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Per- and poly-fluoroalkyl substances (PFAS) pose a significant environmental and health threat due to their
persistence and widespread contamination of water sources. To address this challenge, this study explores
the mechanochemical synthesis of two isoreticular highly interpenetrated MOFs, TPPM-mCPW(Ph) and
TPPM-mCPW(p-FPh), and investigates the influence of fluorine atoms decorating the framework on the
affinity towards these pollutants. Furthermore, the dynamic structural responsiveness of these
frameworks to external stimuli has been investigated. Adsorption experiments further highlighted the
effect of framework fluorination on PFAS uptake, demonstrating its role in tuning material properties
while maintaining structural connectivity. These results underline the potential of mechanochemistry in
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Introduction

In recent years, the widespread presence of per- and poly-
fluoroalkyl substances (PFAS) in the environment has raised
concerns about this class of pollutants, since they have been
linked to a range of adverse health effects. PFAS are a group of
synthetic molecules composed of perfluoroalkyl moieties
(CyFan41), which have been used in a wide range of applications
due to their high thermal and chemical stability.>® However,
PFAS chemical stability is also the cause of their long term
persistence in the environment and bioaccumulation in living
organisms. Various adsorption-based technologies have been
developed to remove this class of pollutants from contaminated
aqueous media.*”

Recently, the use of metal-organic frameworks (MOFs) has
shown promising results in the removal of PFAS from water.®
MOFs are a class of hybrid organic-inorganic crystalline mate-
rials formed by the self-assembly of metal ions or clusters
coordinated with organic linkers, resulting in highly porous
structures.® First introduced in the 1990s, MOFs have earned
significant interest due to their exceptional tunability, large
surface area, and potential for applications in various fields,
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the discovery of novel metal-organic materials with promising applications in selective guest uptake.

including gas storage, catalysis, drug delivery, and environ-
mental remediation.” In addition, recent advances in MOFs
research have expanded their utility to emerging areas such as
energy storage'' and water purification.”” The design of these
materials can be finely tuned to increase their affinity toward
PFAS, which could be captured in the framework through
electrostatic interactions, hydrophobic interactions, hydrogen
bonds or halogen bonds.***°

Among the various possible modifications, the incorporation
of fluorine-substituted ligands (e.g., F, CF;) can significantly
enhance not only the robustness and performance of MOFs under
humid conditions but also their host-guest interactions.”* Due to
their high electronegativity, small atomic radius, and ability to
form strongly polarized bonds, the introduction of fluorine atoms
into MOF structures has been found to effectively increase the
adsorption of carbon dioxide,* water,> and other small molecules
such as light hydrocarbons.”* Moreover, the presence of electro-
negative fluorine atoms alters the charge distribution on the pore
surface, leading to the formation of an induced electric field
gradient that can increase the interaction with less polarizable
molecules such as fluorinated gases.” Fluorination has recently
been indicated as an effective strategy to increase perfluoro
octanoic acid (PFOA) uptake by UiO-67,>%*” but its role in MOFs
sequestration of PFAS requires further investigation.

MOFs are generally obtained by solvothermal reactions;
however, more environmentally friendly methods to avoid the
extensive use of organic solvents are desirable and have been
actively researched. In this respect, mechanochemistry is a valid
green alternative, significantly minimizing solvent usage and
excess reagents in the synthetic process.’®* Moreover, it
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potentially allows to achieve high conversion while reducing
energy consumption and chemical waste.*

In addition, mechanochemistry can be exploited to gain
access to phases or structures that are difficult or impossible to
obtain via conventional approaches.*** All these advantages have
funnelled research towards an efficient mechanochemical
synthesis of MOFs over the past ten years.**** Mechanochemical
synthesis typically yields polycrystalline materials with small
crystallite size and multiple twinning, making structural charac-
terisation through conventional solid-state methods such as X-ray
diffraction on single crystals or X-ray powder diffraction
extremely challenging. However, this challenge can be faced by
the use of 3D electron diffraction, which enables the analysis of
single nanocrystals and is therefore a powerful tool to unlock the
full potential of mechanochemistry for materials discovery.***

In this study, two new isoreticular flexible metal-organic
frameworks, namely TPPM-mCPW MOFs, were obtained
through mechanochemical synthesis (Fig. 1a). These MOFs are
composed of tetra-4-(4-pyridil)phenylmethane (TPPM)* mole-
cules coordinated in apical position to Cu(un) paddle-wheels
(CPW) and discrete, mononuclear Cu(um) complexes (m),
respectively (Fig. 1b), as secondary building units (SBUs). The
combination of tetrahedral linkers (TPPM) with linear SBUs
leads to highly interpenetrated diamond-like (dia) networks
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exhibiting reversible transition between open- and closed-pore
forms. Similar to recently reported TPPM-CPW MOFs (see
ESI{),*” which feature an easily tuneable network held together
solely by CPW units, the properties of the framework can be
influenced by the residual groups surrounding the SBUs near
the pore surfaces. The previously reported TPPM-CPW(Ph) MOF
exhibits a remarkable stability in aqueous conditions (Fig. S27),
and affinity towards fluorinated anaesthetics in the gas phase.
This inspired us to further investigate the role of fluorination of
these materials towards the adsorption of fluorinated pollut-
ants, namely PFAS, from water. For this purpose, the framework
was functionalised through the introduction of specific fluori-
nated SBUs composed of p-fluorobenzene moieties. In contrast
to TPPM-CPW(Ph), the Cu(u) paddle wheels are functionalized
in the equatorial position with p-fluorobenzoate ligands (p-
FPhCO, ") in the complex [Cu,(p-FPhCO,),(ACN),], leading to
CPW(p-FPh) SBUs (Fig. 1b).

Results and discussion

Synthesis and structure elucidation of fluorinated TPPM-
mCPW MOF

The synthesis of TPPM-mCPW(p-FPh) was carried out under
analogous conditions to those employed for TPPM-CPW(Ph) (see

/ / \/
= H: [Cuy(PhCO,)4(ACN),]
F: [Cuy(p-FPhCO,)4(ACN),]

TPPM

TPPM-mCPW(Ph)

Fig. 1
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TPPM-mCPW MOF

/4
V"
-~ }f§‘“
Cu(p-FPhCO,), = m(p-FPh)
TPPM-mCPW(p-FPh)

(a) Reaction scheme employed for the mechanochemical synthesis of TPPM-mCPW MOFs. (b) Schematic representation of the TPPM-

mCPW MOF architecture, in which the CPWs and the octahedral Cu(i) complexes have been represented as green and blue polyhedra,

respectively.
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ESIT).** The reaction was conducted in stainless steel jars filled
with TPPM, p-fluorobenzoic acid (p-FPhA), [Cu,(p-FPhCO,)4(-
ACN),], and a mixture of benzyl alcohol (BnOH) and N,N-dime-
thylformamide (DMF) as liquid additive. The obtained powder
was analysed by powder X-ray diffraction (PXRD), highlighting
a diffraction profile that, in terms of peaks positions, does not
correspond to any TPPM-CPW(Ph) phases (Fig. S3}) nor to any
known structure. This indicates that even small modifications of
the SBU precursor alter the reaction outcome. At this stage, the
structural elucidation of the product was hampered by its low
crystallinity, with a drop of the diffraction signal in the PXRD
pattern beyond 30° in 26. Thus, a different synthetic approach
was employed to obtain a well-diffracting material. Three
different solutions containing TPPM, p-FPhA and [Cu,(p-
FPhCO,),(ACN),] in a mixture of 'PrOH/CHCI; were brought into
contact by layering and heated up at 80 °C for 3 days (see ESIT).
The reaction was conducted with a large excess of p-FPhA as
modulating agent, to obtain crystalline domains larger than
those obtained through mechanochemical synthesis. The
resulting product showed the same PXRD profile as the mecha-
nochemical one, but with sharper diffraction peaks (Fig. S47).
The presence of nanometric crystalline domains not suitable for
single-crystal X-ray diffraction (SC-XRD) analysis prompted us to
rely on 3D electron diffraction (3D ED) to solve the structure. This
emerging technique uses a single-crystal diffraction protocol to
efficiently determine the structure of compounds with crystal
sizes too small for SC-XRD analysis.***° The product was inserted
into a specifically equipped transmission electron microscope
(TEM) and an initial scanning transmission electron microscopy
(STEM) image revealed the presence of rod-shaped crystals
(Fig. S151). Moreover, due to the beam sensitivity of the material,
the analysis had to be conducted using a special low-dose setup,
in which the electron dose was kept below 0.05 el s~ A% The
diffraction patterns were collected following a continuous rota-
tion (cRED) protocol, where the parallel electron beam is scan-
ning on a square area of 300 x 300 nm?>>' The reciprocal space
reconstructed from the collected diffraction patterns indicates
a primitive monoclinic lattice with parameters a = 25.632(11) A,
b = 7.653(2) A, ¢ = 23.063(9) A, 8 = 98.12(3)°. The unit cell
determination from 3D ED data was validated using PXRD data
through Le Bail refinement (Fig. S51), showing a strong agree-
ment between the two analyses (Table S21). The indexed reflec-
tions were then integrated, and the crystal structure was solved
ab initio on cRED data, in the space group P2/n, and refined with
a kinematical approach.* The obtained structure revealed the
presence of a fluorinated metal-organic framework, TPPM-
mCPW(p-FPh), possessing a different connectivity with respect to
the previously reported TPPM-CPW(Ph) MOF.*
TPPM-mCPW(p-FPh) comprises {TPPM[Cu,(p-FPhCO,),]
[Cu(p-FPhCO,), ]}, repeating units, in which the TPPM molecules
are respectively coordinated to a CPW and a Cu(u) octahedral
complex (Fig. 1b). In both metal nodes, the TPPM molecules are
coordinated in the apical positions of the complexes, while the
benzoate ligands are disposed along the equatorial ones (Fig. 2a).
TPPM-mCPW(p-FPh) forms a diamond-like network (dia-net)
with a point symbol of {6°}. In analogy to TPPM-CPW(Ph), it also
exhibits an eightfold interpenetration (Fig. 3a) with interwoven

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystal structure expansion of (a) op-TPPM-mCPW/(p-FPh) and
(b) cp-TPPM-mCPW(p-FPh), both oriented along their crystallo-
graphic b-axis; op = open pore; cp = closed pore. Copper atoms are
shown as green and blue polyhedra; fluorine atoms as green spheres;
oxygen, nitrogen, and carbon atoms as red, blue and black sticks,
respectively. In op-TPPM-mCPW(p-FPh), the p-FPhA molecules
hosted in the cavity have been removed and replaced by yellow
spheres, to highlight the location of the channels in the framework.

nets extended along the crystallographic b-axis and distanced by
the axis length (Fig. S2471). This alignment gives rise to channels
extended in that direction, contributing to a theoretical void of
approximately 18.8% of the unit cell volume (840.74 A% as
calculated using Mercury4 software).>> This open pore (op) phase,
herein indicated as op-TPPM-mCPW/(p-FPh), presents channels
divided into two mirrored cavities.

These cavities are respectively delimited on one side by
TPPM molecules and on the other side by the substituents of
the carboxylic groups coordinated to the metal centres, in this
case p-fluorobenzoic groups. These aromatic moieties interact
with each other through C-H---F interactions (Fig. S227).
Furthermore, from the obtained structural model, partially
occupied p-FPhA molecules (site occupancy 0.75) were modelled
inside the channels, which are involved in H-bond interactions
with the polymeric backbone (Fig. S21d and S237). This leads to

RSC Mechanochem.
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(@) Schematization of the dia-net and its eight-fold interpenetration for op-TPPM-mCPW(p-FPh) and cp-TPPM-mCPW(p-FPh). (b)

Temperature-induced phase transition of TPPM-mCPW/(p-FPh), between its op and cp forms, analysed by temperature-resolved in situ powder
X-ray diffraction; 2D projection along the intensity axis. (c) PXRD profile comparison between op-TPPM-mCPW(p-FPh) before and after the
purification process. The pattern of the purified phase was labelled cp-TPPM-mCPW(p-FPh), as the purification induces a phase transition to this
closed pore form (Fig. S6 and S771). (d) Profile fit from Rietveld refinement on cp-TPPM-mCPW(p-FPh). The range is shown for 26 values of 3—-60°
for clarity, whereas the refinement was carried out in the range 3—-80°. The refinement converged to R, = 3.39%, wR, = 6.05% and GOF = 2.29.

a structure with general formula {TPPM[Cu,(p-FPhCO,),][Cu(p-
FPhCO,),}, 10.75(p-FPhCO,H).

Dynamic behaviour of TPPM-mCPW(p-FPh)

The removal of the guest molecules through a solvent mixture
capable of completely solubilizing the unreacted reagent alters
the PXRD profile pattern of the previously described op-TPPM-
mCPW(p-FPh) phase (Fig. S61). The absence of included p-FPhA
or solvent molecules in the washed and evacuated phase of
TPPM-mCPW(p-FPh) was confirmed by TGA analysis, since the
thermogram only displays a weight loss at 332 °C related to the
thermal degradation of the material (Fig. S267). These results
suggest the presence of a dynamic system that, in analogy with
TPPM-CPW MOFs, can change its crystal structure upon
external stimuli. Notably, after the same treatment, both
mechanochemically and solvothermally synthesized TPPM-
mCPW(p-FPh) MOFs exhibit analogous PXRD profiles, indi-
cating that this behaviour is not influenced by the dimension of
the crystalline domains (Fig. S77).

Since TPPM-mCPW(p-FPh) changes its crystalline phase
upon removal of guest molecules, a temperature-resolved in situ

RSC Mechanochem.

PXRD analysis was carried out on the crude product to further
investigate this behaviour. This experiment revealed that, upon
heating, op-TPPM-mCPW/(p-FPh) undergoes a phase transition
around 170 °C and a crystalline phase with a powder profile
congruent to the pattern of the washed product appears (Fig. 3b
and c). This result confirms that, after the removal of the guest
molecules embedded in the channels, the TPPM-mCPW/(p-FPh)
framework maintains its crystallinity, leading to a new struc-
tural arrangement. To elucidate the structure of the activated
TPPM-mCPW(p-FPh) phase, an indexing process followed by
a Pawley refinement was conducted over its PXRD data,
revealing a monoclinic system with lattice parameters a =
21.84(5) A, b = 8.117(18) A, ¢ = 23.74(5) A, 8 = 103.302(5)°. This
denotes a shrinking effect on the crystallographic a-axis fol-
lowed by an increase in the §-angle.

Furthermore, the crystal structure of the phase was obtained
by simulated annealing and then refined through a Rietveld
approach (Fig. 3d). The retrieved model shows a contracted
TPPM-mCPW(p-FPh) framework displaying isolated voids
instead of channels along the crystallographic b-axis (Fig. S21b¥).
These results prompted us to consider this phase as a closed pore
(cp) form, cp-TPPM-mCPW(p-FPh) (Fig. 2b, 3a and S257).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Preparation of a non-fluorinated TPPM-mCPW MOF

With the aim of investigating the effect of fluorination towards
the adsorption of PFAS, a non-fluorinated counterpart of TPPM-
mCPW(p-FPh) was prepared. The synthesis of op-TPPM-
mCPW(Ph) was carried out via liquid-assisted grinding (LAG)
employing TPPM and [Cu,(PhCO,),(ACN),] as solid reagents.
The reaction was conducted in a stainless-steel jar at 30 Hz for
30 minutes leading to a product with a PXRD pattern equivalent
to that of op-TPPM-mCPW(p-FPh) (Fig. S9F). Also in this case, to
facilitate the determination of the crystal structure of op-TPPM-
mCPW(Ph), a solvothermal synthesis was carried out, which
permitted to extend its crystalline domains (Fig. S12t). The
micrometric crystals thus obtained (Fig. S161) were charac-
terised by 3D ED analysis. From the reciprocal space recon-
struction, the sample was indexed in the monoclinic primitive
lattice with parameters a = 25.534(7) A, b = 7.485(3) A, ¢ =
22.287(9) A, 8 = 98.81(3)° (Table S61). The unit cell determi-
nation from 3D ED data was validated on PXRD data through Le
Bail refinement (Fig. S13t), showing a strong agreement
between the two analyses (Table S31). The indexed data were
integrated up to 0.80 A of resolution and the structural model
was solved ab initio, in the space group P2/n, through the

View Article Online
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Superflip software.”® The obtained model was refined kine-
matically, revealing the formation of an op-TPPM-mCPW(Ph)
MOF, showing the same interpenetrated net of its fluorinated
counterpart and channels oriented along the crystallographic b-
axis (Fig. 4a and b), with a theoretical void accounting for 16.7%
of the unit cell volume (703.92 A%, Fig. S21ct). Moreover, from
the kinematical refinement, it was possible to identify the
solvent molecules (DMF) embedded in those channels (Fig. S20
and S21et).

Thus, the op-TPPM-mCPW(Ph) asymmetric unit was
modelled with a single DMF molecule presenting an occupancy
of 0.5. The partial occupancy of these solvent molecules is also
supported by TGA analysis, which shows a weight loss attrib-
utable to a DMF stoichiometry of 0.35 (Fig. S277). The resulting
framework, despite the different SBU functionalization, exhibits
a channel diameter comparable to that of op-TPPM-mCPW(p-
FPh) and suitable for hosting the PFAS molecules used in the
subsequent uptake studies (Tables S9 and S107).

Also for TPPM-mCPW(Ph), solvent exchange and evacuation
steps modified the PXRD profile leading to the appearance of
a new crystalline phase (Fig. S10f). However, differently to
TPPM-mCPW(p-FPh), the non-fluorinated MOF shows only
a partial conversion to a contracted phase, as indicated by the

0.04 a.u.

-0.04 a.u.

Fig. 4 Comparison between the crystal expansion of (a) op-TPPM-mCPW(Ph) and (b) op-TPPM-mCPW/(p-FPh), followed by their potential
electrostatic surfaces (c and d). For both MOFs, the structure has been oriented along the crystallographic b-axis. The surfaces have been
calculated at the M06-L level of theory using the DMol® package of the Materials Studio software.>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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presence of spurious peaks in the diffraction pattern. A
complete conversion of op-TPPM-mCPW(Ph) to cp-TPPM-
mCPW(Ph) was achieved only by a heating process around
180 °C, as confirmed by thermal and in situ PXRD analyses
(Fig. S147).

PFAS adsorption studies

For their simple, fast and efficient preparation conditions,
combined with lower energy requirements for the activation
processes, and comparable particle size distribution (Fig. S377),
only mechanochemically synthesized TPPM-mCPW MOFs were
selected as candidates for the investigation of PFAS adsorption.
As an essential property for materials used in PFAS removal
processes, their stability in aqueous media was verified.>**%>
The stability tests were conducted on both ¢p-TPPM-mCPW(p-
FPh) and c¢p-TPPM-mCPW(Ph) by suspending them in water for
one week. The PXRD patterns were then collected and
confirmed the retention of crystallinity and the applicability of
these materials for water remediation (Fig. S87).

After assessing the stability of the MOFs in aqueous media,
adsorption tests were carried out to investigate the role of
fluorination on the affinity of TPPM-mCPW MOFs towards
PFAS. In particular, the sodium salts of perfluorobutanoic acid
(NaPFB) and perfluorooctanoic acid (NaPFO) were selected as
target molecules. These two pollutants are among the most
studied PFAS and, due to their different chain lengths, exhibit
contrasting properties in terms of solubility and hydropho-
bicity.**** The PFAS adsorption capacity was evaluated for the
closed pore forms of TPPM-mCPW(p-FPh) and TPPM-
mCPW(Ph) to avoid guest molecule interference. The cp-TPPM-
mCPW MOFs were exposed to a 5 mM aqueous solution of each
target molecule for 24 h. The solid was recovered, washed with
distilled water, and the presence of PFAS estimated through '°F
NMR analysis after digestion with a DCI/D,0O (2 : 8) solution and
complete solubilization in DMSO-d, (Fig. 5a).

For its low hydrophobicity, neither c¢p-TPPM-mCPW(Ph) nor
cp-TPPM-mCPW(p-FPh) were found to absorb NaPFB (Fig. S28
and S3071). In contrast, the experiments conducted on NaPFO
demonstrated the capability of cp-TPPM-mCPW(p-FPh) to
adsorb a moderate amount (around 25% in moles) of NaPFO
(Fig. 5b and S31-S341). On the other hand, in the '°F NMR of
digested ¢p-TPPM-mCPW(Ph), no signals associated with the
presence of NaPFO were detected, indicating a negligible
affinity for this class of contaminants (Fig. S29t). Moreover, the
calculation of the electrostatic potential map shows, for both
frameworks, a negative charge surrounding the carboxylic
oxygen facing the inner side of the cavities (Fig. 4c and d). In
addition, TPPM-mCPW(p-FPh) displays a negative potential in
the proximity of the fluorine atoms, which highlights the
potential regions for F---F contacts along the cavities. The
propensity of NaPFO to interact with TPPM-mCPW/(p-FPh) can
be related to F---F interactions and a more pronounced hydro-
phobic effect, both resulting from the framework
fluorination.®***”

Subsequently, the cp-TPPM-mCPW(p-FPh) that had been
exposed to NaPFO was characterized by PXRD analysis to check
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Fig. 5 (a) Schematic representation of the PFAS exposure experiment
conducted on the cp-TPPM-mCPW MOFs. (b) 1°F NMR spectrum of
digested TPPM-mCPW(Ph) and TPPM-mCPW(p-FPh) after exposure
to the NaPFO solution. Details of the experiment have been reported
in the dedicated section of the ESL.T (c) PXRD profile comparison
between the cp-TPPM-mCPW(p-FPh) exposed to NaPFO with its
corresponding op and cp pure phases.

for any structural changes after the adsorption experiment. The
obtained PXRD profile differs from the initial one, displaying
the co-presence of both c¢p and op forms of TPPM-mCPW(p-
FPh). As the PFAS exposure experiment started from the close
pore form of TPPM-mCPW(p-FPh), the observation of the op-
TPPM-mCPW (p-FPh) diffraction pattern demonstrates that this
material can expand its framework when exposed to specific

© 2025 The Author(s). Published by the Royal Society of Chemistry
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guest molecules (Fig. 5¢). The observed partial conversion to op-
TPPM-mCPW(p-FPh) can be explained considering that the
adsorption process takes place primarily at the surface of the
material.

To further assess the NaPFO uptake of ¢p-TPPM-mCPW/(p-FPh)
from aqueous solution, an adsorption isotherm was collected by
exposing this MOF to different concentrations of NaPFO, using
trifluoroethanol (TFE) as internal standard. The uptake was esti-
mated through '°F NMR analysis, in which, for all the spectra, the
area of the signal associated with the CF; of NaPFO was compared
with the one of the same group of TFE (Fig. S35t). The obtained
uptake values were plotted against concentration, and a Lang-
muir fit was applied to estimate a maximum adsorption capacity
of 336 mg g~ ' and adsorption equilibrium constant of 3.9 x
10~° L mg ' (Fig. $36 and Table S8t). These results are consistent
with the values calculated from the structural data of the op-
TPPM-mCPW(p-FPh) phase, which indicate a maximum theoret-
ical adsorption of 353 mg g (see ESIT).

Conclusions

In this work, two isoreticular, highly interpenetrated MOFs,
TPPM-mCPW(p-FPh) and TPPM-mCPW(Ph), have been prepared
by mechanochemical synthesis. The LAG reactions were carried
out by combining a tetrahedral linker with linear Cu(u)-based
SBUs, resulting in a dia-network with channels surrounded by the
residual groups of the SBUs. Both networks exhibit phase tran-
sitions between open and closed pore forms when exposed to
external stimuli such as temperature, solvent mixture or guest
molecules. Their adsorption performance against two different
PFAS solutions was evaluated using '°F NMR, to investigate the
influence of the framework fluorination on the uptake of this
class of pollutants. Indeed, the presence of fluorine atoms in
TPPM-mCPW(p-FPh) enhances its affinity towards NaPFO,
showing its tendency to convert to the open pore form after
exposure. Furthermore, the uptake was assessed by measuring
the relative adsorption isotherm in aqueous media. In conclu-
sion, this work highlights the potential of mechanochemical
synthesis in the discovery of novel framework architectures and
how the introduction of fluorination can influence their proper-
ties while preserving the framework connectivity.
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