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Mixed-valence manganese complexes are of special interest in biocatalysis and magnetism research.
Nevertheless, when including manganese clusters into metal—organic frameworks (MOFs), several issues
such as valence control, phase selectivity, etc. were usually encountered, hence limiting the discovery of
Mn MOFs. The long-sought MIL-101(Mn), a missing piece of the famous MIL-101 (Al, Sc, Ti, V, Cr, Fe)
family, has finally been synthesized through a unique, controllable geometrically guided approach,
different from the well-developed kinetically modulating approach. It is the first time that the single-
crystal structure of a MIL-101 material has been determined by X-ray diffraction. Surprisingly, it is revealed
that MIL-101(Mn) exhibits an emergent phenomenon of topologically correlated mixed-valence states,
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Introduction

Metastable trivalent manganese plays a vital role in living
systems, especially in many biocatalysts where manganese acts
as the active site like Mn,Ca oxygen-evolving complex (OEC) in
photosystem II' and some metallocatalases from microbio-
tics.” The widespread presence of manganese in nature has led
to the pursuit of various molecular manganese clusters in
order to mimic biocatalytic reactions, such as the oxidation of
water and other bioactive substrates that are sensitive to the
complicated valence and/or spin states of the manganese clus-
ters.® In addition, the accessible redox activity allows manga-
nese complexes to be extensively utilized in organic synthesis
such as oxidative coupling and cyclization reactions.””> Among
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therein show enzymatic catalytic activity under mild conditions.

numerous trivalent manganese compounds, manganese car-
boxylates featuring a trinuclear [Mn;O(CH3COO),] unit have
been extensively studied for magnetism, catalysis and so on.®’

In the context of metal-organic framework (MOF), such a
trinuclear [M30(CH3COO)s] (M = metal) unit can be used as a
six-coordinated (6-c) trigonal prismatic building block® to
build multifarious single/mixed-metal MOF with particular
attentions paid to chromium and iron ones.” ™ Subject to the
hard and soft acid and base theory, the synthesis of highly
crystalline Cr(m), Mn(m) and Fe(mr) MOF materials, especially
those with single-crystal quality, is a remaining challenge not
fully tackled. Overall, the bond strength follows the order
Cr(ur) (d*) > Mn(ur) (d*) > Fe(m) (d°) combining the factors of
increased electrostatic interaction between d-electrons and the
hard base ligand'* and decreased ligand field stabilization
energies."® Moreover, the ligand (i.e. water) exchange rate of
Fe(m) is 10® times higher than that of kinetically inert Cr(ur),"*
leading to the notorious poor crystallinity and the requirement
of high temperature when preparing Cr MOFs. On the other
hand, Zhou’s group developed a kinetically tuned approach to
construct a range of Fe MOFs from pre-assembled Fe(u) trinuc-
lear clusters through ligand exchange.'® Recently, Wang et al.
successfully achieved the conversion from Fe to Cr MOFs with
the trigonal prismatic building unit using solvent-assisted
metal metastasis.'® In contrast to the situations of Fe(u) and
Cr(m), the problem faced for manganese in forming MOFs is
quite different because the metastable Mn(m) has d* configur-
ation that can produce Jahn-Teller distortion, which results in
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a much greater rate of ligand substitution than that of Cr(i)
and Fe(m)."” Although many trinuclear Mn(un) MOFs were
studied on their adsorptive,'®2° magnetic,>* and catalytic pro-
perties,”” the synthesis of MOFs with Mnz;O building block
containing Mn(u), which might exhibit useful redox-active pro-
perties similar to discrete MnzO complexes,”® was rarely
reported.>* Two typical examples are Mn(u)-MIL-100 (moo
topology) reported in 2013,>® as well as recently reported
mixed-valence Mn(u/m)-MIL-88B (acs topology),”® both of
which were built-up through modulating reaction conditions
involving in situ valence changes of manganese.

Curiously, the synthesis of MIL-101(Mn) (mtn-e topology)
has not yet been reported till now,”” despite many other
metals (Al, Sc, Ti, V, Cr and Fe) in the MIL-101 family were
achieved. This is possibly related to several issues. First, the
synthetic difficulty in valence-control and stabilization of Mn(um)
may lead to unwanted byproducts with more stable Mn(u)
or Mn(wv), which is related to multiple factors such as solvent,
temperature, pH values and so on. Secondly, the formation of
MIL-101 may face with the competition of a topological isomer
(i.e. MIL-88B with acs topology),”®* which is believed to be
the thermodynamic product of the reaction.*® The confluence
of above issues distinguish MIL-101(Mn) from MIL-101(Fe or
Cr) to be an intricate, unresolved synthetic challenge; that is to
say, a unique approach should be developed to stabilize the
metastable Mn(m) in the local trinuclear unit and, simul-
taneously, to isolate the kinetic product of the global networks.
Notably, formerly reported methods (modulator,®® tempera-
ture,®® solvent,>® type of metal,® etc.) that worked well for
MIL-101 and MIL-88B series with iron or chromium failed for
the case of manganese, which will be discussed later in this
work. Herein, we present a controllable geometry-guided strat-
egy, accompanied with an in situ comproportionation reaction
(an initial mixture of low and high Mn oxidation states for the
preparation of Mn(m/v) under mild conditions),>® for the
MIL-101(Mn) synthesis (Scheme 1). Furthermore, we suc-
ceeded in obtaining the single-crystal structure of MIL-101
(Mn); in fact, this is the first time that the single-crystal struc-
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ture of a MIL-101 material of any metal can be determined by
X-ray diffraction.

Results and discussion

To begin with, we noted that MIL-88B and MIL-101 are the
thermodynamic and kinetic products of a certain reaction,
respectively, on the energetic level.** Topologically, MIL-88B
belongs to a denser, simpler acs net which has only one type
of node and edge (i.e. with a transitivity of 1 1 2 2).® In con-
trast, the topology of MIL-101, mtn-e, has a more complicated
structure with large voids, containing 4 types of nodes and 7
types of edges (i.e. transitivity 4 7 9 5).>* Such an observation is
in accord with the results from energetic considerations.

There were literatures reporting on the effects of tempera-
ture, organic acids, etc. on the phase selectivity of MIL series
materials.’>*"** To examine whether the above-mentioned
factors can be considered for obtaining MIL-101(Mn), a series
of controlled trials were conducted (see section 3.3 and 3.4 in
the ESIT). Firstly, the experiments were carried out from 50 to
80 °C since temperature is normally considered affecting
whether the product is thermodynamically or kinetically con-
trolled. According to the final color of the mixture, colorless
solution indicated the reduction of high-valence manganese to
Mn(u) is more likely to occur over 70 °C, while the reaction is
not complete at lower temperature (e.g. 50 °C) resulting in
deep-brown solution containing Mn(m) (Fig. S471). Therefore,
the change in temperature, although affecting the redox
environment, did not contribute to the MIL-101/MIL-88B(Mn)
phase selectivity. Some literature emphasized that modulators
like benzoic acid can play a phase-selective role in MIL-101
synthesis,® but similar trails failed for manganese system
(Fig. S51), because the dilemma of stabilization of trivalent at
low temperature and ligand exchange at high temperature are
difficult to solve simultaneously. Hence, available strategies
are not applicable to MIL-101(Mn) and new synthetic strategies
need to be investigated for synthesizing metastable Mn MOFs.

Homo-valence cluster

High-temperature synthesis

In-situ comproportionation, Geometry-guided approach

Mn(VII) Low-temperature synthesis

Mixed-valence cluster

Scheme 1 A representation of the synthesis of MIL-101(Mn) compared with that of classic MIL-101(Fe) and MIL-101(Cr).

This journal is © the Partner Organisations 2022

Inorg. Chem. Front,, 2022, 9, 6124-6132 | 6125


https://doi.org/10.1039/d2qi01894b

Published on 15 Diteli 2022. Downloaded on 18/10/2025 7:31:25 AM.

Research Article
Geometrically guided synthesis

Through inspection of the underlying nets, we propose a geo-
metry-guided approach. The connected triangular prisms in
the augmented net acs-a, the net of MIL-88B, are more regu-
larly arranged (i.e. the angles between two edges connecting
the prisms are 88.15° and 73.12°). In contrast, the augmented
net of MIL-101, mtn-e-a, has 4 types of nodes that are more
strained when connected (i.e. up to 120° between two connect-
ing edges within the six-membered ring, see Fig. S8t). Based
on this structural information, we assumed that selective
phase tuning of manganese-terephthalate frameworks could
be realized by perturbating the coordination geometry of the
nodes, and the giant cages with pentagonal and hexagonal
windows of MIL-101 structure could allow further steric
tuning. MIL-88 has a smaller window size than MIL-101, so
introducing bulky terminal ligands on the pore-aperture
hinders the formation of MIL-88 and favours MIL-101. To
verify the assumption above, pyridine and its derivates, usually
found to coordinate in a vertical orientation relative to the
planar trinuclear oxo-centered complexes with benzoic
acid*>*® and also used in the synthesis of MIL-88B/D(Cr),*” are
chosen for tuning the crystallization processes under the
assumption that they may serve as the geometrical modulators
for generating the tension needed in the mtn-e-a net of
MIL-101. Another rational consideration is pyridine can also
work as a weak base for deprotonation of ligand which acceler-
ates the reaction and may lead to a kinetically-favored
product.®

As shown in Fig. 1a, through progressively increasing the
amount of pyridine (see section 3.1 in the ESI{), it was found
that the characteristic PXRD peaks at the low angle and
around 8-9° started to occur when adding 380 pL of pyridine,
which was intensified until the amount of pyridine reached
1400 pL. Eventually dark green powders were obtained when
2 mL pyridine was added, which was confirmed to be pure
MIL-101(Mn) octahedral microcrystals with diameters around
200 nm (Fig. S10%). At first glance, the synthesized dark green
sample had a color similar to that of the pyridine coordinated
trinuclear manganese benzoate complexes, rather than the
color of the common cases with coordinated water
molecules,®?*® suggesting pyridine may participate in the con-
struction of MOF structure, which is later confirmed by IR
(Fig. S221) and X-ray photoelectron spectroscopy (XPS) spectra
(Fig. S11-147). After careful adjustment of the synthesis con-
ditions (see section 3.2 in the ESI}), dark green octahedral
single crystals of pyridine-modulated MIL-101(Mn) were suc-
cessfully prepared and the structure was determined by single-
crystal X-ray diffraction, in which the introduced pyridine
molecules are indeed found to coordinate in a vertical orien-
tation with a part of Mn centers (see Fig. S7,1 which will be
discussed in detail below). Note that the single-crystal struc-
tures of MIL-100/101 type materials (including Cr,"* Fe** and
other metals) are generally difficult to obtain.

In order to further demonstrate that the geometry-guided
approach for synthesizing MIL-101(Mn) is indeed subject to
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steric effects, several para-substituted pyridine compounds
with different steric hindrance were selected for study. The
dosage of pyridine derivatives was studied in detail.
Considering the alkalinities of pyridine (py), 4-methylpyridine
(4-Mepy) and 4-tert-butylpyridine (4-tBupy) are quite close (the
pK, of their conjugate acids are 5.2, 6.0 and 6.0, respectively),*®
the contribution of their steric effects to the system can be iso-
lated largely. As a matter of fact, the amount of py, 4-Mepy,
and 4-tBupy required to form the pure-phase MIL-101(Mn)
decreased sequentially (Fig. 1a-c), which is inversely correlated
with the axial length of these three molecules. A detailed ana-
lysis on the pore sizes (see section 11.3 in the ESI}) of both
MIL-88B and MIL-101 structures gave a clue that such a
length-phase relationship may be related to the geometry of
the hexagonal channel of MIL-88B. The pyridine derivative
molecules cannot coexist in MIL-88B if the axial length of the
geometrical modulator is larger than a critical size of 6.36 A
(Fig. S257), thus tending to generate pyridine-coordinated
MIL-101. Based on the results of theoretical calculations (see
section 11.1 and 11.2 in the ESIf), the axial length of py
(6.53 A) is slightly larger than the critical size, and this effect is
more pronounced for 4-Mepy (7.54 A) and 4-tBupy (8.66 A);
hence, less amount of geometrical modulator was needed.

Interestingly, among several other trails using pyridine
derivatives with large hinderance, 3,5-dimethylpyridine (3,5-
dmpy), a non-axially hinderant pyridine derivative, yielded a
pure and unreported phase of MIL-88B (Fig. 1d). Unlike the
reported MIL-88B(Mn) with space group Cmcm,*® the MIL-88B
obtained with 3,5-dmpy (namely MIL-88B(Mn)-35dmpy) crys-
tallized in a trigonal space group (P31c) which is also different
from other reported solvated MIL-88B that has higher sym-
metrical six-fold symmetry.">*® The coordinated 3,5-dmpy
molecules are compatibly aligned in the channel due to size
matching and hydrophobic interactions existed between the
methyl groups (Fig. 1e). Besides, an ortho-disubstituted pyri-
dine, 2,6-dimethylpyridine did not play a phase selective role
even with a large dosage (Fig. S6T) due to the greater hinder-
ance unfit to the coordination site. These results indicate that
it is the para-substituted pyridines that are preferable for
solving the difficult phase selectivity problem in synthesizing
the missing piece, i.e. MIL-101(Mn).

Topologically correlated valence state

When analyzing the single-crystal structure of the pyridine-
supported MIL-101(Mn) (see section 4.1 in the ESIf), we rea-
lized that cooperativity exists between the local Mn(ui/m) mixed-
valency in the trinuclear [Mnz;O(CH3COO)s] unit and the
global requirement of 4 types of crystallographically indepen-
dent trinuclear units in the underlying mtn-e net, which gives
rise to an emergent phenomenon of topologically correlated
valence states. In order to clarify this observation, we per-
formed a detailed investigation of previously reported struc-
tures, including discrete [Mn;O(CH;COO)¢] clusters and MOFs
with such a secondary building unit (SBU). As depicted in
Fig. 2 (left), it is informative to classify the structural character-
istics of the trinuclear clusters according to the Mn—u;0 bond

This journal is © the Partner Organisations 2022
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Fig. 1 Geometry-guided synthesis of MIL-101(Mn) through introducing geometrical modulators such as (a) pyridine, (b) 4-methylpyridine, (c)
4-tertbutylpyridine and (d) 3,5-dimethylpyridine, tested by PXRD. (e) Overall and detailed structure of the unexpected MIL-88B(Mn) phase, showing
the channel alone c-axis. Note that the red and blue regions highlighted in (a)-(c) correspond to the characteristic peaks of MIL-88B(Mn) and

MIL-101(Mn) phases, respectively.

length data,’® which can be divided into three regions (high-
lighted in yellow, blue, and red cycles). For most reported dis-
crete trinuclear clusters, the valence of Mn ions is either pure
trivalent or mixed trivalent-divalent in 2 to 1 ratio from every
aspect.”” The ones with three Mn(m) have equal Mn"-x;0
bond lengths (ranging from 1.88-1.90 A) for each case, lying
on the yellow zone. Most of the mixed-valence Mn;O clusters,

This journal is © the Partner Organisations 2022

with d,(Mn"-4;0) longer than dy(Mn™-4;0), fall in the blue
region covering a wide distribution, which is related to the
push-pull electronic effect of the ligands and the crystal
packing effects. The most special cases, within the red zone,
are a few mixed-valence clusters with apparently equal d; and
d, that are slightly longer than normal Mn"™-4;0 bond
lengths, which is believed to be enforced by the crystal sym-
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Fig. 2 Topologically correlated valence states in MIL-101(Mn) in the context of wide-ranging bond length distribution of Mn—u3O extracted from
various discrete and networked (i.e. in MOFs) clusters. In the left part, the bond length data are divided into three (yellow, blue, and red) regions; the
gray dots are from discrete clusters (data from ref. 40) while the black and colored dots are from MOFs. In the right part, several structural indicators,
including correlated locations in mtn-e-a net, bond-valence sum (BVS) calculations and distortion factors (4,), of the four types of clusters in

MIL-101(Mn) are given.

metry; in such a case the valence of Mn should be further
characterized, e.g. by magnetic measurements.*’

Under the context above, we wish to disclose the issues
brought up by the Mn(u/m) mixed valency in networked [Mn3;O
(CH3COO)g] clusters (i.e. in MOFs). Let us first consider the
simpler cases of MIL-88B(Mn) which have only one crystallo-
graphically independent [Mn3zO(CH3;COO)¢] cluster. In the
reported structure of MIL-88B(Mn) which crystalized in Cmcm
space group,’® it was reasoned that the unequal Mn"-4;0 and
Mn™-4;0 bond lengths in the mixed-valence [Mn;O
(CH3COO)g] cluster had broken the crystal symmetry from hex-
agonal (that of the intrinsic symmetry of acs net, P6;/mmc) to
orthorhombic. Therefore, its Mn-u;0 bond length indicator
lies in the blue area (Fig. 2, left), which we consider to be a
normal case of mixed-valence states in networked systems. As
for the MIL-88B(Mn)-35dmpy phase isolated in this work,
which crystallized in P31c space group, the open Mn sites, as
well as the voids of the MOF, are fully occupied by the neutral
3,5-dmpy molecules (see Fig. 1e, bottom right); therefore, the
valences of manganese should be +3 and +2 in 2:1 ratio in

6128 | /norg. Chem. Front,, 2022, 9, 6124-6132

order to maintain the overall electrical neutrality. However, it
is found that the Mn"-4;0 and Mn™-4;0 bond lengths are
equal, i.e. d,(Mn"-4;0) = d;(Mn"-;0) = 1.91 A, which falls in
the red region and is close to the Mn""-;;0 bond lengths. On
the other hand, there is a mixed-valence MIL-88B(Mn)-tpt
phase supported by a tritopic linker, 2,4,6-tri(4-pyridyl)-1,3,5-
triazine (i.e. tpt), which crystallized in the ideal-symmetry P65/
mmc space group, and in which and the Mn-u3;0 bond lengths
are found to be equally 2.10 A, close to the Mn"—x;0 bond
lengths.*> These two extreme cases suggest that the Mn(u/m)
valence states in MIL-88B(Mn) analogues are correlated topolo-
gically and further imposed by the three-fold symmetry of the
crystal, and thus the Mn"-x;0 and Mn"'-4;0 bond lengths are
not necessarily unequal.

On the basis of the unusual observations from MIL-88B
(Mn) series discussed above, one can expect MIL-101(Mn),
which crystallized in the intrinsic symmetry of mtn-e net
(Fd3m) and has four types of crystallographically independent
trinuclear clusters, should experience unpredictable (so-called
emergent) topologically correlated valence states. This is

This journal is © the Partner Organisations 2022
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because the four types of nodes are enforced by different local
symmetries in the network, and the occurrence of geometrical
frustration® for trinuclear mixed-valence manganese clusters
brings further complication. As shown in Fig. 2 (right), we
denote the four types of clusters Mn;* (X = A, B, C, or D). It is
found that the pyridine modulators, all perpendicular with the
Mn;0 plane due to steric hinderance of the neighboring ben-
zoate groups,® only coordinate with parts of the open Mn sites
—for Mn,", the solvent molecules ligated to the cluster are all
pyridine, while the coordinated solvent molecules in Mn;"
exhibit inhomogeneity, consisting of two water (or DMF) and
one pyridine molecule. Note that Mn;* is located at the mid-
point of the edge shared by the three pentagons, while Mn;" is
located at the intersection of two five-membered rings and one
six-membered ring (Fig. S8f). This coordination imbalance
makes Mn;" subject to distinct local environment where the
pyridine geometrical modulator plays the key role for the for-
mation of MIL-101 phase instead of the geometrically more
regular MIL-88B. When comparing Mn;® and Mn;® in which
the coordinated solvent molecules are all water (or DMF), it is
noted that Mn;® exhibits equal Mn—u;0 bond lengths due to
the local three-fold symmetry, and thus belongs to the red
region. In fact, the four Mn;™ nodes (in the ratio A:B:C:D =
6:2:3:6) fall within different regions marked in Fig. 2 (left).
When looking into the Mn-u;0 bond length data in
MIL-101(Mn) (see Table S2 in the ESI{), we noted that the four
Mn;™ clusters exhibit different characteristics, i.e. Mns;* “two
short, one long” (1.9142 A, 1.9227 A), Mn;® “three equal”
(1.9175 A), Mn;© “two short, one long” (1.8732 A, 2.0340 A),
and Mn;® “two long, one short” (1.9803 A, 1.8071 A), respect-
ively. We further calculated the secondary geometric indi-
cators, bond-valence sum (BVS)"**** and octahedron distor-
tion factor (4,)," the later indicating the Jahn-Teller distortion
of Mn(m) (see Fig. 2, right). From these analyses, it is found
that Mn;° belongs to the normal case of mixed-valence states
(in the blue region), that is, Mn(m): Mn(u) = 2:1, with Mn4
showing a typical Mn™-4;0 bond length and a significant
octahedron distortion (4, ~ 17.391). Note that Mn;© locates in
separated positions of the mtn-e-a net (green trigonal prisms
in Fig. 2, right). In stark contrast, Mn;" resides in a higher
hierarchy of hexagonal six-membered ring (blue trigonal
prisms in Fig. 2, see also Fig. S107), in which Mné6 has the
shortest Mn(u1)-4;0 bond length and the greatest A, ~ 28.334,
and thus the Mn(m):Mn(n) ratio in Mn;” is unusually 1:2.
Most notably, Mn;* and Mn;® (orange and red trigonal prisms,
respectively, in Fig. 2) are highly correlated, forming a higher
order of “triangles surrounding a tetrahedron” (see Fig. S97).
Although the Mn—;;0 bond lengths in Mn;" and Mn;® are all
close to those of Mn(m), in order to maintain the overall
charge balance there must be Mn(u) existing which, however,
cannot be distinguished explicitly. Note that the BVS and 4,
indicators for Mn;* and Mn,® are also very close in value,
suggesting the mixed-valence states within them are numeri-
cally averaged for the bond lengths and angles, due to the
strongly correlated “triangles surrounding a tetrahedron” geo-
metry. Moreover, we are aware of the existence of spin frustra-
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tion for u;O-centered trinuclear mixed-valence manganese
clusters;* a further implication is the famous triangular and
tetrahedral frustration models of antiferromagnetically inter-
acting spins®® that are integrated in the “triangles surrounding
a tetrahedron” arrangement. These are geometrical prerequi-
sites for the exotic properties, such as valence-bond conden-
sation, in frustrated magnets.*”*®

The mixed-valence states in MIL-101(Mn) was also charac-
terized by magnetic and spectroscopic techniques. XPS was
conducted to probe the valence of manganese ions within the
clusters. Compared with those of divalent and trivalent manga-
nese acetates, the XPS for MIL-101(Mn) shows differences of
binding energy (AE) in Mn 3s area (Fig. S13%1), lying between
6.1 eV (for Mn**) and 5.4 eV (for Mn**). Further investigation
of 2p area (Fig. 3a) shows significant satellite shake-up signals
of 2p1/2 and 2p3/2 for Mn(u) at 656.6 eV and 645.7 €V, respect-
ively, indicating the existence of mixed-valence manganese
ions. The magnetic property of MIL-101(Mn) were character-
ized using a SQUID magnetometer. As shown in Fig. 3b, the dc
magnetic susceptibility data were collected at a magnetic field
of 5000 Oe in various temperature from 1.8 K to 300 K. At
300 K, a slightly lower experimental yyT value (around
8.52 ¢cm®-K mol ™) was recorded in comparison with a theore-
tical value (10.375 cm®K mol™' when g = 2, Syna = 5/2,
Swinun = 2) for a high-spin Mn"Mn}" system with no inter-
action. The y\T decreases with decreasing temperature, indi-
cating the nature of overall weak antiferromagnetic coupling
interaction, which provides an explanation for the situation
that the yT is smaller than the theoretical value at 300 K.
Another possible reason is the presence of other spin states. At
2 K, the experimental value of yyT is 1.82 cm®-K mol™", close
to 1.875 cm®K mol ™" for a ground state S = 3/2. The experi-
mental plot of 1/yT vs. T in the range of 150-300 K can be
well fitted to the Curie-Weiss law with a Curie constant
C =11.13 cm® mol " K and a large and negative Weiss constant

= —91.45 K (Fig. S197), which confirms the antiferromagnetic
coupling of Mn in this temperature range.

Furthermore, the magnetic susceptibility data for MIL-101
(Mn) are simulated using spin Hamiltonian in PHI (Fig. 3b,
see section 8.3 in the ESIT).*® The optimal fitting results gave J
and J' values of —14.9(1) and ~0 cm™", describing the isotropic

(a)

(b)
MIL-101(M) i 91 et
101(Mn) 1 ——Mn'Mn'!,
e eI Vs 4 8- M,
P < 7_—Mn‘ (s)Mn",
= / Mn'
Mn(OAC)y-2H,0, % 6
g ‘
iE), 5
',_3, 44 7 . Mn'(s)
Mn(OAC),4H,0 3] /
0 2]

665 660 655 650 645 640 635 0 50 100 150 200 250 300

Binding energy {eV) Temperature (K)

Fig. 3 Mixed-valence state characterizations of MIL-101(Mn) by (a) XPS
and (b) temperature-dependent magnetic susceptibility measurements.
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exchange interactions of Mn(u)-Mn(m) and Mn(u)-Mn(im),
respectively. This result is similar to the mixed-valence Mn-
MIL-88B-Me4 phase reported in the literature.>® The isotropic
g-value of divalent and trivalent manganese is 2 and 1.93, iden-
tical to those in MIL-88B series. However, the axial zero-field
splitting parameter D is 4.4(1) and —1.3(2) cm ™" for Mn(u) and
Mn(m), respectively, indicating a distortion of the coordination
configuration.>® All the above evidences indicate the trinuclear
mixed-valence manganese clusters in MIL-101(Mn) is in the
form of Mn"MnJ! in average. Other simulation results, such as
Mnl! and Mn"(s)Mn (s stands for strong field), can be ruled
out due to poor fitting. The possibility of emergent properties
in frustrated magnets requires the use of more advanced
characterization techniques and/or theoretical insights to
confirm.*”*®

Biomimic catalytic activity of metastable species

Many peroxidases in nature contain multinuclear manganese
clusters, and the mechanism of their catalysis is mostly due to
the valence change of manganese in the carboxylic acid bridge
during catalytic hydrogen peroxide decomposition.>® The large
window of the MIL-101(Mn) structure, its porosity (see section
14 in the ESIf), and the metallocatalases-like mixed-valence
manganese sites prompted us to investigate its enzymatic cata-
lytic properties. The catalytic properties of MIL-101(Mn) were
tested by using 3,3',5,5-tetramethylbenzidine (TMB) as a chro-
mogenic prober frequently used for photometric determi-
nation of peroxidase activity (Fig. 4a, detailed experimental
procedures see section 15 in the ESIT).>® At room temperature,

(a) : O~

I MIL-101(Mn) + TMB 16 MIL-101(Mn) + TMB + H*

1

04

Zmax =285 nm 2max = 450 nm

400 500 600 700 800 400 500 600 700 800

(d) Wavelength (nm) (e)

Wavelength (nm)

Relative activity (%)

Temperature (“C)

Amount of MIL-101(Mn) (mL)

Fig. 4 Enzymatic catalytic properties of MIL-101(Mn). (a) Schematic
illustration of peroxidase activity determination by TMB oxidation reac-
tion monitored via UV-Vis test. Characteristic (b) blue colored radical
cation and (c) yellowish imine are observed during catalysis. Reactivity is
related to (d) temperature and (e) catalyst dosage.
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the introduction of 0.5 mL MOF suspension resulted in a dis-
tinct blue color of tetramethylbenzidine solution, which
turned yellow after acidification (Fig. 4b and c), implying the
generation of benzidine radicals and the peroxidase-like oxi-
dizing ability of MIL-101(Mn), which is temperature and cata-
lyst dosage dependent (Fig. 4d and e). Unfortunately, the
material decomposed after testing due to the aqueous catalytic
environment, but it still has an organocatalytic potential in
organic phase, like manganese acetate, a commercial catalyst
with catalytic oxidation activity,” which deserve to be further
explored.

Conclusions

In conclusion, the present work uncovers a missing piece of
the puzzle, ie the metastable, mixed-valence manganese
phase belonging to the MIL-101 family. Synthetically
demanding MIL-101(Mn) has been successfully prepared
through a unique, controllable approach, ie. geometrically
guided synthesis by modulating pyridyl modulators. The
single crystal structure of MIL-101(Mn) has been directly
determined through X-ray diffraction, which reveals the
emergent topologically correlated valence states that could
serve as a platform of frustrated magnets in future studies.
The oxidase-like catalytic activity of MIL-101(Mn) has been
confirmed, paving the way for bio-applications of redox-
active Mn MOFs.
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