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We use the free radical polymerization initiator 4,4’ -azobis(cyanovaleric
acid) coordinated to the open metal sites of metal-organic frameworks
(MOFs) to give rise to highly uniform MOF/polymer hybrids. We demon-
strate this strategy on two robust zirconium MOFs (NU-1000 and MOF-
808), which are the most effective catalysts for degradation of chemical
warfare nerve agents. The resulting hybrid materials maintain their
hydrolytic catalytic activity and have substantially improved adhesion
to polypropylene and activated carbon textile fibers, yielding highly
robust MOF/polymer/textile hybrid systems. These composites are
suitable for the green production of active protective clothing and filters
capable of detoxifying organophosphorus warfare agents.

Introduction

The principles of reticular chemistry developed over the past
two decades have brought about an unprecedented variety of
new periodic structures that can be designed and synthesized in
a controlled fashion.! The most prominent example of this are
metal-organic frameworks (MOFs), a class of porous coordina-
tion polymers, with unique and programmable properties.*>
Over the last decade, zirconium-based MOFs (Zr-MOFs) have
attracted particular attention because of their high thermal and
chemical stability." Zr-MOFs have been shown to excel in
sorption and separation processes,” and have been used in
biomedical applications,”” heterogeneous catalysis,® and elec-
tronic devices,” among others. These materials can also be
readily modified after synthesis, which substantially broadens
the scope of their applications.’
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New concepts

Efficient integration of Metal-Organic Frameworks (MOF) and organic
polymers into hybrid materials is of fundamental importance for
enabling broad industrial use of MOFs, because of their superior
elasticity, processability and ease of deposition. The MOF/polymer
composites with fibers (or textiles) can significantly improve the
technological processes of applications in filtration, chemical warfare
or antimicrobial protection, catalysis, energy storage, sensors, and drug
delivery. However, the existing synthetic approaches have substantial
drawbacks, such as heterogeneity, which creates weak points in the
composites, and in some cases require complex chemistry that does not
easily carry over to other MOFs and polymers. A fundamentally different
approach to synthesizing these materials is therefore necessary. In our
work, we overcome these limitations and introduce a new synthetic
protocol, which enables precise control of the MOF-polymer interaction
and can be applied to a variety of MOFs and polymers with different
chemistries. The resulting MOF/polymer hybrids exhibit substantially
enhanced processability as demonstrated by improved adhesion to
selected textile fibers and show that the MOF-polymer hybrids have high
activity for decomposition of a model nerve agent.

However, the key roadblock on the way to their wider
industrial use is their insoluble crystalline powder form, which
makes them exceptionally difficult to process.'"' Two main
approaches to addressing this shortcoming have been pre-
viously explored: amorphization into liquid or glassy
states,">'* and combining MOFs with organic polymers.'*™°
The latter strategy is particularly appealing as it, in principle,
provides a large parameter space and could be highly tunable.
The previously reported strategies yielding MOF/polymer com-
posites rely on mixing the two components'*'” or carrying out
the polymerization in the presence of the MOF powder.'®>°
However, these approaches lead to heterogeneous composites
with a non-uniform distribution of the two components, and
sometimes result in complete blockage of the MOF pores.*! To
overcome these limitations, MOF/polymer hybrids were
proposed, whereby the framework and polymer are covalently
bound (Scheme 1).** In this approach, the polymer loading
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Scheme 1 Synthetic strategies for the preparation of MOF/polymer
hybrids.

level and its location within the MOF structure can be con-
trolled by choosing specific anchoring sites.’* Other hybridiza-
tion strategies include in situ synthesis of oligo- or
polyMOFs***” and covalent modification of MOFs’ surface by
atom transfer radical polymerization (ATRP).>*' However,
these methods require laborious multi-step synthesis of the
MOF linkers and cannot be easily scaled up or adapted to new
systems. We realized that a more universal and straightforward
approach is necessary to enable the exploration of vast compo-
sitional space of conceivable MOF/polymer hybrids. This would
also enable combining polymers and MOFs with well-
established functional properties to yield easily processable
and ready-to-use formulations.

Here, we introduce the novel Free-Radical Polymerization in
a MOF (FRaP-in-MOF) strategy for the preparation of MOF/
polymer hybrids with high affinity for non-covalent attachment
to functional textile fibers (Fig. 1). We take advantage of a
single component MOF-based initiator, which is active in
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FRaP-in-MOF of vinyl monomers (Scheme 1 and Fig. 1a). We
focus on mesoporous Zr-MOFs, such as MOF-808*%** and NU-
1000,>* that are highly efficient catalysts for the hydrolytic
degradation of extremely toxic organophosphorous chemical
warfare agents (CWAs), such as sarin or soman.>*” In the first
step, the azo-initiator, 4,4’-azobis(cyanovaleric acid) (ACPA),
was post-synthetically attached to the Zrs-nodes in MOF-808
and NU-1000 through solvent-assisted ligand incorporation
(SALI).*®* In the second step, the initiator@MOF materials
were used to initiate FRaP-in-MOF of methyl methacrylate
(MMA) and 2-dimethylaminoethyl methacrylate (DMAM). We
show that MOF/polymer hybrids can be easily deposited on
polypropylene (PP) or activated carbon (AC) fabrics by drop-
casting to form three-component MOF/polymer/fiber compo-
sites with excellent integrity (Fig. 1c) and catalytic activity for
the degradation of a model toxic agent simulant, diisopropyl
fluorophosphate (DIFP) (Fig. 1d).

Results and discussion

Functionalization of Zr-MOFs with the 4,4'-azobis(cyanovaleric
acid) radical initiator and its thermal stability

NU-1000 and MOF-808 were prepared following the literature
protocols (see details in the ESIt).">*! In terms of node con-
nectivity, which describes the number of carboxylate groups
(belonging to linkers) bound to one metal node, NU-1000 and
MOF-808 contain 8- and 6-connected Zrg-nodes, respectively
(Fig. S1, ESIt). The remaining coordination sites on the nodes
(4 for NU-1000 and 6 for MOF-808) can be completed
post-synthetically with other non-structural carboxylate ligands
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Fig.1 The two-step protocol for synthesizing MOF/polymer hybrids and their composites with fibers. (a) Reaction scheme. Step 1: Solvent-assisted
ligand incorporation (SALI) of ACPA (initiator) into a Zr-MOF; step 2: free-radical polymerization in a MOF (FRaP-in-MOF) of acrylate monomers, (b) SALI
of 6- (MOF-808) or 8-connected (NU-1000) Zr-nodes with ACPA followed by temperature-induced generation of carbon-centered radicals, (c) drop-
casting of MOF/polymer hybrids on PP and AC fibers, (d) hydrolysis of a nerve agent simulant, diisopropyl fluorophosphate (DIFP), catalyzed by the MOF/
polymer/fiber composite (conditions: RT, 24 h).
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using SALL’® Here, we employed 4,4'azobis(cyanovaleric acid)
(ACPA) which contains two carboxylic groups capable of coor-
dinating to the Zre -nodes, in addition to being a common
radical initiator that undergoes homolytic bond cleavage and
forms free radicals when exposed to elevated temperatures or
UV light (Fig. 1b).** To avoid accidental ACPA decomposition
during SALI, all manipulations were carried out at room
temperature. The amount of ACPA in the resulting initiator@
MOF was calculated based on the "H NMR spectra of samples
dissolved in a D,SO,/DMSO-d; solution (Fig. S10 and S11, ESIT).
For NU-1000 and MOF-808 we observed approximately 2.5 and
3.0 ACPA molecules per Zrg-node, respectively. The PXRD
analysis (Fig. 3a and Fig. S3, ESIT) and SEM images (Fig. S38
and S39, ESIT) showed that the crystallinity and microcrystal
morphology of MOFs after SALI were unaffected. The presence
of ACPA in the initiator@MOF materials was corroborated by
solid-state NMR (Fig. 2a and Fig. S16, ESIT) and diffuse reflec-
tance infrared Fourier transform (DRIFT) studies (Fig. S19 and
S20, ESIY).

To assess the porosity of initiator@MOF, we performed N,
sorption measurements at 77 K (Fig. 3d and Fig. S27, ESIt). The
incorporation of ACPA into the MOF leads to a slight decrease
of the total pore volume and the Brunauer-Emmett-Teller
(BET) surface area (Table S2, ESIt). The total pore volumes
were 0.36 cm® g~ ' for initiator@MOF-808, 0.81 cm® g~ ' for
pristine MOF-808, 1.10 cm® g~* for initiator@NU-1000, and
1.39 cm® g~ for pristine NU-1000. A similar trend was observed
for BET surface areas: 794 m”> g ' for initiator@MOF-808,
1127 m”> g~' for pristine MOF-808, 1838 m”> g ' for initia-
tor@NU-1000, and 2052 m?* g~ * for NU-1000. Pore size distribu-
tions (PSD) calculated using Density Functional Theory (DFT)
(Fig. S28, ESIt) showed that the ACPA moieties mostly occupy
the large cavities in MOF-808, and mesoporous channels in NU-
1000 (Fig. S1, ESIf). To confirm organic monomer pore acces-
sibility, we exposed the initiator@MOFs to MMA and DMAM
vapors at room temperature for 24 h. Afterwards, we calculated
the monomer loadings based on '"H NMR spectra of samples
dissolved in D,SO,/DMSO-dg solution (Fig. S12-S15, ESIT). For
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initiator@NU1000, we observed about 27 MMA and 7 DMAM
molecules per Zrg-node, while for initiator@MOF-808, 14 MMA
and 3 DMAM molecules per Zrg-node. These results clearly
indicate that the porosity of initiator@MOF is accessible for the
organic monomers, which can be further polymerized inside
the MOF.

We next confirmed that thermal activation of initiator@
MOF leads to bond cleavage in the ACPA moiety. While the
lifetime of the radicals is too short to permit detection by CW
EPR, we carried out liquid- and solid-state NMR, and infrared
spectroscopy, which unambiguously confirmed the structural
change of ACPA. First, the solid initiator@MOF samples were
heated at 70 °C for 24 h to allow thermal decomposition of
ACPA (the resulting material is denoted initiator@MOF*").
Next, the initiator@MOF" samples were dissolved in a
D,S0,/DMSO-dg solution and "H NMR spectra were collected
that showed a new set of characteristic signals in the aliphatic
region (Fig. S10 and S11, ESIT). We compared these results with
NMR spectra of pure ACPA before and after thermal treatment
under similar conditions (Fig. S9, ESIt), and assigned these
signals to the radical recombination and decomposition pro-
ducts of ACPA.*> The "*C CP MAS NMR spectra of the solid
initiator@MOF-808 before and after heat treatment reveal that
the signal at 70 ppm, corresponding to the quaternary C-N—N
carbon, disappears after high temperature is applied (Fig. 2a).
This occurs because the loss of the electron withdrawing N—N
bridge leads to increased shielding of the quaternary carbon
shifting its signal down in frequency to the crowded aliphatic
region. Finally, we recorded variable temperature-DRIFT
(VT-DRIFT) spectra on initiator@MOF during heating from
room temperature to 200 °C with a ramp rate of 10 °C min "
(Fig. 2b and Fig. S21, S22, ESIt). They show a gradual shift of
the C=N vibration band from 2245 cm ' to 2237 cm?,
corroborating the temperature-triggered irreversible ACPA
transformation.

Radical polymerization of selected monomers initiated by
initiator@MOF materials.

Having confirmed the successful incorporation of the initiator
into MOF-808 and NU-1000, we proceeded to test the ability of
the resulting materials to promote FraP-in-MOF using two vinyl
monomers, MMA and DMAM (Fig. 1a), which differ in size,
reactivity, and functionality. All polymerization reactions were
carried out in pure monomers under dinitrogen. To exclude the
possibility that the unmodified MOFs can induce polymeriza-
tion, we performed control experiments, which showed that
they are, indeed, inactive. These experiments also excluded the
possibility of spontaneous self-polymerization of the neat
monomers (see Section S14, ESIT). The FRaP-in-MOF reactions
were carried out at 70 °C (for MMA) and at 50 °C (for DMAM) for
48 hours using 100 mg of initiator@MOF for every batch. After
each FRaP-in-MOF reaction, we performed extensive washing
with methanol and acetone to remove unreacted monomer and
excess polymer that was not strongly attached to the MOF (for
details see the ESIf). The formation of separated polymer
chains, that were not attached to the MOF, may be caused by

Mater. Horiz., 2023, 10, 1301-1308 | 1303
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Fig. 3 Structural and morphological characterization of the initiator@NU-1000, NU-1000/polymer and pristine NU-1000 materials. (a) PXRD analysis;
(b) Y3C CP-MAS spectra; (c) DRIFT spectra; (d) N, sorption isotherms at 77 K (filled and open circles denote adsorption and desorption, respectively);

(e) SEM image of the NU-1000/PMMA hybrid.

a spontaneous transfer of radical species during polymeriza-
tion. We found that FRaP-in-MOF followed by washing consis-
tently yielded reproducible results, as shown by tests repeated
on several batches of NU-1000/PMMA (see Section S13, ESIT).
To quantify the composition of the MOF/polymer hybrids, we
used TGA and ICP-OES (see section S12 for details, ESIt). In all
the MOF/polymer samples, we observed a similar polymer
content of approximately 30 wt%. Based on these values, we
estimated the number of polymerized monomers per Zrs-node
in the final MOF/polymer hybrids (Table S5, ESIT). We observed
similar trend of polymer loadings of 15 MMA (and 13 DMAM)
molecules/node in NU-1000/polymer, and 4 MMA (and 5
DMAM) molecules/node in MOF-808/polymer hybrids. Matrix
assisted laser desorption and ionisation with mass spectro-
metry (MALDI-MS) analysis of digested sample of NU-1000/
PMMA (Fig. S72, ESIf) confirmed the presence of polymer
chains with a length up to 20 mers. We also noticed the
increased number of DMAM molecules/node, as compared to
the adsorption experiment, which we attributed to the better
polymerization efficiency in liquid phase of this monomer.
We confirmed the presence of polymers in MOF/polymer
hybrids with infrared and solid-state NMR spectroscopy, and
SEM. Fig. 3c and Fig. S23-526 (ESIt) show the DRIFTS spectra
of MOF/polymer samples. In all MOF/polymer materials, we
observed the presence of characteristic vibrations of carbonyl
C=O0 and aliphatic C-H bonds at 1730 cm™ ' and below
3000 cm ™, respectively. Fig. 3b shows the ">C CP MAS NMR
spectra of the MOF/polymer materials. While pristine NU-1000

1304 | Mater. Horiz., 2023,10, 1301-1308

is characterized by relatively narrow peaks, the peaks broaden
when the initiator is introduced and then broaden further
when the polymers are formed. This result shows that each of
these synthetic steps decreases conformational freedom of both
the host framework and guest molecules corroborating that the
polymers are embedded within the MOF and in direct atomic-
level contact with the linkers. The SEM images of MOF/polymer
hybrids show some characteristic features and significant
differences in the arrangement of crystallites as compared to
the pristine MOFs (see Section $10.2, ESIt). For example, in
NU-1000/PMMA the PMMA layer wraps around the microcrys-
tals of NU-1000 (Fig. 3e). In addition, the arrangement of
microcrystals in NU-1000/PMMA is more uniform, as compared
to pristine NU-1000, owing to the improved adhesion between
microcrystals induced by the polymer phase, and the lack of
larger MOF crystals (diameter > 3 pm) due to the washing
procedure (Fig. S36b and S38, ESIT).

To gain insight into the properties of the MOF/polymer
hybrids in the context of their catalytic potential, we performed
sorption studies using N, (at 77 K), CO, (at 195 K), cyclohexane
(at 298 K), and H,O (at 298 K). The adsorption-desorption
isotherms are shown in Fig. 3d and 4. The N, sorption iso-
therms show good porosity for all MOF/polymer hybrids, except
MOF-808/PDMAM. The CO, isotherms, however, confirm sig-
nificant porosity of all materials. It is thus noteworthy that
MOF-808/PDMAM is porous towards CO, but not N, and
cyclohexane. We suggest this is likely owing to the smaller
kinetic diameter of CO, than N, and cyclohexane molecules

This journal is © The Royal Society of Chemistry 2023
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isotherms of (a) NU-1000/PMMA, (b) NU-1000/PDMAM, (c) MOF-808/
PMMA, (d) MOF-808/PDMAM.

allowing the former to diffuse in its constricted pore structure.
The significant decrease in pore volume for MOF/polymer
materials confirms that the polymer chains are located in the
MOF pores, in agreement with the solid-state NMR data (see
Table S2 and Fig. S29, S31, ESIt). Moreover, all NU-1000/
polymer hybrids showed higher uptake of all the adsorbates
as compared to MOF-808/polymer materials, which agrees with
the difference in porosity of the corresponding pristine MOFs.

NU-1000/PP §b)y, N'U-1000/PMI\/IA/PP c)

Fig. 5

View Article Online

Communication

The adsorption of H,O vapors shows small differences in total
water uptake for all the materials (10-22 mmol g~ '); however,
we observed that the adsorption/desorption branches for
NU-1000/PDMAM are shifted to lower p/p, indicative of higher
water affinity than NU-1000/PMMA (see Table S2, ESIt). The
same relation is true for MOF-808/PDMAM and MOF-808/
PMMA, with the former being more hydrophilic and showing
two times higher water uptake than the latter. This effect may
be explained in terms of higher hydrophilicity of PDMAM
compared to PMMA, because the former contains residual
amino groups.

Preparation and water stability of 3-component MOF/polymer/
fiber composites.

To date, MOF crystals with CWA detoxification activity have been
deposited or incorporated in situ into various types of fibers,
including cotton,”™° poly(vinylidene)fluoride (PVDF),"** poly-
(ethylene terephthalate) (PET),” polypropylene,™ activated carbon
(AC),>" and a variety of TiO,-modified polymers.*>> Those works
have shown that covalent binding between the MOF and polymer
benefits the integrity of the MOF/polymer/fabric composite,>® and
its catalytic properties.”” However, the previously mentioned
approaches give rise to either non-homogeneous composites, poor
attachment to fiber and/or are not easy to transfer to industrial
processes. The incorporation of polymer chains into the MOF
structure substantially enhances their applicability across the board.
For example, the polymer may enable binding to surfaces such as
fabrics, beads, or membranes.”®

We explore this idea here by preparing MOF/polymers
integrated into polypropylene (PP) and activated carbon (AC)
fibers to enable their use in protective suits. We chose these two
fibers because of their substantially different physical proper-
ties: AC possesses a hydrophobic porous network and is

O NU-1000/PMMA/PP
O NU-1000/PMMA/AC
m NU-1000/PP
mNU-1000/AC

NU-1000/AC §d

o
1=
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Impact of FRaP-in-MOF on MOF crystals attachment to textile fibers. SEM images of the MOF/fiber and MOF/polymer/fiber composites before

(top) and after (bottom) water treatment: (A) NU-1000/PP, (B) NU-1000/PMMA/PP, (C) NU-1000/AC and (D) NU-1000/PDMAM/AC; (E) Zr loss (in %)
after soaking the composites in water (based on ICP-OES, estimated error is £10%); (F) SEM image of the NU-1000/PDMAM/AC?? composite prepared
using the aqueous dispersion of NU-1000/PDMAM. The arrows indicate the polymer phase involved in composite adhesion.
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Fig. 6 Hydrolysis of the nerve agent simulant (DIFP) catalysed by MOF/
polymer hybrids. (a) Reaction scheme; and reaction kinetics for
(b) NU-1000/polymer and (c) MOF-808/polymer hybrids. The reactions
were carried out at room temperature for 24 hours, using DIFP:MOF/
polymer ratio of 2:1 in bufferless solutions.

extremely heat resistant, while PP is highly impermeable, non-
porous and melts easily. MOF/polymer/fiber composites were
synthesized by impregnating fabrics with MOF/polymer sus-
pensions in THF (see the ESIf for details). We also prepared
control samples using pristine NU-1000 and MOF-808 without
polymers. SEM images show that for the 3-component compo-
sites, homogeneous integration with uniform coverage and
good MOF-fiber and MOF-MOF adhesion was achieved
(Fig. 5¢ and d, see Section S10.3, ESI). On the other hand,
for pristine MOFs, we observed a non-uniform distribution of
MOF microcrystals within the composite.

An additional requirement for protective military suits is
that they should be highly water-resistant, and this adds the
challenge of preventing MOF leaching during washing.”® There-
fore, to assess the stability and strength of adhesion between
the MOF/polymer hybrids and the selected fibers, we designed
and performed a water stability test. We suspended pieces of
MOF/polymer/fiber and MOF/fiber composites in water at room
temperature, without stirring (see ESIT for further details) and
carried out three soaking cycles. We then compared the MOF
content in the dried composites before and after water soaking
using ICP-OES analysis. For all MOF/polymer/fiber materials,
we observed remarkable stability in water without substantial
MOF leaching, while for the MOF/fiber samples, immediate
leaching of the MOF powder was evident by visual inspection,
and confirmed by the ICP-OES measurements, with a MOF loss
of 76% and 70% for NU-1000/PP and NU-1000/AC, respectively.
(Fig. 5e). This experiment demonstrates the substantially
improved attachment of MOF/polymers to fibers with various
physical characteristics, which enhances their stability in water.
We attribute this improved stability to crystal surface polarity
modification after the polymerization process with the conco-
mitant higher compatibility to the PP and AC fiber surfaces.

We also tested the possibility to prepare uniform disper-
sions of MOF/polymer materials in water, because green, water-
based fabric impregnation may be of industrial relevance.
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NU-1000/PDMAM could be uniformly dispersed in water, and
the obtained mixture was afterwards used for coating of hydro-
phobic AC fibers. As a result, a very uniform distribution of
NU-1000/PDMAM microcrystals was obtained, leading to MOF/
PDMAM/AC*? composite (Fig. 5f).

Catalytic activity of MOF/polymer and MOF/polymer/fiber
materials in DIFP degradation.

Organophosphorus and organosulfur chemicals, termed nerve
and vesicant agents, respectively, are subclasses of CWAs of
special concern due to their acute toxicity and availability.®*>
Diisopropylfluorophosphate (DIFP) contains the P-F bond pre-
sent in some G-type nerve agents but is significantly less toxic,
and we use it here as a nerve agent simulant. The pristine MOFs
are highly active catalysts, but the presence of a polymer within
the pores could conceivably reduce their activity. We followed
the catalytic activity of the MOF/polymer hybrids in the hydro-
lysis of DIFP to nontoxic diisopropylphosphate (DIHP), at room
temperature, in bufferless solutions, over 24 hours and com-
pared them with those of pristine MOF-808 and NU-1000
(Fig. 6). Remarkably, the NU-1000/polymer composites main-
tained high activity, similar to pristine NU-1000, despite their
nearly four-fold lower porosity. The performance of MOF-808/
PMMA was significantly worse, resulting in only 36% of DIFP
being decomposed after 24 hours. On the other hand, the less
porous MOF-808/PDMAM achieved a DIFP conversion of 97%
after 24 h, matching the activity of the pristine MOF-808. We
attributed this remarkable improvement to the presence of the
amino functional groups of PDMAM which increased the local
basicity/nucleophilicity of the catalyst (Table S9, ESI¥).%

Having confirmed the high activity of MOF/polymer hybrids,
we carried self-cleaning tests for the MOF/polymer/fiber com-
posites. Depending on the MOF/polymer content attached to
the AC or PP fibers, different ratios of catalyst were used,
namely 15 and 5-molar excess of DIFP for NU-1000 and
MOF-808 based composites, respectively. The evolution of the
detoxification reaction was evaluated using a spike of 2.0 pL of
water and 0.3 pL of DIFP at 30 °C (MOF/polymer/PP) or 60 °C
(MOF/polymer/AC) followed by adsorbate phase extraction after
24 h with 2 mL of CH,Cl,. The results show 66% and 97% of
DIFP being hydrolysed for NU1000/PDMAM/PP and MOF-808/
PDMAM/PP, respectively. In the case of (MOF/polymer/AC)
composites 0% and 42% of DIFP are hydrolysed for NU1000/
PDMAM/AC and MOF-808/PDMAM/AC, respectively. The poorer
performance of the MOF/polymer/AC is a consequence of the
competitive DIFP adsorption on the hydrophobic activated
carbon pore structure. These results confirm that MOF/polymer
hybrids are a viable way for creating fabric composites that can
be applied in protective clothing against CWAs.

Conclusions

In summary, we developed a versatile strategy for making MOF/
polymer hybrids using in situ free radical polymerization inside
the MOF (FRaP-in-MOF) by taking advantage of the uniform

This journal is © The Royal Society of Chemistry 2023
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distribution of the initiating centers throughout the MOF and
its high porosity for vinyl monomers. Owing to the direct
coordination of the initiator to the inorganic nodes of the
MOF, we obtained MOF/polymer materials with improved and
uniform dispersion of both components. The in-grown poly-
mers enhance the stability and processability of the MOF/
polymer hybrids, with improved adhesion to fibers and fabrics,
and introduce the potential for fine-tuning of their properties,
e.g., pH or hydrophilicity. We demonstrated that MOF/polymer/
fiber composites are stable in water and active in decomposi-
tion of a model nerve agent simulant. Currently, the accessible
initiator@MOF architectures are limited to the carboxylate-
based MOF structures with lower node connectivity which can
undergo SALI modification. However, this methodology can be
readily extended to other types of monomers undergoing free
radical polymerization offering MOF/polymer hybrids of
desired complexity.

Data availability

All data used in this work is available from the corresponding
authors upon request.

Author contributions

M. P. - investigation, data analysis, visualization, funding acquisi-
tion, writing - original draft; R. G. S. M. - investigation, data
analysis, writing - original draft; P. D., C. P. B, U. K,, K. K, -
investigation, data analysis; D. J. K - investigation, data analysis,
visualization, resources, writing — review & editing; W. B.,J. A.R. N. -
conceptualization, supervision, resources, funding acquisition, writ-
ing - review & editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported by the National Science Center
(NCN) of Poland, grants no. 2020/37/N/ST5/01107 (M. P.) and
UMO-2014/14/E/ST5/00652 (W. B. and M. P.). R. G. S. M.
acknowledge financial support from the Polish NAWA Agency
under the Ulam Fellowship program (PPN/ULM/2020/1/00218,
2020). D. J. K. acknowledges the support of the University of
Warwick. J. A. R. N. thanks MCIN/AEI/10.13039/501100011033
(Project PID2020-113608RB-100) and the European Regional
Development Fund (ERDF). The UK High-Field Solid-State
NMR Facility used in this research was funded by EPSRC and
BBSRC (EP/T015063/1), as well as the University of Warwick
including via part funding through Birmingham Science City
Advanced Materials Projects 1 and 2 supported by Advantage
West Midlands (AWM) and the European Regional Develop-
ment Fund (ERDF).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Communication

Notes and references

1 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. Woll, O. Zaremba, ]J. Andreo, S. Wuttke and C. S. Diercks,
Angew. Chem., Int. Ed., 2021, 60, 23946-23974.

2 H. Furukawa, K. E. Cordova, M. O’Keeffe and O. M. Yaghi,
Science, 2013, 341, 1230444.

3 R. Freund, O. Zaremba, G. Arnauts, R. Ameloot, G. Skorupskii,
M. Dinca, A. Bavykina, J. Gascon, A. Ejsmont, J. Goscianska,
M. Kalmutzki, U. Lachelt, E. Ploetz, C. S. Diercks and S. Wuttke,
Angew. Chem., Int. Ed., 2021, 60, 23975-24001.

4 Z. Chen, S. L. Hanna, L. R. Redfern, D. Alezi, T. Islamoglu
and O. K. Farha, Coord. Chem. Rev., 2019, 386, 32-49.

5 M. Taddei and C. Petit, Mol. Syst. Des. Eng., 2021, 6, 841-875.

6 S. Keskin and S. Kizilel, Ind. Eng. Chem. Res., 2011, 50,
1799-1812.

7 E. Linnane, S. Haddad, F. Melle, Z. Mei and D. Fairen-
Jimenez, Chem. Soc. Rev., 2022, 51, 6065-6086.

8 A. Bavykina, N. Kolobov, I. S. Khan, J. A. Bau, A. Ramirez and
J. Gascon, Chem. Rev., 2020, 120, 8468-8535.

9 M. D. Allendorf, R. Dong, X. Feng, S. Kaskel, D. Matoga and
V. Stavila, Chem. Rev., 2020, 120, 8581-8640.

10 L. Feng, G. S. Day, K.-Y. Wang, S. Yuan and H.-C. Zhou,
Chem, 2020, 6, 2902-2923.

11 W. ]. Koros and C. Zhang, Nat. Mater., 2017, 16, 289-297.

12 T. D. Bennett, F.-X. Coudert, S. L. James and A. I. Cooper,
Nat. Mater., 2021, 20, 1179-1187.

13 S. Horike, S. S. Nagarkar, T. Ogawa and S. Kitagawa, Angew.
Chem., Int. Ed., 2020, 59, 6652-6664.

14 V. J. Pastore and T. R. Cook, Chem. Mater., 2020, 32,
3680-3700.

15 M. Kalaj, K. C. Bentz, S. Ayala, J. M. Palomba, K. S. Barcus,
Y. Katayama and S. M. Cohen, Chem. Rev., 2020, 120,
8267-8302.

16 S.Yang, V. V. Karve, A. Justin, I. Kochetygov, J. Espin, M. Asgari,
O. Trukhina, D. T. Sun, L. Peng and W. L. Queen, Coord. Chem.
Rev., 2021, 427, 213525.

17 J. Du, L. Chen, C. Zhou, W. Zhou, H. Shen, X. Zeng, P. Zhou,
L. Tan and L. Dong, Chem. Commun., 2021, 57, 11021-11024.

18 S. Li, S. Zhang, D. Dai and T. Li, Inorg. Chem., 2021, 60,
11750-11755.

19 S. Mochizuki, T. Kitao and T. Uemura, Chem. Commun.,
2018, 54, 11843-11856.

20 N.-D. H. Gamage, K. A. McDonald and A. J. Matzger, Angew.
Chem., Int. Ed., 2016, 55, 12099-12103.

21 R. Semino, ]J. C. Moreton, N. A. Ramsahye, S. M. Cohen and
G. Maurin, Chem. Sci., 2018, 9, 315-324.

22 Z. Wang, Y. Tian, W. Fang, B. B. Shrestha, M. Huang and
J. Jin, ACS Appl. Mater. Interfaces, 2021, 13(2), 3166-3174.

23 M. A. Pearson, M. Dinca and J. A. Johnson, Chem. Mater.,
2021, 33, 9508-9514.

24 P. G. M. Mileo, S. Yuan, S. Ayala, P. Duan, R. Semino,
S. M. Cohen, K. Schmidt-Rohr and G. Maurin, J. Am. Chem.
Soc., 2020, 142, 10863-10868.

Mater. Horiz., 2023, 10, 1301-1308 | 1307


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2mh01202b

Open Access Article. Published on 19 januar 2023. Downloaded on 13-02-2026 11:32:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

K. Yazaki, M. Takahashi, N. Miyajima and M. Obata, New
J. Chem., 2020, 44, 5182-5185.

K. C. Bentz, K. Gnanasekaran, J. B. Bailey, S. Ayala, F. A. Tezcan,
N. C. Gianneschi and S. M. Cohen, Chem. Sci, 2020, 11,
10523-10528.

R. A. Dodson, ]. Park, J. Kim, M. ]. Cliffe and S. M. Cohen,
Inorg. Chem., 2022, 61, 12284-12292.

K. A. McDonald, J. I. Feldblyum, K. Koh, A. G. Wong-Foy and
A. J. Matzger, Chem. Commun., 2015, 51, 11994-11996.

M. Tabatabaii, M. Khajeh, A. R. Oveisi, M. Erkartal and
U. Sen, ACS Omega, 2020, 5, 12202-12209.

H.-C. Lee, ]J. Hwang, U. Schilde, M. Antonietti, K. Matyjaszewski
and B. V. K. J. Schmidt, Chem. Mater., 2018, 30, 2983-2994.

Y. Zhang, D. Chen, Z. Guo, Z. Wei, X. Zhang and H. Xing,
New J. Chem., 2020, 44, 5235-5242.

H. Furukawa, F. Gandara, Y.-B. Zhang, J. Jiang, W. L. Queen,
M. R. Hudson and O. M. Yaghi, J. Am. Chem. Soc., 2014, 136,
4369-4381.

S.-Y. Moon, Y. Liu, J. T. Hupp and O. K. Farha, Angew.
Chem., Int. Ed., 2015, 54, 6795-6799.

J. E. Mondloch, W. Bury, D. Fairen-Jimenez, S. Kwon,
E. J. DeMarco, M. H. Weston, A. A. Sarjeant, S. T. Nguyen,
P. C. Stair, R. Q. Snurr, O. K. Farha and J. T. Hupp, J. Am.
Chem. Soc., 2013, 135, 10294-10297.

J. E. Mondloch, M. J. Katz, W. C. Isley III, P. Ghosh, P. Liao,
W. Bury, G. W. Wagner, M. G. Hall, ]J. B. DeCoste,
G. W. Peterson, R. Q. Snurr, C. J. Cramer, J. T. Hupp and
O. K. Farha, Nat. Mater., 2015, 14, 512-516.

R. Gil-San-Millan, E. LoOpez-Maya, A. E. Platero-Prats,
V. Torres-Pérez, P. Delgado, A. W. Augustyniak, M. K. Kim,
H. W. Lee, S. G. Ryu and J. A. R. Navarro, J. Am. Chem. Soc.,
2019, 141, 11801-11805.

K. O. Kirlikovali, Z. Chen, T. Islamoglu, J. T. Hupp and
O. K. Farha, ACS Appl. Mater. Interfaces, 2020, 12, 14702-14720.
P. Deria, W. Bury, J. T. Hupp and O. K. Farha, Chem.
Commun., 2014, 50, 1965.

R. J. Marshall and R. S. Forgan, Eur. J. Inorg. Chem., 2016,
4310-4331.

S. Dai, C. Simms, 1. Dovgaliuk, G. Patriarche, A. Tissot, T. N.
Parac-Vogt and C. Serre, Chem. Mater., 2021, 33, 7057-7066.

T. Islamoglu, K. Otake, P. Li, C. T. Buru, A. W. Peters,
I. Akpinar, S. J. Garibay and O. K. Farha, CrystEngComm,
2018, 20, 5913-5918.

Y. Zhou, Z. Zhang, A. Postma and G. Moad, Polym. Chem.,
2019, 10, 3284-3287.

E. Lopez-Maya, C. Montoro, L. M. Rodriguez-Albelo,
S. D. Aznar Cervantes, A. A. Lozano-Pérez, J. L. Cenis,
E. Barea and J. A. R. Navarro, Angew. Chem., Int. Ed., 2015,
54, 6790-6794.

M.-K. Kim, S. Hun Kim, M. Park, S. Gon Ryu and H. Jung,
RSC Adv., 2018, 8, 41633-41638.

1308 | Mater. Horiz., 2023, 10, 1301-1308

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61
62

63

View Article Online

Materials Horizons

M. A. Bunge, E. Pasciak, ]J. Choi, L. Haverhals,
W. M. Reichert and T. G. Glover, Ind. Eng. Chem. Res.,
2020, 59, 19285-19298.

M. C. de Koning, K. Ma, M. van Grol, I. Iordanov, M. J. L. Kruijne,
K. B. Idrees, H. Xie, T. Islamoglu, R. P. T. Bross and O. K. Farha,
Chem. Mater., 2022, 34, 1269-1277.

A. X. Lu, M. McEntee, M. A. Browe, M. G. Hall, J. B. DeCoste
and G. W. Peterson, ACS Appl. Mater. Interfaces, 2017, 9,
13632-13636.

D. B. Dwyer, N. Dugan, N. Hoffman, D. J. Cooke, M. G. Hall,
T. M. Tovar, W. E. Bernier, J. DeCoste, N. L. Pomerantz and
W. E. Jones, ACS Appl. Mater. Interfaces, 2018, 10,
34585-34591.

K. Ma, T. Islamoglu, Z. Chen, P. Li, M. C. Wasson, Y. Chen,
Y. Wang, G. W. Peterson, J. H. Xin and O. K. Farha, J. Am.
Chem. Soc., 2019, 141, 15626-15633.

D. T. Lee, J. D. Jamir, G. W. Peterson and G. N. Parsons,
Matter, 2020, 2, 404-415.

R. Gil-San-Millan, P. Delgado, E. Lopez-Maya, J. D. Martin-
Romera, E. Barea and ]J. A. R. Navarro, ACS Appl. Mater.
Interfaces, 2021, 13(42), 50491-50496.

D. L. McCarthy, J. Liu, D. B. Dwyer, J. L. Troiano,
S. M. Boyer, J. B. DeCoste, W. E. Bernier and W. E. Jones,
New J. Chem., 2017, 41, 8748-8753.

D. B. Dwyer, D. T. Lee, S. Boyer, W. E. Bernier, G. N. Parsons
and W. E. Jones, ACS Appl. Mater. Interfaces, 2018, 10,
25794-25803.

D. T. Lee, J. Zhao, G. W. Peterson and G. N. Parsons, Chem.
Mater., 2017, 29, 4894-4903.

D. T. Lee, Z. Dai, G. W. Peterson, M. G. Hall, N. L. Pomerantz,
N. Hoffman and G. N. Parsons, Adv. Funct. Mater., 2021, 2108004.
Z. Chen, K. Ma, J. ]J. Mahle, H. Wang, Z. H. Syed, A. Atilgan,
Y. Chen, J. H. Xin, T. Islamoglu, G. W. Peterson and
O. K. Farha, J. Am. Chem. Soc., 2019, 141, 20016-20021.

M. Kalaj, M. S. Denny, K. C. Bentz, J. M. Palomba and
S. M. Cohen, Angew. Chem., 2019, 131, 2358-2362.

G. W. Peterson, D. T. Lee, H. F. Barton, T. H. Epps and
G. N. Parsons, Nat. Rev. Mater., 2021, 6, 605-621.

D. T. Lee, J. D. Jamir, G. W. Peterson and G. N. Parsons,
Small, 2019, 15, 1805133.

D. A. Giannakoudakis and T. J. Bandosz, Detoxification of
Chemical Warfare Agents: From WWI to Multifunctional Nano-
composite Approaches, ed. D. A. Giannakoudakis and
T. J. Bandosz, Springer International Publishing, Cham,
2018, pp. 1-3.

L. Szinicz, Toxicology, 2005, 214, 167-181.

K. Kim, O. G. Tsay, D. A. Atwood and D. G. Churchill, Chem.
Rev., 2011, 111, 5345-5403.

K. Ma, M. C. Wasson, X. Wang, X. Zhang, K. B. Idrees,
Z.Chen, Y. Wu, S.-]. Lee, R. Cao, Y. Chen, L. Yang, F. A. Son,
T. Islamoglu, G. W. Peterson, J. J. Mahle and O. K. Farha,
Chem. Catal., 2021, 1, 721-733.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2mh01202b



