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ABSTRACT: Metal Organic Frameworks containing Lewis acidic metals such as Zr(IV) are highly promising biomimetic
catalysis, able to perform a variety of biologically inspired reactions in a range of different environments. By modulating
the building blocks of a parent MOF, structural changes can be induced that may result in increased catalytic activity.
Typically, the organic components of the MOF are targeted for such modulation, either through removal of organic link-
ers or addition of functional groups. Modifying the inorganic component and transforming the nature of the inorganic
cluster of the MOF in a controlled manner is more challenging and have been less explored as means of enhancing cata-
lytic activity of MOFs. Here we demonstrate that tuning oxygen coordination within the metal-oxo cluster via post-syn-
thetic exchange of Mg(II) into ZrsOs-MOF-808 in aqueous solution results in coordinatively unsaturated Zr(IV) metal
sites with enhanced catalytic activity. Advanced structural characterization that include quantitative EXAFS analysis
and detailed XRD Rietveld refinement, combined with computational studies based on DFT and DFT-based Molecular
Dynamics, confirmed that single and double substitution of Zr(IV) with Mg(II) occurred within the cluster core. This
resulted in formation of ZrsMgOs and ZrsMg207 mixed metal-oxo catalytic sites with decreased overall oxygen occupancy
due to the lower coordination number of Mg(II) compared to Zr (IV). The effect of substitution on cluster symmetry and
stability has been investigated, and the mechanism of post-synthetic exchange, the stability of resulting structures, and
enhancements to catalysis are supported by an in-depth computational study. We show both experimentally and using
computational techniques that such modifications promote MOF-substrate interaction and decrease the activation en-
ergy (Eac) for catalyzing biologically relevant reactions such as hydrolysis of peptide bonds and dephosphorylation of
amino acids. This work presents a innovative strategy for enhancement of MOF catalytic activity through controlled
modulation of the inorganic cluster and demonstrates that the reduced oxygen occupancy of a cluster promotes more
efficient catalysis.

Introduction

A substantial amount of modern industrial processes rely
on some form of catalysis in order to reduce energy con-
sumption and improve the sustainability and efficiency of
processes, both to minimize energy costs, and to reduce the
ecological effects of the processes.!* Nature also relies
heavily on highly efficient catalysis through production of
specific enzymes to carry out cellular functions essential to
life.* 5 Inspired by nature, the field of catalysis often relies
on applying naturally occurring enzymes to develop and en-
hance their industrial processes. Many natural enzymes
have been already used, such for example renin for milk fer-
mentation, phospholipase for biodiesel production, and

penicillin amidase for drug production.® 7 Although enzyme
engineering has made great strides in utilizing these natural
enzymes through up-scaled production and increased dura-
bility, they still suffer from considerable shortcomings such
as reduced long-term stability, fixed (and often limiting)
substrate specificity, poor re-usability, and need for multi-
step recovery procedures from reaction mixture.8 Thus, de-
velopment of artificial enzymes is of key interest to a wide
range of industries. Ideally, these artificial enzymes should
have efficiency and selectivity of natural enzymes, whilst
overcoming their aforementioned limitations. Arising from
this need, the field of nanozymes®17 emerged with the aim
of developing low-cost, reusable, and tunable enzyme



mimics. The class of materials that shows exceptional prom-
ise is Metal Organic Frameworks (MOFs), which are highly
crystalline, porous, organic-inorganic hybrid materials,
formed of metal ions or inorganic clusters bridged by or-
ganic linkers, that result into large 2D or 3D structures.
These inorganic clusters are typically formed from highly
Lewis acidic metal ions such as Zr(IV), Ce(IV), or Hf(IV) and
bridging us-0 species, forming MeOs clusters. Organic link-
ers featuring carboxylic or amide end-groups form strong
interactions with the clusters, resulting in robust struc-
tures. One of the key characteristics of MOFs is their excep-
tionally high surface area, and unlike other catalytic materi-
als such as nanoparticles, where catalysis is limited to the
solvent exposed external surface areas, the porosity of
MOFs can increases the accessible surface area up to 7,000
m2/g.18

MOFs have demonstrated excellent ability to serve as cat-
alysts for a variety of organic reactions, including oxidation,
acetalization, cyanosilylation, and epoxide alcoholysis. 19 20
In addition, they can mimic the reactivity of naturally occur-
ring enzymes such as hydrolases,?! oxidases?? and peroxi-
dases.?® As hydrolytic nanozymes, MOFs have excelled at
both hydrolysis of peptide bonds and hydrolysis of phos-
phate bonds in a variety of natural and synthetic substrates
under many different conditions.?42? Many studies have
demonstrated that the hydrolytic activity of MOFs can be
enhanced through structural modifications of the parent
MOF via creation of missing linker defects?8-3, control over
the surface area and particle size3?, or through the introduc-
tion of more active functional groups present on the organic
linkers.26.32

In contrast, studies that focus on the controlled modifica-
tions of the metal cluster to enhance catalysis are much
more scarce. Several studies have shown that incorporation
of a second metal into the MOF cluster can either enhance
the reactivity of parent MOF, or give the MOF an additional
reactivity feature.22 33-36 Examples of successful incorpora-
tion of a second metal to enhance activity of a MOF include
synthesis of the bimetallic Ni/Co clusters in MOFs for use as
positive electrode materials3?, Zr/Ti-UiO-66 for alcohol oxi-
dation3#4%, Cu/Rh-BTC for propylene hydrogenation*!,
MOF-74(Cu/Co) for styrene oxidation*?, Eu/Yb/Gd-TCPB
for NO sensing*3, Mo/Zr-Ui0O-66 for dye removal from waste
water4t, Fe/Zr-Ui0-66 for water decontamination*> and
MIL-100(Fe, Ni) as Prins reaction catalysis.#¢ We have ex-
tensively explored the use of Zr-MOFs as nanozymes for the
hydrolysis of peptide bonds in peptides and proteins, and
have shown that structural fine-tuning can be used to en-
hance activity and control over the MOF-substrate interac-
tion.22 30-32, 4750 For example, by using of the bimetallic
Zr/Ce- Ui0-6622 and Zr/Ce-MOF-808>! we demonstrated
that the presence Ce(IV), which has greater coordination
flexibility in comparison to Zr(IV), resulted in more efficient
nanozymatic activity.

Inspired by these findings, here we envisioned a novel
strategy to enhance the activity of the MOF through genera-
tion of open metal sites, by forming coordinatively unsatu-
rated clusters via incorporation of a metal ion with a lower
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coordination number. This approach had already been
demonstrated by Gil-San-Millan et al.5? where Mg(Il) was
exchanged with Zr(IV) in MOF-808 and NU-1000.

Such an approach is distinct from previous works that
demonstrated that the generation of missing linker defects
leads to enhanced catalysis through generation of open
metal sites on the metal clusters, often at the expense of ma-
terial stability. In this work we show that the activity of Zr-
MOFs could be enhanced by inserting a different metal ion
that does not necessarily play active part in catalysis, with-
out relying on the generation of missing linkers. We hypoth-
esized that the presence of an ion such as Mg(II), in place of
one or two Zr(IV) centers in the cluster would lower the
number of oxygen bridges between incorporated Mg(II)
and the neighboring Zr(IV) ions, due to the lower coordina-
tion number of Mg(II) (CN=6) compared to Zr(IV) (CN=8).
Such substitution would make substrate binding with the
catalytically active Zr(IV) centers more accessible, as the
Zr(IV) would be coordinatively unsaturated, and as such,
enhance catalysis without reducing the number of organic
bridges that maintain the MOF’s structure.

Insertion of Mg(II) into the Zr¢Os cluster into parent MOF-
808 has been demonstrated before, using a synthesis with
DMF and formic acid at high temperature and pressure re-
sulting in enhanced hydrolysis of phosphate bonds.>3 In the
previous work, the formation of a single substituted
MgZrsOs cluster was identified via EXAFS analysis, and in-
creasing the concentration of Mg(OMe): in the exchange so-
lution led to generation of additional single substituted clus-
ters of the same type. In this study, the parent MOF-808 was
synthesized under much milder conditions using water as a
solvent at lower temperature,5* and the PSE method to in-
corporate Mg(II) was selected over direct hydrothermal
synthesis in order to minimize the structural changes in the
resulting M¢Os cluster that may be caused by different coor-
dination geometries of Zr(IV) and Mg(II) and the presence
of the much smaller Mg(1I) ion. In addition, we pushed the
boundaries of PSE by incorporating a second Mg(II) in the
MOF-808 SBU by inducing double substitution of Zr(IV) for
Mg(II), which resulted in formation of a discrete ZrsMg.0-
cluster, in contrast to the previous studies. We thoroughly
investigated the structural effect that Mg(II) incorporation
has on the cluster’s structure, and demonstrate that insert-
ing the less Lewis acidic ion, Mg(II) into Zr-MOF induces
structural changes on a discrete cluster level that ultimately
promote catalytic activity.

A challenging task was to unambiguously confirm that
Mg(II) was indeed incorporated into the cluster in place of
Zr(IV), rather than being grafted onto the ZrsOs cluster. This
was achieved through an advanced characterization meth-
odology comprising of detailed XRD Rietveld refinement
and analysis of the parent and PSE-modified MOFs using
EXAFS and a DFT study of the exchange. Following the thor-
ough characterization of the MOF materials, their activity
was tested towards the hydrolysis of peptide and phos-
phoester bonds in different biomolecules. The structural
and reactivity findings were combined with a detailed com-
putational study to fully understand the effect of single and



double substituted Mg(II) as a co-factor in these materials,
revealing that the lower coordination number of Mg(II)
causes a reduced oxygen occupancy of the mixed metal clus-
ters within the MOF, rationalizing how the presence of a less
Lewis acidic metal ion in the cluster can increase catalytic
activity of the material. Significantly, and in contrast to pre-
vious work with bimetallic Zr/Ce-MOF-808 which used
structurally similar Ce(IV) and Zr(IV) metals, resulting in
MOFs that almost exclusively contained either mono-metal-
lic Zrs0s/CesO0s clusters or a mono-substituted ZrsCeOs clus-
ter, the PSE method developed here allowed for double sub-
stitution and formation of the ZrsMg207 cluster to occur.
Such double substitution, along with similar structural fea-
tures compared to the parent Zr-MOF-808 and reduced ox-
ygen occupancy on the cluster, opens up a new avenue for
catalytic enhancement of MOFs without relying on modula-
tion of the organic components of the MOF or undermining
structural stability by increasing the number of defects.

Methods
Experimental procedures
All chemicals were commercially obtained and used with-
out further purification. Reactions were performed without
any precautions against air and moisture. Computational
methods are detailed in the supporting information.
Zr-MOF-808 Synthesis
MOF-808 was synthesised using the method of Reinsch and
co-workers.>> A mixture of trimesic acid (1.33 mmol, 280
mg), ZrOCl2-8H20 (4 mmol, 1.288 g), water (10 mL), and
aceticacid (10 mL) was heated at 95 * Cin sealed Synthware
48 mL high pressure vessels for 18 h while stirring. The
white precipitate was collected via centrifugation (5000
rpm, 25 min), redispersed in NaOAcwug (15 mL, 0.1 M;
twice), and water (15 mL; once). After which, it was redis-
persed in acetone (5 mL; once) and dried overnightat 70 °C.
Post-synthetic Exchange of Metals
Post synthetic exchange of Mg for Zr within the MOF was
attained by following the method of Gil-San-Millan and co-
workers.52 A mixture of MOF-808 (300 mg),
Mg(OMe)z2/MeOH (468 L, 7-10 wt%), and MeOH (15 mL)
was shaken for 15 min to afford Mg1-Zr. Mg2-Zr was made
using the same method but with double the volume of
Mg(OMe)z2/MeOH (936 uL, 7-10 wt%). The white precipi-
tates of Mg1-Zr and Mg2-Zr were collected via centrifuga-
tion (5000 rpm, 25 min), and washed with MeOH (15 mL, x
3).
Activation of MOFs

MOFs were dried for 3h at 70 - Cand then activated over 17
h at 120 *C prior to analysis and catalysis.
Characterisation

Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) - Mg1-Zr (50 mg) and Mg2-Zr (50 mg) were each
digested using a mixture of HCI (5 mL, 47%), HNOs (4 mL,
70%), and HBF4 (2 mL, 28%) in a Mars 6 microwave di-
gester with a ramp time of 10 min and a hold time of 25 min
at 210 °C (pre-set zeolite program). An aliquot of 0.5 mL
was diluted to 10 mL with ultra-pure water prior to meas-
urement. Measurements were recorded in a 2% HNOs ma-
trix. MOF pKa Measurements - MOF (10 mg) was

equilibrated in NaNO3(q) (12 mL of 0.01 M solution) for 20
min with stirring.5¢ The mixture was adjusted to pH 3 using
HCl(aq) (0.1 M solution) and then titrated with NaOHq) (0.1
M solution) to pH 11 at a rate of 10 uL/min with gentle stir-
ring. pH was recorded just before the following NaOH addi-
tion.

XRD Analysis

X-ray diffraction (XRD) patterns were recorded on a
PanAnalytical diffractometer equipped with a Cu Ka source
(¥ =0.15406 nm) in the 1.3° < 26 < 45.0* range with a step
size of 0.013°. Rietveld refinement was conducted using
GSAS-II software.5’The structural model reported by Fu-
rukawa et al.>® was used in the refinement after excluding
the solvent molecules: u3-0 are either oxo (Ozand 03) or hy-
droxyl ligands (07 and O0AA), while u2-0 derived from the
modulator and linker are labeled as Osand O1, respectively.
The instrumental parameters were obtained from a LaBs
standard; accordingly, the Gaussian instrument broadening
parameters, i.e., U, V,and W, were fixed to 1.109-10-* deg?, -
2.22-10-*deg?, 4.956-10-*deg?, respectively. The Cauchy in-
strument broadening parameters, i.e., X and Y, were fixed to
0 deg. The Finger-Cox-Jephcoat low-angle peak asymmetry
parameter, SH/L, was kept fixed to the optimised value of
0.038. The peak shape was refined with a generalised mi-
crostrain broadening model and by optimising the respec-
tive parameters. Atomic displacement values for Zr and Mg
were constrained to be equal, and the same was done for the
remaining O and C atoms. Occupancies of Zr and Mg were
fixed to the experimental values retrieved via ICP analysis.
The scale, background, sample displacement, unit cell pa-
rameters, peak shape, and atomic parameters were refined
in this order.

XAFS Analysis

XAFS experiments were performed at the XAFS 11.1 beam-
line of Elettra - Sincrotrone Trieste (Italy).5® The storage
ring operated at 2.4 GeV in top-up mode with a typical cur-
rent of 310 mA. XAFS data were recorded at the Zr K-edge
in transmission mode using pellets made upon mixing a
proper amount of Zr/Mg MOFs and cellulose. Spectra were
acquired from 17698 eV to 19522 eV around the Zr K-edge
with a constant k-step of 0.03 *A-1and 2s/point acquisition
time.

The extended X-ray absorption fine structure (EXAFS)
analysis was performed using the GNXAS package based on
the multiple scattering (MS) theory.6% ¢! The sinusoidal sig-
nal of the experimental EXAFS spectra was described by
considering only a few key contributions. Two two-body
(y®) term signals were used to account for the two different
structural oxygens in the Zr first-shell environment (y1(®)
(Zr-01) and (y2®) (Zr-02)), while an additional two-body
signal was used to describe the Zr-Zr contribution in the sec-
ond-shell sphere (y3®) (Zr-Zr)). In the EXAFS fitting, the de-
generacy of y1and ys scattering contributions were refined
while maintaining fixed y2 to consider the difference in sig-
nal after the post-synthetic exchange of Zr with Mg. Notably,
the scattering power of Mg (Z = 12) is significantly lower
than the respective for Zr (Z = 40), which is used here to de-
tect Mg insertion in the cluster while looking at the decrease
of Zr-M (M = Zr/Mg) scattering term.



Activity Studies

Hydrolysis reactions were performed in 4.0 mL screw cap
vials with PTFE stirring bars. Glycylglycine Hydrolysis -
MOF (6 umol) was added to a solution of glycylglycine (3.00
mL of 2 mM D0 stock solution) and stirred for 20 min to
finely disperse the MOF particles in solution. The pD was ad-
justed to 7.4 with NaOD and DCI. The reaction mixture was
heated at 60 ° C with stirring for 5 h and aliquots of 550 uL
were taken at 0.5h, 1 h, 2 h, 3 h,and 5 h. The reaction kinet-
ics were followed by 'H-NMR. pX Hydrolysis - MOF (6 umol)
was added to a solution of pX (pX = pSer or pTyr; 3.00 mL of
8 mM D20 stock solution) and stirred for 20 min to finely
disperse the MOF particles in solution. The pD was adjusted
to 7.4 with NaOD and DCI. The reaction mixture was heated
at 60 * C with stirring for 240 h and aliquots of 550 uL were
takenat 17 h, 72 h,96 h, 144 h, and 240 h.

The reaction kinetics were followed by H-NMR. MOF Pep-
tidase vs Phosphatase Activity Study - Solutions of Gly-Gly
and pSer, and Gly-Gly and pTyr, (3.00 mL of 8 mM D20 stock
solution) were prepared, to which MOF (6 umol) was added
and stirred for 20 min to finely disperse the MOF particles
in solution. The pD was adjusted to 7.4 with NaOD and DCL
The reaction mixture was heated at 60 °C with stirring for
5 h and aliquots of 550 uL were takenat 0.5 h, 1 h,2 h, 3 h,
and 5 h. The reaction kinetics were followed by 'H NMR.

Results and Discussion

Synthesis and Characterization of ZrsMgOs and
Zr;:Mg>07 based MOF-808

Preparation of the mixed metal MOFs was carried out in
two stages. Initially, the parent Zr-MOF-808 was synthe-
sized using a one-pot green synthesis adapted from work by
Reinsch and coworkers®4, followed by post-synthetic ex-
change (PSE) of Zr(IV) with Mg(II) present in solution from
Mg(OMe)25%3. This two-step approach was chosen to ensure
that the parent MOF-808 structure would be preserved, al-
lowing the precise effect of Mg(II) on the structure and ca-
talysis to be determined. As the coordination geometry and
coordination number (CN) of Mg(II) (typically CN = 6) and
zirconium(IV) (CN = 8) are different, we anticipated that us-
ing Mg(I1) and Zr(IV) in a one-pot MOF synthesis, might not
result in formation of M¢Os clusters, and instead would re-
sult in alternative MOF structures being produced. Indeed,
to the best of our knowledge, MgesOs type clusters have not
been reported so far. Resulting MOF materials were fully
characterized before and after PSE to determine structural
changes, and most importantly, to confirm that successful
metal exchange of Zr(IV) with Mg(II), and not merely graft-
ing of Mg(1I) onto the parent MOF, occurred. The parent Zr-
MOF-808 was synthesized in a mixture of water and acetic
acid (1:1 ratio), in a sealed system at 95 °C for 18h, after
which the MOF was collected, washed, and dried. Successful
synthesis was confirmed through comparison of the PXRD
pattern of the resulting MOF with the calculated pattern of
MOF-808. Following the synthesis of the parent MOF, PSE of
FZr(IV) for Mg(1I) was achieved by soaking the parent MOF
in varying amounts of Mg(OMe): (2:1 and 4:1 Zre:Mg) dis-
solved in methanol. This resulted in two MOF-808s
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containing different amounts of Mg(II) within the clusters,
referred to as Mg1-Zr and Mg2-Zr, while the parent MOF is
referred to as Zr. As seen in the PXRD and SEM images (Fig-
ure 1), the PSE process did not affect the morphology of the
MOF, nor the global crystalline structure. Particle size was
also unaffected (Table 1), with the particles in all three
MOFs averaging between 0.95 and 1.08 um in diameter, as
determined by scanning electron microscopy (SEM) micro-
graphs. Using Inductively Coupled Plasma Optimal Emis-
sion Spectroscopy (ICP-OES) after acid digestion of the
MOFs, the percentage of metal determined to be Mg in the
PSE samples was found to be 15% and 33% (Table 1) for
Mg1-Zr and Mg2-Zr respectively. This translates to cluster
compositions of ZrsMg and ZrsMg2 respectively, in agree-
ment with the initial report by Gil-San-Millan.>®> The PSE
process lead to a 25% reduction in BET surface area (Figure
S1, Table 1), decreasing from 1983 m?g-! to 1498 m?2g! as
the amount of Mg(II) increased. It should be noted that the
surface area of both Mg-substituted MOFs was very similar,
showing that the PSE process was responsible for the de-
crease in surface area rather than proportion of Mg(II) pre-
sent. This is also reflected in similar particle sizes of Mg1-
Zr and Mg2-Zr.

The surface area of Mg2-Zr in this work was larger than
the surface areas previously reported for Mg/Zr-MOF-808
(1498 m?g1 vs 1290 m?g-1), although the reduction in sur-
face area due to the PSE process was 25%, i.e. the same re-
duction as previously reported.5? Additionally, no changes
were seen in the pore size distribution (Figure S2), showing
that the PSE process did not damage the porous interior of
the MOF, in contrast to previous reports using the formic
acid/DMF variant where significant changes to the pore dis-
tribution was described.>? Thermogravimetric analysis
(TGA) (Figure S4) confirmed that the thermal stability was
also not affected by the PSE with Mg(II), highlighting a sig-
nificant benefit of PSE to generate mixed metal MOFs. Using
our PSE approach, the organic components of the MOF are
less affected compared to other synthetic modification at-
tempts, preserving the thermal resilience of the MOFs.22 51
As the presence of missing clusters was not detected in FT-
IR (Figure S5), the number of missing linkers was calculated
from the TGA traces, based on the weight loss above 300°C.
The parent Zr-MOF-808 averaged 0.9 missing linkers per
cluster, based on a maximum occupancy of 6, which in-
creased to 1.26 for the two Mg-containing MOFs. This sug-
gests that the PSE process reduced the coordination of the
metals in the clusters within the MOFs equally, suggesting
that observed structural changes are independent of Mg(II)
concentration in the MOF’s structure. Additionally, the
change in acidity of the MOFs was determined using an acid-
base titration, and three pKa values were determined based
on the protocol by Farha et al.6?
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Figure 1: Initial structural characterization of Zr-MOF-808, and
MOFs after PSE with Mg(II), forming Mg1-Zr and Mg2-Zr. SEM
microscopy of A) Zr, B) Mgl1-Zr, and C) Mg2-Zr. D) Experi-
mental PXRD of the MOFs compared with the respective
Rietveld refined patterns. The low residual is in line with the fit
goodness retrieved through Rietveld refinement (cf. Table 2).

In Tables 1 and S5, it can be seen that the acidity de-
creases as more Mg(1l) is incorporated (and less Zr(IV) is
present) in the MOF, as the pKa of u3-OH and -OH increases
by 0.23 and 0.21 respectively when comparing Zr and Mg2-
Zr. This is in line with the exchange of Zr(IV) for the less
Lewis acidic and more oxophilic Mg(II). To investigate our
hypothesis that insertion of Mg(II) occurred at the cluster
level by replacing Zr(IV), the ICP-OES analysis (Tables 1, S1)
of the MOFs and exchange solutions after PSE was per-
formed. The amount of Zr in the MOF sample decreased in
correlation with the increase in Mg, suggesting that Mg was
not doped onto the MOF surface, but rather substituted the
Zr in some fashion. The release of Zr into solution during
PSE was also recorded using ICP-OES and the data are pre-
sented in Table S1. The solution used for PSE showed an in-
crease in Zr and decrease in Mg after the PSE process, again
suggesting effective substitution of metals rather than graft-
ing of Mg onto the MOF structure.

Table 1: Structural characterization of MOF-808 mate-
rials.

MOF  Zre:MgaParticle  Sper¢
Diameter® (M?g7)

Missing pKae
linker per ps-OH

corroborates the post-synthetic exchange of Zr with one
(Mg1-Zr) or two Mg atoms (Mg2-Zr) per cluster and the in-
creased free coordination sites around the Zr atoms in-
duced by Mg doping. As shown in Table 2, the crystal lattice
experiences a slight expansion due to Mg(Il) insertion.
While the lattice dimension, g, increases by roughly 0.3%,
the lattice volume expands by approximately 1% after in-
serting one or two Mg ions per ZreOs cluster. Although
Mg(1I) is smaller than Zr(IV), the volume change might be
due to structural strains in the long-range order, as probed
by XRD. On the contrary, the local structure around Mg/Zr
is affected differently, as confirmed by XRD Rietveld refine-
ment and EXAFS fitting. Indeed, the Rietveld refinement re-
sults reported in Table 2, evidence a contraction of the
Zr/Mg-0 interatomic distance upon Mg(Il) insertion, and
are in good agreement with the EXAFS retrieved distances
(cf. Table 3). Here, it is important to note that average Zr-O
(~2.16 A,63) and Mg-O (~2.11 A,5%) bond lengths in the re-
spective oxides are comparable. Finally, XRD Rietveld re-
finement also provides an estimation of the amount of
Zr/Mg, and refined atomic occupancies in Table 2 are in
good agreement with the ICP-OES results reported in Table
1 and S1, further sustaining the hypothesis of successful
PSE.

Table 2: Relevant XRD Rietveld refinement results. Re-
sidual (wR), lattice parameter (a), cell volume (V), cal-
culated density (pcarc), atomic occupancies (Occ) for Zr
and Mg, and Zr/Mg-0, and interatomic distances are re-
ported for Zr, Mg1-Zr, and Mg2-Zr. Values in brackets
indicate the error on the retrieved structural parame-
ter.

(um) clusterd
Ir 1:0 1.07 £0.09 1783 0.90 3.32
Mg1-Zr 4:1 0.94 +0.07 1503 1.26 3.45
Mg2-Zr 2:1 0.94 +0.06 1498 1.26 3.55

From 2ICP-OES, *SEM, °N: physisorption isotherms, ¢TGA (from a
maximum of 6 linkers per cluster) ¢Acid-base titration.

In-depth structural analysis of the Zr/Mg mixed-metal
MOFs was carried out by fitting the XRD patterns and the
EXAFS spectra at the Zr K-edge, probing the long- and short-
range structural order, respectively. The analysis

Zr Mg1-Zr Mg2-Zr
wR 0.1414 01251  0.1124
a/A 3517(19)  35.28(13) 35.27(12)
v/ As 43497(7)  43925(5) 43863(12)
Peale | g.cm3 0.7425 0.6964  0.6560
Occ(Zr) 10 (fixed)  082(2)  0.68(2)
Occ(Mg) 0.0 (fixed) 0.18(9)  0.32(2)

Zr:0 | 223(3)  221(3)  220(3)
Inter-
atomic | Zrw0  225(2)  222(2)  2.22(2)
Dis- Mg-us0  / 220(4)  2.20(3)
tances | Mg,0 221(2)  2.22(2)

With this information, complementary structural charac-
terization was carried out using in-depth EXAFS analysis of
the Zr K-edge to confirm Mg(1I) incorporation into the clus-
ter, and determine how the presence of Mg(Il) affected the
local environment of the catalytic site. The extracted EXAFS
signal for Zr, Mg1-Zr, and Mg2-Zr was fitted by considering
three main two-body (y®) contributions, as described in
the Experimental section. The overall fit is presented in



Figure 2A-C, highlights a very good match between experi-
mental and calculated signals. In general, a y1( signal with
a four-fold degeneracy (N ) is needed to characterize the Zr-
u3-01 fragment, a y2(? signal describes the interaction be-
tween Zr and p2-02 atoms (from the linker, substrate/prod-
uct, solvent, or modulator, N = 4), and a y3® Zr-Zr (adjacent
Zr atoms at around 3.5 A, N = 4) is finally required for a
Zrs0s SBU model. From a qualitative point of view, the re-
gion between 8-14 A-1 is strongly affected by the Zr-Zr scat-
tering term (y3), which in Figure 2A-C experiences a clear
reduction in amplitude when increasing the Mg(II) content.
This experimental evidence preannounces a clear-cut dif-
ference in the Zr-Zr degeneracy among the samples, and in
particular, a lower Zr-Zr coordination number correlates to
the increase of Mg(II) in the cluster. The Fourier transform
(FT) of the EXAFS signal and the respective fit are reported
in Figure 2D-F, visually emphasizing the difference among
the samples. Indeed, the second peak in the FT, correlated
to the second-shell coordination (Zr-Zr), is drastically af-
fected by Mg(II) insertion, as shown by the downward ar-
row in panel F.
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Figure 2: Extracted EXAFS signals for (A) Zr, (B) Mg1-Zr, and
(C) Mg2-Zr and corresponding Fourier transforms (D-F).

Quantitative results of the EXAFS fitting are reported in
Table 3. Several key parameters retrieved by the analysis
highlight the structural modifications around the Zr(IV) lo-
cal environment upon Mg(Il) doping: (i) the drastic de-
crease in the degeneracy (N ) of the y3 signal, due to the Zr-
Zr scattering pair (from 4 in Zr to 3.2 in Mg1-Zr, and 2.4
Mg2-Zr); (ii) the significant contraction of the second-shell
interatomic distance in Mg2-Zr (Zr-Zr = 3.55 A); (iii) the
drop in the degeneracy of y1, emphasizing that the lower co-
ordination of Mg(Il) induces an increase in free catalytic
sites at the Zr(IV) ion; (iv) a reduction of the skewness pa-
rameter () for the Zr-Zr distribution in Mg2-Zr, indicating
an increase of symmetry in the second-shell distribution.

Table 3: Relevant EXAFS fitting results for Zr, Mg1-Zr,
and Mg2-Zr samples: interatomic distances (R), Debye-
Waller factors (02), degeneracy values (N), and skew-
ness parameter (f3). Values in brackets indicate the er-
ror on the retrieved structural parameter and were ob-
tained by plotting contour plots within the selected
95% confidence interval.

Ir Mgl-Zr Mg2-Zr
yi@ (zr- R/A 2.174(13) 2.133(12) 2.158(15)
01) oz/Az  0.015(3) 0.008(3) 0.017(5)
N 4.0(6) 3.3(4) 2.8(5)
y:0(@Zr- R/A 2.248(12) 2.244(12) 2.225(11)
02) oz/Az  0.007(2) 0.006(2) 0.007(2)
N 4 (fixed) 4 (fixed) 4 (fixed)
R/A 3.61(2) 3.61(2) 3.55(3)
‘Z’:()Z)(Zr' o2/k2  0011(3) 0012(3) 0.008(4)
N 4(1) 3.2(9) 2.4(10)
(38 1.2 1.3 0 (Gaussian)

§ The beta parameter (f) is the dimensionless skewness parameter
directly related to the third cumulant of a skewed distribution. For § =
0, a Gaussian distribution is considered.

Considering the model of a ZreOs cluster, but with a single
Mg(II) substituted, each Zr(IV) should theoretically be sur-
rounded on average by 3.2 Zr atoms, as experimentally re-
trieved for Mg1-Zr. Theoretically, when a second substitu-
tion occurs, the degeneracy of the Zr-Zr, should drop to 2.5
in case of adjacent Mg atoms, or to 2 for a conformation with
opposite Mg atoms. In Mg2-Zr, the obtained value for N(Zr-
Zr) is 2.4, sustaining the assumption of a ZrsMg, metallic
core, in agreement with the ICP results (Table 1). Further-
more, the decrease in N(Zr-0) indicates an average of 7.3 or
6.8 oxygen atoms in the SBU model for Mg1-Zr and Mg2-Zr,
respectively. Hence, the introduction of Mg(1I) into the clus-
ter structure in place of Zr(IV) induces the decrease of over-
all oxygen occupancy due to the lower coordination of
Mg(1I) since the general coordination number of Mg is 6,
compared with 7 or 8 for Zr.

Finally, the Debye-Waller (DW) factor (0?) and skewness
parameter (f3) for the y3 term of the Mg2-Zr cluster was de-
termined. On one hand, the DW factor accounts for struc-
tural and thermal disorder and the lower value may indicate
a diminution of the overall disorder for the Zr-Zr fragment;
on the other hand, skewness on the Zr-Zr term is a measure
of asymmetry of the second-shell atomic distribution, and a
value of = 0 suggests that the Zr-Zr distribution can be
considered as Gaussian. Analysis of the Mg2-Zr cluster indi-
cates a lower structural disorder and a more symmetric dis-
tribution for the Zr-Zr pairs in comparison to Mg1-Zr clus-
ter, suggesting that Mgl-Zr is more unsymmetrical than
Mg2-Zr.

From this, it was proposed that when the parent Zr-MOF-
808 (Zr) undergoes PSE with a single Mg(II), the Mg(II)
atom randomly replaces any of the six Zr atoms constituting
the cluster (as shown in Figure 3). When exchanging a sec-
ond Zr for an additional Mg (giving rise to Mg2-Zr), there
are two possible structural conformations, with additional
Mg being placed either adjacent to the first Mg or opposite
to it. However, the low degree of structural asymmetry and
disorder determined in the Mg2-Zr sample may preliminar-
ily suggest that the cluster conformation where the Mg at-
oms are opposite to each other (bottom cluster in Figure 3)



is the most likely conformation to form. From this structural
analysis of the cluster, the reduced oxygen occupancy
around the Zr(IV) should leave them coordinately unsatu-
rated and is expected to enhance the activity of the cluster,
and therefore the entire MOF, towards catalysis. The charge
imbalance of the metal ion due to unsaturation promotes
hydration of the metal ion and substrate interaction, bene-
fiting hydrolysis reactions in particular.

+1Mg / Mg2-Zr
—_ +1 Mg
Zr

Mgl-Zr

Mg2-Zr

Figure 3: PSE of Mg into Zr-MOF-808. When a single Mg is ex-
changed (Mgl-Zr), substitution of any Zr is possible. When a
second Mg is substituted (Mg2-Zr), it may be located Mg-adja-
cent (top), or Mg-opposite (bottom)

Computational study of the Mg(I)-by-Zr(IV) ex-
change in MOF-808

To further support our experimental findings, theoretical
calculations were carried out to investigate the replacement
of Zr(IV) by Mg(II) in the nodes of MOF-808 and its impact
on the structure of the material. Firstly, Density Functional
Theory (DFT) calculations were conducted to provide atom-
ically-resolved structural information about the Mg(II)-
containing metal-oxo nodes of the Mg1-Zr MOF. Based on
the experimental characterization of the Mg1-Zr material, a
model of its metal-oxo cluster was created from the crystal
structure of the parent MOF-80858 by replacing a ZrO2* unit
with a Mg(II) ion, saturating undercoordinated metal sites
with

bridging acetate ligands. Geometry optimization within a
‘cluster model’ approach (see computational details) and
accounting for solvent effects of methanol through a contin-
uous dielectric medium, led to the structure represented in
Figure 4a. Note that such a computational approach has
been successfully adopted to investigate the reactivity of
metal-oxo nodes in MOF chemistry.¢> 6 The Mg(II) ion was
found to be accommodated in the distorted octahedral en-
vironment created by two carboxylate oxygens of two dis-
tinct linkers, one from an acetate ligand, and two hydroxo
and one oxo groups from the metal oxo cluster. Notably, as
illustrated in Figure 4b, one of the ps3-OH groups, originally
coordinated to three Zr(IV) ions in the Zrs ! cluster, becomes
a di-bridged ligand that connects Mg with a neighboring Zr
center, and shifts towards the center between these two

7

atoms to grant an octahedral environment for Mg. Such a re-
arrangement causes a slight decrease in the coordination
numbers of Zr by O atoms in the nodes of Mg1-Zr as com-
pared to the parent MOF, from 8 to 7.4 in average (see Fig-
ure S6), as obtained from the analysis of their optimized
structures. However, as shown in Figure 4c, the metal re-
placement does not trigger significant distortions of the
nodes and their overall structure and shape are preserved,
further supporting the experimentally observed lack of
crystallinity loss upon Mg incorporation.

DFT calculations were also performed to estimate the
free-energy cost of the metal exchange process according to
the following reaction (Eq. 1) occurring in methanol:

Zre + [Mg(OMe)2(MeOH)z] + MeOH —¥» ZrsMg +
[Zr(OH)(OMe)s(MeOH)2] (1)

The structure and ligand environments of Mg(II) and
Zr(IV) ions in methanol solution were determined by carry-
ing out DFT-based Molecular Dynamics (DFT-MD) simula-
tions of [Mg(OMe)z] and [Zr(OH)(OMe)s] salts embedded in
explicit methanol solvent (see computational details section
for further details). This situation represents Mg(Il) com-
plexes in the reactants state and released Zr(IV) complexes
in the products, which are expected to reside in the solvent
bulk rather than within the pores of the MOF. As shown in
Figure S7, these simulations revealed a pseudo-tetrahedral
coordination environment for Mg(II), in line with previous
MD studies of Mg(II) ions in ethanol; ¢7 and a distorted octa-
hedral environment for Zr(IV). Mg(II) was found to coordi-
nate two anionic methoxy ligands and two methanol mole-
cules; whereas Zr(IV) stabilizes two methanol molecules in
a cis configuration, beside two methoxy ligands (exchanged
with Mg), another one arising from the spontaneous depro-
tonation of a methanol molecule by the Zr=0 group released
from the MOF and, hence a hydroxo ligand. For Zr(IV) ions,
Messner et al.?® reported solvation spheres consisting of 8
water molecules based on MD simulations. However, the co-
ordination numbers observed here, approximately 6 in
methanol, can be rationalized by the bulkier nature of meth-
oxy groups compared to water molecules. This hinderance
limits the association of more than 6 ligands. As a matter of
fact, MD simulations of Mg(II) in water predicted coordina-
tion numbers close to 6,%° being consistently higher than
that of 4 observed in methanol.®” Note that coordination
numbers to the metal ions in solution are lower than within
the nodes of the MOF due to the distinct electronic and ste-
ric properties of their binding ligands. In fact, previous DFT-
MD analyses showed that the coordination number of a
Zr(IV) ion embedded in a polyoxometalate structure varies
as a function of the electron-donating character of its lig-
ands.

Using configurations obtained from DFT-MD trajectories
for the metal complexes in solution, an affordable free-en-
ergy cost of +10.8 kcal.mol-! could be estimated for the for-
mal ZrO?%* -by- Mg?* replacement. It is worth noting that the
dimerization of Zr(IV) complexes in methanol (Figure S8),



was found to be strongly exergonic, by 25.2 kcal.mol-!, com-
pensating the still accessible cost of two sequential metal-
exchange events (+21.6 kcal.mol-!). Therefore, the latter
might be expected to provide the thermodynamic driving
force for the whole metal-exchange process. Thus, although
characterizing the entire mechanism of such a complex pro-
cess is beyond the scope of the present work, our calcula-
tions further support the feasibility of incorporating Mg(II)
into the nodes of Zrs0s based MOF-808, as inferred from ex-
perimental characterization.

Figure 4: (a) Optimized structure of a MgZrs node of the Mg1-
Zr MOF. The Mg(1I) ion and the groups directly bonded to it are
represented as spheres, while the rest of the structure is shown
as sticks. Color code: Mg (lime), Zr (cyan), O (red), C (gray), H
(white). (b) Closer look to the coordination environment of the
embedded Mg(Il) ion, where the configuration of the parent Zre
cluster is overlayed in blue sticks for comparison. (c) Two
views of the superimposed models of Zr (blue) and Mgl-Zr
(yellow) systems.

Reactivity towards Peptide Bond Hydrolysis

To confirm the predicted benefits that reduced oxygen
occupancy in the Mg-containing clusters can have on the
overall catalytic activity of the MOF, hydrolysis of glycylgly-
cine (Gly-Gly) dipeptide was used as a model reaction,
which allows for easy comparison with the previously re-
ported MOF nanozymes.”® Our group has already demon-
strated that introducing the more Lewis acidic Ce(IV) into
Zr-MOFs enhances their catalytic properties due to the in-
creased coordination number of the Ce(IV) in the cluster, re-
sulting in faster hydrolysis of Gly-Gly. Using the same model
reaction, the effect of Mg(1I) insertion into Zr-MOF-808 was
tested by incubating 6 umol MOF with an equimolar amount
of Gly-Gly solution in D20 at 50 - 80 °C, and following the hy-
drolysis of peptide bond with TH-NMR.

Indeed, the presence of increasing amounts of Mg(II) ben-
efited the reactivity of the MOF towards Gly-Gly hydrolysis.

Reactivity at different temperatures is presented in Figure
5A, and 'H-NMR of Gly-Gly hydrolysis by Zr is presented in
Figure S10. As temperatures increased, the enhancement of
reactivity due to Mg(II) became more significant, particu-
larly in the presence of Mg2-Zr. At 80 °C, the observed rate
constant was calculated to be 1.59 x10-* 571, giving a half-life
of 1.21 hours, which represents an acceleration of more
than four orders of magnitude compared to the uncatalyzed
reaction.”'As the number of missing linkers between Mg1-
Zr and Mg2-Zr remained constant, and the particle size
were similar, this increase in catalytic activity cannot be ex-
plained by changes to the organic component or the struc-
tural parameters of the MOF’s structure. Several previous
works have shown that changes to the organic components
of MOFs result in structural modifications and influences
catalytic activity of the MOFs.70.72-77 Thus, it is clear that the
presence of Mg(Il) is exerting influence over activity of the
MOFs, as predicted based on the structural findings of re-
duced oxygen occupancy.

In comparison to previous work, the MOFs synthesized in
this work (Zr, Mg1-Zr, and Mg2-Zr) outperform Zr-Ui0-66
and Zr-NU-1000 by one and two orders of magnitude re-
spectively, even when the reaction was carried out at the
lower temperature of 50 °C, compared to 60 °C for Ui0-66
and NU-1000.5% 74 Additionally, MOFs in this work also out-
performed the Zr/Ce-UiO-6678, where the more Lewis acidic
Ce(IV) made up 61% of total metal in the MOF.

A particularly interesting comparison to make is with the
nano-sized MOF-808, having a particle size of just 35 nm
and surface area of 1920 m?/g, which was designed to max-
imize hydrolytic efficiency.”? This nano-MOF gave a Gly-Gly
hydrolysis rate comparable to the significantly larger Mg2-
Zr with smaller BET surface area, demonstrating that incor-
porating Mg(II) into the MOF can influence the MOF’s reac-
tivity more than organic structural changes such as amount
of defects, surface area, or particle size - all of which are de-
termined through modulation of organic linker, solvent vol-
ume, and modulating acid used in the synthesis. Further-
more, the activation energy (E.) of Gly-Gly hydrolysis was
calculated using the Arrhenius equation, demonstrating
that the presence of Mg(II) decreases the Ea: from 18.0
kcal.mol-! with the pure Zr MOF, to 12.0 kCal.mol-! with the
Mg2-Zr MOF, making the MOFs more effective catalysts
(Figure 5B). This is a significant step forwards in the devel-
opment of green MOFs for catalysis, as the Mg2-Zr MOF is
synthesized without DMF and at lower temperatures, yet
exhibits similar reactivity to the benchmark Zr-MOF-8085°
which was synthesized at high temperature, high pressure,
in DMF and formic acid.

PXRD was recorded after hydrolysis to check the stability
of the MOFs in the reaction conditions (Figure S11), and
ICP-OES was used to determine the amount of metal ions
leached from the MOFs during the reactions (Table S6). No
significant changes were observed in the PXRD diffracto-
grams and only a small amount of metal ion leaching was
recorded (0.05 ppm Zr and 0.11 ppm Mg for Mg2-Zr) after
48 h reaction. As a control, the Mg(II) precursor,



Mg(OMe)2MeOH, was also tested for catalytic activity to-
wards GG hydrolysis and showed no reactivity after 7 days.
A B
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Figure 5: Peptide bond hydrolysis by MOFs Zr, Mg1-Zr and
Mg2-Zr. A) hydrolysis rate at different temperatures, with re-
action scheme. B) Calculated activation energy of reaction (Eq)
Conditions: 6 umol MOF, 3 mL 2mM Gly-Gly solution in D20, pD
7.4, with stirring.

Reactivity towards Phosphoester Hydrolysis

Since the introduction of Mg(Il) into Zr-MOF-808 has
been shown to have beneficial effect on their catalysis of
nerve agents, which effectively resulted from their ability to
hydrolyze P-F and P-S bonds,52 the hydrolytic ability of MOF
synthesized in this work was further tested for the hydrol-
ysis of phosphoester bonds, which are frequently present in
proteins as a result of post translational modifications
(PTMs). Such modifications are important in cellular signal-
ing acting as a molecular switch for the activation or inacti-
vation of various cellular processes. The ability of MOF
nanozymes to hydrolyze phosphoester bonds was tested
using phosphorylated serine (pSerine) and tyrosine (pTy-
rosine) model substrates, since these amino acids are very
prone to PTMs in proteins. Hydrolysis of phosphoester
bond, which results in dephosphorylation of the substrate
(Figure 6), was followed by 'H-NMR spectroscopy (Figures
S$12 and S13), and the reaction parameters are represented
in Table 4.

pSer
HO_} (U) i
TP 2 hydrolysis s
Ho' Oy oM ey HO' | OH
NH, NH,
pTyr Cﬁ
o] 2 ”«ﬁ ~"“OH hydrolysis 2 [ “OH
B NH, NH,
HO orHO

Figure 6: Hydrolysis of pSer and pTyr

As can be seen from the kinetic experiments, the presence
of Mg in Mg2-Zr significantly increased the hydrolysis rate
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of pSer compared to both Zr-MOF catalyzed and the uncat-
alyzed reactions. In presence of Mg2-Zr the first order rate
constant increased by two orders of magnitude compared
to the uncatalyzed reaction, and one order of magnitude
compared to the parent MOF Zr.

Table 4: Hydrolysis of pSer and pTyr by Zr and Mg2-Zr.
Conditions: 6 umol MOF, 3 mL 8 mM pX solution in D20,
pD 7.4, 60 °C, with stirring.

Reaction Rate /s-1  pSer Hydrolysis = pTyr Hydrolysis
Control 3.31x10-8 1.71x10-8
Zr 1.31x10-7 3.43 x10-7
Mg2-Zr 2.36x10-6 3.03 x10-7

Interestingly, the presence of Mg(1I) had less pronounced
influence on the hydrolysis of pTyr compared to the parent
Zr-MOF. This is likely due to the presence of the aromatic
side chain of Tyr which could result in significant adsorp-
tion of the amino acid onto the MOF through m-7 stacking
with the aromatic linker. This was evidenced using quanti-
tative NMR analysis, where adsorption of pTyr onto Zr and
Mg2-Zr was very similar (46% and 40% respectively). In
contrast, the adsorption of pSer differed significantly be-
tween the two MOFs (57% for Zr and 27% for Mg2-Zr) sug-
gesting that the reduced Lewis acidity of the Mg containing
MOFs results in reduced adsorption of the non-aromatic
substrate onto the MOF, thus promoting catalytic turnover.
Stability of MOFs were determined after reaction using
PXRD (Figures S14 and S15), where it was apparent that the
increased adsorption of pTyr through interactions with the
linker caused a drop in crystallinity to the MOFs as evi-
denced through PXRD.

The competition between hydrolysis of the peptide bond
and phosphoester bond was also examined, since these
bonds are often simultaneously present in proteins. Zr and
Mg2-Zr MOFs were incubated both with Gly-Gly and pSer
or pTyr at the same time, and after 1 h of reaction hydrolysis
of the peptide bond in Gly-Gly was 100% complete, while no
dephosphorylation occurred within this time frame. How-
ever, in the presence of GG and pTyr, Zr was only 63% se-
lective towards Gly-Gly hydrolysis, while 37% of product
was dephosphorylation Tyr. This was improved to a selec-
tivity of 79% in the presence of Mg2-Zr, showing a signifi-
cant reduction in dephosphorylation and promotion of pep-
tide bond hydrolysis. This is most likely due to the increased
adsorption of the aromatic pTyr onto the MOF, which re-
sults in enhanced MOF-substrate interaction. As such, the
presence of Mg(II) within the MOFs can make the catalysts
more suitable for protein hydrolysis in the future by limit-
ing the removal of phosphate PTMs from proteins, and pre-
serving the state of the protein for proteome analysis.

Computational Study of the Hydrolytic Activity of by
Zr/Mg MOF-808

Additional DFT calculations were carried out to rational-
ize the experimentally observed hydrolysis rate



acceleration of both peptide and phosphoester bonds upon
incorporation of Mg(II) in the nodes of the MOF.

a) Influence of Mg(Il) substitution in Zr-MOF on pep-
tide bond hydrolysis.

The mechanism of peptide hydrolysis catalyzed by Zr-
based catalysts has been thoroughly studied by means of ex-
perimental and computational methods and is in general
well established.”-82 As schematically shown in Figure 7, it
starts with the coordination of the amide oxygen to a Zr(IV)
center, which acts as a Lewis acid to polarize the C=0 bond,
prompting the nucleophilic attack of a water molecule to the
C atom. The latter process is commonly assisted by a
Bronsted base that can be either the terminal carboxylate
group of the dipeptide or a neighboring Zr-hydroxo group.
This is followed by a sequence of fast proton transfer events
that shift a proton from the group acting as general base to
the amide N, ultimately triggering the cleavage of the C—N
bond and yielding the products. The whole reaction has
been consistently shown to proceed uphill until the transi-
tion state (TS) responsible for the C—N bond cleavage is
reached, which is the rate-limiting TS of the catalytic cycle.”®
Harvey and coworkers analyzed the mechanism of Gly-Gly
hydrolysis catalyzed by MOF-808 relying on DFT calcula-
tions.8? This work identified the coordination of Gly-Gly to
two Zr centers in the metal-oxo nodes via the carboxylate
function as the most stable binding mode of Gly-Gly to the
MOF catalyst. In fact, this species was proposed to act as the
resting state of the catalyst, from which the overall free-en-
ergy barrier to reach the TS for C—N cleavage determines
the reaction rate.
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Figure 7: Schematic representation of the catalytic cycle for
Gly-Gly hydrolysis promoted by Zr and Mgl-Zr MOF-808-
based catalysts. Relative Gibbs free energies are given in
kcal.mol-! for both Zr (blue values) and Mg1-Zr (black values)
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systems. See Figure S9 for a 3D representation of the key tran-
sition states and intermediates.

On these grounds, the following calculations using Gly-
Gly as a model substrate, focus on comparing the energetic
features of the catalytic cycle represented in Figure 7 to elu-
cidate the impact of the metal substitution on the catalytic
performance of the MOF towards Gly-Gly hydrolysis. As the
hydrolysis of Gly-Gly takes place in water, fully hydrated
configurations of the nodes were considered, in which all
acetate ligands are replaced by hydroxo and aqua ligands
disposed in an alternate fashion. As shown in Figure 7, the
rearrangement of Gly-Gly to enable the activation of the
peptide bond entails a slightly higher free-energy cost for Zr
than for Mg1-Zr (AG®° of +16.7 vs +13.1 kcal.mol-!, respec-
tively). An alternative configuration whereby the amide ox-
ygen binds to the Mg(II) center and the terminal amino
group coordinates to the Zr(IV) ion was found to be less sta-
ble by 1.4 kcal.mol-1. Despite this small energy difference,
the disctinct reactivity of these two binding modes is reflec-
ted in the partial charges supported by the amide carbon
(+0.59 and +0.57 when coordinated to Zr and Mg, respecti-
vely) and in the lenght of the C=0 bond (1.27 and 1.26 A
when coordinating to Zr and Mg, repectively), indicating
that the amide group is activated to a greater extent when
bound to the stronger Zr(IV) Lewis acid site.

The following nucleophilic attack of a water molecule to
the C atom of the peptide bond, assisted by the terminal car-
boxylate group of Gly-Gly as a Bronsted base, involves a bar-
rier of 6.1 kcal.mol-! for Zr, whereas the analogous barrier
for Mg1-Zr is significantly lower (1.0 kcal. mol-1). This sug-
gests that indeed, incorporating a Mg(II) ion within the
MOF’s node has a beneficial impact on increasing the Lewis
acidity of its neighboring Zr(IV) ion, as a result of the de-
crease of its coordination number discussed above. Accord-
ingly, the following tetrahedral intermediate is also more
stable for the Mg1-Zr catalyst (by 5.0 kcal.mol-1), as com-
pared to Zr. From this intermediate, a proton transfer from
the terminal carboxylic acid group to the peptide nitrogen
further weakens the C—N bond, promoting its cleavage in a
stepwise process. In the case of Zr, the proton transfer pro-
ceeds uphill, resulting in a transient, shallow zwitterionic
intermediate that rapidly evolves toward the rate-deter-
mining TS associated with the C—N bond cleavage. Note
that although such a zwitterionic intermediate lies 1.3
kcal.mol-! below the proton-transfer TS in terms of elec-
tronic energy, thermal and entropic corrections raise its
Gibbs free energy 0.6 kcal.mol-! above that of the TS (Figure
7). In contrast, the structural features of the Mg1-Zr nodes
can more effectively stabilize the analogous zwitterionic in-
termediate through the formation of hydrogen bonds be-
tween the intermediate and structural oxygen atoms of the
metal-oxo cluster (compare Figure S9e-f). However, achiev-
ing the C—N cleavage TS configuration from this intermedi-
ate more substantial structural distortion in Mg1-Zr com-
pared to Zr.

Beyond these subtle mechanistic differences, and most
importantly, the overall free energy calculated from the
resting state to the rate-limiting TS (see Figure 7) was found



to be significantly lower for the Mg-containing MOF catalyst,
in agreement with the experimentally observed increase in
reaction rate.

Specifically, the calculated overall free-energy barriers
are 27.4 and 20.1 kcal.mol-! for Zr and Mg1-Zr, respec-
tively. Grasping a full picture of the reaction mechanism al-
lows us to propose that the observed difference in the reac-
tion rate is due to increased Lewis acidity of the Zr(IV) ion
in Mg1-Zr that participates in the reaction, compared to
those present in Zr. This increased acidity facilitates the nu-
cleophilic attack step, thus shifting down in energy the sub-
sequent intermediates and TSs, leading to a lower, overall
free-energy barrier. However, if this were to be the only fac-
tor leading to enhanced reactivity, undercoordinated
Zr(IV)/Zr(1V) sites in Mg1-Zr should display reactivity sim-
ilar to that of Mg(Il)/Zr(IV) sites. However, an overall free-
energy barrier of 25.6 kcal.mol! was determined for
Zr(IV)/Zr(1V) sites in Mg1-Zr, which is indeed lower com-
pared to the free-energy barrier obtained for Zr(1V)/Zr(1V)
sites in Zr (27.4 kcal.mol-?), but still higher than that ob-
tained for Mg(Il)/Zr(IV) sites (20.1 kcal.mol-1). Therefore,
this indicates that beyond increasing the Lewis acidity of
the neighboring Zr center, Mg also plays a secondary role in
destabilizing of the resting state by granting a weaker inter-
action between the carboxylate function of the substrate
and the Mg/Zr site compared to Zr/Zr sites, thus enhancing
the activity of the material. This effect can be appreciated in
the free-energy cost of the first step of the reaction,
whereby the carboxylate-site interaction is lost (Figure 7).
This accounts for +16.7, +16.2 and +13.1 kcal.mol! for
Zr/Zr sites in Zr, Zr/Zr sites in Mg1-Zr and Mg/Zr sites in
Mg1-Zr, respectively, thus being more than 3 kcal.mol-!
lower when Mg is directly involved in the coordination. Fur-
ther validating the above conclusions, the calculated zero-
point energy-corrected electronic energy barriers (EZPE%),
in the absence of thermal and entropic effects, are 19.7 and
11.6 kcal.mol-! for Zr and Mg1-Zr, respectively, which is in
rather good agreement with the experimental activation en-
ergies of 18.0 and 13.9 kcal.mol-%. Hence, this supports that
the structural model proposed for Mg-containing nodes is
sound and that here reported DFT calculations can qualita-
tively, if not quantitatively, explain the enhanced hydrolytic
activity of the Mg-containing material. One should note as
well, that the experimentally measured E, for Mg1-Zr may
account for a weighted average of reaction paths taking
place through both Mg(II)/Zr(1V) and Zr(IV)/Zr(1V) sites
and thus, it is expected that the calculated barrier on a
Mg(I)/Zr(1V) site underestimates the experimental one. In
fact, calculated barrier of 11.6 kcal.mol-! is closer to the ex-
perimental Ea of 12.1 kcal.mol-! that was determined for
Mg2-Zr that contains ca. two Mg(1l) ions per node, and is
expected to show a greater contribution from Mg(II)/Zr(1V)
sites.

b) Influence of Mg(1l) substitution in Zr-MOF on phosphoe-
ster bond hydrolysis.

Similar conclusions can be inferred from the analysis of
the phosphoester bond hydrolysis in pSer. Based on re-
ported acidity constants of pSer,® we considered the
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binding of its monoanionic, monoprotonated form to the
MOF, exploring the possible abstraction of its last proton by
hydroxo ligands of the MOF’s node as well. Initially, we com-
pared different coordination modes and configurational
isomers for the monoanionic pSer binding to the MOF, as
depicted in Figure S16. The mono-dentate coordination
though a PO group of pSer to a Zr site was found to repre-
sent the most stable binding mode for Zr and Mg1-Zr, with
only slight energy differences. Unlike Gly-Gly hydrolysis, the
carboxylate binding mode towards the Zr and Mg1-Zr cata-
lysts is significantly less favored with a relative energy of
32.3 and 13.9 kcal.mol-1, respectively.

Then, we characterized the mechanism of phosphoester
hydrolysis by the MOF, based on previous extensive compu-
tational studies.84+86 The catalytic cycle is summarized in
Figure 8. Initially, a phosphate oxygen of the monoproto-
nated pSer substrate coordinates to a Zr(IV) center, trans-
ferring a proton to the hydroxo ligand of the vicinal metal
center. Subsequently, the phosphoester substrate can rear-
range, establishing a hydrogen bond between a phosphate
oxygen and the aqua ligand coordinated to the vicinal metal
site. This resulting structure represents the resting state for
Mg1-Zr. Akin to the GlyGly substrate (vide supra), the bind-
ing of pSer to the cluster through its phosphoryl group is
more likely to involve the Zr(IV) center rather than the
Mg(I) one, with an energy difference of 25.0 kcal.mol-1.
Conversely, the resting state for Zr consists in a monopro-
tanted pSer coordinated to a Zr(IV) center, in which the
neighboring Zr(IV) site bears a hydroxyl ligand. Such a dif-
ference most likely arises from the increased Bronsted ba-
sicity of Mg(1l)-coordinated hydroxyl groups compared to
Zr(IV)-bound ones.
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Figure 8: Schematic representation of the catalytic cycle for the
phosphoester hydrolysis in pSer catalyzed byZr and Mg1-Zr.
Relative Gibbs free energies (kcal.mol-1) are given in blue and
black, for Zr and Mg1-Zr catalysts, respectively.

The rate-determining step of the cycle involves the nucleophilic
attack of an external water molecule to the P atom of pSer,
which occurs concomitantly with the cleavage of a P-O bond
through a concerted transition state, following a SN2



mechanism. This process is assisted by a hydroxo ligand bound
to the same Zr center as the substrate, which abstracts a proton
from the attacking water molecule; and by a vicinal Zr/Mg-
aqua group, which protonates the alkoxide leaving group, re-
leasing Ser. Thus, the overall free energy calculated from the
resting state of each system to the rate-limiting TS is signifi-
cantly lower for the Mg1-Zr MOF showing consistency with the
experimental kinetic data for the pSer hydrolysis (main text,
Table 4). The obtained barriers were 32.1 and 25.4 kcal/mol-!
for Zr and Mg1-Zr, respectively, with the hydrolysis barrier be-
ing 6.5 kcal/mol-!1 lower for the hydrolysis for the Zr-Mg pair
sites. The introduction of Mg into the Zr-MOF similarly benefits
this reaction as observed for the Gly-Gly hydrolysis, increasing
the Lewis acidity of the Zr(IV) center where pSer gets coordi-
nated, lowers the barrier of the rate-determining transition
state as phosphorus gets more electrophilic facilitating the nu-
cleophilic attack of a water group. Although the aqua ligand on
the Mg(1I) center is less acidic, it does not have impact the over-
all Gibbs free-energy barrier due to the high basicity of the Ser-
leaving group. The final stage of the catalytic cycle involves pro-
ton transfer from the Zr aqua ligand to the coordinated HPO42-
group, which is subsequently exchanged for a pSer- substrate
to restart the catalytic cycle.

Conclusion

In conclusion, through in-depth structural analysis and
computational methods, we have demonstrated that post-
synthetic exchange of Mg(Il) into Zr¢Os based-MOF-808
produces both ZrsMgOs and ZrsMgz07 clusters within the
MOF structure. Detailed XAFS analysis confirmed full incor-
poration of Mg(II) in place of Zr(IV) in the clusters, which
resulted in a reduced oxygen coordination of 7.3 and 6.8 for
ZrsMgOs and ZrsMg207 respectively, compared to 8 for ZreOs
based MOF-808. This is further supported by computational
studies combining DFT calculations with DFT-MD simula-
tions, which suggest that such a metal-exchange process is
thermodynamically feasible. Moreover, these calculations
provided a structural model of Mg-containing nodes, reveal-
ing that embedded Mg(II) ions are found in a distorted oc-
tahedral environment, yet without compromising the struc-
tural integrity of metal-oxo nodes. Other structural features
such as missing linker defects and particle size were similar
for all MOFs with and without incorporated Mg(II), but the
PSE process reduced the acidity of MOFs, as expected when
strongly Lewis acidic Zr(IV) is replaced with Mg(1I). How-
ever, when the hydrolytic activity was tested towards hy-
drolysis of peptide and phosphoester bonds in biological
molecules, the structural modifications around the active
sites promoted by incorporation of Mg(II) significantly ben-
efited the reactivity of the MOFs, despite the much lower
Lewis acidity of Mg(II) compared to Zr(IV). The DFT calcu-
lations of the reaction mechanisms further confirmed that
the replacement of Zr(IV) by Mg(II) ions in the metal-oxo
nodes leads to the formation of under-coordinated Zr(IV)
sites within the cluster node, which causes the increase of
its Lewis acidity and favors the nucleophilic attack of water.
Both these factors are essential in peptide and phosphoe-
ster bond hydrolysis and therefore their tuning results in
the enhancement of catalytic activity. Combining the struc-
tural analysis and reactivity findings, it can be further
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concluded that the reduced oxygen coordination in the
Zr5Mg08 and Zr4Mg207 clusters caused by the presence of
Mg(II) promotes substrate interaction and hydrolysis by
creating coordinately unsaturated Zr(IV) metal sites in the
cluster. As such, this defines a new avenue for the modula-
tion of the catalytically active sites of MOFs which is distinct
from insertion of missing linker defects, and as such, does
not reduce the structural stability of the material.
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