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a b s t r a c t

Polyoxometalate-based metal-organic complexes (POMOCs) which combine the structural features and

performance advantages of MOCs and POMs, have a wide application in the field of catalysis. However,

the catalytic capacity of POMOCs commonly cannot be fully utilized due to their imporosity and low sur-

face area of single-crystals. In this work, a new POMOC with a formula of [Cu3O(4-atrz)6(PO3)(PMo12O40)]

(POMOC 1, 4-atrz=4-amino-4H-1,2,4-triazole) was synthesized. And the size regulation of POMOC 1 from

single-crystal to nanoscale was achieved by using citric acid as a modulator and adjusting the reaction

temperature. Nano-sized POMOC 1 exhibited excellent catalytic performance in the oxidation reaction

of phenols owing to the synergistic catalysis of POM and coordinatively unsaturated Cu(II), and more

surface-accessible catalytic sites of nano-catalyst.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polyoxometalates (POMs), as a kind of multi-nuclear metal-

oxygen cluster anions with great redox properties and acidity,

show excellent potential in the catalytic field [1–6]. However, the

low surface area in non-polar solvent and high solubility in po-

lar solvent of POMs limit their application in catalysis. Metal-

organic complexes (MOCs) are a kind of crystalline materials con-

structed by the coordination between metal ions/clusters and lig-

ands [7,8]. They have become one kind of the most popular hetero-

geneous catalysts because of their catalytic active sites of metals

and ligands, structural diversity, and functional adaptability [9,10].

The combination of POMs and MOCs to form polyoxometalate-

based metal-organic complexes (POMOCs) is an effective strategy

to solve the aggregation and dissolution issues of POMs [11,12].

Furthermore, POM and metal sites in POMOCs may play syner-

gistic catalysis, exhibiting higher catalytic activity in organic cat-

alytic reactions [13–18]. N-containing ligands are commonly used

to construct POMOCs by hydro/solvothermal methods, due to their

abundant coordination modes [19,20]. However, these POMOCs fre-

quently present nonporous structures, or pores of MOCs are occu-

pied by POMs. Therefore, the catalytic activity of these POMOCs
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commonly cannot be fully utilized owing to little active sites ex-

posing on the surface of large bulk crystals.

Reducing the size of POMOC crystals to nanoscale is an effec-

tive approach to improve their catalytic activity because of the

higher specific surface area, more exposed active sites, and shorter

reaction pathway of nano-crystals [21]. At present, researches on

the nanocrystallization of coordination polymers mostly focus on

pure porous metal-organic frameworks (MOFs). The main meth-

ods include coordination modulation [31–36], ultrasound assisted

method [22,23], controlled reaction condition method [24–26], mi-

croemulsion method [27,28], microwave assisted method [29,30],

etc. Among these methods, coordination modulation is a typical

strategy to regulate the size and morphology of MOF crystals by

the competition coordination of metal ions with organic ligands

and modulators [31]. And different modulators have been intro-

duced into the synthesis system of MOFs, including polymers [32],

monodentate ligands [33,34], chelate ligands [35], surfactants [36].

However, the application of coordination modulation method for

the system of POMOCs is rare, owing to the complicated syn-

thesis system resulting from the introduction of POMs. Liu group

used benzoic acid as the modulator to achieve the synthesis

of submicron-sized NENU-3 with different morphology, which is

composed of Cu(II) metal center, 1,3,5-benzenetricarboxylic acid

ligand and H3PW12O40 [37]. However, there are more complicated
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Fig. 1. SEM images of POMOC 1 prepared under different (a-c) dosage of CA and

(d-f) feeding sequence.

interactions in the system of POMOCs with N-containing ligands,

including coordination of metal-ligand, and electrostatic interac-

tion between POM with ligand and metal. Therefore, it is a great

challenge to produce pure phase nano-POMOC crystals with N-

containing ligands.

In this work, Cu(NO3)2 and H3PMo12O40 (PMo12) with high ac-

tivity in various catalytic reactions, and 4-amino-4H-1,2,4-triazole

(4-atrz) with abundant coordination sites were selected as raw ma-

terials to research the size regulation of POMOC with N-containing

ligand. A new POMOC, [Cu3O(4-atrz)6(PO3)(PMo12O40)] (POMOC

1) was synthesized under hydrothermal conditions. And the size

regulation of POMOC 1 from single-crystal to nano-crystal was

achieved by citric acid (CA) as the coordination modulator and

controlling reaction conditions. As-prepared nanoscale POMOC 1

exhibited excellent activity in the oxidation reaction of phenols to

the corresponding p-benzoquinones (p-BQs).

Initially, the traditional hydrothermal method was attempted

to prepare POMOC single-crystals by dissolving Cu(NO3)2, 4-atrz

and PMo12 in water sequentially under stirring and then heating

at 120 °C for 4 days. Unfortunately, green powder was obtained,

which presented uniform block-shaped crystals with a size of 4

μm as demonstrated by scanning electron microscope (SEM) image

(Fig. 1a). In order to determine the composition of this green pow-

der, its infrared (IR) spectrum was compared with that of PMo12
and 4-atrz ligand (Fig. S1 in Supporting information). The charac-

teristic peaks of PMo12 in 700–1100 cm−1 and the peaks of 4-atrz

in 1190–1650 cm−1 and 2900–3500 cm−1 can be observed in the

IR spectrum of the green powder, which proved the existence of

POM and ligand [38]. Combining the above results with the color

of crystals, it is speculated that obtained powder is the expected

POMOC composed of Cu(II), 4-atrz and PMo12, but has a small

crystal size of 4 μm (denoted as 1–4 μm). In order to obtain larger

size of POMOC 1 crystals for single-crystal structure detection, co-

ordination modulation method was used to slow down the reac-

tion of Cu2+, 4-atrz and PMo12. CA was selected as the modula-

tor based on the following points: (1) CA with multiple carboxylic

Fig. 2. The structure of (a) three-nucleated Cu cluster and (b) minimum repetition

unit in POMOC 1. (c) The 2D supermolecule structure of POMOC 1. All H atoms

were omitted for clarity.

and hydroxyl groups can form chelate with metal ions, thereby re-

straining the coordination of Cu2+ with 4-atrz and obtaining larger

crystals; (2) CA is soluble in water and has no electrostatic in-

teraction with POM, which will not introduce insoluble impuri-

ties into the reaction system. Different dosages of CA (0.01–0.03 g)

were added to the above synthesized system of POMOC 1–4 μm

after adding PMo12. When 0.01 g and 0.02 g of CA were added, the

size of POMOC 1 increased to 25 μm (denoted as 1–25 μm) and

36 μm (denoted as 1–36 μm), respectively (Figs. 1b and c). When

CA dosage increased to 0.03 g, impurity with different colors ap-

peared, so 0.02 g CA was used for further exploration. Consider-

ing the coordination between Cu2+ with 4-atrz and CA, and the

electrostatic interaction between PMo12 with Cu2+ and 4-atrz ex-

isting in the synthesized system of POMOC 1, the feeding sequence

may affect the size of POMOC 1 crystals. Therefore, feeding se-

quence of 4-atrz, PMo12 and CA were changed. When the sequence

was changed to Cu2+–PMo12–4-atrz–CA (exchanging PMo12 and 4-

atrz), the crystal size increased to 70 μm (denoted as 1–70 μm,

Fig. 1d). When the feed sequence was further changed to Cu2+–
PMo12–CA–4-atrz, larger crystals of 80 μm were formed (denoted

as 1–80 μm, Fig. 1e). When the feeding sequence of Cu2+–CA–
PMo12–4-atrz was selected, measurable single-crystal of POMOC

1 was obtained (denoted as 1-SC), which showed a size of about

120 μm (Fig. 1f). Based on the above results, it can be found that

the earlier Cu2+ reacts with 4-atrz, the smaller the crystal size;

on the contrary, the earlier Cu2+ reacts with CA, the larger the

crystal size.

A POMOC 1 single-crystal with suitable size and good shape

was selected for single-crystal X-ray diffraction to detect its struc-

ture. The detailed crystallographic data of 1 were given in Tables

S1 and S2 (Supporting information). It can be found that POMOC

1 belongs to the trigonal R-3 space group. POMOC 1 shows a zero-

dimensional structure, in which the valence states of Cu, P and

Mo are +2, +5 and +6, respectively, as determined by the X-ray

photoelectron spectroscopy (XPS) of POMOC 1 (Fig. S2 in Support-

ing information). As shown in Fig. 2a, Cu(II) atoms in POMOC 1

are all five-coordinated. Each Cu(II) atom connects with three 4-

atrz ligands, one μ3-O atom, and one O atom from the PO3 group

to form a three-nucleated copper cluster [Cu3O(4-atrz)6(PO3)]
3+
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(denoted as {Cu3}). The {Cu3} clusters with positive charges com-

bine with PMo12 anions by electrostatic interaction and hydrogen

bonding to form the smallest repeating unit of POMOC 1 (Fig.

2b). Then these smallest repeating units extend into a 2D super-

molecule layered structure by hydrogen bonding (Fig. 2c). The hy-

drogen bonds between amino group of 4-atrz ligand and O atoms

of POM {N(5)–H(5A)···O(16) and N(6)–H(6A)···O(3)} were shown in

Fig. S3 (Supporting information). And the corresponding hydrogen

bonding distances and angles were given in Table S3 (Supporting

information).

The analysis of single crystal structure manifests that Cu2+ co-

ordinates with 4-atrz, and then combines with PMo12 to form

POMOC 1 through electrostatic interaction and hydrogen bonds.

Therefore, the combination order of Cu2+ with 4-atrz affects the

crystal size significantly, which is consistent with the above results

of crystal size regulation. When Cu2+ interacts with 4-atrz first, it

is beneficial for the faster construction of {Cu3} clusters to pro-

mote the formation of more POMOC 1 crystal nucleus and smaller

POMOC 1 crystals. When Cu2+ reacts with CA to form chelate first,

the coordination between Cu2+ and 4-atrz is inhibited, resulting in

the formation of less crystal nucleus and POMOC 1-SC with larger

size. When Cu2+ reacts with PMo12 preferentially, the electrostatic

interaction among them is easy to be destructed by the coordi-

nation between Cu2+ and 4-atrz. Therefore, the inhibition degree

for nucleation is decreased, obtaining the middle size of POMOC 1

crystals. Furthermore, the structure analysis shows that there are

no pores in POMOC 1, thus only active sites exposed on crystal

surface involve in catalysis. And nanoscale POMOC 1 crystals with

larger specific surface area are in demand for the subsequent cat-

alytic applications. However, the minimum size of POMOC 1 crys-

tals prepared by the hydrothermal method at 120 ◦C was 4 μm

under the feeding sequence of Cu2+–4-atrz–PMo12. In order to ob-

tain smaller POMOC 1 crystals, the conventional synthesis at dif-

ferent reaction temperature from room temperature to 90 ◦C and

a shorter reaction time of 30min were carried out. The results

showed that the crystal size of POMOC 1 prepared at 90 ◦C and

60 ◦C was obviously decreased but nonuniform (Figs. S4 and S5 in

Supporting information). Finally, POMOC 1 with a crystal size of

about 170nm (denoted as 1-Nano) was obtained after Cu2+, 4-atrz
and PMo12 stirring at room temperature for 30min, as shown in

Fig. 3a. The Powder X-ray diffraction (PXRD) patterns of POMOC

1 synthesized at above different conditions all matched well with

that of the simulated by single-crystal data (Fig. 3b and Fig. S6

in Supporting information), indicating that all obtained POMOC 1

samples were pure phase.

The oxidation of phenols is a crucial reaction in the field of or-

ganic chemistry, in which the products of benzoquinones are es-

sential intermediates for pharmaceuticals, dyes, fine chemicals and

so on [39–41]. Especially, 2,3,5-trimethylbenzoquinone (TMBQ) is a

key intermediate in the synthesis of vitamin E [42,43], which can

be synthesized by oxidizing either 2,3,5-trimethylphenol (2,3,5-

TMP) or 2,3,6-trimethylphenol (2,3,6-TMP) [44–46]. The oxidation

reaction of 2,3,6-TMP to TMBQ with H2O2 as oxidant was used as

the model reaction to evaluate the catalytic activity of POMOC 1-

Nano. In order to confirm the optimized reaction conditions, the

effects of solvent, temperature, amount of catalyst and oxidant, and

reaction time were investigated (Table S4 in Supporting informa-

tion). Firstly, the influence of solvent was explored by adding 2,3,6-

TMP (0.25mmol), H2O2 (1 mmol), and POMOC 1-Nano (8 μmol) as

the catalyst into several different commonly used solvents (1 mL)

and reacting at 60 °C for 2min. When DMF, H2O, dichloromethane

and dichloroethane were severally used as the solvent, the oxida-

tion of 2,3,6-TMP was negligible (<10%, Table S4, entries 1-4). 34%

conversion and 73% selectivity of TMBQ were observed in the sol-

vent of EtOH (Table S4, entry 5). MeCN was the optimum solvent,

in which the conversion increased to 85% and the selectivity of

Fig. 3. (a) SEM image of POMOC 1-Nano synthesized at room temperature. (b)

PXRD patterns of the synthesized POMOC 1 with different sizes.

TMBQ increased to 94% (Table S4, entry 6). Subsequently, the in-

fluence of temperature on the reactivity was explored in MeCN.

When the reaction temperature was decreased from 60 ◦C to 50
◦C, the conversion of 2,3,6-TMP reduced to 76% (Table S4, entry

7). When the temperature rose to 70 ◦C, the conversion of 2,3,6-

TMP was also decreased to 79% (Table S4, entry 8), which may

be owing to the faster decomposition of H2O2 at higher temper-

ature. Then the optimum amount of catalyst was researched at 60
◦C in MeCN. The results showed that the conversion of 2,3,6-TMP

(85% vs. 78%) and selectivity of TMBQ (94% vs. 83%) were reduced

when the amount of catalyst decreased from 8 μmol to 7 μmol

(Table S4, entry 9). However, when the amount of catalyst was in-

creased to 9 μmol, the conversion and selectivity dropped to 75%

and 92%, respectively (Table S4, entry 10), which may be caused by

the aggregation of POMOC 1-Nano particles with small size. Next,

the effect of the oxidant dosage on the catalytic reaction was in-

vestigated with a catalyst amount of 8 μmol. It was found that the

conversion of 2,3,6-TMP was increased from 85% to 99% with the

increase of the oxidant dosage from 1mmol to 2mmol, while the

selectivity of TMBQ decreased from 94% to 86% (Table S4, entries

6, 11 and 12). Considering the yield of TMBQ comprehensively,

1.5mmol of oxidant is optimum, which showed a conversion of

95% and a selectivity of 92%. Finally, the catalytic effect over the

reaction time exhibited that the conversion increased significantly

(53% to 95%) and the selectivity improved slightly (90% to 92%)

within 2min (Table S4, entries 6, 13−15). When the time was fur-

ther extended, the conversion and selectivity were unchanged (Ta-

ble S4, entries 16 and 17). In summary, POMOC 1-Nano presented

the best catalytic effect (95% conversion of 2,3,6-TMP and 92% se-

lectivity of TMBQ) under a molar ratio of 1:6:0.032 for 2,3,6-TMP,

H2O2 and catalyst at 60 ◦C within 2min.

To estimate the universality of POMOC 1-Nano for the oxidation

reaction of phenols, phenols with different substituents were used

as the reaction substrates (Table 1). The results showed that the

conversion of methyl (electron-donating group) substituted phe-

nols was over 80% and the selectivity of corresponding p-BQs was

3
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Table 1

The catalytic activity of POMOC 1-Nano for the oxidation reaction of phenols with

different substituents.

Entry Substrate Time (min) Con. (%)c Sel. (%)d

1a 2 95 92

2b 30 91 91

3b 60 89 95

4b 60 84 96

5b 60 77 99

6b 60 13 98

a Reaction conditions: 0.25mmol of substrate, 8 μmol of catalyst, 1mL of MeCN,

1.5mmol of H2O2, 60 °C.
b The dosage of H2O2 was 3mmol.
c The conversion of the substrates was calculated using biphenyl as the internal

standard and monitored by GC.
d Selectivity for target product.

over 90% (Table 1, entries 1-4). Even for alkyl substituted phenol

with large steric hindrance, POMOC 1-Nano also exhibited satis-

fying catalytic effect. For example, the conversion of 2,6-di–tert-

butylphenol can reach to 77%, and the selectivity of correspond-

ing p-BQ product reached to 99% (Table 1, entry 5). However, the

conversion of dichlorophenol was poor (13%), due to the strong

electron-absorbing effect of Cl group (Table 1, entry 6). These re-

sults indicated that POMOC 1-Nano is an excellent catalyst candi-

date for the oxidation reaction of phenols with electron-donating

groups.

In order to determine the catalytically active components in PO-

MOC 1-Nano catalyst for the oxidation reaction of phenols, the cat-

alytic effects of different components were compared under the

above optimized condition of 2,3,6-TMP oxidation reaction (Fig.

4a). Firstly, the conversion of 2,3,6-TMP was negligible (5%) un-

der the condition of non-catalyst, suggesting the facilitation of

POMOC 1-Nano catalyst for 2,3,6-TMP oxidation reaction. Subse-

quently, Cu(NO3)2, PMo12 and 4-atrz were as the catalyst to be

introduced into 2,3,6-TMP oxidation reaction, respectively. Among

them, Cu(NO3)2 possessed higher catalytic activity, exhibiting a

conversion of 58% and selectivity of 97%. The catalytic activity

of PMo12 was secondary with 23% conversion and 83% selectiv-

ity, while 4-atrz was non catalytically active (conversion of 6% and

selectivity of 96%) for 2,3,6-TMP oxidation reaction. Then the me-

chanical mixture of Cu(NO3)2, PMo12 and 4-atrz showed a conver-

sion of 75% and selectivity of 70%, which were significantly lower

than that of POMOC 1-Nano (95% conversion and 92% selectivity).

The above results indicated that coordinatively unsaturated Cu(II)

sites and PMo12 sites in POMOC 1-Nano play a synergistic catalysis

for the oxidation of 2,3,6-TMP. Finally, the catalytic effects of PO-

MOC 1 with different sizes for 2,3,6-TMP oxidation reaction were

explored under the same conditions (Fig. 4b). As expected, the con-

version of 2,3,6-TMP (29% to 95%) and the selectivity of TMBQ

(57% to 92%) were both increased significantly with the decrease

of POMOC 1 size from single crystal of 120 μm to nanocrystal of

170nm. These results fully proved that nanocrystallization is an ef-

fective strategy to improve the catalytic effect of POMOCs without

pores, due to more accessible active sites on the surface of nano-

catalysts.

Based on the above analysis, it can be found that the excel-

lent catalysis of POMOC 1-Nano was originated from the synergis-

tic effect of coordinatively unsaturated Cu(II) and PMo12 catalytic

sites on the large surface of nano catalyst. And the detailed cat-

alytic mechanism of these Cu(II) and PMo12 sites for the oxida-

tion reaction of 2,3,6-TMP was investigated subsequently (Fig. S7 in

Supporting information). Firstly, 2,6-di–tert–butyl–4-methylphenol

(BHT) and 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) sepa-

rately as typical carbon free radical and oxygen free radical scav-

enger were added into the catalytic reaction system [47]. And the

conversion of 2,3,6-TMP was decreased from 95% to 30% and 34%,

respectively. Then 1,4-benzoquinone (p-BQ) and isopropyl alcohol

(IPA) were used to individually quench •O2H and •OH, which are

possible reactive oxygen species generated by H2O2 [48]. The con-

version of 2,3,6-TMP was inhibited to 39% and 29% when p-BQ

and IPA were presented, respectively. When both p-BQ and IPA

were present, there was still 25% conversion of 2,3,6-TMP. Com-

bining the above results and literature reports, it was speculated

that there were two reaction pathways: (1) Cu(II) atom in the cat-

alyst activated H2O2 to form •O2H and •OH, achieving the oxida-

tion of 2,3,6-TMP through a free radical pathway [43]; (2) PMo12
was oxidized to peroxo-PMo12 by H2O2, which catalyzed the re-

action through a non-free radical pathway [49]. The detailed con-

version process of 2,3,6-TMP catalyzed by Cu(II) site (pathway A)

and PMo12 site (pathway B) was showed in Fig. S8 (Supporting

information). In pathway A, H2O2 was adsorbed and activated by

Cu(II) atom to generate •O2H, and then the reduced Cu(I) reacted

with H2O2 to form •OH while Cu(I) recovered to the initial Cu(II).

Subsequently, •OH abstracted H atom from the hydroxyl group of

2,3,6-TMP to produce a phenoxyl radical intermediate (A1). A1

was unstable and more likely to rearrange into a carbon radical

intermediate (A2). Then A2 reacted with •O2H to form an un-

stable peroxyquinone intermediate (A3), which rapidly converted

to the final product by losing one water molecule. In pathway

B, PMo12 was oxidized by H2O2 to form highly active peroxo-

PMo12. Subsequently, the para-C atom of 2,3,6-TMP was subjected

to electrophilic attack by peroxo-PMo12, resulting in the heteroly-

sis of C−H bond to form an active intermediate (B1). Then B1 was

rapidly converted to 2,3,5-trimethylhydroquinone (B2) and the ini-

tial PMo12 site was obtained. Finally, B2 was further oxidized to

TMBQ by another peroxo-PMo12.

The recyclability and stability of catalysts are important indi-

cators to evaluate the application of heterogeneous catalysts. The

hot filtration experiment of 2,3,6-TMP oxidation reaction was car-

ried out by removing POMOC 1-Nano catalyst after 0.5min of re-

action, and then the filtrate was continued to react for 2min at

60 °C. The conversion of 2,3,6-TMP was almost unchanged (Fig. 4c),

demonstrating the heterogeneous catalysis and stability of POMOC

1-Nano. To investigate the recyclability of POMOC 1-Nano, the cat-

alyst was recycled by centrifugation and washed with MeCN after

reaction, which was reused for next run reaction after drying. As

shown in Fig. 4d, there was no significant decrease for the con-

version of 2,3,6-TMP after 5 cycles. The selectivity of TMBQ was

decreased to 81% in the third cycle and then maintained, which

may be due to the agglomeration of POMOC 1-Nano particles in

the process of recycling and drying (Fig. 4e) [50,51]. PXRD pattern

and IR spectrum of recycled catalyst were consistent with that of

the fresh (Fig. 4f and Fig. S9 in Supporting information), indicating

the structure stability of POMOC 1-Nano in the catalytic oxidation

reaction of 2,3,6-TMP. All these results indicated the high recycla-

4



Y. Chu, X.-H. Li, Z. Zhang et al. Chinese Chemical Letters 37 (2026) 111012

Fig. 4. Catalytic effect of (a) different components in POMOC 1 and (b) POMOC 1 with different crystal size on 2,3,6-TMP oxidation reaction. (c) Hot filtration and (d)

recycling test of POMOC 1-Nano catalyst for 2,3,6-TMP oxidation reaction. (e) SEM image and (f) PXRD patterns of POMOC 1-Nano after catalysis.

bility and stability of POMOC 1-Nano catalyst for the oxidation re-

action of 2,3,6-TMP.

In summary, a new POMOC 1 composed of Cu(II), 4-atrz and

PMo12 was synthesized in this work. The size regulation of PO-

MOC 1 from 4 μm to single-crystal was achieved by introducing

CA as a modulator under hydrothermal conditions. And nanoscale

POMOC 1 with a size of 170nm was obtained by simply stirring

raw materials at room temperature. The single-crystal data analysis

indicated that POMOC 1 presented a zero-dimensional structure.

And POMOC 1 was constructed by the electrostatic interaction and

hydrogen bonds between PMo12 and coordinatively unsaturated

three-nucleated copper cluster. Nano-sized POMOC 1 can serve as

an excellent heterogeneous catalyst for the oxidation reaction of

phenolic compounds to quinones, due to the larger surface area

and more utilizable active sites of the nano-catalyst. The conver-

sion of 2,3,6-TMP and the selectivity of TMBQ separately reached

95% and 92% within 2min at 60 °C under the synergistic catalysis

of coordinatively unsaturated Cu(II) and PMo12 in nano-sized PO-

MOC 1. This work has achieved the size regulation of complicated-

system POMOC containing triazole ligand, proposing a feasible ap-

proach for the broader application of such materials.
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