Catalytic Fe-oxo clusters stabilized on the MOF-808 metal organic-
framework for the degradation of water pollutants
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Stabilizing catalytic iron-oxo-clusters within nanoporous metal-
organic frameworks (MOF) is a powerful strategy to prepare new
active materials for the degradation of toxic chemicals, such as
bisphenol A. Herein, we combine pair distribution function analysis
of total X-ray scattering data and X-ray absorption spectroscopy,
with computational modelling to understand the local structural
nature of added redox-active iron-oxo clusters bridging
neighbouring zirconia-nodes within MOF-808.

The removal of emerging pollutants of chemical complexity
from water sources is a global health challenge. Water quality is
often compromised by the presence of a variety of toxic
compounds produced by human activities — ranging from heavy
metals to a wide scope of organic compounds.! In particular,
bisphenol A (BPA) is an abundant endocrine disrupting chemical
(EDC) pollutant in water, which is widely used for the
manufacture of plastics and epoxy resins. Over the last years, a
variety of porous solids, such as zeolites? and mesoporous
carbons,? have been used to capture BPA. On the other hand,
Fenton reactions catalyzed by iron(ll) are a powerful
methodology to afford the oxidative degradation of this
pollutant in water into mainly carbon dioxide and water.*>
However, acidic conditions are typically required to stabilize
iron species in water under catalytic conditions. Therefore,
developing porous materials with intrinsic highly acidic surfaces
and redox-active iron sites able to capture BPA and
subsequently convert it into non-toxic compounds, would
represent an elegant strategy to degrade this water pollutant
under mild conditions.

Metal-Organic Frameworks (MOFs) are porous and crystalline
materials composed of organic ligands linked by metal-oxo
nanoclusters, to give open architectures with large surface
areas and pores of different shapes and sizes.® The exceptional
textural and chemical properties of these materials, make them
excellent candidates for the selectively capture and degradation
of many types of hazardous chemicals.”8 In particular, the
family of Zr(IV)-MOF materials present a high thermal and
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chemical stability in water,® allowing the applicability in
aqueous-based degradation of pesticides, pharmaceuticals and
pollutants processes. The Zr(IV)-MOFs are composed of ZrgOg
clusters, which can be 12-, 8-, or 6-fold connected to
carboxylate organicligands, being UiO-type, NU-1000 and MOF-
808 the archetypical ones, respectively.’® MOF-808 is an
interesting platform to target liquid-phase applications,
including capture and degradation processes.'? Its structure is
built from linking unsaturated ZrgOs clusters by benzene-1,3,5-
tricarboxilate (BTC) ligands, to give mesopores of around 20 A
size. Besides its high porosity, MOF-808 has a remarkably highly
tunable structure arising from the low saturation of the ZrsOg
clusters. Within the octahedral ZrgOs clusters, the linking
positions around the equatorial plane can serve as scaffold to
insert discrete functional groups, including aminacids,?
sulfates,'3 and metal complexes.'* Furthermore, the presence
of available hydroxyl groups within the ZrgOg clusters represents
an excellent platform to further modifying the MOF-808
chemistry with transition metals.

Solvothermal incorporation in MOF (SIM) materials has been
widely explored to decorate ZrgOs clusters, by soaking the
pristine MOF into a solution containing a target transition metal
precursor.®> Thus, a variety of MOF chemical modifications with
catalytic transition metal sites have been reported using this
method.® In this regard, the SIM method using a redox-active
transition metal such as iron, would be a promising approach
for tailoring MOF catalytic properties towards the oxidative
degradation of organic EDC pollutants.

In this work, we show the chemical modification of MOF-808
with binuclear iron clusters, active for the selective capture and
subsequent catalytic degradation of BPA via Fenton reactions.
Detailed  synchrotron characterization including pair
distribution function (PDF) analysis of X-ray total scattering data
and Fe K-edge X-ray absorption spectroscopy (XAS) together
with density functional theory (DFT) computational modelling
are applied to understand the local structural nature of the
added redox-active iron clusters within MOF-808.

The SIM synthesis of Fe-MOF-808 was performed by immersion
of pristine material, previously activated, in a solution
containing FeCl, in N,N’-dimethylformamide (see ESI). To
explore the kinetic aspects of the iron incorporation within
MOF-808, different Fe-SIM reaction times were tested using



two different starting Fe to Zrg molar ratios, that is 12 and 24
hours. Powder X-ray diffraction (PXRD) data collected on the
activated materials showed the presence of the MOF-808 phase
for all reaction times tested, with subtle differences in relative
peak intensities. Interestingly, scanning electron microscopy
and energy dispersive X-rays spectroscopy (SEM-EDS) analyses
indicated that the incorporation of iron within MOF-808
strongly depends on the Fe-SIM reaction time. At short reaction
times (i.e. 1 h), the amount of iron incorporated in MOF-808 was
significantly high (i.e. Fe to ZrsOs molar ratio ca. 2 using a
starting Fe to Zr molar ratio of 12). However, the material
obtained showed a heterogeneous distribution of iron within
the crystals, as evidenced by SEM-EDS analyses (S3, ESI). When
using longer reaction times, the amount of iron incorporated
decreased significantly until it reaches a plateau after 16 h,
together with the occurrence of an improved homogeneity of
the iron distribution within the MOF crystals. The final Fe to
Zrs0g molar ratio determined was of ca. 0.5 (i.e. Fe-0.5-MOF-
808). Similar behaviour was observed for the synthesis of the
high-content Fe-1.2-MOF-808 (S4, ESI). These results
demonstrated that optimal iron MOF modification is obtained
at long Fe-SIM reaction times, resulting in materials with
enhanced homogeneity in their chemistries and lacking of
unwanted iron oxide nanoparticles as by-products.

SEM-EDS mapping elemental analyses showed a highly
homogeneous distribution of iron along the MOF crystallites for
both 0.5- and 1.2-MOF-808 (Fig. 1C). Additionally, EDS spectra
indicated the presence of chlorine in the materials in a Cl to Fe
ratio of 3.6 (Fig. S3.3-S3.4). We hypothesize that chloride could
be partially replacing hydroxyl groups from the Zr-cluster.1? N,
isotherms revealed an expected decrease in specific surface
area associated with the iron incorporation within the MOF-808
structure together with subtle variations in the pore size
distribution (Fig. 1A-B and S4). Detailed analysis of the pore
volume contributions showed the occurrence of a significant
decrease in volume linked to the mesopores of 18 A (ca. 50%)
compared to the minor loss seen for the micropores of 12 A Fig.
1B and S4). These results would suggest that the iron sites are
located pointing towards the MOF-808 hexagonal channels.

PXRD data collected on both the low- and high-content Fe-MOF-
808 materials showed the unique presence of the Bragg peaks
linked to the MOF-808 phase together with subtle differences
in relative peak intensity. Pawley refinements of the diffraction
data corroborated that the average MOF architecture is
preserved after Fe-SIM, together with the occurrence of a minor
cell expansion and peak broadening compared to the pristine
system (Fig. 1D and Table S7.1). These results demonstrated
that MOF-808 is a robust platform towards the incorporation of
iron sites through SIM methods.

To probe the atomic local structure of the iron sites within MOF-
808, we applied PDF analysis of X-ray total scattering data
(xPDF). xPDF data collected on the Fe-SIM and pristine MOF-808
materials showed two major contributions at short range, that
is, Zr-O (ca. 2.2 A) and Zr--Zr (ca. 3.5 A) distances characteristic
of the ZrgOg clusters.’81° With the purpose of highlighting the
subtle contributions in this region that are associated to the iron
sites, differential analysis of the xPDF data2® were carried out by
subtracting the PDF of the pristine material to that of the Fe-
MOF-808 systems. d-PDF analysis carried out on the Fe-MOF-
808 materials revealed the appearance of new correlations
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associated with the iron-clusters at ~1.9-2.0 A, ~2.3 A and ~3.0
A (Fig. 2.A). The Fe—O distance values are sensitive to the
oxidation state of iron,2! being shorter for Fe(lll) (~1.85 A)
compared to Fe(ll) (~2.05 A). The broad d-PDF signal observed
at ~1.9-2.0 A indicated the presence of mixed oxidation states
for iron within the Fe-MOF-808 systems. In addition, the
presence of chloride groups bonded to the iron sites is
confirmed by the peak centred at ~2.3 A, associated with Fe—Cl
bonds. Interestingly, the correlation centred at ~3.0 A is
characteristic of Fe-O-Fe distances within edge-sharing
geometries.?2 Additionally, two d-PDF peaks centred at ~3.3 and
~3.7 A are observed, which could be attributed to Zr..Fe
correlations. These results indicated the presence of iron-oxo
clusters binding the Zrg-nodes within the Fe-MOF-808 materials,
where some of the oxygen positions have been replaced by
chloride, as suggested by SEM-EDS.
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Fig. 1 A. N, adsorption/desorption isotherms at 77 K showing the decrease in surface
area upon iron incorporation; B. Pore size distribution (PSD) data for pristine and Fe-SIM
MOF-808 materials; C. Mapping of Zr (yellow) and Fe (green) for Fe-0.5-MOF-808 (right)
and Fe-1.2-MOF-808 (left); D. PXRD data of the synthesized materials and their
comparison with the calculated data for MOF-808,2 including Bragg positions.

Quantitative analysis of the relative d-PDF peak intensities is a
powerful strategy to estimate the size of metal-oxo clusters
deposited in MOF-808.24 Thus, the signals linked to Fe-O, Fe-Cl
and Fe-O-Fe were fitted to Gaussian curves and compared to
preliminary models of different iron cluster sizes (i.e. bearing
two, three or four iron atoms, Fig.2.B). By comparing the
experimental d-PDF peak intensities of the Fe-O,Cl and
contributions to simulated values, we hypothesized that Fe-0.5-
MOF-808 contains clusters of two iron atoms in distorted
tetrahedral environments. Furthermore, the results suggest
that the iron sites are bonded to both chlorine and oxygen atom
(including aquo, hydroxo or oxo group) in a 1 to 2 ratio (Figure
S8.3, Table S8.1). For the Fe-1.2-MOF-808 system, quantitative
analyses indicated the formation of slightly larger iron clusters
compared to Fe-0.5-MOF-808 (Figure S8.4, Table S8.2),
suggesting that the use of high concentrations of iron precursor
during SIM on MOF-808 would favoured aggregation.

To better understand the chemical nature of the binuclear iron
clusters within MOF-808, Fe K-edge extended X-ray absorption fine

This journal is © The Royal Society of Chemistry 20xx



structure (EXAFS) and X-ray absorption near edge spectroscopy
(XANES) data were collected on the Fe-MOF-808 materials. XANES
data showed the occurrence of rising edge and pre-edge features at
ca. 7122 and ca. 7114 eV, characteristic of binuclear iron
complexes.?> A slight shift of rising-edge position of ca. 1 to higher
values is observed for Fe-1.2-MOF-808 compared to Fe-0.5-MOF-
808, in agreement with the oxidation of Fe2* to Fe3* (Fig. 3A). The
observed pre-edge signal corresponds to the Fe-1s to Fe-3d
electronic transition, and its intensity is indicative of the local
symmetry of the iron sites. The XANES data collected on both Fe-
MOF-808 materials suggested the appearance of tetrahedral iron
geometries.2® This experimental evidence is in agreement with the
most energetically favoured geometry compatible with both 1/l
oxidation states found for iron within these materials. Further
analyses of the EXAFS data collected on Fe-0.5-MOF-808 indicated
the presence of three main signals at ca. 1.35, ca. 1.81 and 2.58 A
(without phase correction), linked to Fe'-O, Fe—Cl (2.25 A) and
Fe---Fe distances, respectively (Fig. 3B).Z” Interestingly, EXAFS data of
Fe-1.2-MOF-808 showed a single contribution at ca. 1.56 A (without
phase correction) linked to Fe'"-ClL,O bonds together with a
significant increase in intensity of the signal linked to Fe-Fe
distances. This evidence corroborates the presence of larger clusters
with an oxidized state of iron in Fe-1.2-MOF-808 compared to Fe-0.5-
MOF-808, in agreement with the xPDF analyses.
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Fig. 2 A. Total PDFs of pristine and Fe-MOF-808 materials (up) and the corresponding d-
PDFs for Fe-0.5-MOF-808 and Fe-1.2-MOF-808, obtained from the subtraction of MOF-
808 pristine (blue) (down); B. Simulated (up) and experimental (down) d-PDF signals
linked to the iron clusters were fitted to Gaussian curves for quantitative analyses.
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Fig. 3 A. Fe K-edge XANES data of Fe-MOF-808 materials (left) and first derivate analysis
(right) showing the rising-edge shift between both materials; B. The k3-wighted x(r) Fe K-
edge EXAFS spectra of Fe-0.5- and Fe-1.2-MOF-808 systems.

Density Functional Theory (DFT) calculations were performed in
order to elucidate the possible conformations of the bimetallic
core of the Fe-MOF-808. The structural and energetic
properties of several binuclear iron-oxo and iron-hydroxo
clusters deposited on the nodes of the MOF-808 were

This journal is © The Royal Society of Chemistry 20xx

modelled. The approach in this study is similar to previous
works, where the deposition of small copper-, cobalt- and
nickel-(hydro)oxo clusters was investigated on the nodes of the
NU-1000.24282% An exhaustive description of the possible iron-
(hy)droxo clusters explored can be found in the ESI S10. Among
the possible structures investigated, two possess structural
features that agree with the experimental PDF. Moreover, from
a thermodynamic point of view, they are the most stable
conformations because of the most negative computed free
energies of formation. In both of them, the bimetallic core is
deposited as -Fe;Cly(pn-OH)2- on the nodes via the terminal-OH
groups. In one case, the iron-hydroxo cluster is bridging two
ZreOg octahedra (model A), while in the second case (model B)
it is deposited on one node and the cluster is terminated by an
additional hydroxo group (Fig. 4). The presence of an intense
dPDF signal at ca. 3.3 A, linked to Fe---Fe and Fe--Zr distances
within model A, demonstrated the stabilization of the Fe-oxo
clusters by bridging two ZrgOg clusters as main species.
Additionally, the occurrence of signals at ca. 3.0 and ca. 3.7 A,
associated with Fe:--Fe and Fe---Zr distances within the model B,
evidenced the deposition of the Fe-oxo clusters within the ZrgOg
cluster trough terminal hydroxo groups. Remarkably, these
results demonstrated that the Fe-oxo clusters are stabilized by
bridging two neighbouring ZrsOs nodes within MOF-808, as
previously identified for other zirconia-based MOF systems.24
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Fig. 4. DFT computed structures of possible bimetallic iron-hydroxo clusters deposited
on the MOF-808. A. Iron cluster acts as bridge between two Zr-nodes. B. Iron cluster is
linked to one Zr-node only with a terminal disposition. Their M06-L computed free
energies of formation are also given. A more detailed description of the calculations can
be found in the ESI.

As a proof of concept, activated Fe-MOF-808 materials were
evaluated for the capture and subsequent catalytic degradation
of BPA through Fenton reactions. The experiments were
performed using solutions containing Milli-Q water and ethanol
in a 95 to 5 ratio (see ESI, S11) at room temperature. Under
these conditions, Fe-0.5-MOF-808 was able to capture ca. 50%
of BPA after 1 h, contrary to the ca. 11% captured by Fe-1.2-
MOF-808 (Fig. 5). This result is in accordance with the textural
properties of the materials (Fig. 1A-B)- the MOF with a lower
iron content (i.e. Fe-0.5-MOF-808) has larger free space to
capture molecules than its analogue with higher iron content
(i.e. Fe-1.2-MOF-808). To study the performance of the Fe-
MOF-808 materials as catalysts, the degradation of BPA was
carried out through a Fenton reaction using H,O; (see details in
ESI). The catalytic degradation was compared at 30 and 60 min
reaction time (Fig. 5). Interestingly, the structural differences
seen for the two MOFs play also a role in their catalytic
performance regarding both the kinetic and the
thermodynamic aspects. Thus, Fe-0.5-MOF-808 degraded the
26% of the total BPA after 30 minutes, being this value three
times better than the activity determined for Fe-1.2-MOF-808.
After 1 hour of reaction time, a plateau is reached and ca. 40%
of the total BPA is removed by the low Fe-loaded material, being
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this value remarkably larger than the performance observed for
Fe-1.2-MOF-808 containing larger iron-oxo clusters.
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Fig. 5 Removal test of 1 mg / 1 mL 100 ppm BPA after 60 min (left), and catalytic
degradation, 0.04 % molar in Fe over 5 mL BPA 100 ppm (right).

In conclusion, we have reported the stabilization of catalytic Fe-
oxo clusters within the MOF-808 through SIM methods, active
in the degradation of BPA via Fenton reactions. Interestingly,
synchrotron XAFS and PDF characterization combined with DFT
modelling demonstrated the occurrence of Fe-oxo dimers
bridging two neighbouring ZrsOg nodes as the main species. We
hypothesize that the terminal Fe-oxo species (model B) might
be formed under kinetic control at short reaction times, and
subsequent react with a terminal hydroxo group from a
neighbouring zirconia node giving the formation of the most
thermodynamically stable bridging species (model A). Further
studies are currently under investigation to elucidate the
structural mechanism of this Fe-oxo cluster stabilization.
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