures in the IZA database are
centrosymmetric1, we performed the structure solution from the
RED data by direct methods® using the highest centrosymmetric
space group Cmcm. A partial structure model with ten T atoms
(T was assigned as Si in the initial structure solution) and 14 O
atoms in the asymmetric unit was established, which forms
typical zeolite layers with 14-rings (Fig. 3d). In the consecutive
refinement, two more Si atoms and six O atoms in the
asymmetric unit were located between the layers, which connect
the adjacent layers. Four remaining O atoms were added to
complete the tetrahedral coordination of the T-atoms between
the layers. Further information about the structure solution and
refinement are given in ESI S6. The RED data show that the rod-
like phase has a body-centred orthorhombic unit cell with
a=14.28A, b=14.00A, ¢=10.17A, a=90.38°, 3=89.98°, y=90.07°.
Structure solution from the RED data shows that the framework

monoclinic or

2| J. Name., 2012, 00, 1-3

corresponds to the SAS zeolite framework, which was previously
reported as a magnesioaluminophosphate (STA-6)% and an all-
silica zeolite (SSZ-73)*. Since the angles determined by RED
deviate slightly from 90° (£0.94°) and the deviations are within
the error range, we performed a profile fitting on the PXRD data
of the initially-synthesised ITQ-53 sample. The results of the
profile fitting show that ITQ-53 is monoclinic (a=18.9237(9)A,
b=22.8174(10)A, ¢=30.3101(9)A and B=90.882(4)°) and the
SAS-type structure is orthorhombic (a=14.437(4)A,
b=14.097(4)A, c=10.273(5)A) instead of tetragonal for the ideal
SAS framework.

Fig. 1 (a) 3D reciprocal lattice of ITQ-53 reconstructed from the RED data
showing c-centering. Insert is the TEM image of the crystal from which the RED
data were collected. (b-d) (0k/) (b), (h0/) (c) and (hkO0) (d) planes cut from (a). The
reflection conditions can be deduced from the RED data as hkl: h + k= 2n, Okl: k =
2n, hOl: h = 2n and | = 2n, hkO: h + k = 2n, and h00: h = 2n. The possible space
groups are Cc, C2/c, Cmc2,, C2cm and Cmcm.

"F-MAS-NMR spectrum of the as-synthesised ITQ-53 sample
shows a single peak at -8.8ppm (Fig. S5, TESI), characteristic of
fluoride anions in double 4-rings (D4Rs). F" is commonly found in
D4Rs in Ge-containing zeolites®. No signal was observed that
corresponds to F° in double 3-rings (D3Rs), which is in
agreement with the results found in the previously known D3R-
containing zeolite ITQ-44%.

In order to obtain a more accurate structure model, Rietveld
refinement was performed against the PXRD data of an as-
synthesised pure ITQ-53 sample (CuKa, A=1.5418 A) using the
program TOPAS?. Because the structure model obtained from
RED is orthorhombic, an initial structure model with the
monoclinic space group C2/c was built from the orthorhombic
model (the structure transformation was straight-forward since
C2/c is a sub-group of Cmcm). Soft restraints on the T-O and O-
O distances and rigid body for OSDAs were applied. The final
refinement converged to R.,=0.0706, Rz=0.0227, and
Rexp=0.0255 (Fig. 2 and Table S5, TESI). More details about the
Rietveld refinement are given in the ESI.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Observed (red points) and calculated (black) PXRD profiles, as well as the
difference between the observed and calculated profiles (blue) for the Rietveld
refinement of the as-synthesised pure ITQ-53 (A=1.5418A). The higher-angle data
have been scaled up by 11 times (inset) to show the good fit between the
observed and calculated patterns.

Rietveld refinement was also performed on the PXRD data of a
calcined OSDA-free ITQ-53 sample (CuKo, A=1.5418A). The
material was calcined in situ in an Anton-Paar XRK-900 chamber
attached to the diffractometer at a heating rate of 3°C/min in a
dry air atmosphere. It was kept at 100, 150, 200 and 250°C for
2h each, at 300°C for 8h, at 350°C for 4h, and finally at 400°C for
2h. PXRD shows that the structure of ITQ-53 transferred from
monoclinic to orthorhombic up on calcination (Fig. S6, TESI). The
unit cell parameters of the calcined ITQ-53 became
a=19.034(2)A, b=22.636(2)A, ¢=29.253(3)A. Beside the
symmetry change, the c-parameter shrank by ca 1A after the
calcination. This may be due to the loss of the OSDAs in the
pores. Similar changes have been observed in other inorganic
frameworks®®*®. The orthorhombic structure model with space
group Cmcm obtained from RED was used as the initial model
and refined against the PXRD data of the calcined ITQ-53
sample. The residuals of the final refinement converged to
Rwy=0.0554; Rp=0.0707; Re,,=0.0094 (Fig. S9, 'ESI S8). The
orthorhombic and monoclinic structure models are quite similar,
as shown in Fig. $10 ("ESI).

ITQ-53 has a novel 3D framework with extra-large 14x14x14-
ring channels (Figs. 3e-f, Table S7, TESI). All the 12 T atoms in
the symmetric unit are tetrahedrally-coordinated to oxygen
atoms, among which 11 are four-connected to other T-atoms and
one is three-connected leaving a terminal hydroxyl group. ITQ-53
is built from three composite building units (CBUs): D3Rs, D4Rs
and a new CBU [4%.5*.6° containing 16 T-atoms (T=Ge, Si) (Fig.
3a). Each [4°.5*.6°] CBU connects to another [4%.5%.6°] to form a
building unit containing 32 T-atoms (32T) (Fig. 3b). Each 32T
building unit connects to other four 32T units via their 4-rings so
that a double layer containing 14-rings are formed (Figs. 3c-d).
The 14-ring double layers are connected via D3Rs to form a 3D
framework (Fig. 3f). ITQ-53 is the first example of zeolitic
materials with a tri-directional 14x14x14-ring channel system.
The 14-ring channels are all straight, along [001], [110] and [1-
10], respectively (Fig. S12, 'ESI). The 14-ring channel along
[001] has a pore aperture of 7.6x10.1A, while those along [110]
and [1-10] have a pore opening of 7.9x9.3A (after subtracting the
diameter of oxygen atoms, 2.7A). These values agree with the
mean pore diameter found by Ar adsorption (8.1 A, Fig. S3,

This journal is © The Royal Society of Chemistry 2012

ChemComm

'ESIl). ITQ-53 has a low framework density of 121 T
atoms/1000A%. It is the third example of zeolites containing
D3Rs, after ITQ-40° and 1TQ-44%°. ITQ-53 has a novel zeolite
topology, see Table S7 ('ESI).

e atb ¢

Fig. 3 Construction of the framework structure of the calcined ITQ-53. (a) D3R,
D4R, and the new [42.54.63] CBU. (b) The 32T unit built from two [42.54.63] CBUs.
(c) Connectivity of the 32T units. Each 32T unit connects to other four 32T units
via D4Rs to form a 14-ring layer in the ab plane (d). (e-f) The 3D framework
structure of ITQ-53 viewed along (e) [001] and (f) [1-10] directions. The 14-ring
layers are connected via D3Rs. Straight 14-ring channels are formed along [001],
[1-10] and [110] directions. Only the T-T connections and the terminal OH groups
(in red) are shown for clarity.

The 14-ring layer of ITQ-53 is similar to the 14-ring layer of
zeolite UTD-1 (DON, Cmcm, a=18.890A, b=23.365A,
¢=8.469A)® in projection (Fig. 4). However, the orientations of
the TO, tetrahedra in the layers are very different. In ITQ-53, ten
of the 14 TO, tetrahedra defining the 14-ring in the layer point to
the same direction (down in Fig. 4a). Two such 14-ring layers are
connected to form a double layer with very few terminal oxygen
atoms pointing outwards. These double layers are further
connected via D3Rs to form extra-large 14-ring channels parallel
to the layer. In UTD-1, the 14 TO, tetrahedra defining the 14-ring
in the layer are oriented up and down in an alternating manner
(Fig. 4b). The layers are connected directly without the
incorporation of any additional building units. Thus UTD-1 has
only 14-ring channel along [001] and does not contain other
channels parallel to the 14-ring layer.

Fig. 4 Comparison of framework structure of (a) ITQ-53 and (b) UTD-1 (DON). The
14-ring layers in ITQ-53 and UTD-1 are similar in projection, but the orientations
of the tetrahedra are very different. In ITQ-53, 10 of the 14 TO, tetrahedra

J. Name., 2012, 00, 1-3 | 3
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forming the 14-ring are pointed to the same direction (up: black; down: red);
while in UTD-1, the TO4tetrahedra are pointed alternatively up and down.

In conclusion, the use of tri-tertbutylmethylphosphonium as the
OSDA, and fluoride and Ge as ISDAs, allowed the formation of
the novel zeolite ITQ-53. ITQ-53 is the first example of extra-
large pore zeolites with 14x14x14-ring pores forming a ftri-
directional fully interconnected channel system. It contains the
unusual D3R cage, previously only found in two zeolitic
silicogermanates. ITQ-53 has a permanent pore structure and is
stable up to at least 650°C (Fig. S7, TESI) that allows the removal
of the OSDAs in the pores. PXRD shows that the structure of
ITQ-53 was changed from monoclinic to orthorhombic up on
calcination. We show the power of the RED method in structure
solution of micrometer-sized crystals and in discovering new
structures in multi-phasic samples. This is important for targeting
the interesting materials so that the synthesis conditions can be
optimised. We expect that the use of large phosphonium-based
molecules can led to more molecular sieves with multi-directional
extra-large pore channels, which are essential for processing
bulky molecules.
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