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Two on the main factors that control the activity and selectivity of the metal sites within metalloenzymes

are: (i) their coordination environments, and the (ii) number and connectivity of the metal ions in the

active site (i.e. nuclearity). This is the archetypal example of copper metalloproteins, as specifically of

laccases and copper oxidases. Here we show that metal–organic frameworks can be used to install

amino acid-copper sites with a partial control over their coordination environment and nuclearity of the

final site. The activity of our bioinspired MOF-808@(amino)acid-copper catalysts have been assessed

over the wet oxidation of phenolic pollutants. Our results demonstrate a clear modulation of the

catalytic efficiency and selectivity of the copper-sites controlled by the coordination-sphere and their

clustering degree. We anticipate that the approach presented in this work can be the starting point for

more sophisticated reconstruction of enzyme active sites with regioselective activities.
1. Introduction

Nature, through millions of years of evolution, has found
sophisticated ways to coordinate metal ions in precise and
unconventional ways in order to reach outstandingly effective
and selective biocatalysts.1–3 Through the sequential assembly
of simple repetitive units, biology has built up complex three-
dimensional scaffolds of metalloproteins, which deposit func-
tional amino acid residues able to coordinate the metal-site in
specic spatial congurations.4 The chemical arrangement of
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the amino acid residues that conforms the rst and second
coordination environment of the metal-sites plays a key role in
dening the activity and selectivity of metalloenzymes.5,6 Thus,
a mutation or alteration of any of the amino acid residues that
coordinate the metal placed into the heart of the metal-
loenzyme, affects drastically their efficiency, selectivity and
function. In fact, metalloenzymes are articially modied by
surgically altering the amino acid sequence that controls metal
coordination environment.7,8

In this respect, an important example is the copper metal-
loenzymes, where the coordination of copper ions is usually
completed by histidine, cysteine and carboxyl residues, or
a combination of these.9–12 Depending on the copper-
biocatalyst, CuII/I ions are stabilized as isolated and/or clus-
tered sites able to carry out oxidative catalytic reactions based
on the activation of oxygen (e.g. laccases13–15) or hydrogen
peroxide (e.g. peroxidase) molecules.16,17 The overall selectivity
and oxidoreductive efficiency of copper-enzymes over a specic
substrate is partially dened by the coordination modes of the
copper ions.18–23 Furthermore, the oxidative capacity of copper
bio-catalysts has important technological implications in water
remediation, since it can be adapted to degrade highly con-
cerning and persistent phenolic compounds via Catalytic Wet
Peroxide Oxidation (CWPO).24–26 CWPO is a Fenton process able
to drive the degradation of phenolic compounds via the acti-
vation of hydrogen peroxide to hydroxyl radicals27 with the
participation of a catalyst.24,28,29
J. Mater. Chem. A, 2024, 12, 4555–4571 | 4555
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Scheme 1 (a) Chromogenic reaction for phenols oxidations with 4-
aminoantipyrine. (b) Chemical structure of the phenolic substrates
employed in this work.
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Extensive research is being carried out to replicate and
expand the metalloenzymes' pockets and catalytic activity to
robust porous materials.30–32 In this regard, the chemical
encoding of a particular class of porous orderedmaterials called
Metal–Organic Frameworks (MOFs) holds an enormous
promise.32–39 MOFs are crystalline solids built from metal ions
or clusters that are connected by organic linkers to form
extended, ordered, and highly porous networks.40–43 Thanks to
their (i) impressive and ordered porosity metrics (i.e. record
surface area, tuneable pore volume/window.), and (ii) their
versatility to be encoded with functionalities placed surgically at
specic positions of their frameworks,44–50 MOFs have been
successfully employed as matrixes to install amino acids51–53

and peptides.54–57 Once the pore space has been decorated with
specic amino acid moieties, metal-sites can be easily installed
by adsorbing them from aqueous or non-aqueous solutions.58–61

The functionality of these copper sites have been proved for
varied reactions,62 as the low temperature methane to methanol
oxidation,62,63 or the peroxidase oxidative degradation of
phenols by copper doped UiO-67-Bpy.64,65 In addition, MOFs
directly assembled with copper ions, as copper-trimesate66 or
copper-benzene dicarboxylate,67 also exhibit outstanding
oxidative functions to degrade phenols, but their hydrolytic
instability may prevent their application in water remediation
processes.

In this work, we have decorated the mesopore space of the
MOF-808 with amino acid and carboxylic acid molecules, to
later, stabilize coppers ions with varied clustering degrees and
coordination modes in order to unravel the impact of the metal-
sites characteristics on the catalytic wet oxidation (CWPO) of
phenolic compounds. The features of the copper-sites installed
within the framework have been unravelled by a combination of
infrared (IR), Raman, X-ray photoelectron (XPS), electron para-
magnetic (EPR) and inelastic neutron scattering (INS) spec-
troscopies. Local structural models for the copper sites have
been proposed aer an crystallochemical analysis of the copper
coordination modes with (amino)acid molecules found in the
Cambridge Structural Database68 The efficiency and selectivity
of our system to oxidize phenolic pollutants (i.e. phenol, 2,4-
dichlorophenol, catechol, hydroquinone or dopamine) through
CWPO have been duly assessed, conrming that both the
coordination modes and the clustering degree of the copper
sites modulate its efficiency and selectivity to oxidize phenols
through the hydrogen peroxide activation. The results pre-
sented in this work represent a milestone for the installation
and articial evolution of metal-amino catalytic sites into the
robust architectural backbone of MOFs, which successfully
mimic those oxidative functions of macromolecules such as
metalloenzymes.

2. Experimental
2.1 Assembly of MOF-808 based bioinspired catalysts

2.1.1 MOF-808 synthesis. H3BTC (2.1 g, 10 mmol) and
ZrOCl2$8H2O (9.7 g, 30 mmol) were dissolved each in DMF/
formic acid (1 : 1 to 225 mL) solutions, and mixed in a 1 L
screw-capped glass jar. Aerwards, the reaction was performed
4556 | J. Mater. Chem. A, 2024, 12, 4555–4571
at 130 °C for 24 h. The white precipitate was collected by
centrifugation and washed two times with water (12 h each) and
two times with MeOH (12 h each) over a period of 24 h. The
sample was then activated at 80 °C for 24 h.

2.1.2 MOF-808 functionalization. The post synthetic
incorporation of amino acids, and di- and tri-carboxylic acid
molecules (here and aer denoted as (amino) acids) was per-
formed via solvent assisted ligand incorporation (SALI), as re-
ported previously by Valverde et al.51 SALI was carried out with
water 0.05 M solutions of cysteine (Cys), histidine (His), malic
acid (Mal), citric acid (Cit) andmercaptosuccinic acid (Msc). For
multivariate encodings, a solution with a 0.025 M concentration
of Cys and His was employed. For all the reactions, 600 mg of
MOF-808 were immersed in 300 mL of the acids solution and
heated at 60 °C for 24 h in an isothermal oven. The MOF-
808@(amino) acid was recovered by centrifugation (6500 rpm
for 30 min), washed 3 times with 100 mL water (12 h each) and
then with 100 mL methanol 3 other times (12 h each). Finally,
the samples were dried at 80 °C overnight (12 h) and stored in
a desiccator.

2.1.3 MOF-808@(amino) acid copper metalation. 100 mg
of MOF-808@(amino) acid were immersed in 50 mL CuIICl2
solutions of 10, 50, 100 and 1000 ppm concentrations during
15 min. Aer that, the samples were recovered by centrifuga-
tion, washed with water and MeOH, and dried at RT in
a desiccator for 24 h.
2.2 Catalytic wet peroxide oxidation of phenolic compounds

The catalytic activity of MOF-808@His doped with a copper
solution of 100 ppm (MOF-808@His-Cu100) was measured via
a chromogenic reaction of phenol, 2,4-dichlorophenol, cate-
chol, hydroquinone and dopamine phenolic compounds with 4-
aminoantypirine (4-AP) (Scheme 1).
This journal is © The Royal Society of Chemistry 2024
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In brief, for laccase like activity, 100 mL of an aqueous solu-
tion of the phenolic pollutant (1 mgmL−1), 400 mL of 4-AP (1 mg
mL−1), 100 mL of the bioinspired catalyst (1 mg mL−1) were
added. To test the CWPO activity, 20 mL of H2O2 were added as
well. The volume of the reaction was completed with distilled
water until a total of 1 mL. The reactor was shaken during
specic periods of time, centrifuged at 10 000 rpm during 1 min
and the absorbance of the supernatant was measured by UV-Vis
at 510 nm. Each of the reactions were tted to a rst order
kinetic model to obtain the k-rate of the substrate oxidation.

For the study of the inuence of the pollutant concentration,
100 mL of an aqueous solution of the phenolic pollutant of 0.1 to
2 mg mL−1 were used. The quantities of the rest of the
materials/reagents were maintained the same. For these reac-
tions, the KM and Vmax kinetic parameters were obtained with
the Michaelis–Menten tting described by the eqn (1):

V0 ¼ Vmax

½S�
KM þ ½S� (1)

where V0 is the apparent initial catalytic rate, KM is the apparent
Michaelis–Menten constant, Vmax is the maximum apparent
initial reaction rate and [S] is the substrate concentration. In
addition, we employed the methods reported by J. Wang et al.82

The crystallographic density of MOF-808@His-Cu100 was taken
as the nanozyme density to calculate the mass of a single
nanozyme particle, as well as the nanozyme concentration
[E] (mM).

The stability of the MOF-808@His-Cu100 catalysts was
studied by screening the (a) ionic strength of the media, (b) the
reaction temperature from 30 to 120 °C, and (c) the pH of the
media between 1 and 11. In addition, the reusability aer
washing it with distilled water, or aer exposing the catalyst to
70 and 90 °C in water were studied as well.

Once the CWPO activity for MOF-808@His-Cu100 was
studied, the impact of (i) the copper loading within the same
host porous matrix and (ii) the coordination environment of the
copper ions on the catalytic activity for the oxidation of hydro-
quinone and 2,4-DCP was studied. To this end, MOF-808@His
with different CuII loadings and MOF-808 functionalized with
various (amino) acids were used as catalysts. The following
reaction conditions were employed to compare the oxidation
reactions starting from batch solutions/dispersions of 1 mg
mL−1 concentration of the different MOF-808(amino) acid-Cu
catalysts. Hydroquinone: 100 mL of catalyst, 200 mL of hydro-
quinone and 400 mL of 4-AP solutions, 20 mL of H2O2 and 280 mL
of H2O. 2,4-DCP: 100 mL of catalyst, 300 mL of 2,4-DCP and 400
mL of 4-AP solutions, 20 mL of H2O2 and 180 mL of H2O. The
aliquots taken from the reactions at 0, 5, 10, 15, 30, 45, 60, 90
and 120 min were treated as above described for the previous
reactions.

It is important to note that measuring the UV-Vis abs. at
510 nm arising from the complex formed between the oxida-
tion product of the substrates and the 4-AP does not enable
quantifying the reaction product. The molar extinction coef-
cient of the complexes may be different depending on the
starting substrate. Thus, a protocol for the semiquantitative
estimation of the product concentration has been developed.
This journal is © The Royal Society of Chemistry 2024
First, we have assumed that a high concentrated (100 mg L−1)
copper chloride solution employed as a homogeneous catalyst
would induce almost all the substrate conversion into the
nal product. Hence, the CWPO was performed increasing
progressively the concentration of the substrates, obtaining
a linear concentration vs. 510 nm-absorbance (Fig. S37a†).
The absorbance values obtained when employing 100 mg
per L copper solution as homogeneous catalyst exceed by far
the ones of MOF-808(amino) acid-Cu system. This nding
points towards a high conversion degree of the substrates
when employing CuCl2-100 ppm homogeneous catalyst.
When tting the data a relatively good correlation is obtained.
Still, signicant background absorbance arising from the
secondary oxidation of 4-aminoantipyrine is obtained in the
calibration curve (Fig. S37b†). That is, the absorbance value at
510 nm obtained for a reaction without substrate but with 4-
AP (i.e. 0.186) is similar to the one read for all the substrates
except phenol. In any case, this background signal can be
slightly enhanced or attenuated when performing the reac-
tion in the presence of the substrates, so we have opted to
overlook it during the calculation of the product concentra-
tion. All in all, the ttings obtained from the Abs. vs. substrate
concentration curves, give semiquantitative estimations of
the conversion, but they are still more accurate than
comparing the performance and selectivity of the catalyst on
the basis of the absorbance values recorded in the UV-Vis
spectra. In addition, the conversion efficiencies and rates of
the different substrates by MOF-808@His-Cu100 aer trans-
lating absorbance values into product concentration are in
line with the expected ones considering their chemical
structure.

In order to follow the by-product generation of the phenol
substrate aer the rst oxidation step, an extra experiment was
performed using liquid chromatography. To this end, the
reaction was scaled up to 20 mL but avoiding the addition of 4-
AP co-reagent. Aliquots were taken and ltered with 0.2 mm
hydrophilic PTFE syringe lter at 0, 15, 30, 60, 90, 120, 180, 240
and 1200 min. The complete mineralization of phenol through
oxidative processes involves an initial step where catechol,
hydroquinone or benzoquinone by-products, whose toxicity
excesses the one of phenol, are formed. At this stage, it is key
that the catalysts further oxidize these by-products until the
rupture of C–C bond in benzoquinones led to the formation of
environmentally friendly carboxylic acids. Further oxidation of
these acids would lead to the complete mineralization of
phenolic compounds.

The formation of the reaction sub products was monitored
by liquid chromatography (HPLC) with an Agilent 1200 chro-
matographer and a ZORBAX SB-C18 (3.0 mm × 150 mm × 3.5
mm) column in reverse phase. Water was employed as the
mobile phase. The measurements were carried out with a 0.4
mL min−1

ux rate, column temperature of 30 °C and 10 mL
injection. A UV-Vis detector at 210 nm was used to monitor the
by-products of the reaction. Calibration curves for phenol,
catechol and hydroquinone molecules were obtained with
solutions of 0, 20, 50, 100, 250 and 500 mg L−1 prepared from
J. Mater. Chem. A, 2024, 12, 4555–4571 | 4557
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a parent solution at a concentration of 1 g L−1. The measure-
ments were done by triplicate for each of the solutions.
3. Results and discussion
3.1 MOF-808@(amino) acid functionalization and
characterization

As described by Furukawa et al.69,70 for the rst time, the crystal
structure of MOF-808 meets the pore-space metrics parameters
to install amino-acid and metal-amino-acid sites aer its post-
synthetic functionalization and metalation.51 Just as a brief
review, the crystal structure of MOF-808 is built up from the
coordination of the archetypal hexanuclear Zr6O4(OH)4(–
COO)6(HCOO)6 clusters.71 Each of these inorganic secondary
building blocks (SBU) has twelve exchangeable coordination
sites, six of them bonded to the trimesate (BTC) organic linkers.
The peripheral sites of the equatorial plane of the clusters are
occupied by easily exchangeable modulator molecules (i.e.
formate). Indeed, in this work we have decorated these posi-
tions with amino acids as histidine (MOF-808@His), cysteine
(MOF-808@Cys), histidine–cysteine (MOF-808@HisCys), mer-
captosuccinic acid (MOF-808@Msc), or natural acids as malic
acid (MOF-808@Mal) or citric acids (MOF-808@Cit) following
the water based solvent assisted installation (SALI) protocol
recently reported by A. Valverde et al.,51 to later, install copper
ions with different coordination environments and clustering
degrees via adsorption from water solutions.

MOF-808@(amino) acid samples aer SALI and before met-
alation were fully characterized by X-ray powder diffraction,
Raman spectroscopy, thermogravimetric analysis and N2

adsorption at 77 K. As concluded from the XRD data, the crys-
tallinity, the position, and the relative intensity of the diffraction
maxima for MOF-808@(amino) acids remain similar to the ones
of the parent material (Fig. 1a). As expected, the disorder of the
installed (amino) acid function slightly modies the main XRD
signature of the compounds. This fact is specially observed in
the intensity ratio between the diffractionmaxima located at low
2q (°) values. We have tried to obtain some information from the
Rietveld renement of the XRD data of the parent and (amino)
acid decorated materials, but the intensity differences are too
Fig. 1 (a) X-ray powder diffraction patterns and (b) N2 adsorption
isotherms (77 K) of parent MOF-808 and MOF-808 (amino) acid
functionalized materials.

4558 | J. Mater. Chem. A, 2024, 12, 4555–4571
small to enable a reasonable structural renement including the
atomic positions coming from theMOF-808 framework, together
with the ones accounting the (amino)acid molecules.

In addition, the degree of hydration of each of the materials
can vary, affecting as well to the XRD-data. For instance, the
XRD patterns simulated from MOF-808 models with C1, C2 and
C3 modulator molecules, or varying the hydration degree of the
material, show that both parameters affect very weakly the
intensity ratio of the low 2q (°) diffraction maxima (Fig. S40†).
All in all, the weak XRD signature arising from the amino acids,
together with their high degree of disorder once installed in the
pore matrix, hinder their location via powder X-ray diffraction
data. Thus, wemove to the spectroscopic characterization of our
system, in order to gain complementary information.

Raman spectroscopy conrms the presence of the charac-
teristic bands for the amino groups for amino-acid molecules.
For di and tricarboxylic functions as Msc and Cit, the Raman
band of non-coordinated carboxyl groups is also observed aer
their installation into the MOF-808 (Fig. S20–S26†). This
evidence points out that in addition from the carboxyl bridging,
there are non-coordinated –COOH groups pointing to the pore
space of the material. Signicant variations in the Raman bands
associated to the parent materials aer its modication are not
observed. A slight reduction of the surface area aer the SALI
was found (Fig. 1b).51 Linker defects on the MOF-808 material
were determined by analysing the weight loss associated to the
trimesate linker (BTC) calcination step in the thermogravi-
metric analysis, as explained in detail in our previous work and
in the ESI le (Fig. S12†). The same protocol could not be
applied to the functionalized samples, due to the high over-
lapping of the weight losses associated to the amino acid/
carboxyl acid functionalities, and trimesate organic molecules
(Fig. S13†). Indeed, the thermal decomposition of MOF-808 is
signicantly affected by the incorporation of the (amino) acid
groups, as detailed in the ESI le (section S1.3†). Although we
do not dismiss that BTC could be partially replaced by the
(amino) acids during SALI, the BTC : (amino) acid molar ratio
for each sample was obtained from the integration of the proton
signatures of BTC and (amino) acid in the 1H-NMR spectra of
the digested samples (section S1.2†). Considering all the above-
explained characterization, the general empirical formula:
[Zr6O4.08(OH)4.08(BTC)1.92((amino) acid)x(OH)6−x(H2O)6−x], can
be proposed for our system; where x is the amino acid mole-
cules installation per zirconium hexanuclear cluster (Table 1).

Starting from the crystal and chemical structures of the
MOF-808 and of the (amino) acid molecules, a qualitative
description of their disposition within the pore space of the
material can be done by building up tentative structural models
where the (amino) acid molecules are coordinated to the
defective positions of the zirconium clusters of MOF-808
(Fig. 2a.1–3). It is well known that the anchoring mechanism
of the (amino) acid molecules to MOF-808 is mainly given
through their coordinative binding to the equatorial plane of
the Zr6O4(OH)4 secondary building units (Fig. 2a.3). Aer SALI,72

the side chains of (amino) acids are foreseen to point towards
the centre of the 12 Å pore-window that give access to the ada-
mantane 18 Å pores of MOF-808. Hence, (amino) acid
This journal is © The Royal Society of Chemistry 2024
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Table 1 Summary of the catalyst composition before and after copper metalation

Before Cu-metalation

Formula Cluster/AAa ratio

MOF-808 Zr6O4(OH)4(C9O6H3)1.9(CH3COO)6.0 —
His Zr6O4(OH)5.6(H2O)5.6(C9O6H3)2(C6H8N3O2)4.4(3) 1 : 4.4(3)
Cys Zr6O4.0(OH)7.2(H2O)3.2(C9O6H3)2(C3H6NO2S)2.8(2) 1 : 2.8(2)
His/Cys Zr6O4(OH)4(C9O6H3)2(C6H8N3O2)2.7(4)(C3H6NO2S)3.3(4) 1 : 2.7(4) to 3.3(4)
Msc Zr6 O4.0(OH)6.1(H2O)2.1(C9O6H3)2(C4H6O4S2)3.9(4) 1 : 3.9(4)
Mal Zr6O4.0(OH)6.0(H2O)2.0(C9O6H3)2(C4H5O5)4.0(4) 1 : 4.0(4)
Cit Zr6O4.0(OH)7.2(H2O)3.2(C9O6H3)2(C6H7O7)2.8(4) 1 : 2.8(4)

Aer copper metalation

[Cu]b (mg L−1) Cu/Zr6 Cu/L Cuc (%)

His-10 10 0.18 0.04 2.02
His-50 50 0.65 0.14 6.86
His-100 100 0.89 0.22 9.16
Cys-100 100 1.18 0.42 11.77
His/Cys-100 100 1.16 0.19 11.65
Msc-100 100 2.38 0.61 21.12
Mal-1000 1000 0.40 0.10 4.36
Cit-1000 1000 0.76 0.13 7.91

a AA= amino acid or carboxyl acidmolecules employed to decorate theMOF-808. b Concentration of the copper ions in the water solution employed
for the MOF metalation. c These data are obtained from the normalization of the sum of weight percentages for Zr and Cu ions to 100% in the FRX
measurements.

Fig. 2 (a.1) Local structure of zirconium hexanuclear clusters in MOF-
808. (a.2) Simplified chemical structure of (amino) acidmolecules. (a.3)
Tentative local structure of zirconium hexanuclear clusters after their
functionalization. Colour code: red – zirconium. Light blue – oxygen.
Grey – carbon. (b.1) Chemical structure and metal coordination
groups of (amino) acid functions installed into MOF-808. (b.2)
Simplification of the pore structure of MOF-808 once functionalized
with (amino) acids.
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functionalized MOF-808 will show a decoration of its pore space
with imidazole, thiol, amine or carboxyl groups, or of their
combination. Our qualitative structural models enable evalu-
ating qualitatively the d1 (5–7 Å) and d2 (7–10 Å) distances
between the metal-coordination groups decorating the pore
This journal is © The Royal Society of Chemistry 2024
space of the MOF-808@(amino) acids (Fig. 2b.1 and b.2).
Although it is a rough estimation that needs further computa-
tional polishing, d2 is within the range of distances found for
the coordination of both a single or dimeric copper units in the
Cambridge Structural Database. In parallel, d1 distances are too
long to involve the coordination of single copper ions.

This general rule is partially broken for His and Cit, since the
d2 can be shortened due to their chemical structure.
3.2 Copper immobilization

The metal immobilization in MOF-808@(amino)acid materials
was carried out by the direct adsorption of copper ions from
aqueous solutions of 10, 50, 100 or 1000 mg L−1 concentration.
Fluorescence X-ray spectroscopy measurements of the solid
samples were employed to estimate the copper loading of our
biomimetic catalysts (Table 1). The concentration of the copper
loading for the other MOF-808@(amino) acid samples was
controlled to get a nal CuII doping similar to the one found for
MOF-808@His-Cu100 (Table 1). Immediately aer the MOF-
808@(amino) acid materials made contact with the copper solu-
tion, it turned an intense light blue to green colour. For instance,
the Mal and Cit variants of MOF-808 exhibit a pale blue-greenish
colour, MOF-8080@His gains an intense dark blue colour, whilst
the Cys and Msc variants exhibit a light to dark brown coloration
that suggests the existence of mixed valence CuI and CuII species
aer metalation. As will be alluded to later, the colour of the
copper coordination complexes is closely related to their elec-
tronic structure, and hence, to their spectroscopic signature.
J. Mater. Chem. A, 2024, 12, 4555–4571 | 4559
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3.3 Combined characterization of the copper catalytic sites

In general terms, the MOF-808@(amino) acid materials are
robust enough to resist the copper metalation (Fig. 3a) except
for His and Mal variants, which doping with 1000 ppm copper
solutions induces a signicant loss of crystallinity of their XRD
patterns (Fig. 3b and S3†). Scanning electron microscopy and
energy-dispersive X-ray spectroscopy were employed as
complementary characterization to assess that the amino acid
functionalization and copper metalation does not induce any
surface effect on the particle size and morphology of parent
MOF-808 material. As expected, the particle size distribution
and the octahedral like morphology of MOF-808 crystals is
maintained during their encoding (Fig. S34†).

The metal complexation within the MOF-808@(amino) acid
pore space induces a signicant tuning on the electronic
structure and spectroscopic properties of the copper sites in
comparison to the hexa-aquo complex found in solution. The
benets of selecting copper as the ion-probe is that its UV-Vis,
EPR and XPS spectroscopic ngerprints are intimately linked
to (i) the groups conforming its coordination sphere, and (ii) the
monomeric or clustered nature of the copper-complexes formed
during its binding to the (amino) acid residues installed into
MOF-808. In addition, there is a vast background on spectros-
copy and magnetism of Cu-complexes that can be employed to
understand such a complex and disordered system of our bio-
inspired materials. In addition, copper installation also induces
a variation of the spectroscopic signature of the parent MOF-
808@(amino) acid hosts.

Raman spectra of the pre and post-functionalized and
metalated compounds show signicant variations of the
absorption bands involved or affected in/by the metal-
coordination (Fig. 4 and S20–S26†). MOF-808 decorated with
di (Mal, Msc) and tricarboxylic acids (Cit), shows the charac-
teristic adsorption band associated to the C]O double bond,
which indirectly indicates the presence of protonated carboxyl
groups at the pore space of the material (Fig. S21–S26†).73 Aer
copper adsorption, this band is drastically attenuated, indi-
cating the deprotonation of the free-carboxyl groups, and indi-
rectly, their coordination to copper ions.

For Msc and Cys variants, the weak Raman bands associated
to the –SH stretching vibration (∼2500 cm−1), have been iden-
tied (Fig. 4b, S25 and S26†). However, in Cys sample the signal
Fig. 3 X-ray powder diffraction patterns of (a) MOF-808@Cys and (b)
MOF-808@His materials before and after their doping with copper
ions with water copper(II) nitrate solutions of 10, 100 and 1000 ppms
concentrations.

4560 | J. Mater. Chem. A, 2024, 12, 4555–4571
is almost suppressed, probably due to Cys–Cys interactions
through sulphide groups. Contrary, in Msc sample, the signal
corresponding to the S–H bond is clearly visible. As expected,
the ns(SH) is blocked aer the adsorption of copper ions by
MOF-808@Msc because of the deprotonation of SH groups
resulting from the formation of Cu-thiolate bridges. Finally, the
HisCys variant shows also a weak signal corresponding to
ns(SH). This band does not loss intensity aer the copper
adsorption, which indicates that the CuII is preferably immo-
bilized within the imidazole or amino groups. In fact, both
HisCys and His variants show signicant modication of the
Raman bands associated to the stretching vibration of C–H
bonds of the imidazole rings aer copper immobilization
(Fig. 4a and S20†). Therefore, it seems that the vibrational
freedom of imidazole residues is as well attenuated, but not
suppressed, aer copper installation, either because they are
directly in the copper binding, or cause the vibrational mode is
attenuated aer the copper-complexation by the His molecules.

Spectroscopic information obtained from Raman was
completed with inelastic neutron scattering (INS) data for the
histidine variant (Fig. 4c). The vibrational bands of the INS data
of MOF-808 and MOF-808@His samples were identied on the
basis of the bibliographic data based on the combination of
experimental and computational studies (de Sousa et al.74 and
Freire et al.75), as well as taking into account our preliminary
studies in the MOF-808@Cys system. For instance, the assig-
nation of the Raman and IR bands found in literature have been
summarized in the Fig. S35 of the ESI.† The bands assignation
for the MOF-808@His compounds have been summarized as
well in the Fig. 4c and the Table 2.

Firstly, the incorporation of histidine molecules into the
MOF induces the disappearance of the INS bands associated to
the COOH vibrations of the amino acid. Although in this study
we could not measure the base histidine sample, it is well
known that the CO2 rocking and COH bending modes of amino
acids are usually located around 530 and 500 cm−1.51 However,
these bands are not observed in MOF-808@His. These varia-
tions agree with the coordination of the His to the zirconium
clusters via the carboxyl groups.

It is important to highlight the variation of the band number
15, which can be tentatively ascribed to two possible vibrational
modes: the torsion vibration of NH3

+ and the skeletal vibration
of the His molecule. In contrast to the MOF-808@Cys homo-
logue studied previously by the authors, the NH3

+ torsion or
skeletal vibration of His (∼350–400 cm−1) are not attenuated
aer its incorporation into the MOF. Thus, strong intermolec-
ular interactions between His molecules through the –NH3

+

groups are not expected within the MOF. This vibrational mode,
located at 350 cm−1, is one of the most affected by the copper
installation. This can be easily understood, since independently
on the coordination mode of His to copper ions, their mobility
may be severely restricted once copper ions are directly linked to
them. In parallel, amino functions are prompt to coordinate
copper ions forming Cu–N bonds. Therefore, any coordination
of His to copper via amino groups is likely to suppress some of
the vibrational modes associated to this group, but also to
restrict the overall skeletal vibration of the hole molecule (n(sk)).
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Raman spectra of MOF-808-His (a) and (b) MOF-808@Cys samples before and after copper metalation. (c) Inelastic neutron scattering
spectra of MOF-808@His sample before and after its copper metalation.
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In parallel, there are several signals of the INS spectra that do
not disappear during metalation, but that experience a slight
attenuation or a shi of their positions. These are the cases of
the bands 1, 2, 3 and 5. Indeed, the bands 1 and 2 are closely
Table 2 Inelastic scattering bands assignation for MOF-808@His. The nu
depicted in the INS spectra shown in the Fig. 4c. In the INS column, the p
(codes: im = imidazole, def = deformation, n = stretching, d = bending,

Band IR Raman IN

1 1416 1449 1
1416

2 1337 1334 1
3 — 1262 1
4 1144 1143 1
5 1120 — 1
6 959 977 9
7 875–1000 9
8 868 874 8
9 — 803 8
10 696 694 6
11 631 645 6
12 — 604 —
13 528 540 —
14 — — 4
15 — — 3

This journal is © The Royal Society of Chemistry 2024
related to the stretching vibrational modes of the C–N bonds
within the imidazole groups. In parallel, the bands 3 and 5 are
linked to the bending and wagging vibrations of NH3. Although
all these slight variations do not give a direct evidence of the
mber assigned to each vibrational modes are related with the number
osition of the bands before and after the metalation has been detailed
u = wagging, s = twisting)

S Assignment

416 / 1435 n(CN)im + n(CN)im

330 / 1315 d(NH)im + n(CN)im
225 / 1240 d(CH2) + d(NH3)
160 / 1160 s(NH2) + d(CH) + n(NC)im
095 / 1110 u(NH3) + d(CH)
96 / 998 r(NH3) + d(CH)
40 / 945 n(CC) MOF + His
60 / 860 Mixed vibr. NH3 + d(CH)
17 / 810 Def. (Im) + d(NH3) + d(CH)
60 / 660 d-ofp (CH)im
30 / 639 d-ofp (CH)im
/ 580 def.(Im) + d(CCN)
/ 552 def.(Im) + d(CH2)

75 / 475 d(COH)
50 / — Skeletal vibrations of His + torsion (NH3)

J. Mater. Chem. A, 2024, 12, 4555–4571 | 4561
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copper coordination to the imidazole or the amino groups of
the histidine, it is clear that the metalation process induces
some adaptation of their vibrational freedom.

Moreover, we do not observe any intensity reduction of the
band 2, which is directly related to the deformation vibration of
the NH group within the imidazole. This does not discard the
copper coordination to the imidazole, since it can remain
protonated whilst coordinated to this metal, as observed in
several imidazole–copper coordination complexes found in the
Cambridge Structural Database.68 An indirect evidence of the
Cu–Im coordination could be the intensity gain of the out of
plane vibration of C–H bonds within the ring (bands number 10
and 11), and the appearance of the 12 and 13 bands, also related
with the deformation of the imidazole. Since the coordination
of the copper ions by the NH3

+ groups of His does not involve
their deprotonation, a complete disappearance of the INS
vibrational modes aer the metalation of the MOF-808@His is
not expected. For instance, the slight variations on the relative
intensities of the rocking vibration of NH3

+ and stretching
vibration of CN bonds further indicate that amino groups have
an active role during the immobilization of copper ions within
the material. All in all, it can be concluded that both the
imidazole rings and the NH3

+ groups can participate in the
coordination of copper ions.

Copper is most usually stabilized in biocatalysts as CuII

paramagnetic ions with a (3d9) electronic conguration.
Nevertheless, it is important to note that cysteine rich peptides
or metalloenzymes can isolate it as 3d10 CuI diamagnetic
centres. CuII prefers tetragonally distorted (compressed or
elongated) octahedral, tetra- and penta-coordination environ-
ments showing Jahn–Teller effect. In addition to this, the nature
of the amino acid residues forming part of the copper coordi-
nation sphere signicantly alters the electronic structure of this
3d9 ion, and hence, its UV/Vis and EPR spectra.

Regarding their electronic structure, [Cu(H2O)6]
2+ ideal

complex exhibits three transitions that collapse into a single
UV-Vis absorption band located approximately at 780 nm. The
replacement of coordinated water molecules in [Cu(H2O)6]

2+ by
stronger electron donors, as peptide N > NH2 > imide > COO− >
H2O, displaces the UV-Vis absorption maximum to higher
energy wavelengths. This is the case of our MOF-808@(amino)
acid biomimetic systems, for which the CuII – 2Eg / 2T2g
transition is found between 800 and 600 nm (i.e. Cit = 770 nm,
Mal = 795 nm, Cys = 670, His/Cys = 630, His = 620 nm)
(Fig. 5a).

In addition, the position of the copper UV-Vis adsorption
maxima (lmax) can be qualitatively calculated based on the nature
and the number of the groups forming part of the CuII coordi-
nation environment if the empirical equation obtained by Sigel
and Martin76 is applied. The lmax for Mal (795 nm) and Cit (770
nm) compounds ts with copper's equatorial plane formed by
two water molecules and two carboxyl groups (calc. lmax = 790
nm). When analysing the UV-Vis signature of the Cys variant
(lmax = 690 nm), the equatorial plane of copper seems to consist
of two amine and two watermolecules (calc. lmax 663 nm). At rst
sight, this conclusion seems counterintuitive given the great
chemical affinity of thiols to form copper thiolate bonds. The
4562 | J. Mater. Chem. A, 2024, 12, 4555–4571
increase of the overall UV-Vis background signal for Cys and Msc
variants points in this direction, since it suggests the co-existence
of CuII and partially reduced CuI-thiolate species. This conclusion
is as well in agreement with the CuII/CuImixed valence speciation
found in many copper-thiolates.77,78 In the specic case of His
and multivariate His/Cys variant, the displacement of the UV-Vis
lmax to higher energies suggests the participation of at least an
imidazole and an amino group (calc. lmax 648 nm) or of two
imidazole groups (calc. lmax 634 nm) in the copper coordination.

The conguration of the copper ions within the MOF-
808@(amino) acid systems is not only shaped by the coordi-
nating environment, but by the degree of copper loading, as
corroborated for MOF-808@His. The copper loading affects: (i)
the lmax of the UV-Vis spectra that is related with the coordi-
nation environment of copper (Fig. 5b), and (ii) the broadening
of the EPR signal related with the clustering of the copper sites
(Fig. 5d).

The MOF-808@His-Cu10 exhibits the characteristic EPR
ngerprint of magnetically isolated CuII complexes with
tetragonal ligand eld environments consisting of a central EPR
adsorption signal (gt= 2.274 and g‖= 2.063) completed by four
less intense signals associated to the hyperne structure lines
(A‖ = 175 × 10−4 and At = 10 × 10−4 cm−1) (Fig. 5d). Given the
g-values obtained for the tting of the EPR spectra, the copper
ions are stabilized in an axially highly elongated system that
could involve a square-planar coordination, or an octahedral or
pyramid-square coordination with two long Cu–O bonds (>2.3–
2.4 Å). When the concentration of the copper solution employed
to immobilize the ions is increased to 50 ppms (MOF-808@His-
Cu50), the EPR spectrum shows the presence of two copper ions
with slightly different g values, and hence, a slight variation on
the distortion of the coordination environment. This tendency
is further accentuated for the MOF-808@His-Cu100, where the
EPR spectrum ts with the usual signature observed for copper
magnetically clustered systems. The g values estimated by EPR
for the MOF-808@His-Cu systems agree with a highly
symmetric equatorial square planar coordination geometry for
copper ions formed by two oxygen and two nitrogen atoms.
Therefore, the copper clustering process can be achieved by two
histidine–copper complexes with copper ions coordinated in
a bidentate mode by the amino and imidazole groups linked by
water or hydroxyl bridges. This model explains both the infor-
mation coming from INS and UV-Vis spectroscopies together
with the clustering process observed by EPR.

EPR was employed as well to study the MOF-808@(amino)
acid materials decorated with similar copper loadings
(Fig. 5c). It is clear that Cit and Mal variants stabilize copper
ions as magnetically isolated species. In the case of MOF-
808@Cit-Cu1000 only one type of copper is observed by EPR,
whilst MOF-808@Mal-Cu1000 exhibits two types of magneti-
cally isolated copper ions stabilized in slightly different coor-
dination environments. For Msc and Cys functionalization,
copper ions are stabilized as magnetically clustered species, or
as a mixture of different magnetically isolated ions with
different coordination environments. This occurs as well when
amultivariate combination of His and Cys functions is included
within the framework (Fig. 5c). This clustering of copper centres
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/D3TA06198A


Fig. 5 UV-Vis spectra of (a) MOF-808@His variant with increasingly copper content and (b) MOF-808@(amino) acid compounds with similar
copper loadings. EPR spectra of (c) MOF-808@His variant with increasingly copper content and (d) MOF-808(amino) acids with similar copper
loadings. (e) Fitting of the XPS spectra for MOF-808@Cys andMOF-808@Mscmaterials. (f) Cyclic voltamperograms of MOF-808@His-Cu, MOF-
808@Cys-Cu and MOF-808@HisCys-Cu.
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could be even more accentuated than as suggested by EPR,
since in addition to the CuII species detected by this technique,
XPS spectra of Msc, Cys and HisCys variants conrm the addi-
tional existence of CuI ions (Fig. 5e). In fact, the bimodal peaks
of the XPS spectra, which are related to copper binding energies,
can be tted to two contributions centred at 952.6/953.0 eV
(CuII) and 951.0/950.8 eV (CuI) for the Cu1p1/2 electronic level
in Cys/Msc variants.79 In parallel, the same splitting of the
signal is observed for Cu2p2/3 binding energies of CuII/CuI in
Msc (933.0/931.0 eV) and Cys (933.4/931.1 eV) (Fig. 5e). These
values agree as well with the binding energies reported for CuII

oxides and coordination compounds and CuI thiolates. From
the intensity of each contribution, it can be concluded that the 1

4
and 1

2 of the copper ions stabilized within the Cys and Msc
variants have been reduced to CuI. In this line, the voltam-
perometric measurements conrm the reversibility of the CuII

4 Cu0 redox pairs, and the inuence of the (amino) acid
coordination on the redox potentials observed for each of the
studied materials (Fig. 5f). This modulation of the redox
This journal is © The Royal Society of Chemistry 2024
characteristics of metal-sites is also observed in metal-
loenzymes when the amino acid residues participating in the
coordination of the metal-sites are altered.80

Even though our combined spectroscopic characterization
has enabled identifying the coordinating groups participating
in the copper stabilization, it is not possible to detail their local
structure. In order to gain further insights, a systematic search
of the coordination complexes and polymers having Cu-(amino)
acid fragments has been performed in the Cambridge Struc-
tural Database and summarized in the Fig. 6 and ESI Cu-Cit.cif,
Cu-Mal.cif, Cu-His.cif, Cu-Cys1.cif, Cu-Cys2.cif, Cu-Msc.cif
les.†68,81

It is important to have in mind that the carboxylate group of
His and Cys, or one of the them in Cit, Mal or Msc is not-
functional to bind CuII, since it is the anchoring point of the
(amino)acid to the zirconium clusters. When considering the
coordination complexes built up from CuII found in the CSD,
the bidentate mode is the most common coordination of His,
Cys, Mal and Msc functions (Fig. 6a). In most of them, two
J. Mater. Chem. A, 2024, 12, 4555–4571 | 4563
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Fig. 6 (a) Most representative CuII-(amino)acid coordination modes identified in the CSD database. (b) Possible stabilization of copper-amino
acid coordination complexes within the pore space of MOF-808.
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(amino)acid molecules complete the coordination of the equa-
torial plane of CuII. In addition to these general trends, in some
cases Cys is able to immobilize copper via sulphide bonds. For
CuII-citrate compounds, tridentate and bidentate modes have
been observed as well (Fig. 6a). Even though the installation of
the copper ions into the (amino)acid functionalized pore space
of MOF-808 is constrained by the framework, our spectroscopic
data t the coordinationmodes stabilizing isolated copper ions,
as these observed in the CSD (Fig. 6b). This does not preclude
that the stabilization of the copper ions could occur via the
participation in a cooperative fashion of two (amino)acid
molecules to bind one metal, or in a clustered fashion by the
participation of two Cu-(amino)acid complexes connected by an
oxo, hydroxo or water bridges. In the specic case of His, Cys,
4564 | J. Mater. Chem. A, 2024, 12, 4555–4571
His/cys and Msc, the clustering of the copper ions observed by
EPR spectroscopy can be explained by the concurrent presence
of two CuII-His complexes within the MOF-808 pore space, as
depicted in the Fig. 6b. The cooperative mode to stabilize
a single CuII between two His or Cys molecules is discarded in
this case if the conclusions extracted from EPR, UV-Vis and INS
spectroscopies are considered. In addition, for Cys andMsc, the
partial reduction of CuII to CuI can further promote the gener-
ation of complex clusters within the pore space of the MOF-808,
as suggested by the many CuII–CuI polynuclear discrete units
found in the CSD when mixed valence copper species are
stabilized. It is important to remind at this point that a mixture
of the Cu-speciation depicted in the Fig. 6 is the most plausible
of the scenarios, although some of the coordination modes
This journal is © The Royal Society of Chemistry 2024
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could be favoured depending on the pore spaces' characteris-
tics, and the copper doping process. Overall, as depicted in the
Fig. 6, the amino acid functionalization of MOF-808 and the
copper doping process does not only enable controlling the
coordination environment of the copper ions immobilized
within the framework, but their clustering degree and mixed
oxidation state. All these features of the catalytic sites are
foreseen to signicantly affect the catalytic activity and affinity
of the system.
3.4 Catalytic wet peroxide oxidation (CWPO) of phenolic
model pollutants

This section assesses the performance of the biomimetic
systems studied for the Catalytic Wet Peroxide Oxidation
(CWPO) of phenolic pollutants as phenol, catechol, hydroqui-
none, 2,4-dichlorophenol and dopamine. MOF-808@His-Cu100
catalyst was selected as the starting point for the study to later
on move to other MOF-808@(amino) acid-Cu catalysts with
copper-sites exhibiting different coordination environments
and clustering degrees.

3.4.1 Laccase and peroxidase like activity of MOF-
808@His-Cu. By applying the chromogenic reaction between
the model 2,4-dichlorophenol (2,4-DCP) substrate and 4-
aminoantipyrine (4-AP),82 the laccase-like capacity of MOF-
808@His-Cu to catalyse the oxidation of 2,4-DCP without
the addition of an oxidant was rstly conrmed (Scheme 1a).
As evidenced by the UV-Vis absorbance gain aer the reac-
tion, the efficiency of MOF-808@His-Cu to oxidaze 2,4-
dichlorophenol is similar to reported laccase-like catalysts,
but the reaction kinetics are slower (Fig. S36a†). When adding
a co-oxidant as hydrogen peroxide to the reaction, MOF-
808@His-Cu catalysts are able to activate hydrogen peroxide
to generate reactive oxygen species that fasten the oxidation
of 2,4-dichlorophenol substrate via a Catalytic Wet Peroxide
Oxidation (CWPO) (Scheme 1). Moreover, the MOF-808@His-
Cu enhances the reaction rate by close to one order of
magnitude, if compared with the one developed in the
absence of hydrogen peroxide (Fig. S36a†). Although the
addition of hydrogen peroxide itself is able to catalyse the wet
oxidation of 2,4-dichlorophenol, the rate and conversion
values are negligible when our biomimetic catalysts are
added to the reaction media. In addition, the catalyst is able
to oxidize phenol, catechol and hydroquinone, or more
complex emerging phenolic pollutants as the dopamine
hormone (Scheme 1b and Fig. 7a). From the initial results
shown in the Fig. 7a, it can be concluded that the His-Cu
variant of MOF-808 has a specic affinity to oxidize dopa-
mine at these initial experimental conditions. For instance,
the kinetics and conversion efficiency of the CPWO for this
substrate (100%) far exceeds the ones obtained for the other
phenolic compounds (phenol (1.5%), hydroquinone (9.9%),
catechol (3.8%) and 2,4-DCP (6.9%)). In a second step, CWPO
of hydroquinone at these initial conditions was performed
with MOF-808, MOF-808@His, MOF-808@His-Cu10, MOF-
808@His-Cu50 and MOF-808@His-Cu100 catalysts (Fig. 7b).
As previously reported, MOF-808 itself has an intrinsic
This journal is © The Royal Society of Chemistry 2024
peroxidase activity arising from the hydroxyl and water pairs
located at the uncoordinated positions of Zr6 clusters. This
activity is attenuated for MOF-808@His, since histidine
molecules occupy the position of the OH/H2O pairs within the
Zr6-clusters. When doping MOF-808@His, the kinetics and
activity increases signicantly with the copper metalation
degree.

The response of the MOF-808@(amino)acid-Cu biomimetic
catalysts was also studied for 2,4-dichlorophenol, phenol,
catechol, hydroquinone and dopamine oxidations at varying
concentrations. The reaction kinetics to oxidize phenol (Fig. 7c)
or 2,4-DCP (Fig. S36b†) are slower than the ones obtained for
the transformation of catechol (Fig. 7d), hydroquinone (Fig. 7e)
and dopamine (Fig. S36c†). In addition, the sigmoidal prole
for the hydroquinone oxidation indicates a negative allosteric
effect due to the substrate binding to the copper-sites. There-
fore, the activity of MOF-808@His-Cu depends on the number
and position of the hydroxyl groups within the aromatic ring of
the studied substrates, but it is inuenced as well by the exis-
tence of other substituent groups (as is the case of the dopa-
mine). Overall, the MOF-808@His-Cu exhibits enzymatic like
kinetics, as concluded from the Michaelis–Menten plot and the
tting of the experimental data shown in the Fig. 7f. For
instance, the KM and Vmax values obtained from the Michaelis–
Menten ttings (eqn (1)) conrm that our biomimetic systems
are more efficient for the oxidation of catechol or hydroquinone
substrates in comparison to phenolic based ones (Table 3). In
parallel, when comparing the gure of merits of our biomimetic
catalysts with other laccase and peroxidase like nanozymes, it
usually overperforms the KM and Vmax parameters reported for
TMB and H2O2 substrates in contrast with the substrates
studied in this study (Table S3†).

Even if the CWPO is a green and highly appealing approach
to face the mineralization of phenolic compounds in polluted
waters, the oxidative routes for phenol can accelerate the
generation of catechol, hydroquinone and benzoquinone
products at the rst stage of the reaction. These intermediates
exhibit even higher environmental risks than the parent
pollutant. So, as reported by A. Azizi et al.,83 an efficient oxida-
tion of these intermediates is necessary to induce the aromatic
ring opening, and the subsequent generation of linear and
environmentally friendly carboxylic acids. Thus, it is important
to follow up the oxidation to identify the intermediate products
generated during the reaction. The chromogenic protocol
employed in the initial stage of this work allows a rapid and easy
experimental access to evaluate the CWPO, but it is limited to
the rst oxidation step within the oxidative degradation path of
phenolic compounds. Liquid chromatography is necessary to
monitor the sub-products generation, as is the case of the
phenol CWPO shown in the Fig. 8.

First, it is important to note that the MOF-808@His-Cu100 is
able to oxidize nearly 75% of the phenol in less than three hours,
reaching an 87.5% conversion in 20 h at RT. Nearly half of the by-
products generated during the rst 4 h cannot be retained by the
chromatographic column employed for catechol and hydroqui-
none. This fraction of the reaction was tentatively ascribed to the
carboxyl-molecules generated aer the ring-opening.
J. Mater. Chem. A, 2024, 12, 4555–4571 | 4565
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Fig. 7 (a) Concentration of the oxidized products after the CWPO of different model pollutants by MOF-808@His-Cu100. (b) Evolution of the
oxidation for hydroquinone by MOF-808, MOF-808@His, MOF-808@His-Cu10, MOF-808@His-Cu50 and MOF-808@His-Cu100. (c–e)
Concentration dependence on the CWPO oxidation of phenol, catechol and hydroquinone. (f) Michael–Menten plot for the CWPO of catechol,
phenol, 2,4-dichlorophenol, hydroquinone and dopamine with MOF-808@His-Cu100.
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Interestingly, the oxidation of phenol to catechol is slightly more
favourable than the one to hydroquinone. Nevertheless, aer 4 h,
the catalyst is still able to degrade hydroquinone and phenols,
whilst the concentration of catechol remains unaltered. At this
point, it is important to note that higher catalyst loadings,
Table 3 Kinetic parameters of the reactions catalysed by MOF-808@Hi

MOF-808@His-Cu100

Substrate re (g L−1) [E] (mM) KM (mM)

2,4-DCP 0.1 3.586 × 10−7 1.0(7)
PHE 0.1 3.586 × 10−7 5 � 2
CAT 0.1 3.586 × 10−7 0.81 � 0.24
HQ 0.1 3.586 × 10−7 0.36 � 0.20
DOP 0.1 3.586 × 10−7 0.062 � 0.029

4566 | J. Mater. Chem. A, 2024, 12, 4555–4571
temperature of the reaction or H2O2 addition could contribute to
further displace the oxidation into non-environmentally
hazardous by-products as carboxyl acids.

3.4.2 Stability and reusability of MOFs. The robustness of
MOF-808@His-Cu100 catalyst was tested over (i) the ionic
s-Cu at 21 °C

Vmax (mM min−1) kcat (min−1) kcat/KM (mM−1 min−1)

1.2(4) × 10−3 3.34 × 103 3.34 × 103

3.3(3) × 10−3 9.21 × 103 1.84 × 103

5.2(7) × 10−3 1.45 × 104 1.79 × 104

7.9(1.6) × 10−3 2.20 × 104 6.12 × 104

10.3(1.2) × 10−3 2.87 × 104 4.63 × 105

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Kinetics of the catalytic wet oxidation of phenol and of its
degradation products with MOF-808@His-Cu100 followed by liquid
chromatography.
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strength, (ii) the temperature and (iii) the pH of the media. In
addition, its reusability was studied as well aer washing and
hot washing procedures. Hydroquinone was chosen as a model
substrate since a 15% oxidation is achieved in the initial reac-
tion conditions. Thus, it will be easy to follow any decay or
increment of the efficiency arising from the parameters space to
be explored. For sake of comparison, the same reactions were
performed with MOF-808 and without the addition of catalyst
(Fig. 9). The increase of the ionic strength of the media has
a very positive effect on the overall efficiency of the reaction. An
increase of the conversion up to the 98% is achieved in 500 mM-
NaCl media in comparison to distilled water (15%). Increasing
ionic mobility close to the active-sites seems to favour the mass
transfer while attenuating the allosteric effect due to coordi-
nation of hydroquinone to copper centres. Similarly, the
increase of the temperature up to 80 °C multiply the hydro-
quinone oxidation by a 4-fold factor from approximately the
10% up to the 41%. Above this 100 °C, there is a signicant
decay on the performance likely associated to the catalyst
destabilization (Fig. 9b). The pH of the media does not affect
drastically the activity of MOF-808@His-Cu100, except when
acidifying the media to a pH 3. Further, there is no decay on the
activity aer washing the catalyst in slightly basic (pH = 9) to
slightly acidic (pH = 5) media during 1 h, recovering it, and
testing in the same reaction conditions. Again, a slight decay on
the activity is observed when the washing is performed in acidic
media (Fig. 9c). A similar stability was conrmed when testing
the catalysts aer a hot-washing process at 70 and 90 °C
(Fig. 9d). Contrary, the inactivation is appreciable when testing
it in four consecutive cycles. All in all, the results indicate that
for “one-shot” reactions the catalyst is robust enough to retain,
or even improve, the hydroquinone oxidation observed at the
standard reaction. Contrary, the reusability is the Achilles heel
of our biomimetic system, likely to the blocking of the copper
sites by hydroquinone substrate or its oxidation products.

The chemical stability was further assessed bymeasuring the
copper leaching of the different catalysts aer one day of
This journal is © The Royal Society of Chemistry 2024
exposure to the reaction media by ICP analyses. All of the
catalysts show a partial metal release ranging from 4.5 to the
20.7% of the copper installed in the initial material (Table S2†).
This leaching gives rise to four different concentrations of
dissolved-copper ions in the reaction media depending on the
metal loading in the initial catalyst (0.5 ppm for Mal and Cit,
near 0.5 ppms for CysHis, close to 1 ppm for His and Cys, and
4 ppm for Msc). For the shake of comparison, we have
compared the performance of the His-Cu-100 catalysts with the
one obtained by incorporating, 0.1, 0.5 and 1 and 4 ppms of
copper dissolved in the reaction media for the dopamine
CWPO. Our heterogeneous catalyst overperform by far the
conversion rate of the copper solutions of 0.1 to 1 ppm
concentrations, and is comparable to the one obtained with the
Cu-solution of 4 ppms. As the leaching of His-Cu-100 system
leads only to a nal copper concentration of 0.8 ppms, the
dopamine transformation can be mainly ascribed to the
heterogeneous component. In parallel, it is interesting how the
performance of the copper solution skyrockets when a concen-
tration of 4 ppms is employed in the media, a fact that suggest
that copper ions can initiate clustering in solution above a given
threshold (Fig. S38†).At this point, it is clear that the recycla-
bility and copper stabilization in our system need to be
improved signicantly to make the catalysts competitive in
comparison to the ones reported in previous studies. Up to date,
copper MOFs as HKUST-1 and copper loaded zeolites, clays or
alumina, have been employed to face the phenols oxidation by
CWPO.84–86 Although it is difficult to quantitatively compare
catalysts with such different characteristics (specially copper
loading) and operated under varied conditions, it is important
to note that the performance of MOF-808@His-Cu100 is
comparable in terms of % of phenol oxidation to catalysts with
similar copper contents operated at room temperature
conditions.

3.4.3 Catalytic activity and selectivity dependence on the
copper active centre. Once the activity of the MOF-808@His-Cu
system has been researched, the inuence on the catalytic
activity of the (i) clustering degree and (ii) coordination sphere
of the copper metal sites stabilized within MOF-808@(amino)
acid system was studied. To this end, the CWPO reactions of
2,4-DCP and Hydroquinone were carried out at the same
conditions for all the MOF-808@(amino)acid-Cu catalysts. The
UV-Vis absorbance recorded during the reactions was normal-
ized to the copper content of the different catalysts listed in the
Table 1. In general terms, the higher copper loadings in the
MOF-808@(amino) acid system lead to faster kinetics and
higher conversion efficiency. Fig. 10 shows an analogue of
turnover frequency (TOF) per copper ion, allowing to assess the
activity of each single catalytic site.

As previously demonstrated, the clustering of the copper
ions installed into MOF-808@His increases progressively when
employing copper solutions of higher concentrations (i.e. Cu-
10, Cu-50 and Cu-100) for its metalation. The kinetics of 2,4-
DCP oxidation strongly depends on the presence of single-
copper metal-sites in the catalysts, since the TOF is signi-
cantly greater for MOF-808@His-Cu10 than for Cu50 and Cu100
variants. That is, the activity per catalytic site seems inversely
J. Mater. Chem. A, 2024, 12, 4555–4571 | 4567
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Fig. 9 Stability dependence of MOF-808@His-Cu50 catalyst over (a) ionic strength, (b) temperature and (c) pH. (d) Reusability of the catalyst.

Fig. 10 Kinetics of CWPO of (a and c) 2,4-dichlorophenol and (b and
d) hydroquinone of (a and b) MOF-808@His-Cu system with
increasing doping of copper, and (c and d) MOF-808@(amino) acid-Cu
catalysts exhibiting Cu-catalytic sites stabilized by different amino acid
and acid residues. For all the reactions, the absorbance value recorded
at 510 nm was normalized to the copper content of each material to
obtain the turnover frequency (TOF).
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related to the copper clustering. In contrast, for the CWPO of
hydroquinone some degree of copper-clustering is benecial,
since the conversion for MOF-808@His-Cu50 is better than for
Cu-10 and Cu-100 catalysts.
4568 | J. Mater. Chem. A, 2024, 12, 4555–4571
In a second step, the effect on their catalytic activity of the
coordination environment of the copper ions installed intoMOF-
808@(amino) acids was studied for the abovementioned two
reactions (Fig. 10c and d). In agreement with the results obtained
for MOF-808@His-Cu, the MOF-808@(amino) acid materials
featuring less copper clustering (i.e. Cit > His – His/Cys > Mal >
Cys > Msc) exhibit better efficiencies for the 2,4-DCP oxidation.
Even if the MOF-808@(amino) acid catalysts show similar degree
of copper clustering in the active sites, small variations of their
coordination environment induces signicant changes on their
oxidative activity, as is the case of His, His/Cys and Cys variants.
The tendency observed for the 2,4-DCP oxidation is reversed
when studying the CPWO of hydroquinone. In this case, the best
conversion is achieved by the Cys-Cu variant, followed by the Cys/
His and His based compounds. It is interesting to note the
signicant differences observed in the transformation rate of
hydroquinone by the different catalysts. His, Cys, HisCys andMsc
variants show a fast transformation of the substrate in the rst 20
minutes until the evolution is frozen, whilst Mal and Cit based
compounds exhibit slower kinetics but a constant hydroquinone
oxidation along the 120 min of the experiment. This fact points
out that the coordination sphere of copper ions does not only
modulate its overall efficiency to oxidize hydroquinone, but also
the kinetics of the transformation at the initial stages of the
reaction.

3.4.4 Mechanisms of CWPO in MOF@(amino) acid-Cu
systems. The mechanistic aspects of our biomimetic catalysts
can be partially correlated with the two main routes of hydrogen
peroxide activation reported for copper-amino acid complexes
This journal is © The Royal Society of Chemistry 2024
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in solution: (i) formation of -hydroxoperoxo and/or -peroxo
species at copper centres and (ii) the conversion of H2O2 to
hydroxyl radical (cOH) coupled to the reversible redox Cu(II) to
Cu(I) pair (Fig. 11a).88,89

On one hand, the generation of hydroxoperoso or peroxo
species coordinated to copper is highly dependent on the revers-
ible dissociation of water molecules from the distorted octahedral
Cu(II) complex, and specially, of those located on the equatorial
coordination plane. For homogeneous Cu-amino acid/H2O2

system, an increase of the ligand to metal ratio stabilizes the
formation of CuL2 complexes. In this scenario, amino acid
molecules bind four of the six coordination positions of copper
ions, hindering the access and posterior activation of hydrogen
peroxide in the equatorial plane of this acid site. Contrary, CuL
complexes enable a faster and more efficient activation of
hydrogen peroxide as highly reactive hydroxo/peroxo species
directly coordinated to the copper sites.

This trend is consistent with the activity of copper-species
stabilized in MOF-808@(amino) acid-Cu system. In general
terms, the copper clustering gives rise to a decrease of the turn
over frequency per active-site for 2,4-DCP oxidation. That is,
a slower dissociation of a water molecules and a hindered
accessibility of H2O2 molecules to the coordination sphere of
copper-clustered sites is expected, and hence, a lower efficiency
per copper ion. It is true that for hydroquinone oxidation
certain degree of copper-clustering is benecial, together with
the presence of Cys and His amino acids in its coordination
sphere. It is important as well to note that polydentate citrate
acts as a shield protecting the access of HQ substrate to the
active site, slowing down its oxidation in comparison to other
copper-centres. Negative allosteric effect in the rst stage of HQ-
oxidation, together with the poor reusability of the catalysts,
suggest that HQ is able to access the coordination environment
of copper-sites. Although copper-clustering could attenuate the
Fig. 11 Catalytic mechanisms of H2O2 activation.

This journal is © The Royal Society of Chemistry 2024
activation of H2O2 via -hydroxoperoxo formation, may be
benecial to prevent the HQ access to the copper sites
(Fig. 11b).27,87

On the other hand, when the back-electron transfer of Cu(I)
occurs, hydrogen peroxide may dissociate to cOH. As a result,
the active cOH reacts rapidly with the substrate. Hydroxyl and
electron scavengers were employed to assess whether this route
could be active for MOF-808@His-Cu100 catalyst (Fig. S41†). In
both cases, the reactivity of the catalysts was not signicantly
altered, and thus, it seems that hydroxyl radicals' generation is
not the main transformation path for our biomimetic system.
Further work is ongoing to fully discard this reactive route by
quantifying the ROS generation.

Nonetheless of the type of H2O2 activation mechanisms, the
catalytic activity per site of MOF-808@(amino) acid variants
with a signicant weight of copper stabilized as CuI (i.e. Msc or
Cys is signicantly lower than for these catalysts where copper is
immobilized as CuII) (Fig. 11b).90

4. Conclusions

The chemical encoding of MOFs with amino acid and acid
functions enables the subsequent adsorption-driven immobi-
lization of copper sites with controlled coordination environ-
ments and clustering degrees within these porous and ordered
materials. Similarly, than metalloenzymes, the catalytic activity
and selectivity of our biomimetic systems depend on: (i) the
amino acid and acid residues coordinating the copper metal
sites and (ii) the clustering degree of the copper catalytic centres
installed within the pore space of MOF-808. Further research is
needed to fully understand the activation of hydrogen peroxide
by the copper-sites, and the evolution of the oxidation state and
of the coordination environments of the catalytic centres,
especially for reactions where a negative allosteric effect has
been observed during the rst stage of the phenolic wet oxida-
tion. In return, this work opens the perspective of copper
enzyme mimicking and ne tuning in MOFs, as well as for their
future application in added value enantioselective catalysis.
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