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Polyoxometalate-based metal–organic frameworks (POMOFs) are highly effective heterogeneous cata-

lysts that combine the catalytic activity of polyoxometalates (POMs) with the high surface area, tunable

porosity, and structural diversity of MOFs. Nevertheless, there is still a lack of a general method to inte-

grate POMs with various transition metal-based building units into POMOFs under mild conditions. In this

work, we employed imine bonds to link amino-functionalized Anderson-type POMs with aldehyde-termi-

nated divalent metal clusters, resulting in a series of isostructural POMOFs, M(II)-POMOFs (M = Zn, Co,

Mg, or Mn). Furthermore, we used post-synthetic metal exchange and oxidation to transform Zn-POMOF

into Fe(III)-POMOF with strong Lewis acidic Fe3+ sites. Notably, both the synthesis and post-synthetic

modifications were performed under mild conditions (room temperature, acid-free), preventing the

decomposition of the POMs. Compared to M(II)-POMOFs or MOFs without POMs, the combination of

Lewis acidic Fe3+ and POMs enhanced its catalytic activity for CO2 cycloaddition with epoxides, enabling

efficient synthesis of cyclic carbonates. This versatile synthetic method could broaden the scope of

POMOFs, extending their applications in catalysis and beyond.

Introduction

Polyoxometalates (POMs) are known for their rich redox chem-
istry, strong Brønsted/Lewis acidity, and ability to mediate
complex multielectron processes, making them highly effective
catalysts.1–3 By incorporating POMs into metal–organic frame-
works (MOFs), polyoxometalate-based metal–organic frame-
works (POMOFs) combine the structural characteristics of
MOFs with the functionality of POMs.4–7 These materials
possess high surface areas, tunable porosities, and the ability
to design specific functionalities.8 Therefore, POMOFs have
shown wide-ranging applications in catalysis, energy storage,
photochemistry, medicine, and environmental remediation.9

POMOFs have been intensively studied as heterogeneous cata-
lysts in a wide range of applications, including oxidation reac-
tions, photocatalysis, and acid-catalyzed processes.10–13 For
example, POMOFs are effective catalysts for oxidative trans-

formations, such as the selective oxidation of alcohols to
aldehydes or ketones, which is vital in fine chemical
production.14,15 They also play crucial roles in photocatalytic pro-
cesses, including water splitting and CO2 reduction, where the
photoactive POM units facilitate light absorption and electron
transfer.16–18 An example of the acid-catalyzed process is the CO2

cycloaddition reaction with epoxides to form cyclic carbonates,
where POMOFs act as Lewis acidic sites.19 For example, Lan
et al. synthesized two novel POMOFs based on polyoxovanadates
with Lewis acid sites, which showed good catalytic activity and
high selectivity in the CO2 cycloaddition reaction.20

Conventional synthetic POMOFs can be primarily categor-
ized into three types: (i) POMs serve as inorganic secondary
building units (SBUs, Scheme 1a);21 (ii) POMs act as guest
molecules encapsulated in situ in MOFs (POM@MOFs,
Scheme 1b);22 and (iii) POMs act as linkers, coordinating with
metals through self-assembly to form POMOFs (Scheme 1c).23

These methods have been successfully applied to synthesize
diverse POMOFs with various structures and functions.
However, most of these methods are restricted to the synthesis
of low-valent metal-based MOFs. This is due to the harsh syn-
thetic conditions (i.e. high temperature, acids as modulators)
of high-valent metal-based MOFs, which are incompatible with
the stability window of certain POMs.24,25 In addition, the pro-
ducts of methods (i) and (ii) can be difficult to control in the
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one-pot reaction, whereas method (iii) involves complicated
ligand synthesis.

To address these limitations, we propose an imine bond-
directed assembly of POMOFs by linking amino-functionalized
Anderson-type POMs with aldehyde-terminated divalent metal
clusters (Scheme 1d). This method was successfully applied to
synthesize a series of isostructural M(II)-POMOFs (M = Zn, Co,
Mg, or Mn). To further enhance the functions of these
materials, we utilized the M(II)-POMOF as a template and
applied post-synthetic metathesis-oxidation to obtain Fe(III)-
POMOF. To facilitate the exchange process and preserve the
overall structure, we first introduced Fe2+, which has a rela-
tively high exchange rate, forming an intermediate Fe(II)-
POMOF. Subsequently, through air oxidation, we converted the
Fe(II)-POMOF to the desired Fe(III)-POMOF. The simple syn-
thetic approach avoids the harsh conditions required for the
direct synthesis of POMOFs containing high-valent metals,
thus maintaining the integrity of POM centers. By combining
Lewis acidic Fe3+ and POMs, Fe(III)-POMOF showed high cata-
lytic activity for CO2 cycloaddition with epoxides to form cyclic
carbonates.

Results and discussion
Structural design and characterization of M(II)-POMOFs

The synthetic strategy for the preparation of POM-COOH is
shown in Fig. 1a. First, we grafted tris(hydroxymethyl)amino-
methane (Tris) onto both sides of the Anderson POM and
obtained the amino-functionalized POM-NH2. Experimentally,

POM-NH2 was prepared in good yield by refluxing
(TBA)2Na2[α-Mo8O26], Mn(CH3COO)3·2H2O, and Tris in
acetonitrile.26,27 Structural analysis revealed that POM-NH2

contains three TBA cations and one Tris-grafted Anderson-type
cluster [MnMo6O18(OH)6(tris)2]

3−, which can be formulated as
(TBA)3[MnMo6O18{(OCH2)3CNH2}2].

28 Second, M(II)-POMOFs
(M = Zn, Co, Mg, or Mn) were synthesized at room temperature
using POM-NH2, 4-formylbenzoic acid, and metal salts as pre-
cursors in a one pot reaction. Single-crystal X-ray diffraction
revealed that M(II)-POMOFs (M = Zn, Co) are isostructural
(Table S1†). Taking Co-POMOF as an example, the asymmetric
unit of Co-POMOF consists of two POM-based linkers, half of
the Co4(OH)2(COO)6(H2O)6 cluster. Each POM-NH2 reacted
with two 4-formylbenzoic acids through in situ imine conden-
sation, forming a 2-connected linker terminated with carboxy-
late groups, namely POM-COOH. The carboxylate linkers were
further connected to adjacent Co4(OH)2(COO)6(H2O)6 clusters
to self-assemble into Co-POMOF. Within the
Co4(OH)2(COO)6(H2O)6 cluster, four Co2+ ions are bridged by
two μ3-O atoms and six carboxylates. Each Co atom is in the
6-coordinated octahedral environment surrounded by oxygen
atoms of the carboxylate, solvents, and μ3-O atoms.
Topologically, the Co4(OH)2(COO)6(H2O)6 cluster can be
regarded as a 6-connected node while POM-COOH can be sim-
plified into a linear linker. Therefore, the overall framework
can be simplified into a 3D network with a pcu topology
(Fig. 1b). Co-POMOF has a 2-fold interpenetrated structure
(Fig. 1c). The single-crystal structure of Zn-POMOF is similar
to that of Co-POMOF, except that the Zn4 clusters are three-
fold disordered (Fig. S1†).

Scheme 1 Synthesis strategies of single-crystal POMOFs.
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We propose that the imine bond directed the in situ assem-
bly of POM-COOH moieties, which is important for the for-
mation of M(II)-POMOFs. To verify our hypothesis, POM-NH2

and 4-formylbenzoic acid were reacted under conditions
similar to those used for the synthesis of M(II)-MOF, but
without the addition of M(II), which resulted in the isolation of
POM-COOH crystals (Table S1†). The single structure contains
four TBA cations, two [MnMo6O18(OH)6(tris)2]

3− cores, and two
free carboxylic acid groups.

Similar to Zn-POMOF and Co-POMOF, microcrystals of Mn-
POMOF and Mg-POMOF can be synthesized. Powder X-ray
diffraction (PXRD) confirmed that M(II)-POMOFs (M = Mg, Zn,
Mn, Co) are isostructural with comparable diffraction peaks.
Their experimental PXRD patterns match well with simu-
lations based on the single-crystal X-ray diffraction (SC-XRD)
structure of Zn(II)-POMOF, as shown in Fig. 2a. To check the
bulk purification of M-POMOF (M = Zn, Co, Mn, Mg), induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
experiments were conducted, the M (M = Zn, Co, Mg), Mn, and
Mo ratio is consistent with calculations based on the mole-
cular formula. The M(II)-POMOFs (M = Zn, Co, Mg, or Mn) and
their linker fragments were characterized by Fourier transform
infrared (FTIR) spectroscopy (Fig. 2b). For the M(II)-POMOFs,
the peak at 907 cm−1 is assigned to the Mo–O vibrations of the
inorganic skeleton of the POMs. The bands at 645, 555, and
780 cm−1 are attributed to Mo–O–Mo vibrations.29,30 The

Fig. 1 (a) Synthetic route to the POM-COOH linker. The overall structure and corresponding topology of (b) Co-POMOF and (c) its 2-fold interpe-
netrated framework.

Fig. 2 (a) PXRD patterns of the as-synthesized M(II)-POMOFs (M = Zn,
Co, Mg, or Mn) and simulated from the crystal structure. (b) FTIR spec-
trum of M-POMOFs, POM-COOH, and POM-NH2. (c) SEM and mapping
images of Co-POMOF.
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stretching vibration of the infrared peak at 1690–1650 cm−1

corresponds to imine bonds.31 Scanning electron microscopy
(SEM) images of Co-POMOF and elemental mapping by
energy-dispersive X-ray spectroscopy (EDS) revealed a uniform
distribution of Co, Mo, and Mn elements in the MOF particles
(Fig. 2c). Furthermore, as shown in Fig. S2,† thermo-
gravimetric analysis (TGA) of the M(II)-POMOFs (M = Zn, Co,
Mg, or Mn) indicated that all the materials were stable up to
250 °C. The initial mass loss observed in the TGA curve of Zn-
POMOF before 100 °C is primarily due to the removal of
solvent molecules. The second weight loss occurs at
250–400 °C and the corresponding mass loss is 25.1%; the
weight loss in this process corresponds to the decomposition
of organic linkers and, eventually, the collapse of the Zn-
POMOF structure at higher temperatures. The similarity in
TGA curves for Co-POMOF, Mn-POMOF, and Mg-POMOF with
Zn-POMOF indicates consistent thermal behavior and solvent
removal characteristics across these POMOFs, as shown in
Fig. S2.†

Synthesis of Fe(III)-POMOF by metal exchange and oxidation

With the success in the synthesis of M(II)-POMOFs, we further
explored the synthesis of Fe(III)-POMOF with strong Lewis
acidic Fe3+ sites. However, direct synthesis of Fe(III)-POMOF is
unsuccessful, possibly due to the harsh synthetic conditions of
Fe(III)-POMOF which are incompatible with the formation of
the POM-COOH linker.32 High temperatures and excess acid
modulators are usually used to synthesize Fe(III)-POMOF,
which hinders the formation of labile imine bonds. Moreover,
the Anderson-type POM-NH2 is unstable and tends to form

Mo6 during Fe(III)-POMOF synthesis.33 Therefore, we first syn-
thesized Zn-POMOF under acid-free conditions at room temp-
erature and then prepared Fe(III)-POMOF through Fe2+

exchange and oxidation.
The metal exchange and oxidation were carried out follow-

ing the literature.34 Incubating Zn-POMOF crystals in the FeCl2
solutions of anhydrous DMF under N2 protection led to the
formation of Fe(II)-POMOF. Exposing Fe(II)-POMOF to air
resulted in the spontaneous oxidation to form Fe(III)-POMOF
(Fig. 3a), which balances the charge by converting the terminal
–OH2 ligands into the –OH.32 The inductively coupled plasma
optical emission spectroscopy (ICP-OES) test revealed that the
exchange ratio reached 95% after 12 h (Fig. 3b). The PXRD
peaks are consistent with those of Zn-POMOF, which confirms
that Fe(III)-POMOF has the same framework structure as the
parent Zn-POMOF (Fig. 3c). The color of the crystals deepened
upon metal exchange and oxidation (Fig. 3c inset), indicating
the existence of Fe3+. Furthermore, the transmission electron
microscopy (TEM) images (Fig. 3d) revealed that Mn, Mo, and
Fe were uniformly distributed in Fe(III)-POMOF particles,
implying the successful metal exchange. X-ray photoelectron
spectroscopy (XPS) confirms the oxidation state of Fe(III) in the
Fe(III)-POMOF (Fig. S19†). The porosity of Fe(III)-POMOF was
estimated using N2 and CO2 adsorption isotherms, which
revealed low gas uptake due to the framework collapse after
solvent removal (Fig. S20†). Flowing supercritical CO2 was
used to activate Fe(III)-POMOF, but to no avail, possibly due to
the weak mechanical stability of imine-based long linkers.

Notably, Fe(III)-POMOF cannot be directly obtained through
a one-pot reaction, likely due to the harsh synthetic conditions

Fig. 3 (a) Formation of Fe(III)-POMOF with postsynthetic metal exchange and oxidation. (b) Elemental ratio of Zn2+ and Fe2+ in Zn-POMOF metal
exchange with different amounts of FeCl2. (c) PXRD patterns of the obtained Fe(III)-POMOF and pristine Zn-POMOF. (d) TEM and elemental mapping
images of Fe(III)-POMOF.
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required for Fe(III)-MOFs, which impede the formation of
labile imine bonds. Direct synthesis of Fe(II)-POMOF from
FeCl2 through a one-pot method was unsuccessful possibly
due to the spontaneous oxidation and hydrolysis of Fe2+

during MOF synthesis. Additionally, direct metal exchange
using FeCl3 was unsuccessful because Zn-POMOF decomposes
in the solution of FeCl3. These control experiments highlight
the importance of metal exchange and oxidation processes in
the formation of Fe(III)-POMOF. This is the first example of
POMOFs containing Fe3+-based SBUs to the best of our
knowledge.

Catalytic cycloaddition of CO2 with epoxides

With Lewis acidic Fe3+ and POMs, Fe(III)-POMOF represents a
promising heterogeneous catalyst for the cycloaddition of CO2

with epoxides to produce cyclic carbonates. CO2 fixation with
styrene oxide was carried out with a series of M(II)-POMOFs
and Fe(III)-POMOF as catalysts at 50 °C under 1 atm of CO2 in
the presence of the tetrabutylammonium bromide (TBAB)
cocatalyst. The yields of the cyclic carbonates were calculated
by 1H NMR (Fig. S3–S7†). As summarized in Table 1, diverse
catalytic performances were observed, while a blank control
experiment with no catalyst showed negligible product for-
mation under identical conditions (entry 9). The conversions
of the four M(II)-POMOFs were determined to be approximately
88%, 71%, 78%, and 40% for Zn, Co, Mn, and Mg-POMOF
(entries 1–5 in Table 1), respectively. Interestingly, Fe(III)-
POMOF exhibited much higher CO2 fixation activity than M(II)-
POMOFs, and the yield reached 98% at 48 h, which implies

that Fe played a crucial role in increasing the reaction rate.
This activity trend is in line with the Lewis acidity of metal
cations, where Fe(III) sites function as stronger Lewis acids.35

To confirm the heterogeneous nature of Fe(III)-POMOF cata-
lysts, hot filtrations were performed, and the yields remained
consistent after filtering out the catalyst (Fig. S12–S18†).
ICP-OES analysis of the filtrate revealed that the concentration
of Fe3+ was 0.05 ppm, where the metal leaching was negligible
during the catalytic reaction.

To study the role of Fe3+ and POM in catalysis, control
experiments were systematically carried out by adding equal
amounts of POM and FeCl3. The yield was 10% in the presence
of POM alone (entry 6) and 4% in the presence of only FeCl3
(entry 8). To further investigate the synergistic effect between
metals and POM, we mechanically mixed the metal salt FeCl3
as well as the organic POM ligands in this reaction (entry 7),
and the yield of the product was only 25% (Fig. S8–S10†). This
low activity can be explained by the low solubility of POM,
which hindered the accessibility of Lewis acidic sites.
Additionally, the Fe3+-based MOF, PCN-250(Fe), was tested as a
control under the same conditions with a 15% yield (entry 10)
(Fig. S11†). These results highlight that the high catalytic
activity of the Fe(III)-POMOF framework is attributed to the
synergistic effect of open iron sites and POM during the
reaction.

The cyclic stability and recyclability of heterogeneous cata-
lysts are important in practical applications. The catalytic
activity of Fe(III)-POMOF was well retained even after five runs
(Fig. S21a and S27–31†). The PXRD results (Fig. S21b†)
revealed that the crystallinity of the catalyst was maintained
after the reaction, indicating the integrity of the porous frame-
work. Considering the excellent catalytic performance of Fe(III)-
POMOF, we selected several representative epoxides with
different substituents under the above optimal reaction con-
ditions to further investigate the general applicability of the
catalysts. As shown in Table 1, almost all the cyclic carbonates
with different substituents were obtained in high yields. The
1H NMR spectra of various cycloaddition products are shown
in Fig. S22–S26.†

According to the experimental process and related literature
reports, a catalytic reaction mechanism was proposed.36 The
epoxide and CO2 molecules are activated by the exposed Lewis
acid sites in the MOFs. Then, the bromine anion in TBAB per-
forms a nucleophilic attack on the α-carbon atoms in the acti-
vated epoxide, generating an intermediate alkyl carbonate
anion. Meanwhile, bromoalkoxide readily undergoes nucleo-
philic addition reactions with polarized CO2 molecules to form
alkyl carbonates and completes the catalytic cycle.

Conclusions

In summary, a series of isostructural M(II)-POMOFs (M = Zn,
Co, Mn, Mg), which are composed of Anderson-type POMs and
aldehyde-terminated divalent metal clusters in different SBUs,
have been assembled under mild conditions. Additionally, an

Table 1 Cycloaddition reaction of epoxides with CO2 under different
conditionsa

Entry R Catalyst Yieldb (%)

1 Ph Fe(III)-POMOF 98
2 Ph Zn-POMOF 88
3 Ph Co-POMOF 71
4 Ph Mn-POMOF 78
5 Ph Mg-POMOF 40
6 Ph POM-COOH 10
7 Ph FeCl3/POM-COOH 25
8 Ph FeCl3 4
9 Ph Nonec n.d.
10 Ph PCN-250 15
11 Me Fe(III)-POMOF 98
12 Et Fe(III)-POMOF 99
13 CH2OH Fe(III)-POMOF 66
14 tBuOCH2 Fe(III)-POMOF 99
15 iPrOCH2 Fe(III)-POMOF 96

a Reaction conditions: catalyst (0.08 mmol%, based on the M metal
ion) (M = Fe(III), Zn, Co, Mn, Mg), cocatalyst TBAB (0.1 mmol), epoxide
(1 mmol), CO2 (1 atm), MeCN (2 mL), 48 h, 50 °C. b The yield was
determined by 1H NMR using CH2Br2 as an internal standard.
cWithout the cocatalyst or catalyst.
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isostructural Fe(III)-POMOF was prepared through metal
exchange and oxidation strategies at room temperature.
Notably, compared with M(II)-POMOFs of the same structure,
Fe(III)-POMOF exhibits enhanced catalytic performance in the
cyclization of CO2 with epoxides. Our synthetic approach to
realize POMOFs containing a high density of Lewis acidic cata-
lytic centers under mild conditions is expected to facilitate the
rational design and development of heterogeneous catalytic
systems.

Experimental section
Syntheses of TBA2Na2Mo8O26,POM-NH2

(TBA)3[MnMo6O18{(OCH2)3CNH2}2](POM-NH2) and (TBA)2Na2
[α-Mo8O26] were synthesized according to the literature.23,33

Syntheses of POM-COOH

POM-NH2 (145 mg, 0.1 mmol), 4-formylbenzoic acid (30 mg,
0.2 mmol), and DMSO (1 mL) were combined in a 20 mL Pyrex
vial and sonicated for 5 minutes. The resulting suspension
was capped and incubated at room temperature for 24 hours
to yield orange crystals. The crystals were collected by filtration
and washed with fresh DMSO three times.

Synthesis of M-POMOF M(II)

Zn(CH3COO)2·2H2O (50 mg, 0.23 mmol), POM-NH2 (145 mg,
0.1 mmol), 4-formylbenzoic acid (30 mg, 0.2 mmol), and
DMF (1 mL) were combined in a 20 mL Pyrex vial and soni-
cated for 5 minutes. The resulting suspension was capped
and incubated at room temperature for 24 hours to yield
orange crystals. The product was collected by filtration and
washed with fresh DMF three times. Purple crystals of Co-
POMOF, rose-red crystals of Mn-POMOF, and orange crystals
of Mg-POMOF were synthesized by a similar method to that
of Zn-POMOF, except that Zn(CH3COO)2·2H2O was replaced by
Co(CH3COO)2·2H2O, Mn(CH3COO)2·2H2O and Mg(CH3COO)2·
2H2O, respectively.

Synthesis of Fe(III)-POMOF

Zn-POMOF (36 mg) was incubated in the anhydrous DMF solu-
tion of FeCl2 (25 mg, 1 mL) at room temperature in a glove box
under N2 protection. The supernatant was replaced for 12 h.
After 12 h and exposure to air, the dark red crystals of Fe(III)-
POMOF were collected by filtration and washed with fresh
DMF three times (C: 22.27%, H: 2.27%, and N: 2.72% based
on elemental analysis).

Catalytic reactions

The catalytic reactions were carried out in a 25 mL Schlenk
flask. The catalyst (0.08 mmol%, based on the M metal ion)
together with the epoxide (1 mmol) and cocatalyst of TBAB
(32.5 mg, 0.1 mmol) and MeCN (2 mL) were transferred to the
reactor immediately. The reactor was charged with CO2 up to 1
atmosphere and stirred at 50 °C for 48 h. When the reaction
was complete, the reactor was cooled at room temperature,

and the solvent was then removed by distillation under
reduced pressure. For the catalyst recycling test, the catalyst
was isolated by filtration, washed several times with DMF and
MeCN to fully remove the substrates, and reused in another
catalytic experiment. The yield of the product was determined
by 1H NMR spectroscopy, and CH2Br2 was used as the internal
standard.
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