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Abstract: MOFs with both multicentered metal-metal bonds
and low-oxidation-state (LOS) metal ions have been underex-
plored hitherto. Here we report the first cubic [Mn'g] cluster-
based MOF (1) with multicentered Mn'—Mn' bonds and + 1
oxidation state of manganese (Mn' or Mn(1)), as is supported
by single-crystal structure determination, XPS analyses, and
quantum chemical studies. Compound 1 possesses the shortest
Mn'—Mn' bond of 2.372 A. Theoretical studies with density
functional theory (DFT) reveal extensive electron delocaliza-
tion over the [Mn's] cube. The 48 electrons in the [Mn'] cube
fully occupy half of the 3d-based and the lowest 4s-based
bonding orbitals, with six electrons lying at the nonbonding 3d-
orbitals. This bonding feature renders so-called cubic aroma-
ticity. Magnetic properties measurements show that 1 is an
antiferromagnet. This work is expected to inspire further
investigation of cubic metal-metal bonding, MOF materials
with LOS metals, and metalloaromatic theory.

I n the past two decades, metal-organic frameworks (MOFs)
have attracted much attention due to their fascinating
topological structures and various functions in adsorption,
separation, catalysis, chemical sensing, and magnetic proper-
ties.?! In construction and design of MOFs with character-
istic properties and functions, metal ions play a crucial role.
Especially, through small bridging molecules metal ions can
be aggregated into more complicated cages/clusters, which
serve as nodes and can form highly connected MOFs.! In
more than 25000 MOF-related publications, cluster-based
MOFs with low-oxidation-state (LOS) metals and multi-
centered metal-metal bonding were unknown until recently
when a Znj cluster was synthesized.[*

On the other hand, oxidation state as a central concept in
chemistry is associated with both the electronic structure and
chemical properties of a given atom. Among all the elements
in the periodic table, the lowest oxidation state is —4 for
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carbon,”* and the highest oxidation state is + 9 for iridium.""
Due to their low electronegativity, metals tend to have high
oxidation states, whereas LOS of metals are rare and often
offer opportunity for unique electronic structures and proper-
ties. Recently, the number of LOS metal-metal bonded
compounds have rapidly increased since Carmona’s report of
the singly bonded zinc(I) dimer [Cp*ZnZnCp*] (Cp*=
CsMe;).! A number of M'-M' bonded compounds have
been synthesized, including M = Cd,/""?4 Cr® In,”) Mg,
Fe,12¢1 Mn,'2 Co,™ and Ni.¥ These compounds all
contained dinuclear metals (except In) and were obtained
by using sterically demanding ligands. Most of them are
unstable in air. So far multicentered Mn'-Mn' bonded
polyatomic clusters have not yet been reported, although
dinuclear Mn'-Mn' bonded compounds are known.['”]

In this work, we report the synthesis of the first
polyatomic Mn' compound {[Mn'\Mn"y(H,O)¢(HL),,]-
(OH),-17H,0},, (1) (L =tetrazole dianion), which features
+1 oxidation state, multicenter Mn'-Mn' bonding, and the
shortest Mn'-Mn' distance. The chemical stability, magnetic
properties, electronic structure, and bonding character are
also investigated.

Air- and moisture-stable crystals of 1 were prepared by
in situ [243] cycloaddition reaction of NaN;, KC(CN),, and
MnCl, in a mixture of H,O and EtOH (v/v =4:1) at 145°C for
72h. Single-crystal X-ray diffraction (SCXRD) analyses
reveal that 1 crystallizes in the cubic system with space
group Pm3m. Two crystallographically independent Mn
centers exist in each asymmetric unit (Figure 1 and Figure S1
in the Supporting Information, ST). Mn1 is located on a three-
fold axis with Wyckoff notation g and point symmetry 3m, and
Mn2 stands on the intersection of a four-fold axis and mirror
plane with Wyckoff notation ¢ and point symmetry 4/mmm.
Mn1 atom is bonded with three N atoms (N1, N1A, and N1B)
from three HL™ monoanion ligands with Mnl1-N1 bond
length of 2.177 A, and three adjacent equivalent Mn1 atoms.
The distorted octahedral coordination geometry of Mn2 is
finished by four N atoms (N3, N3A, N3B, and N3C) with
Mn2-N3=2259 A and two water molecules (O1 and O1A)
with Mn2-01=2.060 A.

The eight equivalent Mn1 atoms as the vertex are found to
form a perfect cube [Mn’s] with O, symmetry from SCXRD
characterization. Surprisingly, the twelve Mn'-Mn' distances
are completely identical and the bond (2.372 A) is shorter
than the sum of covalent radii for Mn' (2.480 A),” indicative
of the existence of direct Mn'-Mn' bonding. This Mn-Mn
distance is significantly shorter than all reported Mn'-Mn'
bonds, 2.636 A in Mn,S,(CO),s(PMe,Ph),, 2.674 A in Mn,-
(CO),(u-S,), 2717 A in [Mn,(u-N,N"-Pipiso),] (Pipiso=
(DipN),C(cis-2,6-Me,NCsHy)), 2721 A in  [{HC-
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Figure 1. a) The Mn'=Mn' bonded [Mn's] cube with O, symmetry in 1.
b) and c) Two types of cages (yellow: A-cage, pink: B-cage). d) 3D
framework consisting of two types of cages along the c-axis. O atoms
omitted for clarity.

(CMeNATr),)Mnl],, and 2.787 A in [(thf),KC18-crown-6],[Mn-
{K*-Me,Si(NDipp),},] (Dipp = 2,6-iPr,C¢H;).l Tt is in fact the
shortest Mn'-Mn' bond observed so far. Compared with the
distorted Zn's cubes with low symmetry of Dy, and D,y it is
the first time to obtain an M'~M' bonded cube with perfect O,
high symmetry.

In the crystal structure, one [Mn] cube is supported by
twelve tetrazole rings (Figure 1a), and one tetrazole ring
coordinates to only one Mn2 atom. As a result, each [Mn'y]
cube is surrounded by 12 adjacent Mn2 atoms and each Mn2
atom links to four adjacent [Mn’g] cubes. The [Mn’;] cube and
Mn?2 can be simplified as 12-connected and 4-connected node,
respectively (Figure S1), which gives rise to a (12, 4) high-
connection 3D framework with ftw topology and the point
symbol {4%.6*}{4*.6);. To our knowledge, ftw topology with
different metal centers as nodes is not frequently observed in
MOFs.') A- and B-cage with diameters of 8.0 and 10.5 A
exist in the 3D framework (Figure 1b and c), respectively. The
A-cage is formed by four Mn2 atoms and two [MnY] cubes,
whereas the B-cage is constructed by six nearby Mn2 atoms
and eight [Mn’] cubes. Twelve A-cages surround one B-cage,
whereas four B-cages embrace one A-cage. Thus, the overall
network consists of two types of cages with the stacking ratio
of 3:1 (Figure 1d). Additionally, after the removal of guest
molecules, the void volume of 1 is 37.5% by using the
PLATON software.!'”l However, owing to the very low N, gas
absorption capacity at 77 K, the surface area of 1 was not
experimentally determined (Figure S2).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. XPS spectra of Mn in compound 1, Mn 2p (left) and Mn 3s
(right).

X-ray photoelectron spectra (XPS) of 1 were measured to
explore the oxidation state of manganese. Typical Mn-2p and
Mn-3s spectra were obtained (Figure 2). The binding energies
of Mn-2p;, and Mn-2p,,, are 642.15 and 654.44 eV, respec-
tively, and their energy gap of 12.29 eV clearly deviates from
the corresponding value of 11.8eV in Mn" compounds.
Furthermore, due to the parallel spin coupling between 3s
electrons and unpaired 3d electrons during the photoelectron
ejection,®®! the Mn-3s spectra exhibit two peaks at 84.11 and
90.61 eV with the energy separation of 6.5 eV. Theoretically,
the splitting of Mn-3s binding energy (AE5,) strongly depends
on the oxidation states of Mn ions, with larger AE;, for lower
oxidation states.'®! The AE,; of Mn", Mn", and Mn" is
6.1 eV,[19201 5.4 eV I81%1 and 4.8 eV, respectively. There
exists a linear relationship between AFE;, and oxidation states
of Mn ions as shown in Figure S3, in which the predicted AE5
of Mn' is about 6.7 eV. The measured AE;, of 6.5¢V in 1 is
close to this value, and is much larger than the reported value
of Mn", indicating unambiguously that Mn centers in 1 exhibit
a lower oxidation state than +2. Furthermore, the slight
deviation of the experimental value (6.5e¢V) from the
expected 6.7 eV of Mn' is likely due to the perturbation of
Mn" in 1, supporting the existence of the + 1 oxidation state
Mn. Interestingly, although the 3D framework of 1 differs
largely from that in the [Zn's] compound, the [Mng] cube as
a building block in 1 is similar to the [Zn'y] cube.[*

To elucidate the chemical bonding and electronic struc-
ture of the cluster in 1, DFT calculations were carried out on
the [Mng]*" core and [Mng(HL),]" (n=4—,1—,2+,and 4 +)
clusters with various oxidation states of Mn. The computa-
tional methods and results are described in the SI. Our
calculations show that the [Mng(HL);,]*" cluster with Mn" has
Mn—Mn bonds of 237 A, which is consistent with the
measured value (Table S1, SI). The energy levels of the
frontier 4s- and 3d-bands formed by eight Mn'(4s'3d°) atoms
in [Mng(HL);,]*~ with O, symmetry are shown in Figure 3,
with the isosurfaces of the 3d- and 4s-based MOs of the [Mn]
cube shown in Tables S2 and S3. Interestingly, the 3d-band
spans energetically only about 1/3 of the 4s-band due to much
contracted Mn 3d shell. The 4s- and 3d.-based MOs form two
sets of bonding MOs with a;, and t;,, symmetries and
antibonding MOs with t,, and a,, symmetries, respectively
(Table S3). The occupation of the a,, orbital of the 4s-band
and the a,, + t;, of the 3d-band, leads to dual cubic aromaticity
in the [Mn's] cube (Figure 4), instead of eight electrons in the
4s-based cubic aromaticity in [Zn's] with Zn' (4s'3d'’) atoms.™
Consequently, the 4s-electrons obey the cubic aromaticity
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Figure 3. The energy levels of [Mng(HL),]"". Left, the frontier molec-
ular orbital energy levels including s- and d-bands; inset at right, the
enlarged d-band levels.
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Figure 4. The bonding pattern in the [Mn's] cube with dual cubic
aromaticity from 4s-based and 3d,.-based molecular orbitals, respec-
tively.

rule of 6n 42 at n=0, and the 3d-electrons obey the rule of
6n+2 at n=1. All bonding MOs of the 3d-band are fully
occupied, except for the frontier six electrons that are
occupying the almost degenerate nonbonding 3d-based 9t,,
and 16t,, orbitals, leading to possible magnetism (right part of
Figure 3) in the d-band, due to their lower energy levels than
those of the 4s-based 19t;, orbital. In other words, the forty
electrons from eight Mn'(3d°) are maintained in the lowest
twenty orbitals of the d-band, together with the two electrons
on the 9a,, orbital of the s-band, accounting for the multi-
center bonding of the [Mn’] cube. This rare dual cubic
aromaticity partly explains the shortest Mn—Mn bond and
high thermal stability of 1. The oxidation state of Mn2 in 1 is
+2 based on the empirical bond-valence calculation
(Table S5).2

To experimentally probe the chemical stability, compound
1 was immersed in common solvents, including H,O, MeOH,
EtOH, DMF, CCl,, cyclohexane, n-hexane, and MeCN for
24 h. The resulting sample still retains crystalline state, and
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the corresponding experimental powder X-ray diffraction
(PXRD) patterns agree well with the simulated from the
single-crystal structure data (Figure S4), indicating superb
chemical stability of 1 in these solvents. Additionally,
thermogravimetric analysis (TGA) revealed that the 3D
framework in 1 starts to collapse at about 360 °C (Figure S5),
indirectly confirming the high thermal stability of the [Mn'y]
cubic clusters in frameworks.

The temperature dependence of the magnetic suscepti-
bility of compound 1 was measured under 1000 Oe in the
temperature range of 1.8-300 K (Figure S6), the room-
temperature 7 value measured at 33.96 cm*Kmol ™ is
much smaller than the expected spin-only value of
61.12 cm*Kmol ! for eight Mn' and three Mn" ions (3d’4s'
for Mn', and 3d’> for Mn" ions) with g=2.0, similar to the
reported manganese(I) dimer.'*! The large divergence
implies metal-metal bonding in the [Mnk] cube that
decreases the number of unpaired 3d or 4s electrons in the
[Mn'g] cube. Upon lowering temperature, the value of y7 is
reduced gradually to 3.82 cm*Kmol ' at 1.8 K, indicative of
the antiferromagnetic coupling amongst Mn ions. The curve
of ! versus Tabove 4 K obeys the Curie-Weiss law with the
Curie constant C=36.94 cm®*Kmol ' and the Weiss constant
6= —25.74 K. The negative Weiss constant further supports
the presence of dominant antiferromagnetic interactions in 1.
Additionally, the y,, value exhibits a rapid increase with the
decreasing temperature and reaches its maximum at 2.2 K,
and then decreases with further cooling (Figure S7). The
magnetic behavior implies that 3D long-range antiferromag-
netic ordering exists in 1 with the Neel temperature Ty of
about 2.2 K.12!

To further determine the critical temperature of 3D
magnetic ordering, the temperature dependences of field-
cooled (FC) and zero-field-cooled (ZFC) magnetization at
50 Oe were measured (Figure 5). The peaks occur at 2.2 K in
FC and ZFC curves, revealing the occurrence of an anti-
ferromagnetic ordering at 2.2 K. Additionally, alternate
current (AC) magnetic susceptibility at zero DC field and
3 Oe oscillating field with different frequencies were mea-
sured. In the ' (in-phase component in AC susceptibility)
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Figure 5. The plots of in-phase (y') and out-of-phase (x"') AC suscept-
ibility versus temperature under 3 Oe oscillating field and different
frequencies. Inset: Plots of FC and ZFC for 1 using a field of 50 Oe.
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versus 7T plot, the frequency-independent peaks are clearly
observed at 2.2 K, whereas no peaks appear in the y” (out-of-
phase component in AC susceptibility) versus 7 plot. The
frequency-independent behavior in AC susceptibility pre-
cludes the presence of slow magnetic relaxation and spin-glass
behavior,” and indicates that 1 is an antiferromagnet below
22 K.

The magnetization isotherm of 1 was measured at 1.8 K in
fields of 0-8 T. The magnetization values increase very rapidly
and almost linearly with the increasing field. However, it does
not saturate and the maximum value of magnetization is
15.3 N at 8 T, which is far below the saturation value (63.0
Np) expected for isolated eight Mn' and three Mn" species.
This behavior is indicative of the formation of Mn'-Mn'
bonds and antiferromagnetic coupling within 1. Meanwhile,
a small hysteresis loop (Figure S8) with the coercive field
H-=30 Oe and remnant magnetization M,=0.0184 N was
detected at 1.8 K, demonstrating the feature of a soft magnet.

To determine the critical field from antiferromagnet to
paramagnet for 1, the temperature-dependent AC suscepti-
bilities under the frequency of 200 Hz and different external
magnetic fields from 100 to 1900 Oe were measured (Fig-
ure S9). The peak of ' versus T gradually shifts from 2.2 K to
lower temperature with increasing external magnetic fields,
and it disappears when the applied magnetic field reaches
500 Oe, implying that the antiferromagnetic long-range
ordering in 1 can be destroyed under the external magnetic
field above 500 Oe.

In summary, a [Mng] cubic-cluster-based metal-organic
framework has been synthesized and structurally character-
ized to possess multicentered Mn'-Mn' bonds and the
shortest Mn'-Mn' distance. This MOF material displays
high thermal and chemical stability. Theoretical studies
show that there are 42 electrons contributing to the multi-
center bonding of the [Mn'g] cube and six electrons that may
contribute to its magnetic property. Magnetic investigations
suggest that the antiferromagnetic long-range ordering in
1 occurs at about 2.2 K, and the critical field from antiferro-
magnet to paramagnet was determined at approximately
500 Oe. This work might provide insights for constructing
novel MOF materials with M'—M' bonds, and adds new
examples of metal clusters with multicentered metal-metal
bonding and cubic aromaticity.

Experimental Section

Synthesis of 1: MnCl,-4 H,0O (0.3 mmol, 0.0591 g), NaN; (0.6 mmol,
0.39 g), and KC(CN); (0.1 mmol, 0.0129 g) were dissolved in H,O and
EtOH (10 mL, v/v 4:1) mixed solvents in a 25 mL Teflon-lined
stainless vessel. The vessel was heated in a 145°C oven for 72 h, and
then slowly cooled down to room temperature at 2°Ch™'. Colorless
cubic crystals were obtained by filtration and the yield of 1 was 52 %
(based on MnCl,-4 H,0). Anal. Calcd. (%) for C;,HgMn;NO,s: C,
7.66; H, 3.21; N, 35.74; Found: C, 7.82; H, 2.99; N, 35.60. Selected IR
(KBr, cm™): 3438(sb), 1638 (vs), 1451 (w), 1415 (m), 1157 (m), 1130
(m), 1047 (s), 944 (s), 758 (m), 618 (wb). UV/Vis spectra and crystal
data from single-crystal diffraction studies for 1 is given in SI.
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