Designing Metal-Chelator like Traps by Encoding
Amino Acids In Zirconium-based Metal-Organic

Frameworks

Ainara Valverde,"? Gabriel I. Tovar Jiménez,>* Natalia A. Rio-Lépez,! Dimas Torres,>* Maibelin
Rosales,” Stefan Wuttke, "*" Arkaitz Fidalgo-Marijuan,’ José Maria Porro,"5 Ménica Jiménez-
Ruiz,” Victoria Garcia Sakai,® Andreina Garcia,”® José Manuel Laza,’ José Luis Vilas-Vilela,"’

Luis Lezama,'’ Maria I. Arriortua,”’ Guillermo Copello,>* and Roberto Ferndndez de Luis"”

! Basque Center for Materials, Applications & Nanostructures (BCMaterials), Bldg. Martina

Casiano, 3rd. Floor, Barrio Sarriena s/n, 48940, Leioa, Spain

*Macromolecular Chemistry Group (LABQUIMAC), Department of Physical Chemistry, Faculty
of Science and Technology, University of the Basque Country (UPV/EHU), Barrio Sarriena s/n

48940 Leioa, Spain

3Facultad de Farmacia y Bioquimica. Departamento de Ciencias Quimicas. Universidad de Buenos

Aires. Buenos Aires, Argentina

“Instituto de Quimica y Metabolismo del Farmaco (IQUIMEFA). CONICET - Universidad de

Buenos Aires. Buenos Aires, Argentina



5Advanced Mining Technology Center (AMTC), Universidad de Chile, Beauchef 850, Santiago,

Chile.

SIKERBASQUE, Basque Foundation for Science, 48009 Bilbao, Spain

"Institut Laue Langevin, 71 Avenue des Martyrs, CS 20156, 38042 Grenoble, France

8ISIS Neutron and Muon Facility, Science & Technology Facilities Council, Rutherford Appleton

Laboratory, Didcot, United Kingdom

‘Mining Engineering Department, FCFM, Universidad de Chile, Av. Tupper 2069, 8370451

Santiago, Chile

Dept. of Inorganic Chemistry, Science and Technology Faculty, University of the Basque

Country (UPV/EHU), Barrio Sarriena s/n 48940 Leioa, Spain

"Dept. of Mineralogy and Petrology, Science and Technology Faculty, University of the Basque

Country (UPV/EHU), Barrio Sarriena s/n, 48940, Leioa, Spain

KEYWORDS: Metal-organic frameworks, MOFs, Amino acids, Selective Adsorption,

Metalation, Heavy metal capture.

ABSTRACT



Metal chelators and porous sorbents are two of the forefront technologies applied for the recovery
and separation of hazardous and/or valuable metal ions from aqueous solutions. (i.e. polluted water
sources, metal-rich mining wastewaters, acid leachates...). The transfer of the metal coordination
functions of metal-chelators to chemically stable host materials had so far only limited success.
Here, we report the installation of natural acids (i.e. malic acid, mercaptosuccinic acid, succinic
acid, fumaric acid and citric acid) and amino acids (i.e. histidine, cysteine and asparagine) within
a porous zirconium-based trimesate metal-organic framework (MOF), namely MOF-808.
Applying this strategy, we were able to produce a pore environment spatially decorated with
multiple functional groups usually found in commercial chelator molecules. The chemical stability
of the amino acid molecules installed by solvent assisted ligand exchange has been studied to
delimitate the applicability window of these materials. The adsorption affinity of MOF-
808(@(amino)acids in static and column-bed configurations can be fine-tuned as a function of the
amino acid residues installed in the framework. MOF-808(Amino)acid columns can be applied
efficiently both for water remediation of heavy metals, and for the separation of metal-ions with
different acidities. For instance, the initial trends for the dispersion of rare earth elements have
been identified. EPR and Inelastic Neutron Scattering spectroscopy reveals that MOF-
808@(amino)acids stabilize metal centers as isolated and clustered species, in a coordination
fashion that involves both the amine and thiol functions, and that affects the vibrational freedom
of some of the chemical groups of the amino acid molecules. The metal-ions stabilization within
an amino acid decorated MOFs opens the avenue to the application for pseudo bio-catalysis

purposes in the near future.



INTRODUCTION

The selective adsorption of metal ions from aqueous solutions is a pivotal process for
environmental remediation,! but it is also a technology of paramount importance for metal
separation purposes. The recovery and purification of metal ions from polluted water sources are
increasingly gaining importance within the concept of a closed loop circular economy.? For
instance, the recovery and separation of critical raw materials from acid waters derived from
mining activities,® rare-earth elements (REE) uptake from water streams arising from phosphor-
gypsum deposits,* or the precious metals (i.e. palladium) recovery from radioactive wastewaters,>~
8 are some of the relevant application-areas where an intensive research is in place to develop a
greener and more efficient capture and separation technologies. It is important to note, that each
of these scenarios demands specific requirements, being chemical resistance, specificity of

adsorption and continuous flow-operation capacity, three of the key figures of merit that weigh the

technical applicability of the metal-separation technology.

Today, metal-chelating agents and adsorbents are the simplest, cost efficient and flexible
(in terms of design/operation and regeneration) technologies applied for the metal-ions capture,
separation and purification purposes.” On one hand, chelation is a type of bonding of chelating
agents to metal ions that involves the formation of two or more separate coordinate bonds between
a polydentate (multiple bonded) ligand and a single central metal atom.!%!! The efficiency and
selectivity of the chelation-based solvent extraction of a metal depends on the coordination
chemistry behind the process and the chemical structure of the chelator itself.!>!* Although
engineering of these polydentate molecules has great flexibility, solvent extraction makes the

recovery of the metal-chelator complexes time and energy consuming, and even environmentally



unfriendly for specific applications. On the other hand, adsorption has attracted considerable
attention due to its simplicity and cost efficiency.'* Classic sorbents as zeolites'”, clays'® or
activated carbons!”, although easier to recover and reactivate than soluble metal-chelators, suffer

from low adsorption capacity'® and selectivity due to their limited chemical tailorability.

Among the multiple approaches to replicate the metal binding modes of organic chelators
in solid porous materials, the chemical encoding of a particular class of porous ordered materials
called Metal-organic frameworks (MOFs) holds enormous promise.'?> MOFs are crystalline
solids built from metal ions or clusters connected by organic linkers into extended, ordered, and
highly porous networks.?**! Thanks to their impressive porosity metrics (i.e. large surface area, a
big pore volume/window...), and their versatility to be encoded with specific functionalities, the
MOFs have been successfully applied to capture or separate metal ions from different aqueous
media (i.e. polluted freshwater, seawater or acid leachates).*> > Solvent assisted ligand exchange
(SALE) or postsynthetic exchange (PSE) functionalization of zirconium MOFs is one of the most
facile and versatile experimental protocols to anchor metal-chelating motifs into the defective
positions of these materials.*®*° For example, the chemical versatility of the zirconium trimesate
(MOF-808), together with its mesoporous structure, has opened the perspective to an easy
installation of small to bulky functionalities, while preserving long range order of the backbone
structure. Just as a relevant example, Y. Peng et al.'* have successfully installed the well-known
ethylenediaminetetraacetic acid (EDTA) chelator into the MOF-808 structure endowing the
material of impressive adsorption capacity towards a broad scope of metal-ions with varied
acidities. Even though MOF-808@EDTA lacks strong selectivity over the capture of a specific
ion, the adsorption experiments performed in a continuous flow with a multielement solution

pointed that the breakthrough volume of the MOF-808@EDTA column was dependent on the



metal acidity, suggesting that alternative encodings of the pore space of the MOF-808 may lead to

a stronger column breakthrough dispersion of the metal-ions.
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Figure 1. (a) Illustration of hard, borderline and soft metal-chelator like traps within the MOF-808
scaffold. (b) Illustration of the a tentative placement of the mercaptosuccinic molecules into the
MOF-808 pore space and their coordination to Hg(Il). (c) Coordination modes of

dimercaptosuccinic acid (DMSA) chelators over Hg(Il) ions.

As a general rule, the density and the hard/soft nature of the metal binding functions encoded in
the MOFs’ pores, determine their metal ion adsorption capacity and affinity.”*'*** Thus, in this
work we have explored the pore space functionalization of MOF-808 scaffold with amino acids
(i.e. histidine, cysteine and asparagine) and natural acids (i.e. malic acid, mercaptosuccinic acid,
succinic acid, fumaric acid and citric acid) having residual groups of different natures in order to
fine-tune the metal-ion adsorption specificity of the parent MOF-808 material.*!*> The chemical
structure and the molecular size of the amino acids and natural acids functions have been selected

in order to engineer a MOF-808 pore space able to act as a multidentate chelator for metal ions.



The chemical stability of the functionalities installed by solvent assisted ligand exchange has been
assessed simulating the acidity and anion strength conditions that could be found in natural waters
(i.e. arsenic polluted water of the north of Chile),*® acid waters (i.e. waste water coming from
mining or industrial activities),*’ and water media with high anionic strengths (i.e. acid-waters
from phosphor-gypsum deposits)*. Finally, the specificity of adsorption has been tested in batch
and continuous flow conditions in single and multielement solutions. The metal-binding modes of
the most promising MOF-808@cysteine variant have been identified by a combination of electron

paramagnetic resonance and inelastic neutron spectroscopies.

MATERIALS AND METHODS

Synthesis and post-synthetic functionalization of MOF-808

H3;BTC (2.1 g, 10 mmol) and ZrOCl>-8H,O (9.7 g, 30 mmol) were dissolved in two
dimethylformamide (DMF)/formic acid solutions (225 mL/225 mL each) and mixed in a 1-L
screw-capped glass jar. Afterwards, the reaction was performed at 130 °C for 48 h in an isothermal
oven.*® The white precipitate was collected by centrifugation and washed 4 times with DMF (100
mL x2) and MeOH (100 mL x2) over a period of 24 h. The sample was then activated at 80 °C for

24 h and stored at room conditions into a sealed vial.

Solvent assisted formate anion exchange (SALE)*>! was performed with water solutions of eight
natural acids and amino acids: a) L-asparagine (Asp), b) L-histidine, (His) ¢) mercaptosuccinic
acid (Msc), d) L-cysteine (Cys), e) succinic acid (Suc), f) fumaric acid (Fum), g) L-malic acid

(Mal), and h) citric acid (Cit). Starting with L-cysteine, we screened the concentration of the



SALE solution (0.15, 0.10 and 0.05 M) at a temperature of 60 °C monitoring the crystallinity of
the XRD patterns and the trimesic acid (BTC) - cysteine molar ratio in the compounds by
'"H-NMR after the functionalization. We selected the following optimized conditions to achieve
the higher functionalization degree as possible while maintaining the crystallinity of the MOF-808
after the SALE. A more detailed information about the post-synthetic functionalization protocol is

described in the main results and discussion section.

Optimized conditions for (amino)acid functionalization of MOF-808: 300 mL of 0.05 M water
solutions of the amino(acids) were prepared in a 500 mL autoclave at 60 °C. MOF-808 (600 mg)
was dispersed under continuous stirring during lh in the (amino)acid solution and heated at 60 °C
for 24 h in an isothermal oven. MOF-808(@(amino)acid was recovered by centrifugation (x6500
rpm), washed 3 times with 100 mL water (24 h each) and then with 100 mL methanol other 3 times

(24 h each). Finally, the samples were dried at 80 °C overnight (12 h) and stored in a desiccator.

MOF-808 general characterization protocols

MOF-808@(amino)acids were characterized by X-ray diffraction, infrared spectroscopy,
thermogravimetry and N> sorption at 77 K. A detailed description of the sample preparation, data
curation and analysis can be found in the supplementary material (section 1 in the SI). The presence
and quantification of the (amino)acid functionalities was performed by "H-NMR spectroscopy. To
this end, 20 mg of the samples were digested in 0.7 mL of NaOH deuterated solution (1 M)
overnight. The mixture was centrifugated at 7000 rpm. The solution was recovered carefully with
a syringe, preventing the uptake of powdered material settled at the bottom of the centrifuge tube.
The experiments were performed on a Bruker AV500 equipped with a BBI probe and Z-axis
gradients, operating at a frequency of 500 MHz for proton and 125.77 MHz for carbon. Data

acquisition and processing was carried out with TOPSPIN 2.1 software (Bruker). The pulse



sequences used were the Bruker standard. Once the H!-NMR spectra were acquired, the
(amino)acid content per formula unit was calculated by integrating the signals associated to the
(amino)acids, and fingerprint peak (8.26 ppm) associated to the trimesic acid molecules. The MOF
functionalization and the posterior 'TH-NMR quantification of the trimesic:(amino)acid molar ratio
has been done by triplicate in order to evaluate the accuracy that can be achieved by replicating
the experimental protocol. Chemical formulas for each MOF-808(@(amino)acid sample have been
summarized in the Table 1. As described in detail in the results and discussion section, 0.08 linker
defects per formula unit have been calculated for the parent MOF-808 material by the analysis of
the last weight loss of the TGA curve. The strong overlapping of the thermal release of the
(amino)acid functions and the trimesic acid calcination observed in the TGA measurements of
MOF-808@(amino)acid samples, hinders elucidating if additional trimesic linker defects have
been generated during the (amino)acids incorporation to the porous framework of MOF-808. We
have assumed that the trimesate defects in MOF-808(@(amino)acid samples is close to the one
calculates for the parent MOF-808 material, although some degree of linker displacement by
(amino)acid molecules could occur during SALE. The charge neutrality of the chemical formulas
was achieved by balancing the (amino)acid and formate content on the basis of the data obtained
from 'H-NMR, and balancing the additional positive unbalanced charges arising from linker
defective sites in the clusters, with one hydroxyl and one water molecule per position. For di-topic
or tri-topic carboxylates as fumaric, succinic, malic, mercaptosuccinic and citric acids we have

assumed that the carboxyl groups not coordinated to the clusters are protonated.



Table 1.- Chemical formula for MOF-808(@(amino)acid samples.

Formula Cluster:AA*
MOF-808 Z1604(OH)s.58(H20)2.58(CoO6H3)1.92(HCOO)3 5 -
Asp Z1r604(0OH)7.19(H20)2.19(CoO6H3)1.92(HCOO)1.25(CaH7N203)3 40 1:3.4(4)
His Z1604(OH)4.44(H20)0.44(CoO6H3)1.92( HCOO)0.8(CsHsN302)s5.00 1:5.0(3)
Msc Z1604.0(OH)s5.94(H20)1.94(CoO6H3)1.92(CaH504S )4.30 1:4.3(4)
Cys Zrs O4.0(OH)s.89(H20)1.89(C9O6H3)1.92(HCOO)0.7(C3HsNO2S)3.65 1:3.7(2)
Suc Z16 O4.0(OH)6.79(H20)2.79(CoO6H3)1.92(C4O4H4)3 45 1:3.5(3)
Fum Zrs O4.0(OH)6.74(H20)2.74(CoO6H3)1.92(C404H2)3 36 1:3.4(2)
Mal Z16 O4.0(OH)s.64(H20)1.64(CoO6H3)1.92(HCOO)0.25(CaHs505)4.60 1:4.6(4)
Cit Z16 O4.0(0OH)7.06(H20)3.06(CoO06H3)1.92(HCOO)0 4(CcH707)2.78 1:2.8(4)

* AA= (amino)acid

MOF-808@(amino)acid chemical stability

The chemical stability of (amino)acid functionalities incorporated to the MOF-808 was assessed
by immersing 100 mg MOF-808@(amino)acid in 100 mL water solutions with pH values of 4, 3
and 2. Afterwards, the samples were characterized by powder X-ray diffraction and 'H-NMR
spectroscopy in order to i) inspect if the long-range order of the crystal structure is maintained or
altered in some degree, and i7) to quantify if the BTC : amino acid molar ratio varies in comparison

to the one of the initial MOF-808(@(amino)acid.

Metal-adsorption screening

The adsorption affinity of the MOF-808@(amino)acid frameworks over metal ions with varied
acidities (i.e. Z*/r?) was determined performing adsorption tests in single metal aqueous solutions

with a concentration of 100 ppm. MOF-808(@(amino)acids (10 mg) were dispersed in 5 mL - 100
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ppm water solutions of Hg(II), Pb(II), Cd(II), Cu(Il), Ni(II), Eu(III), Y(III), La(IIl), Cr(III), and
Cr(VI). Eu(IlI), Y (I1T), La(IIT), Pb(II) and Cd(II) solutions were prepared with nitrate salts; Hg(II),
Ni(IT) and Cr(III) solutions were prepared with chloride salts, and Cr(VI) solution was obtained
from potassium dichromate salt. The dispersion was stirred overnight (12 h) under isothermal (21
°C) and dark conditions. After adsorption equilibrium was reached, the dispersion was centrifuged
and filtered with a nylon syringe filter (Branchia, pore: 0.22 um, diameter: 25 mm). Finally, 3 mL
aliquots were taken, acidified with 100 pL of HNO3 and measured after dilution to the proper
metal concentration range with an ICP-AES Horiba Yobin Yvon Activa.****%* Adsorption

capacity of MOF-808(@(amino)acid samples was determined on the basis of Equation 1:

Qe = (M]i = [M])-V)/m Eq. 1.

where [M]i and [M]rare the metal initial and final concentrations (mg/L), V is the volume of the

solution (L) and m is the mass of adsorbent.

Competitive adsorption experiments

Competitive adsorption experiments were performed in a multielement solution of soft (Hg(II);
Pb(Il)), intermediate (Cd(II), Cu(Il), Ni(Il)) and hard metal ions (Eu(III), La(III), Y (III), Cr(III)),
each of them in a concentration close to 10 ppms. Although the concentration of the metals in the
multielement solutions applied in competitive adsorption experiments are usually tailored to the
ones observed in the final scenarios of application (i.e. recovery of REE from acid polluted waters,
capture of Pd-ions from radioactive wastewater...), we decided to use the same concentration for

all the metals in order to confirm if the adsorption affinity observed in the metal adsorption
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screening experiments is maintained in a complex mixtures containing multiple ions. The metal-
ion adsorption selectivity was evaluated determining the distribution coefficient K4 for each metal,

as described in the equation 2:

K, = Lt Eq. 2

m Ce

where, V is the volume of the solution in mL, m is the mass of the adsorbent in grams and Co and
C. are the concentration of the metals in the solution at the initial and equilibrium points of the
adsorption. The separation factor (SF) was calculated as described by the equation 3 to identify
the MOF-808@)(amino)acid sorbents that could be applied to separate ions from the multielement
solutions with factors of at least above three between two different ions.

A
_ kg
=B

Kg

SF Eq.3

where KZ' and KZ are the distribution factors for the metals A and B calculated for the same

adsorbent material.

Continuous flow metal-ions separation with MOF-808@(amino)acid columns.

When designing continuous flux adsorption experiment, it is necessary to integrate the MOF in a
highly permeable chromatographic column that at the same time maximizes the contact between
the aqueous solution and the active MOF sorbent. First, the protocol described by Rapti et al.>*
was followed to assemble a MOF-808(@(aminoacid)/sand (15% w/w : 150 mg of MOF dispersed
in 1500 mg of sand) based chromatographic column. The mixture was homogenized and packed
in a glass column of 0.25 cm inner diameter, and approximately 1.5 cm height. A peristaltic pump

was used to control the flux of the multi-metal solution through the column at 0.5 mL per minute.

12



The multielement solution was prepared as described in the previous section. Aliquots from the
output-solution where taken approximately each 60 min of the experiment, until the complete
breakthrough of the column was achieved by most of the metals of the multielement solutions. The
concentration of the metal in the input and output solutions were monitored by ICP-MS. Variance

of the concentration of the metals was normalized taking into account their initial concentration.

The final data was fitted to the Thomas model described in the equation 4. The mathematical
models such Thomas are used to describe a dynamic behavior of the pollutants capture in a fixed-

bed column assuming negligible external and internal diffusion limitations.

C 1
Co 1+exp[%(qom—cot)]

Eq. 4

where kr is the Thomas rate constant (L-mg™'-min™), Cy is the initial metal concentration (mg-L
1, Ct is the equilibrium concentration at a given t (min), qo is the maximum column adsorption
capacity (mg-g™!), Q is the volumetric flow rate (L-min™') and m is the mass of the adsorbent in the
column (g). From the fitting of the experimental data with the Thomas equation, the overall
adsorption of the column and the Thomas constant (kr) are usually obtained, as summarized in the

Table S5.

Adsorption isotherms and Kkinetics: Adsorption isotherms were obtained for Pb(II), Cd(Il) and
Hg(II) using MOF-808@Cys and MOF-808@His samples. The experiments were conducted with
10 mg MOF-808@amino acid dispersed in 5 mL of metal solutions with different concentrations
from 1 to 2000 ppm. The solutions were put under magnetic stirring overnight (12 h) until
adsorption equilibrium was reached. After that, the suspension was removed with a hydrophilic

0.22 um filter, it was acidified for its stabilization, and finally it was analyzed by means of ICP-
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AES. Adsorption capacity for each point of the isotherm curve was determined on the basis of
Equation 1. Adsorption isotherms were fitted to Langmuir and Freundlich models (section S3.1).55
57 Adsorption kinetics curves were obtained as well for Pb(Il) and Hg(II). To this end, 10 mg of
MOF-808@amino acid was dispersed in a 5 mL — 100 ppm water solution of the metal ion and
further stirred under isothermal and dark conditions. The adsorption process was stopped at
different time intervals (5 — 1400 min) by removing the MOF sorbent through centrifugation (6500
rpm, 3 min). The solution was further filtrated with a hydrophilic 0.20 um filter, acidified with 100

puL 0.1 M HNOs, and analyzed by ICP-AES after its dilution (if necessary). Bangham model was

applied to fit the experimental data (section S3.2).%8

The metal adsorption efficiencies of MOF-808@(amino)acid samples for Hg(II), Pb(Il), and
Cd(II) were evaluated in metal concentrations ranges close to these ones found in polluted water
sources (1 ppm). In this experiment, the initial and final metal concentrations of the heavy metals

were determined with an ICP-MS Agilent 7700 spectrometer.

Inelastic Neutron Scattering and Electron paramagnetic resonance spectroscopic for the

characterization of the adsorption sites

The Inelastic Neutron Scattering (INS) spectra were measured at 10 K in the range of energy
transfers from 160 to 2000 cm™ (that corresponds to 20-250 meV) with an energy resolution of A
E/ AE ~ 2 % using the IN1-Lagrange neutron spectrometer installed at the hot source of the high-
flux reactor at the Institut Laue-Langevin in Grenoble.!?. The energy transfer was calculated by
subtracting 4.5 meV, the constant final energy of the PG analyzers, from the energy of the

incoming neutrons selected with a focusing Cu(220) single crystal. The background spectrum from
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the cryostat and an empty sample holder was measured separately and then subtracted from the
raw INS spectrum of the sample. In the extent that k¢ is much smaller than k; (and therefore high
Q), the observed intensity is directly proportional to the generalized density of states (GDOS), that
is the hydrogen partial density of states in the case of hydrogenated materials. Data sets were then
normalized for monitor counts and corrected for empty cells. The calculated relative intensity of
the th mode determined at a momentum transfer Q and at an energy transfer, S, of an INS band is

given by *

S(Q, n @v) ~ ((Q *wy*")/n! exp[-(Qura))’Jo Eg. 5

where v is the n mode at frequency ® n=1 for a fundamental, 2 for a first overtone or binary
combination, 3 for a second overtone or ternary combination, etc., Q is the momentum transfer,
"y 1s the atomic displacement of the atom / in the mode, urot 1s the root-mean-square displacement
of all atoms in all the modes and o) | is the scattering cross section of the atom /. The exponential
term in Eq. 3 is the Debye-Waller factor and its magnitude is in part determined by the thermal
motion of the molecule. The intensities of the features in a neutron spectrum then depend on the
amplitude of the vibrations of each atom involved in a particular mode weighted by their scattering

power si.

EPR spectra were recorded at room temperature using a Bruker ELEXSY'S 500 spectrometer (X
band). The spectrometer was equipped with a superhigh-Q resonator ER-4123-SHQ and the
samples were placed in quartz tubes. In order to stablish a qualitative comparison of the samples

was use approximately the same amount of sample and packing degree within the quartz tubes for

15



all the samples. The magnetic field was calibrated by an NMR probe and the frequency inside the
cavity (~9.395 GHz) was determined with an integrated MW-frequency.IR spectra were recorded
on a Fourier-transform infrared spectroscopy (FTIR) spectra measurements were carried out using
a Jasco FT/IR-6100 spectrometer in Attenuated Total Reflectance mode (FTIR-ATR). Each
spectrum was recorded from 400 to 4000 cm™ wavelengths with a 1 cm™ resolution. 64 scans were

measured and averaged to obtain the final spectra.

RESULTS AND DISSCUSION

MOF-808 functionalization: Typically, microcrystalline MOF-808 was synthesized as reported
in previous works,*® and the formate ligands exchange performed directly with an aqueous solution
of the (amino)acid molecule at a moderate temperature and concentration of the SALE solution
(60 °C, 0.05 M). L-cysteine was selected as a model amino acid to establish the SALE conditions
due to its high solubility in water. The volume of the amino-acid aqueous solution and the
concentration of the MOF-808 dispersion into the SALE media were fixed to the values reported
in the experimental section. In parallel, the concentration of the amino acid solution (i.e. 0.05, 0.10
and 0.15 M) was varied to identify the best SALE conditions in terms of the number of cysteine
molecules installed per formula unit and the crystallinity of the MOF-808(@Cys. To this end, the
materials after each SALE cycle were characterized by X-ray diffraction and H'-NMR. First, we
noticed a concentration and temperature dependence for the SALE in MOF-808 up to a maximum
of four cysteine molecules incorporated per formula unit. When the cysteine-SALE protocol (80
°C and 0.15 M cysteine solution) was applied for citric acid, it induced a structural collapse of the

MOF-808 framework (Figure S10). Therefore, gentler SALE conditions (60 °C and 0.5 M citric

16



acid solution) are necessary to establish a common protocol for all the amino acid functionalities

selected to perform this study.

This finding suggests that above a certain temperature and concentration of the (amino)acid
solution the citric acid molecules are able to displace the trimesate pillars of the structure, leading
to its collapse. As revealed recently by W. Zhang and co-workers,>® the MOF-808 SALE
functionalization is a pKa-directed process, where acid groups with pK, lower than the pK., of the
carboxyl groups of trimesic acid, induce the collapse of the framework. Nevertheless, other factors
apart from the pK,, such as the number of acid groups in the molecules incorporated to the
framework, may play as well an important role during its collapse, as is the case of citric acid
protocol studied in this work. Although the acidity of the carboxyl groups of citric acid (pKa1 =
3.13, pKa2 = 4.76, pKaz = 6.39, 6.40) are lower than this of the cysteine (pK.= 1.91), the same
SALE conditions induce significant degradation of MOF-808 by citric acid functionalities, while
not by the cysteine. We found a similar conclusion when more acidic sulfonic or phosphonic acids
were used to encode the MOF-808 at 60 °C. If the temperature of the SALE conditions is softened
to 21 °C, it was possible to anchor to the MOF-808 very acidic nitrilotris(methylene)tryphosphonic
acid (pKa = 1.09) molecules, with a pK, value of the phosphonic groups much lower than the

threshold marked by the pK, of the trimesate linkers> (Figures S11, S12 and S22).

Taking all these considerations into account, the SALE conditions for the pre-selected (amino)acid
functionalizations of MOF-808 were set to: 100 mg MOF per 50 mL water solutionwith an
(amino)acid solution concentration: 0.05 M at 60 °C for 24 h. Afterwards, the successful formate
substitution was confirmed by 'H nuclear magnetic resonance (‘H-NMR) of the digested samples
(Figure 2c¢ and Figures S13-21). The samples were characterized as well by means of X-ray

diffraction, IR-spectroscopy, N> adsorption isotherms at 77 K and thermogravimetric

17



measurements. The final formula for MOF-808(@(amino)acids were obtained taking into account
the BTC:(amino)acid molar ratio obtained by H'-NMR, and the trimesic linker defect of the parent
MOF-808 determined from the weight loss processes observed in the TGA measurements, as

detailed in the following.

X-ray diffraction data confirmed the chemical stability of the framework after its (amino)acid
decoration (Figure 2b and Figures S1-9). Meaningful displacement of intensity variations of the
diffraction maxima have not been observed. These lack of disturbance of the X-ray diffraction
signal evidences that the crystal structure of MOF-808 remains mostly unaltered after SALE, and
hence, that the (amino)acid molecules exhibit a large degree of disorder within the mesopores.
These experimental results are in line with the single crystal X-ray diffraction study performed by
Baek et. al.'® for the histidine modified homologue compound; where a highly dispersed electron
density map could be attributed to the amino acid molecules at the pore space of the highly

symmetric zirconium trimesate framework.
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Figure 2. (a) IR spectra, (b) XRD patterns, and (c) 'H-NMR spectra of the digested MOF-808
samples with L-asparagine, L-histidine, mercaptosuccinic acid, L-cysteine, succinic acid, fumaric

acid, malic acid and citric acid functionalities.

The IR spectra of the samples (Figure 2a and Figures S33-48) show the additional bands associated

to the vibrational modes of the (amino)acid functionalities (i.e. -SH, NH2, -COOH). Particularly
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noteworthy is the absence of the ves(C=0) vibrational mode (~1700 cm™) for mono-carboxylate
amino acids (i.e. His, Asp and Cys). The deprotonation of the carboxyl groups during SALE
indicate that this bridging group links the amino acids to the zirconium oxo-clusters of the MOF-
808 framework, as corroborated in previous studies by single crystal X-ray diffraction.** In
contrast, di-carboxylate (i.e. Suc, Fum, Mal and Msc) and tri-carboxylate (i.e. Cit) acids are
predicted to bind to the zirconium clusters only via one of their carboxylate groups, while non-
connected carboxyl residues will remain protonated, as confirmed by the IR absorption band
associated to the vesi(C=0) vibrational mode (Figure 2a and section S1.4).%*2 Thermogravimetric
curve for MOF-808 (Figures S24-32) shows three weight loss stages associated to: (7) the water
release (30 — 100 °C), (#i) the loss of formate groups and dehydration and dihydroxylation of the
zirconium clusters, (125 — 300 °C) and (iii) the calcination of the trimesate bridges (425 — 550 °C).
As reported by Shearer et al.,®® the zirconium hexanuclear clusters of the UiO-66 structure are
completely dehydrated and dehydroxylated at 400 °C. Thus, the linker deficiency of this zirconium
MOF can be calculated by considering the chemical equation of the aerobic decomposition of the
dehydroxylated UiO-66 (i.e. ZrsOs(BDC)s). A similar approach can be applied to estimate the
linker defects in MOF-808 if we assume that the zirconium clusters of the materials are fully
dehydrated and dehydroxylated at 400 °C (Figure S24).54% To this end, the theoretical weight loss

associated to the linker calcination can be calculated taking into account the following reaction:
Z1609+1.5x(BTC)2x = ZrsO12 + (CO2)18-2x + (H20)6.3x;

where x is the linker defects of the MOF-808 framework; and compared to the experimental ones
obtained from the thermogravimetric analysis (Figure S24). By following this approach, 0.08(5)
defects per formula unit has been determined. For MOF-808(amino)acid samples, the degree of

overlapping between the thermal release of (amino)acid molecules and the trimesic acid
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calcination is too high to clearly stablish the temperature where the dehydroxylated
Z1609+1.5x(BTC)2x 1s formed (Figure S25-S32), and hence, to accurately calculate if the trimesate

linker deficiency is enhanced as a consequence of the SALE process.

The composition of the amino acid-loaded MOFs was determined through liquid-state 'H-NMR
of the MOFs hydrolyzed via a deuterated NaOH solution. To determine the loading of amino acids,
the integrations of amino acid signals were compared to the signals of the BTC linker. As the
trimesate linker defectiveness in the MOF-808(amino)acids samples could not be accurately
determined, we assumed the same linker defects per formula unit after SALE. As concluded by
the '"H-NMR analysis, 3 to 5 of the six available sites per cluster where replaced by (amino)acid
functionalities (Table 1). As revealed by N> adsorption isotherms at 77 K, the porosity was
preserved after SALE. A reduction of the BET surface area and pore diameter is associated as a
consequence of the MOF chemical encoding (Figures 2 and section S1.5 in the SI), but mesopore

space is still highly available after the amino acid decoration of the framework.

The MOF-808@amino-acid system has been explored and expanded very recently by J. Baek et
al. ' and H. Lyu et al.®’. The first authors studied the decoration of the MOF-808 pore space with
histidine functions, metallating the system to engineer a pseudo-enzymatic like copper oxidase.
The authors were able to incorporate three histidine molecules per cluster via an organic solvent
SALE protocol. H Lyu et al. have extended very recently the MOF-808@amino acid system to
glycine, sarcosine, l-alanine, dl-alanine, (R)-3-aminobutanoic acid, (RS)-3-aminobutanoic acid, 1-
isoleucine, I-serine, l-histidine, I-threonine and dl-lysine by applying a water SALE protocol with
optimized temperature and concentration conditions to achieve the higher degree of
functionalization of MOF-808 as possible. H. Lyu et al. installed from 2 to 4 amino acid molecules

per cluster (except for MOF-808(@glycine materials) by modulation the concentration of the amino
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acid and the temperature of the media during the SALE. These NMR data is very similar to the
one obtained in our work, but still different when comparing the four histidine molecules per
cluster of this investigation with the 5 molecules per cluster incorporated in our study. These
differences tell us how sensitivity could be the SALE functionalization to experimental conditions

as the reactor volume or the concentration of the MOF dispersion into the SALE media.

MOF-808@(amino)acid structure: MOF-808 is built from cuboctahedron ZrsO4(OH)4(—COO)12
clusters connected to six homologue inorganic units through benzenetricarboxylate (BTC) linkers
(Figure 3a-b).%® The spatial arrangement of the inorganic and organic building blocks into the
MOF-808 structure generates a three-dimensional framework with adamantane shaped pores of
a 18 A diameter.'* The zirconium clusters are located at the vertices of the hexagonal shaped gates
that give access to the inner space of the adamantane pores. The six equatorial plane positions of
the clusters are coordinated by six formate groups that point to the center of the pore window. The
metrics of the MOF-808 pore entrance are ideal to replace by SALE the formate anions and install
small to medium size-molecules, as illustrated in the Figure 3¢.!**%% This is the case of the eight
natural acids (i.e. succinic (Suc), fumaric (Fum), citric (Cit), L-malic (Mal) and mercaptosuccinic
(Msc) acids), and amino acids (L-asparagine (Asp), L- histidine (His) and L-cysteine (Cys)) that

we have selected to decorate the pore space of the MOF-808 in this research (Figure 3c¢).

Taking into account the bridging modes observed for carboxylate and amino acid molecules
installed into the MOF-808 structure in previous works,'* we have constructed tentative structural
models for MOF-808(amino)acid variants assuming that 7) the most acid carboxyl group of the
(amino)acid is the one that binds the zirconium oxo-clusters, i7) the (amino)acid coordinated the
zirconium clusters via its carboxyl group, and ii7) the (amino)acids are spatially arranged (i.e. bond

distances, angles and torsion angles) to prevent unreasonable contacts between them within the
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pore space.!” Even though the models lack the backup of single crystal X-ray diffraction
experimental data, they aid to visualize and analyse the possible disposition of the (amino)acids
within the pore space after the SALE, and the possible distances between the functional groups of

adjacent molecules that could bind the same metal-ion during adsorption.

NH, NH,

As
(a) o R= amino-acid = _ P
R like residues in (c) {
o proteins. '

Figure 3. (a) Simplified structure of amino-acid like residues. (b) Installation of amino acid
functionalities by solvent assisted exchange into MOF-808 scaffold. (c) Illustration of the pore
environment of MOF-808 after its decoration with L-asparagine (Asp), L-histidine (His),
mercaptosuccinic acid (Msc), L-cysteine (Cys), succinic acid (Suc), fumaric acid (Fum), L-malic
acid (Mal), and citric acid (Cit). Atom labelling scheme of the MOF structure: C, grey; O, red, Zr,
blue; N pink; S yellow. H atoms are omitted for clarity. Amino acid functionality has been drawn

with different colors to highlight their possible spatial disposition within the MOF-808 scaffold.
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It is important to point that, at a first sight, the chemical and conformational flexibility of succinic,
fumaric, malic, and mercaptosuccinic molecules may lead to the impression that they could act as
bidentate linkers connecting two of the open sites of the same Zre clusters. Nevertheless, the
geometric disposition and the distance between the uncoordinated positions at the zirconium
clusters makes that even in a highly distorted configuration, these C4 acids are far to bind the two
adjacent linker-defective positions of the same zirconium cluster (Figure S77). Even in the case of
a highly distorted Cs molecule as citric acid, the free carboxyl molecules are far to bind two
adjacent positions of the same cluster (Figure S78). It is important to note as well, that the same
SALE process could induce to some extent the displacement of some of the trimesate linkers by

amino acids or C4 and Cs acids used in this study without destabilizing the framework.

At a first sight, the metal capture within the (amino)acid decorated pore space of MOF-808 could
occur via (i) a single molecule — metal coordination, or (i) cooperatively, when two or more
(amino)acid molecules binds the same metal ion. Single (amino)acids can coordinate metals in
monodentate -p; or bidentate -p» fashions (Figure S79-80). Instead, a cooperative metal-adsorption
will depend on the chemical conformation and disposetion of the amino acids within the MOF-
808. For example, for C; and C4-molecules anchored to opposite clusters within the framework,
even if they acquire a trans conformation, distance between the pedant groups pointing to the pores
would range from 7 to 9 A approximately. This distance is too long to generate (amino)acid-metal-
(amino)acid bridges during adsorption. Contrary, the distance of the binding groups pointing to
the pore space of the MOF-808 in C; and Cs-molecules anchored to adjacent clusters could be
short enough (3-5 A) to trap metals in a bidentate fashion (Figure S81). Contrary, the imidazole
groups of histidine molecules installed in opposite positions within MOF-808 pore window

exhibits an imidazole — imidazole distances (i.e. 4.5 — 5.5 A) in the range of many metal-imidazole
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compounds found in the Cambridge Structural Database. A similar scenario is found for MOF-
808@Cit compound, where the distance and conformational flexibility of citrate anions open the
perspective to found carboxyl-carboxyl distances within the ranges of the ones found in

monomeric, dimeric or trimeric metal-carboxylates.

Chemical stability: The assessment of the chemical stability of MOF-808(@(amino)acids is key
establishing their window of applicability for water remediation and metal-separation purposes in
different scenarios. The chemical stability of the MOF-808@(amino)acids was studied by
immersing the samples in water solution with different acidities (pH =4, 3 and 2) during 24 h. The
crystallinity and functionalization degree of the samples before and after their immersion in acidic
aqueous media were studied by means of means of XRD and 'H-NMR (Figure 3 and section S2.2).
The same experimental procedure has been applied to the MOF-808 for sake of comparison
(Figure S58). From the structural stability point of view, all the materials, including the parent
MOF-808, are robust enough to keep their diffraction signature after immersing them in acid
conditions. The exception to this experimental evidence are MOF-808@His and MOF-808@Asp,
which diffraction patterns show a significant broadening of the diffraction maxima. In parallel, the
chemical stability of the molecules installed by SALE in the MOF-808 depends on the (amino)acid
nature itself. Except MOF-808@His and MOF-808@Msc compounds, the MOF-
808@(amino)acids show good chemical stabilities, with minor release of the (amino)acid
functionalities (Figure 4 and Figure S59-66). In addition, MOF-808@His is more sensitive to
acidic media, showing an appreciable broadening of the X-ray diffraction maxima and nearly
complete loss of the (amino)acid molecules when exposed to highly acidic media (pH = 3 and 2)

(Figure 4 and Figure S59). In contrast, even if MOF-808@Msc shows an appreciable loss of the
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Msc molecules at acidic media, the XRD pattern maintain the crystallinity (Figure 4 and Figure

S65).

6 T T T T T T T

B pH7

MW pH2
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0 4
Asp His Msc Cys Suc Fum Mal Cit

Figure 4. Variation of (amino)acid functionalities per formula unit after immersing MOF-

Number AA per cluster

808@Cys, MOF-808@His and MOF-808@Cit in water acidic solutions during 24 h.

It 1s still unclear why the chemical stability of (amino)acid functions varies if similar anchoring
mechanisms of the (amino)acids to the MOF structure are expected. At a first sight, the stability
of the MOF-(amino)acid bridges may be defined by the pKa of the carboxyl groups of the
(amino)acid molecules. Nevertheless, no rationale can be found considering only this parameter,
since pKa values for carboxyl groups of His, Cys or Asp are quite similar, and their chemical
stabilities when installed in the MOF-808 frameworks differs significantly. A possible explanation
for MOF-808@His compound could be a charge-balance related destabilization triggered by a
protonation of amine groups (pKa. = 6) when the pH is below 6. Still this cannot explain the
chemical instability of Msc functions.

The stability over the presence of highly coordinating sulphate anions was as well tested for MOF-

808@Cit compound, since this variant is the one exhibiting the lower loss of crystallinity and
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citrate release in acidic media. MOF-808@Cit was immersed in 1 M Na>SOs solution (96 ppms of
sulphate concentration) of pH = 3 during 24 h. As concluded from the XRD data, the compound
is partially transformed to another phase during the process (Figure S67). Nevertheless, the
trimesic to citric acid molar ratio obtained by 'H-NMR after the transformation is very similar to
the citrate molecules per zirconium cluster observed for the parent compound. So, the presence of
an elevated concentrations of highly coordinating anionic species as sulphate induces the
degradation of a significant weight fraction of the MOF-808@Cit framework, but the citrate
groups in the MOF-808@C:it that is still crystalline after the process are stable enough to remain

anchored to the framework.

The chemical stability of MOF-808(amino)acid materials allows advancing the horizon of
applicability of these materials for the recovery of metals from aqueous environments. First, the
robustness of the SALE encoding opens the perspective to the application of MOF-
808(amino)acids for surface water decontamination purposes, but not for the recovery of metals
from seawater (e.g. uranium adsorption), or from acid-waters derived from phospho-gypsum
deposits, since the sulphate content in this media is above the stability threshold of our system.
Second, the acid-stability of MOF-808(@(amino)acids may enable the recovery of metals from
acid leachates derived from metal-recycling or mining activities, but not if the anionic strength of
highly coordinating oxyanions (e.g. sulphate, phosphate, chloride...) in the solutions is above the

chemical stability limit of the MOF-808(amino)acids.

Metal adsorption affinity: Single-ion adsorption tests were performed with MOF-
808@(amino)acids in acidic solutions (pH = 4) of 100 ppm metal concentration. To this end, 100

mg of MOF-808(@(amino)acid was immersed in 50 mL of Hg(II), Pb(Il), Cd(II), Cu(Il), Ni(Il),
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Eu(III), Cr(Ill), and Cr(VI) 100 ppm solutions while monitoring the metal concentration before
and after the sorption equilibrium. Metal ions were selected on the basis of their acidity (Z/r>- Soft-
Intermediate and Hard), coordination environment, and charge. Adsorption capacity was
calculated as mmol of metal adsorbed per mol of sorbent (Figure 5). Except Cr(VI), all the metal
ions are found in their cationic forms in water solutions. In the specific case of Cr(VI), it is

stabilized as (Cr207)*" and (HCrO4)™ anions at the acidic conditions studied in this work.

Unmodified MOF-808 welcomes Cr(VI) adsorption since its chromate anionic form is able to
displace formate anions to bind the zirconium hexa-nuclear clusters (Figure 5a).”” The mechanism
of MOF-808 capture of Cu(II) and Cr(III) intermediate and hard ions is still unclear. Nevertheless,
previous researches have installed copper and chromium oxo-aqueous species covalently bonded

to the zirconium clusters through solvent vapor deposition.”!

Once the (amino)acid functionalities are installed within the MOF-808 framework, its ability to
capture metal ions changes drastically (Figure 5b-1). As a general rule, the adsorption affinity of
the MOF-808@(amino)acid samples over cations can be explained by Pearson acid-base theory,”
that is, soft acidic metal ions tend to interact with soft basic functional groups, and vice versa.
However, this is not the unique parameter governing the adsorbing affinity of MOF-
808@(amino)acid system, as the number of amino acid residues and their spatial disposition shape
as well the affinity of the system to trap metal ions far from the general trends described by the

Pearson Rule.

When histidine is installed at the MOF-808 framework, amino and imidazole functionalities
decorate its inner pore structure enabling the capture of soft intermediate metal ions as Hg(Il),

Pb(II) and Cd(IT) (Figure 5c).
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Similarly, the combination of thiol-amine, and, thiol-carboxyl residues in MOF-808@Cys and
MOF-808@Msc give rise to the concurrent adsorption of weak (Hg(II), Cd(Il) and Pb(Il)) and
intermediate (Cu(II), Ni(II)) metal ions (Figure 5d-e). In comparison to His and Asp based MOF-
808, Cys and Msc homologues capture Ni(II) ions too, which is an ion slightly more acidic than
Cu(Il). The installation of carboxyl and hydroxyl residues within the MOF-808 through its
functionalization with succinic, fumaric, malic and citric acids give access to trap intermediate to
hard metal ions, as Cu(Il), Ni(Il) and Eu(Ill) (Figure 5f-1). Indeed, complex functionalities
combining several carboxyl and hydroxyl groups (i.e. malic and citric acid) work more efficiently
than functionalities based on single carboxyl residues (Figure 5h-i). On the top of that, it is
important to mention that it is still a room of improvement to enhance the adsorption capacities
towards these hard ions by including sulphonyl or phosphonate groups within the framework, as

reported in previous works.

The capture of Cr(VI) and Cr(III) by MOF-808@(amino)acids seems to be governed by factors
beyond the general hard-soft acid-base rule. As previously mentioned, Cr(VI) is a chromate
anionic form in solution, so anion exchange by formate anions is predicted to be the preferred
adsorption mechanism in non-functionalized MOF-808 (Figure 5a). For instance, carboxylate type
functionalizations (i.e. Suc, Fum, Mal, and Cit) significantly reduce the adsorption capacity of
MOF-808 to capture Cr(VI) since chromate is not able to displace them and access the preferred
chemisorption positions at the zirconium clusters (Figure 5f-1). This is especially notorious in
MOF-808@Cit, as electrostatic repulsions and stearic impediments can further impede Cr(VI)
uptake. Counterintuitively, amino acid decorated MOF-808 materials exhibit similar adsorption
capacities over Cr(VI) than parent MOF-808. Chromate uptake by these functional groups can be

explained on the basis of two different mechanisms, (i) the electrostatic adsorption by -NH3"
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protonated groups in His, Cys and Asp functionalities,>* and (ii) the chemical reduction of Cr(VI)

to Cr(Ill) by the electron donation of thiol and amine groups.”® This dual adsorption/chemical

reduction mechanism over chromate anions has proven to be highly effective for amino and

hydroxyl UiO-66 variants.

The adsorption affinity of MOF-808@His and MOF-808@Asp over Cr(Ill) is counterintuitive,

since highly acidic ions (such as trivalent chromium) prefer to coordinate carboxyl hard

functionalities (i.e. MOF-808@Cit and MOF-808@Mal). However, MOF-808@His and MOF-

808@Asp exceeds by much the capacity to capture Cr(IIl) (1600 mmol/mol and 500 mmol/mol)

in comparison to the MOF-808 counterparts functionalized with carboxyl acid residues.
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Figure 5. Adsorption capacity (mmol-mol ™) of the different MOF-808@)(amino)acid samples over
Hg(II), Pb(II), Cd(II), Cu(Il), Ni(Il), Eu(IIl), Cr(IIl), and Cr(VI). Experiments were performed

with an initial metal ion concentration of 100 ppm, using 2 mg MOF/mL.

The capacity to adsorb the same metal-ions from a multielement solution was determined for all
the studied materials. The results have been plotted in terms of distribution coefficient factors (Kgs)
(calculated as detailed in the experimental section). Kq values of each adsorbent for each metal
allows easily visualizing the efficiency of the sorbent to extract the metal from the solution. In
addition, the separation factor of a sorbent can be obtained by calculating the ratio of the Kgs values
for different metals (see experimental section for more information). The linear plot of the Kq
values shown in the Figure 6a clearly reveals the more affine sorbent — metal pairs (i.e. MOF-
808@Cys-Hg, MOF-808@Cys-Cu, MOF-808@His-Cr and MOF-808@Cys-Hg), all of them with
Ka values above 10°. If the data is plotted in a logarithmic scale (Figure 6b), these sorbent-metal
pairs with Kq4 values below 10 are revealed. Although less efficient than the sorbent-metal pairs
identified in the Figure 6a, Kq values from 107 to 107 are still interesting, especially for the later
computing of separation factors. Following the same tendency than for single-element adsorption
tests, two families of MOF-808(amino)acid materials can be distinguished, the Msc, Cys, His and
Asp variants able to capture soft to intermediate metal ions, and the Cit and Mal functionalized
compounds, which metal-affinity is shifted towards hard metals as the trivalent REE. Therefore,
taking into account the Kg values, the first group of MOF-808@(amino)acid materials are
appealing from water remediation of the three of the heavy metals (Pb(II), Cd(II), Hg(II)) included
in the big-four defined by the World Health Organization. Giving the differences in the K4 values

for soft and hard metal ions, the separation of heavy metals Msc, Cys, His and Asp MOF-808
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variants. Last but not least, although the K4 values of MOF-808@Cit or MOF-808@Mal for REE
are low, some of the calculated separation factors between Eu(III), Y(III) and La(III) start to be
interesting for individual REE separation. Nevertheless, further development of the MOF-808 pore

chemistry is needed to improve them.

Breakthrough experiments: Breakthrough experiments with the multielement solution flowing
over a sand-packed bed of MOF-808@(amino)acid were performed with a flow rate of 0.5
mL-min’!. As expected, the metal-affinity of each MOF-808(@(amino)acid alters the breakthrough
volume of each metal in the column (Figure 6d-1). The experimental data have been fitted to the
Thomas model, and the adsorption capacity and the Thomas constant values for each Sorbent-

Metal pair summarized in the Table S5.

Continuous flux adsorption experiments show that the parent MOF-808, Suc and Fum variants
show negligible retentions times for soft to hard metal-ions, so all the studied elements cross the
column without a delay time. For Cys, His, Msc and Asp materials, the breakthrough time of the
soft and intermediate metals in the output of the column is delayed significantly in comparison to
hard ions. Within the intermediate and soft ions studied, the order and the volume of the column
rupture for each metal varies significantly depending on the MOF-808 functionalization. For
example, MOF-808@Msc and Cys columns are able to detoxify from 300 to 500 mL of a 10 ppm
Hg(II) solution lowering the mercury concentration below the legal limits stablished by WHO, but
the breakthrough volumes for Cd(II) or Pb(II) are lower than the ones of Hg(II). Event though, the
terminal concentrations of Cd(II) and Pb(Il) before the rupture of the column are lower as well

than the legal threshold defined by WHO as well.”*
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Figure 6. (a-b) Metal distribution coefficients for MOF-808(amino)acid samples obtained from
the adsorption experiments in a multielement solution of Cr(IIl), Y(III), La(III), Eu(II), Ni(II),

Cu(Il), Cd(II), Pb(II), and Hg(II) ions. The data have been plotted in (a) linear and (b) logarithmic
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scale basis. Experiments were performed with an initial metal ion concentration of 10 ppm, using
2 mg MOF/mL. (c¢) Correlation between the Kd values and the volumes at C/Cy in breakthrough
experiments. (d-1) Breakthrough curves of of the different MOF-808(@(amino)acid samples over
a multielement mixture. Experiments were performed with an initial metal ion concentration of 10
ppm, using a packed bed column of 100 mg of MOF in 1.5 g of sand, and with a flux of 0.5

mL-min’!.

In parallel, the incorporation of carboxyl and hydroxyl groups in MOF-808@Mal and MOF-
808@Cit variants have an opposite effect of the breakthrough experiments. In these cases, the
times of column ruptures for acidic metal ions are increased, whilst the soft metal-ions pass the
column without delay time. For instance, a quite interesting separation capacity for different rare
earth elements is starting to be observed for MOF-808@Cit variant. It is important to note the
uncommon behavior of Cr(III) on the static adsorption and breakthrough experiments in
multielement solutions that may be related to its precipitation due to its long-term stability in
solution. Interestingly, the value of the volume at C/Co= 0.5 for each metal has been related with
the K4 value of each MOF-808(@(amino)acid — metal pair (As shown in the Figure 6c). The
logarithmic tendency suggests that a slight increase in the K4 value for a given metal led to an

exponential delay of its breakthrough time in the column.

The feasibility of MOF-808(@(amino)acids as water remediation technology against heavy metals
pollution (i.e. Cd(II), Hg(Il) and Pb(Il)) was evaluated as well through kinetics and isotherm
adsorption experiments for MOF-808@Cys and MOF-808@His. Adsorption kinetics studies

reveal extremely fast capture with equilibrium times below 2 min (Figure S68). Adsorption
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isotherms indicate a maximum adsorption capacities up to of 40 mg/g for Cd(II) (MOF-808@Cys),
175 mg/g for Pb(Il) (MOF-808@His) and over 350 mg/g for Hg(I) (MOF-808@Cys and MOF-
808@His) (Figure 7a-f). That is, at its maximum loading capacities, the MOF-808@Cys variant

is able to host 1.35 Pb(II), 1.9 Hg(II) and 0.55 Cd(II) ions per formula unit.

Langmuir and Freundlich models were applied to fit the experimental data (Section S3.1) and in
order to better quantify the adsorption capacity and affinity of His and Cys modified MOF-808
over Cd(IT), Hg(I) and Pb(Il). The slightly better fitting of the experimental curves to the
Freundlich model suggest a homogeneous binding of the metal ions to the MOF-
808@(amino)acids functionalities. Nevertheless, Pb(II) and Cd(II) capture can be related to their
coordination by imidazole and amino functionalities, as it can be observed in many Pb(Il) and
Cd(II) amino acid metal complexes. In comparison, given the tendency of Hg(II) to form Hg(II)-
S bonds, their coordination to thiol and imidazole residues of Cys and His is the most plausible

mechanisms for the capture of soft ions.

The performance of MOF-808@aminoacid, both in terms of adsorption kinetics and capacity, is
close to the best values reported for MOFs materials so far (Figure 7g), and rivals the values
reported for sorbents as functionalized-carbon, polymers or zeolites.’®”> MOF-808@Cys was also
tested under static adsorption conditions to capture Hg(II), Cd(II) and Pb(II) from solutions with
concentrations (i.e. 1 ppm) closer to those usually observed in polluted water sources (Figure S69).
An adsorption efficiency above 99.99 % was obtained for Hg (II), reducing its concentration from
1 ppm to 0.002 ppm, a value bellow the legal limit (0.01 ppm) established by the World Health
Organization (WHO).”* The performance of MOF-808@Cys to capture Pb(II) and Cd(II) ions is
also outstanding, with uptakes above 98% of the initial metal ions content, reaching concentrations

close to 0.1 ppm after adsorption. Adsorption conditions can be easily improved by increasing the
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MOF loading (current = 2 mg MOF/mL) to achieve the concentration thresholds stablished by

WHO for Pb(II) (0.001 ppm) and Cd(II) (0.003 ppm).
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Figure 7. Adsorption isotherms for MOF-808@Cys and MOF-808@His over (a-b) Cd(Il), (c-d)

Pd(Il), and (e-f) Hg(Il). Dashed lines, blue- Langmuir fitting, green - Freundlich fitting. (g)
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Comparison of the MOF-808@His and MOF-808@Cis maximum adsorption capacities over

Hg(II), Cd(I1), and Pb(IT) with previously studied MOFs.

Metal speciation - the case study of MOF-808@Cys and MOF-808@His

Copper was selected as ion-probe to monitor its color and the electron paramagnetic spectroscopy
fingerprints once immobilized by MOF-808@(amino)acids. Copper compounds exhibit
characteristic colors that are easily linked to its coordination environment and oxidation state. First,
during adsorption, the color of the MOF-808@His and MOF-808@Cys dispersions, once
immersed in the CuClz (100 ppm) solution, were monitored. A fast and drastic color change from
green pale (CuCl) to pale blue and pale-brown was noted in MOF-808@His and MOF-808@Cys
dispersions respectively, and 3 hours after the adsorption, MOF-808@His-Cu acquired a more
intense blue color (Figure S70-71). The blue color of MOF-808@His-Cu is in good agreement
with copper histidine coordination compounds.’®’” Contrary, the pale brown suspension obtained
after the addition of MOF-808@Cys suggests that the copper coordination via thiol groups is
coupled to its partial reduction. For sake of comparison, similar experiments were conducted with
Cr(III), and Cr(VI) metal ions with Cys functionalized materials. This time, the color of the MOF-
808@Cys-Cr(VI) sample in agreement with the yellow color of the potassium dichromate solution.
However, the system evolved after some minutes to the characteristic pale-green color of Cr(III),
which led us to think that Cr(VI)=> Cr(Ill) reduction happened concurrently with the Cr(VI)
adsorption (Figure S72).2 Just from the visual inspection of the color evolution, and considered the
characteristic UV-Vis adsorption fingerprints of the studied metals (i.e. coordination

environments, oxidation...), it can be concluded that metal immobilization in MOF-
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808@(amino)acid system does not only involve amino acid — metal coordination chemistry, but

electron transfers processes able to reduce and oxidize the immobilized metal ions.

EPR spectroscopy help us to gain further insights about the metal coordination on MOF-
808@aminoacid system. MOF-808@Cys-Cu and MOF-808@His-Cu exhibit the characteristic
EPR fingerprint of magnetically isolated Cu(Il) complexes with a tetragonal ligand field
environments (Figure 8a-b and figure S73).”® A second signal associated to Cu(Il) clustered ions
is also observed jointly with the one of isolates species. The fitting of EPR spectra points to gL
values of 2.274/2.259 2.063/2.062 (His/Cys) and gy values of 2.274/2.259 (His/Cys). The four-
line hyperfine structure allows estimating the Ay = 175-10%/183-10* cm™ (His/Cys) and A.l=
10-10%/15-10"* cm™! values too. The obtained g and A values are in good agreement with a highly
symmetric equatorial square planar coordination geometry formed by two oxygen and two
nitrogen atoms. While this conclusion is highly robust for the MOF-808@His-Cu sample, it is
surprising when cysteine residues are considered as the chelating molecules of the copper ions in
the MOF-808@Cys system. The Cu(Il) ions coordination by the thiol groups may involve its
partial reduction to Cu(l), making Cu-S based metal centers in MOF-808@Cys silent to be
detected by EPR.” Therefore, Cu(Il) is likely to be coordinated by amine functions. Considering
the fact that cysteine amino acid only possesses one amine-group per molecule, the coordination
environment suggested by the EPR data points towards the immobilization of the copper ions via
at least two different amino acid molecules. In addition, it is important to notice that both MOF-
808@Cys-Cu and His-Cu systems exhibit clustered copper ions with g values (i.e. 2.10 (His), 2.12
(Cys)) that are close to the average of gL and gi observed for the isolated species, so when
clustered, the coordination environment of the square planar Cu(Il) individual ions is still

maintained in the system.%°
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and Cys —Cr(III). Inelastic scattering spectra of (¢) MOF-808, L-Cysteine and MOF-808@Cys and

(f) MOF-808@Clys after Pb(II) and Cu(II) adsorption.

A similar strategy was applied to study the metal speciation of Cr(VI) and Cr(III) ions in MOF-
808@aminoacid system by means of EPR. In order to prove the reduction capacity of MOF-
808@Cys, Cr(VI) adsorption experiments were conducted. Cr(VI) is silent by EPR, but if it is
reduced to its trivalent state, it becomes active. For instance, the presence of the characteristic EPR
fingerprint of isolated Cr(IIl) in MOF-808@Cys sample after the adsorption of Cr (VI) confirms
that reduction process is coupled to the metal ion capture (Figure 8¢c).” In fact, the Cr(IIl) EPR
signal is more intense in MOF-808@Clys after adsorbing/reducing Cr(VI) in comparison to the
one after the direct Cr(III) adsorption. This is in agreement with the MOF-808@Cys adsorption
capacities for Cr(III) and Cr(VI) species shown in the Figure Se. This trend is further accentuated
for the MOF-808@His. The broad and high intense adsorption band for Cr(III) in MOF-808@His
(g=1.99) (Figure 8d) is indicative of the clustered Cr(Ill) ions, which seems logic due to the

enormous adsorption capacity that MOF-808@His shows for Cr(III) (1600 mmol/mol - Figure 5c).

Although EPR is highlight sensitive to metal coordination variation, it does not give any direct
experimental evidence of the functional groups that are participating in the metal ion capture. As
a first attempt, infrared and Raman spectroscopy were used to observe the variations induced by
the cysteine functionalization, and the posterior metal adsorption. Nevertheless, the signals
associated to the amino acid molecules where highly weak, and no significant changes were
observed after the metal immobilization. Inelastic neutron scattering (INS) data was a must to

reveal the spectroscopic signals associated to the hydrogen atoms of amino acid molecules

40



installed into the MOF-808. At a first step, the vibrational bands of the INS data of MOF-808,
cysteine and MOF-808@cys samples were identified on the basis of the bibliographic data (Figure

8e).8!

Among the differences observed between the free Cys and MOF-808@Cys spectra (Figure 8 e),
the disappearance of the INS bands associated to the COOH vibrations (CO2 rock at ~500 cm™) is
in good agreement with the anchoring of the Cys molecules to the zirconium clusters of the
framework via the carboxyl groups. In addition, both the disappearance of the NH3 torsion
vibration (~300 cm™), together with the displacement to lower energies of the other bands
associated to the Cys molecule, clearly indicate that once immobilized, the interactions of the Cys
with the framework and the adjacent Cys molecules, are altering the vibrational modes of the

molecule, blocking even some of the intramolecular vibrations of the molecule.

In order to further validate this interpretation we performed Density Functional Theory (DFT)
calculations of the isolated molecules: free cysteine (Figure S83, and a model of two cysteine
molecules coordinating a Pb(II) ion in a bidentate fashion(Figure S83, and then the calculated INS
spectra were obtained. Although the intensity of the INS signal for these simplified models is not
representative of the one that would be obtained in an ordered crystal environment, the energy
values associated to the vibrations are accurate enough to stablish qualitative comparisons. Two
are the main spectral variations observed when the cysteine is anchored to the MOF: (i) the
vibrational modes of COOH and NH3 disappear, and (ii) the bands associated to the CH, CH», and
the bending and rocking modes of SH and NH3 groups, respectively, gain intensity in comparison
to the ones of the free cysteine. It is important to note that the signals associated to the bending
and rocking modes of SH (~ 975 cm™) and NH; (~ 990 cm ™) groups in free cysteine molecules

seem to be shifted to the same position in the MOF-808@Cys compound (~ 975 cm™).
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Among the INS bands affected by the metal adsorption (Figure 8f), the intensity of the signal
located at 950 cm™! energy is slightly reduced in comparison to the initial MOF-808@Cys. The
band was initially assigned to the combination of the bending vibration of SH and the rocking
vibration of NH3 groups. This band assignment was done taking into account the work performed
by Stewart F. Parker et al.,?!., as well as the INS spectra calculated from the vibrational modes of
free Cys molecules. In addition to the subtle intensity loss, Pb(II) and Cu(II) adsorption induces a
slight displacement of the signal to higher energy values. The metal coordination by sulfide groups
by Cu(Il) or Pb(Il) ions would induce a deprotonation to S™ anions, and thus, to a reduction of the
INS signals associated to the SH vibrational modes (~950 cm™). In contrast, as revealed by many
metal-coordination complexes found in the CSD database, the coordination of NH3 groups to
Cu(Il) or Pb(II) usually induces a deprotonation of the ammonium to amine, so the vibrational
modes associated to NH> functions are still active after the metal complexation, although maybe
displaced to a slightly different energy values. Thus, revisiting our first assignment of the band
located at 950 cm™, it seems that the SH’s vibrational modes contribution is not so relevant as the
one of NH3 rocking vibrational mode to this signal of the INS spectra. This conclusion is based on
an active participation of the -SH groups to the metal-chelation of both Pb(II) and Cu(II) ions, that
finally would lead to a significant reduction of the intensity of the signal. For instance, the INS
spectral simulation performed for a dual bidentate coordination of a Pb(Il) ions by two cysteine
molecules, as proposed by F. Jalilehvand et al,”, corroborates our hypothesis. In this case, the
bands at 913 cm™ and 960 cm™ are related with vibrational modes of the NH, and CH, groups,
while the initial band of free cysteine at 928 cm™ was associated to a combination of the NH> and

SH vibrational modes (Figure S83).
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In parallel, the suppression or the variation of the -CH» rocking vibrational mode after Pb(II) and
Cu(II) adsorption, as well as the appearance of two new INS signals (1150 and 1325 cm™"), marked
with asterisks in the Figure 8, within energy region of CH bend, CH, Twist, CH rock and CH>
wagg vibrational modes for Cu(Il) loaded MOF-808@Cys variant, offer the keys to further
understand the Pb(II) and Cu(Il) uptake mechanisms. Considering the possible Pb(Il)-cysteine

I.,”° a bidentate coordination of the SH

complexations in solution proposed by F. Jalilehvand et a
and NH3 groups to the Pb(II) (Figure 8e) could give rise to the complete blocking of the CH»
rocking mode, since its vibrational freedom would be severely restricted if the metal ion is linked
to both SH and NHj3 terminal groups of the cysteine molecules. This binding mode, where SH
groups are involved, explain the slight reduction the INS band at 950 cm™!. It is important to note
that even if the PbCys, complex is the most stable form of Pb(Il) stabilization in solution, as
revealed in many coordination compounds found in the Cambridge Structural Database Pb(II) ions
prefer the coordination via amine in comparison to thiol groups. In contracts, copper complexation
by cysteine seems to be governed by its preferential binding to the thiol groups. A Cu-S-Cysteine
monodentate binding mode (Figure S79), or even a dual coordination of the copper ions by two
adjacent cysteine molecules via S-Cu-S bridges (Figure S82), would suppress the CH> rocking
vibrational mode, but also give rise to the modification of the CH bend, CH> Twist, CH rock and
CH> wag vibrational modes in comparison to MOF-808@Cys-Pb(Il) compound, as observed in
the experimental INS spectra. For instance, in addition to the main population of copper ions
stabilized as Cu(Il) and Cu(I) within the MOF-808@Cys via cysteine groups, it is important to

take into account that there is a population of copper ions that are coordinated as well via amine

groups, as revealed by EPR spectroscopy.®* This dual stabilization mode of copper could explain
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the complexity of the INS region CH bend, CH, Twist, CH rock and CH, wag vibrational modes

in comparison to the initial MOF-808@Cys and MOF-808@Cys-Pb(II) compounds.

In general terms, copper immobilization by MOF-808@aminoacid goes further than a simple
metal coordination process found in metal-chelator systems, since it involves electron transfer and
metal redox mechanisms. This point was further confirmed by voltamperometric measurements of
MOF-808@His, Cys and multivariate MOF-808@His-Cys samples after the immobilization of
copper ions (Figure S89-S91). The electrochemical measurements show a characteristic anodic
peak of the Cu(0) to Cu(Il) oxidation with potentials of E¢=-97 mV, E¢=-57 mV and Eq=+22 mV
for the His, Cys and His/Cys frameworks. On the basis of Eo values for the copper oxidation, it
can be concluded that the redox characteristics of the metal cores within the MOF-
808@(amino)acid frameworks can be partially tuned. For instance, the His and Cys multivariate
MOF-808 copper oxidation potential is far to be the average of the values found in Cys and His
compounds; which suggest that both amino acids are involved in the coordination of the metal ion
within the MOF structure. Further research is needed to fully understand the electrochemistry of
MOF-metal chelator systems, but these initial findings point out to the versatility and complexity
of MOF-amino acid materials to immobilize metal ions exhibiting exotic optic, electronic and

redox properties.

CONCLUSIONS

We have demonstrated that the installation of natural and amino acids within a MOF can alter
significantly the adsorption capacity and affinity towards metal ions with varied characteristics. In

addition, MOF-808(@(amino)acids show fast kinetics, and outstanding capacity to capture heavy
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metals even in continuous flow conditions. For instance, the adsorption capacities obtained for
MOF-808(amino)acids rival the figures of the best MOFs reported up to date for Hg(II), Cd(II)
and Pb(II) adsorption. The immobilization of amino acid functions into the pore space of MOF-
808 endow the material of metal-complexing mechanisms where single or cooperative metal-
binding modes give rise to the stabilization of isolated, clustered, and even, partially reduced
species for some specific metals as copper. We anticipate that amino acid encoding, and especially
multivariate decoration of MOFs with multiple amino acid residues, will become an important tool
in engineering artificial metal-chelator functions with improved selectivity to trap metal ions from

complex mixture.

SUPPORTING INFORMATION

The following files are available free of charge.

Detailed description of the samples’ characterization techniques and protocols Powder X-ray
diffraction (Pag. S3), IH-NMR (Pag. S9), Thermogravimetric analysis (Pag. S14), IR spectra (Pag.
S20), N> Adsorption isotherms and BET calculation (Pag. S28), pKa values of the (amino)acids
(Pag. S32). Samples stability assessment by X-ray diffraction patterns of the samples after their
soaking into water solutions of different pHs (Pag. S32). Specific protocols and characterization
techniques for the development of metal adsorption tests and the post-operation characterization

of the materials (Pag. S38).
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SYNOPSIS

/— Hard lons

Metal-Chelator like coordination

Hg(ll) coordination
by DMSA chelator
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(b) (c)

We have installed amino acid-type functionalities within porous space of MOF-808 tuning its
adsorption capacity to capture metal ions of different acidities. Once the (amino)acids are installed
in the framework, they resemble the multidentate metal coordination functions shown by organic

chelator molecules.
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