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Selective and Efficient Removal of Mercury from Aqueous Media with
the Highly Flexible Arms of a BioMOF
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Abstract: A robust and water-stable metal-organic framework
(MOF), featuring hexagonal channels decorated with methio-
nine residues (1), selectively captures toxic species such as
CH;Hg" and Hg" from water. 1 exhibits the largest Hg**
uptake capacity ever reported for a MOF, decreasing the
[Hg*'] and [CH;Hg"] concentrations in potable water from
highly hazardous 10 ppm to the much safer values of 6 and
27 ppb, respectively. Just like with biological systems, the high-
performance metal capture also involves a molecular recog-
nition process. Both CH;Hg" and Hg*" are efficiently immo-
bilized by specific conformations adopted by the flexible
thioether “claws” decorating the pores of 1. This leads to very
stable structural conformations reminiscent of those respon-
sible for the biological activity of the enzyme mercury
reductase (MR).

Even though the WHO is strongly trying to raise awareness
for reducing the amount of mercury in domestic tools and in
different industrial sectors (e.g., chloralkali plants and vinyl
chloride monomer production),!'! the world’s annual mercury
consumption was still estimated to be up to 2000 tons in
2016.”! Environmental contamination by the interconverti-
bleP* Hg?" and CH;Hg" cations is of great concern from the
viewpoint of human health.”! In this sense, the very easy air
and water transportation of both species, as well as their long
atmospheric lifetimes, make them very widespread environ-
ment pollutants.”! As a consequence, high concentrations of
mercury can be found not only in fish,”) but also in
agricultural crops®® and in animals living in non-marine
habitats.”) On this basis, the search for sustainable green
methods for the effective capture and removal of the different
chemical forms of mercury is mandatory and has attracted
a great deal of interest.'*!%
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Metal-organic frameworks (MOFs)!'*! have already
been shown to perform very well in the selective capture
and/or separation of gases,”!! metals,”” and small mole-
cules. Most of these thrilling properties of MOFs, which are
related to their porous character and rich host-guest chemis-
try,?!l can be tuned by an appropriate functionalization of the
channels. Taking advantage of the methods provided by
coordination chemistry, an accurate design effort®! should
thus lead to water-stable®?”! MOFs for use as “mercury
receptors”.?5-%]

Nature has evolved mechanisms to effectively distinguish
one metal from another. How metal ions move to and from
their target destinations in the active site of a metalloenzyme,
or as structural components of other biomolecules such as
nucleic acids, efficiently contributes to the regulation of
biological processes. An interesting example within this
context is the mercury reductase (MR),*" a redox enzyme
that catalyzes the reduction of highly toxic Hg*" into more
benign Hg". The active center of this enzyme represents
a source of inspiration for coordination chemists working in
the area of mercury detoxification, and efforts trying to mimic
it have been pursued.?! MOFs could thus also find applica-
tion as vessels encapsulating biological systems.>

Among the large class of MOFs, bioMOFs,* designed
from naturally occurring organic ligands, are highly promising
for both mercury removal and biomimicry. In this context, we
have recently reported a robust and water-stable, hetero-
bimetallic calcium(II)/copper(II) three-dimensional (3D)
bioMOF,*” which was synthesized by using the enantiopure
bis[(S)-methionine]oxalyl diamide® " ligand derived from
the natural amino acid rL-methionine (see the Supporting
Information, Scheme S1). This porous material with the
formula {Ca"Cu"([(S,S)-methox];(OH),(H,0)}-16 H,O (1)
features functional channels decorated with thioalkyl chains,
which account for its strong and selective affinity for different
gold salts as well as excellent catalytic activity.””! On the basis
of the well-known affinity of mercury for sulfur atoms, we
have further extended this work to evaluate the efficiency of
1 in the capture and removal of Hg*" and CH;Hg" from
aqueous media (Scheme S2). The high selectivity and capture
capacity of 1 towards these hazardous species from aqueous
solutions render it a good mercury removal agent, expanding
the concept of “metal receptors” from biology to nano-
technology applications.

We began our study by investigating the efficiency of 1 in
the capture of HgCl, and CH;HgCl salts from water.
However, its maximum loading capacity was determined
from water and water/methanol, respectively. Thus crystals of
1 were soaked in saturated solutions of HgCl, (H,0) and
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CH;HgCl (H,O0/MeOH 1:1) for 72 h. The final contents and
the kinetic profiles of both adsorption processes were
determined through ICP-MS and SEM/EDX analyses by
measuring the increase in the concentration of the corre-
sponding mercury salts within the MOF at specific time
intervals (Figure S1 and Table S1).

Overall, 1 exhibited high and moderate affinities for
HgCl, and CH;HgCl in water and water/methanol solutions,
respectively, through single-crystal to single-crystal (SC to
SC) processes®™ ! (see the Supporting Information). The
HgCl, adsorption proceeded by a two-step process that
involved a first, extremely fast adsorption of three molecules
of HgCl, per formula unit and a second, slower adsorption
process to reach a final loading of up to five molecules
(Figure S1). Owing to these particular kinetics, two different
adsorbates were obtained with HgCl,. In turn, the CH;HgCl
adsorption was found to be slower than that of HgCl,,
reaching a final loading of only one molecule of CH;HgCl per
formula unit (Figure S1). The lower loading and adsorption
rate of CH3;HgCl can be explained in terms of its poorer
solubility and/or its weaker affinity for thioether groups
but also in terms of structural considerations (see
below).*!! Therefore, three adsorbates with the formulas
(HgCly);{Ca"Cu"([(S,S)-methox];(OH),(H,0)}-8 H,O
(3HgCL@1), (HgCl,)s{Ca"Cu"([(S,S)-methox];(OH),-
(H,0)}-4H,0 (5HgCL@1), and (CH;HgCl){Ca"Cu"[(S,S)-
methox];(O)(CH;0H),}-5 H,O (CH;HgCl@1) were obtained
and characterized by ICP analyses (see the Experimental
Section in the Supporting Information).

These results confirmed that 1 is capable of purifying
contaminated water solutions. In particular, they indicate
maximum recoveries of 900 (HgCl,) and 166 mg (CH;HgCl)
per g of 1in 5SHgCL@1 and CH;HgCl@1, respectively. Such
a high loading of HgCl, in water is close enough to the
maximum loading ever observed in a porous material (1 gg™
MOF)!" and constitutes a benchmark value for MOFs. Even
if rather low compared to HgCl, adsorption, the CH;HgCl
uptake from water/methanol confirmed the suitability of this
porous material for the capture of this mercury species.
Remarkably, this is, to the best of our knowledge, the very
first time that a MOF was used to capture CH;Hg". More-
over, the HgCl, and CH;HgCI adsorption processes were
found to be fully reversible, as the mercury salts were easily
extracted with dimethyl sulfide (see the Experimental Section
in the Supporting Information), so that 1 can be reused as
often as needed; this was confirmed by chemical analysis (1';
see the Supporting Information), the PXRD pattern of the
material after the extraction process (Figure S2), and a second
adsorption process carried out with the reused material
(Table S4).

The structure of 1 consisted of a chiral honeycomb-like 3D
calcium(II)/copper(I1) network featuring functional hexago-
nal channels of approximately 0.3 nm where the highly
flexible ethylenethiomethyl chains of the methionine amino
acid remained confined (Figures 1b and 2a). This uninodal
sixfold-connected net (Schlifli symbol 4%6°), is built from
trans-oxamidato-bridged dicopper(Il) units, {Cu',[(S,S)-
methox]} (Figure 1a), which act as linkers between the Ca"
ions through the carboxylate groups (Figure 1c). Neighboring
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Figure 1. a) Fragment of 1 showing the dianionic bis(hydroxo)
dicopper(Il) building blocks. Views of a fragment of 1 in the ab (b)
and be (c) planes, respectively. Cu, Ca, and S atoms are represented by
green, purple, and yellow spheres, respectively, whereas the ligands
(except sulfur) are depicted as sticks (C gray, O red, N blue).

Cu’" and Cu*'/Ca®" ions are further interconnected by aqua/
hydroxo groups (in a 1:2 statistical distribution) linked in
a | fashion (Figure 1c¢).

The crystal structures of all three adsorbates, 3 HgCl,@1,
5HgClL,@1, and CH;HgCl@1, could be resolved by single-
crystal X-ray diffraction, giving unprecedented insight into
the S---Hg interaction as well as the molecular recognition
process involved in the mercury capture. Indeed, this is the
very first time that the real structures of such adsorbates have
been experimentally determined, allowing us to confirm and
even to rigorously visualize the accomplished capture and the
exceptional structural adaptability of the system. They all
crystallized in the chiral P6; space group of the hexagonal
system (Table S2) like precursor 1 (Figures 1,2, and $3-S7).5")
The crystal structures of the three adsorbates clearly con-
firmed the presence of HgCl, and CH;HgCl guest molecules
hosted in the hexagonal nanopores of 1;* they are recog-
nized by the thioether arms of the methionine residues and
confined into the channels through S--Hg interactions. Yet,
they showed different arrangements depending on the degree
of loading or the nature of the guest molecule, leading to
either discrete mono- (3HgCL@1 and CH;HgCl@1) or
dinuclear species (5 HgCl,@1; Figures 2 and S7). This striking
feature of 1 is likely related to the intrinsic flexibility and
structural adaptability™ ! of its functional channels (Fig-
ure S6), which must be at the origin of the tunable structure/
conformation of the thioether chains that are reminiscent of
the MR enzyme (Scheme S3).1°

The Hg*" ions from both the mononuclear HgCl, and
CH;HgCl fragments in 3HgCL@1 and CH;HgCl@1 (Fig-
ure 2a and c, respectively) and the chloride-bridged dinuclear
[Hg,(u-C1),CL] entities in 5SHgClL@1 (Figure 2b) are tetra-
coordinated, being further grasped by two sulfur atoms from
the thioether groups belonging to the amino acid residues of
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Figure 2. Perspective views along the crystallographic ¢ axis of the porous structures of 3 HgCL,@1 (a), 5HgCl2@1 (b), and CH;HgCI@1 (c). Cu
and Ca atoms are represented by cyan and blue polyhedra, respectively. Hg and Cl atoms are depicted as purple and green spheres, whereas
sulfur and carbon atoms from the methionine residues and the methyl groups, respectively, are shown as yellow and gray spheres. The remaining
carbon, nitrogen, and oxygen atoms from the ligand are shown as sticks. Free water solvent molecules omitted for clarity. The blue insets

highlight the coordination environment of the captured mercury species.

methionine-disubstituted oxamidato ligands (Figures S3-S5).
They exhibit a somewhat distorted (3HgCL@1 and
5HgCl,@1) or highly distorted (CH;HgCl@1) tetrahedral
geometry, most likely because of the steric constraints
imposed by the network (Figures2 and S3-S5). The Hg—S
bond lengths [2.29(3) and 2.60(3) A (3HgCL@1), 2.49(3) and
296(3) A (5HgCL@1), and 278(7) and 2.85(7)A
(CH;HgCl@1)] are in the range of those found in the
literature.*>" Furthermore, the rather short value of the
intradimer Hg--Hg separation in SHgCL@1 [2.89(2) A;
Figures 2b and S4] indicates the presence of a metal-metal
bond.P!

In 3HgCl,@1, both thioether “arms” show a distended
conformation and target a HgCl, molecule with high affinity,
adopting a stable conformation (Figures2a, S3a, and S5a)
evocative of that found in the MR binding site,?!l where the
sulfur atoms are those of thiolate groups of cysteine residues
in the protein backbone while additional oxygen atoms from
tyrosine residues take the place of the chlorine ones. Similarly,
the two distended thioether arms in CH;HgCl@1 target
a CH;HgCl molecule each, but in a different conformation
(Figure S6c), which is likely driven by host-guest methyl-
methyl repulsive interactions between the Hg—CH; units and
the S—CH; groups from methionine (Figures2c, S3c¢, and
S5b), giving rise to a very close-packed structure with no
more empty space, which plausibly accounts for the lower
loading (Figure S7f). In contrast, only one of the two
thioether arms adopts a distended conformation in
SHgClL,@1 (Figures 2b, S3b, and S4). Most likely, the steric
hindrance resulting from the higher number of molecules
packed in such a confined space caused their aggregation into
less hindered dimers and, at the same time, forced the flexible
ethylenethiomethyl chains to adopt a highly bent conforma-
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tion with their methyl groups pointing out of the pores
(Figures S6 and S7).

The experimental powder X-ray diffraction (PXRD)
patterns of polycrystalline samples of 3HgCl,@1,
5HgCL@1, and CH;HgCl@1 are consistent with the calcu-
lated ones (Figures3 and S8), confirming the purity and
homogeneity of the bulk samples. The dramatic changes in the
relative intensities of their peaks compared to their precursor
1 (Figure S8) is particularly relevant. While the lower-angle
peaks decrease in intensity, the higher-angle peaks become

intensity / a.u.
r
¢
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Figure 3. Calculated (bold lines) and experimental (solid lines) PXRD
pattern profiles of 3HgCl,@1 (blue), 5HgClL,@1 (red), and
CH;HgCl@1 (green) in the 26 range 2.0-40.0°.
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more intense. This behavior, which is accentuated in
3HgClL,@1 and 5HgCl,@1 owing to their higher loading, is
clearly indicative of a significant increase in the electron
densities in the channels filled with the heavy metals.” The
water contents were estimated by thermogravimetric analysis
(TGA, Figure S9).

Finally, experiments evaluating the selectivity of 1 towards
HgCl, and CH;HgCl and its efficiency in cleaning contami-
nated water as well as the kinetic profiles of these processes
were designed and carried out in duplicate. First, a polycrys-
talline sample of 1 (50 mg) was soaked in 10 ppm aqueous and
H,0O/CH;OH solutions of HgCl, and CH;HgCl, respectively,
containing also 10 ppm of other ions usually present in water,
such as Na*, K*, Ca?", Mg*, HCO; ", Cl~, and NO; ", for one
week at neutral pH. ICP-MS analyses every 24 h indicated
that only the mercury salts were adsorbed by 1.5 Second, the
kinetic profile of each mercury removal process was estab-
lished. With that purpose and aiming at assessing the process
applicability of this material, polycrystalline samples of
1 were mixed with the commercial polymer Matrimid in
a ratio of 80:20 to give extruded pellets™ of about 1-3 mm in
diameter (see the Supporting Information), which allow for
easier handling and long-term stability (Figure 4). PXRD
measurements confirmed that this composite was isostruc-
tural with 1 (Figure S8c). Then, 60 mg of these pellets were
soaked in 10 mL of aqueous solutions of HgCl, or CH;HgCl
(10 ppm) at neutral pH.

Figure 4. Photographs of powdered polycrystalline samples of 1 (left),
Matrimid (middle), and the resulting extruded pellets (right).

The kinetics of the adsorption process, as well as the
efficiency of the mercury removal, were determined by ICP-
MS and SEM/EDX analysis by measuring the decrease in the
concentration of each mercury salt after immersion of the
pellets in the corresponding aqueous solution (Figure 5 and
Table S3) at specific time intervals (0-10080 min). Overall,
the experimental results showed that 1 adsorbs both mercury
salts in a very fast, selective, and reversible manner. Remark-
ably, the HgCl, and CH;Hg" concentrations in water were
reduced from dangerous 10 ppm to extremely low levels of
about 5 and 27 ppb after capturing 99.95 % and 99.0 % of the
dissolved HgCl, and CH;HgCl salts, respectively, which is
within the permissible limits for Hg?" ions in potable water.!"!

This high mercury-capture performance is comparable to
that exhibited by the most efficient previously reported thiol-
functionalized porous systems.'"?3>] This fact is particu-
larly striking considering the strong affinity of mercury for
thiol groups compared to softer thioether moieties,* such as
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Figure 5. Hg*" (red) and CH;Hg" (blue) adsorption with time (first
1200 min) after soaking pellets of 1 in 10 ppm aqueous solutions of

each species. The inset shows the decrease in [Hg*'] (red) and
[CH;Hg™] (blue) within the corresponding solutions.

those decorating the channels of 1. This particularly good
performance of a thioether-based system can be understood
with the help of the X-ray crystallographic data. For instance,
HgCl, is perfectly blocked and anchored within the channels
of the heterobimetallic 3D network with the help of the sulfur
atoms of two thioether groups, yielding a steady pseudo-
tetrahedral geometry, which is allowed by the extreme
flexibility of this system. In fact, the structures of the three
different adsorbates of 1 clearly show that such a bioMOF is
prone to discriminate metals as metalloproteins do in
biological systems. In this sense, the high similarity between
the coordination environment of Hg*" in 3HgCL,@1 and the
binding site of MR most likely accounts for its high selectivity
and chemical stability. Furthermore, the structure of
5HgCl,@1 confirmed that for a higher loading of HgCl, to
be reached, a dimerization reaction involving HgCl, mole-
cules must occur. Thus 1 constitutes a good metal receptor for
mercury salts, imitating the MR, which holds the metal ion in
such a way that it can be readily transferred to an appropriate
acceptor, such as sulfur-containing solvents in our case. Such
intermolecular transfer processes are well-known in biology,
and 1 further demonstrates that such processes can also occur
through specific MOF complexes that are quickly formed and
mediate intermolecular metal-ligand exchange as it happens
in nature.

In summary, we have reported the selective capture of the
most harmful forms of mercury from water with an inex-
pensive and environmentally friendly bioMOF (1) that can be
easily prepared in large amounts. Resolution of the crystal
structures of the mercury-containing adsorbates 3 HgCL @1,
5HgCl,@1, and CH;HgCl@1 gave unprecedented snapshots
of the interaction between the mercury ions and the sulfur
atoms from the thioether chains decorating the channels of
the MOF. Indeed, they show the very high flexibility of these
thioether arms in the selective mercury capture in a similar
manner to that seen in biological systems and protein
receptors. This flexibility accounts for the selectivity and
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efficiency of the capture process. As a result of the adapt-
ability of these amino acid residues to accommodate each
harmful mercury species, this porous material is the first MOF
that is capable of capturing highly toxic CH;Hg" from water.
Moreover, 1 exhibits the highest HgCl, loading capability
ever reported for a MOF and is capable of cleaning
contaminated water to permissible limits.
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