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Zeolites are crystalline porous materials that are used in the chemical industry for adsorption, separation
and catalytic reactions. Chiral zeolites have shown promise in enantioselective adsorption and catalytic
organic reactions, attracting significant research interest. Recent advances have been made in the rational
design, computational prediction and hydrothermal synthesis of using chiral organic structure-directing
agents. Additionally, newly developed electron microscopic techniques have been utilized to analyze the
structure and determine absolute configuration. The following review aims to provide an overview of the
development history of chiral zeolites, examine several prominent chiral zeolite structures discovered so
far, discuss the recent progress in characterization methods and explore their potential applications.
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1. Introduction

Zeolitic molecular sieves are a type of porous crystalline ma-
terial mainly composed of aluminosilicates, with structural char-
acteristics including regular channel construction, relatively large
specific surface area and adjustable size of accessible cavities [1-
3]. Being widely used in chemical industrial production, zeolites
have exerted great functions in adsorption [4], separation [5] and
catalytic reactions [6,7]. The general structure of classic zeolites is
mainly based on [TO4] (T =Si, Al, etc.) tetrahedra as basic structure
units, which are bridged by oxygen atoms at common vertices to
form composite building units (CBUs) of different shapes, thereby
constructing diverse polyhedrons in three-dimensional space [8].
These polyhedrons are usually cavity-containing cages, such as a-
cages, B-cages, ast cages, faujasite cages [9], normally possessing
high symmetries involving mirror planes or inversion centers [10].
However, since the 1980s, researchers have started to pay atten-
tion to its contrary, namely chiral zeolites. It is assumed that the
interplay between chirality and the physical and chemical prop-
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erties of porous materials may open up a new growing point in
the fields of enantioselective separation and asymmetric catalysis
[11-14].

In the past three decades, certain kinds of chiral organic
structure-directing agents (OSDAs) have been designed and uti-
lized in the hydrothermal synthesis of zeolitic materials (Fig. 1)
[15], successfully making the chirality induction and transfer from
small organic molecules to the long-range rigid framework of in-
organic composites [16], thus creating a series of novel chiral ze-
olites (Table 1). Advances have been achieved in multiple leaps
from the formation of racemic intergrown chiral conglomerates
[17,18] to that of a racemic mixture of homochiral crystals [19-
22], and finally to some recent progress in acquiring enantiomeric-
enriched chiral zeolites hitherto [23-25]. At the same time, the de-
velopment of characterization methods for solid materials, espe-
cially the application of high-resolution transmission electron mi-
croscopy (HRTEM) [26,27] and three-dimensional electron diffrac-
tion (3D ED) [28] has, to some extent, solved the problem of de-
termining the absolute configuration of polycrystalline solid mate-
rials with chiral zeolite as a representative. Based on these break-
throughs, chiral zeolites have preliminarily shown their possibili-
ties and prospects in enantioselective gas adsorption [23] and cat-
alytic organic reactions [14,23,24,29]. However, behind these rudi-
mentary attempts, there are still many outstanding problems and
challenges in this field. This review will start the tour with a brief
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Fig. 1. Typical OSDAs used for the synthesis of known chiral zeolites.

introduction of the previously reported chiral zeolite structures
and then proceed into several aspects of rational design, structure-
directed synthesis, absolute configuration determination, and cat-
alytic applications of chiral zeolites.
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2. Structural properties, classification and synthesis of chiral
zeolites

Chirality is a commonly existing natural phenomenon that
describes an object or structure’s property in three-dimensional
space being unable to match its mirror image through proper rota-
tion and translation [30]. The understanding of chirality in history
started right from crystals and has progressed through observation
of crystal shapes and apparent optical properties to their internal
structure and space group symmetry [31]. Based on the knowledge
of crystal symmetry, the chiral zeolites we explore can be classified
into two types: structures with inherent chirality on chiral space
groups and structures with chiral asymmetric units grafted onto
achiral Sohncke space groups [8,32]. Listed in Table 1 are some
kinds of chiral zeolites already included in the coding list of the
Structure Commission of the International Zeolite Association (IZA-
SC) [33], which indeed covers these two types in various symme-
tries.

Specifically, chiral crystals are formed exclusively in structures if
their space group contains only proper rotation operations. Among
the 230 crystallographic space groups, only 65 of them, referred to
as Sohncke groups, can keep chirality [43,44]. Sohncke groups can
be divided into two categories: the first comprises 22 chiral space
groups (i.e., 11 pairs of enantiomeric relationships) with all con-
taining one of each pair of enantiomorphic screw axes (3; or 35,
44 or 4, 67 or 65, 65 or 64) where strictly excludes the existence
of mirror planes and roto-inversions. Belonging to this type of chi-
ral space group is a sufficient but not necessary condition for crys-
tals to have chirality. For example, chiral zeolites encoded *BEA,
0SO, STW, CZP, -ITV, and LT] belong to this category. The second
type refers to the crystallization within the remaining 43 achiral
Sohncke space groups. These space groups lack the second type of
symmetry operation and also do not possess a chiral screw axis.
The chirality of crystals in this group is contingent on the chiral
asymmetric unit they originate from. Included in this category are
the chiral zeolites encoded JRY, GOO, VNI, VFI, and ABW in Table 1.

Besides symmetrical properties, it is of equal importance to fo-
cus on the pore size of such chiral zeolites especially when ex-
pecting them to perform shape-selective adsorption or catalytic
applications [45-48]. It must be ensured that the structural chi-
rality is presented in confined cavities of a certain size. Ideally,
these cavities or channels shall present chirality aiming at selec-
tive recognition toward adsorbate guest molecules or reaction sub-

Table 1
List of some reported chiral zeolites and their structural properties.
Framework Type material name Year of Space group of Framework Framework Diameter of max Diameter of max Refs.
type report type material @ elements (T) ring size containing sphere (A) ®  diffusible sphere (A)
GOO Goosecreekite 1986 2224 Si, Al 8,6, 4 4.51 3.22,3.22,2.84 [34]
*BEA Beta (polymorph A) 1988 P4122[P4522 Si 12,6,5, 4 6.59 5.94, 5.94, 5.94 [17,18]
VFI VPI-5 (hydrated) 1991 P63 AL P 18,6, 4 12.03 2.40, 2.40, 11.39 [35]
czp CoZnPO 1995 P6122/P6522 Co, Zn, P 12,8, 4 4.26 1.25, 1.25, 3.68 [36]
MGaPO 2002 P6122/P6522 Mn/Zn, Ga, P [37]
VNI VPI-9 1996 P412,2[P452,2 Si, Zn 8,543 4.80 3.16, 3.16, 2.53 [38]
ABW NaCoPO4 1997 P64 /P65 Co, P 8,6, 4 4.24 2.61, 3.51, 2.61 [39]
(eN¢] 0SB-1 2001 P6,22/P6422 Be, Si 14,8, 3 6.07 341, 3.41, 5.87 [40]
STW SU-32 2008 P6122/P6522 Ge, Si 10, 8, 5, 4 5.43 3.38, 3.38, 4.88 [20]
HPM-1 2012 P6,22/P6522 Si [21]
S/R-STW 2017 P6,22/P6522 Si, Ge, (Al) [23]
JRY CoAPO-CJ40 2009 P212124 Co, Al, P 10, 6, 4 4.59 2.05, 4.40, 1.75 [41]
-ITV ITQ-37 2009 P4,32/P4532 Si, Ge 30, 6, 4 9.32 6.98, 6.98, 6.98 [22]
GTM-3 2022 P4,32/P4532 Si, Ge [24]
LTJ Linde ] 2011 P41212[P432,2 Si, Al 8,6, 4 4.10 3.12, 3.12, 3.12 [42]

2 The space groups listed here refer to type materials, as some framework structures themselves are achiral but the presence of small molecular species included reduces

symmetry and leads to the emergence of chirality.

b The cavity and channel diameters are based on the standardized silica framework of the three-letter codes. While comparing qualitatively, the pore size of structures
composed of other elements does not differ significantly.
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strates, products, intermediates, or transition states [49,50]. More-
over, if the cavity size is too small or the pore channels are too
narrow (e.g., d <4A), it becomes difficult to accommodate the re-
action system or through which substrates and products would dif-
fuse. According to the definitions of microporous and mesoporous
materials [51], the chiral zeolites we are discussing herein belong
to the former, and among the larger ones are *BEA, 0SO, STW, VFI,
and -ITV, while the latter two have pore sizes ~10A, large enough
to approach mesopores [22,35]. However, it’s worth noting that the
chirality of some zeolites, such as VPI-5 (the type material of VFI),
comes from the guest water molecule filled in the pore which loses
chirality upon dehydration and thus no longer meets our demand.

In addition, over the past twenty years, there have been sig-
nificant advancements in developing zeolite-like porous materials
with chirality. Noteworthy examples are the chiral mesoporous sil-
icates introduced by Che et al., which employed twisted micelle
assemblies or nanoclusters as templates [52-54], as well as chiral
nematic mesoporous materials [55] and chiral nanoceramics [56].
Additionally, researchers have successfully produced chiral metal-
organic frameworks (cMOFs) [57-59] and chiral covalent organic
frameworks (cCOFs) [60-64] by incorporating asymmetric organic
structural fragments during the construction process of traditional
MOFs or COFs. These materials have been individually character-
ized and have demonstrated certain capabilities in enantiomeric
separation. Such development is worth learning from for the study
of chiral zeolites though, there are already comprehensive reviews
and summaries available on this topic, so we will not delve further
into details.

In the following subsections, we will provide a brief overview
of three typical chiral zeolites, i.e., *BEA, STW and -ITV, explain the
emergence of chirality in their structural construction, and discuss
some of the key points in their OSDA-directed synthesis.

2.1. *BEA (Beta polymorph A)

Zeolite beta is the first zeolite discovered to exhibit chiral chan-
nels and is considered to be one of the most complex intergrown
zeolitic structures [65,66]. The discovery of this material can be
traced back to 1967 by Mobil Oil Corporation and its unique prop-
erties have been of interest to researchers ever since. Tetraethy-
lammonium hydroxide was used as an OSDA during its synthe-
sis, while its adsorption and other physicochemical properties sug-
gested that the zeolite has a large pore structure. However, due to
its highly disordered intergrown structure, the broadened peaks of
powder X-ray diffraction make it a significant challenge to deter-
mine its proper structure. It was not until 1988 that Newsam et
al. [17] and Higgins et al. [18] independently solved this problem
by making use of advanced techniques such as electron diffraction
and HRTEM together with computer simulation methods.

Zeolite beta has two polymorphs, known as A and B, which are
very similar in construction. They are made up of the same cen-
trosymmetric layered structural units that are stacked differently
along the c-axis. Polymorph A is formed when the layered units are
spirally stacked along the c-axis with the 4; or 435 screw axes, ex-
hibiting a symmetry of P4;22 or P4522 which are of mirror image.
When observed through the direction perpendicular to the c-axis,
the 12-membered ring (12-MR) channels are alternately stacked in
a zig-zag form denoted as a-b-a-b (Fig. 2). Polymorph B, conversely,
is formed when the layered units are stacked leftwards and right-
wards alternately along the c-axis, exhibiting a symmetry of C2/c
with chirality no longer existing. When observed perpendicular to
the c-axis, the 12-MR channels are stacked alternately as a-b-c-a-
b-c. Both polymorphs are very similar in structure and framework
energy, so they exist in nearly equal proportions in traditional ze-
olite beta materials and have not been observed as pure ordered
phases of either one so far [33].
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Fig. 2. Zeolite beta polymorph A with its 4; helical channel structure. Copied with
permission [14]. Copyright 2018, American Chemical Society.

Nonetheless, zeolite beta has already been widely used as a
catalyst in industrial processes [67,68]. Its relatively large chan-
nel diameter (d ~ 6A) and solid Brensted or Lewis acid prop-
erties upon doping of metal elements (e.g., Al, Sn, Ti) make it
ideal for various reactions, including Friedel-Crafts alkylation [69],
acylation [70], cracking isomerization [71], esterification [72], and
more. Therefore, to realize potential asymmetric catalysis, it ap-
pears more urgent to develop zeolite beta with homochirality. The
first step towards achieving this goal is to prepare zeolite beta en-
riched with polymorph A. In 2015, Xu et al. reported the highest
known enrichment results so far [65]. They used a highly con-
centrated fluoride route in combination with traditional tetraethy-
lammonium hydroxide and several other quaternary ammonium
hydroxides as OSDAs (1-3 in Fig. 1), achieving 65%-70% enrich-
ment of polymorph A by controlling the water-silica ratio down to
about n(H,0)/n(Si0,)=0.3. Subsequent characterization led to the
speculation that triethylamine, produced by Hoffmann degradation
of tetraethylammonium cation during the dehydration process at
80°C, may play an important role in the enrichment of polymorph
A. Since then, Tian et al. have reported progress in a concentrated
hydrofluoric acid system (with modified OSDAs 4-5 in Fig. 1) [73];
Yan et al. improved the synthesis using an acid-assisted approach
(with modified OSDAs 6-8 in Fig. 1) [74] and certain alcohol ad-
ditives [75]. However, there have been no further advances so far
toward synthesizing an enantiomeric-enriched polymorph A of ze-
olite beta, leaving a bigger challenge ever since.

2.2. STW (SU-32, HPM-1 and R/S-STW)

STW is a type of hexagonal germanosilicate zeolitic molecular
sieve with chiral 6; or 65 screw axis symmetry and a medium-
sized channel structure within a space group of P6,22 or P6522 re-
spectively. It is also STW-structured zeolites that played significant
roles in achieving two breakthroughs in the synthesis of racemic
chiral single crystals and chiral enantiomeric-enriched zeolites for
the first time [20,23].

In 2008, Zou et al. reported the synthesis of the first chiral
germanosilicate zeolite with STW topology named SU-32 [20]. By
using a non-chiral diisopropylamine (DIPA) as OSDA (12 in Fig.
1), they obtained an SU-32 sample with a silicon-to-germanium
ratio of Si/Ge=4.72:5.28. The construction pattern of SU-32 is
similar to that of *BEA, that is, consisting of a layered structure
of 4-membered, 5-membered, and 12-membered rings, which are
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Fig. 3. The helical channels in SU-32 with the space group P6;22. Copied with per-
mission [20]. Copyright 2008, Springer Nature Limited.

mutually connected through rotation and displacement, forming a
three-dimensional framework structure. However, the rotation an-
gle between layers of SU-32 is 60° instead of 90° as that in *BEA,
which allows for the construction of a helical channel with either
61 or 65 screw axes (Fig. 3). The adjacent 12-MRs are not com-
pletely aligned, but dislocations are generated during the rotation
process. Therefore, a shrinkage to 10-MR actually limits the size of
the channel aperture. When the adjacent layered spiral stacking of
SU-32 becomes centrosymmetric stacking, a non-chiral SU-15 zeo-
lite structure is generated with a space group of C2/m, similar to
the pattern of zeolite beta polymorph B. Interestingly, unlike the
preference of racemic intergrowth of *BEA enantiomers, SU-32 al-
most crystallizes as a single crystal with enantiomeric purity. Its
absolute configuration can be determined through single crystal X-
ray diffraction (XRD) testing, and the Flack parameter is close to
0. It is speculated that a perfect single chiral SU-32 crystal has an
energetic advantage over racemic intergrown twinnings with stack-
ing defects, which may explain why SU-32 crystallizes almost ex-
clusively as a single enantiomer.

One of the drawbacks of germanosilicate zeolite SU-32 is its
relatively low silicon-to-germanium ratio (Si/Ge =0.89 < 1), which
leads to low hydrothermal tolerance and structural instability. To-
ward this problem, in just four years, Camblor et al. success-
fully synthesized a pure silicon STW, named HPM-1 [21], us-
ing 2-ethyl-1,3,4-trimethylimidazolium salt as OSDA (13 in Fig. 1).
HPM-1 maintained the chiral nature of either P6;22 or P6522
and demonstrated excellent thermal stability and high water tol-
erance. In 2014, Davis et al. continued to investigate structural
directing agents for such zeolites and suggested that 1,2,3,4,5-
pentamethylimidazolium salt (14 in Fig. 1) could also be used to
efficiently synthesize pure silicate HPM-1 [76].

In 2017, Davis et al. made a significant breakthrough in the
synthesis of enantiomeric-enriched STW [23]. Their work ex-
ploited the computational-assisted design of a suitable chiral
OSDA, namely a pair of tetramethylimidazolium dication joined by
a chiral trans-1,2-disubstituted cyclopropane linker (16 in Fig. 1).
Combined with an amount of 10% pure silica racemic STW as seed
crystals, they successfully produced enantiomeric-enriched R/S-
STW with the highest Si/Ge ratio of 20:1, as well as enantiomeric-
enriched aluminogermanosilicate R/S-STW with a Si/Ge ratio of 2:1
and Si/Al ratio of 100:1. By using the modified HRTEM method
of rotating crystalline sample developed by Terasaki and Ma et al.
[26], they determined the space group of a single crystal in the
R/S-STW powder samples, distinguished their chiral absolute con-
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figurations from P6;22 and P6522, and confirmed the correspon-
dence between R/S-OSDA with R/S-STW (Fig. 4). They also semi-
quantitatively determined the enantiomeric enrichment degree by
measuring the absolute configurations of polycrystals, represented
by an enantiomeric ratio of approximately 5:1. The synthesized
chiral aluminogermanosilicate STW samples also exhibited enan-
tioselective adsorption and catalytic effects right as expected.

Inspired by this study, researchers have been trying to improve
the synthesis method of STW [77]. As the STW structure contains
numerous double-4-ring (d4r) units with a relatively high strain, it
was inevitable to use a higher proportion of germanium or oth-
erwise concentrated fluoride ions to stabilize the silicate frame-
work during the synthesis. However, this also poses a risk of expo-
sure to harmful synthetic reagents such as hydrofluoric acid. There-
fore, Iyoki et al. [78] and Du et al. [79] have successively found
fluoride-free synthetic routes towards STW. They have also stud-
ied the host-guest binding mechanism between the zeolite frame-
work and OSDA molecules. Meanwhile, Davis et al. attempted to
synthesize enantiomeric-enriched STW using several chiral amino
acids as additives to perform a co-template effect [80]. However,
they unintentionally discovered a better crystallization condition
for racemic STW. This helped them to obtain experimental evi-
dence of host-guest binding modes through synchrotron radiation
XRD.

2.3. -ITV (ITQ-37 and GTM-3)

In 2009, Zou et al. reported the discovery of a mesoporous ger-
manosilicate zeolite with a chiral channel structure and named it
ITQ-37 [22]. Shortly afterward, the framework was assigned with
a three-letter code -ITV. It belongs to the space group of either
P4,32 or P4332. ITQ-37 is the first three-dimensional germanosili-
cate zeolitic molecular sieve with a 30-membered ring, whose pore
size even comes close to the standard of mesoporous material, and
a skeleton density as low as only 10.3 T atoms per 1000 A3. To syn-
thesize this kind of chiral zeolite, a bridged-cyclic quaternary am-
monium derivative containing four chiral centers (18 in Fig. 1) has
been used as OSDA. The structure of ITQ-37 contains unique lau
cages [426%] and two double 4-rings (one D4R1 and three D4R2)
that form the nodes of the srs network structure. Every ten such
structural units form a 30-MR mesopore in the ITQ-37 structure
and the centers of adjacent 30-MRs are connected to form another
set of srs network, in which the spiral channel system is present
(Fig. 5). This spiral channel demonstrates a very large open skele-
ton structure that can accommodate a variety of guest molecules,
making it expected to excel in the enantioselective application of
larger substrates. However, the OSDA used in this report is merely
a mesomeric molecule so the resulting synthesized zeolitic mate-
rial lacks definite enantiomeric enrichment after all. Therefore, its
enantioselective application scenarios cannot be confirmed yet.
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Fig. 5. The mesoporous channel and gyroidal surfaces in ITQ-37 with the space
group P6,22. Copied with permission [22]. Copyright 2009, Macmillan Publishers
Limited.

In the following years, several research groups including Yu et
al. [81], Du et al. [82], and Jiang et al. [83] have respectively suc-
ceeded in the synthesis of ITQ-37 using various types of quater-
nary ammonium salts or imidazolium salt dimer as OSDAs (19-21
in Fig. 1). Nonetheless, all the OSDAs harnessed in these experi-
ments were achiral organic molecules and no enantiomeric enrich-
ment was achieved.

Fortunately, it was not long before Gémez-Hortigiiela et al. suc-
cessfully boosted chiral zeolites with -ITV topology to enantiomeric
enrichment [24]. They used a chiral pseudoephedrine derivative
called EMPS (17 in Fig. 1) to achieve this enrichment on -ITV zeo-
lite with a silicon-to-germanium ratio of 2.6-2.8. The process was
carried out under careful control of hydrothermal temperature (be-
ing kept below 110°C or even down to 60°C), as high tempera-
tures can cause OSDAs to decompose or racemize, while low tem-
peratures require strong interaction between OSDA and the ger-
manosilicate framework of zeolite to undergo nucleation and crys-
tallization processes. Under such circumstances, the enantiomeric
enrichment of -ITV-type zeolite was acquired and named GTM-3.
However, the crystal structure of such zeolites is extremely sen-
sitive to electron beam exposure, making it unable to definitively
characterize their absolute configuration and enantiomeric excess
value. Alternatively, indirect studies were conducted using powder
XRD and solid-state NMR under comparison of seed-assisted syn-
thesis. The definitive evidence of enantiomeric enrichment came
from the reaction results of its catalytic asymmetric reactions. A
repeatable catalytic ee value of up to 30% undoubtedly confirmed
the presence of the catalyst’s enantiomeric enrichment.

3. Rational design and computational prediction of chiral
OSDAs with zeolites

3.1. Rational design of chiral OSDAs

Much focus has been paid to the rational design towards the
synthesis of zeolitic molecular sieves and chiral ones were no ex-
ception [84,85]. Although the exact process of how zeolite forms is
not yet fully understood, some guiding principles have been estab-
lished for synthesizing chiral molecular sieves under hydrothermal
conditions, which are brought about by OSDAs. Ever since chiral
zeolites were discovered, scientists have been attempting to design
suitable chiral OSDAs to create chiral pores in the shapes of cor-
responding zeolites. In 1992, M. E. Davis summarized some guide-
lines for using chiral OSDAs and proposed certain conditions neces-
sary for synthesizing chiral zeolites based on those guidelines [86].
They suggest that, firstly, to differentiate between a pair of enan-
tiomers of chiral zeolites, it is crucial to create a difference in the
interaction between a pair of chiral OSDA enantiomers and the chi-
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ral zeolitic framework. This difference in interaction shall be signif-
icant in terms of energy, which is a decisive factor of chiral OSDAs.
Secondly, OSDAs should possess the following specific characteris-
tics [14]:

1. OSDA itself must be chiral;

2. OSDA must be of sufficient size to interact with the zeolite
framework, thereby determining the chirality of the framework;

3. OSDA must remain stable under hydrothermal synthetic condi-
tions, maintaining both covalent stability and avoiding racem-
ization;

4. OSDA needs to have a certain degree of rigidity and try to
maintain its conformation unchanged during the synthesis pro-
cess;

5. OSDA cannot rotate in the pore structure, otherwise the chiral
induction effect will be lost.

These principles have been a crucial guide in the research on
the synthesis of chiral molecular sieves with the use of chiral
OSDA. However, numerous experiments have been reported that
zeolites synthesized using chiral OSDAs are still intrinsically achi-
ral, like SSZ-24 (P6/mcc, [87]) and CIT-5 (Imma, [88]) synthesized
using N-methylsparteinium, CIT-1 (C2/m, [89]) and ZSM-12 (C2/c,
[90]) using N-substituted myrtanylammonium salts, probably due
to breaking of any one of the rules 2-5 above [12].

3.2. Computational prediction of chiral zeolites

To create effective prediction methods for the structure of chi-
ral zeolites, theoretical computations and molecular dynamics sim-
ulations have been applied to guide practical experimental syn-
thesis. The theoretical computation and simulation of chiral zeo-
lites mainly consists of three interrelated parts: (1) Rational de-
sign of plausible novel chiral zeolite structures; (2) virtual screen-
ing and predicting candidate chiral OSDAs based on known chiral
zeolite framework structures; (3) prediction of the zeolite frame-
work structures upon given chiral OSDAs that may be induced for
synthesis.

In 2003, Yu et al. developed an algorithm aiming at the predic-
tion of novel chiral zeolitic frameworks [91]. The algorithm intro-
duced the concept of a "forbidden zone", allowing for the artificial
setting of the desired zeolitic pore structure, and then assembling
the framework by placing T atoms outside the forbidden zone. This
method allows for adjusting the size of pores, the number of in-
dependent T atoms, the symmetry position of independent atoms,
the size of crystal cells, and space group symmetry. As a result,
chiral zeolite structures with a single helical axis symmetry can
be directly designed. As depicted, the yellow tetrahedron in Fig. 6a
represents the [TO4] unit, and the green cylinder represents the
pre-designed forbidden zone. Using the given 6; spiral axis sym-
metry operation, the program can automatically generate the cor-
responding helical channel structure.

Once a set of target structures has been obtained through simu-
lation, it becomes necessary to verify their actual reliability. In this
regard, two possible indicators that can be used to measure the
probability are proposed: framework energy and framework den-
sity (FD). By comparing the simulated target structure (red square
in Fig. 6b) and the skeleton structures of 161 zeolite structures
(black triangle in Fig. 6b) and fitting the approximate possible
range, it is possible to determine the reliability of the prediction
results to some extent.

3.3. Computational prediction of candidate OSDAs
Besides the prediction of novel zeolite structures, the other as-

pect is to predict candidate OSDAs. The main objectives are as fol-
lows [92]:
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Fig. 6. (a) Generation of the chiral channel in the space group P6,22. (b) Comparison of framework energy vs. framework density. Copied with permission [91]. Copyright

2005, American Chemical Society.

1. Determine the synthesizability, hydrothermal stability, and
racemization energy barrier of the OSDA itself;

2. Dock the OSDAs into their right position in the framework and
calculate the binding energy towards zeolitic frameworks, es-
pecially the relative difference in the energy of a pair of enan-
tiomers. This helps us understand the basic relationship be-
tween OSDA and the chiral zeolites they induce.

3. Simulate the role of OSDA in nucleation and crystal growth pro-
cesses, particularly in inducing symmetry breaking and chirality
generation during the formation of CBUs.

4. Perform virtual high-throughput screening of new chiral OSDAs
or predict better chiral OSDAs for the preparation of known chi-
ral zeolite structures.

Currently, there have been a few successful reports of applying
molecular simulation results to the experimental direction of syn-
thesis towards zeolite beta. Corma et al. used GULP (General Utility
Lattice Program) to perform calculations with the aim of synthe-
sizing one of the three polymorphs of zeolite beta—BEC [93]. They
screened nine different potential OSDAs from a series of molecules
and successfully applied them in experiments to obtain the desired
target structure. The predicted OSDA was found to exhibit the best
reactivity among the OSDA candidates.

In 2019, Deem et al. proposed a simulation method for syn-
thesizing the polymorph A enrichment of zeolite beta [94]. The
method consists of three parts:

1. De novo design: synthetic accessibility of candidate molecules is
addressed by screening known chemical reaction libraries and
small molecule substances through a genetic algorithm;

2. Scoring function: candidate OSDAs are scored based on fac-
tors such as stability under hydrothermal synthesis conditions,
number of degrees of freedom in twist angle, and molecular
volume;

3. Optimization algorithm: this further calculates the interaction
energy between OSDA and molecular sieve under the opti-
mal configuration using the non-bonded Lennard-Jones poten-
tial function.

Using this computation method, Deem et al. studied the synthe-
sis of *BEA by predicting 212 candidate OSDAs under the condition
that the interaction *BEA is less than —15k]J/mols; and the energy
difference with polycrystalline C is greater than 2 kJ/molg;.

Almost at the same time, Deem et al. further proposed a
machine-learning strategy for predicting OSDA for *BEA [95]. They
trained neural networks on 4781 candidate OSDAs and filled in
chemically feasible OSDA types through evolutionary algorithms.
Finally, 469 OSDAs were proposed with stabilization energies be-
low —17 kJ/molg;, all of which were superior to the known OSDAs

for synthesizing beta zeolites. Unfortunately, there have been no
further reports on whether these predicted OSDAs can be practi-
cally used to realize the synthesis of zeolite beta.

Nevertheless, experimental syntheses of other types of zeolites
directed by computational design have been reported in recent
years [96,97]. Some examples are ITE [98] and SSZ-43 [99]. Ad-
vanced computational techniques like data mining, generative neu-
ral networks [100], and deep learning generative models [101] have
also been used for OSDA calculations in zeolite synthesis. These
methods may provide inspiration for the rational design of chiral
zeolites as well.

4. Absolute configuration determination of chiral zeolites

The study of chiral zeolites requires a thorough understand-
ing of determining the absolute configuration of synthesized sam-
ples, which is essential for in-depth learning of guest-to-host chi-
rality transfer during the structure-directing process and explor-
ing subsequent enantioselective applications. Absolute configura-
tion for a chiral single crystal can be generally determined through
laboratory-level single-crystal X-ray diffractometers [44]. Anoma-
lous scattering occurs due to the partial absorption of X-ray by
tested substances, resulting in energy level transitions, which can
lead to the breaking in the intensity of Friedel pairs. Chiral crys-
tals with enantiomers exhibit opposite intensity differences, thus
allowing for the differentiation in chirality. Unfortunately, obtain-
ing single crystals of sufficient size is often difficult, especially for
zeolitic materials. Therefore, new methods for absolute configura-
tion characterization of chiral zeolites need to be contrived.

4.1. High-resolution transmission electron microscopy

In 2017, Ma et al. reported two methods for determining the
absolute configuration of chiral zeolites based on electron crystal-
lography [26], successfully achieving chirality confirmation of nano
chiral crystals. The first method involves using the HRTEM tech-
nique. Considering that the principle of HRTEM is to project the
periodic array onto a plane and thus lose its 3D chiral features, but
the screw axis in chiral crystals concatenates operations of both
translation and rotation, it is possible to artificially rotate the crys-
tal sample along the rotative component of the screw axis and that
the image will exhibit its translative counterpart. Capturing at least
two high-resolution images of the same area and comparing their
different translation directions before and after, there will be ob-
servable differences to distinguish the absolute configuration of the
crystal.

After the proposal of this method, it immediately applied to the
first enantiomeric-enriched chiral zeolite STW case mentioned in
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Fig. 7. Illustration of a six-fold rotation of STW frameworks with different chirality.
Copied with permission [23]. Copyright 2017, National Academy of Sciences.

Section 2.2 (Fig. 7), contributing to the identification of its proper
space group and counting its enantiomeric excess amount.

Due to the limitations of difficulty in location comparison and
the influence of contrast transfer function (CTF) on crystal HRTEM
imaging, Ma et al. further improved this method on an aberration-
corrected scanning transmission electron microscopy (STEM) [27].
They changed the sample rotation angle to half of the screw axis
angle, reducing the step of comparing the translation direction. In-
stead, the absolute configuration of the crystal can be identified
solely by the specific atomic tilting arrangements in STEM images
(Fig. 8).

4.2. Dynamical effects in three-dimensional electron diffraction

Since the late 2000s, three-dimensional electron diffraction (3D
ED) techniques have been prosperously developed, which refers
to methods such as precession electron diffraction tomography
(PEDT) [102,103], rotation electron diffraction (RED) [104,105], mi-
crocrystal electron diffraction (MicroED) [106], and their updated
version for continuous data collection, etc. These techniques proved
to be especially useful in the structural analysis of porous materials
[107] such as zeolites [108], MOFs [109,110] and COFs [111,112] that
are sensitive to electron beams [113]. Kinematic electron diffrac-
tion works similarly to normal X-ray diffraction when extracting
diffraction peak intensities for structural analysis and refinement.
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However, when it comes to chiral crystals, the structure factor
and diffraction intensities of a pair of enantiomers are identical,
making it impossible to distinguish the structural attribution of
enantiomers. Therefore, this is where dynamical effect of electron
diffraction comes in. What electron beam differs from X-ray is that
the interaction between electron and matter is much stronger so
that the scattered beam is prone to undergo a secondary scatter-
ing, which is known as the dynamical effect [114]. This effect can
cause the diffraction peak intensity to no longer follow the kine-
matic Bragg diffraction conditions, making it difficult for accurate
intensity fitting or analysis of systematic absences [115], but a fa-
vorable side is the potential to break the center inversion symme-
try in diffraction reciprocal space of a chiral crystal, allowing us to
identify its absolute configuration [116,117].

In the 2017 report by Ma et al., the second method was to
observe the dynamical effects in a precession electron diffraction
(PED) experiment [26]. A series of PED patterns are collected along
a specific band axis, and the zeroth-ordered Laue zone (ZOLZ)
diffraction pattern reflects the plane symmetry properties of the
crystal, while the high-ordered Laue zones (HOLZs) demonstrate
a more significant dynamical effect, resulting in distinguishable
enantiomorphic pairs. Meanwhile, dynamical intensities of diffrac-
tion patterns can be simulated by the Bloch-wave method, hence a
comparison between the actually observed intensities and the sim-
ulation results in HOLZs could lead to the assignment of correct
absolute configurations of a tested sample.

Not much later, Brazda et al. reported the application of the
PEDT technique to determine the absolute configuration of chi-
ral organic crystals consisting of only light atoms [118]. Dynami-
cal diffraction intensities were compared with the Bragg diffrac-
tion intensities in the reciprocal space to obtain the excitation er-
ror function and then a double-peaked rocking curve was plotted.
By performing a meticulous dynamical refinement, they were able
to compare the difference in discrepancy R-factor caused by agreed
or disagreed chiral structures, thus distinguishing the absolute con-
figuration of the crystal. Later in 2023, Ma et al. reported a new
method for determining the absolute structure of chiral organic
nanocrystals using zone-axis electron diffraction [119]. They em-
ployed low-dose conditions for minimizing beam damage with the
least data collection to adapt to the need for beam-sensitive crys-
tals.

The 3D ED methods have also been reported for determining
the absolute configuration of chiral zeolites. In 2021, Palatinus et
al. used the method of continuous RED to determine the absolute
configuration of HPM-1 pure silica STW-type zeolite crystals men-
tioned in Section 2.2 [28]. Through dynamical refinement, the wRy

Fig. 8. Illustration of different orientations in a tilt series with different chirality. Copied with permission [27]. Copyright 2020, Authors.
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Fig. 9. Histogram of difference electron static potential maps of kinematical (grey)
and dynamical (pink) refinements. Copied with permission [27]. Copyright 2023,
Authors.

values of a pair of enantiomeric structures converged to 0.306 (for
P6422) and 0.234 (for P6522), respectively. The significantly lower
R-factor of the latter one determined its true absolute configura-
tion, which was in accordance with that measured by the single-
crystal XRD result of the same crystal in advance, demonstrat-
ing the effectiveness of the dynamical effect of electron diffraction
in determining the absolute configuration of chiral zeolites. How-
ever, the limitation of this report is that the samples they tested
were zeolite materials containing OSDA molecules (2-ethyl-1,3,4-
trimethylimidazolium salt, 13 in Fig. 1), and the differences in dy-
namical refinement involved the contribution of specific chiral con-
formations of OSDA in confined cavities (Fig. 9). There is still no
relevant report on whether the remaining chiral channel of zeolitic
materials upon removal of OSDAs can still exhibit such a large R-
factor difference to determine their absolute configuration.

5. Enantioselective applications of chiral zeolites

To achieve enantioselective applications is the ultimate goal
of studying chiral zeolitic materials. Compared to other chiral
reagents such as organic catalysts or transition metal complexes,
zeolitic molecular sieves showcase several advantages, including
structural stability, easy recycling and regeneration, the capabil-
ity of solid-phase loading and easy set-up of continuous processes,
tolerance to varied temperatures, pressure and pH ranges, almost
non-toxic and pollution-free at low cost, etc. [120,121]. Chiral ze-
olites take advantage of their channel shapes to match the reac-
tion substrate, producing shape-selective activity without the need
for specific anchoring group interactions. This complements tradi-
tional chiral catalytic modes. However, since there are limited re-
ports on the synthesis of enantiomerically enriched zeolitic mate-
rials, research on the adsorption and catalysis of chiral zeolites was
limited to only a few cases.

As early as 1992, Davis et al. reported an enantioselective catal-
ysis using their synthesized zeolite beta [86], which achieved
asymmetric hydrolytic ring-opening of 1,2-diphenylepoxyethane
(Scheme 1) and claimed to acquire an ee value of 5%.

In 2017, Davis et al. conducted simultaneous studies on enan-
tioselective adsorption and catalytic reactions after achieving the
first chiral STW zeolite synthesis with enantiomeric enrichment
[23]. The selected chiral adsorbent for adsorption research is 2-
butanol, a small organic compound with a single chiral center. The

Q $ oH
zeolltebeta
(R,R) +(S,S) (R,S)

Scheme 1. Ring-opening reaction studies of stilbene oxide substrates with water
catalyzed by zeolite beta.
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Scheme 2. Ring-opening reaction studies of 1,2-epoxyalkane substrates with alkyl
alcohols catalyzed by zeolite STW.
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Fig. 10. Comparison of the helical pore of STW, the OSDA used in its synthesis and
the product of catalytic ring-opening reaction. Copied with permission [14]. Copy-
right 2018, American Chemical Society.

results show that chiral STW zeolite has a certain degree of enan-
tioselective adsorption function.

For catalytic reaction research, the asymmetric ring opening
reaction of simple primary alcohols on epoxy compounds was
conducted [14,23]. (R)-, (S)- and racemic STW zeolites with alu-
minum loading about Si/Al=100:1 were tested for catalytic re-
actions. Methanol, ethanol, n-propanol and n-butanol were used
as nucleophilic reagents respectively to the ring-opening reaction
of 1,2-epoxybutane, 1,2-epoxyhexane and 1,2-epoxyoctane (Scheme
2). The optimal ee value obtained was reported to be 22.9% under
the reaction between n-butanol and 1,2-epoxyoctane. Moreover,
comparing different reaction substrates reveals the phenomenon
that a longer carbon chain leads to better enantioselectivity, which
could possibly be explained as the result of the product molecule’s
matching toward the chiral pore of STW (Fig. 10). Considering the
relatively small pore size, catalytic reactions appropriate for STW
may also be limited.

In 2022, Gémez-Hortigiiela et al. reported the successful syn-
thesis of mesoporous GTM-3, and their key experimental evidence
to verify its enantiomeric enrichment was the catalytic activity
of enantioselectivity [24]. They imitated the example of Davis
et al. in 1992 and used n-hexanol instead of water as a nucle-
ophilic reagent to the asymmetric ring-opening reaction of trans-
1,2-diphenylepoxyethane (Scheme 3), achieving a maximum ee
value of 30%, which also represents the best results in the field
of chiral zeolite catalysis at present.

Since it is currently only chiral zeolites with STW and -ITV
topologies were reported possible to prepare enantiomeric-
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Scheme 3. Ring-opening reaction studies of trans-stilbene oxide substrates with n-
hexanol catalyzed by zeolite GTM-3.
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Scheme 4. Previously reported examples on the catalytic reaction of zeolite beta
involving chiral substrates or products. Asterisks mark the chiral centers.

enriched samples to be used in asymmetric catalysis, researchers
are eagerly looking forward to that of *BEA as well. This is be-
cause there are already many reports on the employment of zeo-
lite beta for producing potentially chiral compounds but temporar-
ily only exist in the racemic form. Once enantiomeric-enriched
*BEA emerges, there is great potential for its capability of desym-
metrization or kinetic resolution in such reactions. For example, in
2001, Corma et al. studied the application of tin-doped zeolite beta
to catalyze Baeyer-Villiger oxidation reaction of cyclohexanone to
caprolactone [122]. Catalysis was also performed on the reaction
of chiral substrates (in the form of racemic mixtures) such as
o-methylcyclohexanone and bicyclo[3.2.0]hept-2-en-6-one, which
yielded corresponding ring-expanded chiral lactones (Scheme 4a).
In addition, Tatsumi et al. reported that titanium-doped zeolite
beta can be used to catalyze the epoxidation of cyclohex-2-en-
1-one with hydrogen peroxide, resulting in racemic chiral epox-
ides or vicinal diols (Scheme 4b) [123]. In 2003, Xia et al. re-
ported the hydrogenation reaction using palladium or platinum-
doped zeolite beta as catalyst to reduce prochiral tiglic acid to
o-methylbutyric acid (Scheme 4c) [124]. In 2010, Cejka et al. re-
ported another kind of intramolecular cyclization in which zeolite
beta activates an olefin to form a ring-closed «-substituted tetrahy-
drofuran (Scheme 4d) [125]. These products are all important chi-
ral precursors of natural products such as perfumes, medicine and
pesticides but so far only racemic productions could have been
achieved in these reactions. It is, therefore, greatly expected to
testify how much enantiomeric excess it can bring about in reac-
tions catalyzed by enantiomeric-enriched *BEA, and it is believed
that there will be much more occasions for other enantioselective
applications.

6. Conclusion

For over two centuries, zeolitic molecular sieves have been a
field of intense research and development, while chiral zeolites
have already been studied for nearly 40 years with particularly
significant progress in various aspects over the past decade. Re-
searchers have comprehensively covered the overall fields includ-
ing computational prediction and rational design, chiral OSDA-
directed hydrothermal synthesis, structure analysis with absolute
configuration determination, and enantioselective adsorption and
catalysis. Among them, many important achievements have come
from the introduction of interdisciplinary applications and the ad-
vancement of instrumental characterization methods. For example,
new algorithms such as machine learning and neural networks
helped with the computational design of chiral OSDAs; electron
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microscopy crystallography has revolutionarily solved the problems
of zeolitic structural analysis and absolute configuration determi-
nation, etc.

However, even with these advancements, there are still many
challenging issues that need to be resolved. For instance, one of
the most daunting situations is that we are still far from truly ra-
tional design and precise synthesis towards zeolitic materials in-
stead of relying on high-throughput trial-and-error screening for
the optimization of synthetic conditions. Secondly, scoring of OSDA
virtual screening always focuses on the thermodynamics of bind-
ing energy, but in actual zeolitic systems this physical quantity is
hardly observable, making it difficult to judge or calibrate calcu-
lated value with practical measurements. Additionally, character-
izing the enantiomeric excess of the bulk phase of solid porous
materials in place of the simple counting method is also unde-
termined. Furthermore, the types of catalytic reactions and sub-
strate scope are still extremely limited; to catch up with the enan-
tiomeric excess values to the level of classical organic or transition
metal catalysis in organic reactions is also of great expectation. It
is because of these challenges that the field of chiral zeolites con-
tinues to present exciting possibilities for further meaningful ad-
vancements.
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