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Post-synthetic modification (PSM) is a useful strategy to introduce new functional groups to metal-

organic framework (MOF) structures in order to tune their properties for different applications. One of the

methodologies used for PSM of MOFs is click chemistry known for their high reaction efficiency and

good compatibility with various functional groups. Herein, we report the first PSM example of a thiol-

functionalized MOF. Pores surface of the Zr-MSA MOF (based on Zr and mercaptosuccinic acid (MSA))

was decorated with short poly (ethylene glycol) (PEG) chains using click chemistry. Mono or di acrylate

functional PEG were attached to the MOF pore walls either using UV irradiated thiol—ene click or Michael

addition thiol—ene click reactions. The use of mono-functionalized PEG resulted in the formation of col-

loidal stable particles while the use of di-functionalized PEG led to a cross-linked network. The properties

of PEG modified Zr-MSA were fully characterized using various structural, textural and morphological

techniques. The sample containing the highest PEG content was then used for the removal of mercury,
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1. Introduction

Metal-organic frameworks (MOFs) are crystalline porous
materials built from metal ions interconnected through
organic ligands, giving rise to an ordered structure of chan-
nels and cavities accessible to guest molecules." In compari-
son with other classical porous materials, such as zeolites
and active carbon, the main advantage of MOFs lies in the
rational design of their structures.” This can be attributed to
several reasons: (i) the synthesis of MOFs is usually carried
out under controlled experimental conditions; (ii) there is an
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Hg(n); chromium, Cr(vi) and rhodamine B (RhB) from water. Results suggest that the hybrid material was
able to capture these pollutants while maintaining a good colloidal stability and hydrophilicity. Therefore,
click chemistry has been proved as an efficient strategy for the surface modification of MOF particles with

infinite number of combinations of organic ligands with
metal ions; (iii) a certain combination of a rigid organic
ligand and a metal with the appropriate coordination geome-
try always produces a specific framework. The reticular syn-
thesis approach allows tuning the structures and properties
of MOFs without changing the connectivity or topology
through two different routes: direct synthesis®* and post-syn-
thetic modification (PSM) of ligands and/or metal clusters.
Then, they can be designed for specific applications, such as
gas storage and separation,””’ liquid separation,® hetero-
geneous catalysis,”'° drug delivery,""'*> among others."® PSM
is often the strategy of choice for introducing new functional
groups to the already prepared MOF structures."*™” One of
the main strategies used in PSM of MOFs is based on click
chemistry since it shows high reaction efficiency and good
compatibility with various functional groups.'®?° Azide-
alkyne and thiol-ene click reactions have been extensively
used to modify and functionalize materials in an efficient
manner.>'>* Modification of MOFs using azide-alkyne click
reaction has been previously reported.'®>* However, thiol-
ene click reaction has not been used much for the modifi-
cation of MOFs despite being a simple, robust, and efficient
reaction in the formation of S-C bonds under relatively facile
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conditions. Rieger et al.®® prepared an olefin-tagged 4,4'-
bipyridine linker (L') that was used to synthesize Zn-TDC
(TDC = 9,10-triptycenedicarboxylate) paddle-wheel MOF [Zn,
(TDC),L']. The thiol-ene click PSM of [Zn, (TDC),L'] was
then synthesized by ethanethiol under UV irradiation. A
similar strategy was used by Wang et al.?® where an allyl
functionalized UiO-68 (synthesized using triphenyl-4,4'-
dicarboxylic acid (TPDC) linker through a multi-step proto-
col) was modified via thiol-ene click performed under UV in
the presence of 2,2-dimethoxy-2-phenylacetophenone photo-
initiator. Later, the same group prepared UiO-68-An/Ma
(anthracene/maleimide) through the multivariate approach
by mixing two linkers and functionalizing the maleimide
groups using Diels-Alder and thiol-ene reactions to tune the
electron-accepting ability of the UiO-68.>” Recently, PSM of
MOFs via thiol-ene click was performed in aqueous media in
the presence of 2-mercaptoethanol at room temperature.
Yameen et al.*® performed a PSM of IRMOF-3-Zn using NH,-
1,4-benzenedicarboxylic acid as the linker. At first, 4-malei-
midobutyroyl chloride was grafted to the amine groups to
obtain the maleimide-tagged IRMOF-3-Zn. Then, cysteine
was used as the thiol to click with the maleimide catalyzed
by triethylamine at ambient conditions. Similarly, Queen
et al,”® used Michael addition to click 1H,1H,2H,2H-per-
fluorodecanethiol on a series of dopamine modified MOFs
(HKUST-1 (Cu), ZIF-67 (Co), ZIF-8 (Zn), UiO-66 (Zr), Cu-
TDPAT (Cu, 2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-tri-
azine)) to increase their stability. Cheng et al.>° prepared Zr
(Hf)-UiO-66 with thiol functions by using 2,5-dimercapto-
1,4-benzenedicarboxylic acid (H,DMBD) linker. Then,
1H,1H,2H-perfluoro-1-decene and 1H,1H,2H-perfluoro-1-
hexene was attached to the MOF under UV irradiation with
the photoinitiator (2-hydroxy-2-methyl propiophenone).**
The majority of the examples in the literature require multi-
step reactions and purification steps in order to add the
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specific functionalities required for the click reaction. To date,
only one example of a thiol-ene click on a thiol-functionalized
MOF has been reported.*® And to the best of our knowledge,
there is no report on clicking a polymer chain to a thiol-func-
tionalized MOF.

Herein, a thiol-functionalized MOF, Zr-MSA,** was modified
using two pathways; UV irradiated thiol-ene click and Michael
addition (Scheme 1). Two poly (ethylene glycol) acrylates,
(monofunctional PEG-acrylate-480 and difunctional PEG-acry-
late-575) were chosen as the model polymers for the surface
modification of the Zr-MSA via click reactions. The attachment
of the soluble PEG chains on the MOF surface would render
colloidal stability to the MOF structure. Moreover, the use of
difunctional PEG chains could act as a cross-linker and fix the
MOF structure in a polymer network/matrix. Analogous
approaches have been carried out for the preparation of hybrid
membranes using thiol-ene click reactions, which favor the
integration of the MOF into the internal structure of the mem-
brane without compromising its physical properties.**?* In
this regard, our methodology enables the material to be easily
obtained in gel form without the need for any polymeric
matrix that would reduce the MOF’s efficiency. On the other
hand, PEG is a hydrophilic and biocompatible polymer, which
is one of the most used polymers in biomedical and environ-
mental applications.***® PEG is often employed to improve the
hydrophilicity and enhances the surface functionality of
different materials.>”*® The thiol-ene click reactions including
UV irradiated click and the Michael addition are usually per-
formed under mild conditions: room temperature, air atmo-
sphere, low amount of photo-initiator or catalyst and wide
choice of solvents. Both reactions are efficient with high
yields. Moreover, in the thiol Michael addition pathway the
use of nucleophile catalyst reduces the chance of radical coup-
ling reactions that often happen in the UV irradiated thiol-ene
click.>® Hence, these two strategies are ideal for PSM of MOFs.

Colloidal solution

Zr-MSA-UV1
Zr-MSA-P1

g’ \;@Ew«w&

Crosslinked-gel

Zr-MSA-UV2
Zr-MSA-P2

Scheme 1 PSM via thiol-ene click reactions used for the modification of Zr-MSA with PEG acrylates.
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The resulting MOF-polymers were fully characterized. The
capacity of these novel structures for pollutant removal such as
Hg(u), Cr(vi) and rhodamine B (RhB) were evaluated.

2. Experimental section

2.1. Materials

Zirconium(wv) chloride (ZrCly; >99.5% trace metals basis), mer-
captosuccinic acid (MSA; 97%), poly (ethylene glycol) methyl
ether acrylate with average M, = 480 (PEG-acrylate-480; BHT
and MEHQ used as inhibitor), poly (ethylene glycol) diacrylate
with average M, = 575 (PEG-diacrylate-575; MEHQ as inhibi-
tor), 2,2-dimethoxy-2-phenylacetophenone (DMPAP; 99%),
N,N-dimethylformamide (DMF), tributylphosphine, (TBP;
97%), rhodamine B (RhB; >95%), and hydrochloric acid (HCl;
37%) were purchased from Sigma-Aldrich. Potassium dichro-
mate (K,Cr,O; analytical grade) was purchased from Carlo
Erba. Hydrofluoric acid (HF; 40%) and was purchased from
Prolabo. Mercury chloride (HgCl,) was an ICP/MS Agilent stan-
dard 1000 mg L™ solution. Solvents were purchased from
Fisher Scientific and VWR. All the reagents were used without
further purification.

2.2. Synthesis of Zr-MSA

Zr-MSA was prepared following the procedure reported pre-
viously by Gu et al.* Briefly, 233 mg of ZrCly, 150 mg of MSA
and 160 pL of formic acid (FA) were dissolved in 2 mL of water.
After ultrasonic treatment for 1 min, the mixture was kept in
an oven at 80 °C for 2 h. The solid was then washed with water
(20 mL) and ethanol (EtOH, 2 x 10 mL). Finally, the sample
(about 250 mg) was dried at 80 °C for 12 h in a vacuum oven.

2.3. UV irradiated click reaction

Modification of Zr-MSA with monofunctional PEG (Zr-
MSA-UV1). 100 mg of Zr-MSA was activated at 80 °C and
charged with 1 mL of DMF, 120 pL of PEG-acrylate-480 and
150 mg of DMPAP photoinitiator. The reaction was irradiated
under UV light (365 nm) for 12 h. The resulting white suspen-
sion was centrifuged and rinsed with acetone (2 x 5 mL) and
EtOH (3 x 5 mL). 105 mg of white powder was obtained after
12 h of drying under vacuum at 60 °C.

Modification of Zr-MSA with difunctional PEG (Zr-
MSA-UV2). 100 mg of Zr-MSA was activated at 80 °C and
charged with 1 mL of DMF, 150 pL of PEG-diacrylate-575 and
150 mg of DMPAP photoinitiator. The reaction was irradiated
under UV light (365 nm) for 12 h. The resulting white gel was
rinsed with acetone (2 x 5 mL) and EtOH (3 x 5 mL). After
drying at 60 °C for 12 h under vacuum, 118 mg of white solid
was isolated.

2.4. Phosphine catalyzed Michael addition click reaction

Modification of Zr-MSA with monofunctional PEG (Zr-
MSA-P1). 100 mg of Zr-MSA was activated at 80 °C before being
placed in a glass tube, which was then charged with 1 mL of
DMF, 120 pL of PEG-acrylate-480 and TBP (4 pL, adding as 2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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vol% solution in DMF). The final mixture was reacted under
magnetic stirring at room temperature for 24 h. The resulting
white suspension was centrifuged and then rinsed with
acetone (2 x 5 mL) and EtOH (3 x 5 mL). After 12 h of vacuum
drying at 60 °C, 73 mg of white powder was obtained.
Modification of Zr-MSA with difunctional PEG (Zr-MSA-P2).
100 mg of Zr-MSA was activated at 80 °C before being placed in
a glass tube, which was then charged with 1 mL of DMF,
150 pL of PEG-diacrylate-575 and TBP (4 pL, adding as 2 vol%
solution in DMF). The final mixture was reacted under mag-
netic stirring at room temperature for 24 h. The resulting
white suspension was centrifuged and then rinsed with
acetone (2 x 5 mL) and with EtOH (3 x 5 mL). After 12 h of
vacuum drying at 60 °C, 92 mg of white powder was obtained.

2.5. Hg(u) capture

In a typical adsorption experiment, a sample of Zr-
MSA-UV2 gel (10 mg) was placed in a porous frit cartridge and
emerged into 1 mL aqueous solution (pH of 5.5) of HgCl, with
a concentration of 10 mg L™". Then, the solution was stirred at
ambient temperature (around 24 °C) using a Vortex system
and filtered under vacuum. Hg(u) concentrations in the fil-
trated solutions were determined using a Varian SpectrAA 55 B
Atomic Absorption Spectrometry provided with a Cold Vapor
Unit, which is, a typical methodology applied for trace analysis
of mercury.*® Absorbance measured at 254 nm is proportional
to the mercury content in the sample. This protocol was
carried out at different pH values (from 1-10) to assess the
influence of this parameter in Hg(u) capture. Additionally,
adsorption kinetics, adsorption isotherms, polymer reusability
and selectivity test were studied.

The affinity for Hg(u1) was estimated by measuring the distri-
bution coefficient (Ky), defined as:

(Ci — Cy)

Ky =
d e

|4
X (1)
where C; (mg g™") is the initial metal ion concentration, C¢ (mg
g7 ") is the final equilibrium metal ion concentration, V (mL) is
the volume of the treated solution and m (g) is the mass of the
adsorbent used.

The kinetics of mercury removal from water was also evalu-
ated. Different kinetic models have been developed to describe
the kinetics of heavy metal removal.*™*® In this case, the data
are better fitted to the pseudo-second order model, expressed
as:

fet )

q - Kqe® g

where K, (g mg™" min™") is the rate constant of pseudo-second
order adsorption, ¢, (mg g™ ') is the amount of Hg(n) adsorbed
at time ¢ (min), and g. (mg g ") is the amount of Hg(m)
adsorbed at equilibrium.
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2.6. Cr(vi) and RhB capture

Cr(vi) and RhB adsorption experiments were carried out using
10 mL solution of RhB (Co = 2.1 x 10~ mol L") and K,Cr,0,
(Co = 3.6 x 107 mol L™"). 100 mg of Zr-MSA-UV2 gel were
added into the Cr(vi) or RhB solution at room temperature
without stirring. The concentrations of Cr(vi) and RhB in solu-
tion as a function of time were determined using a UV spectro-
meter (SHIMADZU UV-2401PC spectrophotometer) at 554 nm
and 257 nm, respectively.*>*> The regeneration of the Zr-
MSA-UV2 gel for the RhB removal was performed via washing
with water (2 x 10 mL) and EtOH (3 x 10 mL). Then, the
samples were dried under vacuum at 80 °C. The percentage of
Cr(vi) and RhB removal were calculated using eqn (3):

(Co — Cx)
Co

R= x 100% (3)
where C, (mg g™") is the initial concentration, C¢ (mg g™') is
the final equilibrium concentration.

2.7. Characterization

Powder X-ray diffraction (PXRD) measurements were per-
formed on a X'pert Pro (PAN Analytical) X-Ray diffractometer
in reflectance parallel beam/parallel slit alignment geometry.
The measurement employed Cu Ko line focused radiation at
800 W (40 kv, 20 mA) power. Samples were observed using a
0.017° 20 step scan from 5° to 50° with an exposure time of
120 s per step. Fourier-transform infrared (FT-IR) spectra were
performed on a Thermo Nicolet iS50 FT-IR spectrometer in
transmission mode. Each sample was applied 32 scanning
from 400 cm™" to 4000 cm™". "H NMR spectra were recorded at
room temperature on a Bruker Avance spectrometer 400 MHz.
Thermogravimetric analysis (TGA) was performed with TA
Instruments SDT Q600 by heating the sample to 1000 °C
under nitrogen flux (100 mL min~") at a heating rate of 10 °C
min~'. Scanning Electron Microscopy (SEM) images were
observed under Hitachi S4800 with 0.1-30 kV working voltage.
Membrane’s cross-section samples were prepared by quickly
breaking the membrane under liquid nitrogen. Transmission
Electron Microscopy (TEM) images were obtained from JEOL
1200 EXII (or JEOL 1400) under working voltage up to 120 kV.
TEM samples were prepared by placing 10 pL of the sample
(100 times dilution of reaction mixture) on a carbon-coated
copper grid for 60 s. Then, the grid was dried under ambient
conditions. Nitrogen adsorption isotherms were measured at
77 K on a Micromeritics ASAP 2020 Plus Adsorption Analyzer.
Prior to measurement, powder samples were degassed for 12 h
at 80 °C.

3. Results and discussion
3.1. Synthesis and characterization of the materials

Zr-MSA was synthesized through a green route with a structure
similar to the well-known UiO-66.°> This MOF has reactive
alkyl thiol groups, an excellent chemical stability, relatively
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large pore and small particle size.***® Surface of this syn-
thesized Zr-MSA was then modified with a mono- (PEG-acry-
late-480) and di-PEG acrylates (PEG-diacrylate-575) employing
UV irradiated and Michael addition thiol-ene click reactions.
These relatively short PEG chains were selected to ensure good
chain end fidelity (achieving a high yield of the click reaction)
and to add sufficient softness to the MOF particles avoiding
the risk of long polymer chains hindering the accessibility of
the MOF active sites. The resulting structures are labelled as
Zr-MSA-UV1, Zr-MSA-UV2, Zr-MSA-P1 and Zr-MSA-P2
(Scheme 1). These samples were all suspensions apart from Zr-
MSA-UV2 that was a gel. All four samples were fully
characterized.

PXRD patterns of the obtained Zr-MSA after click reactions
(Fig. 1) exhibit similar Bragg diffraction peaks of the pristine
Zr-MSA, indicating that the modification with PEG functional-
ities does not affect the topology nor the crystallinity.**

The characteristic vibrational bands of the modified Zr-
MSA were identified by FT-IR spectroscopy. As shown in Fig. 2a
and b, a new broad band at about 2950 cm™" appeared which
contribute to the C-H stretching from the PEG chain. The
intensity of the broad band approximately at 2500 cm™" which
is the S-H vibration, was reduced for all 4 samples after the
click reactions confirming that the thiol groups of the Zr-MSA
were partially consumed. The intense band at 1725 cm™, indi-
cating the C=O0 stretching of the acrylate group shifted to
1660 cm ™" after the click reactions. This suggests the coupling
between the thiol functionality of the Zr-MSA and the vinyl
moiety of the PEG-acrylate, forming S-C bonds. In the Zr-
MSA-UV2 sample, the C=O stretching band of the acrylate
group at 1725 cm™ " (Fig. 2b) is still visible but less intense.

R&jLLMW - Mﬁ/@pﬂd\wwz S Si‘UM V,,z

Jl \ ~ Zr-MSA-UVL
A \ - Zr-MSA-P2
"L_M\_* Zr-MSA-P1
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—
10 20 30 40 50

26 (°)

Fig. 1 XRD patterns of Zr-MSA, Zr-MSA-UV1, Zr-MSA-UV2, Zr-MSA-P1
and Zr-MSA-P2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR measurements of (a) PEG-acrylate-480, Zr-MSA-UV1, Zr-MSA-P1 and Zr-MSA; (b) PEG-diacrylate-575, Zr-MSA-UV2, Zr-MSA-P2 and

Zr-MSA.
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Fig. 3 N, adsorption—desorption isotherms measured at 77 K for pris-
tine Zr-MSA, Zr-MSA-UV1, Zr-MSA-UV2, Zr-MSA-P1 and Zr-MSA-P2.
Filled and empty symbols represent adsorption and desorption pro-
cesses, respectively.

This could either be because the PEG-diacrylate only reacted
on one side with the SH on Zr-MSA (leaving an unreacted vinyl
bond) or because some unreacted PEG-diacrylate are trapped
inside the Zr-MSA-UV2 gel structure.

Nitrogen adsorption isotherms were used to measure the
porosity of the modified Zr-MSA structures (Fig. 3). The BET
surface area of Zr-MSA was about 550 m> g~'. However, as
expected, the surface areas as well as the pore volume of the
modified Zr-MSA were reduced (see Table S21). The obtained
surface areas were 232 m> g%, 269 m”> g”*, 97 m> ¢g"" and
90 m®> g7' for Zr-MSA-P1, Zr-MSA-P2, Zr-MSA-UV1 and Zr-
MSA-UV2, respectively. This decrease in the surface area corres-
ponds to the presence of the PEG chains which reduce the
pore accessibility. The decrease of UV modified (Zr-MSA-UV1

© 2025 The Author(s). Published by the Royal Society of Chemistry

and Zr-MSA-UV2) was more noticeable than Michael addition
modification samples. This result could be due to the higher
yield of the UV click reaction resulting in more PEG chains
getting grafted to the Zr-MSA surface. It should also be noted
that the PEG chains become more rigid at the nitrogen adsorp-
tion temperature test (77 K). This loss of flexibility could
prevent the diffusion of water or solvent molecules leading to
lower adsorption capacity. In contrast, at room temperature,
the flexible PEG chains facilitate the diffusion of molecules
inside the porous structure of the Zr-MSA. For example, when
the water uptake of the least porous sample (Zr-MSA-UV2) was
tested at room temperature, water uptake of 136 wt% was
achieved, confirming the accessibility of the pores under
ambient conditions.

The TGA profiles (Fig. 4a) of Zr-MSA and Zr-MSA-UV1 have
very similar weight loss. Below 100 °C, the weight loss of Zr-
MSA-UV1 is higher due to the extra water molecules retained
in the hydrophilic PEG chains. The next degradation step is
when the MOF ligands and PEG chains gradually decompose
and reach a stable plateau at around 650 °C. The final residue
of Zr-MSA-UV1 was 2 wt% less than that of Zr-MSA, represent-
ing the weight percentage of the PEG chains clicked to the Zr-
MSA framework.

In contrast, Zr-MSA-UV2 (Fig. 4a) has a very different
thermal behavior compared to the non-modified Zr-MSA. Like
Zr-MSA-UV1, the weight loss of Zr-MSA-UV2 was higher than
Zr-MSA due to the presence of the hydrophilic PEG chains.
Then, from 100 to 250 °C, the weight loss of Zr-MSA-UV2
slowed down. This could indicate that the PEG-chains have
covered the surface of Zr-MSA crystals protecting them from
rapid decomposition. When the temperature was gradually
increased to 400 °C, PEG chains started to decompose as well
as the organic linker of the Zr-MSA. Finally, the Zr-MSA-UV2
showed 23% more weight loss than Zr-MSA, representing the
weight percentage of the PEG chains attached onto the Zr-MSA
framework.

RSC Appl. Polym., 2025, 3, 469-479 | 473
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Fig. 4 TGA of (a) Zr-MSA, PEG-acylate-480, PEG-diacrylate-575, Zr-MSA-UV1 and Zr-MSA-UV2; (b) Zr-MSA, PEG-acylate-480, PEG-diacrylate-575,

Zr-MSA-P1 and Zr-MSA-P2.

The TGA profiles of the Zr-MSA, Zr-MSA-P1 and Zr-MSA-P2
(Fig. 4b) showed similar weight loss steps. At the region below
100 °C, the weight loss of Zr-MSA-P1 was higher due to the
hydrophilic PEG chains trapping more water molecules in the
sample. Then the Zr-MSA ligands and PEG chains gradually
decompose to reach a stable plateau at around 800 °C. The
difference between the amount of the final residue in Zr-MSA
and Zr-MSA-P1/P2 was almost the same (within about
0.5 wt%), representing the weight percentage of the attached
PEG chains.

By comparing the final weight loss of Zr-MSA-P1 and Zr-
MSA-UV1, weight percentage of PEG-acrylate-480 presented in
Zr-MSA-UV1 is slightly higher than Zr-MSA-P1. It seems that
the click reaction under UV irradiation is more efficient than
the Michael addition catalyzed by phosphine. In contrast, the
final weight loss of Zr-MSA-UV2 is much higher than Zr-
MSA-P2. This difference might be related to a side reaction
where the difunctional PEG chains polymerize together (cross-
link) under UV irradiation. While such side reaction could not
take place under phosphine catalyzed Michael addition.

To further confirm the quantity of the PEG chains clicked
onto the Zr-MSA, the modified MOFs were digested and ana-
lyzed by '"H NMR. The results indicated that the amount of
PEG clicked onto the Zr-MSA-UV1 was around 3.8 wt% and
7.3 wt% for Zr-MSA-UV2. These values are higher than those
obtained for the samples modified via Michael addition. The
calculated amount of the clicked PEG chains onto the Zr-
MSA-P1 was about 2.9 wt% (Table S3 and Fig. S17).

TEM image of Zr-MSA before modification (Fig. S27)
showed particle size in the range of 25 to 50 nm and, particles
tend to form aggregates. However, after the modification with
the PEG chains, less aggregates were visible. In Fig. 5a and ¢
(Zr-MSA-UV1 and Zr-MSA-P1) mainly individual particles could
be seen of a similar size than Zr-MSA (25 to 50 nm). This
observation is surely related to the presence of the polymer
chains on the outer surface of the Zr-MSA, bringing about
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better interaction with the solvent, long-term colloidal stability
and subsiding the particle aggregation. In addition, similar
results were observed in SEM images (Fig. S3a, b and df). Zr-
MSA-UV2 particles are bundled (Fig. 5b inset) perhaps due to
the presence of the cross-linked PEG chains as explained pre-
viously. Zr-MSA-P2 (Fig. 5d), presented particle sizes of 25 to
50 nm, which are analogous with the size obtained for Zr-MSA
and, individual particles with a film of polymer visible in the
background, indicating the presence of the cross-linked
difunctional PEG chains (Fig. S3ef). In SEM images of Zr-
MSA-UV2, connected crystallites could be observed (Fig. S3ct).

3.2. Adsorption capability of the materials

In order to evaluate the applicability of the PEG-modified Zr-
MSA MOFs, the Zr-MSA-UV2 sample was selected due to the
described physical properties as user-friendly solid sorbent.
Hg(u), Cr(vi) and rhodamine B (RhB) were tested as model
water contaminants.

Considering the strong affinity between alkyl thiol and Hg
(n) ions, Zr-MSA has already been used for capturing Hg(m).*®
However, our approach presents the advantage of improving
the processability of the powder Zr-MSA since the presence of
the PEG chains lead to formation of a stable solid sorbent
(rather than the crystalline MOF powder). The capability of Zr-
MSA-UV2 to capture Hg(u) ions from water was measured by
placing 10 mg of this material in a 10 mg L™" aqueous solution
of HgCl,. The isotherm absorption data obtained for this
sample fitted well with the Langmuir model giving a corre-
lation coefficient of 1 (Figure S4f). The maximum absorption
capacity was 40.21 mg g, with this value being lower than for
pristine Zr-MSA due to the lower number of available -SH
groups in the modified Zr-MSA. The removal efficiency was
determined via absorption kinetic studies. As it can be seen in
Fig. 6, the absorption of Hg(u) showed a fast kinetic where the
Hg(u) was absorbed in less than 5 minutes. This is due to the
presence of hydrophilic PEG chains on the MOF surface that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of (a) Zr-MSA-UV1, (b) Zr-MSA-UV2, (c) Zr-MSA-P1 and (d) Zr-MSA-P2.
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Fig. 6 (a) Hg(n) absorption kinetics of Zr-MSA-UV2 for 20 minutes contact. (b) The pseudo-second-order kinetic plot for the absorption (Hg(i) con-

centration of 10 mg L™).

helps water diffusion and absorption of Hg(u) in comparison
to the Zr-MSA powder. The kinetic data fitted well to a pseudo
second-order model, with a K, coefficient of 9.024 g mg™"
min~", perfectly comparable to the Zr-MSA (K, coefficient of
15.33 g mg~" min™").**

© 2025 The Author(s). Published by the Royal Society of Chemistry

The absorbent’s affinity for Hg(un) at 5 minutes was esti-
mated by the K4 measurement reaching a value of 6.6 x 10° mL
¢~! in water with an initial Hg(i) concentration of 10 mg L™
Under these conditions, the removal efficiency was 99%
(initial load of 10 000 ng in 10 mg of Zr-MSA-UV2 reduced to a
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final amount of 0.2 ng). This indicates a decrease from the
initial concentration of 10 mg L™" to a final concentration of
0.15 pg L™'. Changing pH from 2 to 7.5 did not affect the Hg
(u) absorption capacity (Fig. S51), meaning that the material
can be used for different type of contaminated water bodies
(natural waters, industrial effluents, wastewater, etc.).
Additionally, Zr-MSA-UV2 could be regenerated by desorbing
the captured Hg(u) with HCI solutions and re-used for at least
3 cycles without any loss of absorption capacity. An important
factor to be considered when evaluating the absorption
capacity of the material is the interference of other metal ions
that can be present in the studied waters. The selectivity of the
material for Hg(u) absorption was evaluated in the presence of
other metal ions. For this, tap water, seawater and industrial
wastewater samples were employed. The Hg(i1) content in these
samples were really low, 0.40 pg L~'. Then, these water
samples were doped with 50 pg L™" of Hg(u). In all cases, 95%
Hg(u) removal was obtained indicating that the water matrix
did not cause a significant interference in Hg(u) removal.

The next contaminant tested was Cr(vi). Previously, it was
shown that Zr-MSA could absorb and degrade the toxic Cr(vi)
via coordination of the metal with the thiol and thiolester
groups.®>*”*® K,Cr,0, salt was chosen here in order to
confirm the availability of the remaining non-reacted thiol and
thioether functionalities after grafting the PEG chains. The
chromate Cr(vi) absorption from a relatively high concen-
tration (100 mg L™') at pH 3 (Fig. 7), was more than 50% after
1 hour and close to 90% after 22 hours. The concentration of
Cr(vi) decreased rapidly and the color of the Zr-MSA-UV2
changed from white to brown and then gradually turned to
emerald green, indicating the absorption and degradation of
Cr(vi) to Cr(u) (Fig. Séct). The Cr(vi) absorption and degra-
dation results, confirms that some free thiol groups were still
available in the structure of the Zr-MSA-UV2 after the click
reaction since it could still absorb the toxic Cr(vi) and reduce it
to Cr(m) through the thiol groups.

100
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Fig. 7 Absorption of Cr(vi) on Zr-MSA-UV2 at pH3.
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Fig. 8 Adsorption of RhB on Zr-MSA-UV2 at different cycles.

Finally, the material was tested for the removal of RhB from
water. This is a commonly used cationic dye with relatively
high molecular weight (479 g mol™"). The adsorption of RhB
showed that more than 90% of RhB was adsorbed on the Zr-
MSA-UV2 even after three adsorption/desorption cycles (Fig. 8)
from the dye solution with an initial concentration of 2.1 x
107° mol L™, This suggests that the PEG modified Zr-MSA has
enough accessible pores to uptake the relatively large RhB
molecule. In addition, it is very easy to handle the PEG modi-
fied MOF as compared to the initial Zr-MSA powder (Fig. S6a
and bf). This physical aspect allows facile removal of the
material from solution without the need for centrifugation,
addition of flocculating agents or any other extra steps.
Furthermore, the PEG modified Zr-MSA could be regenerated
and re-used after washing and drying.

The results from the adsorption studies of Hg(u), Cr(vi) and
RhB highlight the synthesized material’s applicability for
removing water pollutants. When comparing the obtained
results with those reported for MOF/hydrogel composite adsor-
bents for the removal of metal ions,”® organic dyes, and drug
residue molecules found in the literature’®*" it can be stated
that, the synthesized adsorbent is performant as it maintains
more than 90% efficiency after several adsorption/desorption
cycles. Its capacity for removal of Cr(vi) is very similar to
reported MOFs@Abs®® as well as improved results for the
adsorption of RhB when compared to different forms of MOF/
hydrogel structures.>

4. Conclusions

A simple and efficient method to the PSM of MOFs, using PEG
as a model polymer via two different paths is reported. The
reaction under UV irradiation showed high efficiency at room
temperature. The formation of Zr-MSA-UV2 showed the feasi-
bility of cross-linking the MOF particles with thiol functional-
ities using difunctional acrylic polymers. There are maybe
some side reactions occurred during the UV assisted thiol-ene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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click especially when difunctional PEG was used. Reducing the
amount of the photo initiator or the UV exposure time could
minimize such side reactions. The cross-linked network facili-
tated the use of MOFs in certain application such as water
treatment at industrial level (adsorption of heavy metals and
large dye molecules) as the resulting material is processable
and non-powder form. The Michael addition pathway had a
moderate efficiency but even this low efficiency was enough to
render properties such as the colloidal stability in solution. In
addition, the phosphine catalyzed Michael reaction evited any
side reactions. Both click reactions resulted in efficient graft-
ing of the PEG chains on the surface of the Zr-MSA crystals,
leaving certain number of free -SH functionalities (most likely
in the core of the Zr-MSA particles) for capturing pollutants.
The removal of Hg(u), Cr(vi) and RhB from aqueous solutions
using Zr-MSA-UV2 indicated that the pores were still accessible
and the free thiol functions were still available to absorb the
target species. This simple modification strategy can render
processability, flexibility and hydrophilicity to MOF particles
while conserving a large part of accessible pores and function-
alities. Apart from PEG any other polymer chain or small mole-
cule baring an acrylate functionality could be used to functio-
nalize the MOF particles. The high and rapid adsorption
capacity of the resulting material for the removal of the pollu-
tants offer new prospects for the decontamination of water
bodies, a matter of great importance for the environment as
well as the human health.
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