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An iron (Ill) cluster, namely [Fejo(3-0)sLlg(NOs3)s] (1), has been synthesized by treatment of Fe
(NO3)3-9H,0 with 3,5-dimethyl-1-(hydroxymethyl)-pyrazole (HL) under ambient temperature. The
10} can be regarded as a pear-like cage with eight triangular {Fe
centers is held together by one 3-0?~ group with Fe
triangle units. Importantly, {Fe'"',o} cluster is not only stable in solid state but also in solution, which is
confirmed by powder X-ray diffraction (PXRD) pattern and electrospray ionization mass spectrometry
(ESI-MS), respectively. Furthermore, 1 shows antiferromagnetic exchange behavior arising from the
interactions between the iron(Ill) centers.
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There is a great interest in the investigation of polynuclear
transition metal clusters due to their aesthetically pleasing
structures and promising applications in the fields including
magnetic materials, heterogeneous catalysis and optoelectronic
nanodevices etc. [1-5]. Until now, a large number of metal clusters
have been constructed spreading from alkaline metals [6],
lanthanides [7] to late transition metals [8]. Consequently, many
landmark clusters, such as {Ag490} [9], {Mo3es} [10], {Feiss} [11],
{Mng4}[12],{Co36}[13],{Nis4} [14] and {Gd 40} [15], were accessed
with the protection from suitable organic or/and inorganic ligands
to avoid the aggregation of metal clusters. Our group principally
focuses on assembly of metal clusters and their nucleation/
assembly mechanisms were comprehensively investigated by
using electrospray ionization mass spectrometry (ESI-MS).
Some unprecedented examples such as {Agiso} [16], {Ag44} [17],
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{Agas} [18], {Agso} [17], {Ags2} [19], {Agse} [20], {Ag7e} [19] and
{Ag>11} [21] have been synthesized and fully characterized.

Encouraged by these preliminary works, we turned our
attention to the ferric clusters since earth abundant storage
of iron elements and fascinating chemical and physical properties
of these clusters. Construction of polynuclear iron clusters is of
paramount important not only for fundamental studies in
bioinorganic chemistry [22], but also their potential utility as
molecular magnetic materials [23]. Indeed, hundreds of proteins
host iron-sulfur clusters and iron oxides/hydroxides exist exten-
sively in several biological systems including nonheme metal-
loproteins [24] and iron storage protein ferritin [25]. Additionally,
although the interaction between iron(lll) centers is predomi-
nantly antiferromagnetic, the appreciable magnetic anisotropy
along with high ground-state spin and even single-molecule-
magnet behavior have also been found in high-nuclear iron
clusters. To our surprise, only a few homonuclear iron clusters have
been reported, such as {Fe'',} [26], {Fe'g} [27], {Fe"o} [28].
However, rational design and assemble high-nuclear iron clusters,
especially the core topology adjustment is still a great challenging,
thus hindering progress in this area.

Recently, we have reported novel brucite-disc {Mn";sMn'"',}
[29] cluster, core-shell heterometallic disc-like {Mn,c(Mn,Cd);5}
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Fig. 1. (3, b) The molecular structure of 1 viewed along two different views. All uncoordinated atoms are shown using the wireframe style for clarity. (c)

The {Fe";(113-0)s(1t2-0)s} core with eight triangular {Fe'

lines binding the metal ions are to description the shape of the {Fe"
[30] cluster, cubane-like octanuclear {Mn",Mn's} [31] cluster, and
bicubane-like tetranuclear {Co",} [32] cluster supported by
bidentate hydroxymethyl-pyrazole ligands, which are capable of
stabilizing different metal clusters with different coordination
modes. Inspired by these results, we were interested in the
reactions of iron salts with hydroxymethyl-pyrazole ligands to
confirm the corresponding structures and magnetic properties.
Herein, we report the synthesis, structural characterization, and
magnetic properties of a decanuclear Fe(Ill)/oxo cluster, which was
isolated as [Feqo(13-0)gLg(NOs)s] (1). Moreover, we employed ESI-
MS to investigate its behavior in solution.

Crystallographic analysis reveals that 1 crystallizes in the
triclinic space group P-1 and crystallographic data are detailed in
Tables S1 and S2 (Supporting information). The most intriguing
feature of 1 is that the asymmetric unit consists of one [Feqo(t3—
0)sLg(NOs3)s] nanocluster (1.3 x 1.4 nm) with eight peripheral L™
ligands coating the {Fe;o(1t3-0)g} core surrounded by additional
six bidentate chelating NO5~ anions (Figs. 1a and b). The metallic
skeleton of {Feqo} core can be described as a pear-like cage with
eight triangular {Fes(3-0)} units (Figs. 1c and d). Each three Fe
centers is held together by one u3-O group acting as corner-
sharing triangle units. This {Fe;0} triangle is common in iron-oxo
chemistry and has acted as a building block for many higher
nuclearity clusters [33]. The oxidation states of the Fe atoms and
the protonation levels of O atoms were assigned on the basis of
bond valence sum (BVS) calculations (Table S3 in Supporting
information), charge considerations and inspection of interatomic
distances (Fe-O and Fe-N) [33]. The results clearly indicated that
all metal ions correspond to Fe(Ill) (BVS 2.972-3.153), and the
oxygen valence state of y3-0 is -2. All Fe** ions are exclusively six-
coordinated in distorted octahedral geometries, displaying two
different coordination environments (FeO6 for Fe1-6 and FeO4N2
for Fe7-10). The six O atoms around Fe1-6 centers come from jt3—
O groups, NO3- anions and hydroxyl groups attached to L™ ligands.
Coordination geometries about Fel-4 centers are completed by
three 13—0 groups, one bidentate chelating NO3; ™~ anion and one L™
ligand. At the periphery of Fe5 and Fe6 centers, the O atoms are
from two ©3-0 groups, one bidentate chelating NOs ™~ anion and
two L~ ligands. Compared with Fe1-6 centers, Fe7-10 centers are
surrounded by an O4N2 donor set, which is analogous to those of
Fe5 and Fe6 centers except that one chelating NOs;~ anion is
replaced by two N atoms from two unique L™ ligands. The Fe—O
and Fe—N bond lengths are in the normal ranges of 1.891(5)-2.336
(5) A and 2.121(7)-2.187(7) A, respectively.

Moreover, all L~ ligands adopt the same to-nn':10> bonding
mode to connect two metal centers of the triangle unit(Fig. 1a),
which further consolidate the stability of the {Feo(13-0)s} core.
Such coordination mode is commonly observed in L~ based
polynuclear complexes [29,30,34]. Notably, eight such bulky

3(143-0)} units, in which all the 11,-0 groups come from the L~ ligands. (d) The pear-like {Fe'";,} cage. The dashed
10} metallic skeleton. Color scheme: Fe, skyblue; O, red; N, blue; C, gray; H, white.

ligands at the exterior of the {Fe;o(t3-0)g} core fully protect
the core, thus restricting the further growth. The shortest Fe. - -Fe
distance between two adjacent [Feqo(3-0)sLg(NO3)s] molecules is
between Fe5 and Fe8 at 7.801 A (Fig. S1 in Supporting information).

To check the phase purity of 1, powder X-ray diffraction (PXRD)
pattern of the bulk sample was measured. The main peaks are
primarily in agreement with the pattern simulated from single-
crystal X-ray diffraction data, suggesting the phase purity of the as-
synthesized sample (Fig. S2 in Supporting information). The slight
difference between the simulated and experimental patterns may
be caused by the different orientation of the crystals in the bulk
powder sample. Thermogravimetic analysis (TGA) of 1 was carried
out from room temperature to 800 °C under nitrogen atmosphere
(Fig. S3 in Supporting information). There was no obvious weight
loss before 250 °C, after which the framework structure began to
collapse upon further heating. Furthermore, the solid-state optical
diffuse reflectance spectrum of 1 was studied at room temperature.
As shown in Fig. 2, the absorption spectrum of 1 shows one main
peak centered at 350 nm and a wide low-energy peak from 450 nm
to 540 nm in the UV-vis region, which should be assigned to r—*
electron transition on ligand and charge transfer between ligand
and metal ion. Meanwhile, the band gap of 1 was estimated to be
1.43 eV from its Tauc plot of (Ahv)'/? versus hv, in agreement with
the color of 1. The result revealed that 1 shows better light-
harvesting ability.

To investigate its solution behavior of the cluster, the ESI-MS of
1 dissolved in dichloromethane was performed in positive-ion
model. As shown in Fig. 3, three identifiable species (1a-1c) with
the charge state of +1 are observed in the m/z range of 1900-2300.
The measured mass spectra well match the calculated isotopic
distribution patterns. Their assigned formulae are given in the
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Fig. 2. UV-vis spectrum of 1 in the solid state. Inset: Tauc plot of 1.
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Fig. 3. Positive-ion mode ESI-MS spectrum of 1 dissolved in dichloromethane and
comparison of the experimental (black) and calculated (red) isotopic envelopes for
1a-1c. Detailed formulae of each species are given in the table.

table in Fig. 3. The predominant species 1a centered at
m/z=1997.80 corresponds to [Fe;g0glLg(NO3)s]* (calcd. 1997.82),
which is formed by losing one NO3;~ ion from the parent cluster.
The species 1b centered at m/z=2191.05 can be assigned to a
species [Fe1003L3(N03)4(C2H50H)3(H20)(CH3CN)z(OH)r (calcd.
2191.02) resulting from ligand exchange between NO5;~ and
OH™. Additionally, we find that species 1c located at
m/z=2219.08 can be attributed to a species [FeigOgLg(NO3)4(-
CH50H)4(CH3CN),(OH)]" (caled. 2219.05), which is generated
from 1b through some solvent exchange. Compared to the
crytstallographic result of 1, all these species contain cores of
[Fe1008Lg(NO3),] (Nqa-1c=5, 4, 4), which clearly illustrate the
stability of Feyq cluster in solution.

The direct current (dc) magnetic susceptibility measurement on
sample of 1 was performed in the temperature range of 2-300 K at
an applied magnetic field of 1kOe. As shown in Fig. 4a, the
susceptibility y\ increases with decreasing temperature until at
Tmax =18 K it reaches a maximal value of 0.077 emu/mol. The
observed broad maximum of susceptibility is a clear indication of
prevailing antiferromagnetic interaction between the ten magnet-
ic moments of Fe** ions in a molecule. The product 4T at room
temperature is 13.6 emu K/mol (Fig. S4 in Supporting information).
This value is much smaller in comparison to the expected value for
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ten non-interacting Fe>* ions (S =5/2, g =2.0) per molecule that is
43.5 emu K/mol. We used the relation (y-T)expected = 10-142e5¢/8 [35]
and pter=5.9 g for Fe** ion [36]. The small value of the product y-T
at room temperature means that already at room temperature
there are rather large antiferromagnetic interactions between
magnetic moments in a molecule. Similar phenomenon has been
observed in previously reported Fe-containing clusters [37,38]. The
same conclusion can be obtained from the temperature dependent
inverse susceptibility (Fig. 4b) that is non-linear in the whole
investigated temperature range. This means that 1 does not behave
like a paramagnet even at room temperature. Finally, the
isothermal magnetization at 10K (Fig. 4c) is linear up to the
maximal magnetic field of 50 kOe with very small value of the
magnetization of 0.043 g per Fe>* ion in the field of 50 kOe. For
non-interacting Fe>* ions one would expect ~ 5 jp per Fe*" ion in
saturation [36]. All these experimental data are in agreement with
rather large antiferromagnetic interaction between ten Fe3*
magnetic moments in a molecule of 1.

A theoretical consideration of the magnetic interactions
between Fe** ions with spin S=5/2 would require a solving an
interaction Hamiltonian. With ten ions in a molecule where, taking
into account the comparable distances between them, each
magnetic moment interacts with more than two neighbors,
solving of such a Hamiltonian would be formidable task and
exceeds our computational possibilities and purpose of this paper.
Still, some qualitative analysis of the measured data can be made.

Note that the non-linear ™ !(T) dependence prevents us from
direct determination of the Curie-Weiss temperature 6. However,
the curve of yu )(T) shows that the tangent at arbitrary
temperature above 50 K would cross the temperature axis at a
large negative value of the order of several hundred K. Such a large
Curie-Weiss temperature 6, which means considerable antiferro-
magnetic interactions, is in agreement with the small susceptibili-
ty measured already at the room temperature. On the other hand, it
is worth to note on a big discrepancy between the large negative 0
and the Tp,ax at a rather low temperature of 18 K. Ramirez [39] has
introduced an empirical factor f = |0|/Tmax that compares the Curie-
Weiss temperature and the critical temperature of magnetic
ordering. In our case the factor fis larger than 10. Such a large value
is characteristic for magnetically frustrated systems. According to
the structure of 1 it is not surprising. Ten Fe(III) ions in a molecule
are composing many triangles with Fe(Ill) ions in their corners and
similar distances between them (i.e., Fe1-Fe2-Fe9, Fe2-Fe3-Fe8,
). Together with the antiferromagnetic interactions between
these magnetic moments, the 1 may belong to a geometrically
frustrated systems [40].

In summary, a new decanuclear Fe(lll)/oxo cluster has been
successfully prepared by reaction of iron(Ill) salt and 3,5-
dimethyl-1-(hydroxymethyl)-pyrazole ligand under basic condi-
tion at room temperature, which contains pear-like {Feo(143-0)s}
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Fig. 4. (a) Temperature dependence of the magnetic susceptibility (yu). (b) inverse susceptibility (yn ') of 1. (c) Isothermal magnetization curve at 10K of 1.



2506 W. Muhammad et al. / Chinese Chemical Letters 31 (2020) 2503-2506

core protected by eight bidentate hydroxymethyl-pyrazole ligands
and six NO5~ ions. The formation of this novel cluster {Fe;o} in
solution was also monitored by ESI-MS, which is indicative of its
stability in dichloromethane and its ligand exchange behavior in
solvents. Magnetic measurements indicate the possibly antiferro-
magnetic interaction between the Fe(Ill) centers. The successful
fabrication of 1 not only expands the types of polynuclear metal
clusters supported by bidentate hydroxymethyl-pyrazole ligand
but also provides a promising approach to construct polynuclear
iron clusters with stability in solution. Development of other
functional polynuclear compounds with improved optical and
magnetic properties is currently in progress in our laboratory.
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