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/Abstract: SCM-14 (Sinopec Composite Material No. 14), a
new stable germanosilicate zeolite with a 12x8x8-ring
channel system, was synthesized using commercially avail-
able 4-pyrrolidinopyridine as organic structure-directing
agents (OSDAs) in fluoride medium. The framework structure
of SCM-14 was determined using rotation electron diffrac-
tion (RED), and refined against synchrotron X-ray powder dif-
fraction (SXPD) data for both as-made and calcined materi-
als. The framework structure of SCM-14 is closely related to

that of three known zeolites: mordenite (MOR), GUS-1\
(GON), and IM-16 (UOS). SCM-14 has the same projection as
that of mordenite and GUS-1 when viewed along the 12-
ring channels, and possesses two more straight 8-ring chan-
nels running perpendicular to the 12-ring channels. The
structure of SCM-14 can be constructed by either the same
layers as that of GUS-1 or the same columns as that of IM-
16. Based on their structural relationship, three topologically
reasonable hypothetical zeolites were predicted. D

Introduction

Zeolites are a dominant class of crystalline microporous materi-
als that are not only extensively applied in traditional fields
such as catalysis, adsorption, and ion-exchange, but have also
found applications in emerging areas like medicine, electricity,
and luminescence." The optimal performance of a zeolite in
these applications is highly dependent on its physicochemical
properties, such as its pore architecture, composition, and sta-
bility, which are essentially determined by its structure. There-
fore, continuous effort has been devoted to the synthesis of
new zeolites with diverse framework structures. Of particular
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interest is the size of the pores and dimensionality of the chan-
nel system. Zeolites are therefore often classified as small (8-
membered rings, 8-ring), medium (10-ring), large (12-ring), or
extra-large (12-ring or larger) pore materials.”! Although con-
siderable effort has been devoted to synthesize extra-large
pore zeolites recently,”” most of the industrial applications in-
volving zeolites are focused on small (LTA, CHA), medium (MFI,
MWW, FER), and large pore (LTL, MOR, MTW, BEA, FAU) mate-
rials. The large pore materials in particular dominate (> 95 %)
of the synthetic zeolite market.®*® Therefore, in an attempt to
expand the application of zeolites and provide alternative pro-
cesses, synthesizing new large pore zeolite materials with di-
verse pore characters is still highly desirable.

In recent years, the major strategies to synthesize zeolites in-
clude 1) using a predesigned organic structure-directing agent
(OSDA), and 2) introducing a fluoride mineralizer coupled with
substituting framework silicon by germanium.? It is well
known that OSDAs can act as templates when surrounded by
inorganic species during the synthesis and thus play a crucial
role in determining the formed zeolite structures. The size,
shape, rigidity, and C/N ratio of the OSDA molecules greatly in-
fluence the pore size, pore dimension, and pore architecture of
the synthesized zeolites."” On the other hand, compared with
Si, Ge possesses more flexible T-O-T angles and longer T-O
bonds, and favors the formation of small building units d4r
(double 4-rings), which can significantly enrich the variety of
structure topologies of zeolites.""'? Finally, the introduction of
F~ further promotes the formation of d4r units and increases
their stability."” The combination of these strategies has result-
ed in the formation of plenty of novel large and extra-large-
pore germanosilicate zeolites."*' However, the predesigned
OSDAs employed in the synthesis are usually large, complex,
expensive, and complicated to prepare. Once a potentially in-
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teresting new zeolite has been synthesized, researchers usually
go through great efforts to replace these expensive OSDAs by
simpler and cheaper ones to scale-up for commercial or indus-
trial application."®'” Hence, synthesis of new large pore zeo-
lites using simple and commercially available OSDAs at the be-
ginning would be more favorable.

Herein, we report the synthesis of a new germanosilicate
zeolite, named SCM-14, using a simple and commercially avail-
able organic amine as OSDA. SCM-14 is a large pore zeolite
that contains a 3-dimensional 12x8x8-ring framework, built
on the same layers as that of GUS-1 or the same columns as
that of IM-16."% The layered features make the structures of
SCM-14 and IM-16 ideal candidates for predicting zeolites with
new topologies by inverse sigma transformation.”"

Results and Discussion

SCM-14 was synthesized using commercially available 4-pyrroli-
dinopyridine as the OSDA in the presence of germanium and
fluorine. During the initial experiments, GeO, always appeared
in the product as an impurity. In order to avoid GeO,, a two-
step heating crystallization program (383 K for 1 day, and 443 K
for 5 days) was applied. By using a gel composition of
1.0Si0,:0.4 Ge0,:0.6 OSDA: 0.6 HF: 20H,0, a crystalline product
with a low amount of amorphous material could be produced.

To demonstrate that the 4-pyrrolidinopyridine molecule is
intact and incorporated in the zeolite structure, C, N, and H el-
emental analyses were performed on as-made SCM-14. It gave
a C/N molar ratio value of 5.0, which is close to the expected
C/N molar ratio for the OSDA molecule (C/N=4.5), indicating
that most of OSDA molecules remain intact (Table S1 in Sup-
porting Information). This was corroborated by the "C solid-
state MAS NMR spectra of as-made SCM-14 (Figure S1). Mean-
while, the "*C liquid MAS NMR spectrum of OSDA molecules,
pronated by acid in solution, and the initial molar ratio of
OSDA/HF in the starting gel indicate that the OSDA molecules
in SCM-14 were singly protonated by HF (SCM-14 crystallized
in alkaline condition (pH 8.0~<9.0), Figure S1a-d). SCM-14 is
stable after removing OSDAs by calcination in air (823 K). The
argon adsorption analysis shows a major pore size of 0.56 nm
(t-plot method, Figure S2), which is typical for zeolite structures
with 12-ring pores.”? The #°Si solid-state MAS NMR spectra and
"9F solid-state NMR spectra, which are useful to obtain informa-
tion about the local atomic environments, were also collected
on as-made SCM-14. The #Si solid-state MAS NMR spectrum
shows a peak centered at —107.8 ppm, demonstrating that all
of the Si atoms in the framework are four-coordinated (Fig-
ure 53).% The "°F NMR solid-state spectrum indicates the pres-
ence of d4r units in the framework structure of SCM-14, be-
cause of a strong peak centered at —7.2 ppm (Figure S4). Nor-
mally, this peak is attributed to the F~ located in the d4r units,
and corresponds to an average presence of three or four Ge
atoms in the d4r units (i.e., SisGes- or Si,Ge,~d4r).”¥ Another
peak at —122.1 ppm can be assigned to fluorosilicate com-
pound impurities in the outer surface of crystal or in the amor-
phous phase (Figure 54).”*' Meanwhile, it is worth noting that
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the area of these two peaks is almost the same (S_;,/S_q,,=
0.95), indicating significant F species in the impurities.

The structure determination of SCM-14 was carried out
using the rotation electron diffraction (RED) method. A RED da-
taset was collected on a plate-like crystal (Figure 1), which is
the typical morphology of SCM-14 (Figure S5). The RED data

Figure 1. a) 3D reciprocal lattice of SCM-14 reconstructed from the RED
data. The crystal from which the RED data was collected is shown in the
insert. b—d) three 2D slices 0k/, h0l, and hkO cut from the reconstructed re-
ciprocal lattice. The reflection conditions can be deduced as hkl: h+k=2n,
0kl: k=2n, hOl: h=2n, hk0: h+k, and h00: h=2n. The possible space
groups are Cmmm, Cmm2, and C222.

show that SCM-14 has a C-centered lattice with unit cell pa-
rameters of a=17.51, b=21.28, c=7.61 A, =89.95, $=90.62,
and y=89.98° (Table S2). As presented in Figure 1, the reflec-
tion conditions were obtained from the 2-dimensional slices as
0kl, hol, and hk0O with extinction symbol C———, and the possi-
ble space group could then be deduced to be Cmmm, Cmm2,
or C222. When the RED data were cut at a resolution of 0.70 A,
the completeness remained as high as 79.5% in the mmm
Laue class, which indicates a rather good quality of the RED
data (Table S2). The structure of SCM-14 was initially solved in
space group Cmmm using the zeolite-specific software Focus
with the RED data.” Later, the same structural model was also
produced by Sir2014,%” which gave us confidence that the
model was correct. All four symmetrically independent frame-
work T atoms (Si, Ge) and ten bridging O atoms were located,
and the coordinates of the atoms were optimized geometrical-
ly using the program DLS-76.%®

The synchrotron X-ray powder diffraction (SXPD) data of as-
made and calcined zeolite SCM-14 were both collected for
Rietveld refinement,”” to confirm the structure model and
obtain more structural information about the OSDAs. Before
the refinement, the SXPD data of both as-made and calcined
SCM-14 were indexed using the LSI-index method implement-
ed in the software Topas.*” An orthorhombic C-centered unit
cell was obtained (as-made: extinction symbol C—, a=17.087,
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b=21.156, c=7.534 A; calcined: extinction symbol C—, a=
17.169, b=21.047, c=7.564 A), which is consistent with the
unit cell obtained from the RED data.

Rietveld refinement was initiated using the geometrically
optimized framework coordinates in the software Topas.®"” The
structure model with space group Cmmm exhibits T-O-T angles
of 180° because some O atoms lie on an inversion center. By
reducing the symmetry to the subgroups Cmmz2 or €222, the
180° bond angle constraint could be released, leading to more
favorable T-O-T angles and a better profile fit. After trial and
error, it was found that space group €222 fits best with the
SXPD data, and was therefore selected for the structure refine-
ment of zeolite SCM-14. Soft geometric restraints were applied
on all the bond distances and angles of the framework atoms.
These restraints were imposed throughout the refinement, but
their relative weighting with respect to the SXPD data was re-
duced as the refinement progressed.

For calcined SCM-14, the final refinement converged with
agreement values R;=0.014, R,,=0.123, and R.,=0.118
(Figure 2, Table 1) and the subtle differences between the ob-
served and calculated patterns can be assigned to problems
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Figure 2. Observed (red points), calculated (black line), and difference (blue
line) profiles for the Rietveld refinement of calcined SCM-14. The profiles in
the inset have been scaled up by a factor of 5 to show more detail.

with the description of the peak shape. All of the bond distan-
ces and angles in the refined structure of calcined SCM-14 are
chemically reasonable (Table S3). The refined chemical compo-
sition of calcined SCM-14 is [Sis0Ge;,0006,] (Si/Ge=3.0). It was
found that the Ge atoms were almost exclusively located on
the d4r units (94.6 %), with an average composition of Sis;Ge, o,
which matches well with the FNMR spectroscopy result
(SisoGe; ). However, the Si/Ge molar ratio of the framework ob-
tained from the refinement is slightly lower than that of the
ICP result (Table S1), perhaps because of some unreacted or
amorphous material.

The guest species F~, OSDAs, and any potential H,O in the
framework structure were located by means of the Rietveld
refinement of as-made SCM-14. The chemical composition
of the as-made SCM-14 sample can be roughly calculated as
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Table 1. Crystallographic and experimental parameters for calcined and
as-made SCM-14 (SXPD).
Parameters Calcined As-made
composition [Siz6.0G€12,0006] [ (CoN,H;3F),(H,0); o | [Sizs 0Ge150006]
space group €222 €222
alAl 17.1814(2) 17.0776(3)
b [A] 21.0734(3) 21.1489(4)
c[Al 7.5720(9) 7.5350(2)
VA% 2741.72(7) 2721.46(9)
260 range [°] 24to0 374 24to0 374
wavelength [A] 0.68950 0.68950
Rg 0.014 0.020
Rup 0.123 0.164
Rexp 0.118 0.132
GoF 1.043 1.243
observations 9012 9012
contributing 688 688
reflections
parameters 106 147
restraints 74 95

[ (CoN,H15F);.90(H;0)0 84 | [Sisz6Ge102046] (Table S1, Figure S6). The
contents of Ge, OSDA, and H,0O were calculated based on the
ICP, CHN elemental analysis, and TGA, respectively. The occu-
pancy of F~ in the four d4r units was fixed at 0.5, to maintain
charge-balance with the OSDA, and their locations were fixed
at the center of d4r unit. To find the location of OSDA, an ideal-
ized model of OSDA was generated using ChemBio 3D,*? and
then added to the SCM-14 structure model as a rigid body.
The approximate location and occupancy of OSDA and H,O in
the channel were found using the simulated-annealing algo-
rithm in software Topas, following the procedure described by
Smeets et al.”® The final refinement converged with agree-
ment values Ry=0.020, R,,=0.164, and R.,=0.132 (Table 1,
Figure S7). All of the bond distances and angles in the refined
structure of as-made SCM-14 are chemically reasonable
(Table S4). The chemical composition of as-made SCM-14 re-
fined to | (CoN3H,3F)20(H,0)1 ‘ [Siz6.0G€120006] -

The obtained OSDAs were disordered under the symmetry
of €222, but fit well into the channels of SCM-14 (Figure 3).
There are several reasons that may lead to the disordered
guest molecules: 1) the determined cell is a sub-cell of the real
structure; 2) the arrangement of OSDAs is ordered but their
symmetry is lower than that of the framework structure; 3) the
OSDAs are distributed randomly and without long range order
in the channels. However, close inspection of the single crystal
RED and SXPD data revealed no evidence for a supercell.
Meanwhile, we found that the refined disordered arrangement
of OSDAs actually consists of four different types of ordered ar-
rangements, and each type of them has an occupancy of 25%
(Figure 3a). This means that the arrangement of OSDAs is un-
likely to be completely disordered in the channels, and the
lower symmetry of the OSDAs could be the real reason, which
is a quite common phenomenon for zeolitic materials.?>>

SCM-14 zeolite possesses a three-dimensional channel
system with straight 12-ring and 8-ring channels along the c-
axis which are intersected by 8-ring channels running along
the a- and b-axes (Figure 4), giving it a framework density of

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Location of OSDAs in the channels of SCM-14. Their arrangement
is disordered under symmetry C222 (a1, blue ellipse), but can be viewed as
four different types of ordered arrangements (a2-5), and each type has an
occupancy of 25%. (b) Arrangement of the OSDAs viewing along the b-axis.

17.5 T atoms per 1000 A%, The effective pore diameters of the
12-ring and 8-ring channels along the c-axis are 7.2x6.3 and
5.2x 1.5 A, respectively, while the 8-ring channels along the a-
and b-axes have openings of 4.9x2.6 and 4.9x1.7 A, respec-
tively, considering an oxygen radius of 1.35 A. It could be seen
that the projection of 12-ring and 8-ring channels along the c-
axis in the framework structure of SCM-14 is the same as those
of zeolites GUS-1 and mordenite (Figure S8a—c), and that they
all possess quite similar pore sizes. After closer comparison, we
found that the layers containing the 12-ring channels in SCM-
14 are also present in GUS-1, and that SCM-14 can be formed

Figure 4. The framework structure of SCM-14. The pores with different ring
sizes are highlighted in different colors. The channel directions are pointed
out by the red arrows (O atoms have been omitted for clarity).
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from GUS-1 through a sigma expansion.’® In this way, two
more straight 8-ring channels along a- and b-directions are
formed, resulting in the 3D channel system found in SCM-14.

The relation between the structures of SCM-14 and GUS-1 is
depicted in Figure 5, and can be easily seen by comparing the

Figure 5. Structures of SCM-14, GUS-1, and SCM-14-P1. (a) Composite build-
ing unit mtw. (b) View of the mtw-layer and structures along the c-axis.

(c) Tilt view of the stacked mtw-layer. (d) GUS-1: condensation of the layers
through the single 4-ring, forming the 6-ring. (e) SCM-14: Connection of the
layers by bridging O atoms on the single 4-ring, forming d4r and the 8-ring.
(f) SCM-14-P1: Alternative connection of the layers by single 4-ring and d4r,
forming 6-ring and 8-ring. The bonds with different colors highlight the pos-
sible connections different frameworks (O atoms have been omitted for
clarity).

[010] and [001] projections. They share the same mtw-layer
that can be constructed by mtw units (Figure 5a—c). In the
case of GUS-1, each layer is connected to the two neighboring
ones through a shared single 4-ring to form straight 6-ring
pores running parallel to the b-axis (Figure 5d, green). For
SCM-14 however, the layers are connected through bridging O
atoms between the unsaturated 4-ring, giving rise to d4r units
(Figure 5e, blue). As a consequence, the 6-ring pores in GUS-1
are expanded to 8-ring pores in SCM-14. Furthermore, based
on the stacking relationship that has been demonstrated be-
tween ITQ-33, ITQ-44, and NUD-1,” a new structure SCM-14-P1
can be predicted. In SCM-14-P1, the connection of neighboring
layers through alternatively sharing single 4-ring and d4r units
results in a new hypothetical zeolite possessing structural fea-
tures of both SCM-14 and GUS-1 (Figure 5f). Meanwhile, by
stacking in this manner, a new column constructed from mtw
and d4r units can be formed, equivalent to the one that exists
in the structure of ITQ-7 (ISV) (Figure $9).°” This makes the
structure of predicted zeolite SCM-14-P1 rather reasonable
from the topological point of view.

On the other hand, the structure of SCM-14 is also closely re-
lated to that of IM-16 as they share the same mtw-d4r-column
with alternating mtw and d4r units (Figure 6a). The main differ-
ence between these two structures lies in the arrangement of
mtw-d4r-columns. In SCM-14, the connection of the neighbor-
ing mtw-d4r-columns is established through a crankshaft-wise
arrangement to form SCM-14-layers (Figure 6b). Then the
SCM-14-layers are condensed together through bridging O
atoms on the mirror plane, resulting in 12- and 8-ring pores
along the c-axis (Figure 6d). In the structure of IM-16, the con-
nection of mtw-d4r-columns obeys a stepwise arrangement to
form the IM-16-layers (Figure 6c). The IM-16-layers are also

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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mtw-d4r-
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IM-16-layer """

Figure 6. Relationship between SCM-14 and IM-16. (a) A column formed by
mtw and d4r. (b) SCM-14-layer: mtw-d4r-columns constructed via a crank-
shaft-wise arrangement. (c) IM-16-layer: mtw-d4r-columns constructed
through a stepwise arrangement. (d) Perspective view of SCM-14: connec-
tion of the SCM-14-layers by bridging O atoms on the mirror plane. (e) Per-
spective view of IM-16: connection of the IM-16-layers by bridging O atoms
on the mirror plane. The ellipses and different colors were used to highlight
the relationship between the zeolites (O atoms have been omitted for clari-
ty).

connected together through bridging O atoms on the mirror
plane, giving rise to 10-ring pores along the b-axis (Figure 6e).
When viewed along the a-axis, it is worth noting that the
structure of IM-16 also possesses a mtw-layer that is distinctly
different from the one found in SCM-14 (Figure S10a-c). These
layers are connected by bridging O atoms between the unsa-
turated single 4-ring give rise to d4r units (Figure S10e) and 8-
ring pores. Inspired by the relationship between GUS-1, SCM-
14, and SCM-14-P1 as discussed above, two new zeolite struc-
tures SCM-14-P2 and SCM-14-P3 were predicted through in-
verse sigma expansion (Figure S10d and f). The structural rela-
tionships between IM-16, SCM-14-P2, and SCM-14-P3 are the
same as those shown in Figure 5.

Conclusion

A new stable germanosilicate zeolite SCM-14 with an interest-
ing topology has been synthesized using 4-pyrrolidinopyridine
as OSDA. lts structure was determined using RED data, and
confirmed through Rietveld refinement using SXPD data, from
which the OSDAs were also located.

Zeolite SCM-14 possesses a 3D framework structure with a
12x8x%8-ring channel system. Its framework structure has the
same projection along the c-axis as that of mordenite and
GUS-1, but possesses two straight 8-ring channels running per-
pendicular to the c-axis. This may give SCM-14 promising
shape selective and diffusion properties for particular applica-
tions. Based on the structural relationship between the frame-
work of SCM-14 and those of GUS-1 and IM-16, three new zeo-
lite frameworks were hypothesized. Further exploration of the
potential application of SCM-14 and the synthesis of the pre-
dicted zeolites is in progress.
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Experimental Section
Zeolite synthesis

In the typical synthesis of zeolite SCM-14, Ludox (SiO,, HS-40, 40%
Sigma-Aldrich), 4-pyrrolidinopyridine (OSDA, 98.0%, Shanghai Di
Bo chemical technology Co., Ltd), GeO, (99.0%, Sinopharm Chemi-
cal Reagent Co., Ltd), HF (40% in water solution, Sinopharm Chem-
ical Reagent Co., Ltd), and distilled water were used as source ma-
terials. Firstly, GeO, and 4-pyrrolidinopyridine were added to dis-
tilled water, and the mixture was stirred at room temperature until
all the GeO, and 4-pyrrolidinopyridine were dissolved. Secondly,
Ludox was added dropwise while stirring. After the gel became ho-
mogeneous, HF was introduced and the resulting gel has a com-
position of 1 Si0,:0.4 Ge0,:0.6 OSDA:0.6 HF:20 H,O. Finally, the
mixture was aged at 353 K for 2 hours, and then transferred into a
23 mL Teflon-lined stainless-steel autoclave. The autoclave was
sealed and the mixture allowed to crystallize at 383 K for 1 day and
subsequently at 443 K for 5 days under dynamic condition (rota-
tion oven, 20 rpm). After the crystallization finished, the autoclave
was quenched with cold water and the solid product was recov-
ered by centrifugation, washed with deionized water, and then
dried at 383 K for 12 hours. The recovered solid product was then
analysed for purity and crystallinity using powder X-ray diffraction.
The organic molecules and fluoride occluded in the framework
were removed by calcination at 832 K for 5 h in air atmosphere.

Characterization

Synchrotron X-ray powder diffraction (SXPD) data of as-made and
calcined SCM-14 zeolites were collected in a 0.5 mm capillary on
the BL14B1 X-ray diffraction beamline at the Shanghai Synchrotron
Radiation Facility in Shanghai, China using a wavelength of
0.68950 A. The SXPD patterns were collected in the 26 range 2.4-
37.4° with 0.004° data binning. Single-crystal rotation electron dif-
fraction (RED) data were collected on a 2.5%2.5%0.2 um crystal of
as-made SCM-14 using the RED software on a JEOL JEM2100 TEM
operated at 200 kV.®%3 The goniometer tilt range is from —68.8°
to 65.8° (exposure time 0.5 s), and in total 737 ED patterns were re-
corded with a step of 0.2°. The reciprocal space reconstruction and
reflection intensity extraction were carried out using the RED soft-
ware.*”

Scanning electron microscopy (SEM) images were taken on a field
emission XL30E scanning electron microscopy (FEI Company).
Liquid C NMR spectra were recorded on a Bruker AV-400 spec-
trometer. °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 solid-state MAS NMR
spectra were recorded a Varian Model VNMRS-400WB spectrometer
with a 7.5 mm probe at 100.54 MHz and a spinning rate of 5 kHz.
“F solid-state NMR spectra were recorded on a Bruker AVANCEIII
500WB spectrometer with a 2.5 mm probe at 376.5 MHz with a
spinning rate of 30 kHz. The amounts of Si and Ge were quantified
by inductively coupled plasma (ICP) on a Varian 725-ES instrument
after dissolving the samples in HF solution. Elemental analyses of
C, N, and H were conducted on an ElementarVario MICRO CUBE el-
emental analyzer. Argon adsorption experiments were performed
on a MICROMERITICS ASAP2010 Accelerated Surface Area & Poros-
imetry System. The DSC-TGA curves were obtained by a SDT Q600
V20.9 Build 20 thermal analyzer. Samples were exposed to air at-
mosphere where temperature was elevated from 303 to 1173 K at

a rate of 10 Kmin™".
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