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Syntheses, structures, and magnetic properties of
three new Mn''-[Mo"(CN),;1*~ molecular magnets+

Xiao-Qin Wei, ©2 Qian Pi,? Fu-Xing Shen,® Dong Shao, (22 Hai-Yan Wei & ** and
Xin-Yi Wang @ *2

By reaction of K4[Mo"(CN),]-2H,0O, Mn(ClO4),-6H,O and bidentate chelating ligands, three new cyano-
bridged compounds, namely Mn,(3-pypz)(H,O)(CH3CN)[Mo(CN);l (1), Mn,(1-pypz)(H,O)CH3CN)[Mo
(CN)/l (2) and Mny(pyim)(H>O)(CHsCN)IMo(CN);] (3) (3-pypz = 2-(1H-pyrazol-3-yl)pyridine, 1-pypz =
2-(1H-pyrazol-1-yl)pyridine, pyim = 2-(1H-imidazol-2-yl)pyridine), have been synthesized and character-
ized structurally and magnetically. Single crystal X-ray analyses revealed that although the chelating
ligands are different, compounds 1 to 3 are isomorphous and crystallize in the same monoclinic space
group C2/m. Connected by the bridging cyano groups, one crystallographically unique [Mo(CN);1*~ unit
and three crystallographically unique Mn" ions of different coordination environments form similar three-
dimensional frameworks, which have a four-nodal 3,4,4,7-connecting topological net with a vertex
symbol of {4°4{4*.62},{4%°-6'%}. Magnetic measurements revealed that compounds 1-3 display long-range
magnetic ordering with critical temperatures of 64, 66 and 62 K, respectively. These compounds are rare
examples of a small number of chelating co-ligand coordinated [Mo(CN),]*"-based magnetic materials.
Specifically, the bidentate chelating ligands were successfully introduced into the heptacyanomolybdate

rsc.li/dalton system for the first time.

Introduction

In the vein of molecule-based magnetic materials, the hepta-
cyanomolybdate [Mo™(CN),]*~ unit has attracted much atten-
tion due to its great potential." As have been established by
both experimental and theoretical studies,” the Mo™ center in
the [Mo™(CN),]*” unit can have strong magnetic coupling
between other metal centers through the multiple CN™ groups.
The large amount of CN~ groups (7) and the high negative
charge (—4) of the [Mo™(CN),]*~ unit make it easier to act as a
high connection node, which usually favours high-dimen-
sional extended coordination polymers with high magnetic
ordering temperatures.® In addition, deriving from either
single-ion anisotropy or anisotropic magnetic exchange, the
[Mo"™(CN),]*~ unit exhibits significant magnetic anisotropy,*
which has pronounced importance for the magnetic properties
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of the resulting materials. On the one hand, for magnets of
long range ordering, the low symmetry of the [Mo"™(CN),]*"
unit results in the low symmetric lattice and very interesting
magnetic anisotropy properties, such as the spin reorientation
phenomenon in the three-dimensional (3D) Mn"-Mo™ com-
pounds reported by Kahn et al.’ On the other hand, magnetic
anisotropy, especially the anisotropic magnetic exchange, is
very promising for the construction of high-temperature SMMs
and SCMs.*

Despite the abovementioned advantages, molecular mag-
netic materials based on the [Mo™(CN),]*" unit are still quite
limited compared to the widely investigated [M™(CN)¢]>~ (M =
Fe and Cr) and [M""Y(CN)g]*”*~ (M = Nb, Mo, and W) com-
pounds,” although the synthesis of the starting material
K4[Mo™(CN),]-2H,O was reported early in 1932.> The main
reason for this lies in the synthetic challenges in the handling
of this oxygen and light sensitive anion containing the low
valence Mo™ center. On top of this, it is also very difficult to
obtain good single crystals containing the [Mo™(CN),]*~ unit.
As mentioned above, the large amount of CN™ groups and the
high negative charge of this unit is very likely to cause fast
precipitation of extended frameworks with poor crystallinity.

To overcome these difficulties, certain strategies have been
adopted besides introducing the proper anaerobic atmosphere
during the synthesis. One strategy is to introduce different
cations to balance the negative charge of the [Mo"™(CN),]*"
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unit. This successfully leads to the formation of various 2D
(two-dimensional) or 3D frameworks of diverse topologies.’
For example, in the Mn"-Mo™ materials, the simple K* cation
led to the formation of a 2D Mn-Mo ferrimagnet with T, =
39 K,”* while the NH," cation led to a 3D Mn"-Mo™ frame-
work of T, = 53 K.”%¢ Incorporation of the larger organic cation
[N(CH,)4]" results in another 3D structure with T, = 86 K.*
Very recently, we have also reported a 3D Fe"-Mo™ compound
using the organic cation [NH,(CH3),]*" in the synthesis.” This
compound is also a ferrimagnet with T. = 65 K, and has a very
different structure from the one formed without the organic
cation.”

Another successful strategy is to prevent the quick precipi-
tation using secondary coordination ligands to block the avail-
able coordination sites of the other metal centers.'® For
example, using two blocking ligands triethanolamine and di-
methylalaninol (R- and S-), Sutter et al. reported two new 3D
Mn"-Mo™ compounds showing interesting magnetic sponge
behaviour with 7. up to 106 K.'””° By capping the Mn" ion
with the triazacyclononane ligand, another amorphous Mn"-
Mo™ compound exhibiting ferromagnetic ordering below 90 K
was reported.'” In addition, the highest T. of 110 K in
[Mo"™(CN),]*-based materials was obtained by introducing
pyrimidine into the V"-Mo™ system, although its crystal struc-
ture was confirmed by its isomorphous Mn"-Mo™
compound.'*?

Following this strategy, we have also been very successful in
preparing the low-dimensional materials based on the
[Mo™(CN),]*~ unit, such as isolated clusters and one-dimen-
sional (1D) chains."*™*!** For example, using a series of
macrocyclic pentadentate organic ligands, Wang and Dunbar
et al. reported a series of molecule clusters, such as a docosa-
nuclear MogMn, cluster with a very high spin ground state,"*
and several trinuclear Mn,Mo molecules including the first
SMM based on the [Mo™(CN),]*~ unit.'* Very recently, we have
reported a new Mn,Mo cluster with a tetradentate ligand,
which can undergo reversible ON/OFF switching of the SMM
behaviour through a single-crystal-to-single-crystal transform-
ation to a Mn,Mo, cluster.’® Furthermore, several 1D chain
compounds have also been prepared very recently using the
same synthetic strategy under slightly different experimental
conditions.**

To extend the research in the [Mo™(CN),]*” based
materials, we continue synthesizing more magnetic materials
using the same strategy. As for the chelating ligands, three
bidentate ligands with structures similar to 2,2"-bpy were
chosen, as these bidentate ligands have been widely investi-
gated in the molecular magnetism.'> Herein, we report the
syntheses, structures and magnetic properties of three new 3D
Mn"-Mo™ complexes, namely Mn,(3-pypz)(H,O)(CH;CN)[Mo
(CN);,] (1), Mny,(1-pypz)(H,O)(CH;CN)[Mo(CN),] (2) and
Mn,( pyim)(H,O)(CH;CN)[Mo(CN),] (3) (3-pypz = 2-(1H-pyrazol-
3-yl)pyridine, 1-pypz = 2-(1H-pyrazol-1-yl)pyridine, pyim = 2-
(1H-imidazol-2-yl)pyridine), Fig. 1. Magnetic studies revealed
that 1-3 exhibit ferrimagnetic ordering with T, = 64, 66, and
62 K, respectively. These compounds are the first
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Fig. 1 Structures of the bidentate ligands used to prepare complexes
1-3.

[Mo™(CN),]*~ based compounds containing the bidentate sec-
ondary ligands.

Experimental section
Physical measurements

Elemental analyses for C, H, and N were carried out using a
Vario MICRO Elementar instrument. Infrared spectra were
obtained on a Bruker Tensor 27 FT-IR spectrometer in the
range of 4000-400 ecm™" with KBr pellets. Powder X-ray diffrac-
tion (PXRD) was recorded at 298 K on a Bruker D8 Advance
diffractometer with a Cu Ka X-ray source operated at 40 kV and
100 mA. Magnetic data were measured on ground single
crystal samples embedded in eicosane to avoid oxidation with
a Quantum Design SQUID VSM magnetometer. All data were
corrected for diamagnetism of the eicosane and the sample
holder and of the constituent atoms using Pascal’s constants.

X-ray data collection and refinement

The X-ray single-crystal data for complexes 1-3 were collected
on a Bruker APEX DUO diffractometer equipped with a CCD
area detector (Mo-Ka radiation, 4 = 0.71073 A) under a nitrogen
flow at 173 K. The APEX II program was used to determine the
unit cell parameters and for data collection. The data were
integrated using SAINT'® and SADABS.'” All structures were
solved by direct methods and refined by full matrix least-
squares with anisotropic thermal parameters for non-hydrogen
atoms based on F* using the SHELXTL program.'® Hydrogen
atoms of the organic ligands were generated theoretically onto
the specific atoms and refined isotropically with fixed thermal
factors. For better refinements, the geometric restraints of
DFIX and DANG were used to fix the positions of the hydrogen
atoms in the coordinated waters. And the rigid bond restraint
DELU and similarity restraint SIMU were used to constrain the
displacement parameters for several bonding atoms.
Additional details of the data collections and structural refine-
ment parameters are provided in Table 1. Selected bond
lengths and bond angles are listed in Table S1 in the ESL7
Besides, the phase purities of all three compounds were con-
firmed by PXRD spectra (Fig. S1, ESIf). The experimental
PXRD patterns of 1-3 are in good agreement with their simu-
lated spectra, indicating the phase purities and stabilities.

Materials and synthesis

Because of the instability of Mo™ compounds in solvent and

their oxygen sensitivity, all manipulations were performed

This journal is © The Royal Society of Chemistry 2018
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Table 1 Crystallographic data and structural refinement parameters for complexes 1-3

Complex 1 2 3

Formula C,7H,N;;OMn,Mo C,7H,,N;;OMn,Mo Cy7H,N¢,O
M [g mol™] 592.20 592.20 592.20
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/m C2/m C2/m

a[A] 24.605(11) 24.442(6) 24.2785(11)
b[A 7.246(3) 7.2801(16) 7.2502(3)
c[A] 12.402(6) 12.456(3) 12.4353(6)
al°] 90 90 90

p1°] 105.546(6) 104.200(3) 103.2990(10)
r1°] 90 90 90

V[A7] 2130.2(17) 2148.8(8) 2130.21(17)
zZ 4 4 4

T [K] 173 173 173

Pealed [g cm ™) 1.846 1.831 1.847
F(000) 1164 1164 1164

Rine 0.0958 0.0321 0.0300
Reflections collected/unique 8312/2321 7334/2678 9229/2531
GOF(F?) 1.078 1.050 1.034
Data/restraints/parameters 2321/222/178 2678/157/181 2531/35/178

R, WR,” (1> 26(1))
R%, wR,” (all data)

“Ry = Z||Fo| = |Fel [/ Z|Fol- " wRy = {Z[W(F," — FEYY ZIW(Fo) T,

0.0548, 0.1419
0.0690, 0.1504

under an anaerobic atmosphere using standard Schlenk tech-
niques or in a nitrogen-filled glove box. In addition, the reac-
tion solutions were kept under dark conditions to avoid the
possible light induced decomposition of the [Mo™(CN),]*~
anion in solution. The starting material K,[Mo(CN),]-2H,O was
synthesized as described in the literature.® All solvents used
were deoxygenated in advance. The three bidentate ligands
and perchlorate manganese salt for experiments were commer-
cially available and used as received.

Caution!

Cyanides are highly toxic and perchlorate salts of metal
complexes are potentially explosive. Only small amounts of
materials should be cautiously handled.

Synthesis of Mn,(3-pypz)(H,0)(CH3CN)[Mo(CN),] (1). A solu-
tion of K,[Mo(CN),]-2H,0 (0.05 mmol, 23.5 mg) in 2.0 mL
mixed solvent of acetonitrile and water (v/v = 1:1) was placed
at the bottom in one arm of a H-shaped tube, and 2.0 mL of
the same solvent containing Mn(ClO,),-6H,O (0.05 mmol,
18.8 mg) and 3-pypz (0.1 mmol, 14.5 mg) was placed into the
other arm. Then, about 12.0 mL identical solvent was layered
on top of the solutions on both sides to provide a diffusion
pathway. Dark brown X-ray quality single crystals were gener-
ated after several weeks. The crystals were removed from the
H-tube and washed with water. Yield: 5.4 mg, ~36% based on
Mn>* salt. Elemental analysis: caled for C;;H;,N;;OMn,Mo
(%): C 34.48, N 26.02, H 2.04. Found: C 34.55, N 26.82, H 2.35.
IR (KBr, cm™", C=N): 2086 (s), 2067 (s).

Synthesis of Mn,(1-pypz)(H,O0)(CH3;CN)[Mo(CN),]  (2).
A 10 mL mixed solvent of MeCN/H,O (v/v = 1:2) as a buffer
was layered on top of 2.0 mL aqueous solution containing
K4[Mo(CN),]-2H,0 (0.05 mmol, 23.5 mg) in a single tube. Then
Mn(ClO,),-6H,0 (0.05 mmol, 18.8 mg) and 1-pypz (0.1 mmol,
14.5 mg) in 2.0 mL acetonitrile was carefully layered on top of

This journal is © The Royal Society of Chemistry 2018

0.0352, 0.0848
0.0443, 0.0905

0.0247, 0.0551
0.0318, 0.0551

the buffer. Dark brown block crystals were obtained after two
weeks in the sealed single tube. The crystals were removed
from the tube and washed with water. Yield: 4.3 mg, ~29%
based on Mn*" salt. Elemental analysis: caled for
Cy7H,N;;OMn,Mo (%): C 34.48, N 26.02, H 2.04. Found: C
34.25, N 26.54, H 2.23. IR (KBr, cm™, C=N): 2150 (s), 2089 (s),
2100 (s).

Synthesis of Mn,(pyim)(H,0)(CH3CN)[Mo(CN),] (3). By
replacing 1-pypz with pyim, dark brown single crystals of 3
were also obtained following the same procedure as that for 2.
Yield: 4.9 mg, ~33% based on Mn>" salt. Elemental analysis:
caled for C;;H;,N;;OMn,Mo (%): C 34.48, N 26.02, H 2.04.
Found: C 34.82, N 26.85, H 2.26. IR (KBr, cm™, C=N):
2105 (s), 2034 (s).

Results and discussion
Syntheses of the materials

As we have stated in the Introduction part, the syntheses of the
[Mo™(CN),]* -based magnetic materials are usually quite chal-
lenging. By introducing a secondary co-ligand and controlling
the synthetic conditions, new complexes can be obtained
including several interesting low dimensional magnetic
materials."'™'* We noticed that in the literature, the organic
ligands used in the [Mo™(CN),]*~ system are usually multiden-
tate with more than three coordination atoms such as the
tetra- and penta-dentate ligands used by Sutter, Dunbar and
us. However, complexes with the bidentate chelating co-
ligands have not been reported to date, even though there are
huge amounts of bidentate chelating ligands and they have
been extensively used in the construction of molecular
magnetic materials. However, attempts to prepare the
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[Mo™(CN),]*~ based complexes using the usual bidentate
ligands such as 2,2"-bipy, 1,10-phen and their derivatives have
failed. Fortunately, after a lot of attempts, we were able to
obtain three new compounds 1-3 with three bidentate ligands.
Frankly speaking, we don’t know why these three bidentate
ligands can lead to the successful isolation of single crystals of
1 to 3, although we suspect that the water solubility of these
three ligands might benefit the synthesis of the title
complexes.

Crystal structure descriptions

X-ray single crystal diffraction measurements revealed that all
compounds 1-3 are isomorphic and crystallize in the mono-
clinic crystal system, space group C2/m. They are all of similar
3D structures where the main difference is the bidentate
ligands. This means that the bidentate ligands have no consider-
able impact on their structures. The asymmetric unit and the
ORTEP drawing with thermal ellipsoids at 50% probability of
compounds 1-3 are displayed in Fig. 2, S3 and S4 (ESIT). As we
can see, the asymmetric unit contains one-half of the
[Mo™(CN),]*~ unit (with four unique CN~ groups), one Mn" ion
(1/2Mn1 + 1/4Mn2 + 1/4Mn3), one-half bidentate ligand co-
ordinated to Mn1, one-half acetonitrile coordinated to Mn2, and
one-half water molecule coordinated to Mn3.

To have a better view of the structure, we show the local
structures of the molybdenum and manganese sites in Fig. 3,
using compound 1 as an example. The details of the bond
lengths and bond angles of compounds 2 and 3 can be found
in the ESI (Table S1t). As depicted, the coordination geometry
of the Mo™ center can be described as a distorted capped tri-
gonal prism, rather than the pentagonal bipyramid. The C2,
C3, and C4 atoms form the opposite base planes of the tri-
gonal prism with Mo-C bond lengths 2.148(5), 2.114(5), and
2.149(5) A, while the C1 atom acts as the cap of the prism with
Mo1-C1 = 2.175(7) A. The continuous shape measure (CShM)
value calculated using the program SHAPE 2.1 '° is 0.536 rela-
tive to the ideal capped trigonal prism, and 1.742 relative to

Mn3

Fig. 2 The asymmetric unit for 1. All the H atoms have been omitted
for clarity.
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(b)

Fig. 3 (a) The coordination spheres of metal ions for 1. All the H atoms
have been omitted for clarity. (b) The coordination environment around
the Mo"" centre with the capped trigonal prism (C>,) geometry.

the ideal capped octahedron (Table S2, ESIf). With all of its
seven CN~ groups, the Mo'" center connects to seven Mn"
centers, namely three Mn1l (through CIN1 and two
C4N4 groups), two Mn2 (though two C2N2 groups), and two
Mn3 centers (through two C3N3 groups). Bridged by the CN™
groups, the Mo-Mn bond lengths are in the range of 5.323(12)
to 5.4774(1) A.

As for the Mn" centers, there are three crystallographically
unique sites, Mn1, Mn2, and Mn3, in the structure. The Mn1
ion is in a slightly distorted trigonal bipyramid geometry with
five coordination nitrogen atoms, two of which (N6 and N7)
are from the ligand 3-pypz and the remaining three (N1 and
two N4) are from the CN™~ groups of three [Mo™(CN),]*~ units.
The Mn-N bond lengths are in the range of 2.080(4)-2.242(7)
A. The CShM value relative to the ideal D, trigonal bipyramid
is calculated to be 2.115. As for the Mn2 and Mn3 centers, they
are both in the slightly distorted octahedron environment,
with the CShM values relative to the ideal O;, octahedron of
0.378 and 0.462 for Mn2 and Mn3, respectively. Besides the
two coordinated solvent molecules in the trans-positions (two
acetonitrile for Mn2 and two water molecules for Mn3), both
Mn2 and Mn3 are coordinated by four crystallographically
equivalent nitrogen atoms (N2 for Mn2, and N3 for Mn3) from
four neighbouring [Mo™(CN),]*~ units. The bond lengths are
2.195(4) and 2.355(8) for Mn2-N2 and Mn2-N5, while they are

This journal is © The Royal Society of Chemistry 2018
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2.177(4) and 2.289(7) for Mn3-N3 and Mn3-01, respectively.
These values are in the normal range for the Mn" ion. As for
the bond angles involving the CN™ groups, the Mo-C-N bond
angles are generally close to 180° (from 175.0(4)° to 177.6(6)°),
while the Mn-N-C bond angles vary significantly from
116.7(3)° to 177.1(3)°.

Connected by the CN™ groups, a complicated 3D structure
was formed and can be described as follows. Firstly, using
C1N1 and C4N4 groups, the Mol and Mn1 centers form a 1D
folded belt structure along the b direction (Fig. 4a). These 1D
belts are further connected by the Mn2 centers through the
C2N2 groups, forming a 2D corrugated layer in the ab plane
(Fig. 4b). These 2D layers were further connected to Mn3
through the remaining two CN~ groups (C3N3) of the
[Mo"™(CN),]*~ unit along the ¢ direction and construct the
final complicated 3D framework (Fig. 4c). Since the
[Mo"™(CN),]*~ unit can be viewed as a 7-connected node, while
the Mn1, Mn2, and Mn3 centers can be viewed as 3-, 4- and
4-connected nodes, the whole framework can be presented as
a new four-nodal 3,4,4,7-connecting net with the vertex symbol
of {4°}{4"6%},{4"°-6""}, as analysed by the TOPOS 4.0 program
package (Fig. S5, ESI{).>°

Magnetic properties

As the magnetic properties of compounds 1-3 are very similar
due to their isomorphic structures, only the magnetic pro-
perties of 1 will be discussed in detail as a representative,
while the results of 2 and 3 can be found in the ESI
(Fig. S6-S971). The temperature dependence of the magnetic
susceptibility data for 1 measured under a 1000 Oe dc field in
the range of 2-300 K is shown in Fig. 5. At 300 K, the y\7T
value is 9.122 cm® K mol ™, which is very close to the spin-only
value of 9.125 cm® K mol™" calculated for two high-spin Mn"
(S = 5/2) units and one low-spin Mo™ ($ = 1/2) unit (g = 2.0).
On decreasing the temperature, the y\T value increases slowly
until about 90 K. Then it increases abruptly to a maximal
value of 634.20 cm® K mol™" at about 50 K, below which it
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Fig. 5 Temperature dependent yuT (T) and ym~* (T) curves for 1
measured under a dc field of 1000 Oe. The red line represents the
Curie—Weiss fit.

decreases abruptly to 43.75 at 2 K. This very sharp peak in the
amT versus T plot indicates the long-range magnetic ordering,
and the decrease of the y\T curve below 50 K should be due to
the field saturation effect of the magnetization.

As for the magnetic interaction between the Mn" and Mo™
centers, although the y\T curve increases upon cooling at the
high temperature region and fitting of the data above 100 K
using the Curie-Weiss law gives a rather large positive Weiss
constant of 65.90 K, the magnetic interaction between the Mn"
and Mo™ spin centers doesn’t necessarily correspond to the
ferromagnetic interaction.*" Originally, for the two Mn"-Mo™
3D compounds (« and B phases), the magnetic interactions
were interpreted as ferromagnetic coupling based on the posi-
tive Weiss constants. However, further experiments, including
the powder neutron diffraction measurements and polarized
neutron diffraction on single crystals, and theoretical investi-
gations, have all confirmed the antiferromagnetic coupling
between the Mn" and Mo™ centers.?* As a matter of fact, the
antiferromagnetic coupling has been reported for most of the

Fig. 4 (a) The 1D folded belt structure for 1 along the b direction constructed by Mol and Mnl ions; (b) the 2D layer in the ab plane for 1. The green
parts represent the 1D belts in (a); and (c) the 3D structure for 1 viewed along the b axis. The blue parts represent the 2D layers in (b). The bidentate
ligands and acetonitrile molecules are depicted transparently and all the H atoms have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2018
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Mn"/[Mo™(CN),]*~ compounds, including both the framework
structures and also the molecule clusters. Therefore, we
believe the magnetic interactions in compound 1 should also
be antiferromagnetic. However, due to the very complicated
structure, a rigorous analysis to obtain the exact coupling con-
stants is very difficult and not carried out for 1.

To further confirm the long-range magnetic ordering of
compound 1, the zero-field-cooled (ZFC) and field-cooled (FC)
magnetizations were measured at Hg. = 10 Oe below 100 K. As
can be seen in Fig. 6, the ZFC and FC curves rise sharply at
66 K and diverge from each other at about 64 K upon cooling,
indicating a magnetic phase transition from the paramagnetic
phase to a long-range ordered phase. In addition, ac (alternat-
ing current) susceptibility data were measured under Hy. =
0 Oe and H,. = 2 Oe at three different frequencies (125, 500
and 999 Hz) and are depicted in Fig. 7. As we can see, the
in-phase signals (y'y) exhibit a very sharp peak at 64 K, where
the out-of phase signals (y”)) start to increase rapidly. Almost
no frequency dependence was observed. These phenomena
confirmed that compound 1 shows a spontaneous magnetiza-
tion below the critical temperature 7. = 64 K.

Besides, the field dependent magnetization M(H) of 1 was
measured at 2 K (Fig. 8). The magnetization increases rapidly
at low fields and then increases steadily after 20 kOe until it
reaches a maximum value of 8.74uy at 70 kOe. This value is
very close to the calculated value of 9.00up for the antiferro-
magnetically coupled two high-spin Mn" and one low-spin
Mo™ centers (Mg = 2 X 28y, — 2Sumo = 9.045, £ = 2.0), instead of
11up for the ferromagnetic arrangement. This result further
confirmed the ferrimagnetic behavior of compound 1. In
addition, an obvious hysteresis loop can be observed for 1 at
2 K with a coercive field H. = 820 Oe and a remnant magnetiza-
tion My = 3.72u5 (inset of Fig. 8).

As for compounds 2 and 3, the magnetic data are very
similar, including the room temperature y,,T values, the shape
of the yyT versus T curves, and the maximum M values at 70
kOe, indicating the very similar ferrimagnetic ordering below
the ordering temperatures (Fig. S6-S9, ESIf). However, we

—ZFC
—FC

0 20

40 ,,60 8 100
T/K

Fig. 6 Zero-Field-Cooled and Field-Cooled (ZFC/FC) magnetization
curves for 1 under a dc field of 10 Oe.
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Fig. 7 Temperature dependent in-phase (y'm) and out-of-phase (y"m)
signals of the ac susceptibilities for 1 collected under H,. = 2 Oe and
Hgc = 0 Oe.
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Fig. 8 The field dependent magnetization curve and the hysteresis
loop of 1 (inset) measured at 2 K.

noticed that there are several subtle differences in their mag-
netic properties. Firstly, from the ZFC/FC curves and ac data,
the long-range ordering temperatures for 2 and 3 are deter-
mined to be 66 and 62 K, slightly different from that (64 K) for
1. This very small difference is reasonable considering their
similar, but still of little differences, structures. Secondly,
there is another phase transition at around 47 K for both com-
pounds 2 and 3, as judged by the second peaks in both the in-
phase and out-of-phase signals in the ac data (although the
peaks are more pronounced for compound 2 than those for 3).
This could be due to the spin reorientation phenomenon as
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has been reported in the a and P phases of the Mn'"/
[Mo"™(CN),]*~ compounds.® Finally, we noticed that although
hysteresis loops can both be observed at 2 K for 2 and 3, they
are much smaller than that for 1. The coercive fields and
remnant magnetizations are H, = 72 and 146 Oe and My = 0.38
and 0.81yp for 2 and 3, respectively (inset of Fig. S7, ESIT). The
reasons for the differences are currently unclear, and could be
related to the very subtle differences of their crystal structures.

To have a better view on the magneto-structural relation-
ship, the reported Mn"-Mo™ compounds with 3D structures
are listed in Table 2, together with their T, values and structure
details. For these 3D Mn"-Mo™ compounds, the T, values for
the long-range magnetic ordering can be approximately rep-
resented by the following equation on the basis of the mole-
cular field theory:*

Te =

Z(nMo(III)nMn(II))l/ZU'{SMO(III) (Smo(ur) + 1)Smn() (Smn() + 1)}1/2
3ks ’

where nyoan) and 7fyp(y denote the average numbers of the
nearest paramagnetic ions around Mo™ and Mn" centers,
respectively; J is the averaged exchange interaction constant
along three directions; S is the spin quantum number; and kg
is the Boltzmann’s constant. In this equation, the 7. value is
proportional to the nyo(n), Avn(m) and |7| values. As we can see
in Table 2, these high-dimensional Mn"/[Mo™(CN),]*~ com-
pounds usually have rather high T, values. Generally speaking,
the bigger (Mmo(m) "mn(m) values lead to higher T, values,
which is reasonable if the averaged |J| values are considered
similar. However, there are also some exceptions such as com-
pounds [N(CHs),],[Mn(H,0)]3[Mo(CN);],-2H,O and [{Mn(HL)
(H,0)},Mn{Mo(CN);},]-2H,0. Although their 7y values are
6 (both [Mo(CN),]*” units have a terminal CN~ group not
connected to the Mn" center), they have higher T, values than
the others. This can be possibly ascribed to the slightly higher

Table 2 Reported 3D Mn""Mo"' compounds based on the [Mo(CN),1*~ unit
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|/| values and also the relatively higher 7y values. Another
exception is the compound {K,(H,0),Mn;(H,0)s(MeCN)
[Mo(CN);]3}-2H,0. Although it has the highest (moqu), mn(w)
value, its T, is only in the middle of the list. In addition, we
have to mention that the T, values of these 3D compounds can
sometimes be increased up to about 20 K by the de-solvation
process. This magnetic sponge effect could be due to the
increase of the |J| values.'®”** Of course, the de-solvation
might also change the structures by changing the coordination
environments of the Mn" centers and also the 3D
connections.*®

From the above discussion, it is obvious that to increase the
T, values, a big (Mmo(m), Mmn() Value is preferred. From this
point, it seems that the chelating ligands, such as those
ligands in this work, are not preferred because they will
usually block some of the coordination sites of the metal
centers and decrease the 7y, values. However, from Table 2,
we noticed that the T, values of those compounds with
chelating ligands (marked with asterisks) are actually relatively
high. Among them, compounds [{Mn(HL)(H,0)},Mn{Mo
(CN);}2]-2H,0 and [Mnj,(tea)Mo(CN),]-H,O have the biggest T,
value of 106 K in the Mn"/[Mo™(CN),]*~ systems after dehydra-
tion. In fact, we can see that the resulting compounds with the
chelating ligands do not necessarily have smaller (7o),
nMn(“)) values compared to the ones without chelating ligands.
This is due to the fact that in the compounds with no chelat-
ing ligands, the Mn" centers can usually be coordinated by
solvent water molecules, which is actually very difficult to
avoid. Anyway, this analysis suggests that using chelating co-
ligands might be an effective strategy for the construction of
high-T.. magnets based on the [Mo(CN),]*~ building block. Of
course, chances to prepare low-dimensional magnetic
materials, such as 1D chains and 0D clusters, increase with
the chelating ligands, especially for those multidentate
ligands.''™* This, on the other hand, is beneficial for the
construction of molecular nanomagnets.'>™**

Coordination Coordination (Mno(u)y

Compound Space group geometry of Mo geometry of Mn"  nypy)  TJ/K  Ref.
[N(CH3)4]2[Mn(H,0)]3[Mo(CN);],-2H,0 Monoclinic C2/c CTP 2TBP,” 4SP (6, 4) 86 9¢
[{Mn(HL)(H,0)},Mn{Mo(CN),}, |- 2H,0* Monoclinic C2 MCO 40H, 2TH (6, 4) 85  10c
[Mn,(tea)Mo(CN),|-H,O* Orthorhombic Pbca CTP 30H, 4SP (7, 3.5) 75 10D
Mn,(1-pypz)(H,O0)(CH;CN)[Mo(CN),|* Monoclinic C2/m CTP 40H, 3TBP (7,3.7) 66  This work
Mn,(3-pypz)(H,O)(CH3CN)[Mo(CN), |* Monoclinic C2/m CTP 40H, 3TBP (7,3.7) 64  This work
Mn,( pyim)(H,0)(CH3CN)[Mo(CN),|* Monoclinic C2/m CTP 40H, 3TBP (7,3.7) 62  This work
{K,(H,0),Mn;5(H,0)g(MeCN)[Mo(CN),];}-2H,O  Monoclinic P2,/n PBP-CTP 70H (7, 4.5) 61 3f
[NH,4],:Mn3(H,0),[M0(CN);],-4H,0 Monoclinic C2/c CTP 50H, 2TH (7, 3.5) 53 9d
(NH,),Mn;(H,0),[Mo(CN),],-nH,0 (n = 4, 5) Monoclinic C2/c CTP-MCO 50H, 2TH (7,3.5) 53  Oe
Mn(H,0)sMo0(CN),-4H,0 (a phase) Monoclinic P2,/c PBP 70H (7, 3.5) 51 3a
Mn(H,0)sM0o(CN),-4.75H,0 (p phase) Monoclinic P2,/c PBP 70H (7, 3.5) 51 3a
Mn,[Mo(CN),]-(pyrimidine),-2H,0* Monoclinic P2,/n MCO 70H (7, 2.5) 47 10d
[Mn(tacn)],[Mo(CN),]-5H,O0* No single crystal data ~ — — — 90  10a
[Mn,(tea)Mo(CN),]* No single crystal data —— — — 106 10D
[{Mn(HL)(H,0)},Mn{Mo(CN),},]* No single crystal data — — — — 106 10c¢

L = N,N-Dimethylalaninol; tea = triethanolamine; tacn = triazacyclononane. CTP = capped trigonal prism; MCO = mono-capped octahedron; PBP =
pentagonal bipyramid; TBP = trigonal bipyramid; SP = square pyramid; OH = octahedron and TH = tetrahedral. “ The digit in the front represents
the number of Mn" ions for the corresponding configuration. * The compounds marked with asterisks represent those with chelating ligands.

This journal is © The Royal Society of Chemistry 2018
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Conclusions

In summary, by introducing three bidentate secondary
ligands, we have synthesized three new Mn"-[Mo™(CN),]*"
complexes. These ligands lead to similar 3D framework struc-
tures of the same topology and similar magnetic properties.
Due to the strong antiferromagnetic coupling between the
Mn" and Mo™ spin centers and the 3D structure, these three
complexes are all ferrimagnets with relatively high magnetic
temperatures at around 64 K. Interestingly, these compounds
are the first [Mo™(CN),]'~ compounds containing the biden-
tate secondary ligands. Further efforts will be devoted to the
preparation of new [Mo"(CN),]*-based materials with other
divalent metal centers and more bidentate ligands.
Considering the available large amount of bidentate ligands,
new materials of different structures and magnetic properties
are highly anticipated.
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