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[NH4]2Mn3(H2O)4[Mo(CN)7]2‚4H2O (1) has been synthesized by slow
diffusion of aqueous solutions containing K4[Mo(CN)7]‚2H2O, [Mn-
(H2O)6](NO3)2, and (NH4)NO3. Compound 1 crystallizes in the
monoclinic C2/c space group. The basic motif of the three-
dimensional structure consists of a Mo1−Mn1 gridlike sheet parallel
to the bc plane. Two of these sheets are connected through CN−
Mn2−NC linkages to form a bilayer reminiscent of the K2Mn3(H2O)6-
[Mo(CN)7]2‚6H2O (2) two-dimensional structure. In 1, [NH4]+ cations
allow these bilayers to be connected through direct Mo1−CN−
Mn1 bridges to form a three-dimensional network, whereas in 2,
they are isolated by (H2O)K+ cations. As shown by the magnetic
measurements, this increase of dimensionality by counterion
substitution induces an enhancement of the ferrimagnetic critical
temperature from 39 K in 2 to 53 K in 1.

In the past 20 years, the study of cyanide-based transition
metal materials has been one of the major research trends in
the field of molecule-based magnetism leading for example
to room-temperature magnets,1 photomagnetic properties,2

high-spin molecules,3 or single-molecule magnets.4 Most of
these remarkable physical properties have been obtained for
materials incorporating [M(CN)6] building blocks, but curi-

ously hepta-cyanometalate precursors have aroused less
interest. Nevertheless, studies of the [MoIII (CN)7]4-/MnII

system have led to few compounds that all order ferrimag-
netically between 39 and 106 K.5-10 Extending this family
of materials, we report here the synthesis, crystal structure,
and magnetic properties of [NH4]2Mn3(H2O)4[Mo(CN)7]2‚
4H2O (1), a new three-dimensional cyano-bridged ferrimag-
net built from the [MoIII (CN)7]4- building block. This
compound illustrates how counterions can control the
structural dimensionality and, consequently, magnetic prop-
erties.

Under argon atmosphere, the slow diffusion in an H-shape
tube of two aqueous solutions containing K4[Mo(CN)7]‚
2H2O,11 and [Mn(H2O)6](NO3)2 in the presence of (NH4)-
NO3, leads to dark green parallelepiped single crystals.12

Single-crystal X-ray diffraction studies revealed that1
crystallizes in theC2/c monoclinic space group with a three-
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dimensional polymeric structure including [Mo(CN)7]4-,
Mn2+, [NH4]+, and water molecules coordinated to Mn ions
or located in the void space of the structure.13 Coordination
spheres of the molybdenum and the two manganese, Mn1
and Mn2, sites are shown in Figure 1. Mo1 is surrounded
by five N-C-Mn1 and two N-C-Mn2 linkages. The
Mo-C bond lengths range from 2.120(2) to 2.165(2) Å, with
a mean value of 2.139(2) Å. All of the Mo-C-N bond
angles are relatively close to 180°; they range from 174.2-
(2)° to 179.1(2)°. Among the large number of possible
polyhedra with seven vertices,14 Mo1 adopts a distorted
capped-trigonal prism geometry (Figure 1) also observed in
most of the [Mo(CN)7]4-/Mn2+ related compounds.15 Mn1
and Mn2 atoms are, respectively, surrounded by five and
four N-C-Mo linkages. In both cases, water molecules
complete their octahedral coordination sphere (Figure 1).
Mn-N and Mn-O bond lengths range from 2.162(2) to
2.262(2) Å, and from 2.240(2) to 2.271(2) Å, respectively.
Mn-N-C bond angles deviate significantly from 180°; they
range from 141.6(2)° to 166.4(2)°. The three-dimensional
organization is based on a parallel arrangement of gridlike
sheets similar to those observed for K2Mn3(H2O)6[Mo-
(CN)7]2‚6H2O (2). These layers are built from edge sharing
[Mo1-Mn1]2 lozenges and are arranged perpendicular to the
a* axis (Figure 2a). Mo1-Mn1 separation within this plane
ranges from 5.275(2) to 5.461(2) Å. Moreover, Mo1/Mn1
layers are two by two linked (Figure 2b). Mo1 atoms of each

plane are connected through (NC)2-Mn2-(CN)2 bridges to
form bilayers reminiscent of the two-dimensional structure
of 2 (Figure 2c). While in2 these bilayers are well separated
by K+ and interstitial water molecules, they are connected
together in1 by direct Mo1-CN-Mn1 bridges to form the
three-dimensional structure (Figure 2). Although the size of
K+ and [NH4]+ cations is similar (ca. 1.4 Å), the final crystal
structure and its dimensionality are strongly influenced by
their ability to interact and accommodate the network. This
key point is well illustrated in2 where the K+ affinity for
water molecules leads to an (H2O)K+ cation complex. While
(H2O)K+ cations are too large and stabilized only a two-
dimensional arrangement, [NH4]+ has the right size to
accommodate the cubic cavity leading to the three-
dimensional network in1 (Figure 3).

Magnetic measurements16 have been performed on poly-
crystalline samples of1. At high temperature, the 1/ø versus
T plot exhibits a nonlinear variation (Figure 4) as expected
for ferrimagnetic behavior and observed in this family of
compounds.5-10 Below 53 K, M/H undergoes an abrupt
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Figure 1. ORTEP drawings of local coordination environments of Mn1,
Mn2, and Mo1 sites.

Figure 2. (a) View of the Mo1-Mn1 diamond-shaped layer in thebc
plane in1. (b) Global view of the crystal structure of1 emphasizing the
repeating bilayer motif. (c) For comparison, a global view of the crystal
structure for2 from ref 7b. Hydrogen atoms and water molecules have
been omitted for clarity.
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increase suggesting the onset of a magnetic ordering (inset
Figure 4). As expected for a magnet, the first magnetization
at 1.8 K increases rapidly from 0 to 11.5µB below 2 kOe,
and then slowly reaches 13.3µB at 50 kOe (Figure 5). Note
that no significant hysteresis effect on the magnetization has
been observed down to 1.8 K. At high fields,M is close to
the saturation value of 13µB expected for antiferromagnetic
MnII-MoIII interactions. This interaction,JMo-Mn, can be
estimated by modeling the high-temperature magnetic sus-
ceptibility using a mean-field ferrimagnetic model.17 Above
110 K, far from the transition (i.e., where the mean-field
approximation is still valid), 1/ø can be well reproduced with
g ) 1.9618 andJMo-Mn/kB ) -8.7 K (Figure 4). The negative

sign of JMo-Mn confirms the dominating antiferromagnetic
interactions and the ferrimagnetic nature of1. It is worth
noticing that JMo-Mn obtained here is in agreement with
values reported for Mn2(H2O)5[Mo(CN)7]‚4H2O5 (-4.5 K)
and Mn2(tea)[Mo(CN)7]‚nH2O (where tea is triethanol-
amine)10 (-6 and-9 K). Removing the demagnetizing factor
(N) dominating at low field,19 the spontaneous magnetization
(Ms) can be deduced fromM versusH curves at different
temperatures (inset Figure 5).5 When the temperature is
increased,Ms vanishes at the critical temperature, 53 K. The
thermal variation ofMs is directly related to the lowest branch
of the magnon spectra for which the frequency is proportional
to the square of the wave vector in the ferrimagnetic case.20

At low temperature, this theoretical result leads to a
temperature dependence ofMs/Msat in T3/2 (Bloch law).20 As
shown in Figure 5, experimental results agree perfectly with
this prediction and definitively confirm the stabilization of
a ferrimagnetic ordered state at 53 K.

In conclusion,1 illustrates how the choice of the counter-
ion can be crucial to control the dimensionality of a material
and its magnetic properties. Replacing the [(H2O)K]+ cation
by [NH4]+ allows the cyano-based MoIII-MnII network to
become three-dimensional and allows a significant enhance-
ment of the ferrimagnetic transition from 39 to 53 K.
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Figure 3. View of the countercation accommodation in (a)1 and (b)2
emphasizing its key role on the final dimensionality of the material.

Figure 4. Temperature dependence of 1/ø (whereø is defined asM/H) at
1 kOe for 1 above 53 K fitted to the model described in the text (solid
line). Inset: temperature dependence ofM/H at 1 kOe.

Figure 5. Temperature dependence of the spontaneous magnetization,Ms,
normalized at the saturation value,Msat, obtained at 1.8 K for1. Solid line
represents theT3/2 Bloch law discussed in the text. Inset: Field dependence
of the magnetization at temperatures ranging from 1.8 to 53 K.
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