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Abstract: A new germanosilicate zeolite named SCM-15
(Sinopec Composite Material No. 15), the first zeolite con-
taining a 3-dimensional (3D) channel system with inter-
connected 12-, 12-, and 10-ring channels (pore sizes: 6.1
7.2, 6.1x7.4, and 5.2x5.9 A), has been synthesized using
neutral 4-pyrrolidinopyridine as organic structure-directing
agents (OSDAs). Its structure has been determined by
combining single-crystal electron diffraction (SCED) and
synchrotron powder X-ray diffraction (SPXD) data. The
unique open framework structure of SCM-15 is related to
that of FOS-5 (BEC), ITQ-7 (ISV), PKU-16 (POS), ITQ-26
(IWS), ITQ-21, Beta polymorph B, and SU-78B, since all
these framework structures can be constructed from simi-
lar chains which are connected through shared 4-ring or
double 4-ring (d4r) units. Based on this relation, six topo-
logically reasonable 3D large or extra-large pore hypothet-
ical zeolites are predicted.

N /

Zeolites are an important class of crystalline microporous ma-
terials with molecular-scale pore architectures, tunable chemi-
cal compositions, and various morphologies. These outstand-
ing characteristics have endowed zeolites with excellent prop-
erties in catalysis, gas adsorption/separation, and ion-exchange
applications."™ The macroscopic properties of a zeolite in
these applications rely primarily on its microscopic structure
features, especially the size of the pores and the dimensionali-
ty of the channel system.”’ Currently, among all available zeo-
lites, the most successful ones are those containing either 3D
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large (12x12X12-ring) or medium (10x10x10-ring) pores
channel systems such as zeolite Y (FAU), Beta (*BEA), and ZSM-
5 (MFI). These zeolites have been widely applied in various in-
dustrial processes, because of their excellent capability for the
diffusion of different molecules and the possibility to induce
different product selectivities based on their pore architectures
and chemical compositions.” In this sense, zeolites with mixed
large and medium pores are of particular interest because they
may combine some of the same properties of large and
medium pore zeolites.””® Many efforts therefore have been
made in the synthesis of zeolites with novel 3D interconnected
large and medium pore channel systems (i.e. 12x10x 10-ring
or 12x12x10-ring). CIT-1 (CON) is the first material reported
containing a channel system with interconnected large and
medium pores (12x 10X 10-ring) that provide molecular access
to the crystal interior through both type of pores.® The chan-
nel system of CON is constructed by straight 12-ring channels
that are perpendicular to straight and bending 10-ring chan-
nels.®¥ A related framework type, IWR also possesses the
same 3D 12x10x10-ring channel system as that of CON.'”
Later on, a series of interesting zeolites (such as ITG, *-ITN and
MSE) with interconnected large and medium pores have been
synthesized.”""* However, the 3D channel systems of these
framework types are all 12x10x10-ring, and zeolites with
more open 3D interconnected 12x12x10-ring channels have
not yet been reported.

Recently, we have reported the synthesis of SCM-14 (SOR), a
new large pore germanosilicate zeolite synthesized using neu-
tral 4-pyrrolidinopyridine as organic structure-directing agents
(OSDAs) in fluoride medium.™ In this work, we present the
synthesis of SCM-15, using the same OSDA. To the extent of
our knowledge, it is the first large pore zeolite consisting of in-
terconnected 12x12x10-ring channels. Its structure was ini-
tially determined using single-crystal electron diffraction
(SCED), and refined using synchrotron powder X-ray diffraction
(SPXD) data.'”? The framework structure of SCM-15 is related to
that of FOS-5 (BEC), ITQ-7 (ISV), PKU-16 (POS), ITQ-26 (IWS),
ITQ-21, Beta polymorph B, and SU-78B,"®2% since this class of
framework structures can all be built from similar chains which
are connected by shared 4-ring or d4r units and the chains
themselves are also built from similar or the same building
units. Based on the structure relationship between these
frameworks, six hypothetical zeolites were predicted.

SCM-15 zeolites with a needle-like morphology were synthe-
sized using the same OSDA as that used for the synthesis of
SCM-14 (SOR) in the presence of Ge and F~ (Figure S1). During
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the crystallization, a noticeable amount of an SCM-14 phase
always appeared in the products of SCM-15. The most pure
product of SCM-15 with a trace amount of SCM-14 and amor-
phous was prepared using an optimized gel molar composi-
tion and is described in the experimental section.

Elemental analysis and "*C solid-state MAS NMR spectrosco-
py of as-made SCM-15 demonstrate that the OSDA molecules
remain intact within the framework structure (Table S1, Fig-
ure S2). Besides, the C liquid NMR spectra of protonated
OSDA molecules in solution with different pH values coupled
with the pH value (=8-9) of the starting gel reveal that the
OSDA molecules in the structure of SCM-15 are mainly mono-
protonated and charge-balanced by F~ ions (Figure S2). The "F
MAS NMR spectrum of as-made SCM-15 indicates the F~ ions
are located in the small d4r units, since two resonance bands
centered at —7.7 and —18.9 ppm are present in the spectrum
(Figure S3). Previous studies have shown that the band at
—18.9 ppm can be attributed to the F~ ions located in the d4r
units containing isolated Ge atoms, which may mainly corre-
spond to d4r units with a composition of Siz,Ge,, or Si,Ge;,.
The band at —7.7 ppm can be ascribed to the F~ ions located
in the d4r units that contain Ge-O-Ge pairs, in which no Ge has
three Ge atoms as its next nearest neighbours. This may
mainly corresponds to d4r units with a composition of Sis,Ge;,
or Si, ,Ge,,.2>?% #Si solid-state MAS NMR spectroscopic analysis
shows that all of the Si atoms in the framework are four coor-
dinated, because of a resonance band centered at —110.2 ppm
in the spectrum (Figure 54).*” The SPXD pattern of calcined
SCM-15 shows that it is thermally stable with maintained crys-
talline and framework structure (Figure S5). Besides SCM-14, a
small amount of GeO, was also detected after calcination,
which may be generated from the amorphous species during
the calcination (Figure S5). N, adsorption of calcined SCM-15
reveals the microporous nature of this material (Figure S6). The
BET surface area is 395 m”’g~' with a micropore volume of
0.141 cm?®g™". Meanwhile, a bimodal pore size distribution cen-
tered at 0.60 and 0.70 nm appeared (Figure S7), which indi-
cates a channel system with large and medium pores may be
present in the structure of SCM-15.1%®

To determine the structure of SCM-15, SCED data were col-
lected on a typical crystal of as-made SCM-15 using the contin-
uous rotation method (insert in Figure 1a). The data could be
indexed using the program XDS with a C-centered orthorhom-
bic cell of a=25.83 A, b=27.38 A, and c=12.92 A (Table 52).*”
The reconstructed reciprocal lattice in Figure 1 shows only
sharp reflections, indicating that there is no disorder in the
framework of SCM-15. From the reflection conditions present-
ed in Figure 1, the possible space groups were deduced to
be Cmmm, Cmm?2, or C222. The completeness of the SCED
data in the mmm Laue class remains as high as 83.5% with a
resolution of 0.75 A, suggesting the good quality of the SCED
data (Table S2). With this SCED data, the structure model of
SCM-15 was first solved in the space group Cmmm by the
FOCUS software, and then the same structure models were
also determined using Sir2014 and SHELXT.E%32 All of the 10
symmetrically independent framework T atoms (Si, Ge) togeth-
er with 25 bridging O atoms were directly located. The struc-
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Figure 1. a) 3D reciprocal lattice of SCM-15 reconstructed from the SCED
data. The crystal from which the SCED data was collected is shown in the
insert. The reflection conditions deduced from the 3D reciprocal lattice and
the three 2D slices b) 0k, ) h0l, and d) hkO are hkl: h+k=2n, Okl: k=2n,
hol: h=2n, hk0: h+k, and h00: h=2n. The possible space groups are
Cmmm, Cmm?2, or C222.

ture model was initially refined against the SCED data using
the program SHELXL without employing any bond and angle
restraints.®? During the refinement, all symmetry independent
T-atoms were refined as mixed Si/Ge sites, but only the T
atoms located in the d4r units had any significant Ge occupan-
cy. Therefore, the other T atoms were then refined as Si. All
framework atoms were refined anisotropically and an extinc-
tion correction (EXTI) was introduced to better model the low-
angle reflections. The refinement converged with R1=0.251
and wR2=0.515 (Table S3, Table S4). These relatively high re-
siduals are normal for SCED data, and are usually attributed to
the multiple scattering of the electrons.

To validate the structure model determined from the SCED
data and achieve a more precise framework structure and in-
formation on the location of the OSADs, the structures of as-
made and calcined SCM-15 were both refined against the
SPXD using program TOPAS-V6.5¥ The geometrically optimized
structure model with the space group Cmmm served as a start-
ing point for the refinement, as lowering the symmetry (Cmm?2
and C222) did not provide any improvement in the refine-
ment. Soft geometric restraints were applied on the bond dis-
tances and angles of the framework atoms. These restraints
were imposed throughout the refinement, but their relative
weighting with respect to the SPXD data was reduced as the
refinement progressed.

For the Rietveld refinement of as-made SCM-15, an impurity
phase that was identified as as-made SCM-14 was included
with fixed atomic parameters."® The locations of the guest
species (F~, OSDAs, and H,0) in the framework structure of
SCM-15 were elucidated using the simulated annealing algo-
rithm as described previously.*" The final agreement residuals
for the Rietveld refinement were R=0.029, R,,=0.232, with
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Rexy=0.147 (Table 1, Figure 2). The calculated pattern matches
well with the observed one, and the subtle difference can be
attributed mainly to problems with the description of the peak
shape. As shown in Table S5, all of the bond lengths and
angles in the refined structure are in good agreement with
those expected for germanosilicate zeolites. The refined phase
composition is 97.5% SCM-15:2.5% SCM-14 (amorphous phase
was not included), and the refined chemical composition of as-
made SCM-15 is | (CoN,H;5F)g0(H,0)40 | [Site,Ge510,56], Which cor-
responds well with the chemical analysis (Table S1, Figure S8).
As with the SCED data, the SPXD data show that the Ge atoms
are all preferentially located at the two types of symmetry in-
dependent d4r units (d4r#1 and d4r#2), and the average com-
positions of these two types of d4r units are Si,,Ge;; for d4r#1
and SisoGe,, for d4r#2, which matches well with the 'F NMR
spectroscopy results. For the Rietveld refinement of calcined

Table 1. Experimental and crystallographic parameters of as-made and
calcined SCM-15.
Parameters As-made Calcined
Composition [ (CoN,H15F)g(H,0),0 | [Si107G€510556]
[Si167G€210556]
Space group Cmmm Cmmm
a Al 24.8208(0) 24.8839(9)
b [A] 26.7113(8) 26.7212(16)
clA] 12.7555(9) 12.6789(6)
VA% 8456.56(9) 8430.56(7)
26 range [°] 1.8 to 35.0 1.8 to 35.0
Wavelength [A] 0.68950 0.68950
R 0.029 0.027
Rup 0.232 0.189
Rexo 0.146 0.109
GoF 1.585 1.737
Observations 9182 9182
Contributing 1675 1667
reflections
Parameters 186 154
Restraints 113 13
X3
[ i a .
W
I T T T T
18 22 26 30 34
W .ll o TSN | { P
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Figure 2. Structure refinement of as-made SCM-15 against the SPXD pattern.
Observed (blue line), calculated (red line), as well as difference profiles (black
line) are presented. The profiles in the inset have been magnified 3 times to
show more details. The green and purple tick marks under the patterns are
the positions of the Bragg reflections belonging to SCM-15 and SCM-14, re-
spectively.
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SCM-15, calcined SCM-14 and GeO, impurity phases were also
included with fixed atomic parameters."® The final agreement
residuals of the Rietveld refinement were R =0.027, R,,=
0.189, with R,,=0.109 (Table 1, Figure S9), and the refined
chemical composition of calcined SCM-15 is [Si;o;Ge5;0556],
which also corresponds well with the chemical analysis
(Table S1, Figure S8), and closely matches the calculated chemi-
cal composition of the as-made product. The framework bond
lengths and angles of the refined structure are listed in
Table S6.

Figure 3 shows the projections of the framework structure
of SCM-15 and its channel distribution. The 3D 12x 12X 10-ring
channel system of SCM-15 is constructed from three different
straight channels. The two types of straight 12-ring channels
along the a- and c-axes are perpendicular to each other in the
ac plane, while the straight 10-ring channels lies along the b-
axis.

The 10-ring channel forms 12-ring cavities at the intersection
with the two 12-ring channels. The quite open structure gives
SCM-15 a framework density of 15.2 T/1000 A>. To the best of
our knowledge, it is the first discovered zeolite with 3D inter-
connected 12x12x10-ring channels. The effective pore sizes
of the 12-ring channels along the a- and c-axes are 6.1x7.2
and 6.1x7.4 A, respectively, while the 10-ring channels along
the b-axis have openings of 5.2x5.9 A (taking into account an
oxygen radius of 1.35 A). These pore sizes are somewhat simi-
lar with those observed in 3D large pore materials like *BEA
(6.6x7.7 A) and FAU (7.4 R) type zeolites and 3D medium pore
materials like MFI (53x5.6 A) type zeolite. Meanwhile, the
pore sizes of these channels are in good agreement with the
results obtained from the N, adsorption isotherms. It is worth
noting that the unique channel system with intersecting large
and medium pores may guarantee SCM-15 great potential to
be applied in catalysis, since medium and large pore zeolites

15

Figure 3. Projections of the framework of SCM-15 along a) [100], b) [010],
and ¢) [001] and d) the distribution of different channels. O atoms have
been omitted for clarity.
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such as TON, FER, MFI, MOR, *BEA, and FAU are already
widely applied in petrochemical industry and dominate the
commercial market of zeolite catalysts.*® The locations of
OSDAs in the framework structure can be found in Figure S10.
The OSDAs (OSDA#1 and #2) are located at two symmetry in-
dependent sites in order to fit the channels with different di-
ameters. OSDA#1 is located in the 12-ring channels, and
OSDA#2 is incorporated in the 10-ring channels.

The framework structure of SCM-15 can be described by
chains (referred to as SCM-15 chain) running along the a-axis
which are interconnected through shared d4r units (Figure 4).

a) ;’ JAN b) / 13 c) ) d)
N ¥ Y \ S22

@ @ mtw [4°5%"]
i Rotate [4°5°6° .
;/,/I jS //\ﬁé\é [ 1. 28

“37 7 units 90°
199!

AN
@ @ ‘/I\ @ @ SCM-15 chain
Figure 4. Construction of the SCM-15 chain. (a) Arrayed stf, mtw, and [475%6"]
(cbu#1) building units, (b) two mtw units and two cbu#1 units fuse together
simultaneously and form [4°5%6%] (double-mtw) and [4°5%°] (cbu#2) building
units, respectively, (c,d) cbu#2 units rotate 90° around the g-axis and connect
together with the double-mtw and stf units to form the SCM-15 chain. O
atoms have been omitted for clarity.

The SCM-15 chain is constructed by [4°5'%°] (double-mtw),
[4%5%6°] (cbu#2), and stf units in an ordered arrangement. In
turn, the double-mtw and cbu#2 secondary units are formed
from the mtw and [4%5%6"] (cbu#1) primary units, respectively
(Figure 4a-d). In the framework structure, SCM-15 chains are
arrayed with a shift along the a-axis and then connected
through shared d4r units to form a layer (referred to as SCM-
15 layer) with 12-ring pores along the c-axis (Figure 5a—c).
These layers are then further connected through shared d4r
units in the ab plane, forming straight 12-ring channels along
the a- and c-axes and 10-ring channels along the b-axis (Fig-
ure 5d,e). When describing the framework structure of SCM-15
as an assimilation of chains and d4r units, the framework struc-
ture of SCM-15 is closely related to that of FOS-5 (BEC), ITQ-7
(ISV), PKU-16 (POS), ITQ-26 (IWS), ITQ-21, Beta polymorph B,
and SU-78B, since this class of framework structures can all be
built with similar chains that are further connected through
shared 4-ring or d4r units to form straight channels (Fig-
ure S11). Meanwhile, these similar chains are also formed by
similar building units (Figure S12). Inspired by the construction
manners of these framework structures, six topological reason-
able hypothetical zeolites, referred to as Beta-H1, Beta-H2,
POS-H1, SCM-15-H1, IWS-H1, and IWS-H2 were predicted (Fig-
ure S13-S30, details can be found in the supporting informa-
tion). These predicted topologically reasonable hypothetical
zeolites are promising candidates for rational synthesis.
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Figure 5. Assimilation of the framework structure of SCM-15 from the
chains. a) SCM-15 chain, b,c) SCM-15 chains are arrayed together with a shift
along a-axis and then connected through shared d4r units to build the SCM-
15 layer, d,e) Neighbouring SCM-15 layers are connected together through
shared d4r units and to form the framework structure of SCM-15. O atoms
have been omitted for clarity.

In conclusion, we have demonstrated the synthesis and
structure determination of SCM-15, the first 3D large pore zeo-
lite containing interconnected 12X 12x10-ring channels. The
framework structure of SCM-15 has been determined from
SCED data, and refined against SPXD data. The good thermal
stability and the unique framework structure with intercon-
nected large and medium pores may give SCM-15 great poten-
tial for catalytic and adsorptive applications. Meanwhile, it was
found that the framework structure of SCM-15 is related to a
class of framework structures that can be built from similar
chains which are connected by shared 4-ring or d4r units. Six
topologically reasonable 3D large or extra-large pore hypothet-
ical zeolites are then predicted based on the relationship be-
tween those frameworks, and attempts to the rational synthe-
sis of these hypothetical zeolites is underway by our group.

Experimental Section
Synthesis of SCM-15

Germanosilicate zeolite SCM-15 was synthesized using 4-pyrrolidi-
nopyridine (OSDA, 98.0%, Shanghai Di Bo chemical technology
Co., Ltd) as OSDA in fluoride medium. In a typical synthesis proce-
dure, GeO, (99.0%, Sinopharm Chemical Reagent Co., Ltd) and 4-
pyrrolidinopyridine were firstly added and dissolved in distilled
water under stirring, and then Ludox (SiO,, HS-40, 40% in water,
Sigma-Aldrich) was added dropwise resulting in homogeneous
gel. HF (40% in water solution, Sinopharm Chemical Reagent Co.,
Ltd) was finally introduced to give the gel with a stoichiometry of
1S5i0,:0.2 Ge0,.0.6 OSDA:0.6 HF:10H,0. The gel was crystallized in a
23 mL Teflon-lined stainless-steel autoclave at 170°C for 6 days
under static condition. After crystallization, the solid product was
washed and dried to get the as-made SCM-15. Calcined SCM-15

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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was obtained after removing the guest molecules in the frame-
work by calcination (550°C, 5 hours) in air atmosphere.

Characterization

SCED data on as-made SCM-15 were collected using the continu-
ous rotation method (cRED) as described previously.® Data were
collected on a typical crystal of SCM-15 using a JEOL JEM2100 TEM
(LaB6 filament) operating at 200 kV. The goniometer was tilted
from —45.00 to 65.40° with an oscillation angle of 0.184° and ex-
posure time of 0.4 s per frame. The reciprocal space reconstruction
was carried out using the program REDp,*® and the reflection in-
tensity extraction was conducted by the program XDS.*? SPXD
data were collected on an as-made and calcined sample of SCM-15
in a 0.5 mm capillary on the BL14B1 beamline (1=0.68950 A) at
the Shanghai Synchrotron Radiation Facility in Shanghai, China.
The collected data were ranging from 1.8 to 35.0° with 0.004° data
binning.

Characterization of the crystal morphology and energy-dispersive
X-ray spectroscopy (EDS) analyses were performed using a field
emission XL30E scanning electron microscopy (SEM, FEI Company)
equipped with an EDAX Phoenix EDS Detector. »Si solid-state MAS
NMR spectra were acquired on a Varian Model VNMRS-400WB
spectrometer with a 7.5 mm probe at 79.43 MHz and a spinning
rate of 3 kHz. "*C liquid NMR spectra (recorded on a Bruker AV-400
spectrometer) and solid-state MAS NMR spectra (recorded on a
Varian Model VNMRS-400WB spectrometer with a 7.5 mm probe at
100.54 MHz and a spinning rate of 5 kHz) were both collected to
Figure out the state of OSDAs. '°F solid-state NMR spectra were re-
corded on a Bruker AVANCEIII 500WB spectrometer with a 2.5 mm
probe at 376.5 MHz with a spinning rate of 30 kHz. The molar
ratios of Si/Ge were also quantified by inductively coupled plasma
emission spectrometry (ICP) on a Varian 725-ES instrument after
dissolving the sample in HF solution. Elemental analyses of C, N,
and H were conducted on an ElementarVario MICRO CUBE elemen-
tal analyzer. Nitrogen adsorption experiments were performed on
a MICROMERITICS ASAP2010 Accelerated Surface Area & Porosime-
try System. The DSC-TGA curves were collected on a SDT Q600
V20.9 Build 20 thermal analyzer. Samples were exposed to air at-
mosphere where temperature was elevated from 30 to 900°C at a

rate of 10°Cmin~".
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