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Zeolite beta is an intergrowth of two or three polymorphs, including chiral polymorph-A, achiral poly-

morph-B, and polymorph-C. Chiral polymorph-A of zeolite beta is highly desired because of its potential

applications in enantioseparation and asymmetric catalysis. However, it is still impossible to obtain the

pure polymorph-A of zeolite beta. This review comprehensively summarizes and evaluates the recent
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1. Introduction

Zeolites are crystalline microporous materials formed by
corner-sharing TO, (T = Si or Al) tetrahedra, which have the
periodic one-to-three dimensional frameworks, unique porous
structure, and fine thermal and chemical stability."* They
have found widespread applications in many industrial fields
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progress in the studies of chiral zeolite beta. An insight into the intergrowth structure of zeolite beta
revealing the chiral feature of polymorph-A is provided. The synthesis of chiral polymorph-A enriched
zeolite beta and the corresponding chiral applications are discussed. The unsolved challenges are out-
lined and the areas for future exploration in the synthesis of polymorph-A of zeolite beta are suggested.

such as catalysis, adsorption, separation, and ion exchange.
Chiral zeolites generally crystallize in any of the 65 Sohncke
space groups, which lack any improper symmetry elements
(inversion, reflection, glide, or roto-inversion).*”” The intrinsic
chirality of chiral zeolites is independent of their chemical
elements. Chiral zeolites can combine both shape selectivity
and enantioselectivity, which are desirable for chiral adsorp-
tion, enantioseparation, and asymmetric catalysis.®’

Therefore, the search for and development of chiral zeolites
with excellent performance remain significant.

Chirality is a fundamental property of the natural
world, but rare in inorganic porous materials, especially in
zeolites.

1011 The number of chiral zeolites is very limited. Of
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Table 1 Zeolites with inherent chiral structure

Framework Channel Maximal Elemental

code Type material Space group® dimensionality ring size composition Ref.
*BEA Beta polymorph-A P4,22, P4;22 3 12 Al, Si 13-15
CZP Chiral zincophosphate P6,22, P6522 1 12 Zn, P 16
GOO Goosecreekite C222,4 3 8 Al Si 17
ITV ITQ-37 P4,32, P4,32 3 30 Ge, Si 18
JRY CoAPO-CJ40 1212424 1 10 Co, Al, P 19
LTJ Linde Type J P4,2,2 3 8 Al, Si 20
0sO OSB-1 P6,22, P6,22 3 14 Be, Si 21
STW SU-32 P6,22, P6522 3 10 Ge, Si 22

“Represents the space group of the framework structure, which might be different with the space group of corresponding type material.

the 245 zeolitic framework types known up to now (May
2019),"* only 8 show inherently chiral structures, including
*BEA,° Czp,'* G0oo," -ITv,*®* JRY," L1J,*° 0SO,*' and
STW?>? (listed in Table 1). Zeolite beta with one of its poly-
morphs (*BEA) was first discovered to be chiral, which inspired
researchers to focus on the synthesis of this type of material.
Initially, in 1967, large-pore high-silica zeolite beta was first
synthesized by Mobil Oil Corporation from a basic reaction
mixture containing tetraethylammonium ions and was
described as a useful adsorbent and highly active catalyst.*®
The sorption and catalytic data indicate that zeolite beta could
possess a 3-dimensional (3D) 12-membered ring pore struc-
tural characteristic. However, the powder X-ray diffraction
(XRD) pattern of zeolite beta comprises both sharp and broad
diffraction peaks, suggesting that structural disorder pervades
the framework. The complex structure of zeolite beta makes it
difficult to determine by conventional techniques even when
large single crystals were available. Until 1988, more than
twenty years after the first synthesis, Newsam et al. and
Higgins et al. independently proposed the model of the struc-
ture of zeolite beta by combining the methods of high-resolu-
tion electron microscopy, electron diffraction, computer-
assisted modelling, distance least-squares refinement, and
powder pattern simulation.”*™*® Structural elucidation shows
that zeolite beta is an intergrowth of several distinct but
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closely related polymorphs, including chiral polymorph-A,
achiral polymorph-B and polymorph-C.

After determining the structure of zeolite beta, many efforts
have been devoted to the selective synthesis of its pure
polymorph,**™° especially chiral polymorph-A. Zeolite beta
has been demonstrated to be industrially important in several
hydrocarbon conversion reactions, including cracking,>”*®
hydrocracking,* alkylation,>%*" acylation,
isomerization,***> and biomass conversion.*® Chiral zeolite
beta with special chiral structure is promising to be of great
value in chiral fields. This review is dedicated to this impor-
tant material, chiral zeolite beta, presenting an effort to com-
prehensively evaluate the development, in order to promote
the future breakthroughs in this field, ranging from asym-
metric catalysis to enantioseparation science to the synthesis
of enantiomerically pure drugs, and more.

32,33

2. Structure of chiral zeolite beta

Zeolite beta is one of the most complex materials and is of
great importance in the zeolite family. The intergrowth struc-
ture of zeolite beta was first determined by Newsam et al. and
Higgins et al. independently.”>™ Here, we will describe the
framework structure of zeolite beta and illustrate the chiral
structural features of polymorph-A. A good understanding of
the chiral structure is central to the synthesis and application
of chiral zeolite beta.

2.1 Building model of ordered polymorphs

Zeolite beta is a typical stacking-fault intergrowth structure of
several distinct but closely related polymorphs.’” These poly-
morphs are built from an identical centrosymmetric layer
using different stacking sequences. The centrosymmetric layer
is formed by the expansion of a secondary building unit
(Fig. 1a) that consists of 16 T-atoms in the plane along two
directions. The top view and side view of the centrosymmetric
2-dimensional (2D) building layer that consists of a 12-mem-
bered ring structure is shown in Fig. 1b and c, respectively.
Structurally, the adjacent building layer could be obtained
by a 90° rotation of the topologically identical layer around the
¢ axis perpendicular to its plane direction. Since the layer is

Inorg. Chem. Front,, 2019, 6, 1938-1951 | 1939
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Fig. 1 Secondary building unit (a) and centrosymmetric layer (b: top
view, c: side view) of zeolite beta.

X XX rouesne  ANARNAN
AN AN "IN TN
a

b

Fig. 2 The associations of the adjacent building layers in zeolite beta.

tetragonal, the view along the a axis is highly similar to that
along the b axis, as shown in Fig. 2.

In order to satisfy the chemical characteristics of zeolite,
there are three translation modes between adjacent layers that
could ensure effective chemical bond connectivity:

(1) The upper layer is shifted by 0 period along the a axis or
b axis direction relative to the lower layer, that is, there is no
translation, as shown in Fig. 3a.

(2) The upper layer is shifted by +1/3 period along the a axis
or b axis direction relative to the lower layer, as shown in
Fig. 3b.

(3) The upper layer is shifted by —1/3 period along the a
axis or b axis direction relative to the lower layer, as shown in
Fig. 3c.

The two adjacent layers could be effectively interconnected
through the three ways mentioned above. However, if there are
many layers to be connected, even a 2D plane can have an infi-
nite number of different stacking sequences. Zeolite crystals
have periodic structure, and we just consider the simple peri-
odic connection modes here.

The translation of adjacent layers occurs along either the
a axis or b axis direction. Notably, when the translation

(2)

N0 2e00:00

Fig. 3 Three translation modes between adjacent building layers.
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between adjacent layers occurs along the a axis direction, it
could not be seen on the bc plane view, and likewise, when
the translation between adjacent layers occurs along the
b axis direction, it could not be seen on the ac plane view.
Even so, it could be confirmed that the translation of any
interphase layers is evident on the 2D plane. The periodic
connection modes of the interphase layer on the 2D plane
(the ac plane or the bc plane) are shown as the following
three types. Obviously, the stacking sequence of the 12-mem-
bered ring channels is completely different under the three
connection modes, which is also the main basis for high
resolution transmission electron microscopy (HRTEM) to dis-
tinguish the features of polymorphic structures of zeolite
beta.*®

(1) As shown in Fig. 4a, the interphase layers follow the
alternating sequence +1/3, —1/3, +1/3, —1/3..., and the 12-mem-
bered ring channels present the ABABAB... type stacking
sequences viewed on the ac (or bc) plane.

(2) As shown in Fig. 4b, the interphase layers follow
the consecutive sequence +1/3, +1/3, +1/3... (or —1/3, —1/3.,
—1/3...), and the 12-membered ring channels present the
ABCABC... type stacking sequences viewed on the ac (or bc)
plane.

(3) As shown in Fig. 4c, the interphase layers are arranged
without any translation, and the 12-membered ring channels
present the AAA... type stacking sequences viewed on the ac
(or bc) plane.

Zeolite beta has a typical 3D structure, and the stacking
faults could arise from the random translations of the layers of
the framework by +1/3 of the lattice repeated in the a and b
axis direction. Therefore, the periodic stacking sequences of
interphase layers on both the ac plane and bc¢ plane should be
considered simultaneously. The three periodic connection
modes of interphase layers on the 2D plane can be combined
in the 3D space, thus providing C2 = 6 possible structural
modes corresponding to the six hypothetical polymorphs of
zeolite beta:

(1) When the interphase layers stacked as shown in Fig. 4a
on both the ac plane and bc plane, the structure obtained is
polymorph-A of zeolite beta.

(2) When the interphase layers stacked as shown in Fig. 4b
on both the ac plane and bc plane, the structure obtained is
polymorph-B of zeolite beta.

(a) (b)

Fig. 4 Three periodic connection modes of the interphase layer on the
2D plane (the ac plane or the bc plane).

This journal is © the Partner Organisations 2019
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Table 2 Detailed information of hypothetical polymorphs
Periodic translation modes between adjacent Space Channel Synthetic
No. layers along the a and b axis direction (a, b) group Cell parameters characteristics ~ Polymorph  method
1 (1/3, 0), (0, 1/3), (—1/3, 0), (0, —1/3), (1/3, 0), P4,22 a=bh=12.6A,¢c=262A  Helix A Ref. 39-51
(0, 1/3), (-1/3, 0), (0, —1/3)...
2 (1/3, 0), (0, -1/3), (-1/3, 0), (0, 1/3), (1/3, 0), P4,22 a=bh=12.6A,c=262A  Helix A
(0, =1/3), (-1/3, 0), (0, 1/3)...
3 (1/3, 0), (0, 1/3), (1/3, 0), (0, 1/3) ... C2/c a=bh=179A,¢=14.3A, Inclined B Ref. 24, 25
f=114.8° and 52-54
4 (1/3,0), (0, 1/3), (-1/3, 0), (0, 1/3), (1/3, 0), (0, 1/3),  P2/c a=b=125A,¢c=27.6A, Inclined Cy Ref. 55
(-1/3, 0), (0, 1/3)... f=107.5°
5 (0, 0), (0, 0), (0, 0), (0, 0)... Pdy/mmc  a=b=12.8A,c=13.0A  Straight C Ref. 25, 26
and 56-59
6 (1/3, 0), (0, 0), (1/3, 0), (0, 0)... P2/m a=12.6 A,b=12.8 A, Straight D Ref. 60
c=14.0 A, f=107.6°
7 (1/3, 0), (0, 0), (-1/3, 0), (0, 0), (1/3, 0), (0, 0), Plcmm a=12.6A,b=12.8A, Zigzag E Ref. 60

(=1/3, 0), (0, 0), ...

(3) When the interphase layers stacked as shown in Fig. 4c
on both the ac plane and bc plane, the structure obtained is
polymorph-C of zeolite beta.

(4) When the interphase layers stacked as shown in Fig. 4a
on the ac plane and stacked as shown in Fig. 4b on the bc
plane, the structure obtained is polymorph-Cy of zeolite beta,
an ordered intergrowth structure by polymorph-A and poly-
morph-B.

(5) When the interphase layers stacked as shown in Fig. 4b
on the ac plane and stacked as shown in Fig. 4c on the bc
plane, the structure obtained is polymorph-D of zeolite beta,
an ordered intergrowth structure by polymorph-B and poly-
morph-C.

(6) When the interphase layers stacked as shown in Fig. 4a
on the ac plane and stacked as shown in Fig. 4c on the bc
plane, the structure obtained is polymorph-E of zeolite beta,
an ordered intergrowth structure of polymorph-A and poly-
morph-C.

Detailed information on the six hypothetical polymorphs of
zeolite beta is listed in Table 2, including the translation
modes between adjacent layers, space groups, cell parameters,
and channel characteristics. According to the structural data,
the theoretical XRD patterns of the six hypothetical poly-
morphs can be simulated. As shown in Fig. 5, these different
polymorphs have close but different characteristic diffraction
peak positions, primarily at the low-angle region, which is
widely accepted as the fingerprint area of zeolite beta (26 =
5-10°).

2.2 Actual structure of zeolite beta

The six building models described above, corresponding to the
six hypothetical polymorphs of zeolite beta, only consider the
connection and symmetry of crystallography, which is an ideal
state. Polymorph-A and polymorph-B were first determined in
1998, and the four remaining polymorphs with regular struc-
ture are hypothetical at that time. According to the hypotheti-
cal models, these polymorphic structures can be analysed by
computer simulation. Tomlinson et al. performed an energy

This journal is © the Partner Organisations 2019
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Fig. 5 Simulated XRD patterns of six hypothetical polymorphs of
zeolite beta.

minimisation calculation using a purely siliceous structure for
polymorph-A, polymorph-B, and polymorph-C and confirmed
the stability of the polymorphic (A, B, and C) structures for
zeolite beta proposed by Newsam et al.®' The results of calcu-
lations show that the lattice energy of polymorph-A per SiO,
unit was essentially equal to that of polymorph-B. This partly
explains why an almost random stacking sequence of poly-
morph-A and polymorph-B is found in zeolite beta, while the
particular double 4-membered ring (D4R) units in polymorph-
C lead to an excessive structural tension so that the lattice
energy of polymorph-C was obviously higher than that of the
former two.%> Polymorph-C would therefore be marginally less
stable, but given appropriate conditions, it may be possible to
synthesize this pure structure.

Polymorph-Cy, -D, and -E can be regarded as an ordered
intergrowth by two of these three polymorphs (A, B, and C),
thus exhibiting more ideal structure. Since the lattice energy of
polymorph-C is higher than that of polymorph-A and poly-
morph-B, it would be difficult for polymorph-C to stack with
the other two polymorphs effectively, thus polymorph-D and
polymorph-E are less likely to exist in practice. In practice, we

Inorg. Chem. Front,, 2019, 6, 1938-1951 | 1941
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usually just consider the intergrowth of polymorph-A, -B, and
-C in zeolite beta, while in most of the synthetic zeolite betas,
there are only two polymorphs, polymorph-A and polymorph-
B, especially in the aluminosilicate zeolite beta and pure silica
zeolite beta, which are synthesized in the absence of
germanium.

Polymorph-A and polymorph-B have identical building
units and highly similar thermodynamic stability, which
makes them almost completely disordered during the growth
of zeolite beta. The overall structure of normal zeolite beta is
an intergrowth of polymorph-A and polymorph-B in nearly
equal proportions, and there may be a very small but negli-
gible amount of polymorph-C existing in practice. Fig. 6 gives
an example of the intergrowth structure in zeolite beta. The
grey fold lines are added to mark the stacking sequences of
the 12-membered ring channels. The stacking segments of
three different polymorphs, polymorph-A, -B, and -C, can be
clearly observed in the intergrowth structure of zeolite beta. In
the actual structure of zeolite beta, the stacking faults would
be more complex and more disordered.

The highly disordered framework of zeolite beta causes a
slower research progression in the determination of poly-
morphic composition. To date, there is still no advanced
characterization technology that can accurately determine the
proportion of polymorphs in zeolite beta. At present, the most
widely used method to determine the proportion of poly-
morphs in zeolite beta is a DIFFaX program on the basis of a
general recursion algorithm developed by Treacy et al in
1991.%® By performing the DIFFaX program, we can calculate
the kinematical diffraction intensities from the crystals con-
taining coherent planar faults and simulate powder XRD pat-
terns for several synthetic zeolite systems that contain high
densities of stacking faults, for example, zeolite beta.

As we know, zeolite beta provides a near extreme example of
crystallographic faulting. The high densities of stacking faults

— Polymorph-C

— Polymorph-B

— Polymorph-A

Fig. 6 (010)-Projection of intergrowth structure of zeolite beta.
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Polymorph A
A/B=90/10
A/B=80/20
A/B=70/30
A/B=60/40
A/B=50/50
A/B=44/56
A/B=40/60
A/B=30/70
A/B=20/80
A/B=10/90

Polymorph B
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Fig. 7 Simulated XRD patterns of zeolite beta with different polymorph
ratios of A/B.
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Fig. 8 Simulated XRD patterns of zeolite beta with different portions of
polymorph A (74 A represents the composition of zeolite beta is 74%
polymorph A and 26% polymorph B).

lead to the complex powder XRD patterns, which usually com-
prise both sharp and broad diffraction peaks. However, by per-
forming DIFFaX program, the XRD patterns of zeolite beta
with different polymorph ratios of A/B could be simulated, as
shown in Fig. 7. A more detailed division of simulated XRD
patterns in the fingerprint area is shown in Fig. 8. By compar-
ing the shapes and degrees (26) of the low-angle peaks in the
experimental patterns with the simulated series (Fig. 8), the
polymorphic compositions could be approximately deter-
mined. Based on this method, Treacy et al. determined that
the ratio of polymorph-A and polymorph-B in the normal
zeolite beta is 44:56,°°° which is in good agreement with
that obtained from the electron micrographs, suggesting a
slight preference for polymorph B.

2.3 Chiral feature of polymorph-A in zeolite beta

Zeolite beta possesses a four-connected framework structure
disordered along the ¢ axis direction, giving rise to extensive

This journal is © the Partner Organisations 2019
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Fig. 9 Channel characteristics of polymorph-A (a), polymorph-B (b),
and polymorph-C (c).

Fig. 10 A pair of helix channels of polymorph-A viewed along the ¢
axis.

interplanar stacking faults. The stacking faults do not signifi-
cantly affect the accessible pore volume, but influence the tor-
tuosity of the pore connectivity.>” All the three polymorphs
(A, B, and C) have similar 3D 12-membered ring pore sizes,
straight 12-membered ring channels parallel to the a and b
axis directions, but different channel features along the ¢ axis
direction. Polymorph-B crystallizes in the space group C2/c
(Table 2), exhibiting achiral inclined channel (Fig. 9b).
Polymorph-C crystallizes in the space group P4,/mmc (Table 2),
exhibiting achiral straight channel along the ¢ axis direction
(Fig. 9¢c). However, polymorph-A crystallizes in the space group
P4,22 or P4322 (Table 2), corresponding to the formation of
two enantiomorphs. For polymorph-A, the building layers may
stack in a purely right-handed (RRRR...) or left-handed
(LLLL...) manner (Fig. 10), exhibiting a pair of chiral helical
channels along the ¢ axis direction with a mirror symmetry
(Fig. 9a). Pure polymorph-A with chiral pore structure might
have potential values for asymmetric catalysis and chiral separ-
ations. Its specific structure also suggests the possibility of syn-
thesis assisted by an appropriate chiral organic template.

3. Synthesis of chiral zeolite beta

The synthesis of pure polymorph-A is an extremely attractive
target because the chiral feature of its channel system suggests
that this structure could be used in catalytic reactions or separ-
ation processes involving chiral compounds. Over the past few

This journal is © the Partner Organisations 2019
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decades, many efforts have been made to synthesize zeolite
beta in its pure polymorph-A form, but with little success.

Since the chiral structure of polymorph-A in zeolite beta
has been reported,”>™"® Davis et al. started to create the chiral
zeolite beta by introducing chiral organic molecules into the
synthesis procedure, with the hopes of “templating” and tar-
geting an enantiomer of polymorph A.>*°*” They did success-
fully synthesize an interesting zeolite beta sample that con-
tains slightly larger domains of polymorph-A by using an undi-
sclosed chiral template molecule. Fig. 11 illustrates the powder
XRD patterns of the normal zeolite beta and the zeolite beta
synthesized by Davis and the simulated XRD pattern of the
pure polymorph-A. The diffraction peak at the lower angle
region indicates that the sample synthesized using the undi-
sclosed chiral template molecule has, on average, larger
domains of polymorph A than that of the normal zeolite beta.
Note that XRD patterns cannot reveal whether the domains of
polymorph-A is racemic or enhanced in one enantiomorph.
Despite this, the preliminary experimental result shows that
the synthesis of pure polymorph-A by using special chiral
organic template molecule should be feasible.

Davis et al. never discussed the organic template molecule
they used because of the concern about its toxicity.” They just
enumerated that an appropriate organic template molecule
should have the following attributes. First and foremost, the
template molecule should be chiral. Second, the size of the
template molecule should be sufficient to interact with the
framework over distances that determine the chirality of the
framework, such as a length that can distinguish the direction
of a helical turn in the pore. Third, the template molecule
should be stable under the synthesis conditions of high temp-
eratures and pH. Fourth, the template molecule should be
rigid to minimize obtainable confirmations during the syn-
thesis. Fifth, the template molecule should be unable to rotate
with the pore structure otherwise the chirality would be lost.

(@

Intensi

(b)

(©)

T T T

10 20 30 40

20/(degrees)

Fig. 11 XRD patterns of the normal zeolite beta (a), the simulated pure
polymorph A (b), and the zeolite beta synthesized using the chiral tem-
plate molecule (c).>° Adapted with permission from ref. 39, © 1992
American Chemical Society.
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Fig. 12 XRD patterns of pure silica zeolite beta as made (bottom) and
calcined at 580 °C (top and inset).*° Adapted with permission from ref.
40, © 1996 The Royal Society of Chemistry.

Very recently, Davis et al. synthesized two enantiomerically
enriched polycrystalline zeolites (STW type) following the
designed rules for chiral template molecules,’® which might
also be useful for guiding the later investigations for chiral
zeolite beta.

In 1996, Camblor et al. presented the unseeded synthesis of
pure silica zeolite beta from a hydrothermal system containing
achiral tetraethylammonium cations (TEA') as organic struc-
ture directing agents (OSDAs) and fluoride ions as mineraliz-
ing agents at near neutral pH."® The final composition of the
mixture is SiO, : 0.54 TEAOH : 0.54 HF: 7.25 H,O0. After crystal-
lization for 39 hours, the obtained pure silica zeolite beta
shows an enhanced crystallinity, hydrophobicity, and thermal
stability due to the almost complete absence of connectivity
defects. The XRD pattern of the pure silica zeolite beta
(Fig. 12) is clearly distinguished with the normal zeolite beta.
Compared with the simulated XRD patterns calculated by the
DIFFaX program, the shoulder at the low-angle region of the
first diffraction peak suggests that this material contains
slightly more polymorph-A than polymorph-B. However,
Camblor et al. did not provide a further definitive analysis of
this material.

In 2003, Xia et al. synthesized a series of metal-incorpor-
ated (including Pt, Pd, W, etc.) zeolite beta in the fluoride
medium.*" They added the compounds containing Pt, Pd, or
W into the mixture of TEOS and TEAOH solution (SiO,: 0.54
TEAOH), and then kept them stirring overnight at ambient
temperature to form a homogeneous sol. Thereafter, the
H-beta seeding powder and HF (SiO,:0.57 HF) were added
into the homogeneous sol in sequence. After hydrothermal
crystallization, the solids were washed, dried, calcined, and
pre-reduced if needed. The synthetic process is based on
that reported by Camblor et al., and the majority of these
metal-incorporated materials showed similar XRD patterns
(Fig. 13) with the pure silica zeolite beta prepared by
Camblor et al. Note that the diffraction peak at about 8.8° in
the XRD patterns of some samples indicates that there may
be some crystalline impurities such as ZSM-5 or ZSM-12 (<5%).

In 2008, Takagi et al. developed a new crystallization
method to synthesize zeolite beta in an acidic medium in the
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Fig. 13 XRD patterns of metal-incorporated zeolite beta synthesized in
a fluoride medium.** Adapted with permission from ref. 41, © 2003
Elsevier.

presence of a chiral rhodium complex or chiral amine.** For
the rapid crystallization method, they first mixed the gel with
the composition SiO, : 0.54 TEA" : 0.54 F~: 7.5 H,O and carried
out a nucleation process at 413 K for 50 hours. After quench-
ing, they added chiral rhodium complex of [Rh(bpy)s;](HF,);
into the nucleated gel and adjusted the pH to 4 with HF. Then,
the final composition of the gel was SiO,:0.54 TEA':4.0
F~:4.5 H,0:0.30 Rh. The crystallization needs to be per-
formed at 373 K for 2 months. For another recrystallization
method, the steps are more complicated and the synthesis
cycle is also over one month.

The XRD patterns of the zeolite beta synthesized by the
rapid crystallization method and recrystallization method in
acidic medium are shown in Fig. 14. Then, Takagi et al. evalu-
ated the proportion of polymorphs by a peak separation
method using XRD profiles. However, the experimental XRD
patterns that they have reported (as shown in Fig. 14) are very
similar to those of the normal zeolite beta, indicating that the
proportion of polymorph-A in zeolite beta was not significantly
increased as they reported.

Subsequently, Taborda et al. synthesized pure silica zeolite
beta, Al-Si-beta, and Ti-Si-beta by an aging-drying
method.*>** These samples are synthesized by slight modifi-

o
= p B (a)
s
=
o
(b)
20/(degrees)

Fig. 14 XRD patterns of the nucleated gel (a) and the product (b) syn-
thesized by the rapid crystallization method in an acidic media.*?
Adapted with permission from ref. 42, © 2008 Elsevier.
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Fig. 15 XRD patterns of the selected as-synthesized samples.*®
Adapted with permission from ref. 43, © 2011 Elsevier.

cations of the procedures reported by Camblor et al. Taking
the synthesis of pure silica zeolite beta as an example, the
obtained homogeneous gels with the composition SiO,:0.54
TEAOH : 0.7 HF were aged in a fume cupboard and dried at
ambient temperature for several days. The organic solvent
such as diisopropylamine (DIPA), diisobutylamine (DIBA,) or
R-(—)-2-butanol (RButOH) was added at the end of the aging-
drying process. Finally, the dried gels were transferred into
autoclaves and heated at 413 K for 12 days. The powder XRD
patterns of these as-synthesized samples are shown in Fig. 15.
A closer view of the XRD patterns of Si-RButOH reveals that
the first peak has a small shoulder or spur to the left, indicat-
ing that the addition of RButOH did slightly increase the pro-
portion of polymorph-A. However, the enrichment of poly-
morph-A in these samples did not reach the values proposed
by Taborda et al. calculated with a peak separation method.
Until recently, from 2013 to 2015, Tong et al. and Guo et al.
successively synthesized the chiral polymorph-A enriched pure
silica zeolite beta with an extremely concentrated fluoride
route using achiral OSDAs.”>™*” In addition to the commer-
cially available OSDA of TEAOH, they also synthesized other
four achiral OSDAs (as shown in Fig. 16), i.e., dimethyldiiso-
propylammonium hydroxide (DMDPOH), N,N-dimethyl-2,6-cis-
dimethylpiperdinium hydroxide (DMPOH), N-ethyl-N,N-di-
methylcyclohexanaminium hydroxide (EDMCHOH), and
N,N,N-trimethylcyclohexanaminium hydroxide (TMCHOH).
Typically, they added TEOS to the OSDA solution with the
molar ratio SiO,: 0.5 OSDA. After the hydrolysis of TEOS, they
kept the mixture stirring under an infrared lamp to evaporate
the generated ethanol and most of the water. Then, they put
the thick gel into an 80 °C oven for further dehydration, which
often needs 3-6 days until the H,O/SiO, ratio reached approxi-
mately 0.3. The solid gel was ground to a powder and HF was
added under continuous manual stirring with the molar ratio
SiO, : 0.5 HF. Finally, the uniform mixture was transferred into
autoclaves and heated at 423 K for 4-7 days. The powder XRD
patterns of the calcined samples are shown in Fig. 17, and the
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Fig. 16 The achiral OSDAs used to synthesize chiral zeolite beta by
Tong et al., Guo et al., and Zhang et al.*6474°
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Fig. 17 XRD patterns of the calcined zeolite betas, the arrows show the
characteristic peaks related to the chiral polymorph A of zeolite beta.*”
Adapted with permission from ref. 47, © 2018 Springer Nature.

arrows are added to show the characteristic diffraction peaks
related to the chiral polymorph-A of zeolite beta. By comparing
the shapes and degrees of the broadened low-angle peaks, the
proportion of polymorph A in the beta-TEAOH, beta-DMPOH,
beta-DMDPOH, beta-EDMCHOH, and beta-TMCHOH was
determined to be approximately 65%, 65%, 60%, 70%, and
70%, respectively. HRTEM images of beta-TEAOH shown in
Fig. 18 also clearly show the dominance of polymorph A. Tong
et al. proposed that the amount of water in the final mixture
(H,O/Si) was the key to the enrichment of polymorph-A.
However, in 2016, with the same extremely concentrated
fluoride route, Lu et al. found that the introduction of AI**
species into the identical starting mixture leads to an accelera-
tion of crystallization, but a decrease in the proportion of poly-
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Fig. 18 HRTEM images of beta-TEAOH crystals.*” Adapted with per-
mission from ref. 47, © 2018 Springer Nature.

morph-A in zeolite beta.®® They started to identify the factors
promoting the enrichment of chiral polymorph-A in zeolite
beta. Previously, Tong et al. has found that the dehydration
process of initial gel in an 80 °C oven would lead to a partial
decomposition of TEAOH via Hofmann degradation to form
triethylamine (TEA).”” The single pulse *C MAS NMR data
shows that the molar ratio of TEAOH to TEA in the dehydrated
mixture was approximately 0.61, implying that the decompo-
sition product (TEA) might play an important role on the
enrichment of polymorph-A. Then, Lu et al. optimized the
degradation process by freeze-drying, which can effectively
avoid the decomposition of TEAOH and control the compo-
sition of gels accurately.*® With the freeze-drying process, they
synthesized approximately 65% polymorph-A enriched zeolite
beta by a co-template strategy (Fig. 19), using triethylamine
(TEA), diethylamine (DEA), ethylamine (EA), n-propylamine

L 70%Polymorph A
Beta-TEA
Beta-DEA
Beta-BA
Beta-PA

Intensity

Beta-CHA
60%Polymorph Al
Beta-EA
50%Polymorph A

L. A

5 10 15 20 25 30 35 40
20 /(degrees)

Fig. 19 XRD patterns of the zeolite betas synthesized by a co-template
strategy.*® Adapted with permission from ref. 48, © 2016 Elsevier.
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(PA), n-butylamine (BA), or cyclohexylamine (CHA) as the
second structure-directing agent (SDA, : co-template) together
with the reduced amount of TEAOH. Thus, the molar compo-
sition of the final mixture is SiO, : 0.25 TEAOH : 0.25 SDA, : 0.5
HF. With this co-template strategy, the consumption of expen-
sive TEAOH can be significantly reduced.

In 2016, Zhang et al. synthesized a chiral polymorph-A
enriched zeolite beta in a HF-concentrated system with a
variety of achiral OSDAs.*® Unlike the extremely concentrated
routes reported by Tong et al., they controlled the high HF con-
centration (HF/OSDA > 1.0) in the synthesis medium, instead
of the H,0/SiO, ratio. Besides TEAOH, they also synthesized
three achiral pyrrole-based OSDAs (as shown in Fig. 16), i.e.,
N-isopropyl-N-methylpyrrolidinium  hydroxide  (iProOH),
N-isobutyl-N-methyl-pyrrolidinium hydroxide (iButOH), and
N-isopentyl-N-methylpyrrolidinium hydroxide (iPenOH). Their
synthetic procedure is based on the previous fluoride synthesis
route reported by Camblor et al. with slight modifications.
When the molar composition of the final mixture is SiO,: 0.5
OSDA: 5 H,O:n HF (n > 1.0), the zeolite beta with polymorph-
A enriched feature (55-65% A) was obtained (Fig. 20). They
also found that when a large amount of HF exist in the syn-
thesis system, a vast majority of F~ converts to SiFs>~ and a
buffered system of H' and F~ is formed in the synthesis
system. They speculated that the buffer could restrict the
release of F~ to a small but continuous supply for the crystalli-
zation process, which might promote the enrichment of poly-
morph-A in zeolite beta.

It is not difficult to find that HF has been widely used in
the previously reported synthesis methods. However, HF is
known to be highly corrosive and toxic, which is not encour-
aged and should be handled with great caution if used. Very

HF/SDA (a) Beta-iButOH

15

Intensity

HF/SDA (b) Beta-TEAOH
LL/\LO_JJM
LAJ_,AJ
1.0 |

08 \_IIL_A.A,LI.__A_YM‘
5 20 25 30
20/(degrees)

it

1

Fig. 20 XRD patterns of zeolite beta sample synthesized with increas-
ing HF/SDA ratios.*® Adapted with permission from ref. 49, © 2016 The
Royal Society of Chemistry.
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recently, Lu et al. also found that excess HF did enrich the
polymorph-A during the crystallization.®> However, they
excluded the essential influence of F~ by controlling the vari-
ables. They made a thorough investigation on the essential key
factor promoting the enrichment of chiral polymorph-A in
zeolite beta and experimentally confirmed that the acidity of
the initial mixture greatly affected the proportion of chiral
polymorph-A in the product zeolite beta. Based on this discov-
ery, they developed an acid-assisted route to synthesize poly-
morph-A enriched zeolite beta. Similarly, they added TEOS to
the TEAOH solution with the molar ratio SiO,:0.25 TEAOH.
After the hydrolysis of TEOS, they kept the mixture stirring
overnight and then put it in a freeze drier for 2 days until the
H,0/SiO, ratio reached approximate 1. Subsequently, the solid
NH,F with 0.5 times SiO, in mole was added into the dry gel
and mixed homogeneously by grinding. Finally, an appropriate
amount of acid additive, i.e., oxalic acid (H,C,0,), citric acid
(C¢HgO5), phosphorus pentoxide (P,Os), acetic acid
(CH3COOH), or phosphoric acid (H;PO,) was added and the
resulting uniform mixture was transferred into autoclaves. The
crystallization of polymorph-A enriched zeolite beta takes 10
days under acidic conditions at 423 K. Fig. 21 shows the

(a) (b)
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A/B=90/10

A/B=80/20 A/B=80120
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A A/B=70/30 M“
i 9

Intensity

A/B=40/60

Ll
A o N—

A/B=50/50 A/B=10/90

5 10 15 20 25 30 35 40

20/(degrees)

Polymorph B

6 7 8 9 10 11 12 13 14 15

20/(degrees)

olymorph A
nriched area
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Fig. 21 XRD patterns (a) in the fingerprint area (b) with different poly-
morph ratios of A/B, and HRTEM images (c) aligned along the [100]
direction of beta-C¢HgO, and beta-P,0s5.°° Adapted with permission
from ref. 50, © 2018 The Royal Society of Chemistry.
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powder XRD patterns and HRTEM images of the beta-CsHgO-
and beta-P,0s. Notably, the appearance of the characteristic
peak at 26 = 9.7° marked with the asterisks in Fig. 21(a and b)
indicates that the proportion of chiral polymorph-A in beta-
C¢HgO, and beta-P,O5 were remarkably improved to greater
than 70%. The alternation areas observed in Fig. 21c reveals
that the intergrowths inside these bulk crystals and the poly-
morph-A was dominant in beta-C¢HgO, and beta-P,0s.
Considering such results, Lu et al. speculated that the slow
nucleation rate caused by acidic medium might be an essential
reason for the enrichment of chiral polymorph-A in zeolite
beta. With this speculation, they selected several alcohols
instead of acid additives to suppress the nucleation”® and suc-

70% Polymorph-A ‘_/\/L

f'/\\ \ _Beta-C,H.OH J\’\_

Beta-CH,OH N

Beta-PEG-10000) IV

=z ta-PEG-4000 Ve NS
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Fig. 22 XRD patterns of the calcined zeolite beta prepared with
different alcohol additives.®® Adapted with permission from ref. 51, ©
2018 The Royal Society of Chemistry.

“Polymorph-A
enriched area

Polyniorph B
enriched area

Fig. 23 HRTEM images of beta-PEG-10 000 aligned along the [100]
direction. The fold line is added to mark the stacking sequences of the
12-membered ring channels. The proportion of polymorph A in (a), (b),
(c), and (d) is 61.70%, 68, 18%, 73.08, and 75.00%, respectively.>
Adapted with permission from ref. 51, © 2018 The Royal Society of
Chemistry.
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Table 3 The molar composition and specific condition of different synthetic methods for chiral zeolite beta

Molar composition

Specific condition Crystallization ~ Ref.

Undisclosed

SiO, :0.54 TEAOH : 0.54 HF : 7.25 H,O

Si0,: 0.54 TEAOH : 0.57 HF: 10.6 H,O: n M

SiO, : 0.54 TEAOH : 0.54 HF : 7.5 H,O: 0.30 Rh

Si0,: 0.54 TEAOH : 0.7 HF : 10.16 H,O: 1.15 DIBA

SiO,:0.54 TEAOH : 0.7 HF : 10.15 H,0: 1.15 DIPA

SiO, : 0.54 TEAOH : 0.7 HF : 10.09 H,O: 1.0 R-butanol

Si0,: 0.5 OSDA: 0.5 HF: 0.3 H,O (OSDA = TEAOH, DMPOH, DMDPOH,
TMCHOH, or EDMCHOH)

Si0, : 0.25 TEAOH : 0.25 SDA, : 0.5 HF : 0.7 H,O (SDA, = TEA, DEA, EA,
PA, BA, or CHA)

Si0,:0.5 OSDA: 5 H,0 : n HF (1 > 1.0) (OSDA = TEAOH, iProOH, iButOH,
or iPenOH)

Si0, : 0.25 TEAOH : 0.25 NH,F : n acid (n acid = 0.12 C¢HgO,, 0.12 P,0s,
0.1 CH3;COOH, 0.15 H,C,0,, or 0.06 H;PO,)

SiO, : 0.25 TEAOH : 0.25 NH,F: 0.5 H,O : nn alcohol (n alcohol = 0.6 EtOH,

Undisclosed 39
413 K, 39 hours 40
413 K, 6-12 days 41
373 K, 2 months 42
413 K, 12 days 43

Undisclosed chiral OSDA
Rotating oven
Metal-incorporated
Chiral rhodium complex
Aging-drying method

Extremely concentrated fluoride route; 423 K, 4-7 days  45-47
achiral OSDA

Co-template method 423 K, 7 days 48
HF-concentrated system; achiral OSDA 448 K, 7 days 49

Acid-assisted method 423 K, 10 days 50

Alcohol additives 423 K, 7 days 51

0.65 MeOH, 0.045 PEG-400, 0.04 PEG-2000, 0.05 PEG-4000, or 0.03 PEG-10 000)

cessfully synthesized chiral polymorph-A enriched zeolite
beta.”® Their preparation process is very similar to the acid-
assisted synthesis method except for the use of ethanol
(C,H50H), methanol (CH3;O0H), or polyethylene glycol
(PEG-400, 2000, 4000, 10 000) instead of acid as additives. The
XRD patterns (shown in Fig. 22) of the calcined zeolite beta
prepared with different alcohol additives indicate that the pro-
portion of the chiral polymorph-A is approximately 65%-70%
under the optimal conditions. The HRTEM images of beta-
PEG-10 000 (Fig. 23) show that the distribution of polymorph-A
in the crystals is not uniform but is dominating.

Over the past few decades, researchers have devoted many
efforts to selectively crystallize chiral polymorph-A of zeolite
beta (Table 3). Although the success is limited, the researchers
still work on it.

4. Application of chiral zeolite beta

In recent years, the increasing demands for enantiomerically
pure compounds in products such as pharmaceuticals,
fragrances, and agrochemicals have fostered the development
of preparation methods affording pure enantiomers.
Asymmetric catalysis, enantioselective adsorption and separ-
ation are of great current importance. Unfortunately, the
number of chiral solids that can perform enantioselective
application are very limited.”" Chiral polymorph-A of zeolite
beta contains a 3D 12-membered ring pore systems in which
the pore along the c¢-direction of the crystal is helical following
a 4-fold screw axis (right-handed with the space group sym-
metry P4,22 or left-handed with the space group symmetry
P4;22, respectively). The unique chiral structure of zeolite beta
makes it a candidate material for applications in the prepa-
ration of enantiomerically pure compounds.”

Davis et al. first successfully synthesized a chiral zeolite
beta that has more polymorph-A than the normal zeolite.*>® In
order to evaluate whether this polymorph-A slightly enriched
zeolite beta (~50% A) can perform enantioselective catalysis,
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Fig. 24 Reactions on chiral polymorph-A slightly enriched zeolite
beta.®® Adapted with permission from ref. 39, © 1992 American
Chemical Society.

they placed it in its acidic form in contact with trans-stilbene
oxide and water (as shown in Fig. 24). Then, they tested the
optical activity of the recovered reaction products. The results
showed that the reaction products have an enantiomeric
excess (ee) of 5% ((R,R)-diol), while normal zeolite beta pro-
duced an ee value of zero under the same conditions.
Additionally, they mixed this chiral polymorph-A slightly
enriched zeolite beta or normal zeolite beta with a racemic
mixture of the diols ((x)-hydrobenzoin) several times. The
results showed that chiral polymorph-A slightly enriched
zeolite beta could preferentially adsorb the R,R isomer (ee
again <5%), while normal zeolite beta could not. Although the
ee values of these experiments are quite low, they are nonzero
and outside the limits of experimental error. These results
suggest that the use of a chiral zeolite beta to perform asym-
metric catalysis, enantiomeric separations, and enantiomeric
syntheses is feasible.

In 2003, Xia et al. performed the chiral hydrogenation of
tiglic acid using Pt or Pd loaded chiral polymorph-A slightly
enriched zeolite beta (~50% A).*' The hydrogenised product
a-methylbutyric acid has only one chiral center, which made it
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https://doi.org/10.1039/c9qi00574a

Published on 11 giugno 2019. Downloaded by Fail Open on 23/07/2025 10:08:30.

Inorganic Chemistry Frontiers

advantageous as a model molecule. When Pt or Pd loaded
chiral polymorph-A enriched zeolite beta were applied in this
reaction, about 9-11% ee value was obtained directly without
any addition of chiral modifier, in which the R-(—)-enantiomer
was dominant in the products, showing the influence of the
chirality of pore channels of the catalyst. However, only a
racemic product was acquired with an enantioselectivity close
to zero when the Pd loaded normal zeolite beta was used in
the identical reaction.

In 2004, Sacco carried out the adsorption of hydrobenzoin
(1,2-diphenyl-1,2-ethanediol, a model enantiomeric species)
on commercial normal zeolite beta. They mixed the normal
zeolite beta and saturated racemic hydrobenzoin solution to
study its ability to adsorb and potentially discriminate
between its enantiomers. After the adsorption of a racemic
mixture (50/50), a 48/52 solution was obtained, representing
an approximately 4% enantiomeric excess. The results showed
that zeolite beta can resolve racemic hydrobenzoin by selective
adsorption, but the ee value was still low, which may be due to
the low proportion of chiral polymorph A and its one single
enantiomorph.

In 2015, Tong et al. performed the asymmetric epoxidation
of p-methylstyrene and 1-phenyl-1-cyclohexene over poly-
morph-A enriched Ti-beta (~65% A).*” For comparison, the
normal Ti-beta with the same Ti/Si ratio was also applied to
catalyse the identical asymmetric epoxidation. For the asym-
metric epoxidation of B-methylstyrene, the Ti-beta with about
65% polymorph-A gave an ee value of 4.76% (Si/Ti = 60) or
5.67% (Si/Ti = 125), while the normal Ti-beta give negligible ee
values of 0.12% (Si/Ti = 60) and 0.5% (Si/Ti = 125). For the
asymmetric epoxidation of 1-phenyl-1-cyclohexene, the ee
values for the cis-epoxides obtained on the chiral polymorph-A
enriched Ti-beta (~65% A, Si/Ti = 60) exceeds 10% (11.40%),
which is much higher than that of the normal Ti-beta (1.41%).
These studies indicate that chiral zeolite beta can perform
enantioselective separations and syntheses, but no quantitative
relation was observed between the ee value and the proportion
of polymorph-A.

5. Conclusions and outlooks

Generally, this review has summarized the recent advances in
the structure, synthesis, and application of chiral zeolite beta.
The complex fault structure of zeolite beta has made its analysis
difficult for a long time. Through decades of development and
continuous efforts, there has been significant progress in the
understanding of chiral zeolite beta. The potential chiral appli-
cations of chiral zeolite beta have attracted extensive attention
from researchers. Some strategies toward the designed synthesis
and selective crystallization of chiral polymorph-A in zeolite
beta have been developed, such as using chiral OSDAs or addi-
tives, extremely concentrated fluoride route or high HF dosage
system, co-template route, acid synthesis route, and alcohol-
assisted route. However, some challenges still limit the appli-
cation and development of chiral zeolite beta.
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(1) To further increase the proportion of polymorph-A in
zeolite beta. Although great efforts have been made towards
the synthesis of chiral polymorph-A, the proportion of poly-
morph-A in the resulting crystals is still limited. The crystal-
lization mechanism of the polymorphs has not been clearly
understood yet. How to break through the limitation of
close lattice energies of polymorph-A and polymorph-B is
still unclear, thus the synthesis of pure polymorph-A or
polymorph-A highly enriched zeolite beta is one of the
challenges.

(2) To induce the synthesis of single enantiotopic chiral
polymorph-A. Chiral polymorph-A of zeolite beta contains a
pair of asymmetric helix pores (enantiomorphic pair). The
growing crystals of zeolite beta have “no memory” in the sense
of the “handedness”. So far, the polymorph-A enriched zeolite
beta synthesized are mostly racemic. Therefore, the practical
chiral application of zeolite beta is limited by the actual com-
position. How to realize the symmetry breaking is still unclear,
thus initiating the synthesis of chiral polymorph-A with single
enantiomer is one of the challenges.

(3) To determine the proportion of polymorph-A and poly-
morph-B in the crystals of zeolite beta accurately. Zeolite beta
has a high intergrowth structure that consists of several dis-
tinct but closely related polymorphs. Due to the complex struc-
ture of zeolite beta, the accurate determination of its poly-
morphic composition has always been one of the challenges.
We expect that novel characterization methods can be devel-
oped to accurately provide information about the polymorphic
composition of zeolite beta.

In summary, it is promising that chiral zeolite beta would
play an important role in chiral applications. Selective crystalli-
zation of chiral polymorph-A, even the enantiomerically pure
polymorph-A, has always been a very challenging and signifi-
cant subject. Driven by this direction, more meaningful
research studies are expected in the future.
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