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d MOP-on-MOF hybrid ionic-
porous composite for efficient adsorption and
catalysis

Dipayan Ghosh, a Sahel Fajal, a Kishalay Biswas, a Anirban Roy, a

Dipanjan Majumder a and Sujit K. Ghosh *ab

Development of multifunctional hybrid porous composite materials with significantly enhanced properties

is highly desirable; however, it remains challenging due to the lack of proper synthetic strategies. Here, we

present a facile design principle to construct multifunctional hybrid ionic porous composite materials

through covalent linking of amino pendant nanosized cationic metal–organic polyhedra (MOPs) with an

amino-functionalized anionic metal–organic framework (MOF) using dynamic covalent chemistry of

strong secondary amide bonds. The optimized MOP-on-MOF hybrid nanocomposite was synthesized via

covalent grafting, followed by electrostatic-driven assembly of Zr-MOP-NH2 on the surface of Ti-MIL-

125-NH2 using a series of organic linkers. The developed nanocomposites revealed tunable enhanced

physicochemical properties with intact crystal structure, morphology, porosity, and stability of the parent

MOF, while effectively preventing the aggregation and leaching of MOPs. Importantly, the hybrid

nanocomposite demonstrated significantly improved selective adsorption properties toward polyiodide

species in water, which is important from the point of view of radioiodine sequestration from water, and

served as a potential platform for efficient heterogeneous catalysis toward Lewis acid-mediated

phosphate-ester hydrolysis of toxic nerve agents with high product selectivity and good recyclability.

This unique covalently grafted MOP-on-MOF strategy offers a promising means of introducing novel

multifunctional robust porous composite materials for various potential applications.
Introduction

Enhanced selective adsorption and catalytic conversion of
target molecules with high efficiency have always been of
considerable research interest in both academia and industry.
In this regard, by virtue of reticular chemistry, in the last few
decades, the development of various advanced functional
porous materials for efficient adsorbents and catalysts has
skyrocketed.1–5 Among these, crystalline extended porous
structures such as metal–organic frameworks (MOFs) and
covalent organic frameworks (COFs) are being widely investi-
gated, due to their outstanding structural diversity, tunable
functionality, and versatility, which make them potential
candidates for guest adsorption and heterogeneous catalysis.1–9

Apart from these, metal–organic polyhedra (MOPs), inorganic–
organic hybrid discrete porous coordination cages made up of
metal ions (or clusters) and polydentate directional organic
linkers, are another class of advanced functional porous
f Science Education and Research (IISER)

11008, India. E-mail: sghosh@iiserpune.

stitute of Science Education and Research

the Royal Society of Chemistry
materials that have also been the subject of signicant research
interest during the past decade.10–12,18,19 The molecular charac-
teristics of MOPs and their customized hybrid metal–organic
surfaces, featuring distinct structures and unique symmetries,
provide these materials with diverse orthogonal reactivity.
Additionally, the quantity and placement of particular func-
tional groups on the surface of MOPs can be accurately deter-
mined. This allows for precise control over their processability
and chemical reactivity while preserving their porous nature.12,13

Such a unique combination of intrinsic porosity with distinct
surface reactivity is what makes MOPs a central focus in various
applications, such as separation, catalysis, storage, sensing,
biology, etc.10–16,19 Nevertheless, despite possessing certain
distinct benets like solubility and processability, the usage
range of the majority of MOPs is constrained by their robust
intermolecular interactions and low surface area. Moreover, the
majority of MOPs are observed to possess poor chemical
stability, restricting their real-world applicability in aqueous or
chemical environments.17–19 In this regard, for instance, Zr(IV)-
based MOPs have recently gained recognition for their
enhanced chemical stability, thus demonstrating signicant
potential for adsorption and catalysis.20–24 However, due to the
inevitable aggregation-induced obstruction of the active sites,
when the guest is taken out in the solid phase, regrettably,
Chem. Sci., 2026, 17, 927–936 | 927
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MOPs are still far from their potential effectiveness.17–19 There-
fore, nding a robust solution to construct MOP-based mate-
rials addressing the aforementioned issues is a highly desirable
research topic. In this context, development of MOP-based
hybrid composite porous materials with high porosity and
stability by a facile synthetic strategy, without compromising
the inherent properties, serves as an optimal solution.

In recent years, regulatedmolecular engineering has enabled
the growth of advanced functionalities of numerous composite
porous materials, which are created by combining the best
qualities and maximizing the performance of various advanced
porous materials.25,26 Among these, porous hybrid
Fig. 1 Schematic illustration of different strategies used for synthesis o
native capping, and (c) covalent anchoring. (d) Illustration of synthesis of M
by electrostatic driven assembly.

928 | Chem. Sci., 2026, 17, 927–936
nanocomposites have gained a lot of attention and taken center
stage since they have allowed for the development of distinctive
and multipurpose platforms that enable the realization of
desired applications.27–29 Out of them, recently, advanced
porous hybrid nanocomposites composed of MOFs and MOPs
have caught signicant attention with excellent performance in
catalysis, adsorption, and other areas.29–39 MOFs are inorganic–
organic hybrid crystalline extended porous coordination poly-
mers constructed with metal ions/nodes and organic ligands
and garnered signicant recognition due to their structural and
compositional diversity and remarkable tunability in pore
characteristics.40–42 To date, the reported strategies for
f MOP/MOF based composite materials: (a) encapsulation, (b) coordi-
OP-on-MOF hybrid composites through covalent anchoring, followed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fabrication of MOF and MOP based nanocomposites can be
briey summarized as (1) encapsulation of MOPs inside the
porous cavity of MOFs and (2) coordination capping of MOPs (or
porous coordination cages, PCCs) on the surface of MOFs
(Fig. 1a and b).32,38,39 Among them, although the encapsulation
strategy explored the tunable physicochemical properties of the
host MOFs and signicantly addressed the aggregation and
solubility issues of the MOPs, the porosity of the hybrid was
found to be compromised. This is mainly due to the random
arrangement of MOPs within the host (MOFs) cavity. Further-
more, the stability of the hybrid composite under harsh
circumstances may be a concern due to the non-covalent
interactions between the guest MOP and host MOF.38 On the
other hand, the coordination anchoring “cage-on-MOF”
strategy is suitable for a large number of MOPs (or PCCs),
homogeneous capping with the external surface of MOFs to
produce highly porous hybrid materials. It is noteworthy that
this approach has also handled MOPs' self-aggregation and
solubility concerns and further explored the maximum poten-
tial of MOPs owing to their outer surface decoration. However,
the relatively weak coordination interaction between the func-
tional group of MOPs and surface-exposed metal sites of MOFs,
leaching of MOPs from the composite materials under acidic/
basic, polar, and mixed organic solvent conditions, may be
a concern for their real-time large-scale application. Moreover,
the strategy indicated a relatively low MOP loading capacity on
the surface of MOFs.38,39

Herein, for the rst time, we report a novel covalent graing
strategy, followed by electrostatic-driven assembly (EDA) to
construct MOP-on-MOF based hybrid porous composites
through strong covalent bond formation between the functional
ligands of MOPs and MOFs (Fig. 1c and d). This covalent
anchoring strategy explored the homogeneous distribution of
nano-sized functional MOPs throughout the surface of MOFs
with robust bonding interaction, and the inherent properties of
both the MOPs and MOFs were found to be intact within the
composite material. The strategy typically includes two steps:
rst, assembly of positively charged MOPs on the outer surface
of an anionic MOF through electrostatic-driven assembly (EDA)
and second, linking and positioning of MOPs with the MOF
surface through covalent chemistry using small organic linkers
(Fig. 1d). As a proof of concept, herein, we choose Zr-MOP-NH2

as the guest43 and Ti-MIL-125-NH2 (ref. 44–47) as the host
matrix, respectively. The rationally selected chemically stable
Zr-MOP-NH2 ({[Cp3Zr3O(OH)3]4(NH2-BDC)6}Cl4 Cp = cyclo-
pentadienyl ligand NH2BDC = 2-aminoterephthalic acid)
features a nanosized structure, which is ideal for homogeneous
distribution throughout the surface of the MOF, while the
cationic nature helps in EDA. Additionally, the free amino (–
NH2) group of the ligand in Zr(IV)-MOP enables covalent linkage
with other organic moieties. On the ip side, the host, Ti-MIL-
125-NH2, exhibited a highly porous, stable and negatively
charged structure (due to the polar –OH/–O moiety of the
Ti8O8(OH)4 cluster) with the pendent –NH2 group on its surface,
which is ideal for the target nanocomposite preparation. Opti-
mizing the strategic synthesis to control the electrostatic
interaction between the MOP and MOF, we employed a long-
© 2026 The Author(s). Published by the Royal Society of Chemistry
chain acid chloride ligand as a bimodal connector to cova-
lently join the MOPs on the outer surface of the MOF through
the formation of a strong secondary amide bond (Fig. 1d).
Notably, our protocol explored the formation of an effective
MOP-on-MOF nanocomposite without compromising the
porosity signicantly and retained the integrity as well as the
properties of the individual materials at their maximum. Most
importantly, the leaching issue of MOPs from the surface of the
MOF in the composite was fully addressed by this covalent
anchoring strategy. The developed cationic MOP-on-MOF
nanocomposite (Zr-MOP-NH2@Ti-MIL-125-NH2), named IPM-
405 (IPM stands for IISER Pune Material), was found to be
highly effective towards selective adsorption and heterogeneous
catalysis, as exemplied by ultrafast, recyclable, selective
sequestration of polyiodide species (i.e., triiodide I3

−) from
water and Lewis acid mediated phosphate-ester hydrolysis of
toxic nerve agents, respectively.

Results and discussion

We strategically chose a trinuclear Zr(IV) cluster-based cationic
amino pendant Zr-MOP-NH2 (named Zr-MOP)43 as the cage of
choice due to its aqueous phase stability, tailored functionality,
selective adsorption, and catalytic behavior.37,63 To anchor these
nanosized (∼2 nm) Zr-MOPs on the porous host, Ti-MIL-125-
NH2 (named Ti-MOF) (a Ti8 ring-shaped titanium-oxo cluster
connected amino functionalized MOF) was rationally selected
as the host porous matrix. Ti-MOF has been considered an ideal
host matrix owing to its large surface area, well-dened particle
morphology, and exceptional framework stability, which stems
from its robust Ti(IV)–O bonds.45 Both Zr-MOP and Ti-MOF were
synthesized (Sections S2.1 and S2.2) and characterized as per
the reported procedure (Fig. 2a–c and S1–S6).

Thereaer, to covalently anchor these Zr-MOPs on the Ti-
MOF surface, a certain amount of activated Ti-MOF and Zr-
MOP was taken in a vial. To obtain an adequate interaction
between the Zr-MOP and Ti-MOF, both of them were mixed in
a solvent for an optimum time. Under these conditions, there
was an electrostatic interaction between the Zr-MOP and the Ti-
MOF surface. The negative surface charge of the Ti-MOF
enhances the adsorption of these cationic nanosized MOPs
and electrostatically assembles them on its external surface
(Fig. 1d). Then, to form the covalent interaction, a quantitative
amount of bidentate exible acid chloride ligand was added to
the reaction system at room temperature under mild stirring
conditions. The free amino groups of both systems react with
the acid chloride ligand, and this long-chain bidentate acid
chloride ligand acts as a connector between these MOPs and the
Ti-MOF surface via the formation of a strong secondary amide
bond (Fig. 1d, see Section S2.3 for details). Aer completion of
the reaction, the expected MOP-on-MOF product was collected
and washed properly to remove the unbound MOPs and dried
under a vacuum oven.

Aer the synthesis, the composite named IPM-405 has been
characterized in detail. At rst, the powder X-ray diffraction
(PXRD) analysis of IPM-405 was performed, which demon-
strates the high crystalline nature of IPM-405 (Fig. 2a). The
Chem. Sci., 2026, 17, 927–936 | 929
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Fig. 2 (a) PXRD, (b) N2@77 K of IPM-405 and Ti-MOF, and (c) FT-IR spectra of IPM-405 along with pristine Zr-MOP and Ti-MOF. (d) FESEM image
of IPM-405. (e) TEM elemental mapping of IPM-405. (f) fluorescence microscopy image of IPM-405 showing its highly emissive nature. (g) Zeta-
potential and (h) XPS survey spectra of IPM-405 with the pristine Ti-MOF and Zr-MOP. (i) Zr 3d deconvoluted XPS spectra of IPM-405.
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diffraction peak matches with that of Ti-MOF, referring to the
retained integrity of the pristine MOF. The low-temperature
nitrogen gas adsorption isotherm (77 K) of the material indi-
cates signicant gas uptake at low pressure, depicting the
porous nature of the composite (Fig. 2b). Consequently, the BET
surface area and pore diameter of IPM-405 (surface area 535 m2

g−1) have been decreased compared to those of Ti-MOF (surface
area 1005 m2 g−1) (Fig. S7). This is because of the presence of
the Zr-MOP on the Ti-MOF surface in the composite. Also, the
gas adsorption data demonstrate a typical type-I adsorption
isotherm, indicating the microporous nature of the material.
The Fourier transform infrared spectroscopy (FT-IR) analysis of
the hybrid composite was performed (Fig. 2c and S8). The
appearance of these corresponding IR stretching bands at
1705 cm−1 (C]O of the secondary amide bond), 1544 cm−1

(corresponds to an interaction of the n(C–N) and the d(CNH)
vibrations) and 1305 cm−1 (d(NH) and d(OCN) of the secondary
amide bond) in IPM-405 signies the formation of secondary
930 | Chem. Sci., 2026, 17, 927–936
amide bond aer the reaction of free –NH2 moieties of the
materials with the acid-chloride functionality of the
connector.48 The reduction of the primary amine peak at
3500 cm−1 and the presence of a new secondary amide (N–H)
single band at 3344 cm−1 further support the successful
formation of this secondary amide bond in IPM-405. Moreover,
the appearance of IR bands at 2700 cm−1 corresponds to the
C–H stretching of the long alkane chain, reecting the presence
of this long-chain acid chloride linker in the composite. Addi-
tionally, the IR band at 1040 cm−1 indicates the presence of
a Zr–O bond similar to that in pristine Zr-MOP (Fig. 2c and S8).
Furthermore, to characterize this secondary amide bond, the
digested 1H-NMR of the composite was performed; the Nuclear
Magnetic Resonance (NMR) spectra supported the presence of
secondary amide functionality (S9 and 10).48 Thereaer, the
morphological characterization of the hybrid composite was
performed. The FESEM and TEM analysis of IPM-405 has
depicted a similar coin-shaped particle identical to pristine Ti-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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MOF (Fig. 2d) and (S11–S15). Interestingly, the outer surface of
the particles appeared rougher than that of Ti-MOF. This might
be because of the distribution of the Zr-MOP on the surface of
Ti-MOF in the hybrid composite. To further investigate, FESEM-
EDX mapping was performed. This indicates the homogeneous
distribution of relevant elements (Zr and Cl) throughout the
composite surface (S17 and 18). Furthermore, to investigate at
higher resolution, TEM-EDX analysis was performed. This also
shows a similar homogeneous distribution of Zr and Cl
throughout the surface of IPM-405 (Fig. 2e, S20 and 21). Inter-
estingly, the line-scan TEM-EDX mapping demonstrates that Zr
and Cl were present only on the Ti-MOF surface (S23). This
validates the homogeneous anchoring of Zr-MOP on the surface
of Ti-MOF. Next, in order to investigate the surface roughness,
the Atomic ForceMicroscopy (AFM)measurement of the sample
was performed. This further revealed that IPM-405 exhibits
a rougher surface morphology compared to Ti-MOF (S24 and
S25). Thereaer, to investigate the surface interaction of the Zr-
MOP and the Ti-MOF, zeta-potential measurement was per-
formed. The Zr-MOP carries a positive charge({[Cp3Zr3-
O(OH)3]4(NH2-BDC)6}Cl4), while the Ti-MOF has a negative
charge (due to the polar –OH/–O moiety of the Ti8O8(OH)4
cluster). In contrast, IPM-405 exhibits a positive surface charge
(Fig. 2g and S26). This observation indicates successful
anchoring of cationic Zr-MOPs onto the negative surface of Ti-
MOF to construct the hybrid composite. Furthermore, the
hybrid composite reects a strongly emissive nature under
uorescence microscopy, due to the presence of strongly
emissive Zr-MOP on the surface of Ti-MOF (Fig. 2f and S28).37

Other optical characterization studies, such as solid-state
ultraviolet-visible diffuse reectance spectroscopy (DRS) and
solid-state photoluminescence spectroscopy (PL), have been
performed (Fig. S29 and 30). In solid-state PL, IPM-405 has also
reected a strong emission at 500 nm, indicating its high
uorescence in nature, coming from the presence of strongly
emissive Zr-MOPs. Thereaer, to investigate in detail, XPS
analysis was performed. The XPS survey spectra have demon-
strated the presence of Zr and Cl in the composite, indicating
the presence of Zr-MOPs on the surface of the Ti-MOF in the
hybrid composite (Fig. 2h, S31 and 32). In the deconvoluted Zr
3d XPS spectra, there was a signicant shi towards higher
binding energy in IPM-405 compared to the pristine Zr-MOP
(Fig. 2i and S31), which signies the electrostatic interaction
between the cationic Zr-MOP and the anionic Ti-MOF surface.
Similarly, a signicant shi in Ti 3d deconvoluted XPS spectra
of IPM-405 was observed compared to pristine Ti-MOF, which
further supports this electrostatic interaction (Fig. S33). In the
deconvoluted N 1s spectra of IPM-405, the N 1s peak corre-
sponding to this secondary amide nitrogen and primary amine
nitrogen has also been found to reect (Fig. S35). Then, to
calculate the amount of Zr anchoring in the composite, the ICP-
MS analysis of the digested sample was performed, and it was
calculated that around 50 wt% of Zr was loaded onto Ti-MOF in
IPM-405 (Fig. S38). To further verify the importance of the
covalent graing strategy, the leaching test of the composite
was performed (see Sections S4, S36–38). The result indicated
that no Zr-MOPs were leached from the surface of Ti-MOF aer
© 2026 The Author(s). Published by the Royal Society of Chemistry
covalent graing. This demonstrated the necessity to introduce
a covalent bond into the formation of the MOP-on-MOF hybrid
composite system. Inspired by the above results in order to
generalize the covalent graing strategy, we have further
developed a series of MOP-on-MOF composites by using other
acid-chloride ligands (Cn, n = 6–10) (see Section S5 and
Fig. S39–43). We also performed the possible counter test of the
composite fabrication in Sections S8 and S9 and (Fig. S67–87).
Iodine sequestration study in the aqueous phase

In nuclear energy/power plants, iodine is one of the toxic
radionuclide wastes generated during nuclear-spent fuel
reprocessing.49 The water discharged from nuclear reactor
chiller plants contains a signicant amount of radioactive
iodine. Because of its high mobility and radiological and bio-
logical toxicity, iodine has been considered as a toxic nuclear
waste and a great threat to the world from the human health
and environmental points of view. So, for sustainable future
development of nuclear energy, while considering human
health and the environment, sequestration of iodine is highly
desirable.35 Porous materials, including MOFs,51 COFs,35 and
porous organic polymers (POPs),54,55 have always been suitable
choices for the sequestration of gas-phase iodine because of
their high surface area, well-ordered pore structure, tunable
functional moiety, and high operational stability. Most of the
iodine removal studies that have previously been reported are
mainly focused on gas phase capture of iodine.50–55 On the other
hand, aqueous phase iodine sequestration always remains
a challenge due to the presence of a large excess of counter
anions, aqueous phase stability, and low performance of the
material in the aqueous phase.56–59,65 In this context, the devel-
opment of iodine-selective adsorbents with fast kinetics, high
selectivity, and removal of low/ultra-trace amounts of iodine in
the presence of a large excess of counter anions in the aqueous
phase is highly desirable but challenging.

We have shown here that the IPM-405 composite demon-
strates the presence of discrete cationic Zr clusters with
exchangeable Cl− ions, free –NH2 moieties, hydrophobic long
alkane chains, and secondary amide groups, along with other
functional moieties (Fig. 3a and S44). Interestingly, all these
functionalities are experimentally and theoretically proven to
selectively interact with iodine (I3

−).35,57 Inspired by this,
initially we tested the efficiency of iodine adsorption in the
aqueous phase. As a result, IPM-405 shows a rapid sequestra-
tion rate for the polyiodide species (I3

−) in the aqueous phase
with ultrafast kinetics, where IPM-405 was able to decontami-
nate around 95% of 100 ppm (v/m = 1) polyiodide species (I3

−)
within just 1 min (Fig. 3b and S45–S49). Then, to check the
selective removal efficiency in the aqueous phase, an iodine
(I3

−) capture study was performed in the presence of a large
excess of counter ions. The composite was able to completely
sequester 100 ppm (v/m = 1) of tri-iodide species within just
5 min in the presence of a 100-fold excess of counter anions
(Cl−, Br−, NO3

−, and SO4
2−) (Fig. 3c and S50–52), which depicts

the highly iodine-selective nature of IPM-405. For a sustainable
adsorbent, the regeneration ability of the adsorbent is a very
Chem. Sci., 2026, 17, 927–936 | 931
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Fig. 3 (a) Interaction scheme of IPM-405 with I3
− (b) I3

− removal kinetics of IPM-405 along with Ti-MOF and Zr-MOP fromwater (for each case,
3 mg adsorbent in 3 ml of 100 ppm I3

− solution was used). (c) Selective I3
− removal study of IPM-405 in the presence of a large excess of counter

anions (Cl−, Br−, NO3
−, and SO4

2−). (d) Regeneration ability of IPM-405 in the aqueous phase I3
− removal study. (e) Ultra-trace selective I3

−

removal study of IPM-405. (f) Experimental setup for the dynamic flow through I3
− removal study. (g) Aqueous phase I3

− removal dynamic
breakthrough profile of IPM-405.
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important factor. Here, a multi-cycle triiodide removal study
was performed on IPM-405, by regenerating the adsorbent with
a solvent (see details in Section S6.6). It was found that the
composite shows multiple operational cycles (Fig. 3d) without
losing its performance, recognizing itself as a sustainable
adsorbent for aqueous phase iodine removal. In actual cases,
the concentration of iodine in wastewater remains below
10 ppm.57 Therefore, the low/ultra-trace iodine (I3

−) removal in
the aqueous phase has been considered as an important
remediation for iodine removal studies. However, it is chal-
lenging due to the lack of suitable iodine-selective functionality
in the adsorbent. In the IPM-405 composite, the co-existence
and synergistic action of all these functional and ionic moie-
ties, and most importantly, their presence on the outer core of
the porous host, make the composite highly recommended for
the aqueous phase ultra-trace I3

− removal study. The material
was found to effectively remove >90% the ultra-trace I3

− species
932 | Chem. Sci., 2026, 17, 927–936
from amixed counter-anion polyiodide solution (16 ppm to <1.6
ppm) in just 15 min (Fig. 3e, S53 and 54) (see details in Section
S6.5). Then, inspired by this highly selective, ultrafast, and
ultra-trace iodine (I3

−) removal ability of this composite, it was
applied for dynamic column-based I3

− separation from simu-
lated wastewater under continuous ow-through conditions
(Fig. 3g). The IPM-405 packed column efficiently removed
iodine (I3

−) under dynamic conditions (Fig. S55), maintaining
effective removal over three consecutive cycles. IPM-405 estab-
lished itself as a superior heterogeneous adsorbent platform for
aqueous phase I3

− removal even under dynamic ow-through
conditions (Fig. 3f, see details in Section S6.7).
Iodine sorption mechanism study

The polyiodide sorption mechanism was studied, followed by
a series of experiments implemented on I3

−@IPM-405. The
uniform distribution of iodine on the surface of the composite
© 2026 The Author(s). Published by the Royal Society of Chemistry
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aer the aqueous phase iodine sequestration study was evi-
denced by FESEM-EDX and elemental mapping analysis
(Fig. S56). The existence of I3

− was also veried from the Raman
spectra of I3

−@IPM-405 (Fig. S63). To further support the
presence of iodine, XPS analysis on the I3

−@IPM-405 was per-
formed. The XPS survey spectra also conrmed the presence of
iodine in IPM-405 aer the iodine sequestration study
(Fig. S57). In the deconvoluted I 3d XPS spectra, two noticeable
peaks were located at 618 eV & 630 eV, associated with the I 3d
orbitals of tri-iodide species (Fig. S64). The absence of Cl− in
FESEM-EDX and in XPS analysis depicts ion exchange as one of
the primary interaction mechanisms for tri-iodide (I3

−)
removal. In post-capture FT-IR analysis, the presence of all
Fig. 4 (a) Hydrolysis reaction of ethyl-paraoxon at room temperature in
and (c) 31P-NMR spectra for the hydrolysis reaction of ethyl-paraoxon in th
in the presence of IPM-405 and pristine Ti-MOF. (e) Multi-fold regenera

© 2026 The Author(s). Published by the Royal Society of Chemistry
corresponding peaks indicates the retained framework integrity
of the material aer the iodine removal study (Fig. S58). The
corresponding shi of the Zr–O band, secondary amide band,
and alkyl C–H band was observed, which supports that these Zr-
SBUs, secondary amide functionality, and hydrophobic long
alkane chain moieties in the IPM-405 hybrid composite collec-
tively interact with iodine (Fig. S59–S61).
Catalytic study

The presence of Lewis acidic center in the MOF creates a unique
avenue in MOF-based heterogeneous catalysis.64 In this context,
the Zr(IV) cluster containing MOF reaffirmed its status as a well-
known candidate in Lewis acid catalysis.60,61 Alternatively, Zr(IV)-
the presence of the IPM-405 catalyst. (b) Time-dependent UV spectra
e presence of IPM-405. (d) Degradation percentage of ethyl-paraoxon
tion ability of IPM-405 for the hydrolysis reaction of ethyl-paraoxon.
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based metal–organic polyhedra (MOPs), which also contain
trinuclear Zr(IV) secondary building units, can serve as potential
Lewis acid catalysts.63 However, their solubility in organic
solvents restricts their use as heterogeneous catalysts. Here, by
the covalent graing approach, the homogeneously distributed
covalently anchored Zr(IV)-MOP surface of the composite stands
as an effective solution to this problem. Here, through covalent
graing of the Zr-MOPs onto the outer surface of the Ti-MOF,
the MOP molecules are immobilized, preventing them from
dissolving in the organic solvent and enabling their use as
a heterogeneous catalyst. To check this, as a proof of concept,
we performed the Lewis acid-catalyzed phosphate-ester hydro-
lysis of ethyl-paraoxon (Fig. 4a). Ethyl paraoxon is classied as
a highly toxic organophosphate pesticide due to the ease of
transesterication of the P–O group of the nitrophenol under
physiological conditions, posing a harmful risk to the human
nervous system.60–62 Here, the presence of Lewis acidic Zr(IV)
center in the composite motivated us to perform the hydrolysis
reaction of ethyl-paraoxon. As a result, it was observed that the
IPM-405 composite was able to degrade ethyl paraoxon (95%
degradation in 400 min) at room temperature (Fig. 4b–d) (see
details in Section S7). On the ip side, the pristine Ti-MOF did
not possess any Lewis acidic sites and therefore was found not
to degrade ethyl paraoxon (Fig. 4d). The IPM-405 hybrid
composite contains covalently graed Zr-MOPs, which feature
an intrinsic Lewis acidic Zr(IV)-oxo cluster. The presence of these
effective Lewis acidic centers makes the composite a suitable
catalyst for the ethyl paraoxon hydrolysis reaction. Thereaer,
the recyclability study of IPM-405 for the paraoxon hydrolysis
was performed (see details in Section S7). The composite was
able to execute multi-fold operational cycles (Fig. 4e) for the
Lewis acid-driven organophosphate hydrolysis reaction. While
the pristine Zr-MOP functioned as a homogeneous catalyst for
ethyl paraoxon degradation, the hybrid composite introduces
a heterogeneous platform for this nerve agent hydrolysis
reaction.
Conclusions

This work establishes a facile strategy for modulating the
physicochemical properties of MOFs. On the other hand, in
terms of MOPs, this synthetic approach offers a potential plat-
form to expand the application of MOPs by minimizing their
common drawbacks (aggregation-induced active site blockage
and leaching issue in organic solvent) via the fabrication of
a covalently graed MOP-based porous hybrid composite. By
covalent anchoring of these MOPs on the MOF outer surface,
the activity of the MOPs is maximized while eliminating the
leaching issue. The IPM-405 composite established itself as
a crystalline functional ionic-porous hybrid adsorbent for
ultrafast, ultra-trace, and selective removal of polyiodide species
from the aqueous phase, which is important from the point of
view of radioiodine sequestration from water. Also, the covalent
graing strategy depicts a fascinating route to introduce MOP-
based heterogeneous catalysis as exemplied by Lewis-acid
mediated phosphate-ester hydrolysis of toxic nerve agents. We
934 | Chem. Sci., 2026, 17, 927–936
believe that our synthetic strategy may be further adapted for
other MOFs and MOPs to harness their full intrinsic potential.
Author contributions

D. G. and S. F. designed the project. D. G. synthesized and
characterised the materials. D. G., K. B., A. R., and D. M. per-
formed and analysed the capture study and catalytic study. D. G.
and S. F. wrote the manuscript. All the authors reviewed the
manuscript. S. K. G. supervised the project.
Conflicts of interest

There are no conicts to declare.
Data availability

All data used for this study are available in the paper and
supplementary information les (SI). Supplementary informa-
tion is available. See DOI: https://doi.org/10.1039/d5sc06370a.
Acknowledgements

D. G., K. B. and A. R. acknowledge UGC for research fellowships.
D. M. acknowledges IISER Pune for research fellowships. S. F.
acknowledges the DST-Inspire (India) for the research fellow-
ship (DST/INSPIRE/03/2016/001694). We are grateful to the
IISER Pune for its research facilities. S. K. G. acknowledges DST-
SERB (Project No. CRG/2022/001090) for funding.
Notes and references

1 A. G. Slater and A. I. Cooper, Science, 2015, 348, aaa8075.
2 R. Freund, S. Canossa, S. M. Cohen, W. Yan, H. Deng,
V. Guillerm, M. Eddaoudi, D. G. Madden, D. Fairen-
Jimenez, H. Lyu, L. K. Macreadie, Z. Ji, Y. Zhang, B. Wang,
F. Haase, C. Wöll, O. Zaremba, J. Andreo, S. Wuttke and
C. S. Diercks, Angew. Chem., Int. Ed. Engl., 2021, 60, 23946–
23974.

3 Metal-Organic Frameworks (MOFs) for Environmental
Applications, ed. S. K. Ghosh, Elsevier Science Publishing,
Philadelphia, PA, 2019.

4 S. Fajal, S. Dutta and S. K. Ghosh, Mater. Horiz., 2023, 10,
4083–4138.

5 J. Liu, L. Chen, H. Cui, J. Zhang, L. Zhang and C.-Y. Su, Chem.
Soc. Rev., 2014, 43, 6011–6061.

6 (a) Y. Song, J. Phipps, C. Zhu and S. Ma, Angew. Chem., Int.
Ed. Engl., 2023, 62, e202216724; (b) M. Dittmar, Energy,
2012, 37, 35–40.

7 S. Rojas and P. Horcajada, Chem. Rev., 2020, 120, 8378–8415.
8 A. Bavykina, N. Kolobov, I. S. Khan, J. A. Bau, A. Ramirez and
J. Gascon, Chem. Rev., 2020, 120, 8468–8535.

9 W. Mandal, S. Fajal, A. V. Desai and S. K. Ghosh, Coord.
Chem. Rev., 2025, 524, 216326.

10 A. J. Gosselin, C. A. Rowland and E. D. Bloch, Chem. Rev.,
2020, 120, 8987–9014.
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d5sc06370a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06370a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Pu

nd
un

gw
an

e 
20

25
. D

ow
nl

oa
de

d 
on

 2
02

6-
04

-1
0 

04
:2

2:
44

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
11 J. Liu, Z. Wang, P. Cheng, M. J. Zaworotko, Y. Chen and
Z. Zhang, Nat. Rev. Chem., 2022, 6, 339–356.
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