
118 |  Nanoscale Horiz., 2024, 9, 118–122 This journal is © The Royal Society of Chemistry 2024

Cite this: Nanoscale Horiz., 2024,

9, 118

Modulation of the assembly fashion among
metal–organic frameworks for enantioretentive
epoxide activation†

Jun Guo, *a Xiaomin Xue,a Fangfang Li,a Meiting Zhao, b Youcong Xing,a

Yanmin Song,c Chang Long, d Tingting Zhao,a Yi Liu *ae and Zhiyong Tang *d

Highly enantioretentive alcoholysis of epoxides is an important way to

synthesize enantiopure b-alkoxy alcohols, which are irreplaceable

intermediates demanded by biomedicines, fine chemicals and other

industries. In this report, we exploit a series of Zr-based metal–organic

frameworks (Zr-MOFs) as the catalysts to achieve high activity and

enantioretentivity in the alcoholysis of styrene oxide via modulating

their assembly fashions. It is explored that hcp-UiO-66 not only

exhibits a B10 fold improved catalytic activity than both hxl-CAU-

26 and fcc-UiO-66 of varied assemblies but also maintains superior

product enantioretentivity. Theoretic calculations together with

experimental proof discloses the origin of distinct catalytic activity

caused by different assembly fashions. This assembly modulation

strategy offers a potential protocol for seeking high-performance

catalysts among MOFs by virtue of their rich polymorphisms.

Introduction

Chirality is one of the basic attributes of nature. Specifically,
basic building blocks like amino acids, saccharides and ribo-
nucleic acids in life are all enantiopure chiral substances and
rigorously comply with a specific set of chirality selection rules
when performing their biological functionalities.1–3 Thanks to
vigorous advances of chiral science made in biomedicines,4

pesticides,5,6 fine chemicals,7 chiroptics,8 and so on,9 the
increasing demand for various types of chiral substances in
high enantiopurity has been an urgent task in chiral synthesis
and asymmetric catalysis.10–13 For instance, the enantioreten-
tive alcoholysis of epoxide substrates is an important way to
synthesize chiral b-alkoxy alcohols with 1,2-disynthons intro-
duced, which are multifunctional chiral intermediates irre-
placeable in preparations of chiral polyurethane elastomers,
anticancer eugenol b-amino alcohols and derivatives.14 How-
ever, owing to the poor nucleophilicity of alcohols, this reaction
generally requires harsh conditions like high temperature, long
reaction time and strong acid to get satisfactory conversions of
epoxides.15,16 Unfortunately, the worrisome racemization of
chiral products will be prone to occur under harsh reaction
conditions, while additional enantiomer separations and pur-
ifications have to be conducted prior to further usage. As a
result, the catalytic activation of epoxides in both high activity
and enantioretentivity is highly expected in order to gain
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New concepts
As an emerging type of heterogeneous catalyst, metal–organic frameworks
(MOFs) provide multiple freedoms for regulating catalytic performances
usually through metal node variations, linker functionalizations, pore
structure adjustments and defect engineering. Absolutely different from
the above strategies, we report the modulation of the assembly fashions of
MOF-based catalysts to implement double excellence in catalytic activity
and product selectivity. As demonstrated by the performances acquired in
the enantioretentive alcoholysis of epoxides, hcp-UiO-66 with a hexagonal
close-packed assembly fashion not only exhibits nearly 10-fold improved
catalytic activity over the corresponding primitive hexagonal latticed hxl-

CAU-26 and face-centered cubic fcc-UiO-66, but also holds the highest
product ee values. The great performance disparity is disclosed to originate
from the assembly-dependent amount and charge distribution of active
sites among polymorphic MOFs. The assembly modulation strategy
reported in this work enables additional possibilities for seeking more
high-performance MOF- or COF-based porous catalysts with both high
conversion efficiency and product selectivity.
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enantiopure target products as well as save posttreatment costs,
but still represents a grand challenge.15–18

As emerging crystalline porous materials, metal–organic
frameworks (MOFs) have been widely recognized as efficient
heterogeneous catalysts in versatile organic transformations,
thanks to their abundant active sites, ordered pore structures,
tuneable compositions and good thermal stabilities.19–23 Notably,
MOF-based catalysts have enabled the regulation of many
catalytic reactions via metal node variation,24,25 organic linker
functionalization,26,27 pore size adjustment,28,29 and defect
engineering.30,31 For example, by changing the metal node
from Zr to Hf, Hf-NU-1000 [Hf6(OH)16(TBAPy)2, H4TBAPy =
1,3,6,8-tetrakis(p-benzoic acid)pyrene] showed higher conver-
sion rate than the isoreticular Zr-NU-1000 in the catalytic
activation of epoxides due to its weaker Lewis acidity.16 More-
over, defect engineering was recently proposed as a workable
way for catalytic activity improvement.32,33 Prototypes such as
MOF-808 [Zr6O4(CHOO)6(BTC)2, BTC = 1,3,5-benzenetricarbo-
xylate] featuring abundant linker defects exhibited excellent
conversion and regioselectivity towards the ring-opening reac-
tion of styrene oxide;34 however, investigations about product
enantioretentivity were rarely reported.

Beyond the aforementioned tricks in catalysis, in this work,
we report the regulation of both catalytic activity and product
enantioretentivity via modulating the assembly fashion among
three typical Zr-MOFs. Those representatives are the primitive
hexagonal latticed hxl-CAU-26 [Zr6O4(m3-OH)4(BDC)3(CH3COO)6,
BDC = 1,4-benzenedicarboxylate], hexagonal close-packed hcp-
UiO-66 [Zr12O8(m3-OH)8(m2-OH)6(BDC)9], and face-centered cubic
fcc-UiO-66 [Zr6O4(m3-OH)4(BDC)6]. Note that the acetate modula-
tor in hxl-CAU-26 only serves as a coordination auxiliary and
does not involve the corresponding assembly fashion. Depend-
ing on the assembly fashions, those Zr-MOFs show distinct
catalytic conversions as well as product enantioretentivities in
the alcoholysis of epoxides.

Results and discussion

Three types of Zr-MOFs with varied assembly fashion are
selected and constructed according to previous reports with
minor modifications (the synthesis details are available in the
ESI†).35–38 Among them, hxl-CAU-26 MOF is composed of a 6-
coordinated Zr6O4(m3-OH)4 node and BDC linker via adopting
the hxl network within the crystallographic a–b plane (Fig. 1a).
Along the c-direction, as-formed 2D lamellas are further
assembled into a 3D framework via the eclipsed AA stacking
fashion (Fig. 1b). For the sake of charge balance, there are six
additional acetate modulators occupied at the bottom and top
of each metal node separately, thereby giving the formula of
[Zr6O4(m3-OH)4(BDC)3(CH3COO)6] for hxl-CAU-26. The hcp-UiO-
66 MOF consists of Zr6O4(m3-OH)4 dimer [Zr12O8(m3-OH)8(m2-
OH)6] bridged by six m2-OH as the metal node (Fig. 1c), in which
the 18-coordinated [Zr12O8(m3-OH)8(m2-OH)6] nodes linked by
ditopical BDC linkers are assembled into a 3D hcp framework
characteristic of the staggered AB stacking fashion (Fig. 1d).

Moreover, the classical fcc-UiO-66 MOF is also constructed by
connecting the 12-coordinated [Zr6O4(m3-OH)4] metal node with
BDC linkers, which is characteristic of a 3D fcc topology with
the ABC assembly fashion (Fig. 1e and f).

According to the scanning electron microscope (SEM)
image, one can see the successful construction of lamellar-
shaped hxl-CAU-26 MOF with an averaged lateral size of 1.1 mm
(Fig. 2a and Fig. S1a, ESI†). Its experimental powder X-ray
diffraction (PXRD) pattern well correlates with the simulated
one, with the first three diffraction peaks assigned to the (001),
(100), and (110) facets in sequence (Fig. 2b). The hcp-UiO-66
MOF is also characteristic of the hexagonal plate morphology
and shaped in a larger lateral size of 2.9 mm than hxl-CAU-26
(Fig. 2c and Fig. S1b, ESI†). In addition, the sharp diffraction
peaks of hcp-UiO-66 also match with the simulation result,
indicating its high crystallinity free of impurity phase (Fig. 2d).
Differently, the fcc-UiO-66 MOF shows a characteristic (111)-
exposed octahedral morphology with an averaged particle size
of 5.8 mm (Fig. 2e and Fig. S1c, ESI†). Its high extinction PXRD
pattern featured with the main (111) and (200) peaks further
confirms the successful construction of the fcc-UiO-66 phase
(Fig. 2f). Transmission electron microscopy (TEM) imaging and
electron diffraction (ED) are further carried out on three types
of MOFs, which also show consistent results with the corres-
ponding structure simulations (Fig. S3–S5, ESI†).

Fig. 1 (a) Crystallographic structure of hxl-CAU-26 projected within the
a–b plane. (b) Crystallographic structure of hxl-CAU-26 assembled along
the c-direction. (c) Crystallographic structure of hcp-UiO-66 projected
within the a–b plane. (d) Crystallographic structure of hcp-UiO-66
assembled along the b–c plane. (e) Crystallographic structure of fcc-
UiO-66 projected within the a–b plane. (f) Crystallographic structure of
fcc-UiO-66 assembled along the c-direction.
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Besides, Fourier transform infrared (FT-IR) spectra demon-
strate the effective removal of residual H2BDC ligands inside
the corresponding MOF pores (Fig. S2, ESI†), which are acces-
sible for further evaluation.

The N2 adsorption and desorption of three types of Zr-MOFs
(hxl-CAU-26, hcp-UiO-66, and fcc-UiO-66) are recorded at 77 K.
As shown in Fig. S6 (ESI†), type I adsorption isotherms
are discerned for hxl-CAU-26, hcp-UiO-66 and fcc-UiO-66 with
the Brunauer–Emmett–Teller (BET) specific surface areas of
674.1 m2 g�1, 327.1 m2 g�1 and 876.5 m2 g�1, respectively. In
addition to populations of crystallographic micropores (Fig. 1),
pore size distribution (PSD) curves of hcp-UiO-66 and fcc-UiO-
66 present 1.3–1.4 nm pore populations in Fig. 3a, indicating
the existence of defective pores raised from missing linkers.
Thermogravimetric analyses (TGA) also confirmed linker

defects in both hcp-UiO-66 and fcc-UiO-66, according to their
much lower BDC linker proportions than the theoretical ones
(Fig. S7, ESI†). Moreover, the quantitative defect number of
hcp-UiO-66 and fcc-UiO-66 is estimated to be 8.6 per [Zr12O8(m3-
OH)8(m2-OH)6] node and 5.4 per [Zr6O4(m3-OH)4] node, respec-
tively (Table S1, ESI†). As a comparison, hxl-CAU-26 presents an
inherent 6 linker defects per node based on its crystallographic
formula of Zr6O4(BDC)3(CH3COO)6, as verified by the coinci-
dent BDC loss between experimental and theoretical ones
(Table S1, ESI†). The above defect evaluations among MOFs
are further validated by electron paramagnetic resonance (EPR)
spectroscopy. As shown in Fig. 3b, the three types of Zr-MOFs
all display strong isotropic EPR signals with the same g-factor of
2.003, a characteristic indicator of defect-induced oxygen
vacancies.39 In line with the TGA results, the EPR signal of
hcp-UiO-66 gives a spin count up to 6.41 � 1017 spins g�1,
which is considerably higher than that of both hxl-CAU-26
(3.53 � 1017 spins g�1) and fcc-UiO-66 (3.23 � 1017 spins g�1).

Bearing defect-induced metal sites, the above Zr-MOFs with
varied assembly fashion are tested as Lewis acid catalysts in the
alcoholysis of epoxides. As outlined in Table 1, hcp-UiO-66 MOF
achieved nearly 100% conversion in the methanolysis of (S)-
styrene oxide at 30 1C and within only 4 h (Entry 1). Benefitting
from the very mild reaction temperature and short reaction
time, 96.2% enantiomeric excess (ee) of 2-methoxy-2-phenyl-
ethan-1-ol product is maintained in comparison to the 97% ee
of the initial substrate.

In sharp contrast, fcc-UiO-66 and hxl-CAU-26 present only
B10% conversions and the homogeneous ZrCl4 fails to show
any catalytic activity under the otherwise identical reaction
conditions (Table S2, ESI†). Accordingly, harsher reaction

Fig. 2 (a) SEM image and (b) PXRD pattern of hxl-CAU-26, (c) SEM image
and (d) PXRD pattern of hcp-UiO-66, (e) SEM image and (f) PXRD pattern
of fcc-UiO-66.

Fig. 3 (a) Pore size distribution of hcp-UiO-66, fcc-UiO-66 and hxl-
CAU-26 according to the N2-DFT method. (b) EPR spectra of hcp-UiO-
66, fcc-UiO-66 and hxl-CAU-26.

Table 1 Catalytic summary and comparison of three Zr-MOF catalysts in
enantioretentive alcoholysis of styrene oxide

Entry Sub.1 Sub.2 Catalyst T/1C t/h Con./% ee/%

1 S1
a S2

a hcp 30 4 99.9 96.2
2 S1

a S2
a fcc 80 48 93.6 91.3

3 S1
a S2

a hxl 80 48 96.4 93.5
4 S1

b S2
a hcp 30 4 94.0 95.8

5 S1
b S2

a fcc 80 48 91.8 84.8
6 S1

b S2
a hxl 80 48 92.5 87.8

7 S1
a S2

b hcp 60 48 97.0 94.8
8 S1

a S2
b fcc 100 72 84.6 91.1

9 S1
a S2

b hxl 100 72 93.3 91.9
10 S1

b S2
b hcp 60 48 96.3 96.1

11 S1
b S2

b fcc 100 72 90.3 85.1
12 S1

b S2
b hxl 100 72 91.1 86.8

The reaction conditions of enantioretentive alcoholysis: 2 mg catalyst,
28.5 mL of substrate 1 and 5 mL of substrate 2 were mixed into a 15 mL
glass flask to react at a certain temperature for a certain time.
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conditions (80 1C for 48 h) are required to get high substrate
conversions (entries 2 and 3). Unfortunately, the product ee
values consequently decrease to 91.3% and 93.5% for fcc-UiO-
66 and hxl-CAU-26, respectively, caused by accelerated racemi-
zations under harsh conditions. Similarly, the performances
taken by using (R)-styrene oxide as the substrate also give
inferior ee values for fcc-UiO-66 and hxl-CAU-26 compared with
that of hcp-UiO-66 (entries 4–6). To further demonstrate both
superior conversion activity and enantioretentivity of hcp-UiO-
66, ethanol of weaker nucleophilicity is used in replacement of
methanol for the addition of styrene oxide (entries 7–12). One
can see that hcp-UiO-66 gives conversion over 95% and product
ee of 94.8% at 60 1C for 48 h. The comparable substrate
conversions are gained by fcc-UiO-66 and hxl-CAU-26 at raised
temperature (100 1C) and prolonged reaction time (72 h), but at
the cost of reduced product ee values.

The best performances achieved by hcp-UiO-66 are intui-
tively associated most with its highest defect amount among
the three types of Zr-MOFs, as disclosed by both TGA and EPR
characterizations (Fig. 3b and Table S1, ESI†). Similarly, the
superior performance of hxl-CAU-26 over fcc-UiO-66 is also
ascribed to the higher defect amount in the former. Besides,
the inherent catalytic activity (i.e. Lewis acidity) of each metal
site may also vary among Zr-MOFs of varied assembly fashion.
Hence, the N-methylacridone (NMA)-based fluorescent probe is
used to distinguish the Lewis acidity disparity of metal sites
among MOFs.34,40–42 Initially, the free NMA probe shows a blue
emission in CH3CN with the maximum peak wavelength (lmax)
centered at 433.0 nm (Fig. S13, ESI†). Upon binding to metal
sites among MOFs, the emission of NMA undergoes a redshift
with a positive relationship to the binding energy (DE) between
NMA and MOFs. As shown in Fig. 4a, the initial lmax changes
significantly from 433.0 nm to 455.2 nm, 457.4 nm and
463.8 nm after binding to fcc-UiO-66, hxl-CAU-26 and hcp-
UiO-66, respectively. The largest DE of 0.836 eV is therefore

obtained for hcp-UiO-66, meaning the highest catalytic activity
of the corresponding metal site. Furthermore, we calculate the
turnover frequency based on each defect site (TOF per defect)
for three Zr-MOFs of varied assembly fashions (Table S2, ESI†).
Remarkably, the highest TOF per defect (up to 10.1 h�1) is
offered by hcp-UiO-66 while fcc-UiO-66 and hxl-CAU-26 pro-
vided only 1.0 h�1 and 1.2 h�1 TOF per defect, respectively.
Meanwhile, a consistent correlation between the TOF per defect
with DE of each type of MOF is found in Fig. 4b. These results
clearly uncover the assembly fashion-varied catalytical activity,
especially between the hcp one and the others.

Scrutiny on the example of hcp-UiO-66 figures out an addi-
tional shoulder peak (455.0 nm) close to the peak position of
fcc-UiO-66, an indication of two different Zr sites in the hcp
assembly scaffold. To get an in-depth understanding, we then
calculate the charge density distribution of the Zr sites among
three assembly types. As both hxl-CAU-26 and fcc-UiO-66 share the
same node, there are only Zr6O4(m3-OH)4 (Fig. 4c) and Zr12O8(m3-
OH)8(m2-OH)6 (Fig. 4d) nodes taken as theoretical moderns for
consideration. As displayed in Fig. 4c, each Zr site in Zr6O4(m3-OH)4

for both hxl-CAU-26 and fcc-UiO-66 is identically coordinated with
4 carboxylate oxygens and 4 m3-OH, which presents a positive
charge of +1.622 according to the Mulliken population analysis. In
comparison, two distinct types of Zr site are clearly found for
Zr12O8(m3-OH)8(m2-OH)6 in hcp-UiO-66 (Fig. 4d). Except for one
same coordination as Zr6O4(m3-OH)4, the other type of Zr site
appears as replacing 2 carboxylate oxygens with 2 bridged m2-OH.
Impressively, the latter Zr site obviously shows a higher Mulliken
charge up to +1.753 due to the stronger electronegativity of m2-OH
than the carboxylate group, which is on account of the congenitally
higher activity of hcp-UiO-66 over both hxl and fcc ones.

Conclusions

In summary, three types of Zr-MOFs including hxl-CAU-26, hcp-
UiO-66 and fcc-UiO-66 with varied assembly fashion are
adopted to regulate the catalytic performances in the alcoho-
lysis of epoxides. Taking advantage of a much higher propor-
tion of linker defect and inherently stronger activation
capability, hcp-UiO-66 not only exhibits nearly 10-fold TOF
per node compared to both hxl-CAU-26 and fcc-UiO-66 but also
maintains superior product enantioretentivity. The assembly-
dependent performances found in this work enlighten an
alternative way, namely tuning the polymorphism of MOFs,
for driving more organic transformations in both high conver-
sion efficiency and product selectivity.

Experimental

Experimental details and supplementary figures can be found
in the ESI.†
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Fig. 4 (a) Fluorescence spectra of NMA binding to hxl-CAU-26, hcp-
UiO-66 and fcc-UiO-66 in CH3CN. (b) The correlation between DE and
TOF per defect among hxl-CAU-26, hcp-UiO-66 and fcc-UiO-66. The
charge density distribution profiles of Zr6O4(m3-OH)4 in both hxl-CAU-26
and fcc-UiO-66 node (c) and (d) Zr12O8(m3-OH)8(m2-OH)6 in hcp-UiO-66.
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