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@ Metal-Organic Frameworks as Unique Platforms to Gain

Insight of o-Hole Interactions for the Removal of Organic
Dyes from Aquatic Ecosystems

Cristina Negro*,® Paula Escamilla*,” Rosaria Bruno,” Jesus Ferrando-Soria,*®’

Donatella Armentano,*™ and Emilio Pardo*®

Abstract: The combination of high crystallinity and rich host-
guest chemistry in metal-organic frameworks (MOFs), have
situated them in an advantageous position, with respect to
traditional porous materials, to gain insight on specific weak
noncovalent supramolecular interactions. In particular, sulfur
o-hole interactions are known to play a key role in the
biological activity of living beings as well as on relevant
molecular recognitions processes. However, so far, they have
been barely explored. Here, we describe both how the
combination of the intrinsic features of MOFs, especially the
possibility of using single-crystal X-ray crystallography
(SCXRD), can be an extremely valuable tool to gain insight on
sulfur o-hole interactions, and how their rational exploitation
can be enormously useful in the efficient removal of harmful

‘\\

organic molecules from aquatic ecosystems. Thus, we have
used a MOF, prepared from the amino acid L-methionine and
possessing channels decorated with —CH,CH,SCH; thioalkyl
chains, to remove a family of organic dyes at very low
concentrations (10 ppm) from water. This MOF is able to
efficiently capture the four dyes in a very fast manner,
reaching within five minutes nearly the maximum removal.
Remarkably, the crystal structure of the different organic dyes
within MOFs channels could be determined by SCXRD. This
has enabled us to directly visualize the important role sulfur
o-hole interactions play on the removal of organic dyes from
aqueous solutions, representing one of the first studies on
the rational exploitation of o-hole interactions for water
remediation.
)

Introduction

Weak noncovalent interactions are ubiquitous in many relevant
processes occurring in livings beings, and represent one of the
most important tools in Supramolecular Chemistry to mimic/
emulate such processes."™ Among them, c-hole interactions
are of particular interest. A o-hole is the region of electron
deficiency that appears in the outer lobe of an orbital, when an
atom from the group V-VII -with half-filled p orbitals-,
participate in a covalent bond.®*” This o-hole can create a
region of positive electrostatic potential -if the rest of the
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molecule presents a relatively sufficient electron-withdrawing
nature with respect to the group V-VII atom, and this one is
sufficiently polarizable- able to interact with electron donors,
such as nitrogen and oxygen, and even, m-systems. Despite this
interaction is present in key supramolecular recognitions
processes and is very relevant in biological activity, it has been
somehow underestimated in comparison to hydrogen-bonds,
with the exception of halogen ones.” For example, this is the
case of sulfur o-hole interaction, which it has been mainly
described in post-analysis of close contacts in protein data bank
or as stabilizing agent of desired conformations of drugs to
interact with receptors.®'? Indeed, the rational use of such
interaction for specific applications has been barely
explored.l'*2%

Metal-organic frameworks (MOFs)?'® are a class of crystal-
line porous inorganic-organic materials, whose rich host-guest
chemistry®>? and high crystallinity,**>® together with the
possibility to have -to a certain extent- a control of their
dimensionality, topology and functionality by chemical
design,®** have situate them in an advantageous position
with respect to other porous materials. This has been clearly
exemplified by the continuous growth of novel aesthetically
pleasant crystal structures,“*“*® as well as by the wide range of
applications where they have shown successful, for example
gas storage and separation, catalysis, drug delivery, conductiv-
ity, molecular recognition of small molecules, encapsulation of
functional moieties, magnetism, chemical nanoreactors and
water remediation.”®*? Indeed, relevant advances performed in
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MOFs’ chemistry have been, mainly, consequence of the
combined possibility to tailor the functionalities decorating
MOFs channels by chemical design and the application of
single-crystal X-ray diffraction (SCXRD) as basic characterization
tool. > This has demonstrated as a powerful approach to
understand/rationalize host-guest interactions and, eventually,
to find, structure-properties relationships that have enabled
positive feedback of knowledge to develop more performant
MOFs.*? Thus, MOFs are, a priori, excellent playgrounds to gain
insight on specific molecular recognitions interactions, such as
sulfur o-hole, with the intention to exploit them towards a
targeted application.

Contamination of aquatic ecosystems with organic dyes
represents a severe environmental problem, having a negative
impact on the quality of aquatic ecosystems -i.e. inhibiting
plants and algae photoactivity and representing a health threat
for fish, as a consequence of their teratogenic, mutagenic and
carcinogenic character- and consequently on human life.””
Different technologies have been studied for the removal of
organic dyes from wastewater streams.”’”®’ Among them, the
use of water-resistant highly stable MOFs"*”! for their capture
and/or photodegradation has revealed as a very promising
approach.”"7¢7 This is mainly due to the intrinsic characteristic
properties of MOFs highlighted above. However, despite the
great structural, compositional and functional diversity of MOFs,
their potential has been poorly explored and somehow under-
developed in this field. Thus, more research efforts are needed
to fully unleash them.

One of our research lines is focused on exploiting the
differentiating features of MOFs toward catalytic and water
remediation applications.**’"! Along the development of our
investigations, we have found that sulfur o-hole interactions"
»I'may have a more prominent role in the capture process than
previously thought. In this context, we aim to expand our
knowledge on these interactions through the rational applica-
tion of suitable MOFs for the removal of organic dyes from
aquatic ecosystems. To this end, we have prepared a neutral 3D
MOF, with formula {Sr"Cug'[(S,S)-methox]5(OH),(H,0)}- 16H,0 (1;
methox = bis[(S)-methionine]oxalyl diamide), constructed with
oxamato ligands derived from the natural amino acid L-
methionine (see Experimental Section, Supporting
Information).'*''8'% The selection of 1 was not accidental. This
was based on our previous work with an isoreticular MOF to 1
-with calcium instead of strontium."*'¥ This MOF exhibited
functional channels decorated with flexible —CH,CH,SCH;
thioalkyl chains with outstanding molecular recognition proper-
ties -for a variety of heavy metals and organic contaminants like
neonicotinoid insecticides- and high crystallinity -which have
enabled to unveil the crystal structure of diverse and unique
host-guest assemblies.">'® In this work, we have observed that
1 is capable to remove, efficiently, four organic dyes -that are
commonly used as antiseptics in hospitals or in textile
industries- (Auramine O (AO), Brilliant Green (BG), Methylene
Blue (MB) and Pyronin Y (PY)) at very low concentrations
(10 ppm) from water (Scheme S1). Indeed, this process takes
place with a very fast kinetics, improving, notably, the perform-
ance of a related reported MOF with serine hydroxyl-residues
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functionalizing the pores,® which, a priori, would be expected
to interact more efficiently with organic molecules through
hydrogen-bonds. Thanks to the high degree of crystallinity of 1,
and the application of cutting-edge single-crystal X-ray crystal-
lography techniques, we have been able to get unique snap-
shots of the assembled host-guest systems, which have allowed
to rationalize the nice removal efficiency of 1, and more
importantly, improve our knowledge on sulfur o-hole inter-
action.

Results and Discussion
Removal Experiments of Organic Dyes

In order to evaluate the removal efficiency of 1 toward the four
selected organic dyes -Auramine O (AO), Brilliant Green (BG),
Methylene Blue (MB) and Pyronin Y (PY)- we processed 1 in the
form of extruded pellets, by mixing polycrystalline powders of 1
with commercial Matrimid in 80:20 ratios (Experimental
Section, Supporting Information). The structuration of MOFs is a
very interesting and necessary topic of research, which allows
to prepare materials with improved applicability as a direct
consequence of their better handling and longer lifetime.®"
However, in some cases, it is difficult to retain the chemical/
physical properties of the selected MOF. To rule out this, we
have performed PXRD of 1 structured as pellets, which evidence
that is isostructural to polycrystalline powders of 1 (Fig-
ure S1a,b).

Then, using 1 as pellets (50 mg), we have studied the
removal efficiency of 1 for four organic dyes using individual
spiked solutions of each of them (10 mL, 10 ppm) in real water
samples from Turia river (Valencia, Spain). These processes were
followed with UV-vis spectroscopy (Figures 1 and 2), measuring
the decrease in the intensity of the respective characteristic/
principal absorption band in the visible region at different times
(1, 5, 30, 60, 360 and 720 min). The obtained kinetic profile
(Figure 2 and Table S2) evidenced the efficient and fast
adsorption of all four tested dyes, reaching nearly 90% of
removal after only 5 min. This contrast with the serine-based
MOF, which need nearly 24 h to reach the same capture
efficiency.® This removal efficiency and kinetics of adsorption
was even maintained when using a multi-dye mixture solution,
10 ppm of each of all four dyes (Figure S2, TableS3 and
Experimental Section, Supporting Information). Here, it is note-
worthy to remark the relevance of the observed results by 1,
which not only is capable to capture these organic contami-
nants at very low concentration -similar to the ones found in
industrial wastewaters- in a very efficient and fast manner, but
also in samples where the presence of other ions could interfere
the adsorption process.

The pH-dependence of the capture properties of 1 has been
also evaluated. Thus, the same capture experiments above
described were repeated, but adjusting the pH at 5 and 11,
with HCl and NaOH, respectively (Figures S3-S6). Overall, the
capture efficiency in both acid and basic media are almost
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Figure 1. Evolution with time of the UV-Vis absorption spectra of 10 ppm solutions of AO (a), BG (b), MB (c) and PY (d) in real water samples from Turia river
when using 50 mg of pellets of 1 as adsorbent. Colors code: Blue: t=0; Red: t=1 min,; Yellow: t=5 min.; Orange t=30 min.; Light blue t=360 min.; Green:
t=720 minutes. The inset shows the photographs of the solutions at t=0 (left) and after only five minutes of the dye removal experiments (right).

identical to that observed with real water samples, suggesting
that 1 is equally effective under moderate changes in pH.

Recyclability, maximum uptake and scale-up

In order to fully characterize a material, and think toward real-
world applications, the reusability and structural and physical
integrity are parameters of main relevance. We observed 1
could be easily regenerated, by immersing the extruded pellets
in a methanol solution for 15 min, while retaining the
crystallinity -as PXRD in Figure S1c evidenced- and maintaining
the removal efficiency in the next capture experiment
(Table S4). The crystallinity was also retained for 1 after capture
experiments at pH=5 and 11 and the same regeneration
treatment, as PXRD shows (Figure S1d,e). Further evidence of
the robustness of the extruded pellets of 1 was assessed by
scanning electron microscopy (SEM). Figure S7 shows the final
appearance of pellets of 1 before and after the capture-
regeneration process.

Chem. Eur. J. 2022, 28, €202200034 (3 of 9)

Aiming to evaluate the maximum loading capacity of 1 for
each organic dye, we immersed 1 for two weeks in aqueous
saturated solutions of each dye, while replacing the saturated
solution every 12 h. Maximum uptakes of 598.9, 786.8, 554.0
and 542.6 mgg™' were obtained for AO, BG, MB and PY,
respectively (see Experimental Section for characterization de-
tails). These values were obtained from the CHSN analyses
gathered in Table S5. Overall, these features, together with the
easiness to produce 1 at multigram-scale (see Experimental
Section, Supporting Information) and environmentally benign
nature of its components, makes 1 an attracting candidate to
be tested in pilot plants or structured in mixed-matrix
membranes.

X-ray Crystal Structure
In order to elucidate the host—guest interactions established
between 1 (structure shown in Figure 3) and the captured

organic dyes -playing special attention to sulfur o-hole ones-,
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Figure 2. Evolution with time of the adsorption of AO (a), BG (b), MB (c) and PY (d) in 10 ppm solutions using real water samples from Turia river (50 mg of
pellets of 1 as adsorbent). Blue bars represent the % of each dye within the solution and red bars represent the % of the dye removed from the solution.

crystals of 1 were soaked in saturated acetonitrile solutions of
each organic dye for one week. After that period, we could
obtain crystals of enough quality to solve the crystal structure
of four host-guest systems by means of single-crystal X-ray
diffraction (Table S1). Their formula, supported by CHSN
elemental analysis, inductively coupled plasma mass spectrom-
etry (ICP-MS) and thermogravimetric analysis (TGA) (see Exper-
imental Section, Supporting Information), are: AO@{Sr"Cu,"[(S,S)-

methox];(OH),(H,0)}-6H,0 (AO@1), BG@{Sr'Cug'[(S,5)-
methox];(OH),(H,0)}- 5H,0 (BG@1), MB@{Sr'"Cuy"[(S,S)-
methox];(OH),(H,0)}-6H,0 (MB@1) and PY@{Sr'Cus'[(5,S)-
methox];(OH),(H,0)}-6H,0 (PY@1). Resolution of the crystal

structure of adsorbates allowed the atomically-precise visual-
ization of the main host-guest interactions, likely at the origin
of the efficient captures of pollutant dyes by thio-alkyl residues
decorating the framework (Figures 4, 5 and S8-514).

Chem. Eur. J. 2022, 28, €202200034 (4 of 9)

The four compounds AO@1, BG@1, MB@1 and PY@1 are
isomorphous to 1, crystallizing in the P6; chiral space group of
the hexagonal system. This behavior confirms the robustness of
1 as hosting matrix. They are built by uni-nodal acs six-
connected three-dimensional (3D) strontium(ll)-copper(ll) po-
rous networks, decorated by highly flexible CH,CH,SCH; thio-
alkyl chains, which are capable to act as receptors towards
guest dyes (Figures 3-5, S9, S11 and S13). The four crystal
structures undoubtedly evidence that AO, BG, MB and PY guest
molecules are encapsulated in the nanopores of 1, where they
are recognized by the thioether arms of the methionine
residues. As expected for loaded-porous structures, dye mole-
cules displayed a severe disorder in pores, both dynamical and
statistic (see Experimental Section, Supporting Information). All
the crystal structures exhibit different allocations of guests, with
a 1:3 statistical distribution (Figures S8, S10, S12 and S14),
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Figure 3. Crystal structure of 1: (a) Perspective view along c crystallographic axis of a single channel in crystal structure of 1. b) Fragments of 1 showing the
dianionic bis(hydroxo) dicopper(ll) building blocks. Views of a fragment of 1 in the ab (c) and bc (d) planes, respectively. Copper, strontium and sulfur atoms

are represented by cyan, blue and yellow spheres, respectively, whereas the ligands (except sulfur) are depicted as sticks (carbon: gray, oxygen: red and

nitrogen: blue).

strictly dependent on the size and chemical nature of the dye.
The main host-guest interactions are assured by sulfur atoms
directly interacting either with CI~ anions in AO@1, MB@1 and
PY@1 or with aromatic rings via the low-lying o* orbitals of the
C—S bond (o-hole) -available for interaction with electron
donors such as the four dyes mt-systems.

As far as AO@1, MB@1 and PY@1 is concerned, the capture
of CI™ anions, nicely blocked in the most hindered voids of the
MOF by direct S-Cl interactions [2.43(3), 2.20(2) and 2.87(2) A,
for AO@1, MB@1 and PY@1, respectively], can be seen as a
driving force for the further insertion of cationic dye molecules,
which are captured thanks to S--m interactions, as well as also
supported by those electrostatic interactions (Figures5, S11
and S13).

In AO@1 and PY@1 the hosting network displayed a more
open structure when compared with MB@1 and especially with
BG@1. The bigger size and/or less efficient packing of the latter
dyes likely accounting for that. Indeed, in PY@1 methionine
arms are distended and interact through S--H—C weak inter-
actions [shortest S--H—C distances of 2.88(3) and 3.16(3) Al,

Chem. Eur. J. 2022, 28, €202200034 (5 of 9)

which anchor external aromatic rings to the walls of the MOF.
The severe statistic and thermal disorder did not allow us to
model terminal -N(CH;), (see Experimental Section for details).
However, their defined orientations gave clues on potential
C—H--N intermolecular interactions involving adjacent mole-
cules. Indeed, supramolecular chains of Pyronin Y molecules
evidence a propagation along the direction of channels, as
imposed by the hosting matrix, which not only host but also
align guests.

More evident o-hole interactions are detected in AO@1
crystal structure, where -CH,CH,SCH; methionine arms point
toward the -NH," group of the Auramine O organic dye [S-N
distance of 4.44(3) A] (Figure 5). Further stabilizing host-guest
interactions occur between —CH,CH,SCH; ethylthiomethyl
chains and aromatic rings of AO dye molecule [centroid--C
distances of 3.40(2), 3.56(2) and 3.72(2) A] (Figure 5). Despite
the unresolved disorder -that does not allow to spot any further
detail and neither defining the messy -N(CH,), terminal group
of the organic dye and a lattice water molecule-, it can be
inferred implications of the free rotation of the two phenyl rings

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry

Research Article Europe .
Chemistry—A European Journal doi.org/10.1002/chem.202200034 Societes publiahing

Figure 4. Perspective views in the ab (left) and bc (right) planes of the host-guest assemblies of AO@1 (a), BG@1 (b), MB@1 (c) and PY@1 (d). The networks
are represented as light gray sticks with —CH,CH,SCH; ethylthiomethyl residues as yellow sticks and guest organic dyes as orange (AO), green (BG), blue (MB)
and red (PY) solid surfaces. Free water molecules have been omitted for clarity.

Figure 5. Details of host-guest interactions in AO@1: (a) Perspective view of a single channel of X-ray crystal structure of AO@1 along c crystallographic axis
emphasizing pores filled by Auramine O and (b) details of host-guest interactions (S--Cl and AO--S represented as green and grey dashed lines, respectively).
Copper and calcium are represented by cyan and blue spheres respectively, whereas the ligands and guest molecules are depicted as grey and gold sticks
except for sulfur atoms of methox moieties and nitrogen atoms of guest’ molecule, which are represented by yellow and blue-sky spheres, respectively. Free
water molecules are omitted for clarity.

in reducing the strength of the interactions, which, even if In BG@1 and MB@1 crystal structures, the size of BG and
detected, it appears weak when looking at distances -although ~ MB and/or their worst self-packing impose a more contracted
they must be imagined as averaged in the crystal. conformation of the methionine derivatives arms. BG crystal

structure, exhibits a very nice interlock between BG molecules
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and hosting matrix, based on S--m interactions [centroid--C
distance of 3.14(3) Al (Figure S9). As far as for MB@1 is
concerned, we have to underline a direct bond involving
methionine-sulfur and nitrogen atoms belonging to the MB
molecule at a distance of 1.79(2) A, in agreement with similar
bonds reported in literature,””™ which also confines sulfur atoms
of the dye molecule at the center of the pores (Figure S11).
Also, in both cases, due to dynamic disorder, terminal —N-
(CH,CHs), groups present in BG@1 and —N(CH,), in MB@1 have
not been modelled (see Experimental Section for details).
However, the core of the dye molecules -although with
disorder- has been defined, suggesting the main interactions
with terminal —N(CH,CH;), and —N(CH,), groups likely involve
dye intermolecular ones. Surprisingly, for all dyes, the high
degree of loading in the confined space is the same. Each dye
molecule does displace almost all water molecules from pores
in order to reach the observed close-packing. The fact that
channels are completely filled by organic dyes, makes the
adsorbates very stable at air and room temperature for months.

The good capture performance of 1 for chosen dyes could
be understood analyzing non-covalent interactions within the
final aggregates with the help of X-ray crystallography. As
stated above, it is known that o-hole bonds play a pivotal role
in the 3D organization of crystalline structures and in various
molecular scaffolds. Indeed, these interactions, frequently
unnoticed or identified as secondary contacts, can be highly
predictable and are generally present. In this work, we
considered and used them as a novel and efficient tool to reach
high performance in capture of pollutant dyes. Studies on this
subject have worked dramatically to interpret and rationalize
properties of 1. In fact, the importance of such interactions is
clearly manifested in a multitude of biological phenomena.®” In
all the four adsorbates AO@1, BG@1, MB@1 and PY@1 a kind of
S interactions, together with S--Cl interactions in AO@1,
MB@1 and PY@1, have been detected. Certainly, although an
aromatic m-system can be electron-rich or electron-deficient, it
can be non-covalently bonded to a o-hole-containing molecule
-as in the cases reported here containing molecule--m-system
interactions. The o-hole term is assigned to the area of positive,
or less negative, electrostatic potential emerging on the outer
surface of the covalently bonded sulfur atom. In this scenario,
o-hole interactions found in AO@1, BG@1, MB@1 and PY@1,
even if different in nature and discussed in the context of other
electrostatic interactions, are the main forces at the origin of
the efficient capture of dyes in 1. Their density of propagation,
through the confined space ensured by 1, represent the power
of encapsulation of the system, being reminiscent of peptide-
based methionine. In such supramolecular aggregates, these
bonds rely, to a large extent, also on polarization and charge
transfer effects, accompanied by dispersive forces -even if the
precise mix of these different components varies from one
bond to another. Thus, it is clear that a particular sort of hole
does not have to be present in the isolated monomer, but it
will be active when cooperative and polarizing forces can occur.

Chem. Eur. J. 2022, 28, €202200034 (7 of 9)

Thermogravimetric Analysis, N, Isotherm Adsorption and
X-Ray Powder Diffraction

The water content of 1, AO@1, BG@1, MB@1 and PY@1 was
determined by thermogravimetric analysis (TGA) under a dry N,
atmosphere. All of them show a small loss of solvent from room
temperature, in comparison with 1, which agrees with the fact
that the channels are filled with organic dyes. In particular, they
showed a weight loss of 15.86 (1), 5.30 (AO@1), 4.35 (BG@1),
5.25 (MB@1) and 5.22% (PY@1), that correspond with 16, 6, 5, 6
and 6 water molecules, respectively, which is in line with CHSN
analyses (Figure S15). The N, adsorption at 77 K of AO@1,
BG@1, MB@1 and PY@1 showed a considerable reduction with
respect to 1, which further support that the channels are
occupied by organic dyes molecules (Figure S16). The exper-
imental powder X-ray diffraction (PXRD) patterns of polycrystal-
line samples of 1, AO@1, BG@1, MB@1 and PY@1 confirm the
purity and homogeneity of the bulk samples (Figure S17). As it
was previously observed, the slight increase in relative intensity
at the higher-angle peaks of dyes@1, with respect to 1, are
most likely consequence of the increase of the electronic
density in the channels filled with organic dyes.

Conclusions

Herein, we have presented our recent advances on the
relevance of o-hole interactions toward applications. In partic-
ular, we have gained insight by means of single-crystal X-ray
crystallography of the importance of such poorly investigated
interactions for the removal of four organic dyes from real river
waters. In doing so, we have precisely characterized four host-
guest adsorbates, where the main interactions between the
organic dyes and the framework allowed us to rationalize the
appealing removal properties of 1. Indeed, 1 has revealed as
one of the best performing MOFs - in terms of both speed and
removal efficiency - for the capture of organic dyes.”" In an
indirect manner, we have taken this MOF one step closer to real
world applications by both its structuration as extruded pellets
and the scale-up synthesis. This work represents an interesting
beginning of a research line, which currently we are developing
to integrate 1 in a decontamination pilot plant.
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The data that support the findings of this study are available in
the supplementary material of this article.
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