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1. Introduction

Efficient removal of drugs of abuse from drinking
water using metal—organic frameworksy

Thais Grancha, © 2 Patricia Garcia-Atienza, © 1® Sergio Armenta, ©°
José Manuel Herrero—Martinez,@*b Rita Maria Percoco,@C
Donatella Armentano, & *¢ Jesus Ferrando-Soria @2 and Emilio Pardo & *2

The presence of residues of drugs of abuse in potable water is a growing concern worldwide. Different
studies have detected traces of opioids, cocaine, amphetamines, or cannabinoids in surface water,
groundwater, and even treated drinking water, which is a clear indicator of insufficient removal during
wastewater treatment processes. These substances may persist in the environment, posing potential
long-term risks to human health and ecosystems, and consequently, making the quest for efficient
decontamination technologies mandatory. Herein, we explore the use of a family of six eco-friendly
water-stable isoreticular metal-organic frameworks (MOFs) and multivariate MOFs (MTV-MOFs),
prepared from amino acids, as adsorbents for the removal of a mix of 29 drugs of abuse from water.
Among them, the MOF prepared from the natural amino acid L-methionine, with the formula
{Ca"Cull(S,S)-methox]s(OH)»(H,0)} - 16H,O (3), features channels densely decorated with thioalkyl (-
CH,CH,SCHs5) residues and exhibits an outstanding removal efficiency being capable to remove them
almost completely in a single capture step under dynamic solid-phase extraction conditions (less than 30
seconds). Also, the removal performance of 3 toward the highly concerning drug fentanyl —responsible
for a large number of deaths due to overdose in the United States and Canada was further investigated.
3 is capable of capturing fentanyl entirely, for at least 16 consecutive cycles, outperforming the current
reference material, powdered activated carbon (PAC). Finally, the crystal structures of two host—guest
adsorbates with amphetamine molecules embedded within the channels of two of the MOFs of the
family {Sr'"Cull(S,S)-mecysmox]s(OH),(H,0)}-15H,0 (2') and (3) could be resolved, helping to unveil the
interactions between the drugs and the MOF matrix. Moreover, the crystal structure of another host—
guest adsorbate with fentanyl molecules hosted in MOF Sr'"Cull(S,S)-methox]s(OH)»(H,0)}-16H,O (3')
was also elucidated. Overall, these properties situate MOF 3 among the most attractive adsorbents for
the challenging removal of such emerging pollutants and it is a viable alternative for application in a real-
world environment.

increasing scientific interest, given their potential adverse
impact on aquatic organisms® and, ultimately, on human

Contamination of waste and surface waters by a wide diversity
of emerging pollutants constitutes one of the biggest concerns
for modern societies." In particular, the presence in aquatic
environments of drugs of abuse*” - a term that includes both
prescription and illicit drugs - and their metabolites, attracts
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health.? As a representative example, in recent years, a tremen-
dous social crisis has unfolded in the United States and Canada
due to the abusive consumption of fentanyl,’®* which is
a synthetic opioid medication approved by the Food and Drug
Administration for use as an analgesic and anaesthetic. After
being consumed, fentanyl, as well as other drugs of abuse, are
excreted to wastewaters and finally reach treatment plants.
However, current purification technologies used in sewage
treatment plants - i.e. chemical, photochemical or biological
degradation of organic pollutants and/or their adsorption by
traditional porous materials — present certain limitations, not
achieving their complete removal, and consequently, many of
them have been detected in drinking waters in North America
and Europe.”®'>® This is particularly concerning, taking into
account that wastewater reuse has become more common in
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recent years, and it will keep increasing, due to the global water
crisis, which increases the risk of these drugs being ingested by
humans if purification is inadequate.* Thus, new technologies
are needed to make front to the pressing need of efficiently
removing these emerging pollutants.

Current technologies operating in sewage treatment plants
for general organic pollutants include chemical, photochemical
or biological degradation and/or their adsorption by traditional
porous materials.”” However, existing technologies, as
mentioned above, exhibit certain limitations regarding the
removal of emerging organic contaminants, such as drugs of
abuse. Thus, new technologies are required to be developed to
make front to the pressing need that represents the efficient
capture of these emerging pollutants. Among the different
possibilities, a priori, a capture technology-approach of the
pollutant™*” seems particularly appealing compared to
a degradation one, which may lead to the formation of other
dangerous intermediate species. Therefore, the development of
novel porous materials with improved affinity for drugs of abuse
represents both a strong approach and a necessity. Metal-
organic frameworks'*' (MOFs) have gained relevance in recent
decades and represent a very special class of porous materials
given their unique characteristics, such as large surface areas,
tunable pore size, an outstanding host-guest chemistry® and
the possibility to finely functionalize, pre- or post-syntheti-
cally,” their channels. As a result, MOFs find application in
many different important fields, including water
remediation.”*?” Indeed, a good number of studies have been
published reporting good performances for capturing inor-
ganic®® (i.e. heavy metals) and several organic contaminants,
such as dyes,” insecticides® and antibiotics.*® Moreover, in
contrast to other porous materials, MOFs offer the possibility to
use single crystal X-ray diffraction®*?* (SCXRD) as a basic
characterization tool. This allows us to gain insight into the
crystal structure of the host-guest aggregate, that is the MOF
containing the captured contaminant inside its channels,
which helps to unveil the nature of the host-guest interactions
governing the capture process.

However, despite all these remarkable advances, the use of
MOFs for the removal - or detoxification - of drugs of abuse has
not been fully exploited so far, and just few examples have been
reported to date.***” In this context, taking advantage of the
excellent previous results of a family of water and pH resistant®
amino acid oxamidato-based MOFs (Scheme 1) in the capture of
other emerging inorganic*** and organic pollutants,*>"*¢ we
explore herein the performance of six members of this family
toward the capture of drugs of abuse. In particular, we have
explored the efficiency of three previously reported MOFs, with
formulae  {Ca"Cug[(S,S)-serimox];(OH),(H,0)}-39H,0* (1),
{Ca"Cug](S,S)-mecysmox];(OH),(H,0)}- 16H,0* (2) and {Ca™
Cug[(S,S)-methox];(OH),(H,0)}- 16H,0** (3) (where serimox =
bis[(S)-serine]oxalyl diamide; mecysmox = bis[S-methyl-
cysteine]oxalyl diamide and methox = bis[(S)-methionine]oxalyl
diamide). Moreover, we have also used three mixed-ligand or
multivariate MOFs***** (MTV-MOFs) - possessing multiple
organic linkers with different functional groups coexisting
within the same framework topology®® — with the same purpose.
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Scheme 1 Chemical structures of the amino acid-based oxamidato
ligands (a) and dicopper() precursor complexes (b), as well as
a schematic representation of the MOF hexagonal network empha-
sizing the position of the amino acid residues (R = —CH,OH (100%)
MOF 1; R = —-CH,SCH3 (100%) MOF 2; R = —CH,CH,SCHj3 (100%) MOF
3; R = —CH,OH (50%) and —CH,CH,SCHs (50%) MOF 4; R = —
CH,SCHz (50%) and —-CH,CH,SCHsz (50%) MOF 5; R = -CH,OH
(66.6%) and —CH,(C3sH3N>) (33.4%) MOF 6).

Specifically, we have used three previously reported MTV-MOFs
with  formulae {Ca"Cug[(S,S)-methox]; 5[(S,S)-serimox]; so(-
OH),(H,0)}-30H,0*  (4),  {Sr"Cug[(s,S)-methox]; s[(S,S)-
mecysmox|y 5o(OH),(H,0)}-36H,0°*° (5) and {Ca"Cuf[(S,S)-
serimox],[(S,S)-hismox],(OH),(H,0)}-27H,0** (6) (where his-
mox = bis[(S)-histidine]oxalyl diamide) (Scheme 1 and Fig. 1).

2. Results and discussion

In this work, we first explored the efficiency of MOFs 1-3 and
MTV-MOFs 4-6 towards the capture of drugs of abuse. For this
purpose, we evaluated their efficiency, as sorbents for solid-
phase extraction (SPE), towards a mixture containing 29 drugs
of abuse (Schemes S1-S31 and Table 1). Overall, they exhibited
very good capture properties and they were capable to remove
them, very efficiently, in a single loading step, within 30
seconds. Remarkably, MTV-MOF 5 and, especially, MOF 3 -
featuring functional pores decorated with -CH,CH,SCH; and -
CH,SCHj; (1:1) in the case of 5 and highly flexible -CH,CH,-
SCH; residues in the case of 3 — exhibited outstanding perfor-
mances, being capable to capture most of them (>90%) in
a single capture process. On this basis, we then selected MOF 3,
which demonstrates the highest efficiency, and studied its
reusability against an emerging contaminant of great current
relevance, fentanyl. Indeed, it was observed that MOF 3 is
capable of capturing fentanyl up to 16 consecutive times with

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Perspective views of the crystal structures of MOFs 1 (a), 2 (b), and 3 (c) and MTV-MOFs 4 (d), 5 (e) and 6 (f). Metal atoms and organic
ligands are represented as thin grey sticks with the exception of amino acid residues, which are depicted as red (-CH,OH from L-serine), yellow
(—-CH,SCHsz from S-methyl-L-cysteine), orange (-CH,CH,SCH3 from L-methionine) and blue thick sticks (-CH,C3zH3N, from L-histidine) to

emphasize the functionalization of the channels.

percentages very close to 100%. Finally, the high crystallinity of
this family of MOFs allowed us to resolve the crystal structures
(Table S11) of different host-guest adsorbates with amphet-
amine or fentanyl molecules embedded within the channels of
some of these MOFs (vide infra). These structures allow for the
visualization and analysis of the host-guest interactions present
in all cases, establishing a relationship between these interac-
tions and the capture properties in these MOFs.

2.1 Crystal structures of MOFs 1-6

Fig. 1 shows the crystal structures of 1-6. These materials are
isoreticular crystalline structures that crystallize in the chiral
P65 space group of the hexagonal system. Their architecture
consists of acs chiral, honeycomb-like 3D networks formed by
calcium(u) or strontium(u) ions coordinated with copper(u)
centres, creating hexagonal channels with pore sizes ranging
from approximately 0.3 nm to 0.8 nm. Within these pores,
adaptable amino acid residues are confined (refer to colour
coding in Fig. 1). This confinement imparts exceptional
intrinsic flexibility to the pores, enabling the frameworks to
adjust their conformation based on the size, shape, and
chemical properties of guest molecules. Furthermore, the
inclusion of diverse amino acid-derived moieties within the
same confined space - MTV-MOFs - introduces additional
functional diversity (Fig. 1d-f). This adaptability, combined
with a robust and resilient backbone, allows oxamidato-based
MOFs to endure harsh environmental conditions while main-
taining the versatility necessary for selective interactions with
a wide range of guest molecules.

This journal is © The Royal Society of Chemistry 2025

2.2 Capture experiments

Prior to exploring the capture capacities of 1-6, their permanent
porosity was evaluated by measuring their N, adsorption
isotherms on fresh polycrystalline samples, which are identical
to those previously reported (Fig. S17). In particular, they exhibit
Brunauer-Emmett-Teller** (BET) surface areas of 860.7 (1),
716.2 (2),177.7 (3), 657.7 (4), 570.8 (5) and 258.7 (6) m* g~ " with
calculated pore sizes™ of 0.88 (1), 0.78 (2), 0.20 (3), 0.71 (4), 0.62
(5) and 0.28 (6) nm (Fig. S27), which approximately correspond
to those determined from the crystal structures. The shape and
size of these polycrystalline powders can be observed by taking
MOF 3 as a representative example and capturing images of this
sample using scanning (SEM) and transmission electron
microscopies (TEM) (Fig. 2 and S3,T respectively), which also
permitted us to obtain the corresponding elemental mapping
that shows a homogeneous distribution of Cu, Ca and S in the
sample (Fig. S47).

Once the porous nature of 1-6 was confirmed, aiming at
evaluating the capture properties of the family, SPE devices were
prepared by packing 25 mg of the corresponding polycrystalline
samples - with particle sizes ranging approximately from 1 to 6
pm (Fig. 2) - of MOF/MTV-MOFs (1-6) between two frits into
1 mL empty propylene cartridges (Fig. S51). To avoid sorbent
losses, before introducing the MOF into the cartridge, a nylon
filter was cut and placed on the top of the bottom frit. Initially,
the adsorbent underwent activation and equilibration using
2 mL of CH;0H followed by 2 mL of H,O. Then, a 1 mL aqueous
mixture containing 29 drugs of abuse, each at a concentration
of 20 pg L', was percolated through the SPE cartridges. A

J. Mater. Chem. A, 2025, 13, 24473-24482 | 24475
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Table 1 Removal values (%) for drugs of abuse from an aqueous
solution containing a mixture of 29 different drugs (20 ug L™ for each
pollutant) using MOFs 1-6

Removal efficiency (%)

Drug 1 2 3 4 5 6

Fentanyl 100.0 100.0 99.0 99.9 100.0 74.8
Nicotine 75.0 66.3 94.4 82.1 80.1 30.9
LSD* 78.3 69.5 100.0 70.5 68.1 41.5
Ketamine 43.4 33.5 96.3 53.1 55.9 19.0
Amphetamine 54.1 87.6  100.0 82.2 93.4 46.0
Methamphetamine 47.3 39.3  100.0 73.9 85.4 28.5
Benzoylecgonine 19.3 7.0 23.0 0.0 5.4 0.0
Cocaine 78.1 82.9 99.6 93.7 96.6 77.1
3MeO-PCP? 100.0 100.0 100.0 100.0 100.0 78.2
Butylone 35.2 56.8 98.7 77.2 86.0 24.0
Cathinone 81.8 18.7 100.0 82.9 57.2 72.4
Metilone 27.6  100.0 98.6 100.0 88.8 21.1
Heroin 86.1 75.8  100.0 85.3 76.6 74.4
MDMA* 44.6 47.7 99.7 79.4 91.7 26.0
o-PVP? 63.0 73.7  100.0 82.8 90.7 53.3
Caffeine 37.3 20.0 52.2 9.9 19.7 34.4
Diazepam 88.3 85.6 100.0 91.4 90.5 55.8
Codeine 0.0 6.3 71.3 0.0 0.0 0.0
Oxazepam 83.7 87.4 100.0 87.9 94.6 64.5
Norketamine 57.4 69.6  100.0 89.3 93.3 26.2
EME*® 88.3 90.2 99.9 92.5 94.9 92.5
6-MAM' 22.5 0.0 91.3 34.8 21.0 0.0
Alprazolam 97.9 98.0 100.0 98.5 99.4 72.8
Methadone 100.0 100.0 100.0 100.0 100.0 99.4
Buprenorphine 100.0 100.0 100.0 100.0 100.0 100.0
Tramadol 52.0 48.8  100.0 77.5 82.3 16.8
Chlordiazepoxide 61.0 52.1 92.9 56.8 58.4 40.8
Naphazoline 88.8 98.1 100.0 97.5 99.6 84.7
Clorazepate 84.2 89.5 100.0 94.2 96.6 67.6
“LSD = lysergic acid diethylamide. ”3MeO-PCP = 3-
methoxyphencyclidine. ‘ MDMA = 3,4-

methylenedioxymethamphetamine. 4 5-PVP = alpha-
pyrrolidinovalerophenone. © EME = Ecgonine methyl ester.” 6-MAM =
6-monoacetylmorphine. Removal efficiencies higher than 90% are
represented in bold to highlight the goodness of each material.
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washing step with 1 mL of H,O was then conducted. In order to
properly quantify the retained drugs of abuse within MOF
channels, a solution of CH;OH (5 mL) was passed through the
SPE cartridge to extract them. All SPE fractions were collected
and filtered through a membrane with a pore size of 0.22 um,
and subsequently injected into a HPLC-MS system to determine
the removal percentage. All the presented capture experiments
were conducted in triplicate (additional details can be found in
the ESIf). The breakthrough volume of the developed MOF
cartridges has been evaluated using the multicomponent drug
solution at a 20 ug L' concentration level and a 20 mg sorbent
bed, obtaining a minimum value of 50 mL without appreciable
analyte losses. Here, we would like to remark that the
complexity of the proposed experiment goes beyond the
common kinetic study under dispersive conditions — where the
extraction is governed by equilibrium kinetics.'” Such studies,
apart from providing researchers with information of the
adsorption mechanism of individual guests, represent an
indirect manner to test the goodness of a selected adsorbent for
real world applications. We consider that if a selected material
is able to capture efficiently in such a complex matrix and in
a continuous mode (i. e. less than 30 s of contact time between
the percolated solution and MOF), it is clear and direct evidence
of their goodness as adsorbents for drugs of abuse. For this
reason, eager to take MOFs for water remediation to the next
level, we have centred the study on the efficient removal
performance of selected MOFs toward a mix of 29 drugs of
abuse under continuous cartridge SPE conditions - a non-
equilibrium, exhaustive extraction procedure based on multi-
step equilibrium of analytes between the SPE column plates
and MOFs.

The results are shown in Table 1 (see also Table S2t).
Notably, even if the six MOFs were capable of adsorbing the
drugs, they exhibited quite distinct behaviours. MTV-MOF 6 -
possessing 50% of -CH,C;H;N, and 50% of -CH,OH groups
decorating the channels - shows, by far, the worst capture
properties of the whole family. In turn, the capture properties of
MOF 1, - possessing only -CH,OH groups from r-serine amino

AsI5um)

4I.OOIunI‘1

Fig. 2 SEM images of a polycrystalline sample of 3 at two different magnifications (a and b) with selected sizes marked.
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acids - are somewhat improved suggesting that imidazole
residues are not efficient in the removal of drugs of abuse. On
the other hand, for MOFs containing sulphur-derived arms, that
is MOFs 2-5, derived from r-methionine and S-methyl-i-cysteine
amino acids, capture properties are enormously improved
(Table 1). In particular, the L-methionine derived MOF (3) shows
impressive capture properties and is capable to adsorb the vast
majority of them in percentages close to 100% (Table 1).
Extracted chromatograms for each analyte, before and after
capture experiments with MOF 3, can be seen in Fig. S6.7 Based
on previous results with MOF 3,>*7*'*>*” two main reasons arise
to explain such outstanding capture properties. First, thioether
groups located in the channels have already shown great
capacities to establish weak intermolecular interactions,
including the frequently underestimated o-hole interactions,*
with host organic molecules. Secondly, -CH,CH,SCH; “arms”
exhibit great flexibility/adaptability,** and they are capable to
adjust in order to accommodate guest molecules by maximizing
the host-guest interactions mentioned above. MOF 3 exhibits
a very remarkable adsorption for almost all the drugs of abuse
presented in this work, as well as for other emerging contami-
nants, such as antibiotics, insecticides and organic dyes,
previously reported.>-** Here, we would like to emphasize that
this is a very strong feature of the adsorbent, especially when
considering real-world applications in wastewater treatment
plants. The goal is to develop an adsorbent capable of efficiently
removing as many different emerging organic contaminants as
possible at once—something that current technologies do not
adequately address.

In order to rationalize the observed experimental results, we
have represented the removal efficiency for each studied MOF in
front of an intrinsic physical property of the analytes, such as
Log P - the octanol-water partition coefficient, which measures
the hydrophobicity of the target analytes — and pK, (Fig. S7 and
S87). Log P ranged from —1.3 for benzoylecgonine to 4.98 for
buprenorphine. The broad range of this physical property,
coupled with the wide range of pK, values the investigated drugs
of abuse exhibit, poses a significant challenge for their simul-
taneous extraction and analysis, which reinforces the goodness
of MOF 3 as an adsorbent.* Fig. S7 and S8 show the correlation
between the extraction efficiency of the different evaluated
MOFs and Log P and pK, values of the analytes. In general,
a positive correlation can be observed between the extraction
efficiency and the LogP value of the analytes. When log P
increases, the extraction efficiency tends to increase across all
the evaluated MOFs. This may explain the lower removal effi-
ciency for benzoylecgonine and caffeine, as they present nega-
tive log Pvalues, indicating that both possess strong hydrophilic
character with a greater affinity for water. For pK, it is hard to
find any correlation. This can most likely be attributed to the
fact that the adsorption process is influenced by the simulta-
neous action of several factors to different extents.

Under the premise of these spectacular results, we then
decided to establish the reusability of MOF 3. For this, we
selected a particular drug of abuse, fentanyl, due to its great
current social importance,” and we carried out a study of
capturing this drug in 16 consecutive cycles. In order to do so,

This journal is © The Royal Society of Chemistry 2025
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we have passed through the SPE cartridges 1 mL of 20 pg L™
fentanyl aqueous solution and analysed the eluents after each
cycle, as previously described for the mix capture experiment.
Noteworthily, to explore the potential application of 3 in a real-
world setting, where it is impractical to regenerate the material
after each decontamination process, we have performed the
cycles without regenerating the material, with only a small
volume of eluent (2 mL) passed between measurements to
remove residual absorbed analytes at MOF particle surfaces. For
each of these 16 experiments, virtually 100% capture was
observed in all cases (Fig. 3 and Table S2}), suggesting
a significant applicability of this material under real conditions.
In addition, in order to compare this compound with the
reference material commonly used in decontamination, the
well-known powdered activated carbon (PAC), we repeated the
same 16 capture experiments for this material. Indeed, PAC also
exhibited outstanding capture properties —-comparable to those
of MOF 3 - for the first 10 capture cycles. Remarkably, from 11th
reuse, 3 starts to improve PAC efficiency. Thus, after 16 reuses,
our material surpasses PAC by 5%, as it is only capable of
capturing 95% of the fentanyl present in the solution (Fig. 3).

2.3 Crystal structures of host-guest adsorbates

All these capture experiments demonstrate that the entire
family of MOFs shows more than satisfactory capture results,
being particularly remarkable for 3. In this context, and with the
aim of elucidating the host-guest interactions that account for
this capture efficiency, the next step was to attempt to resolve
the crystalline structures of two different host-guest aggregates,
with amphetamine molecules embedded within the channels of
thioether-decorated MOFs 2 and 3. Thus, insertion experiments
were carried out on single crystals of 3 and also crystals of 2’
(with the formula {Sr"Cug[(S,S)-mecysmox];(OH),(H,O)}
15H,0° (2)), which is an isoreticular MOF to 2, where Ca"
cations are replaced by Sr" and the resulting crystals better
resisted the single-crystal to single-crystal process®* than 2 (see

105+
100
—~ 954
&
> 904
c
Q
3] 4
g 8
()
2 80+
2
o
S 754
70 -
65 T T T T T T T T
0 2 4 6 8 10 12 14 16

Reuses

Fig. 3 Reuses of MOF 3 (blue) and activated carbon (red) for the
removal (%) of fentanyl using a 20 ug L~ aqueous solution. Error bars
of three independent replicate measurements are included.
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ESIf, experimental section). Thus, samples of host-guest
aggregates of 2’ and 3 with amphetamine -suitable for single-
crystal  X-ray  diffraction (SCXRD) and named
amphetamine@2’ and amphetamine@3 - were obtained, and
their crystal structures could be determined (Table S1t). In this
sense, the N, adsorption isotherms of amphetamine@2’ and
amphetamine@3 were measured (Fig. S9T) and show a decrease
of ca. 43 and 51% compared to those of 2 and 3, respectively,
which must be attributed to the partial occupation of the pores
of both MOFs with amphetamine molecules in
amphetamine@2’ and amphetamine@3.

Although amphetamine molecules were disordered in the
pores, we succeeded in getting their possible configurations and
locations (see the ESIt for structural details), as well as details
on their main interaction sites with the hosting matrices 2’ and
3 (Fig. 4, 5 and S10-S121). Compounds amphetamine@2’ and
amphetamine@3 are isomorphs to 2, 2’ and 3, respectively and
crystallize in the P6; chiral space group of the hexagonal system,
confirming the preservation of the 3D network of the hosting
matrices 2" and 3 even after guest capture. The crystal structures
clearly show that amphetamine guest molecules are encapsu-
lated in the nanopores of 2’ and 3, where they are simulta-
neously recognized by the methyl-cysteine and methionine

residues, respectively. In the amphetamine@2 crystal
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structure, the most stabilizing forces are assured by strong S/
interactions,” (known also as w-hole interactions) where sulfur
atoms interact with the amphetamine phenyl ring (APh) [S---
APheniroia and S++-APhyean plane Of 3.55 and 2.40 A, respectively]
(Fig. 5a). On the other hand, in the amphetamine@3 crystal
structure, the prominent host-guest interaction is of the type o-
hole, which are available for interaction with electron donors
such as nitrogen atoms exhibiting a Smecys'**Namphetamine
distance of 3.8 A, shorter than the sum of van der Waals radii
(Fig. 5b). Hence, despite the identical nature of guest molecules,
methyl-cysteine and methionine arm conformations make the
difference. The longer thioether chains in 3, distend their
conformation and move the guest towards the centre of the
channels with amphetamine molecules orienting in such a way
to confine the aromatic side towards the hidden centre of the
pores (Fig. 4b, 5, S11 and S13bt). In contrast, the shorter
methyl-cysteine arms leave enough space for the larger
amphetamine aromatic rings located in the nest formed near
the walls of the hosting matrix 2’ (Fig. 4a, 5b, S10 and S12aft). In
doing so, in both 2’ and 3 only one of the two crystallographi-
cally distinct methyl-cysteine (2') and methionine (3) moieties
show a distended conformation, confining the other one in the
small voids, generated along the a crystallographic axis, in
a more bent conformation (Fig. 5a).

Fig.4 Crystal structures of the host—guest aggregates amphetamine@2’ (a) and amphetamine@3 (b) along the c axis. View of a single channel of
amphetamine@?2’ (c) and amphetamine@3 (d) along the b axis. (e) Structure of the amphetamine molecule. Metals and organic ligands, with the
exception of sulphur atoms, constituting the network are represented with grey sticks. Green surfaces are used to emphasize the guest
amphetamine molecules. Colour code: grey: carbon atoms; blue: nitrogen atoms.
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Fig. 5 Details of the crystal structure of amphetamine@2’ (a) and
amphetamine@3 (b) showing the most stabilizing forces for the host—
guest aggregates. Metal ions and organic ligands, except for sulfur
atoms (yellow spheres) and guest amphetamine molecules are rep-
resented with gray sticks. Color code: gray: carbon atoms; light blue:
nitrogen atoms.

The slightly higher performance of 3 versus 2’ for amphet-
amine capture could be hypothesized with the help of X-ray
crystallography. Interactions found in amphetamine@2’ and
amphetamine@3 have been discussed both in the context of
sulphur-base interactions, involving low-lying sulphur o*
orbitals (known as c-hole or m-hole in amphetamine@2’ and
amphetamine@3, respectively). o- and m-holes are a particular
class of less explored non-covalent interactions, whose rele-
vance has been underestimated despite their relevance in
nature, and they have been identified as key agents in the
molecular recognition and capture of emergent contaminants
in our family of MOFs.>* Even though the strength of these
interactions can largely vary depending on the specific molec-
ular context, their overall energy of interactions for similar
distances to the ones observed in the obtained host-guest
aggregates was found to lie in the range of 20-40 kcal mol .
Thus, they are relatively weak and reversible, which is

This journal is © The Royal Society of Chemistry 2025
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advantageous for recycling purposes. Lower interaction ener-
gies facilitate the release of captured guests under mild condi-
tions, such as washing with a polar solvent, thereby enhancing
the material's recyclability. However, when facing such
dangerous contaminants, we consider it worth mentioning that
the use of biocompatible MOFs that allow the safe disposal of
the drugs of abuse-loaded material represent a safer and
preferred option compared to desorption/recycling of the MOF
adsorbent, thus mitigating any potential risks associated with
residual contamination. In this scenario, in terms of energy
involved for host-guest stabilizing effects 2’ and 3 might be
considered very similar. However, the differentiation point is
related to the static and dynamic features of each pore, and the
higher size of the residue and flexibility of 3 versus 2/, which
ensures the most efficient close packing observed, could
definitively be at the origin of the better performance in capture
of drugs.

Finally, aiming at completing this work by elucidating the
interactions enabling such extraordinary capture of fentanyl -
a molecule of significant current interest - we also attempted to
resolve the structure of a new host-guest adsorbate by encap-
sulating this molecule (fentanyl) in the most efficient MOF (3).
For that, as previously done with MOF 2 and amphetamine
molecules, we used crystals of 3’ (an isoreticular SrCug analogue
to 3 with the formula {Sr"Cuf[(s,S)-methox];(OH),(H,0)}-
16H,0?°), which better resisted fentanyl insertion, retaining
crystallinity after insertion (see ESL{ experimental section).
Thus, after completing the insertion process of these molecules
within the MOF by immersing crystals of MOF 3’ in a saturated
aqueous fentanyl solution for one week, a new adsorbate
structure, named fentanyl @3’ was obtained. However, this
structure shows only a fragment of the fentanyl molecule
(termed fentanyl’) within the MOF pores, suggesting that the
molecule undergoes fragmentation, as previously reported.*®
This could be due to the combination of two propitious factors
that trigger the known fragmentation: (i) the conditions
required to carry out the insertion of the target molecules into
the MOF involve prolonged exposure of a concentrated aqueous
solution of the guest molecules (amphetamine or fentanyl) in
the presence of the corresponding oxamidato-based MOF,
which is known to provide a basic medium,*® and (ii) the
oxamidato-based MOF can catalyse the degradation of this
molecule upon long exposure as also observed before.*** This
may well explain the degradation phenomenon.*® Please note
the different time-scale for the capture experiments with respect
to the crystallographic studies (30 s vs. days), which rule out the
fragmentation in capture experiments. Nevertheless, despite
containing only a fragment of the molecule, the fentanyl @3’
structure allows us to get some insights into the host-guest
interactions between the MOF and the part of the molecule
within its pores, which might be also operative in the efficient
capture of fentanyl molecules (see Table 1, S2f and Fig. 3)
helping us to understand its exceptional effectiveness.

As similar adsorbates of the family, the crystal structure of
fentanyl’ @3’ compound is isomorphous to 3 and crystallizes in
the P6; chiral space group of the hexagonal system. Details of
the structure (Fig. 6) show guest molecules statistically and
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severely thermally disordered on three configuration sets (see
Fig. S13 and S14f) residing in the pores. They represent the
fragment of fentanyl molecules after a break on the 4-piper-
idinyl position, thus rejecting the piperidine moiety with the
linked phenethyl group, and incorporating only the benzene
ring and propionyl group connected to the central nitrogen
atom.

They are packed via straight S:-Nfentanyr and S+-*C=O¢encanyr’
bonds involving methionine residues [S:--N and S---C=
Ocentroia distances of 1.84(1) and 2.20(1) A], which block guest
moieties embracing both kind of arms, in a lock and key fashion
(Fig. 6c¢). Indeed, the pores are decorated with methionine
residues exhibiting a distended conformation (Fig. 6a). Both
S**Nfentanyr and S++*C=Ofeptanyr distances fall in the range of
typical bonds. It is quite surprising, but it is worth considering
3/ as a nanoreactor. A fentanyl degradation occurs followed by
a coordination reaction within pores. Such a situation has been
observed in this family of MOFs* and, again, it might be
ascribed to the extraordinary flexibility confined only in pores,
for MOF 3, where highly bendable arms are intrinsically prone
to adopt different conformations of the thioether chains,
depending on the different chemical environments determined
by the guests' nature. In particular, the crystal structure of
fentanyl @3’ shows methionine arms to be more distended
than methyl-cysteine ones in amphetamine@2’ and methionine

7

Fig. 6 Crystal structure of the host—guest aggregate fentanyl@3’
along the c (a) and b (b) axes. (c) Structure of the fragment of the
fentanyl molecule emphasizing the host—guest interactions with
sulphur atoms. Metals and organic ligands, with the exception of
sulphur atoms (yellow spheres), constituting the network are repre-
sented with grey sticks. Green surfaces are used to emphasize the
guest amphetamine molecules. Colour code: grey: carbon atoms; red:
oxygen atoms; blue: nitrogen atoms.
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in amphetamine@3 (Fig. 4a and b), featuring available sulphur
groups for interaction or even chemical bonds with electron
donors - including oxygen and nitrogen atoms. Thus, they
encapsulate the targeted guest molecules assuming the
favourite conformation and interactions or bonds, in each case,
to maximize their receptor assets. Indeed, 3 exhibits a quite
unique dynamism and flexibility. It is the one related to the
different conformations thioalkyl residues pointing toward the
hexagonal channels adopt depending on the nature of the
molecules hosted within its channels. These nice molecular
recognition properties, together with the high crystallinity of 3,
allow us to have beautiful snapshots of the methionine residue
conformations, which are shown in Fig. S15}. Overall, after
analysing the presented crystal structures, we can conclude that
the specific sulphur-based chemical functionalities pointing
into the pores of our MOFs play a crucial role in dictating the
observed interactions, particularly in relation to the molecular
structures of amphetamine and fentanyl. So, our crystallo-
graphic analysis provides key insights into how these host-
guest interactions govern the capture of such substances, which
is instrumental in designing future porous materials with
optimized adsorptive properties.

In order to confirm the purity of the bulk samples of
amphetamine@2’, amphetamine@3 and fentanyl’ @3, powder
X-ray diffraction (PXRD) studies were carried out for poly-
crystalline samples of these compounds, which confirm both
that they maintain their structural integrity and also that all
crystals are identical to those selected for SCXRD (Fig. S16-
S18t). Moreover, aiming at verifying the robustness of MOF 3,
PXRD studies were carried out before and after the 16 reus-
ability experiments (Fig. S197), confirming that the material
remains crystalline and unaltered after these experiments.
Moreover, no leaching of metal atoms was observed after
reusability experiments (as verified with ICM-MS experiments),
which is not surprising considering that the robustness of these
MOFs had been already confirmed.®® Finally, the solvent
contents were ultimately established with the help of ther-
mogravimetric analyses (Fig. S207).

3. Conclusions

Pollution of aquatic environments with emerging contami-
nants, such as drugs of abuse, poses risks to ecosystems and
human health. These substances can disrupt aquatic life and
potentially enter drinking water sources, raising concerns about
their effects on both wildlife and humans. Addressing this issue
is vital for protecting biodiversity and ensuring safe water. In
this study, we present our findings on the use of a family of
isoreticular MOFs, derived from amino acids, as solid-phase
extraction (SPE) sorbents for the removal of a mixture of
twenty-nine distinct recreational and medical drugs from
aqueous solutions. Overall, all six materials demonstrate
remarkable removal efficiency, with rapid adsorption kinetics
(approximately 30 seconds) for the studied drug mixture.
Notably, one of the MOFs exhibits exceptional capture efficiency
for the simultaneous removal of all drugs in this mixture. This
study also focuses on the removal efficiency and reusability of

This journal is © The Royal Society of Chemistry 2025
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fentanyl, a drug of particular concern, where MOF 3 shows
outstanding performance and reusability, surpassing the
current benchmark material (PAC). Finally, these remarkable
and unexpected results have been rationalized with the
insightful analysis of single-crystal X-ray diffraction of the host-
guest adsorbates amphetamine@2’, amphetamine@3 and
fentanyl’ @3'. This analysis suggests that the observed efficiency
is attributed to the presence of appropriate functional groups
decorating the MOF channels serving as selective receptors for
this class of target molecules. The complete and simultaneous
removal of contaminants of diverse nature poses a significant
challenge and underscores the importance of the results pre-
sented here, representing a step forward in the design of new
materials that can compete with traditional adsorbents like
activated carbons,® zeolites®® or porous materials with encap-
sulated metal nanoparticles® and be effectively implemented in
real aquatic environments.
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