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a b s t r a c t

Phenolic compounds are highly toxic environmental pollutants, posing significant risks to ecosystems and

human health. Designing multifunctional catalysts capable of detecting, discriminating, and transform-

ing these hazardous phenolics into valuable products represents a promising “waste-to-treasure” strat-

egy. In this work, a novel Anderson-type polyoxometalate-based hybrid [Ag(AlMo6(OH)6O18)]·H2L·2H2O

(1) (L=N,N’-bis(3-menthylpyridin-yl)naphthalene-2,6-dicarboxamide), was synthesized under solvother-

mal conditions. The assembly of AlMo6(OH)6O18
3− (AlMo6) anion with Ag+ ions formed a unique anionic

inorganic [Ag-AlMo6] nanosheet, further extended into a three-dimensional (3D) supramolecular by pro-

tonated H2L
2+ cations in an “S”-shaped arrangement. Compound 1 exhibits excellent peroxidase-like ac-

tivity, enabling highly sensitive colorimetric detection of phenolic compounds with LODs ranging from

9.5 nmol/L to 63nmol/L. Taking 2,3,6-TMP as a model analyte, smartphone-assisted visual detection was

established with an LOD of 370 nmol/L. Moreover, a colorimetric sensor array combined with principal

component analysis (PCA), successfully discriminated five structure similar phenolic compounds (2,3,6-

trimethylphenol, 3,5-dimethylphenol, 2,3-dimethylphenol, o-chlorophenol, and o-bromophenol), demon-

strating its potential for environmental monitoring. Beyond detection, compound 1 serves as an efficient

heterogeneous catalyst for the selective oxidation of phenols to their corresponding quinones, achieving

high conversion rates and selectivity. The catalytic mechanism and stability were systematically investi-

gated using PXRD, the X-ray photoelectron spectroscopy (XPS), free radical trapping experiment, electron

paramagnetic resonance (EPR) and Raman spectroscopy (RS). This work not only provides a robust plat-

form for phenolic pollutant detection and discrimination but also advances the sustainable transformation

of harmful waste into valuable chemical feed-stocks.

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

Medica, Chinese Academy of Medical Sciences.

Phenolic compounds, as a class of organic pollutants in natural

environments and industrial products, exhibit significant ecotoxic-

ity that poses severe threats to both environmental safety and hu-

man health [1–5]. It is of great significance to accurately identify

them conveniently and turn “waste” into “treasure”. Conventional

detection methods (e.g., electrochemical sensing, chromatography,

electrochemiluminescence) are often limited by high costs, compli-

cated operations and secondary pollution [6–10]. Meanwhile, tra-

ditional treatment technologies (e.g., degradation, adsorption sep-

aration) fail to achieve resource recovery despite reducing pol-

lution levels [11–15]. Consequently, developing integrated strate-
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gies combining high-sensitivity detection, accurate discrimination,

and selective transformation of phenolic pollutants for "waste-to-

treasure" conversion has become a crucial research direction in en-

vironmental remediation.

Polyoxometalate (POM)-based inorganic-organic hybrid mate-

rials demonstrate unique advantages in environmental catalysis

due to their tunable electronic structures and abundant surface

active sites [16–26]. These materials not only serve as efficient

heterogeneous catalysts for organic transformations but also ex-

hibit ideal biomimetic sensing properties owing to their distinc-

tive redox characteristics [27–33]. For example, Lan’s group con-

fined POM clusters within the regular nanopores of a covalent or-

ganic framework via covalent bonds, forming a uniformly dispersed

POM-based hybrid, which exhibited excellent performance in CO2

photoreduction to CO [34]. Zheng et al. [35] reported a copper-

https://doi.org/10.1016/j.cclet.2025.112344
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Scheme 1. The schematic view of the catalytic synthesis of quinones from phenols

and visual intelligent colorimetric identification of phenols using the title difunc-

tional catalyst of 1.

containing organic-inorganic polyniobate, which shows the high-

est catalytic activity for Knoevenagel condensation among the re-

ported POMs. Song et al. [36] developed a novel iron-containing

tungstate-based two-dimensional material for detecting oxidative

stress biomarkers, with a detection limit of 58nmol/L. Our team

prepared six novel quinolinium-grafted polyoxometalates, which

efficiently convert various benzyl alcohols into the corresponding

benzoic acids using oxygen as the oxidant [37]. However, most ex-

isting POM-based materials focus on single functionalities, leaving

three critical challenges unmet: (1) Portable and highly sensitive

detection, (2) precise discrimination of structurally analogous com-

pounds, and (3) highly selective catalytic conversion.

To address these challenges, we designed and synthesized a

novel 3D supramolecular framework featuring a 2D Anderson-type

POM-based nanosheet, namely [Ag(AlMo6(OH)6O18)]·H2L·2H2O (1,

L=N,N’-bis(3-menthylpyridin-yl)naphthalene-2,6-dicarboxamide)

under mixed-solvothermal conditions (Fig. S1 in Supporting

information). The composition and structure of compound 1

were characterized by single crystal X-ray diffraction analysis,

elemental analysis (EA), Fourier transform infrared spectroscopy

(FT-IR), powder X-ray diffraction (PXRD), and X-ray photoelectron

spectroscopy (XPS). The peroxidase-like activity of compound 1

was evaluated using hydrogen peroxide. Colorimetric detection

and smartphone-assisted visual detection of phenolic compounds

were performed with LODs at the “nm” level. A colorimetric

sensor array by coupled principal component analysis (PCA) was

established to accurately identify structurally related compounds,

including 2,3,6-trimethylphenol (2,3,6-TMP), 3,5-dimethylphenol

(3,5-DMP), 2,3-dimethylphenol (2,3-DMP), o-chlorophenol (2-CP),

and o-bromophenol (2-BP). More remarkably, this title material

serves as an efficient heterogeneous catalyst for the highly selec-

tive (>98%) oxidation of 2,3,6-TMP into the value-added product

TMBQ (2,3,5-trimethylbenzoquinone). Systematic investigations

using multiple characterization techniques verified the catalyst’s

stability and reaction mechanism, demonstrating excellent recy-

clability. The proposed "detection-discrimination-transformation"

integrated strategy establishes a new paradigm for combining

environmental remediation with resource recovery, offering sig-

nificant reference value for sustainable pollution control (Scheme

1).

0.030 g L ligand, 0.20 g Na3[AlMo6(OH)6O18]·8H2O and 0.08 g

AgNO3 were dissolved in a high-pressure reactor containing 7mL

deionized water and 3mL ethanol mixed solution. The mixed solu-

tion was stirred for 2 h and heated at 120 °C for 4 days. After nat-

ural cooling, the gray-white crystals were obtained. The yield was

36% based on Ag. Anal. calcd. for C24H26AgAlMo6N4O28: C, 18.85;

H, 1.71; N, 3.66. Found: C, 18.81; H, 1.83; N, 3.69. IR (KBr, cm-1):

Table 1

Crystallographic data for compound 1.

Compound 1

Formula C24H26AgAlMo6N4O28

Formula weight 1528.922

Crystal system Monoclinic

Space group C2/c

a (Å) 29.4142(13)

b (Å) 11.0254(4)

c (Å) 13.3412(5)

α/° 90

β/° 116.244(2)

γ /° 90

V (Å3) 3880.6(3)

Z 4

Dc (g/cm3) 2.617

μ (mm-1) 2.497

F (000) 2894.3

Reflection collected 64782

Data/restraints/parameters 3813/0/13

Goodness-of-fit on F2 1.020

R [I≥2σ (I)] R1 =0.0216, wR2 = 0.0544

R [all data] R1 =0.0235, wR2 = 0.0562

R1 =�||Fo|–|Fc ||/�|Fo|, wR2 =�[w(Fo
2–Fc

2)2]/�[w(Fo
2)2]1/2

Fig. 1. The structure of 1. (a) The coordinated environment of AgI. (b) The co-

ordinated environment of AlMo6 unit. (c) 2D inorganic network extended by 4-

connected Ag and AlMo6 units. (d) The schematic view of the 2D inorganic network.

(e) The 3D supramolecular array containing 2D inorganic networks and H2L
2+ or-

ganic cations extended by H-bonds viewed along c axis filled with 2×3 cells.

3627 (w), 3237 (w), 1634 (w), 1244 (w), 903 (s), 675 (s), 617 (s),

543 (w). The CCDC number of 1 is 2442736 (Table 1).

Compound 1 is a three-dimensional supramolecular framework

composed of an Ag-AlMo6-based inorganic nano-anionic layer and

protonated H2L
2+ cationic templates. The chemical valences of Ag,

Mo, and Al calculated via the bond valence sum (BVS) are +1,

+6 and +3, respectively (Table S1 in Supporting information). The

structural unit consists of one Ag+, one H2L
2+ organic cation,

one [AlMo(OH)6O18]
3− ({AlMo6}) cluster and two crystalline wa-

ter molecules. Each Ag+ ion adopts a tetrahedral coordination ge-

ometry, bonding with four O atoms from four {AlMo6} cluster

(Ag1–O7C, 2.3187(3) Å, Ag1–O7D, 2.3187(3) Å, Ag1–O11, 2.2919(2)

Å, Ag1–O11B, 2.2919(2) Å) (Fig. 1a and Table S2 in Supporting

information). Meanwhile, each {AlMo6} cluster connects four ad-

jacent Ag+ ions (Fig. 1b). Due to the paralleled stacking of the

“cookie” shaped {AlMo6} clusters, the 4-connected Ag+ ions and
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the 4-connected {AlMo6} clusters assemble into a nanoscale inor-

ganic anionic layer viewed along b axis (Figs. 1c and d). This layer

has a thickness of approximately 1 nm. The inorganic layer ex-

hibits a dumbbell-like morphology along the b-direction. To main-

tain charge balance, the protonated H2L
2+ exhibits adopt an “S”-

shaped arrangement, serving as an organic cationic template (Fig.

1e). Thus, compound 1 ultimately exhibits a three-dimensional

supramolecular framework extended by hydrogen bonds (Table S3

in Supporting information and Fig. 1e). To date, only a limited

number of POM-based compounds incorporating Ag and {AlMo6}

unit have been reported. For example, Han et al. [38] successfully

synthesized two POM-based compounds containing Ag, {AlMo6}

and H2bpp ligand. Subsequently, Wang et al. [39] reported three

additional POM-based compounds featuring Ag, {AlMo6}, and 3-

H2pya ligands. Notably, compound 1 represents the first example

of POM-based compound constructed from 2D Ag-AlMo6-based in-

organic layer and protonated H2L
2+ cationic ligand.

In the infrared spectrum of compound 1, the absorption peaks

in the range of 3100−3700 cm−1 correspond to the -CH2 group in

the N-containing ligand [40]. The absorption peak at 1600 cm−1

is attributed to the νC=O vibration absorption peak of the amide

group in the organic ligand L [41]. The absorption peaks in the

range of 1200−1600 cm−1 corresponds to the skeleton vibration of

naphthalene ring. The peaks in the range of 640−780 cm−1 are the

vibrational stretching caused by the νC-N of the N-heterocycle in

the L ligand [42]. The 800−1000 cm−1 peaks are attributed to the

stretching vibration of the characteristic peak in [AlMo6H5O24]
4−

(Fig. S2a in Supporting information) [43]. The simulated and ex-

perimental powder X-ray diffraction (PXRD) patterns show that the

diffraction peaks of the simulated and experimental PXRD patterns

are basically consistent, which proves that compound 1 has good

phase purity (Fig. S2b in Supporting information). The XPS spec-

trum of Ag ions in Fig. S2c (Supporting information) exhibits char-

acteristic peaks at binding energies of 368.0 and 374.1 eV, which

proves that the valence of Ag is+1 [44]. Similarly, in Fig. S2d (Sup-

porting information), the XPS spectra of Mo ions show character-

istic peaks at binding energies of 232.6 and 235.8 eV, which are

attributed to Mo(VI) ions [45].

To investigate the peroxidase-like properties of compound 1,

H2O2 was used as the oxidant and 2,3,6-TMP served as a represen-

tative substrate for the oxidative coupling reaction with 4-AAP (Fig.

2a). The formation of the pink coupling product, quinone imide

(QI), was monitored by UV-vis absorption spectrum. As shown in

Fig. 2b, when only H2O2 or compound 1 was added to the sys-

tem containing 2,3,6-TMP and 4-AAP, no significant color change

or enhanced UV-vis absorption peak near 500 nm was observed

However, when H2O2 and compound 1 were present, obvious color

changes were observed by the naked eye, and the solution changed

from colorless to pink. This colorimetric response was corroborated

by a significant enhancement of the UV-vis absorption peak near

500 nm. This confirms that compound 1 exhibits peroxidase-like

activity, catalyzing the H2O2 mediated oxidation of 2,3,6-TMP and

4-AAP.

To explore the source of the peroxidase activity of com-

pound 1, control experiments were carried out under the

same conditions using the individual precursors of compound

1: L, Na3[AlMo6(OH)6O18]·8H2O or AgNO3. Fig. 2c shows that

L alone did not enhanced absorption peak near 500 nm, in-

dicating no catalytic activity for the color reaction. When

Na3[AlMo6(OH)6O18]·8H2O or AgNO3 was used in this detecting

systems, a strong absorption peak near 500 nm was observed,

through they only exhibited weak catalytic activity for the color

reaction. However, upon the introduction of compound 1, the ab-

sorption peak of the system near 500 nm was enhanced most sig-

nificantly. This enhancement effect was 7.6 times higher than that

observed with Na3[AlMo6(OH)6O18]·8H2O and AgNO3 alone. These

Fig. 2. (a) The schematic view of colorimetric sensing. (b) UV-vis absorption spectra

of different systems. (c) UV-vis absorption spectra of different substances. (d) UV-

vis absorbance spectra of the colorimetric detection of 2,3,6-TMP in the compound

1+H2O2+4-AAP system. (e) The linear calibration curve for the detection of 2,3,6-

TMP.

comparative experiments demonstrate that the peroxidase activ-

ity of compound 1 is attributed to the synergistic effect between

AgNO3 and Na3[AlMo6(OH)6O18]·8H2O within its structure.

To optimize the colorimetric detection performance of the 4-

AAP+H2O2+1 system, key parameters (pH, the dosages of 4-AAP,

H2O2 and catalyst, reaction time) was evaluated using 2,3,6-TMP

as a model substrate (Figs. S3a-e in Supporting information). As

a result, 4-AAP: 1.5 mg/mL; pH: 6; H2O2: 6mmol/L; catalyst: 0.6

mg/mL; reaction time: 30 min can be acted as the optimal condi-

tions for the quantitative detection of phenolic compounds.

The system was tested with various phenolic compounds

(2,3,6-TMP, 2,3-DMP, 2,6-DMP, 3,5-DMP, 2,3,5-TMP, 2.5-DMP, 2-

MP) at concentration ranging from 0.001mmol/L to 1mmol/L.

With the increase of the concentration of phenolic compounds

(0.001−1mmol/L), the absorbance at 500 nm gradually increased

(Fig. 2d, Figs. S4 and S5a-f in Supporting information). In the

concentration range of 0.001−1mmol/L, the absorbance intensities

have good linear relationships with the concentration of phenolic

compounds (Fig. 2e and Figs. S6a-f in Supporting information). The

detection limits of 2,3,5-trimethylphenol, 2,3-dimethylphenol, 2,5-

dimethylphenol, 2,6-dimethylphenol, 3,5-trimethylphenol, o-cresol

were 9.5, 17, 22, 18, 14, 18, 63 nmol/L, respectively. So far, metal

elements, metal oxides and metal ions, etc. can be effectively com-

bined with other substances to prepare composite materials for

colorimetric detection phenols (Table S4 in Supporting informa-

tion). Compared with the above previously published composites,

the title compound 1 not only demonstrated comparable detection

effect, but also has simple preparation process and low possibil-

ity of secondary pollution. Compared with most reported catalysts,

compound 1 demonstrates superior detection sensitivity toward

3
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Fig. 3. (a, d) The structures of similar phenolic compounds and the corresponding change in color. (b, e) The absorbance intensity of the sensing system changed with time.

(c, f) The PCA figures corresponding to the two groups phenols.

these phenolic compounds. To assess selectivity, potential inter-

ferents (acetone, ethanol, resorcinol, NaNO2, 2-ethylimidazole, ace-

tophenone, nitrobenzene, isobutyraldehyde, phloroglucionl) were

introduced into the system. Their presence had negligible effects

(Fig. S7 in Supporting information), confirming the high specificity

and anti-interference capability of compound 1 for 2,3,6-TMP de-

tection.

It is well known that hydroxyl radicals (·OH) are usually in-

volved in the reactions catalyzed by POM-based or metal-oxide

nanozymes [46,47]. Therefore, the fluorescence test was used for

the ·OH-trapping experiment and the results revealed that all four

groups of experiments exhibited an absorption peak at 425 nm,

with the most intense signal observed in the presence of both

H2O2 and compound 1 (Fig. S8 in Supporting information). Accord-

ing to previous reports, when H2O2 serves as the oxidant, POM-

based nanozymes more readily produce ·OH radicals via multi-

electron transfer and tunable redox potentials by catalyzing the ho-

molytic cleavage of H2O2 [48]. In addition, when other transition

metals (such as Ag) are incorporated into the POM-based struc-

ture, they can mimic Fenton-like reactions, thereby further enhanc-

ing the yield of ·OH [49]. In summary, the above analyses indicate

that the peroxidase activity of 1 primarily arises from ·OH pro-

duced by H2O2 decomposition, which is consistent with the results

of electron spin resonance (ESR) spectroscopy and the reported

work (Fig. S9 in Supporting information) [50]. Due ·OH strong ox-

idative capacity, ·OH abstracts electrons from the hydroxyl group

of phenol, forming quinone radicals. These radicals subsequently

undergo oxidative coupling with 4-AAP to yield the pink-colored

product (benzoquinone imine). These ·OH findings have been con-

firmed through radical trapping experiments and electron spin res-

onance (ESR) spectroscopy. In contrast, the catalytic mechanism of

metal oxide-based nanozymes depends more strongly on their sur-

face chemistry and variations in metal valence states.

Phenolic compounds exhibits varying degrees of environmental

pollution, making their accurate discrimination a challenging yet

critical research focus [51]. To explore the discrimination ability of

compound 1 based on a colorimetric sensor, five phenols were di-

vided into two research groups (Figs. 3a and d). Group I comprising

2,3,6-TMP, 2,6-DMP, and 2,3-DMP, have the same -CH3 substituents

but differ in their position and number. Group II consisting of

2,3,6-TMP, 2-CP, and 2-BP, have different types of substituents. As

shown in Fig. 3, the time-dependent absorbance spectra of these

two groups in the 4-AAP+H2O2 +1 system reveal distinct reaction

kinetics, as evidenced by different slopes (Figs. 3b and e). In group

I, compared to 2,3,6-TMP and 2,3-DMP, 2,6-DMP exhibits a more

sensitive color response in the sensing system (Figs. 3a and b). In

group II, the sensitivity of the color response follows the order:

2-CP > 2-BP> 2,3,6-TMP (Figs. 3d and e). These findings enable

the establishment of an effective sensing array based on the ab-

sorbance data of the two groups (Figs. 3c and f), which has the

potential to effectively differentiate similar phenolic pollutants. The

details of the array include 10 time points, 3 repetitions, and the

data obtained are processed by principal component analysis (PCA)

to generate a two-dimensional model diagram (Tables S5 and S6

in Supporting information) [52]. As shown in Figs. 3c and f, the

three phenolic compounds in group I and the corresponding phe-

nolic compounds in group II showed relatively independent distri-

bution with small-scale dispersion, indicating the array’s potential

for complete identification of similar phenolic compounds [53,54].

Compared to large-scale instruments such as fluorescence spec-

trometers or UV-vis spectrometers, smartphone-based sensing

platforms offer greater convenience, time-saving, and low-cost,

making them widely used for portable sensing analysis. There-

fore, we used a smartphone as the detection platform for 2,3,6-

TMP. Different concentrations of 2,3,6-TMP were added to the 4-

AAP+H2O2+1 reaction system. After reacting for 30 min at room

temperature, the solution turned from colorless to pink, a change

visible to the naked eye. Subsequently, a smartphone was used

to capture an image of the solution, and the R, G, B values were

extracted (Fig. 4). The resulting calibration curve yielded a lin-

ear equation of y=1.419x+1.394 (R2 =0.973), with a LOD of 370

nmol/L (Fig. 4a and Table S7 in Supporting information). To vali-

date the accuracy and reliability of the platform, TMB with concen-

trations of 0.3 and 0.7mmol/L was added to the 4-AAP+ H2O2 +1

reaction system. The measured R/B data values were 1.79 and

2,3,6-TMP, respectively. Calculating these values back using the

linear equation yielded concentrations of 0.28 and 0.68mmol/L,

which showed excellent agreement with the actual spiked concen-

trations (Fig. 4b and Table S8 in Supporting information). These re-

sults confirm that the smartphone-assisted sensing platform can

be used to monitor and analyze different concentrations of 2,3,6-

TMP with good reliability.

p-Benzoquinone (p-BQ), a key intermediate for the synthesis of

vitamin E, was the target product in this study. Therefore, the se-

lective catalytic oxidation of 2,3,6-TMP to p-BQ was investigated

using 2,3,6-TMP as the model substrate, 30% H2O2 as oxidant,

4
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Fig. 4. (a) The schematic view of detection of 2,3,6-TMP using a smartphone. (b) The schematic view of quantitative analysis for 2,3,6-TMP.

Table 2

Synthesis of TMBQ from the oxidation of 2,3,6-TMP by 1.a

Entry Cat. (mg) H2O2 (mmol) Conv. (%) Sele. (%)b

1 6 0.75 77.60 94.0

2 8 0.75 80.8 92.0

3 10 0.75 98.0 98.0

4 12 0.75 88.1 >99

5 10 0.5 85.6 93.0

6 10 0.75 98.0 98.0

7 10 1 96.3 99.0

8 10 1.5 98.8 96.0

9 None 0.75 40.7 65.2

10 10 None 16.4 0

a Reaction conditions: 0.25mmol of 2,3,6-TMP, 1.0mL of ACN. Time: 15min,

Temp: 80 °C.
b Selectivity to TMBQ.

and compound 1 as a heterogeneous catalyst (Table 2). To opti-

mize the reaction conditions, the effects of various parameters,

including solvent, catalyst amount, reaction temperature, oxidant

amount, and reaction time, were systematically studied. Firstly, the

effects of different solvents on the reaction were studied. When

ethanol, methanol, acetonitrile (ACN), dichloromethane and cyclo-

hexane were used as solvents, the conversion rates were 71.7%,

66.4 %, 73.7 %, 39.5 % and 96.5% (Fig. S10a and Table S9 in Sup-

porting information). Secondly, the effect of catalyst on the reac-

tion was also studied (Table 2, entries 1-4 and 9). As the mass

of catalyst 1 increased from 0 mg to 12 mg, the conversion of

2,3,6-TMP rose from 40.7% to 98.0%, with selectivity increasing

from 65.2% to 99.0%. The effect of the amount of oxidant on the

reaction was further studied (Table 2, entries 5, 6, 7, 8, 10). In-

creasing the H2O2 amount from 0 mmol to 1.5 mmol, enhanced

the conversion from 16.4% to 98.8%, with the selectivity improv-

ing from 0% to 99.0%. The selected temperature ranges of 60−90

°C, the conversion ranges from 71.9%−98.7%, and the selectivity

ranges from 90.0%−98.0% (Fig. S10b and Table S10 in Supporting

information). Finally, three reaction time periods (10, 15, 20 min)

were considered to explore corresponding effect. The correspond-

ing conversion rate is from 84.1% to 98.8 %, and the selectivity is

from 95.0% to 99.0% (Fig. S10c and Table S11 in Supporting infor-

mation). Based on these results, the optimum reaction conditions

were determined (acetonitrile as solvent, catalyst: 10 mg, H2O2:

0.75mmol, reaction temperature: 80 °C, reaction time: 15 min).

Under these optimal conditions, the reaction kinetics were studied.

The plot of conversion versus reaction time showed a strong linear

relationship, indicating that the reaction follows first-order kinet-

ics with the rate constant (k) is 0.262min−¹ (Fig. S11 in Supporting

information).

In order to study the multiple catalytic functions of compound

1, the selective oxidation of various substituted phenol derivatives

Table 3

Catalytic oxidation of different substrates to p-BQs.a

Catal. Substrate Expected product Conv. (%) Sele. (%)b

1 95.5 91.0

2 85.5 99.0

3 64.5 45.0

4 56.0 65.2

5 68.4 85.7

6 54.1 76.3

a Reaction conditions: 0.25mmol phenol; 10mg compound 1; 1.0mL of ACN;

temperature: 80 °C; Time: 15min.
b Selectivity to TMBQ.

was conducted under the optimized conditions (Table 3). 2,3,5-

Trimethylphenol (2,3,5-TMP), an isomer of 2,3,6-TMP (Table 3, en-

try 1), exhibited a lower conversion rate under the same condi-

tions. This difference is mainly due to the large steric hindrance of

2,3,5-TMP at the para position, which limits the proximity of per-

oxopolyacid species in the oxygen transfer mechanism [55]. A sim-

ilar trend was observed among the dimethylphenol isomers (2,6-

dimethylphenol, 2,3-dimethylphenol, and 3,5-dimethylphenol). 2,6-

Dimethylphenol, with the smallest steric hindrance around the re-

active site, showed the highest conversion (85.5 %), compared to

2,3-dimethylphenol (64.5 %) and 3,5-dimethylphenol (56.0 %) (Table

3, entries 2-4). Furthermore, o-cresol (68.4%) also demonstrated a

higher conversion than m-cresol (54.1%), highlighting the influence

5
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Fig. 5. (a) Hot filtration test for 2,3,6-TMP oxidation by compound 1 under optimal

reaction conditions. (b) Recycle test for the oxidation of 2,3,6-TMP to TMBQ.

of the methyl group’s position on the reaction activity (Table 3, en-

tries 5 and 6) [56].

After 3 min of reaction, the solid catalyst in the reaction system

was rapidly separated, and the filtrate was continuously heated.

The results showed that the conversion rate remained almost un-

changed, indicating that compound 1 acts as a heterogeneous cat-

alyst (Fig. 5a). The stability and reusability of the catalyst were

then evaluated. After the reaction, the solid catalyst was recovered,

washed, and dried for subsequent analysis. The IR and PXRD of the

recovered catalyst were nearly identical to those of the fresh sam-

ple (Figs. S2a and b), confirming its structural integrity. As shown

in Figs. S12a and b (Supporting information), the XPS spectrum of

Ag and Mo after the reaction exhibit characteristic peaks at binding

energies of 368.15 and 374.20 eV for Ag, 232.81 and 235.62 eV for

Mo [44,45], and these peaks are attributed to Ag+ and Mo(VI). The

XPS spectra confirm that the valence states of the atoms of 1 re-

main unchanged during the reaction. Furthermore, the catalyst was

subjected to three consecutive recycling runs (Fig. 5b). No signifi-

cant decrease in conversion or selectivity was observed, demon-

strating that compound 1 possesses excellent reusability and sta-

bility.

To evaluate the role of compound1 in the catalytic oxidation

of 2,3,6-TMP, control experiments were performed. When AgNO3

and L were used as catalysts, the conversions of 2,3,6-TMP were

19.2% and 0%, respectively (Table S12 in Supporting information,

entries 1 and 2). Notably, using only Na3[AlMo6(OH)6O18]·8H2O as

the catalyst gave a conversion of 54.2 % (Table S12, entry 3). Mixing

the separate components of compound1 to replace compound1

also failed to fully oxidize the substrate (Table S12, entries 4 and

5), highlighting that the unique framework of compound1 is es-

sential for its high catalytic performance. Moreover, in the absence

of catalyst or H2O2, the conversion of 2,3,6-TMP remained very low

(Table 2, entries 9 and 10), indicating that both the catalyst and

H2O2 are indispensable for efficient oxidation. Overall, the polyox-

ometalate (POM) contributes the main driving force for oxidation,

while AgNO3 plays a relatively minor role.

Although silver nitrate alone yields only a 19.2% conversion,

a weak radical involvement can still be inferred. Based on pre-

vious literature, the proposed mechanism can be deduced as fol-

lows [57,58]: Pathway A, in compound1, Ag+ reacts with H2O2

to generate Ag2+, ·OH and OH−; the ·OH abstracts a hydrogen

atom from the phenolic hydroxyl group, forming a phenoxy rad-

ical (A1) that undergoes intramolecular rearrangement (A2). Sub-

sequently, Ag2+ reacts with H2O2, regenerating Ag+ and produc-

ing ·OOH and H+. The phenoxy radical (A2) then couples with

·OOH to afford the quinone product. To verify radical partici-

pation, control experiments were performed by adding 2,6-di-

tert-butyl-p-cresol (BHT) as an oxygen-radical scavenger, 2,2,6,6-

tetramethylpiperidine-N-oxide (TEMPO) as a carbon-radical scav-

enger, and isopropanol as an ·OH scavenger. The conversions re-

mained at 84%, 80.5 % and 89.2% (Table S12, entries 6–8), further

confirming the involvement of oxygen radicals and ·OH. Electron-
paramagnetic-resonance (EPR) spectra of the reaction mixture dis-

Fig. 6. The possible reaction mechanism.

played distinct radical signals (Figs. S13a and S9 in Supporting

information). When Na3[AlMo6(OH)6O18]·8H2O is used alone, the

conversion reaches 54.2% (Table S12, entry 3), further confirming

that the molybdenum-based polyoxometalate (POM) is the main

driving force. Raman spectroscopy shows a characteristic band at

895 cm–1, indicating the presence of an O–O bond (Fig. S13b in

Supporting information) [59,60], which supports this mechanism.

The proposed reaction pathway is as follows: Pathway B the POM

cluster is first activated by H2O2 to generate an active peroxo-

molybdate species; this electrophilic species attacks the para-C–H

bond of the substrate, forming intermediate B1, which rapidly con-

verts to B2. B2 is then further oxidized by another peroxomolyb-

date species, ultimately yielding the target product TMBQ (Fig. 6).

In compound1, Ag+ functions as an electron–transfer agent, gen-

erating ·OH radicals. POM can stabilize Ag species, prevent their

agglomeration and deactivation, and may also regulate the oxida-

tion state of Ag through their redox properties, thereby promot-

ing the continuous generation of ·OH. Additionally, POMs can form

peroxo-polyoxometalate active intermediates with H2O2, which are

capable of directly oxidizing phenolic compounds.

In summary, we have successfully constructed, a new

Anderson-type POM-based supramolecular framework

[Ag(AlMo6(OH)6O18)]·H2L·2H2O, by integrating anionic [Ag-AlMo6]

inorganic nanosheets with cationic amide-organic templates

(H2L
2+). This compound exhibits excellent peroxidase-like activity,

enabling the rapid and ultrasensitive colorimetric detection of

seven phenolic compounds with detection limits at the “nm”

level. Based on the principal component analysis and smartphone-

assisted sensing platform, the system utilizing compound 1 can

not only can achieve the precise discrimination of five structurally

similar phenols, but also enable rapid, portable and visual monitor-

ing of organic phenolic pollutants. Beyond detection, compound 1

can catalyze the oxidation of various phenols to synthesize corre-

sponding quinones, thus realizing the transformation from “waste”

to “treasure”. This work not only enables the rapid detection of

organic pollutants but also facilitates the precise differentiation of

structurally similar analogues, thereby providing a powerful tool

for on-site environmental monitoring and analysis. This work pro-

vides valuable insights for environmental protection and pollutant

management, highlighting the potential of POM-based materials in

addressing pressing ecological challenges.
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