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Abstract 

Owing to the unique lone-pair effect and pronounced hydrolytic tendency, the controllable 

synthesis of SbIII-containing polyoxometalates (POMs) remains a significant challenge. 

Rather than being confined as internal heterogroup, the employment of SbIII as an accessible 

metal center that cooperates with the POM framework represents an emerging research 

frontier. In this work, a series of SbIII-containing polyoxotungstates were successfully 

prepared, displaying a systematic structural evolution from dimeric to trimeric assemblies 

with tunable Sb content. Benefiting from the introduction of strongly Lewis acidic SbIII 

centers, the obtained POMs, serving as Lewis acid-base catalysts, exhibited significantly 

enhanced catalytic activity, broad substrate scope, and excellent recyclability in the 

Knoevenagel condensation reaction. Based on the structure-activity relationship analysis, it is 

Ju
st

 A
cc

ep
te

d

https://doi.org/10.26599/pom.2022.9140001
https://doi.org/10.26599/pom.2022.9140001
https://doi.org/10.26599/pom.2022.9140001
https://doi.org/10.26599/pom.2022.9140001


2 
 

believed that modulation of the coordination environment around the SbIII centers might serve 

as a promising strategy for the optimization of catalytic performance. 

Keywords: polyoxometalates, polyoxotungstates, antimony, Lewis acid-base catalysis, 

Knoevenagel condensation 

1 Introduction 

As molecular models of metal oxides, polyoxometalates (POMs) represent a unique class of 

metal–oxo clusters characterized by exceptional structural and compositional diversity [1-3]. 

Thanks to the redox-active metal centers, rigid and stable frameworks, and electron-storage 

capability, POMs exhibit outstanding performance in various strategic fields such as catalysis, 

energy, biomedicine, and materials science [4-10]. Upon this, the oxygen-rich surface and 

intrinsic nucleophilic nature of POMs enable further assembly with exogenous electrophilic 

reagents [11-14]. The integration of luminescent rare-earth metals, magnetic transition metals, 

or bioactive organometallic fragments with POMs simultaneously broadens their structural 

repertoire and functional horizon. Lately, the scope of synergistic electrophiles has been 

further expanded beyond d- and f-block elements, with the studies on p-block 

metal-functionalized POMs gradually emerging as a research frontier [15,16]. 

It has been well established that SbIII ions feature unique redox activity and Lewis 

acidity, affording applications in pharmaceutical development, organic catalysis, and 

advanced optoelectronic materials [17-19]. By virtue of the distinctive lone-pair effect, the 

oxyanions of SbIII (e.g., SbO33–) have been widely adopted as heterogroups in the templated 

synthesis of lacunary POMs [15]. Yet, the incorporation of SbIII atoms is not only limited in 

quantity but also confined to internal sites, thereby restricting their accessibility toward other 

reactants. Moreover, it is noteworthy that the number of SbIII-substituted POMs (beyond 

those serving as heterogroups) remains very limited compared with their 

3d/4f-metal-modified counterparts [20-33]. This is primarily attributed to the strong 

hydrolytic tendency of SbIII ions, which readily undergo self-polymerization to form 

insoluble oxide precipitates during the reaction with POMs, thereby posing a significant 

challenge to the controllable synthesis of such compounds. Besides, the full catalytic 

potential of SbIII-containing POMs remains to be unlocked [34]. The electrostatic repulsion 

arising from the lone pair distorts the otherwise highly symmetric coordination environment, 
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resulting in reduced steric hindrance and exposed accessible sites that favor various 

metal-based catalytic systems. However, such advantages have not yet been fully exploited. 

To address the above issues, herein the di-vacant polyoxotungstate of 

[AsIII2W19O67(H2O)]14– (As2W19) was employed to react with potassium antimony tartrate 

(K2Sb2(tart)2), yielding a family of SbIII-containing POMs with varying Sb/W stoichiometries. 

During the assembly process, the structurally adaptable As2W19 precursor could be reshaped 

into various building blocks, enriching the binding modes with SbIII ions. Meanwhile, the 

protective effect of tartrate ligand could suppress the rapid hydrolysis of SbIII, thereby 

increasing the effective concentration in the reaction. By modulating the reaction variables, 

the as-prepared POMs exhibit an ordered structural evolution from dimer to trimer, 

accompanied by a progressive increase in the number of SbIII centers. In consideration of the 

strong Lewis acidity of SbIII, the catalytic performance of these POMs in Knoevenagel 

condensation reaction have been systematically investigated. Based on a combination of 

structural and catalytic studies, the structural determinants that govern catalytic performance 

have been preliminarily identified. The established structure-activity relationship provides a 

valuable blueprint for the optimization of SbIII-based POM catalysts. 

2 Experimental 

General Procedures. The precursor of K14[As2W19O67(H2O)] was synthesized according to a 

published procedure [35]. Other chemicals and reagents were purchased from commercial 

suppliers and used without further purification. Details about the physical characterizations 

including single-crystal X-ray diffraction (XRD), Fourier transform infrared (FT-IR) 

spectroscopy, elemental analysis, X-ray photoelectron spectroscopy (XPS), NMR 

spectroscopy, energy dispersive X‐ray spectroscopy (EDX), powder XRD, and 

thermogravimetric analysis (TGA) can be found in the supporting information.  

Synthesis of K12Na4(NH4)4[{Sb(tart)2}2{(WO2)2(AsW9O33)}2]·20H2O (Sb-1). As2W19 

(1.0564 g, 0.2 mmol) was dissolved in NaCl solution (10 mL, 0.5 M), and K2Sb2(tart)2·3H2O 

(0.1336 g, 0.2 mmol) was dissolved in HCl solution (0.5 mL, 6 M), respectively. The latter 

was added to the former solution dropwise and then stirred for 15 min. Then the pH was 

adjusted to 4.8 using 1 M HCl solution. After stirring for another 10 min, the solution was 

kept at 80 ℃ for 2 h and cooled to room temperature. NH4Cl (3-5 drops, 1 M) was added to 
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the solution after filtration. Slow evaporation of the filtrate in an open vial resulted in 

colorless rod-shaped crystals after about one week, which were then collected by filtration, 

washed with cold water and air dried. Yield: 0.108 g (15% based on K2Sb2(tart)2·3H2O). 

Elemental analysis (%): Calcd: K 6.52, Na 1.28, Sb 3.38, As 2.08, W 56.18, C 2.67, N 0.78; 

Found: K 6.21, Na 1.08, Sb 3.28, As 2.05, W 55.97, C 2.92, N 0.91. IR (2% KBr pellet, ν/cm–

1): 3381 (m), 1622 (s), 1361 (m), 1116 (w), 1070 (w), 959 (m), 862 (m), 786 (m), 484 (m). 

Synthesis of K10[(SbOH)2{As2W19O67(H2O)}]·23H2O (Sb-2).  

As2W19 (1.0564 g, 0.2 mmol) was dissolved in 10 mL water, and K2Sb2(tart)2·3H2O (0.1336 

g, 0.2 mmol) was dissolved in HCl solution (0.5 mL, 6 M), respectively. The latter was added 

to the former solution dropwise and then stirred for 15 min. Then the pH was adjusted to 4.0 

using 1 M HCl solution. After stirring for another 10 min, the solution was kept at 80 ℃ for 2 

h and cooled to room temperature. Slow evaporation of the filtrate in an open vial resulted in 

yellow rod-shaped crystals after about one week, which were then collected by filtration, 

washed with cold water and air dried. Yield: 0.128 g (11% based on K2Sb2(tart)2·3H2O). 

Elemental analysis (%): Calcd: K 6.72, Sb 4.19, As 2.58, W 60.06; Found: K 6.98, Sb 4.01, 

As 2.32, W 59.35. IR (2% KBr pellet, ν/cm–1): 3390 (m), 953 (m), 871 (m), 714 (s), 495 (m). 

Synthesis of K10Na2[(SbCl)3(AsW9O33)2]·28H2O (Sb-3).  

As2W19 (1.0564 g, 0.2 mmol) was dissolved in NaCl solution (10 mL, 0.5 M), and 

K2Sb2(tart)2·3H2O (0.1336 g, 0.2 mmol) was dissolved in HCl solution (0.5 mL, 6 M), 

respectively. The latter was added to the former solution dropwise and then stirred for 15 min. 

Then the pH was adjusted to 5.0 using 1 M HCl solution. After stirring for another 10 min, 

the solution was kept at 80 ℃ for 2 h and cooled to room temperature. Slow evaporation of 

the filtrate in an open vial resulted in yellow rhombic crystals after about one week, which 

were then collected by filtration, washed with cold water and air dried. Yield: 0.071 g (9% 

based on K2Sb2(tart)2·3H2O). Elemental analysis (%): Calcd: K 6.60, Na 0.77, Cl 1.79, Sb 

6.16, As 2.53, W 55.82; Found: K 6.37, Na 0.92, Cl 1.14, Sb 6.21, As 2.45, W 56.03. IR (2% 

KBr pellet, ν/cm–1): 3416 (m), 950 (m), 848 (m), 726 (s), 467 (m). 

Synthesis of K20Na3[{Sb(tart)}4(SbOH)(WO2)4(AsW9O33)3]·Sb2(tart)2·22H2O (Sb-4).  

Sb-4 was synthesized by the same procedure as Sb-3, except adjusting the reaction pH to 4.5. 

Slow evaporation of the filtrate in an open vial resulted in colorless rod-shaped crystals after 
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about one week, which were then collected by filtration, washed with cold water and air dried. 

Yield: 0.073 g (12% based on K2Sb2(tart)2·3H2O). Elemental analysis (%): Calcd: K 7.36, Na 

0.65, Sb 8.02, As 2.11, W 53.62, C 2.71; Found: K 7.45, Na 0.52, Sb 7.89, As 2.18, W 53.24, 

C 2.59. IR (2% KBr pellet, ν/cm–1): 3401 (m), 1628 (s), 1357 (m), 1067 (w), 965 (m), 868 

(m), 791 (m), 711 (m), 481 (m). 

3 Results and Discussion 

Synthesis and Structure. All of the compounds were prepared by a facile one-pot synthetic 

approach. It has been experimentally proved that, despite both As2W19 and K2Sb2(tart)2 

underwent dissociation to varying degrees, neither component could be replaced. The use of 

similar precursors, such as [B-a-AsIIIW9O33]9– (AsW9) or Sb2O3, failed to yield the target 

compounds, presumably owing to the dynamic equilibrium established between the two 

specific reactants. Furthermore, pH was identified as a decisive parameter in the reaction, 

determining both the speciation of the As2W19-derived building blocks and the hydrolysis 

kinetic of SbIII. This dual influence enables effective control over the assembly pathway and 

resulting structures. In addition, the type of counter cations and reaction solutions were found 

to affect both the crystallization outcome and isolated yield as well. 

   Single-crystal XRD revealed that [{Sb(tart)2}2{(WO2)2(AsW9O33)}2]20– (Sb-1) adopts a 

typical dimeric archetype (Fig. 1a). A pair of {WO6} units are attached on the vacant sites of 

the AsW9 fragment, resulting in a mono-vacant species of {(WO2)2(AsW9O33)} (AsW11). 

Upon this, two {Sb(tart)2} arms are each coordinated to the aforementioned {WO6} units via 

the carboxylate groups of the tartrate ligands, thereby linking the two AsW11 fragments into a 

dimeric structure. Upon adjusting the reaction pH to 4.0 and 5.0, respectively, the dimeric 

[(SbOH)2{As2W19O67(H2O)}]10– (Sb-2) and [(SbCl)3(AsW9O33)2]12– (Sb-3) were isolated. For 

Sb-2, the intact framework of As2W19 is fully retained, with a pair of SbIII atoms occupying 

the two lacunary sites, resulting in an overall structure with a C2v point group symmetry (Fig. 

1b). A structure similar to Sb-2 was recently reported by Han et al., which crystallized in a 

different cationic and solvent system [36]. In contrast to Sb-2, the structure of Sb-3 involves 

the replacement of the W center located at the belt position of As2W19 by a third SbIII atom. 

Hence the three SbIII centers are uniformly arranged around the equatorial plane, and the two 

AsW9 fragments are rotated by 60° with respect to each other, affording a sandwich-type 
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assembly with idealized C3v symmetry (Fig. 1c). Besides, a trimeric assembly of 

[{Sb(tart)}4(SbOH)(WO2)4(AsW9O33)3]21– (Sb-4) was obtained at pH 4.5, in which the three 

AsW9 fragments are arranged in a triangular fashion (Fig. 1d). Building upon this, the 

released {WO6} units occupy the partial vacant sites of AsW9 to afford one AsW11- and two 

AsW10-type building blocks (Fig. S1). Their remaining vacancies are filled by five SbIII ions. 

Subsequently, the three components are bridged together by four tartrate ligands. Each of 

them adopts the binding mode analogous to that in Sb-1, with the two ends coordinating to 

one W and one Sb center, respectively. In addition, a discrete [Sb2(tart)2]2⁻ anion was found to 

co-crystallize with such trimeric assembly (Fig. S2). Collectively, these findings demonstrate 

that the type and number of POM fragments can be effectively modulated by tuning the 

reaction conditions. Notably, even for the structure of Sb-1~3 that all adopt a dimeric 

topology, the number and coordination environment of SbIII ions remain further adjustable. 

Moreover, the tartrate ligand could serve as linker and selectively participate in the 

construction of metal-oxo frameworks. 
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Figure 1 Combined polyhedral/ball-and-stick representation of Sb-1 (a), Sb-2 (b), Sb-3 (c), 
and Sb-4 (d). Color code: {WO6}, teal octahedra; Sb, turquoise; As, yellow; Cl, green; O, red; 
C, grey balls. Hydrogen atoms are omitted for clarity. 

A closer inspection showcased that the SbIII centers in the as-made POMs adopt two 

types of coordination geometries, namely four-coordinate seesaw and five-coordinate 

square-pyramidal configurations. It has been noted that the lone pairs on all SbIII centers are 

oriented toward the interior of the POM frameworks, which is consistent with the previous 

observations in SbIII-containing POMs [24-29]. Specifically, the coordination sphere of the 

SbIII ions in Sb-1 is completed by four oxygen atoms from the tartrate ligands (Fig. 2a). For 

Sb-2 and Sb-3, the equatorial plane of the SbIII ions involved are fixed by four oxo groups, 

while the axial position is occupied by a hydroxide or chloride ion, respectively (Figs. 2b and 
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2c). For Sb-4, the five SbIII ions share a similar seesaw geometry but differ in their ligand sets. 

Four of the SbIII atoms are coordinated by two oxygen atoms (tartrate ligand) and two oxo 

groups (POM framework), whereas the remaining SbIII center is ligated by three oxo groups 

and one hydroxide ligand (Figs. 2d and S3). The protonation states of the specific oxygen 

atoms were determined by bond valence sum (BVS) calculations (Table S1). Obviously, 

rather than being buried as internal heterogroups, herein the SbIII ions are distributed on the 

surface of POM structures. In addition to the variation in SbIII content, the diverse 

coordination environments of the SbIII centers offer an ideal platform for the systematic study 

of their structure-activity relationships in catalysis. 

 

Figure 2 Coordination environment of the SbIII ions in Sb-1 (a), Sb-2 (b), Sb-3 (c), and Sb-4 
(d). Color code: Sb, turquoise; Cl, green; OH, pink balls.  

Physical Characterizations. In addition to single-crystal XRD, FT-IR spectroscopy was 

employed to provide more structural information. As depicted in Fig. 3a, the strong 

absorption bands at around 1635 and 1365 cm⁻¹ are assigned to the asymmetric and 

symmetric stretching vibrations of the carboxylate groups from the tartrate ligands in Sb-1 

and Sb-4, respectively [37-39]. For all the polyanions, the peaks centered at ca. 950 cm⁻¹ 

belong to the Sb–O vibrations, while the peaks located at ca. 860 cm⁻¹ correspond to the 

As−O vibrations [40,41]. The remaining signals below 1000 cm⁻¹ can be ascribed to the 
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stretching modes of terminal W=O and bridging W–O–W moieties [42]. Subsequently, the 

oxidation states of Sb and W centers were examined by XPS (Fig. S4). Taking Sb-2 as an 

example, the binding energies of Sb 3d3/2 (539.9 eV) and Sb 3d5/2 (531.5 eV) are consistent 

with the SbIII oxidation state (Fig. 3b) [34]. Also, the peaks appeared at 37.6 eV (W 4f5/2) and 

35.5 eV (W 4f7/2) confirm the presence of WVI addenda (Fig. 3c) [42]. Moreover, the 

elemental mapping images demonstrate that W, Sb, As, Cl are correspondingly distributed in 

Sb-3, further corroborating the identity of the Cl– ligands on the SbIII centers (Fig. 3d). The 

thermal stability of the obtained compounds was investigated on crystalline samples by TGA 

(Fig. 3e). For Sb-1 and Sb-4, the curves exhibit roughly three weight-loss steps, which are 

attributable to the loss of crystalline water molecules (25-150 °C), decomposition of the 

organic ligands (340-380 °C), and breakdown of the residual POM framework (420-480 °C), 

respectively. In contrast, the curves of Sb-2 and Sb-3 display simplified two-step weight-loss 

profiles. For Sb-3, the water content determined by TGA exceeds that derived from elemental 

analysis, which is likely attributable to moisture uptake by the sample. Besides, the powder 

XRD patterns of the obtained compounds are in good agreement with their simulated data, 

confirming the phase purity of the bulk materials (Figs. 3f and S5). 

 
Figure 3 (a) FT-IR spectra of the as-made compounds. (b) XPS spectrum and fits for Sb 3d3/2 
and Sb 3d5/2 in Sb-2. (c) XPS spectrum and fits for W 4f5/2 and W 4f7/2 in Sb-2. (d) Elemental 
mapping images of W, Sb, As, Cl in Sb-3. (e) Thermograms of the as-made compounds. (f) 
Powder XRD patterns of Sb-2. 

Knoevenagel Condensation Catalysis. Knoevenagel condensation represents a widely 
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employed and powerful strategy for the C=C bond formation via dehydration coupling 

between carbonyl and methylene substrates [43,44]. Such transformation has found 

widespread applications in diverse fields, ranging from pharmaceuticals to functional 

polymeric materials. It has been well documented that the metal centers in POMs can serve as 

Lewis acids, while the oxygen ligands can function as Lewis bases, and their synergistic 

cooperation enables efficient catalysis of Knoevenagel condensation reaction [45,46]. In view 

of the presence of strongly Lewis acidic SbIII ions in the as-made POMs, their catalytic 

performances were systematically investigated. Firstly, the condensation of benzaldehyde and 

malononitrile was selected as the model reaction to determine the optimal reaction conditions. 

To preliminarily evaluate the catalytic activity, the experiments were conducted at room 

temperature for 1 h using 0.1 mol% Sb-1~4 as catalysts. As shown in Table 1 (Entry 1-4), the 

yield of the desired product is 71% (Sb-1), 77% (Sb-2), 64% (Sb-3), and 48% (Sb-4), 

respectively. Therefore, the group of Sb-2 was selected for further optimization. It was found 

that extending the reaction time to 2 h significantly increased the yield to 99% (Entry 5-7). 

Moreover, the optimal solvent and catalyst loading were also confirmed (Entry 8-11). Under 

the optimized conditions, a control experiment without any catalyst afforded a conversion of 

30% (Entry 12). Meanwhile, the use of As2W19, K2Sb2(tart)2, a physical mixture of them as 

well as NaSbO3 as catalysts resulted in yields of 67%, 35%, 72% and 46%, respectively 

(Entry 13-16). In sharp contrast, all of the SbIII-containing POMs were found to effectively 

promote the respective yield to 97% (Sb-1), 99% (Sb-2), 99% (Sb-3), and 88% (Sb-4) (Entry 

7, 17-19).  

Table 1. Condensation of benzaldehyde and malononitrile using different catalystsa 

O CN

CN

CN

CN
+

Cat.

r.t.
 

Entry Catalyst (mol %) Solvent Time (h) Yield (%)b 

1 Sb-1 (0.1) EtOH 1 71 

2 Sb-2 (0.1) EtOH 1 77 

3 Sb-3 (0.1) EtOH 1 64 

4 Sb-4 (0.1) EtOH 1 48 

5 Sb-2 (0.1) EtOH 0.5 41 
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6 Sb-2 (0.1) EtOH 1.5 90 

7 Sb-2 (0.1) EtOH 2.0 99 

8 Sb-2 (0.1) DMF 2.0 84 

9 Sb-2 (0.1) MeOH 2.0 90 

10 Sb-2 (0.05) EtOH 2.0 74 

11 Sb-2 (0.2) EtOH 2.0 99 

12 No catalyst EtOH 2.0 30 

13 As2W19 (0.1) EtOH 2.0 67 

14 K2Sb2(tart)2 (0.1) EtOH 2.0 35 

15 Mixture (0.1) EtOH 2.0 72 

16 NaSbO3 (0.1) EtOH 2.0 46 

17 Sb-1 (0.1) EtOH 2.0 97 

18 Sb-3 (0.1) EtOH 2.0 99 

19 Sb-4 (0.1) EtOH 2.0 88 
a Reaction condition: benzaldehyde (0.1 mmol), malononitrile (0.2 mmol), and EtOH 2 mL. b Isolated 
yields. 

Encouraged by the above results, several benzaldehyde derivatives bearing different 

substituents were employed to further evaluate the universality of the Sb-2 catalyst. It is 

obvious that excellent catalytic yields were obtained regardless of whether 

electron-withdrawing or electron-donating groups are introduced onto the benzaldehyde 

substrate, or the position of the substituents are varied (Table 2). All the 1H NMR spectra of 

the products are recorded in the supporting information.  

Table 2. Substrate scope of the Sb-2-catalyzed Knoevenagel condensation reactiona,b  

 

 

O
CN

CN
a b

CN

CN
+

Cat.

EtOH, 2 h, 25 ℃
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a Reaction condition: benzaldehyde (0.1 mmol), malononitrile (0.2 mmol), Sb-2 (0.1 mol%), and EtOH 2 
mL. b Isolated yields. 

Additionally, the heterogeneous nature of the Sb-2 catalyst was verified by a hot 

filtration test. As depicted in Fig. 4a, the yield remains almost unchanged after removal of the 

catalyst from the reaction at 0.5 h. Moreover, the Sb-2 catalyst could be reused for at least 

five consecutive cycles, with the average yield remaining above 95% (Fig. 4b). The 

gram‑scale experiments (10 mmol benzaldehyde and 20 mmol malononitrile) using Sb‑2 as 

catalyst afforded the yield of 81%. The decrease in catalytic efficiency is most likely 

attributable to the aggregation of Sb‑2 catalysts under enlarged reaction volumes, which 

reduces the effective surface area of exposed active sites and consequently leads to a decline 

in catalytic performance. Comparison of the powder XRD patterns (Figs. 4c) and FT-IR 

spectra (Figs. 4d and S6) before and after catalysis revealed no apparent differences, 

confirming the structural integrity of the catalysts. Taken together, these findings establish 

that the heterogeneous Sb-2 catalyst possesses outstanding recyclability and structural 

stability for the Knoevenagel condensation. 
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Figure 4 (a) Results of the filtration test conducted on the Sb-2 heterogeneous catalyst. (b) 

Catalytic stability of Sb-2 (error bar ± 1%). (c) Powder XRD patterns of Sb-2 before and 
after catalysis. (d) FT-IR spectra of Sb-2 before and after catalysis. 

To further elucidate the structure-activity relationship of the SbIII-containing POM 

catalysts, the conversion efficiencies were recorded at different time intervals (Fig. 5a). It was 

found that the dimeric Sb-2 and Sb-3 exhibited relatively high catalytic activity (> 40%) 

within the initial 0.5 h, whereas the monomeric Sb-1 and trimeric Sb-4 afforded conversions 

of only 28% and 16%, respectively. Upon prolonging the reaction time to 2 h, the catalytic 

efficiency of Sb-1 gradually increased, whereas no significant improvement was observed for 

Sb-4. A closer look at the composition of the POM catalysts revealed that Sb-4, which 

contains the most WVI atoms, exhibited the lowest activity, suggesting that the WVI addenda 

might not serve as the primary Lewis-acid centers (Fig. 5b). Likewise, despite having the 

highest Sb content among all four catalysts, Sb-4 still failed to deliver the best catalytic 

performance. To gain insight into this interesting observation, the crystal packing diagrams of 

the four POMs were examined. As depicted in Fig. S7, all of the polyanions adopt densely 

packed modes in the solid state, without evidence of significant porosity. Their different 

catalytic activities are therefore mainly ascribed to the structural variations. Apparently, the 

highly exposed SbIII centers in Sb-2 and Sb-3 would facilitate the interaction with aldehyde 

substrates as Lewis-acid catalytic sites. By contrast, the surface of the SbIII centers in Sb-4 are 

largely covered by tartrate ligands. This might severely restrict the accessibility of substrates 
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to the SbIII sites and thus suppresses the catalytic efficiency significantly (Fig. 5c) [37]. While 

the SbIII centers in Sb-1 are likewise partially shielded by tartrate ligands, the elongated 

{Sb(tart)2} arms exhibit conformational flexibility. The intrinsic cavity within the structure 

might facilitate substrate access, thereby rendering its catalytic activity largely unaffected 

(Fig. 5d). Therefore, it is plausible that the coordination environment around the SbIII centers 

might play a decisive role in dictating the catalytic performance of the SbIII-POMs. As a 

consequence, a possible catalytic mechanism is proposed in Fig. 5e. In the beginning, the 

Lewis acidic SbIII sites contact with the carbonyl oxygen of the aldehyde, while the surface 

oxygen atoms of the POM framework act as Lewis bases to activate the methylene group of 

malononitrile via hydrogen bonding, generating a nucleophilic carbon center. Subsequent 

dehydration affords the benzylidenemalonitrile product and regenerates the POM catalyst for 

the next cycle. 
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Figure 5 (a) Catalytic conversion efficiencies at different time intervals. (b) Number of 
metallic centers in different catalysts. (c,d) Coverage of tartrate ligands on the surface of Sb-4 
(c) and Sb-1 (d). (e) Proposed catalytic mechanism of the SbIII-containing POMs. 

4 Conclusions 

By the reaction of As2W19 and K2Sb2(tart)2, a family of SbIII-containing polyoxotungstates 

has been successfully isolated and fully characterized. Through precise control of the reaction 

parameters (e.g., pH), both the aggregation state and SbIII content of these POM assemblies 

can be systematically tuned. Apart from the structural interests, their catalytic performance as 

Lewis acid–base catalysts were evaluated in the Knoevenagel condensation reaction. It has 

been revealed that the incorporation of SbIII ions significantly enhanced the catalytic 

efficiency of POMs, and the coordination environment around the SbIII centers might play a 

pivotal role in determining the catalytic efficiency. These findings provide valuable guidance 

for the synthesis and optimization of main-group-metal-functionalized POM catalysts, as well 

as for the elucidation of their structure-activity relationships. 

Electronic Supplementary Material: Supplementary material (Experimental details, 

relevant structure figures, tables of BVS calculation data as well as crystal data and structure 

refinement) is available in the online version of this article at 

https://doi.org/10.26599/POM.2026.9140161. 
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