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Summary of main observation and conclusion  Self-assembly of the [Mo(CN)7]
4–

 anion and the Mn
2+

 ion in the aqueous solution containing ammonium 
formate results in a new coordination polymer, {(NH4)3[(H2O)Mn3(HCOO)][Mo(CN)7]2·4H2O}n. Single crystal X-ray analysis revealed a very complicated 
three-dimensional (3D) framework, where both the [Mo(CN)7]

4–
 and the formate anions act as bridges between the Mn

II
 centers. Magnetic measure-

ments revealed that this compound displays ferrimagnetic ordering below 70 K. Competing antiferromagnetic interactions between the spin carriers 
might lead to spin frustration and non-linear alignment of the magnetic moments. Specifically, this compound is the first mixed [Mo(CN)7]

4–
/HCOO

–
 

bridged molecule magnet. 

 

Background and Originality Content 

In the field of molecular magnetic materials, cyanometallate 
complexes have attracted continuous concerns due to their inter-
esting magnetic properties. In these materials, the cyanide ligand 
(CN–) not only provides a short and effective pathway for the 
superexchange coupling between metal ions, but also serves to 
engineer specific topologies. Therefore, materials including single- 
molecular magnets (SMMs),[1] single-chain magnets (SCMs),[2,3] 
photo-responsive magnets,[4] spin-crossover (SCO) compounds 
and high Tc magnets[5,6] have all been realized in the cyanometal-
late complexes. Among all the CN-bridged materials, compounds 
of 4d and 5d metal centers are of great importance. Because of 
their more diffused 4d and 5d orbitals compared with their 3d 
congeners, the spin centers bridged by the CN– groups may 
experience stronger exchange interactions. Furthermore, the 
stronger spin-orbit coupling of the 4d and 5d orbitals leads to sig-
nificant magnetic anisotropy, which is of fundamental importance 
for the development of molecular nanomagnets.[7-9] Currently, the 
most studied 4d and 5d cyanometallates are the octacyanometal-
lates [M(CN)8]3–/4– (M = Mo, W, Nb). From these building blocks, 
many complexes with rich magnetic properties, including high 
critical temperatures,[10] photo-induced magnetism,[4a] SMMs[11] 
and SCMs[2a] have been prepared. 

In contrast to the octacyanometallates, reports on the 
[Mo(CN)7]4– building block with a trivalent MoIII center are quite 
few, most probably due to the high sensitivity of this anion to 
both air and light. Despite of the experimental difficulty, theoret-
ically, [Mo(CN)7]4– based materials are believed to possess two 
very attractive advantages. The first one is related to the strong 
magnetic coupling between the MoIII and the other metal centers 
through the CN– groups.[12] Therefore, high Tc [Mo(CN)7]4– based 
magnets can be obtained, such as a MnII-MoIII 3D magnet with  
Tc = 106 K[6c] and a VII-MoIII magnet with Tc = 110 K.[6e] The second 
one is the strong magnetic anisotropy of this anion, which is con-
nected with its pentagonal bipyramid geometry. In addition, its 
magnetic anisotropy can originate from both the g factor anisot-
ropy and also the anisotropic magnetic exchange,[13] which is very 
promising for the construction of anisotropic molecule magnets 

and high TB SMMs.[12a,13b] Experimentally, after the first [Mo(CN)7]4–  
containing magnet reported by Kahn and co-workers,[14] several 
other interesting materials containing MoIII and other 3d metal 
centers, such as MnII, FeII, NiII and VII have been reported in recent 
years.[6c,6e,15-17] In these reports, the magnetic interactions be-
tween MoIII and 3d ions were usually very strong; and the highest 
Tc of these magnets reaches 110 K.[6e] According to the mean-field 
theory by Néel, the Tc of the ferrimagnet is proportional to the 
nearest magnetic numbers (z) of each spin centers and also the 
strength of the exchange interaction.

[18]
 Therefore, to increase the 

Tc of the [Mo(CN)7]4– based magnets, common strategies include 
the further extension of metal-cyanide assemblies by adding a 
countercation,[15a,c,17b] or by employing chelating ligands[15b,17c,e] to 
alter the network topologies. In addition, dehydration is found to 
be an efficient way to increase the Tc through the magnetic 
sponge effect.[15f,6c] 

Besides the CN– ligand, other short bridging ligands, such as 
oxo, hydroxo, azide, oxalate and formate anions, have also been 
widely used for the construction of molecule magnets.[19] Further-
more, materials with mixed ligands containing both the cyanide 
and another bridge have also been reported.[20] On one hand, 
these bridges are not too long for magnetic coupling and can 
transfer moderate or strong magnetic interactions, ferromagnetic 
(FO) or antiferromagnetic (AF). On the other hand, their coordina-
tion characteristics and bridging modes to transition metal centers 
are very rich, which leads to various structures with interesting 
magnetic properties.[19a] Successful examples include {Mn(N3)-
(CH3OH)[Cr(phen)(CN)4]}CH3·OH,[20b] {(NH4)[(H2O)MnII-(μ-N3)-MnII-
(H2O)][NbIV(CN)8]·3H2O}n,[21a] {(NH4)[(H2O)MnII-(μ-OOCH)-MnII-
(H2O)][NbIV(CN)8]·3H2O}n

[21b] and {[Cu5(CN)6(NH3)6(N3)2]}n.[20a] 
These examples provide new aspects for the investigation of 
structure-property relationships of the molecular magnets.  

Encouraged by these excellent results, we intended to intro-
duce a second short bridging ligand into the [Mo(CN)7]4– based 
materials, hoping to modify the structure topologies and also the 
magnetic properties of the resulting materials. Herein, we re-
ported the first compound containing both the [Mo(CN)7]4– unit 
and the three-atom anion formate as the bridging ligands between 
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the Mn2+ ions. Its synthesis, structure, and magnetic property 
were reported. 

Results and Discussion 

The single crystals of the compound {(NH4)3[(H2O)Mn3(HCOO)]-
[Mo(CN)7]2·4H2O}n (1) were prepared by the reaction of 
MnCl2·4H2O with K4Mo(CN)7 in the presence of ammonium for-
mate in H2O by slow diffusion. The content of the formula of 1 
was determined by the Elemental Analysis and the IR spectrosco-
py. As can be seen in Figure S2, wide and strong absorption bands 
at 3585 and 3211 cm–1 indicate N—H and O—H stretching vibra-
tions of NH4

+ cation and H2O molecule. Very strong bands in the 
2200—2000 cm–1 correspond to the stretching vibrations of CN– 
ligands. In addition, two sharp bands at 1589 and 1409 cm–1 cor-
respond to the stretching vibrations of formate anions. The phase 
purity of 1 was confirmed by the powder XRD spectrum (Figure 
S1), which agrees very well with the simulated one from the sin-
gle crystal data. 

 

Figure 1  a) The Mo2Mn3 trigonal bipyramid in the asymmetric unit; b—f) 

Local structures of the Mo
3+

 and Mn
2+

 sites in 1. 

Single crystal X-ray analysis revealed a new 3D framework 
where the Mn2+ ions were bridged by both the HCOO– and the 
[Mo(CN)7]4– anions. It crystallizes in an orthorhombic space group 
Pbam. The asymmetric unit contains two half [Mo(CN)7]4– ions, 
three half Mn2+ ions, one half HCOO– bridge ligand, half a water 
molecule coordinated to MnII, three half NH4

+ cations, and two 
lattice water molecules (Figure S3). All metal ions are in special 
positions. Interestingly, the basic structure in the asymmetric unit 
can be regarded as a Mo2Mn3 trigonal bipyramid (TBP) motif (Fig-
ure 1a). In this TBP unit, both the symmetric independent 
[Mo(CN)7]4– ions have a slightly distorted pentagonal bipyramid 
coordination geometry, where the Mo—C bond lengths are of the 
common values as reported. The averaged bond lengths are 
2.161(7) Å for Mo1—C and 2.147(2) Å for Mo2—C, respectively. 
The axial C-Mo-C bond angles are very close to the linearity 
(178.4(8)○ and 179.8(7)○), while the adjacent C-Mo-C bond angles 
in the equatorial planes are in the range of 69.8(8)○ to 73.2(6)○. All 
these angles are very close to the expected ones for the ideal 
pentagonal bipyramid. Analysis of the coordination environment 
of MoIII ions using the SHAPE software[22] (Table S2) indicates that 
their coordination geometry can be described as a Johnson pen-
tagonal bipyramid (JPBPY). As for the MnII ions, all of them are six 
coordinated with distorted octahedral environments (see CShM 
values in Table S2). Specifically, Mn1 and Mn2 are coordinated by 
five N atoms from five CN– groups and one O atom from water (for 

Mn2) or formate (for Mn1), while Mn3 is coordinated to four N 
atoms of CN– and two O atoms from two formate ions.  

The formate ion acts as a bridging ligand in a 3.21 mode, 
which means that one of its O atoms coordinates to one MnII ion, 
while the other one acts as a μ2 bridge between two MnII ions. 
The bridging mode is anti-anti for the Mn1-O-C-O-Mn3 pair. Due 
to the existence of two different bridges, the connection mode of 
the structure is very complicated. For the sake of clarity, we use 
the notation of M1(n1M2, n2M3, …) to denote that the M1 center 
is connected to n1 M2 centers, n2 M3 centers, and so on. As de-
picted in Figures 1b—f, the notations for 1 are Mo1(2Mn1, 3Mn2, 
2Mn3) and Mo2(3Mn1, 2Mn2, 2Mn3), Mn1(2Mo1, 3Mo2, 3Mn3), 
Mn2(3Mo1, 2Mo2), and Mn3(2Mo1, 2Mo2, 2Mn2, 1Mn3), re-
spectively. Bridged by the short CN groups and also the formate 
bridges, the Mn-Mo distances are in the range 5.201(9)—5.507(5) 
Å, while the Mn-Mn distances are in the range 3.756(9)—7.916(9) 
Å, respectively. 

The 3D structure of 1 is also very complicated. For an easier 
understanding of the 3D structure, the whole structure can be 
described as follows. First of all, bridged by all the five equatorial 
CN– groups of the [Mo(CN)7]4– units and the formate groups, a 
wavy two-dimensional layer is constructed (Figure 2a). Then, two 
wavy layers (represented by different colors in Figure 2b) were 
joint together by one of the axial CN groups, forming a double- 
layer sheet along the ac plane (Figure 2c). These two wavy layers 
intersect with each other on the Mn3 sites. Finally, these double- 
layers were further connected by the rest of the axial CN– groups 
along the b axis (Figure 2d). 

 
Figure 2  a) The wavy two-dimensional layer formed by the CN and for-

mate groups; b and c) The double-layer sheet along the ac plane; d) The 

3D structure of 1 viewed along the c axis. The red and blue parts repre-

sent the 2D layers. Water molecules, ammonium cations and all the H 

atoms have been omitted for clarity. 

The 3D framework bridged by both the cyanide and formate 
anions appears promising for the long range magnetic ordering. 
Variable temperature magnetic susceptibility measurement on 
the ground single crystal samples of 1 was performed under a 1 
kOe direct current (dc) field. As depicted in Figure 3, the χMT 
curve clearly indicates the long-range magnetic ordering at low 
temperatures. At room temperature, the χMT value is 10.08 
cm3∙K∙mol–1, which is significantly lower than the spin-only value 
of 13.88 cm3∙K∙mol–1 calculated for two low-spin MoIII (S = 1/2) 
and three high-spin MnII (S = 5/2) centers (g = 2.0). Upon de-
creasing temperature, the χMT curve decreases very slowly to 9.63 
cm3∙K∙mol–1 at about 200 K, increases slowly to 18.52 cm3∙K∙mol–1 
at 85 K (Figure 3). Then, it increases abruptly to a maximum of 
631.62 cm3∙K∙mol–1 at 50 K, followed by a sharp decrease down to 
45.11 cm3∙K∙mol–1 at 2 K. The sharp decrease of the χMT curve 
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below 50 K should be attributed to the field saturation effect of 
the magnetization. In addition, the χM

−1(T) curve above 200 K 
shows a linear dependence (Figure 3), which can be fitted well by 
the Curie-Weiss law χ−1 = (T + θ)/C, giving C = 11.24 cm3∙K∙mol–1 
and θ = -35.4 K. The negative θ indicates a dominant AF interac-
tion between the spin centers. The above magnetic behavior is 
characteristic of a ferrimagnet with spontaneous magnetization 
below the critical temperature. 

 

Figure 3  Temperature dependent χMT and χM
−1

 curves for 1 measured 

under a dc field of 1000 Oe. The red line represents the Curie–Weiss fit 

with C = 11.24 cm
3
∙mol

–1
∙K and θ = −35.4 K. 

The long range magnetic ordering was further confirmed by 
the zero-field cooled and field-cooled (ZFC/FC) magnetization 
measurements with a dc field of 10 Oe. As shown in Figure 4, the 
ZFC and FC curves diverge at around 70 K. Below 70 K, the FC 
curve increases continuously upon cooling to 2 K, while the ZFC 
curve increases to a peak at 65 K and decreases to almost a con-
stant value below 40 K. The large difference between the ZFC and 
FC curves below Tc points to the irreversibility of the magnetic 
behavior originating from the spontaneous magnetization. Fur-
thermore, we performed ac (alternating current) susceptibility 
measurement with ac field of 2 Oe at three different frequencies. 
As we can see in the Figure S6 and inset of Figure 4, the in-phase 
(χM’) and out-of-phase ac susceptibility signals (χM’’) start to have 
non-zero values at 70 K and show a very sharp peak at 67 K. In 
addition, the χM’ and χM’’ peaks do not show any frequency de-
pendence. Both the ZFC/FC and ac data revealed the long range 
magnetic ordering with the critical temperature of 70 K. 

 

Figure 4  Zero-field-cooled and field-cooled (ZFC/FC) magnetization 

curves under a dc field of 10 Oe. Inset: temperature dependent out-of- 

phase ac signals (χM’’). 

Furthermore, the field dependent magnetization and the 
hysteresis loop were also measured at 2 K (Figure 5). The 
magnetization increases very rapidly at low fields below 10 kOe 
and then increases steadily up to 10.58 μB at 70 kOe. Apparently, 
the M(H) curve does not saturate at the highest field. In addition, 
a magnetic hysteresis loop was observed, with a coercive field Hc 
of about 1500 Oe and a remnant magnetization MR of 2.1 μB at 2 
K ( Inset of Figure 5). 

 

Figure 5  The field dependent magnetization and the hysteresis loop of 1 

(inset). 

Due to the extremely complicated crystal structure of 1, it is 
impossible to have the exact magnetic structure based on the 
magnetic data we have. However, we can try to rationalize the 
current results. First of all, as suggested in the dc measurement, 
the dominant magnetic coupling between the spin centers is anti-
ferromagnetic. As there are at least three different bridges be-
tween the metal centers (one-atom bridge O, two-atom bridge 
CN–, and three-atom bridge HCOO–), it is not realistic to estimate 
the corresponding J values. As for the Mn-Mo interaction through 
CN– groups, the AF coupling is usually rather strong as reported 
for the Mn-[Mo(CN)7]4– compounds including both the 3D frame-
works and also the molecule clusters.[15,16] This AF coupling was 
also proved by neutron diffraction measurements and theoretical 
investigation.[23] For the formate bridged MnII-OCO-MnII pairs, the 
magnetic coupling is believed to be weak AF also considering the 
anti-anti bridging mode as observed in many formate bridged 
MnII compounds.[24] Finally, for the O bridged Mn3 pairs, as the 
Mn-O-Mn angle is rather large (109.6○), the magnetic coupling is 
believed to be weak AF interaction according to the literatures.[25] 

With these magnetic coupling in mind, we can infer the possi-
ble alignment of the magnetic moments. First of all, the magnetic 
moments of the MoIII and MnII ions are aligned in an antiparallel 
fashion. This leads to the expected saturated magnetization value 
of 13.0 μB for AF coupled three high-spin MnII and two low-spin 
MoIII centers in the Mo2Mn3 complex (Ms = 3 × 2 × 5/2 – 2 × 2 × 
1/2, g = 2.0). This value is significantly larger than the experi-
mental result, indicating that the other two bridges might also 
play an important role on the magnetic behavior of 1. Considering 
the different pathways of the AF coupling, we suspect that there 
might be magnetic frustration in the material. A closer inspection 
on the structure indeed suggests two structural motifs that can 
lead to spin frustration. As depicted in Figure 6, both motifs have 
a butterfly topology with two MoIII and two MnII ions in one motif 
and four MnII ions in the other. In these butterfly topologies with 
competing AF coupling, spin frustration can probably lead to the 
non-collinear magnetic structure below Tc, which might cause the 
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lowering of the saturated magnetization value.  

 

Figure 6  Two structural motifs in 1 with a butterfly topology and possible 

spin frustration. 

As for the Tc of 1, we can see that it is relatively higher than 
many reported ones of 3D Mn-[Mo(CN)7]4– compounds. For all the 
structurally characterized 3D Mn-[Mo(CN)7]4– compounds, there 
are only three examples with higher Tc values, while there are 9 
compounds with lower Tc values (Table S4). We think the reason 
for this is the increase of the number of the nearest magnetic 
neighbors (z) by inclusion of the formate bridges. Considering 
only the neighbors bridged by the CN– groups, the z numbers for 
Mo1, Mo2, Mn1, Mn2 and Mn3 are 7, 7, 5, 5, and 4, respectively. 
The averaged z value is (7, 4.7) for the (Mo, Mn) centers.[17e] This 
value is larger than most of the reported systems and should give 
rise to a higher Tc.

[15c-g,17e] 

Conclusions 

In summary, by inclusion of another bridging ligand, formate, 
into the MnII-[MoIII(CN)7]4– system, we have successfully synthe-
sized a novel magnet containing both [MoIII(CN)7]4– and formate 
bridges. The resulting compound has a complicated 3D structure 
where the spin carriers are bridged by three different short bridg-
es, namely a single-atom bridge O, a two-atom bridge CN–, and a 
three-atom bridge HCOO–. Due to the strong AF coupling between 
the spin centers, this material is a ferrimagnet with a relatively 
high Tc of 70 K. Competing AF interactions between the spin cen-
ters might lead to the spin frustration and non-linear alignment of 
the magnetic moments. This material is the first compound con-
taining both the [Mo(CN)7]4– and the formate as the bridges be-
tween the Mn2+ ions. This implies that a rational design for 
[MoIII(CN)7]4– based materials with other short bridging ligands is 
very promising. Further attempts will be performed in the future 
along this direction. 

Experimental 

Materials and synthesis 

The starting material K4[Mo(CN)7+∙2H2O was prepared ac-
cording to the literature method.[26] Syntheses were carried out in 
nitrogen-filled glovebox to avoid oxidation and decomposition of 
K4[Mo(CN)7+∙2H2O. All solvents used were deoxygenated. 

Caution! Cyanides are highly toxic and dangerous. They 
should be handled in small quantities with great care. 

{(NH4)3[(H2O)Mn3(HCOO)][Mo(CN)7]2·4H2O}n (1). Single crys-
tals of 1 were obtained by the slow diffusion technique in a 
H-shaped tube. An aqueous solution (20 mL) containing ammo-
nium formate (200 mg, 3.2 mmol) was first prepared. This solu-
tion was used to dissolve separately the K4[Mo(CN)7+∙2H2O (23 mg, 
0.05 mmol) and MnCl2·4H2O (15 mg, 0.075 mmol). Then the solu-
tions containing MnCl2·4H2O (1.5 mL) and K4[Mo(CN)7]·2H2O (1.5 

mL) were placed in different arms of the H-tube. Then, the am-
monium formate solution was layered on top of the solutions on 
both sides to provide a diffusion pathway. Dark green single crys-
tals suitable for single-crystal X-ray diffraction were obtained and 
isolated after several weeks. Yield: ~10 mg, 22% based on 
K4Mo(CN)7∙2H2O. Anal. calcd for C15H23N17O7Mo2Mn3: C 19.79, H 
2.55, N 26.16; found: C 19.43, H 2.42, N 26.06. IR (KBr) ν: 3585 (s), 
3211 (vs), 2908 (s), 2108 (vs), 2052 (vs), 1589 (vs), 1409 (vs), 1339 
(s), 1202 (w), 1067 (w), 832 (w), 786 (w), 483 (w) cm–1. 
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