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ABSTRACT: Enantiomerically enriched molecular sieves can
provide new opportunities for enantioselective catalysis and
adsorption. The potential of using these materials for practical
applications relies on the preparation of stable materials that can
survive the rigors of use and regeneration. Reported enantiomerically
enriched STW-type molecular sieves contain large amounts of Ge
that limit the structural stability. Higher Si-containing STW-type
molecular sieves will have enhanced stability, which should enable
practical application. To achieve high-silica framework composition
within enantiomerically enriched STW-type molecular sieves, a chiral
organic structure-directing agent (OSDA) is computationally
designed based on predicted stabilization energy toward the STW
framework that is superior to previously employed OSDAs. With
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enantiopure forms of the designed OSDA, the synthesis of enantiomerically enriched STW-type germanosilicate molecular sieves
with the framework Si/Ge as high as 18 is achieved. This high-silica STW-type molecular sieve has a significantly higher Si
framework composition from the previously reported enantiomerically enriched germanium-rich STW-type molecular sieve and
exhibits stability upon thermal treatment to 800 °C. The absolute stereochemistry of the framework structure is characterized by the
dynamical refinement of microcrystal electron diffraction data from several microcrystals. The enantioselective adsorption of 2-

butanol is demonstrated over the high-silica, enantioenriched STW-type molecular sieve.

1. INTRODUCTION

The production of enantiomerically pure compounds has
significant industrial relevance, as the opposite enantiomers
often show different biological activities.' * Materials that
function as enantioselective catalysts and adsorbents are useful
to obtain the enantiomeric enrichment of target products.”™”
Since molecular sieves, crystalline microporous materials based
on tetrahedrally coordinated oxide (TO, T denotes a
tetrahedrally coordinated atom) units, including aluminosili-
cate zeolites and silicoaluminophosphtes, are widely used in
many applications of adsorption and catalysis, there have been
continued efforts to achieve enantioselectivity over these types
of solids.”™"* The well-defined channel systems with the
subnanometer scale enable the molecular sieves to exhibit
shape-selective adsorption and catalysis, and the chemistry of
the substrate molecules strongly depends on the framework
topology. Hence, the preparation of molecular sieves with
chiral framework topology has been the primary goal to
achieve enantioselective catalysis and adsorption."

The first synthesis of enantiomerically enriched molecular
sieves was reported in 2017 by Brand et al., where the STW-
type molecular sieves (the framework structures of molecular
sieves are assigned distinct three-letter codes) were prepared
using enantiopure diquaternary organic structure-directing
agents (OSDAs)."* Among several inherently chiral framework
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topologies such as *BEA (intergrowth family Beta), GOO,
-ITV, and JRY (“-” indicates the interrupted structure with T
atoms that are not connected to four neighboring T atoms'?),
the STW-type framework exhibits structural chirality based on
its 6-fold helical rotation of the 10-membered ring (10 MR, the
pore composed of 10 connected TO, units) channel along the
c-axis. Depending on the direction of the helical rotation of the
10 MR channel, the two enantiomers crystallize in the P6,22
and P6,22 space groups (Figure 1). The STW-type framework
is not an intergrowth structure of different polymorphs such as
zeolite Beta, and each STW crystal grows as a single
enantiomorph. Since the two enantiomorphs of the STW
framework with the same chemical composition would have
the same energy, it is essential to use enantiopure OSDAs that
can energetically distinguish the two enantiomorphs of STW
and favor the crystallization of a specific enantiomorph over
the opposite. Brand et al. designed a chiral OSDA with the aid
of computational predictions of stabilization energy toward the
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Figure 1. Helical rotation of the 10 MR channel within the STW framework topology with P6,22 and P6,22 space groups.

STW-type framework structure, and the STW-type molecular
sieves prepared by these enantiopure OSDAs showed chiral
functionality in the adsorption of 2-butanol and the epoxide
ring opening reactions."*

Recently, de la Serna et al. reported the synthesis of other
enantioenriched molecular sieves with -ITV-type framework
topology, GTM-3 and GTM-4.'""® The -ITV structure also
exhibits linear chirality based on the 4-fold helical rotation of
the pore along the c-axis, generating frameworks with the two
possible space groups, namely, P4,22 and P4;22. The
interrupted nature of the -ITV framework structure that
contains a significant amount of T—OH due to the
unconnected T—O—T bond provides an extra-large pore 30
MR channel. These materials were prepared using various
derivatives of enantiopure (pseudo)ephedrine-based OSDAs
and showed improved enantioselectivity toward the ring-
aperture reactions of bulky epoxides such as stilbene oxide.

While these successful syntheses proved the promise of
chiral molecular sieves as enantioselective catalysts and
adsorbents, improving the framework stability of these
materials remains a primary goal to achieve. The reported
enantioenriched molecular sieves are mainly composed of d4r
(double four-ring) units that are favorably built in the presence
of fluoride (F) ion and germanium (Ge) in the synthesis gel. In
particular, the high Ge content within the framework was
unavoidable in both STW- and -ITV-type molecular sieves
with enantioenrichment. While the addition of Ge provides
better structural flexibility to form various framework top-
ologies, it reduces the stability of the framework structure, as
the Ge—O—Si(Ge) bond is easily hydrolyzed and forms Ge—
OH and HO-Si(Ge). Thus, Ge-rich germanosilicate molec-
ular sieves are often susceptible to the loss of crystallinity upon
the removal of pore-filling OSDAs. Therefore, it is desired to
decrease the Ge content in the framework and improve the
structural stability.

Here, we present the synthesis of enantiomerically enriched
high-silica  STW-type molecular sieves using a new chiral
OSDA. The OSDA is designed by use of predicted stabilization
energy toward the STW framework and prepared via a new
synthesis route. The high-silica enantioenriched STW-type
molecular sieve exhibits the desired improved framework
stability upon the removal of OSDA by thermal treatment.

2. METHODS

2.1. Computation of Stabilization Energy. Calculation of the
predicted stabilization energy of diquats was implemented following
the previously published method."*'”*" A total of 84 chiral
diquaternary (CDQ) structures were generated by the combination
of the cyclopropane-based chiral linker and imidazole moieties with
varied alkyl branches. The stabilization energies of enantiomers with

(1S,2S) configuration (S-CDQ) were computed by the optimal
geometric placement of three S-CDQ molecules within a unit cell of
the STW framework, energy minimization, and finally a molecular
dynamics run at 343 K to compute the average stabilization energy.
This procedure was repeated 6 times, and the lowest of the six
stabilization energies computed in the molecular dynamics runs for
each S-CDQ/zeolite complex was taken as the reported stabilization
energy for that S-CDQ. The stabilization energy is the Helmholtz free
energy of interaction between the S-CDQ and the zeolite, and it is
reported per S-CDQ and per mol Si.

2.2. Materials Synthesis. The procedures for the preparation of
OSDAs and their characterization are provided in the Supporting
Information. For the synthesis of molecular sieves, the bromide (or
iodide) salts of OSDAs were dissolved in distilled water and ion-
exchanged to hydroxide forms using Dowex resin. The germanosili-
cate STW-type molecular sieves were mainly synthesized with
agitation in fluoride media with a typical gel composition for
CDQ2 as 1 SiO,: x (x = 0—0.1) GeO,: 0.5 ROH: 0.5 HF: 3 H,0 and
a reaction temperature of 160 °C. The detailed synthesis procedures
and characterization results are described in the Supporting
Information.

2.3. Material Characterization. The 'H and "“C nuclear
magnetic resonance (NMR) characterization of the OSDAs was
implemented on a Bruker 400 MHz spectrometer. For the
identification of the framework topology and phase purity, powder
X-ray diffraction (PXRD) profiles were obtained on an X-ray
diffractometer (Rigaku Miniflex II) using Cu Ka radiation (1.5410
A wavelength). The PXRD measurement of the samples treated at
various temperatures was implemented on a Rigaku SmartLab
diffractometer. The morphology of particles and their elemental
compositions were analyzed by scanning electron microscopy and
energy dispersive spectroscopy (SEM/EDS; ZEISS 1550VP; Oxford
X-mas SDD detector). All-solid-state, "H—>Si cross-polarized magic-
angle spinning (CP-MAS), 'H-"3C CP-MAS, and F MAS NMR
spectroscopy experiments were conducted on a Bruker 500 MHz
spectrometer using a 4 mm zirconia rotor equipped with a Kel-F cap.
Thermogravimetric analysis (TGA) of the synthesized materials was
implemented using an STA6000 up to 800 °C at a ramping rate of 5
°C/min unless otherwise stated. Thermal treatment experiments at
varied temperatures were conducted with a ramping rate of 2 °C/min
and a 60 min hold under ultrazero grade air. Calcination of the sample
was implemented by a ramping rate of 2 °C/min and a hold at 120 °C
for 2 h, followed by a hold at 580 °C for 6h with a ramping rate of 2
°C/min. The circular dichroism (CD) spectra were acquired on an
Aviv 430 spectrometer. The microED diffraction data were collected
at 80 K in a Thermo Fisher Scientific Talos Arctica transmission
electron microscope. The detailed experimental and refinement
procedures are described in the Supporting Information. 2-Butanol
isotherm and N, physisorption experiments were implemented on a
Quantachrome Autosorb iQ.

3. RESULTS AND DISCUSSION

The design of the chiral OSDA structure for high-silica STW
was conducted based on the calculated stabilization energy.
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Figure 2. (a) Structures of the chiral diquaternary OSDAs and their associated stabilization energies for the STW framework. (b) STW framework

occupied by a diquaternary OSDA.
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Figure 3. (a) Compounds synthesized for the preparation of CDQ2. (b) 'H NMR of CDQ?2 in the presence of (A,R)-BINPHAT.

The consideration of calculated stabilization energy for the
crystallization of STW-type molecular sieves was initiated by
Schmidt et al, where they showed that 1,2,3,4,5-pentam-
ethylimidazolium (1234SPMI) and 2-ethyl-1,3,4-trimethylimi-
dazolium (2E134TMI) with the predicted stabilization energy
of —16.5 kJ-(mol Si)™' successfully crystallized pure-silica
STW-type molecular sieves while other alkylimidazolium
OSDAs with a stabilization energy of —15.7 kJ-(mol Si)™' or
higher did not."” Since the stabilization energy is calculated on
the pure-silica STW framework, we hypothesized that a better
(lower) stabilization energy predicted in our system would
enable the higher Si content and, thus, the improved
framework stability. Brand et al. reported the successful chiral
OSDA that is composed of two 1,2,4,5-tetramethylimidazole
(1245STMI) moieties connected by a chiral linker (CDQJ,
Figure 2a). In their computational result, the chiral linker with
a cyclopropyl group was selected over other candidate
structures such as cyclobutane and pyrrolidine moieties
based on the stabilization energy toward the STW frame-

work.'* Thus, we generated the candidate diquaternary OSDAs
with different alkylimidazole moieties connected by the
cyclopropane-based chiral linker and examined the stabilization
within the STW frameworks (Figure 2).

Among various candidate structures, a symmetric chiral
OSDA with a 2-ethyl-1,4-dimethylimidazole (2E14DMI)
moiety (CDQ2) was found to have a superior stabilization
energy of —16.56 kJ-(mol Si)™" toward the pure-silica STW
framework (Figure 2a). The structure of CDQ2 was
considered reasonable, since 2E134TMI was already proven
to have a strong crystallization ability of pure-silica STW.””
The consistent calculations on other diquaternary OSDAs
provided less favorable stabilization energies than CDQ2, and
2E14DMI showed better-predicted energy than 2-ethyl-1,5-
dimethylimidazole (2E1SDMI) when compared within CDQ3
and CDQ4. Collectively, we determined CDQ2 as the
candidate OSDA to crystallize STW-type materials with a
higher Si content.

C https://doi.org/10.1021/acs.chemmater.4c01792
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Figure 4. (a) Range of the obtained framework Si/Ge within the STW product synthesized by CDQI and CDQ2. The EDS results for CDQI-
STW are adopted from refs 14,24. (b) '’F MAS NMR spectra of as-synthesized STW samples. * and * represent the spinning side bands.

Racemic and enantiopure forms of CDQ2 were prepared by
reacting 2E14DMI with racemic and enantiopure trans-1,2-
bis(bromomethyl)cyclopropane (Figure 3a). Since the two
chiral centers exhibit the same chirality, (1R,2R)- and (1S5,2S)-
enantiomers are denoted R- and S-, respectively. The
enantiopurity of CDQ2 was evaluated using (A,R)-BINPHAT
tetrabutylammonium salt as a chiral shift reagent that induces
different "H NMR chemical shifts near the ammonium groups
in chiral compounds (Figure 3b).*> The neat 'H NMR
spectrum of racemic and enantiopure OSDAs are identical
(Figure S3). Upon addition of BINPHAT to racemic CDQ2,
two equally distributed, upfield-shifted resonances between 4.2
and 4.4 ppm appear. R- and S-CDQ2 exhibit only a single
resonance among these shifted peaks. Since the ratio between
the split resonances provides quantitative analysis of the
relative amount of two enantiomers, the absence of one of
these resonances confirms the enantiopurity of R- and S-
CDQ2.

The crystallization of STW-type molecular sieves using
racemic, R-, and S-CDQ2 was confirmed by PXRD and SEM
(Figure S4). The tested synthesis conditions and the
corresponding PXRD results are summarized in Tables S1—
S3. Note that the STW-type phase was obtained with the gel
Si/Ge of >1S, while the lower gel Si/Ge resulted in the
formation of mixed phases with STW or other phases. The
observed undesired phases include Beta and IWV as well as the
layered (organo)silicate materials. The STW phase was more
consistently obtained with a higher Si/Ge value of the gel. In
the absence of Ge in the synthesis gel, no crystalline material
was produced, showing that a small amount of Ge is needed to
produce STW with CDQ2. The synthesis results with CDQ2
contrast with the synthesis using CDQI, where the pure STW
phase is crystallized only with a Ge-rich synthesis gel such as
the gel Si/Ge of 2.

EDS analysis confirmed the high-Si composition of the STW
products synthesized using CDQ2 (Figure 4a). The elemental
compositions of STW-type molecular sieves obtained from
CDQI and CDQ2 show significant differences as CDQI forms
STW-type phases with Si/Ge between 0.8 and 2.2, whereas
CDQ2 leads to the framework Si/Ge of 8.1 to 18.6. Within the
gel Si/Ge range that can form pure STW phases, the product
Si/Ge tends to increase as the gel Si/Ge increases. From the

gel Si/Ge of 30, the Si/Ge in the product does not further
increase with the gel Si/Ge (Figure SS). The framework Si/Ge
of 18.6 obtained by CDQ2 is more than an 8-fold increase of
Si/Ge in the STW-type material compared to CDQI, which is
consistent with our hypothesis that a better-predicted
stabilization energy toward the pure-silica STW framework
would lead to a higher Si content within the product.
Solid-state NMR further confirmed the increased framework
Si content within the STW-type molecular sieves. The STW
framework is composed of five crystallographically distinct T-
sites, four of which form the d4r unit. The STW-type topology
does not contain any composite building units (CBUs) other
than d4r. The small d4r units impose strain within the
structure due to the small angles between the consisting T
atom, and Ge is preferably located within d4r due to the higher
flexibility of Ge—O—Ge and Ge—O-Si bonds compared to
Si—O—Si."” Thus, Ge has a strong structure-directing effect in
the synthesis of molecular sieves containing d4r, and the need
for Ge in the synthesis of enantiomerically enriched STW-type
materials can also be explained in this regard. Fluoride is
known as a mineralizing agent for molecular sieves with d4r
based on its compactness and the covalent coordination with
eight Si atoms in d4r."*"” Pulido et al.”’ demonstrated that the
"F NMR chemical shift is influenced by the composition of Si
and Ge.'* The F MAS NMR spectra of 2E134TMI-STW
(Si/Ge = ), CDQI-STW (Si/Ge = 1.2), and CDQ2-STW
(Si/Ge = 18) are shown in Figure 3b. 2E134TMI-STW shows
a single resonance at —36 ppm, which corresponds to the d4r
with 8 Si atoms (denoted 8Si0Ge). In contrast, CDQ1-STW
exhibits no resonance at —36 ppm. Instead, the resonance at
—7 ppm that corresponds to 5Si3Ge and 4Si4Ge is dominant,
with a small portion of the peak at around —18 ppm that
corresponds to 6Si2Ge. A similar ’F NMR spectrum was
obtained for CDQ1-STW with a Si/Ge of 2.2."° Interestingly,
CDQ2-STW shows a dominant resonance at —36 ppm,
revealing that the material is mostly composed of pure-silica
d4r. A smaller fraction of the 6Si2Ge unit is observed at —18
ppm, and the d4r unit with more Ge atoms is barely observed.
The *Si CP-MAS NMR spectra also show a significant
difference between CDQI-STW and CDQ2-STW, where
CDQ2-STW exhibits a much smaller resonance between
—90 and —100 ppm (Figure S6). Since the formation of the
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Si—O—Ge bond induces a downfield shift of the *°Si
resonance, the relative intensity of these downfield resonances
is proportional to the amount of framework-incorporated Ge.*®
Thus, the significantly lower intensity of the downfield
resonance found in CDQ2-STW indicates the smaller
composition of framework Ge.

The lability of the Ge—O bond makes it susceptible to
hydrolysis. The Ge—O-Si linkage then forms Ge—OH and
HO-Si moieties. Thus, germanosilicate molecular sieves with
a high Ge content exhibit low framework stability upon the
removal of OSDA. As shown in Figure S7, CDQI1-STW with a
framework Si/Ge of 1.2 maintains the crystal structure upon
the thermal treatment at 400 °C. As the pore-filling OSDAs are
removed at 500 °C and above (Table SS), the STW framework
collapses and forms an amorphous phase.

The CDQ2-STW with a framework Si/Ge of 18 maintains
crystallinity after thermal treatments at temperatures higher
than those of CDQI-STW (Figure S). The change in the

) | J \ Mk A 800 °C (x2)

(IV) 800 °C

(iif) A J M 600 °C

(ii) |‘ M MOAA 300 °C

5 10 15 20 25 30 35 40
2 theta (deg.)

Figure 5. PXRD pattern of CDQ2-STW (Si/Ge = 18) before and
after thermal treatments: (i) as-synthesized material; (ii—iv): (i) after
thermal treatment at (ii) 300 °C, (iii) 600 °C, and (iv) 800 °C; and
(v): (iv) after a repeated thermal treatment at 800 °C.

relative intensities of PXRD peaks upon the removal of OSDA
at 600 °C is consistent with the pure-silica STW synthesized
with 2E134TMI (Figure S9). The STW framework structure is
maintained upon repeated thermal treatment at 800 °C. The
micropore volume of calcined R- and S-CDQ2-STW (0.109—
0.162 cm®/g, Table S6) further confirms the retained pore
accessibility upon the removal of OSDA. These results
demonstrate the potential for a recyclable catalyst and
adsorbent that can be regenerated by thermally removing the
organic species occluded within the material (e.g., coke and/or
adsorbates).

The STW-type molecular sieve synthesis is facilitated by the
addition of fluoride in the gel, which greatly hinders mass
production for commercial use due to a variety of issues.
Shinno et al. demonstrated the fluoride-free synthesis of STW-
type molecular sieves via a dry gel conversion (DGC)
approach and the addition of Ge to the gel.”® The synthesis
was enabled by using 12345PMI, which has a strong structure-
directing ability to crystallize pure-silica STW. Here, the DGC
approach was employed for the fluoride-free synthesis using S-
CDQ2. STW-type molecular sieves were successfully synthe-
sized using S-CDQ2 at various conditions (Table S7; these
products are denoted DGC-CDQ2-STW). The framework Si/
Ge (2.1-3.3) of DGC-CDQ2-STW was lower than those of
the products of fluoride-mediated synthesis, which is consistent

with the results with 12345PMI, where DGC resulted in a Si/
Ge of 4.3, while the fluoride-mediated synthesis can provide
pure-silica STW. The crystallinity of DGC-CDQ2-STW was
still partially retained after thermal treatment up to 750 °C
(Figure S10), and the TGA analysis shows that about 3
OSDAs are occluded within a unit cell (Figure S11). The DGC
synthesis results support the strong structure-directing ability
of CDQ2 for the STW framework based on the superior
stabilization energy toward the STW framework.

Since the improvement of the framework composition is
associated with the use of new OSDA, it is critical to
characterize CDQ2 within the crystalline product. Solid-state
"H-"3C CP-MAS NMR spectra of as-synthesized CDQ2-STW
showed that both racemic and enantiopure CDQ2 are intact
within the material (Figure 6a). The TGA analysis up to 800
°C showed that ~3 molecules of CDQ2 are occluded within a
unit cell (Figure 6b). Since CDQ2 is a diquaternary OSDA
with two imidazolium moieties, the OSDA occupancy is
consistent with the ideal occupancy of achiral imidazolium
OSDA, 6 molecules per unit cell.'”” CDQ2 contains the
imidazole moiety that absorbs UV light, and the chirality of
CDQ2 was characterized by CD within the UV region (Figure
6¢).”” The CDQ2 bromide salt, when pelletized with KCI,
exhibits opposite polarities around 245 nm for R- and S-
enantiomers. The as-synthesized R- and S-CDQ2-STW in the
KCl pellet also showed the opposite polarities and their
directions are consistent with the CDQ2 bromide salt. The R-
and S-CDQ2-STW were then dissolved in HF, and CDQ2 was
extracted in the aqueous solution. While the wavelength of the
absorbed light was shifted to 230 nm in the aqueous media, the
CD spectra showed consistent directions of CD signals for
opposite enantiomers. These results show the retained
enantioenrichment of R- and S-CDQ2 upon the hydrothermal
synthesis of STW-type molecular sieves.

Previous synchrotron XPD studies have revealed the
structure of R-CDQI occluded within the crystallized STW
framework with the P6;22 space group, demonstrating the
preferred fitting between the enantiopure OSDA and the
corresponding STW framework.” Hence, the enantioenrich-
ment of STW is indirectly proven by the retained chirality of
CDQ2.** However, the characterization of the framework
structure is still desired for the analysis of the chirality of the
polycrystalline material. Unlike CDQ2, whose chirality can be
characterized by spectroscopic analysis, determination of the
structural chirality of the STW crystal without demonstrating
the enantioselectivity in the catalytic reactions and adsorption
experiments is nontrivia. We have previously reported the
chirality analysis of STW crystals by 3D high-resolution
transmission electron microscopy (HRTEM)."* Since the two
enantiomers of STW with P6,22 and P6522 space groups
exhibit the opposite direction of 6-fold helical rotation along
the screw axis, the projection of the STW framework observed
from the HRTEM shifts differently by the rotation of the
crystal. Thus, by the comparison of the images aligned along
[2110] and [1100] zone axes in the course of continuous
tilting, the chirality of R- and S-STW crystals was
determined.”®

While single-crystal XRD is a more frequently used
technique to determine the absolute stereochemistry of
crystalline materials, it is not amenable to CDQ2-STW due
to the small crystal size (SEM images in Figure S4). Three-
dimensional microcrystal electron diffraction (microED) has
been a rapidly developing technique using TEM, and it has
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Figure 6. (a) 'H-"3C CP-MAS spectra of CDQ2-STW, (b) TGA data of S-CDQ2-STW and (c) CD spectra of (i) CDQ2 bromide salt in a KCI
pellet, (ii) as-synthesized CDQ2-STW in a KCl pellet, and (iii) CDQ2 within aqueous solution after the HF-mediated dissolution of CDQ2-STW.

been proven to be an effective tool for the crystal structure
analysis of submicrometric crystals.”” Recently, Klar et al.
demonstrated the absolute structure analysis of crystalline
materials by the combination of dynamical and kinematical
refinements of continuous-rotation microED data.”® The
absolute structure of the as-synthesized form of a pure-silica
STW-type molecular sieve, HPM-1, was determined by
dynamical refinement with the P6,22 space group. This
approach could also provide comprehensive information on
the crystal structure of HPM-1 other than the chirality. Thus,
we employed the continuous-rotation microED to analyze the
chirality of the high-silica STW-type molecular sieve crystals in
this study.

To characterize the chirality of the CDQ2-STW framework
without the information on occluded OSDA, the CDQ2-STW
samples were calcined before the electron diffraction measure-
ment. The diffraction data sets were first processed with
kinematical reflection to refine the crystal structure of CDQ2-
STW. The crystal data and the refined structure are described
in Tables S8, S9 and Figure S12. For the analysis of the
absolute stereochemistry of the structure, three crystals of R-
and S-CDQ2-STW were selected, and the initial crystal
structure was refined against the dynamical reflection file
using 10 cycles of refinement, inverted, and refined against the
same dynamical reflection file using 10 refinement cycles. After
the refinement with both P6,22 and P6522, the space group
with the lower residual factor was assigned for each crystal
(Table S10). Figure 7 shows the wR,; values of the STW
crystals analyzed by the dynamical refinement. R- and S-
CDQ2-STW crystals are determined to be P6;22 and P6,22,
respectively. Hence, the dynamical refinement of all of the

30

622 NI P6,22
I P22

1 2 3
S-CDQ2-STW

1 2 3
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Figure 7. Summary of residual factor wRy from the dynamical
refinement of R- and S-CDQ2-STW crystals with P6,22 and P6;22.

diffraction data sets demonstrates the stereochemistry of the
STW crystals directed by the chirality of CDQ2.

Since the STW framework shows linear chirality by the
rotation of the helical pore, the key to the enantioselectivity of
the STW molecular sieve is primarily based on the geometric
interaction between the pore surface and the molecule that
passes through the pore. To examine whether enantioenriched
CDQ2-STW exhibits enantioselective behaviors, 2-butanol
adsorption experiments were performed. S-CDQ2-STW was
tested for the adsorption of racemic, (+)-, and (—)-2-butanol
(Figure 8). (+)-2-Butanol is more selectively adsorbed on the
S-CDQ2-STW compared to (—)-2-butanol, while the amount
of racemic 2-butanol adsorption is between the two
enantiomers. While differences in the isotherms are not large

https://doi.org/10.1021/acs.chemmater.4c01792
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01792/suppl_file/cm4c01792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01792/suppl_file/cm4c01792_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01792?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01792?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01792?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01792?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01792?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01792?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01792?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01792?fig=fig7&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

34
—*— (+)-2-butanol .
4— (-)-2-butanol
E: 32 | —* (+)-2-butanol
'_
w
< 30
o
(3]
£
O 28
3
>
26 1
003 004 005 006 007 008
¥
24 +— T T T T
0.0 0.1 0.2 0.3 0.4

P/PO
Figure 8. 2-Butanol adsorption isotherms of S-CDQ2-STW at 278 K.

(single separation step), they do suggest that enantiomeric
separation could be possible when using columns containing
the STW-type materials (as thousands of separation steps
would occur with that mode of contact). Combined with the
superior thermal stability that enables regeneration, the
enantioselective adsorption property of CDQ2-STW demon-
strates its potential as an adsorbent for chiral separations.

4. CONCLUSIONS

We prepared the enantiopure forms of a new chiral
diquaternary OSDA, CDQ2, that was conceived with the aid
of computational design based on the predicted stabilization
energy toward STW-type framework topology. Using a
fluoride-mediated hydrothermal reaction condition with a
high Si content, CDQ2 crystallized the STW-type germano-
silicate molecular sieves. EDS and solid-state NMR character-
ization confirmed the high Si/Ge ratio within the STW
product framework. The high-silica STW prepared with
enantiopure CDQ2 exhibits enhanced framework stability
upon thermal treatment up to 800 °C. The retained structure
of enantiopure CDQ2 occluded in the STW framework was
characterized by solid-state NMR and CD measurements. The
dynamical refinement procedure, combined with the rotational
microED technique, was applied to the calcined STW samples.
P6,22 and P6522 space groups were assigned for STW crystals
prepared by opposite enantiopure CDQ2, demonstrating the
characterization of absolute stereochemistry of polycrystalline
molecular sieves. The enantioenriched molecular sieve exhibits
the enantioselective adsorption of 2-butanol. Collectively, the
results in this study confirmed the rational synthesis of an
enantiomerically enriched molecular sieve with the high-Si
framework composition based on the stabilization energy of
OSDA toward a purely siliceous framework structure.
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