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ABSTRACT: Two cyanide-bridged compounds based on the FeII cation and
the anisotropic [MoIII(CN)7]

4− anion, namely, {Fe2(H2O)5[Mo(CN)7]·
5H2O}n (1) and {[NH2(CH3)2]2Fe5(H2O)10[Mo(CN)7]3·8H2O}n (2), have
been prepared. Single crystal X-ray analyses revealed that their structures
exhibit different three-dimensional topologies as a result of the addition of
[NH2(CH3)2]

+ during the synthesis of 2. For both 1 and 2, the geometry of
the [Mo(CN)7]

4− unit is a slightly distorted capped trigonal prism; all FeII

centers are hexacoordinate and adopt a distorted octahedral configuration.
Compound 1 is a three-nodal 3,4,7-connected net with the point symbol of
{4.62}{45.6}{46.612.83}, while compound 2 is a five-nodal 4,4,4,6,7-connected
net with the point symbol of {44.62}{45.6}4{4

6.67.82}{49.611.8}2. Magnetic
studies revealed that both compounds exhibit magnetic ordering below 65 K.
Apart from the plethora of MnII−[Mo(CN)7]

4− compounds documented in
the literature, these two FeII−[Mo(CN)7]

4− compounds are the only other
[Mo(CN)7]

4− extended structures to be characterized by single crystal structures to date.

■ INTRODUCTION

Over the past few decades, molecule-based magnetic materials
that exhibit high magnetic ordering temperatures,1 bistability
[single-molecule magnets (SMMs), single-chain magnets
(SCMs), and spin-crossover materials],2−4 or multifunctionality
(coexistence or synergism of magnetism and conductivity,
porosity, chirality, etc.)5 have attracted considerable attention
because of their potential applications in high-density
information storage and quantum computing. Among these
materials are cyano-bridged compounds of 4d and 5d metal
centers which are of particular importance because of their
diffuse magnetic orbitals, high magnetic anisotropy originating
from strong spin−orbit coupling, and ability to exist in several
oxidation states and with different coordination numbers.6

In the vein of cyanide chemistry, the building block
approach, which utilizes carefully designed precursors that are
likely to react in a predictable manner to produce desirable
geometries, has proven to be a useful tool for controlling
reactions. Cyanometallate precursors have been used in this
area because of their relatively rigid geometries and the strength
of the metal−ligand bond.6c,7 Of all the known cyanometallates,
the heptacyanomalybdate [MoIII(CN)7]

4− unit is of particular
interest to the magnetism community. As established by both
experimental and theoretical studies, strong magnetic coupling
between the MoIII and other metal centers is possible, which is
promising for the synthesis of high-Tc molecular magnets.
Moreover, the [MoIII(CN)7]

4− anion exhibits pronounced

magnetic anisotropy because of anisotropic magnetic exchange,
and thus has great potential for the elaboration of high-
temperature SMMs and SCMs.8

Although the synthesis of [MoIII(CN)7]
4− was reported as

long ago as the 1930s,9 compounds of this anion remain
scarcely explored compared to the intensively investigated
[MIV/V(CN)8]

4−/3− (M = Mo, W) compounds10 because of
their sensitivity to oxygen and light. Indeed, the coordination
chemistry of [MoIII(CN)7]

4− was unexplored until Kahn and
his group reported two three-dimensional (3D) MnII−MoIII

magnets Mn(H2O)5Mo(CN)7·nH2O (n = 4, α phase; n = 4.75,
β phase) in the late 1990s.11 Both materials are 3D frameworks
and exhibit ferromagnetic ordering below 51 K. Follow-up
studies revealed that the introduction of different counter-
cations led to 2D or 3D frameworks with diverse topologies,
and therefore different magnetic properties.12 The cations
[N(CH3)4]

+ and NH4
+ led to 3D structures with ordering

temperatures below 86 and 53 K, respectively. The K+ cation
led to the formation of a 2D framework, with K+ ions located
between the layers, which behaved as a ferrimagnet with Tc =
39 K.12a These results clearly indicate that the incorporation of
different cations is an effective strategy for tuning the magnetic
properties in [MoIII(CN)7]

4−-based coordination compounds.
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Subsequent studies by Kahn and several other research
groups produced limited examples of interesting 2D and 3D
magnets,13 as well as several low-dimensional materials of
[MoIII(CN)7]

4− reported by Dunbar and some of us, namely, a
docosanuclear Mo8Mn14 cluster reported in 2010,14 three
trinuclear Mn2Mo molecules reported in 2013,15 and several
one-dimensional (1D) chain compounds reported very
recently.16 Surprisingly, almost all of the reported
[MoIII(CN)7]

4−-based compounds are MnII-containing deriva-
tives, with only three exceptions, namely, an amorphous
compound Fe2[Mo(CN)7]·8H2O

13c and two microcrystalline
materials K0.6Ni1.7[Mo(CN)7]·5.5H2O and V2[Mo(CN)7]·
(pyrimidine)2·4.5H2O.

13d,e The compounds Fe2[Mo(CN)7]·
8H2O and V2[Mo(CN)7]·(pyrimidine)2·4.5H2O are both
ferrimagnets below Tc = 65 and 110 K, respectively, whereas
K0.6Ni1.7[Mo(CN)7]·5.5H2O exhibits magnetic ordering at Tc =
28 K because of the ferromagnetic coupling between NiII and
MoIII. Despite their interesting magnetic properties, X-ray data
for these compounds are not available presumably because of
the extreme difficulty in growing single crystals of these
materials, a fact that hinders the detailed study of magneto−
structural relationships
To extend the investigation of 4d metal ions in molecular

magnetism, we continue to focus on the synthesis of crystalline
compounds that contain the [Mo(CN)7]

4− anion. Herein, we
report the syntheses, structural determination, and magnetic
properties of two new compounds based on [MoIII(CN)7]

4−

and FeII, namely, {Fe2(H2O)5[Mo(CN)7]·5H2O}n (1) and
{[NH2(CH3)2]2Fe5(H2O)10[Mo(CN)7]3·8H2O}n (2). These
compounds are the first crystallographically characterized
examples of FeII/[Mo(CN)7]

4− materials reported to date.
Magnetic studies of 1 and 2 revealed that both are magnets
ordering below 65 K.

■ EXPERIMENTAL SECTION
Materials and Synthesis. The starting material K4[Mo(CN)7]·

2H2O was prepared according to the literature method.9 Syntheses
and manipulations were carried out under a nitrogen atmosphere in
the dark using the standard Schlenk techniques or in nitrogen-filled
gloveboxes to avoid oxidation and light-induced decomposition of
K4[Mo(CN)7]·2H2O. Deoxygenated solvents were prepared by
bubbling with nitrogen for 1 h or by distillation under nitrogen. The
purities of samples of 1 and 2 for single crystal X-ray analyses and
property measurements were confirmed by powder X-ray diffraction
(PXRD) and elemental analysis. The experimental PXRD patterns of 1
and 2 are in good agreement with their simulated patterns (Supporting
Information, Figure S1).
Caution! Cyanides are highly toxic and dangerous. They should be

handled in small quantities with great care.
{Fe2(H2O)5[Mo(CN)7]·5H2O}n (1). A 2 mL solution of water

containing Fe(Ac)2·4H2O (6.2 mg, 0.025 mmol) or K4[Mo(CN)7]·
2H2O (11.8 mg, 0.025 mmol) was added to each arm of an H-tube.
Water was added to the top of the solutions as a buffer. The tube was
then sealed and kept in the dark at room temperature. Dark blue,
sheetlike single crystals formed in the tube over a period of 6 weeks.
The crystals were removed from the H-tube and washed with water.
Yield: 36%. Anal. Calcd (%) for C7H20N7O10Fe2Mo: C, 14.75; H, 3.54;
N, 17.20. Found: C, 14.96; H, 3.71; N, 17.43. IR (KBr): 2133 and
2084 cm−1 for ν(CN).
{[NH2(CH3)2]2Fe5(H2O)10[Mo(CN)7]3·8H2O}n (2). Compound 2 was

prepared by a method similar to that for 1 except that an aqueous
solution of (CH3)2NH·HCl was used as the buffer. Dark blue block
crystals formed in the tube over a period of 2 weeks. Yield: 53%. Anal.
Calcd (%) for C25H52N23O18Fe5Mo3: C, 19.63; H, 3.43; N, 21.06.
Found: C, 19.82; H, 3.56; N, 21.35. IR (KBr): 2107 and 2056 cm−1 for
ν(CN).

Physical Measurements. Infrared spectra (IR) samples were
prepared as KBr pellets, and data were obtained over the range 4000−
400 cm−1 using a Bruker Tensor 27 FT-IR spectrometer. Elemental
analyses of carbon, hydrogen, and nitrogen were performed on an
Elementar Vario EL III elemental analyzer. PXRD patterns of 1 and 2
were recorded on a Bruker D8 Advance diffractometer with a Cu Kα
X-ray source (operated at 40 kV and 40 mA) at room temperature.
Magnetic measurements were performed on ground single crystal
samples embedded in eicosane with a Quantum Design SQUID VSM
magnetometer. All data were corrected for the diamagnetism of the
eicosane, the sample holder, and the constituent atoms using Pascal’s
constants. Alternating current (ac) magnetic susceptibility data were
collected in a zero direct current (dc) field under an ac field of 2 Oe,
oscillating at frequencies in the range 1−999 Hz.

X-ray Crystallography. Single crystal X-ray crystallographic data
were collected on a Bruker APEX Duo diffractometer with a CCD area
detector (Mo Kα radiation, λ = 0.710 73 Å) at 123 K. The APEX II
program was used for data collection. The crystal of 1 is naturally
twinned, and a twin routine was applied for the structure solution. The
program CELL_NOW17 was used to identify the matrices of the twin
components which were then used for integration of the data frames,
and the program TWINABS was then applied to scale the data.18 The
twin structure was solved by using data from one of the components
by direct method but refined using the data from both of them by full
matrix least-squares based on F2 using the SHELXTL program (HKLF
5).19 For the crystal of compound 2, the data were integrated and
corrected for Lorentz and polarization effects using SAINT.20

Absorption corrections were applied with SADABS.21 The structure
of compound 2 was solved by direct methods and refined by full-
matrix least-squares method on F2 using the SHELXTL crystallo-
graphic software package.19 All the non-hydrogen atoms were refined
anisotropically. Because of solvent disorder in 1 and 2, it was hard to
find suitable electron densities corresponding to the hydrogen atoms
of the water molecules in the DIF-Fourier maps. For 2, the hydrogen
atoms of [NH2(CH3)2]

+ were not added because of disorder.
Additional details of the data collections and structural refinement
parameters are provided in Table 1. Selected bond lengths and angles
of 1 and 2 are listed in Table S1 (Supporting Information). CCDC
1532920−1532921 are the supplementary crystallographic data for this
paper. They can be obtained freely from the Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystallographic Data and Structural Refinement
Parameters for Compounds 1 and 2

1 2

formula C7H20N7O10Fe2Mo C25H52N23O18Fe5Mo3
CCDC number 1532920 1532921
fw/g mol‑1 569.90 1529.87
cryst syst monoclinic orthorhombic
space group P21 Pnma
a/Å 7.727(5) 13.710(3)
b/Å 10.318(7) 25.842(5)
c/Å 12.422(8) 15.427(3)
α/deg 90.000 90.000
β/deg 97.386(9) 90.000
γ/deg 90.000 90.000
V/Å3 982.2(11) 5465.7(19)
Z 2 2
T/K 123 123
ρcalcd/g cm−3 1.859 1.796
F(000) 530 2844
GOF (F2) 1.054 1.139
R1, wR2 [I > 2σ(I)] 0.0516, 0.1368 0.0810, 0.1583
R1, wR2 (all data) 0.0666, 0.1428 0.1138, 0.1722
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■ RESULTS
Crystal Structures. Single crystal X-ray diffraction analyses

indicated that compounds 1 and 2 are both 3D frameworks.
The structure of compound 1 is similar to the reported β phase
of the MnII−[Mo(CN)7]

4− compound Mn2(H2O)5Mo(CN)7·
4.75H2O. Compound 2 displays a new structural topology for
[Mo(CN)7]

4−-based compounds. Specific crystal structure
descriptions are presented below.
Compound 1 crystallizes in the monoclinic crystal system,

space group P21. The asymmetric unit contains a crystallo-
graphically unique [Mo(CN)7]

4− (Mo1), two distinct Fe2+

sites, namely, Fe1 and Fe2, as well as five coordinated water
molecules and five interstitial water molecules (Figure S2). As
shown in Figure 1, each [Mo(CN)7]

4− unit links to three Fe1

centers and four Fe2 centers through all of its seven CN
bridges. The geometry of the [Mo(CN)7]

4− unit is a slightly
distorted capped trigonal prism. The continuous shape measure
(CShM) relative to the ideal capped trigonal prism calculated
using the program SHAPE 2.122 was 0.475. The Mo−C−N
angles are close to linearity varying from 174.0(2)° to
178.2(2)°. The Fe1 center links to three Mo1 centers through
cyanide linkages in the mer configuration, and three water
molecules occupy the remaining three sites. As for the Fe2 ion,
it is surrounded by four NC−Mo linkages and two water

molecules in the cis conformation. Both Fe1 and Fe2 centers
have distorted octahedral configurations with CShM values of
0.360 and 0.772. The detailed data of the CShM values were
listed in Table S2. The Fe−N bond lengths are in the ranges
2.060(2)−2.152(2) and 2.087(2)−2.139(1) Å, and the Fe−O
bond lengths are in the ranges 2.136(1)−2.210(2) and
2.155(2)−2.279(1) Å for Fe1 and Fe2, respectively. The Fe−
N−C bond angles vary broadly from 154.0(2)° to 179.0(2)° for
Fe1 and 158.8(2)° to 173.3(2)° for Fe2. Bridged by the CN−

groups, the Mo−Fe separations range from 5.255(3) to
5.443(3) Å, which is slightly shorter than Mo−Mn separations
[5.358(2)−5.509(4) Å] in the β phase of Mn2(H2O)5Mo-
(CN)7·4.75H2O. For an easier understanding of the 3D
structure of compound 1, the whole structure can be described
as follows: Each [Mo(CN)7]

4− unit connects four Fe2 centers
through its four CN− groups, forming a corrugated gridlike 2D
network parallel to the ab plane as shown in Figure 2a.
Furthermore, the remaining three CN groups (C1N1, C2N2,
C3N3) of the [Mo(CN)7]

4− unit in the 2D layer link to three
Fe1 centers along the c direction to form the final 3D
framework (Figure 2b and Figure S3). Finally, the channels of
the framework are filled by water molecules. A TOPOS analysis
was performed by using the software TOPOS 4.0.23 The
[Mo(CN)7]

4− unit can be regarded as a 7-connected node,
while Fe1 and Fe2 ions act as 3-connected and 4-connected
nodes, respectively. Therefore, the entire structure can be
represented as a new three-nodal 3,4,7-connected net (Figure
S4) with the point symbol of {4.62}{45.6}{46.612.83}.
As a result of the introduction of [NH2(CH3)2]

+ cations, the
crystal structure of complex 2 differs significantly from that of 1.
It crystallizes in the orthorhombic space group Pnma. The
asymmetric unit contains one [NH2(CH3)2]

+ cation, one and a
half [Mo(CN)7]

4− (Mo1 + 1/2 Mo2) units, two FeII ions (Fe2
+ 1/2 Fe1 + 1/2 Fe3), five coordinated water molecules, and
four interstitial water molecules (Figure S5). Both coordination
geometries of the Mo1 and Mo2 units can be described as
capped trigonal prism with CShM values of 0.658 and 0.188,
while the Fe centers all adopt distorted octahedral geometry
with CShM values of 0.685, 0.145, and 0.598 for Fe1, Fe2, and
Fe3, respectively (Table S2). With all of its seven CN− groups,
the Mo1 center connects to one Fe1, three Fe2, and three Fe3
centers, and can be viewed as a 7-connected node. The Mo2
center links to two Fe1, two Fe2, and two Fe3 centers, and has
one terminal CN− ligand (Figure 3). All the Mo−C−N bond
angles are nearly linear spanning from 175.2(7)° to 178.6(8)°
for Mo1 and 173.3(10)° to 179.7(10)° for Mo2. As for the

Figure 1. Local structure of the molybdenum and iron sites in
compound 1.

Figure 2. (a) Corrugated gridlike 2D layer formed by the cyano-bridged Mo1 and Fe2 ions. (b) Global view of the 3D structure of 1. The green
parts represent the 2D layers in part a viewed from the b axis. Water molecules in the voids are shown by light blue spheres.
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connectivity around the Fe centers (Figure 3), it is noted that
although all the Fe centers connect to four Mo units (two Mo1
and two Mo2 centers for Fe1, three Mo1 and one Mo2 centers
for Fe2 and Fe3), the remaining two coordination water
molecules are in the trans position for the Fe1 center and cis
position for the Fe2 and Fe3 centers. The Fe−N and Fe−O
bond lengths are in the normal range for the FeII center,
whereas the Fe−N−C bond angles are slightly bent. The
detailed bond lengths and bond angles are listed in Table S1.
Bridged by the cyanide ligand, the Mo−Fe distances are in the
range 5.127(1)−5.458(1) Å.
As depicted in Figure 4a, each Mo1 center is connected to

three Fe2 and three Fe3 ions by the CN− groups, yielding a 2D
layer along the ac plane. The Mo2 and Fe1 centers are
connected to each other through two adjacent CN− groups of
the [Mo(CN)7]

4− unit, forming a zigzag chain along the a axis
(Figure 4b). Finally, along the b axis, these zigzag chains and
the 2D triangular layers (shown in green in Figure 5) were
further connected to each other through the remaining CN−

groups of the [Mo(CN)7]
4− unit, leading to a 3D framework.

The Mo1 and Mo2 ions can be regarded as 7- and 6-connected
nodes, respectively, while all of the Fe ions act as 4-connected
nodes; therefore, the framework can be represented as a new
five-nodal 4,4,4,6,7-connected net (Figure S6) with the point
symbol of {44.62}{45.6}4{4

6.67.82}{49.611.8}2. Water molecules
and disordered [NH2(CH3)2]

+ cations are located in the voids
of the framework (Figure 5 and Figure S7).
Magnetic Properties of 1 and 2. The difficulty of

obtaining single crystals of sufficient size precludes magnetic
measurements on a single crystal that would lend insight into
the magnetic anisotropy of the new compounds. The molecular
formulas in Table 1 were used to evaluate the magnetic data for
complexes 1 and 2. Both compounds were found to exhibit
similar magnetic behavior and the same magnetic ordering
temperature of Tc = 65 K. As can be seen in Figure 6a, the χMT
value at 300 K is 6.81 cm3 K mol−1 for 1, which is only slightly
larger than the spin-only value of 6.375 cm3 K mol−1 expected
for two high-spin FeII units and one low-spin MoIII unit (SMo =
1/2, SFe = 2, g = 2.0). Upon cooling of the species, the χMT
value increases slightly but continuously until the temperature
is lowered to 80 K. Then, the χMT increases steeply and reaches

a maximum of 130.4 cm3 K mol−1 at about 50 K, below which it
falls down abruptly. This very sharp peak in the χMT versus T
plot is indicative of 3D magnetic ordering which was further
confirmed by field-cooled magnetization (FCM) and zero-field-
cooled magnetization (ZFCM) data measured at Hdc = 10 Oe.
The ZFC curve exhibits a peak and diverges with the FC curve
at ∼65 K along with another anomaly at about 20 K (Figure
6b). Furthermore, ac susceptibility data of 1 were collected with
an oscillating field of 2 Oe at three different frequencies (125,

Figure 3. Local structure of the molybdenum and iron sites in compound 2.

Figure 4. (a) Two-dimensional layer along the ac plane constructed by
Mo1, Fe2, and Fe3 in compound 2. (b) The zigzag chain along the a
axis formed by Mo2 and Fe1 centers.
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500, and 999 Hz, Figure 7) with both the in-phase (χ′) and out-
of-phase (χ′′) signals exhibiting two peaks. When the
temperature is lower than 65 K, the value of χ″ shows a
sharp increase. Another increase in χ″ was observed below 20
K, which is in accordance with the two anomalies in the χ′ and
ZFCM curves. Similarly, complicated magnetic behavior has
been observed in the related Mn2(H2O)5Mo(CN)7·nH2O (n =
4, α phase; n = 4.75, β phase) compounds reported by Kahn.11

Finally, the field-dependent magnetization M(H) of 1 was
measured at 2 K (Figure 8). The magnetization increases
almost linearly until about 30 kOe and then gradually from 30
to 70 kOe. The magnetization value of 5.23 μB at the maximum
applied field of 70 kOe is much lower than the expected
saturation (7 μB) for the AF (antiferromagnetic) coupled one,
namely, low-spin MoIII (S = 1/2) and two high-spin FeII (S = 2)
centers with g = 2, but it is clear that the magnetization curve

does not saturate during these measurements. In addition, a
magnetic hysteresis loop was observed for 1, with a coercive
field Hc of 6000 Oe and a remnant magnetization MR of 1.0 μB
(inset of Figure 8).
The magnetic behavior of 2 is similar to that of 1 despite the

structural differences between the compounds. As shown in
Figure 9a, at 300 K, the χMT value is 20.4 cm3 K mol−1, which is
higher than the expected value of 16.125 cm3 K mol−1 for three
spin-only low-spin MoIII and five high-spin FeII centers with g =
2. Upon cooling of the species from 300 K, the χMT value
increases slightly until 80 K. Below 80 K, an abrupt increase
occurs and reaches a maxium of 94.8 cm3 K mol−1 at 50 K. The
FC magnetization, ZFC magnetization, and ac susceptibility
data were also measured (Figure 9b and Figure S8). These
measurements reveal the existence of magnetic ordering below

Figure 5. Global view of the crystal structure of 2. The 2D layers
(shown in Figure 4a) are depicted in green, while the disordered
[NH2(CH3)2]

+ molecules are pink, and the water molecules are red.

Figure 6. (a) Temperature-dependent χMT for 1 measured at 1 kOe.
(b) Temperature dependence of ZFCM and FCM of 1 measured at
Hdc = 10 Oe.

Figure 7. Temperature-dependent ac susceptibility of 1 at different
frequencies under Hdc = 0 Oe and Hac = 2 Oe.

Figure 8. Field-dependent magnetization and the hysteresis loop of 1
(inset).
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65 K for 2 and a magnetic anomaly at ∼30 K. Furthermore, the
field-dependent magnetization M(H) measured at 2 K shows a
steady increase of the magnetization up to 10.8 μB at the
maximum applied field of 70 kOe (Figure S9), far below the
saturated value for five FeII and three MoIII centers. Compound
2 exhibits a hysteresis loop with an Hc of 1900 Oe and a
remnant magnetization MR of 0.6 μB (Figure S10).

■ DISCUSSION
Although there is an increase in χMT for 1 and 2 upon cooling
in the high-temperature region, this observation does not
establish that the coupling is ferromagnetic. Indeed, an increase
in the χMT plot in the high-temperature region upon cooling
was observed for several MnII−[MoIII(CN)7]

4− compounds
with antiferromagnetic coupling,14,15 and several examples of
MoIII−CN−MnII coupling that were initially interpreted as
being ferromagnetic11,12a were later found to be incorrectly
assigned on the basis of neutron diffraction experiments which
revealed that the spin density distribution in the compound of
ref 12a corresponds to an antiferromagnetic interaction
between neighboring MoIII and MnII centers. The main point
is that antiferromagnetic coupling leads to an overall
ferrimagnetic state which was confused with ferromagnetic
coupling.24 Interestingly, for the reported amorphous Fe2[Mo-
(CN)7]·8H2O compound, the χMT value decreases very
smoothly until 56 K as the temperature is lowered from 300
K, indicating more clearly the antiferromagnetic coupling
between MoIII and FeII ions that leads to ferrimagnetic
behavior. This is also the case for compounds 1 and 2,
although a rigorous analysis of the data is difficult because of
the number of J values that are required for such a large number
of independent metal centers.
The magnetic ordering temperatures of compounds 1 and 2

also warrant some discussion. As described above, complexes 1
and 2 both consist of 3D MoIII−FeII networks with cyanide
bridges acting as the pathway for superexchange. The phase
purity of the bulk samples was confirmed by PXRD patterns
and elemental analysis. Detailed magnetic measurements,
however, indicate that these two compounds exhibit almost
the same ordering temperature of Tc = 65 K. In fact, this
ordering temperature is also the same as that of the reported

amorphous Fe2[Mo(CN)7]·8H2O compound.13c At first glance,
this similarity is surprising, but according to the mean-field
theory by Neél for ferrimagnets,25 the Tc of a ferrimagnet can
be estimated according to the following expression:

β
=

| |
T

z z J C C

k N gc
A B A B

B A
2 2

(1)

The parameters zA and zB are the number of nearest
magnetic neighbors of each of the spin centers, and |J| is the
absolute value of the exchange interaction; CA and CB are the
Curie constants of the two ions, and kB, NA, g, and β have their
usual meanings. According to this expression, the Tc of a
ferrimagnet is proportional to the number of the magnetic
neighbors and also the coupling constant. For 1, the z numbers
for Mo1, Fe1, and Fe2 are 7, 3, and 4, respectively. For 2, the z
numbers for Mo1, Mo2, Fe1, Fe2, and Fe3 are 7, 6, 4, 4, and 4,
respectively. One can see that although one of the Mo centers
in compound 2 has fewer magnetic neighbors (z = 6), one of
the FeII centers has more magnetic neighbors (z = 4). As is
mentioned above, the local geometries of the [Mo(CN)7]

4−

units in both compounds are all slightly distorted capped
trigonal prism, and the FeII ions are in an octahedral
environment. Furthermore, the Mo−Fe distances connected
by the cyanide bridges are also very similar, ranging from
5.255(3) to 5.444(3) Å and from 5.126(1) to 5.458(1) Å for 1
and 2, respectively. From these points, the magnetic coupling
constant |J| values may be considered similar. Therefore, it is
not surprising that compounds 1 and 2 have nearly the same Tc
values, considering their very close z and |J| values. Moreover, it
is important to point out that eq 1 is also an approximation, and
only the nearest magnetic couplings are considered and treated
equally as one parameter |J|. Thus, because of the extremely
complicated structures of these compounds, it is not realistic to
calculate their ordering temperature Tc exactly from eq 1.
Finally, it is important to note that although it is expected

that the anisotropic magnetic coupling between the FeII and
MoIII centers is important for the magnetic properties of the
[Mo(CN)7]

4−-based magnetic materials, given the previous
results for coordination polymers11 and single-molecule
magnets of considerable energy barriers, it was not possible
to evaluate this for the present compounds.8c,d,15 Anisotropic
magnetic exchange coupling is strongly dependent on the local
geometry of the [Mo(CN)7]

4− unit, and magnetic anisotropy
decreases significantly when the local geometry deviates from
the ideal pentagonal bipyramid. As can be seen from the
structures of compounds 1 and 2, the [Mo(CN)7]

4− units are
in a capped trigonal prismatic geometry which is expected to
significantly reduce the magnetic anisotropy of the MoIII

centers in both compounds. For coordination polymers, the
magnetic anisotropic properties can be studied on oriented
single crystals; such studies were performed on 3D MnII−MoIII

magnets.11 Unfortunately, these studies could not be conducted
for the new FeII−MoIII compounds because of the lack of single
crystals of adequate size.

■ CONCLUSIONS
In summary, we have synthesized two new coordination
frameworks based on FeII cations and [Mo(CN)7]

4− anionic
units. Apart from the few MnII−[Mo(CN)7]

4− compounds
documented, these two FeII−[Mo(CN)7]

4− compounds are the
only analogous examples with single crystal structures.
Although the detailed crystal structures and 3D topologies of

Figure 9. (a) Temperature-dependent χMT for 2 measured at 1 kOe.
(b) Temperature dependence of ZFCM and FCM of 2.
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these two compounds differ significantly because of the
inclusion of the [NH2(CH3)2]

+ cation in compound 2, their
magnetic properties are very similar to each other. The
magnetic coupling between the FeII and MoIII centers is
antiferromagnetic, and both compounds exhibit magnetic
ordering temperatures at ∼65 K.
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B.; Cleŕac, R. [NH4]2Mn3(H2O)4[Mo(CN)7]2·4H2O: Tuning Dimen-
sionality and Ferrimagnetic Ordering Temperature by Cation
Substitution. Inorg. Chem. 2004, 43, 4784−4786. (d) Milon, J.;
Guionneau, P.; Duhayon, C.; Sutter, J. P. [K2Mn5{Mo(CN)7}3]: an
open framework magnet with four Tc conversions orchestrated by
guests and thermal history. New J. Chem. 2011, 35, 1211−1218.
(13) (a) Tanase, S.; Tuna, F.; Guionneau, P.; Maris, T.; Rombaut, G.;
Mathonier̀e, C.; Andruh, M.; Kahn, O.; Sutter, J. P. Substantial
Increase of the Ordering Temperature for {MnII/MoIII(CN)7}-Based
Magnets as a Function of the 3d Ion Site Geometry: Example of Two
Supramolecular Materials with Tc = 75 and 106 K. Inorg. Chem. 2003,
42, 1625−1631. (b) Milon, J.; Daniel, M. C.; Kaiba, A.; Guionneau, P.;
Brandes̀, S.; Sutter, J. P. Nanoporous Magnets of Chiral and Racemic
[{Mn(HL)}2Mn{Mo(CN)7}2] with Switchable Ordering Temper-
atures (Tc = 85 K ↔ 106 K) Driven by H2O Sorption (L = N, N-
Dimethylalaninol). J. Am. Chem. Soc. 2007, 129, 13872−13878.
(c) Sra, A. K.; Rombaut, G.; Lahitet̂e, F.; Golhen, S.; Ouahab, L.;
Mathonier̀e, C.; Yakhmi, J. V.; Kahn, O. Hepta/octa cyanomolybdates
with Fe2+: influence of the valence state of Mo on the magnetic
behaviour. New J. Chem. 2000, 24, 871−876. (d) Tomono, K.;
Tsunobuchi, Y.; Nakabayashi, K.; Kosaka, W.; Matsuda, T.; Ohkoshi,
S. Three-dimensional Nickel(II) Heptacyanomolybdate(III)-based
Magnet. Chem. Lett. 2009, 38, 810−811. (e) Tomono, K.;
Tsunobuchi, Y.; Nakabayashi, K.; Ohkoshi, S. Vanadium(II)
Heptacyanomolybdate(III)-Based Magnet Exhibiting a High Curie
Temperature of 110 K. Inorg. Chem. 2010, 49, 1298−1300. (f) Wang,
Q. L.; Southerland, H.; Li, J. R.; Prosvirin, A. V.; Zhao, H.; Dunbar, K.
R. Crystal-to-Crystal Transformation of Magnets Based
onHeptacyanomolybdate(III) Involving Dramatic Changes in Coor-
dination Mode and Ordering Temperature. Angew. Chem., Int. Ed.
2012, 51, 9321−9324.
(14) Wang, X. Y.; Prosvirin, A. V.; Dunbar, K. R. A Docosanuclear
{Mo8Mn14} Cluster Based on [Mo(CN)7]

4−. Angew. Chem., Int. Ed.
2010, 49, 5081−5084.
(15) Qian, K.; Huang, X. C.; Zhou, C.; You, X. Z.; Wang, X. Y.;
Dunbar, K. R. A Single-Molecule Magnet Based on Heptacyanomo-
lybdate with the Highest Energy Barrier for a Cyanide Compound. J.
Am. Chem. Soc. 2013, 135, 13302−13305.
(16) Wei, X. Q.; Qian, K.; Wei, H. Y.; Wang, X. Y. A One-
Dimensional Magnet Based on [MoIII(CN)7]

4−. Inorg. Chem. 2016, 55,
5107−5109. (b) Wang, K.; Xia, B.; Wang, Q. L.; Ma, Y.; Liao, D. Z.;
Tang, J. K. Slow magnetic relaxation based on the anisotropic Ising-
type magnetic coupling between the MoIII and MnII centers. Dalton
Trans. 2017, 46, 1042−1046.
(17) Sheldrick, G. M. CELL_NOW; University of Göttingen:
Germany, 2006.
(18) Sheldrick, G. M. TWINABS; University of Göttingen: Germany,
2006.
(19) Sheldrick, G. M. SHELXTL, Version 6.14; Bruker AXS, Inc.:
Madison, WI, 2000−2003.
(20) SAINT Version 7.68A; Bruker AXS, Inc.: Madison, WI, 2009.
(21) Sheldrick, G. M. SADABS, Version 2008/1; Bruker AXS, Inc.:
Madison, WI, 2008.

(22) Llunell, M.; Casanova, D.; Cirera, J.; Alemany, P.; Alvarez, S.
SHAPE, Version 2.1.; Universitat de Barcelona, 2013.
(23) Blatov, V. A.; Shevchenko, A. P.; Proserpio, D. M. Applied
Topological Analysis of Crystal Structures with the Program Package
ToposPro. Cryst. Growth Des. 2014, 14, 3576−3586.
(24) Stride, A.; Gillon, B.; Goukassov, A.; Larionova, J.; Cleŕac, R.;
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