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Metalorganic Polyhedra Polyoxometalate Hybrid Salts for
Tandem Photooxidative-Hydrolytic Pesticide Detoxification

Cristina Perona-Bermejo, Rebecca Vismara, Natalia M. Padial, Neyvis Almora-Barrios,
Carmen R. Maldonado, Teresa J. Bandosz, Pablo Garrido-Barros, Francisco J. Carmona,*
and Jorge A. R. Navarro*

The extensive use of pesticides to ensure global food production presents
significant threats to both human health and the environment. In this study,
the photochemical, redox, and acid-base properties of Zr-metal-organic
polyhedra (Zr-MOP) and polyoxometalates (POM) are utilized to fabricate
functional hybrid salts, denoted as [Zr-MOP][POM], designed for pesticide
detoxification. Upon light irradiation, [Zr-MOP][POM] salts generate a
charge-separated state with oxidizing properties. This activated state
selectively photooxidizes highly toxic and persistent fenamiphos into
fenamiphos sulfoxide and subsequently hydrolytically breaks down it into
non-toxic 3-methyl-4-(methylsulfinyl)phenol and phosphate components. The
hydrolytic degradation of fenamiphos is facilitated by the reduced basicity of
the 3-methyl-4-(methylsulfinyl)phenolate residue (𝚫pKb = -2.4) in the
photooxidized form of the pesticide molecule. Furthermore, the hybrid salts
demonstrate efficacy in the breakdown of multicomponent pesticide mixtures
such as fenamiphos and methylparaoxon.
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1. Introduction

The widespread use of pesticides in global
food production presents significant haz-
ards to human health and the environ-
ment, contributing to ≈110 000 deaths an-
nually and causing ≈385 million cases of
unintentional acute pesticide poisoning.[1,2]

Of particular concern are highly persistent
organophosphate (OP) pollutants, of which
fenamiphos (Fen) serves as a notable exam-
ple (Scheme 1). Fen is characterized by its
high toxicity (LD50 oral rats of 2.5 mg kg−1,
classified as Toxicity Category I). Moreover,
it exhibits a hydrolysis half-life exceeding
234 days in anaerobic groundwater, under-
scoring its enduring presence and potential
for environmental and health damage.[3]

Polyoxometalates (POM), such as cer-
tain niobiate, molybdate, or tungstate
POMs, have been proven to display good
hydrolytic activity toward phosphoester
bonds thanks to the Lewis acidity of their
metal centers.[4–8] POMs have also been

proposed as catalysts in the photo-driven oxidation of a wide
range of substrates by exploiting their tunable (photo)redox
properties.[9] On the other hand, metal-organic framework ma-
terials (MOFs) have been exploited for pesticide capture and
degradation due to their high porosity and synthetic tunability.[10]

Among them, Zr-MOFs[11,12] and their molecular counterparts
Zr-metal-organic polyhedra (Zr-MOPs)[13,14] have been shown
to be useful for the capture and hydrolytic degradation of OP
compounds. However, they usually need the use of strong ba-
sic/toxic amine molecules to boost their hydrolytic activity.[15] Al-
ternatively, photocatalytic generation of highly reactive oxygen-
based species, such as OH· and 1O2, for the degradation of toxic
molecules, has also been explored using porphyrin-based MOF
systems.[16] It should be noted that such a photooxidative ap-
proach lacks selectivity and can be detrimental to the stability
of the metal-organic catalyst itself. Therefore, the degradation of
persistent toxic molecules, under mild and environmentally rel-
evant conditions, remains a major challenge.

In this study, we have investigated the potential synergistic ef-
fects arising from the combined photochemical, acid-base, and
redox properties inherent in hybrid salts composed of zirconium-
metal-organic polyhedra (Zr-MOP) and polyoxometalates (POM)
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Scheme 1. Tandem photooxidative-hydrolytic degradation of fenamiphos
(Fen) and hydrolytic degradation of methylparaoxon (MP) by hybrid [Zr-
MOP][ZrCp_W-POM] salt.

for the detoxification of persistent pesticides. To validate the ad-
vantageous integration of the properties of both components
within a hybrid salt matrix, we demonstrate their ability to fa-
cilitate the sequential photooxidative and hydrolytic degradation
of the persistent Fen pollutant, as shown in Scheme 1. Further-
more, we extend this detoxification efficacy to the simultaneous
detoxification of Fen and methylparaoxon (MP) (LD50 oral rat of
3.3 mg kg−1) during three catalytic cycles.

2. Results and Discussion

Synthesis and structural characterization of [Zr-MOP][M-POM]
hybrid salts (M = Mo or W)

[((n-butylCpZr)3(O4H3.75))4(benzene-1,4-
dicarboxilate)6][PMo12O40]Cl3 [Zr-MOP][Mo-POM] and
[((n-butylCpZr)3(O4H3.5))4(benzene-1,4-dicarboxilate)6][n-
butylCpZrPW11O39]Cl2 [Zr-MOP][ZrCp_W-POM] hybrid
salts were prepared by mixing two equimolecular methano-
lic solutions of [((n-butylCpZr)3(O4H3.5))4(benzene-1,4-
dicarboxilate)6]Cl6

[13], and H3[PM12O40] (M = Mo, W).
The structure of [Zr-MOP][Mo-POM] and [Zr-MOP][ZrCp_W-

POM] hybrid salts have been univocally established by single
crystal X-ray diffraction (Figure 1; Figures S1 and S2 and Table
S1, Supporting Information). Both salts have a MOP:POM 1:1
stoichiometry but are chemically and structurally different. On
one hand, [Zr-MOP][Mo-POM] crystallizes in the monoclinic
space group C2/c with unit cell parameters: a = 48.4090(4) Å,
b = 43.7993(4) Å, c = 31.0080(2) Å, 𝛽 = 97.7940(10)° and
V = 65138.3 Å3. [Zr-MOP][Mo-POM] crystal structure is built
of [((n-butylCpZr)3(O4H3.5))4(benzene-1,4-dicarboxilate)6]6+

tetrahedral cationic cages with inner voids of ≈490 Å3 and
[PMo12O40]3- polyoxometalate and three chloride anions. N,N-
dimethylacetamide (DMA) molecules fill the space between
the Zr-MOP and Mo-POM counterions (5-6 Å wide chan-
nels) with their main role being to solvate the Mo-POM
anions. This structure can be related to the previously re-

Figure 1. Structures of a) [Zr-MOP][Mo-POM] and b) [Zr-MOP][ZrCp_W-
POM] hybrid salts. H and Cl atoms have been omitted for sake of clarity.
Color code: Zr (cyan), Mo (olive), W (blue), C (grey), O(red), P (pink).

ported [((CpZr)3O4H3)4(L)6][SiM12O40] systems in which the
formation of the hybrid salts enhanced their component’s
stability.[17] On the other hand, [Zr-MOP][ZrCp_W-POM] crys-
tallizes in the triclinic space group P-1 with unit cell parameters:
a = 22.7488(10) Å, b = 23.8088(10) Å, c = 28.4398(13) Å,
𝛼 = 108.3514(13)°, 𝛽 = 101.3959(14)°, 𝛾 = 101.8264(13)° and
V = 13728.5 Å3. [Zr-MOP][ZrCp_W-POM] crystal structure con-
tains [((n-butylCpZr)3(O4H3.5))4(benzene-1,4-dicarboxilate)6]6+

tetrahedral cationic cages, and [n-butylCpZrPW11O39]4− poly-
oxometalate and two chloride anions. The crystal structure
packing is stabilized by close 2.69 Å H-bonding interactions
between the bridging hydroxide group of the [Zr-MOP] and
apical oxygen atoms of the [ZrCp_W-POM] counterions. Addi-
tional contacts of 3.6 Å are stablished between the Cp residue
of [ZrCp_W-POM] and the benzene ring of terephthalate link-
ers in [Zr-MOP]. The formation of the heterometallic Zr─W
polyoxometalate, [n-butylCpZrPW11O39]4−, was unexpected,
but is in agreement with previous reports on the tendency
to form heterometallic Zr-W polyoxometallates as found for
dimeric (Et2NH2)8[{𝛼-PW11O39Zr(μ-OH)(H2O)}2]·7H2O (Zr_W-
POM) polyoxometalate.[18] The exchange of one W atom in
[PW12O40]3− by n-butylCpZr residue to give rise to heterometal-
lic [n-butylCpZrPW11O39]4− [ZrCp_W-POM] is highly favored
since it can arise both from partial degradation of [Zr-MOP] or by
direct reaction with (n-butylCp)2ZrCl2 (See SI). The monomeric
nature of [n-butylCpZrPW11O39]4− polyoxometalate found in the
structure of [Zr-MOP][ZrCp_W-POM] is a consequence of the
n-butylCp capping ligand.

1H and 31P NMR spectroscopy in DMSO-d6 confirm the for-
mation and stability of the hybrid salts, showing the characteris-
tic 1H NMR signals of the [((n-butylCpZr)3(O4H3.75))4(benzene-
1,4-dicarboxilate)6]6+ cages and the 31P NMR signals for
[PMo12O40]3− and [n-butylCpZrPW11O39]4− polyoxometalates
(Figures S3–S5, Supporting Information).

N2 (77 K) and CO2 (273 K) adsorption isotherms have been
measured to assess the accessibility of pore pockets in the hybrid
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salts (Figure S7, Supporting Information). [Zr-MOP][ZrCp_W-
POM] is not porous to N2 molecules while [Zr-MOP][Mo-POM]
salt exhibits a moderate porosity (S BET of 100.9 m2 g−1) related
to inter ion 5–6 Å channels created after removal of the DMA
solvation molecules. Noteworthy, both hybrid salts are porous
to CO2 with 0.6 and 1.1 mmol g−1 being adsorbed at 1 bar and
273 K for [Zr-MOP][Mo-POM] and [Zr-MOP][ZrCp_W-POM], re-
spectively. This result agrees with the higher kinetic energy of
this probe molecule allowing its access to tetrahedral cage voids
(490 Å3) through ≈4.0 Å triangular windows.

2.1. Thermochemistry

The electronic and redox properties for [Zr-MOP][Mo-POM] and
[Zr-MOP][ZrCp_W-POM] have been studied by means of dif-
fuse reflectance, cyclic voltammetry, and computational chem-
istry (Figure 2; Figures S8–S10 and Tables S2 and S3, Support-
ing Information). Cyclic voltammetry studies, in DMA solution,
evidence the similar behavior of the hybrid salts and the inde-
pendent components. [Zr-MOP] shows oxidation and reduction
features at ≈0.95 and −2.3 V versus H2/2H+, corresponding to
organic ligand-centered and node-centered redox processes, re-
spectively.

W/Mo-POMs display reduction waves at milder potentials
close to −0.4 V versus H2/2H+ corresponding to M6+ to M5+

reduction. For [ZrCp_W-POM], a redox wave with an onset
at ≈0.95 V versus H2/2H+, corresponding to the probable Cp
residue oxidation, is observed. Analysis of the hybrid salts, in
DMA solution, results in the presence of similar redox fea-
tures (Figure 2a; Figure S8, Supporting Information). However,
upon cycling, the POM-related features in [Zr-MOP][Mo-POM]
become highly irreversible indicative of poor electrochemical
stability (Figure S8, Supporting Information). In contrast, [Zr-
MOP][ZrCp_W-POM] retains the main redox features upon cy-
cling as evidence of its enhanced stability under highly reductive
conditions (Figure 2a). In addition, a small shift is observed in
the case of the W-POM redox features consistent with the substi-
tution of a W by a Zr atom in the heterometallic [ZrCP_W-POM]
structure.

The Tauc plot analysis of the electronic spectra has allowed us
to estimate a bandgap of 3.25 eV for [Zr-MOP][ZrCp_W-POM]
hybrid salt (Figure 2b). Similarly to cyclic voltammetry studies,
the observed bandgap is averaged from its individual compo-
nents (Figure S9, Supporting Information).[19]

Time-dependent-Density Functional Theory (TD-DFT) using a
cluster model of the Zr-MOP polyhedra limited to one Zr3O-node
surrounded by three n-butylCp capping ligands and three ben-
zoate ligands reveals an electronic transition located at 371 nm,
in good agreement with the UV–vis spectra of [Zr-MOP] cage.
Analysis of the involved molecular orbitals supports a charge
transfer process from Cp-centered 𝜋 orbitals to a largely delocal-
ized molecular orbital involving both Zr-node but also tereph-
thalate linkers (Figure 2c; Figure S10b, Supporting Informa-
tion). Similarly, the computational calculation for the [ZrCp_W-
POM] fragment shows the most probable absorption band lo-
cated at 363 nm. Analysis of the molecular orbitals involved
in this transition agrees with a charge transfer process from
Cp-centered 𝜋 orbitals to a largely delocalized molecular or-

Figure 2. Summary of photo and electrochemical properties of [Zr-
MOP][ZrCp_W-POM] hybrid salt: a) cyclic voltammetry and b) optical
bandgap from Tauc plot analysis; molecular orbitals involved in the cal-
culated charge transfer transition bands for c) [Zr-MOP] and d) [ZrCp_W-
POM] salt fragments; e) proposed band structure for [Zr-MOP][ZrCp_W-
POM] hybrid salt.

bital involving the W atoms in the POM residue (Figure 2d;
Figure S10a, Supporting Information). We thus associate these
charge transfer processes in [Zr-MOP][ZrCp_W-POM] to the
generation of a charge-separated state with a potential oxidizing
character.

On the basis of electronic spectra, cyclic voltammetry, and
computational results for the [Zr-MOP][ZrCp_W-POM] salt and
its components we have been able to propose a band struc-
ture (Figure 2e). The valence band is located at 0.95 V versus
H2/2H+ and is attributed to the organic residues (cyclopentadi-
enyl) oxidation of the [Zr-MOP] cages and [ZrCp_W-POM]. The
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Figure 3. Catalytic detoxification of OPs by [Zr-MOP][ZrCp_W-POM]: a) photooxidative-hydrolytic and b) hydrolytic degradation pathways for Fen and MP
pollutants, respectively; c) photooxidative-hydrolytic degradation of Fen pollutant with light on (full circles) and in the dark (open circles); d) component
variation along the photodegradation reaction pathway of Fen; e) hydrolytic degradation of MP with light on (full circles) and in the dark (open circles).
Experimental conditions: 0.1 m OP unbuffered aqueous solutions (10 mL) under 390 nm light irradiation (400 mW cm−2) in the presence of [Zr-
MOP][ZrCp_W-POM] (0.5 μmol).

conduction band located at −2.3 V versus H2/2H+ is attributed
to the one-electron reduction of the (n-butylCpZr)3 nodes giving
rise to a bandgap of 3.25 eV (Figure 2e). These features give rise to
an efficient behavior in photooxidation processes as exemplified
by fenamiphos photo-driven detoxification.

2.2. Tandem Photooxidative and Hydrolytic Degradation of
Persistent Fenamiphos

Once we proved the structural and thermochemical properties of
[Zr-MOP][ZrCp_W-POM] and [Zr-MOP][Mo-POM] hybrid salts,
we explored the behavior of these systems as heterogeneous cat-
alysts for the degradation of highly persistent fenamiphos (Fen)
pollutant in unbuffered aqueous solutions. On the basis of the
band structure of [Zr-MOP][ZrCp_W-POM], with a bandgap of
3.25 eV (see above), we have selected a 390 nm (3.2 eV) lamp
with a 50 W power (400 mW cm−2) as a suitable source to pho-
toactivate our materials.

The results show that [Zr-MOP][ZrCp_W-POM] hybrid salt
(0.5 μmol), under light irradiation, is able to readily degrade an
unbuffered Fen aqueous solution (0.1 mm,10 mL) into 3-methyl-
4-(methylsulfinyl)phenol (MMSP) (k = 1.02 h−1, t1/2 = 0.7 h,
turn over number (TON) = 1.86, 1:2 salt to Fen ratio) (Figure 3,
Table 1). Pollutant degradation involves a two-step process con-
sisting of the sequential photo-driven oxidation of toxic Fen (LD50
oral rat of 2.5 mg kg−1) to still toxic fenamiphos sulfoxide (FSO,
0.5 V vs H2/2H+, LD50 oral rat of 10 mg kg−1) and subsequent
hydrolytic degradation into low toxicity MMSP (LD50 oral rat of
1,420 mg kg−1) and phosphate derivatives, as found by GC-MS
and HPLC UV–vis measurements (Figure 3c,d; Figure S11, Sup-
porting Information). A hot filtration test is indicative of the het-
erogeneity of the photocatalytic reaction (Table S3, Supporting
Information). In the absence of the salt catalyst, Fen is highly sta-

Table 1. Kinetics and efficiency for detoxification of 0.1 m unbuffered
aqueous solutions (10 mL) of Fen, FSO and MP organophosphates to
MMSP, MMSP and p-nitrofenol, respectively, by [Zr-MOP][ZrCp_W-POM]
(0.5 μmol) hybrid salt catalyst under light irradiation (390 nm) and in the
dark. Catalyst to Organophosphate ratio 1:2.

Substrate Light on Light off

k [h−1] t1/2 [h] yield [%]a) k [h−1] t1/2 [h] yield [%]a)

Fen 1.02 0.7 93 – – –

FSO 0.82 0.8 100 0.23 3.1 90

MP 1.41 0.5 100 0.7 1.0 100
a)

Reaction yield after 24 h.

ble under light irradiation with no appreciable degradation over
24 h control tests (see Table S10, Supporting Information). In the
dark, the salt catalyst is inactive for Fen degradation (Figure 3c).
By contrast, FSO is also hydrolyzed in the dark (k = 0.23 h−1,
t1/2 = 3.1 h, TON = 2) highlighting that photooxidation is the key
step for Fen detoxification (Figure S12, Supporting Information;
Table 1).

Noteworthy, the performance of the individual components
[Zr-MOP] and [ZrCp_W-POM] for Fen hydrolytic photodegrada-
tion is poorer than the hybrid salt (Scheme 2; Figure S13, Sup-
porting Information). [ZrCp_W-POM] gives only rise to the very
rapid photooxidation to FSO (k = 1.26 h−1, t1/2 = 0.6 h) with
the quantitative conversion being achieved after 2.5 h (TON = 2,
Figure S14, Supporting Information). [Zr-MOP] not only pho-
tooxidizes Fen to FSO but also performs the subsequent hydroly-
sis of FSO to MMSP, although exhibiting a slower hydrolysis rate
than [Zr-MOP][ZrCp_W-POM]. Specifically, light irradiation of a
Fen solution for 2 h, in the presence of [Zr-MOP], gives rise to a
mixture of 70% photooxidized FSO and 30% hydrolyzed MMSP.
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Scheme 2. Summary of the degradation reactivity promoted by the [Zr-MOP][ZrCp_W-POM] hybrid salt and its components ([Zr-MOP] cage and
[ZrCp_W-POM] polyoxometalate) toward Fen pollutant under light irradiation and in the dark.

After 24 h, the reaction mixture evolves to 36.5% of photooxi-
dized intermediate FSO and 63.5% of the fully degraded MMSP
(Figure S14, Supporting Information). ICP and NMR analysis
of [ZrCp_W-POM], after the photodegradation studies, indicates
the leaching of ZrCp, W and P to the supernatant solution, a
potential reason for its poorer performance. By contrast, the hy-
brid salt is chemically stable under similar conditions (Figures
S15–S17 and Table S5, Supporting Information). These results,
summarized in Scheme 2, highlight the importance of the two-
step reaction pathway (photoxidation + hydrolysis) and the syn-
ergistic behavior of the hybrid salt components for the full degra-
dation of Fen to MMSP. Using [Zr-MOP][Mo-POM] instead fails
to yield the full degradation process of Fen, progressing to the
FSO oxidation step only. This is consistent with the poorer [Zr-
MOP][Mo-POM] stability with irreversible voltammograms and
leaching of Zr and Mo ions from the salt structure after photoac-
tivation (Figure S8 and Table S5, Supporting Information). This
result is in line with general observations of lower stability of Mo-
POM in comparison to W-POM.[20] Moreover, Fen degradation
under light irradiation, in the presence of benchmark materials
such as TiO2,[21] UiO-66, and NU-1000 Zr-MOFs systems and
Keggin phosphotungstenate H3[PW12O40] leads to either toxic
FSO photooxidation intermediate or to a lower detoxification effi-
ciency to MMSP than the hybrid salt (See Figure S18, Supporting
Information).

We further interrogated the mechanism of the oxidation
process of Fen by [Zr-MOP][ZrCp_W-POM]. Previous work
has leveraged the photocatalytic generation of highly reactive
oxygen-based species, such as OH·, for the degradation of toxic
molecules.[22] The band structure of our system does not allow
the generation of such species (2.8 V vs H2/2H+, Figure 2d).
Indeed, performing similar photodegradation experiments in
non-aqueous media and in the absence of O2 gives rise to pho-
tooxidized FSO. In an aqueous solution and inert atmosphere,
the photo-driven detoxification process evolves to the fully de-
graded MMSP (Table S6, Supporting Information). These results
support the direct photooxidation of Fen by [Zr-MOP][ZrCP_W-
POM] without the need to generate highly reactive oxygen
species. This has an additional benefit as it allows for a read-
ily accessible tuning of the photoredox potentials by appropri-

ate choice of salt components to meet the needs of the oxidative
degradation of the substrate.

2.3. Degradation of Methylparaoxon and Multicomponent
Mixtures of Organophosphate Pesticides

To broaden the scope of this study we have explored the hydrolytic
degradation, in unbuffered aqueous media, of the prototypical
toxic OP methylparaoxon (MP) as well as multicomponent OP
mixtures of Fen, FSO, and MP.

Highly toxic MP (LD50 oral rat of 3.3 mg kg−1) can be converted
to low toxicity p-nitrophenol (LD50 oral rat of 667 mg kg−1) and
dimethylphosphate (LD50 oral rat of 3.280 mg kg−1) (Figure 3b).
The results show that [Zr-MOP][ZrCp_W-POM] hybrid salt is
highly active for MP hydrolysis (1:2 hybrid salt to MP ratio),
in unbuffered aqueous solutions, both under light irradiation
(k= 1.41 h−1, t1/2 = 0.49 h, TON= 2) and in the dark (k= 0.70 h−1,
t1/2 = 0.98 h, TON = 2) (Figure 3e, Table 1). [Zr-MOP] shows
a similar MP hydrolytic performance than the hybrid salt both
under light irradiation (k = 1.47 h−1, t1/2 = 0.48 h, TON = 2),
and in the dark (k = 0.59 h−1, t1/2 = 1.17 h, TON = 2). By con-
trast, [ZrCp_W-POM] shows a poorer hydrolytic activity reaching
27.5% of MP hydrolysis after 24 h (Figure S19 and Table S7, Sup-
porting Information). These results point that the hydrolytic ac-
tivity for MP detoxification is centered at the [Zr-MOP] cage as
reported previously for related [(CpZr)3(O4H3.75)4(benzene-1,4-
dicarboxilate)6]Cl6.[14]

In order to understand why [Zr-MOP][ZrCp_W-POM] hybrid
salt is not able to hydrolyze Fen in the dark, while FSO and MP
are hydrolyzed, we have studied the acid-base properties of the
phenolate residues in the OP molecular structures (Figure S20
and Table S8, Supporting Information). The acidity of 3-methyl-
4-(methylthio)phenol (pKa = 10.11) increases significantly after
sulfur atom oxidation to 3-methyl-4-(methylsulfinyl)phenol (pKa
7.71). Noteworthy, the later value is very similar to p-nitrophenol
pKa value of 7.16. The decreased basicity of phenolate residues
in the studied OP determines their hydrolytic stability (persis-
tence), under dark conditions, with the hydrolytic degradation
rates following the trend kFen << kFSO < kMP (Table 1) correlating

Adv. Funct. Mater. 2024, 2405785 2405785 (5 of 7) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Simultaneous degradation profiles for equimolecular 0.05 m
unbuffered aqueous solutions (10 mL) of Fen (red circles) and MP
(black circles) under 390 nm light irradiation in the presence of [Zr-
MOP][ZrCp_W-POM] (0.5 μmol): the inset in (a) shows three catalyst re-
cyclability tests; b) Degradation profiles for Fen (open red circles) and MP
(open black circles) mixtures in the dark.

the reverse values of pKas. Under light irradiation, the degrada-
tion kinetics follows the Fen ∼ FSO < MP trend (Table 1) which
is indicative of the key role of the photooxidation step for Fen
degradation.

Aiming to approach real environmental conditions we have
investigated the response of [Zr-MOP][ZrCp_W-POM] hybrid
salt to multicomponent pesticide unbuffered aqueous solutions
containing Fen, FSO, and MP. [Zr-MOP][ZrCp_W-POM] hy-
brid salt (0.5 μmol), under 390 nm irradiation, is able to de-
grade an equimolecular unbuffered aqueous solution (0.05 mM,
10 mL H2O) of Fen (k = 0.46 h−1 t1/2 = 1.52 h) and MP
(k = 0.25 h−1, t1/2 = 2.7 h) pollutants into low toxicity 3-
methyl-4-(methylsulfinyl)phenol and p-nitrophenol, respectively
(Figure 4a; Figure S21 and Table S9, Supporting Information).
The significant slowdown of the MP degradation rate (82%) in the
presence of Fen might indicate a competitive interaction of Fen
over MP with the catalyst surface. Noteworthy, this catalytic detox-
ification process can be repeated for three consecutive cycles (in-
set in Figure 4a) increasing the TON of the catalyst to 6. This re-
sult further proves the enhanced stability of the salt over its indi-
vidual components. A similar experiment, in the dark, indicates
that the detoxification reaction proceeds only for hydrolytic detox-
ification of MP (k = 0.12 h−1, t1/2 = 5.6 h) (Figure 4b; Table S9,
Supporting Information) which is in line with the single compo-
nent studies (see above). Next, we tested the hydrolytic activity of
the hybrid salt toward an equimolecular mixture of FSO and MP
(Figures S22 and S23, Supporting Information). Under 390 nm
light irradiation both FSO (k = 0.69 h−1, t1/2 = 1.0 h) and MP
(k = 0.24 h−1, t1/2 = 2.98 h) are hydrolyzed (Table S9, Support-
ing Information). Noteworthy, Fen and FSO degradation follow
a similar kinetic profile. This suggests that hydrolysis is the rate-
determining step for the photo-promoted degradation process.

3. Conclusions

We have formed a functional [Zr-MOP][ZrCP_W-POM] hybrid
salt exhibiting a photoactivated charge-separated state with ox-
idative and hydrolytic properties. This material is highly active in

the detoxification of organophosphorus pesticides in unbuffered
aqueous solutions. While persistent Fen is hard to hydrolyze, we
have a tandem photooxidation/hydrolytic process catalyzed by
[Zr-MOP][ZrCP_W-POM] to fully detoxify this persistent pollu-
tant. Noteworthy, this approach can be extended to the detoxifica-
cion of OP mixtures as exemplified by simultaneous degradation
of Fen, FSO, and MP, under environmentally relevant conditions.
Our findings underscore the utility of incorporating Zr-MOP and
POM constituents into functional [Zr-MOP][POM] hybrid salts to
tune its photochemical, redox, acid-base, and stability features,
leading to clear synergies between the individual components.
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Supporting Information is available from the Wiley Online Library or from
the author.
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A. Rompel, Inorg. Chem. 2020, 59, 14078.

[7] D. E. Salazar Marcano, N. D. Savíc, K. Declerck, S. A. M.
Abdelhameed, T. N. Parac-Vogt, Chem. Soc. Rev. 2023, 53, 84.

[8] S. Vanhaecht, G. Absillis, T. N. Parac-Vogt, Dalt. Trans. 2012, 41,
10028.

[9] J. J. Walsh, A. M. Bond, R. J. Forster, T. E. Keyes, Coord. Chem. Rev.
2016, 306, 217.

[10] L. A. M. Mahmoud, R. A. Dos Reis, X. Chen, V. P. Ting, S. Nayak, ACS
Omega 2022, 7, 45910.

[11] J. Tang, P. Li, T. Islamoglu, S. Li, X. Zhang, F. A. Son, Z. Chen, M.
R. Mian, S. J. Lee, J. Wu, O. K. Farha, Cell Reports Phys. Sci. 2021, 2,
100612.

[12] L. González, F. J. Carmona, N. M. Padial, J. A. R. Navarro, E. Barea,
C. R. Maldonado, Mater. Today Chem. 2021, 22, 100596.

[13] P. Delgado, J. D. Martin-Romera, C. Perona, R. Vismara, S. Galli, C. R.
Maldonado, F. J. Carmona, N. M. Padial, J. A. R. Navarro, ACS Appl.
Mater. Interfaces 2022, 14, 26501

[14] K. Kiaei, K. Brunson, A. Gładysiak, K. Smith, K. Hunter, A. Thomas,
D. Radke, T. Zuehlsdorff, K. C. Stylianou, J. Mater. Chem. A 2023, 11,
14265.

[15] M. C. De Koning, M. Van Grol, T. Breijaert, Inorg. Chem. 2017, 56,
11804.

[16] F. Liu, I. Rincón, H. G. Baldoví, A. Dhakshinamoorthy, P. Horcajada,
S. Rojas, S. Navalón, A. Fateeva, Inorg. Chem. Front. 2024, 11, 2212.

[17] B. L. Ouay, H. Yoshino, K. Sasaki, Y. Ohtsubo, R. Ohtani, M. Ohba,
Chem. Commun. 2021, 57, 5187.

[18] K. Nomiya, Y. Saku, S. Yamada, W. Takahashi, H. Sekiya, A. Shinohara,
M. Ishimaru, Y. Sakai, Dalt. Trans. 2009, 2, 5504.

[19] P. Makuła, M. Pacia, W. Macyk, J. Phys. Chem. Lett. 2018, 9, 6814.
[20] M. Laurans, M. Mattera, R. Salles, L. K’Bidi, P. Gouzerh, S.

Renaudineau, F. Volatron, G. Guillemot, S. Blanchard, G. Izzet, A.
Solé-Daura, J. M. Poblet, A. Proust, Inorg. Chem. 2022, 61, 7700.

[21] A. El Yadini, H. Saufi, P. S. M. Dunlop, J. A. Byrne, M. El Azzouzi, S.
El Hajjaji, J. Catal. 2014, 2014, 413693.

[22] L. Gan, M. T. Nord, J. M. Lessard, N. Q. Tufts, A. Chidambaram, M.
E. Light, H. Huang, E. Solano, J. Fraile, F. Suárez-García, C. Viñas, F.
Teixidor, K. C. Stylianou, J. G. Planas, J. Am. Chem. Soc. 2023, 145,
13730.

Adv. Funct. Mater. 2024, 2405785 2405785 (7 of 7) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202405785 by U
niversidad D

e G
ranada, W

iley O
nline L

ibrary on [12/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de

