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The reaction of the Mn(II) and [Fe(CN)6]
3- ions in the presence of morpholine at 90 �C yields a new cyanide-bridged

three-dimensional (3D) assembly, showing a ferrimagnetic ordering, frequency-dependent ac susceptibility, and
hysteresis loops below 14.8 K. In addition, our feasible route to rationally design and prepare this new molecule-based
ferrimagnet promises to provide new 3D cyanide-bridged complexes in the future research.

Introduction

The rational design and synthesis of molecular magnetic
materials exhibiting spontaneous magnetization, to fully
understand the magnetostructural correlations, is continu-
ously attracting more and more attention. The strategy is
usually involvedwith the cyanide-bridgedmaterials,1,2 which
are beneficial to extended arrays of high dimensionalities
with the highermagnetic ordering temperature3-5 or the high
coercivity,6-8 because of the increased number of interacting
neighbors. The representative example is the three-dimen-
sional (3D) Prussian Blue-type complexes constructed by
transition-metal ions and hexacyanometallate(III) building
blocks.9 Within the cyanide family, the cyanide-bridged

bimetallic assemblies, especially for the low dimensional
MnII/III-CN-FeII/III species, have been widely synthesized
anddeeply studied. To tune the dimensionality of theMn-CN-Fe
cyanide structures, several synthetic strategies have been
employed:

(i) The reaction of hexacyanometallate [FeII/III(CN)6]
n-

unit andmetal ionsMn2þ/3þ always results in the 3Dnet-
workswithhigh symmetry:Na2[MnIIFeII(CN)6],

10Rb0.7-
MnII1.15[Fe

III(CN)6] 3 2H2O,
11a RbMnII[FeIII(CN)6],

11b

and Rb0.82MnII0.20MnIII0.80[Fe
II(CN)6]0.80[Fe

III-
(CN)6]0.14 3H2O.12 The first one of them shows a
three-dimensional (3D) cubic crystal framework ana-
logous to that of the classical Prussian Blue, in which
Fe and Mn atoms locate in the cubic vertices, and
exhibits a ferrimagnetic ordering with a critical tem-
perature ofTC=3.5K, a coercive field ofHC=330Oe,
and a remnant magnetization of 503 cm3 Oe mol-1.
The structures of the remaining three complexes were
determined by powder X-ray diffraction or elemental
analyses, because only powdery samples, instead of
single crystalline ones, were obtained.
(ii) To construct low-dimensional species, the follow-
ing three sensible approaches are usually introduced: the
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[FeII/III(CN)6]
n- unit combined with [Mn(L)x(H2O)y]

mþ

(L=organic ligand), the use of modified cyanometal-
lates [FeII/III(L0)a(CN)b]

n- (L0=polydentate ligands)
as the building blocks toward metal ions Mn2þ/3þ, or
the combination of [FeII/III(L0)a(CN)b]

n- and [Mn(L)x-
(H2O)y]

mþ. So far, all three approaches are used to
provide plenty of discrete bimetallic complexes,10,13-15

one-dimensional (1D) chains,10,15a-c,16-18,21a,21c,b

and two-dimensional (2D) layers,16c,19-21 including
various single-molecule magnets (SMMs),22,23a sin-
gle-chain magnets (SCMs),23 ferrimagnets,24 and
ferromagnets,25 which could probably be used in infor-
mation storage. Nonetheless, compared to the large
number of low-dimensional cyanides (discrete poly-
nuclear species, 1D chains, and 2D layered complexes),
the 3D Mn-CN-Fe cyanide-bridged solids possessing

single crystals suitable for X-ray diffraction (XRD)
analysis are still limited, because of their insolubility
and difficulty in single-crystal growth, which, thus,
precludes the possibility to investigate the correlation
between their crystal structures and their magnetic
properties.

Among the 3D cyanides, the face-centered cubic ones
always exhibit low or no magnetic coercivity, because of
their low or no magnetic anisotropy.26 In contrast, the
noncubic framework with innate anisotropy in structure
could efficiently enhance themagnetic anisotropy.Therefore,
the exact structure information (from single-crystalXRD) of
high-dimensional cyanide-bridged complexes with anisotro-
pic networks (noncubic structures) is of current significance
for supplying suitablemodels to reveal themagnetostructural
correlation.
The use of the stable and economical cyanide salt, K3Fe

III-
(CN)6 with transition-metal cations, is an efficient way for
constructing the novel 3D cyanides needed to enrich the
database of 3D cyanides and promote our comprehension of
their magnetostructural correlation. However, the fast reac-
tions between the [FeIII(CN)6]

3- trianion and transition-
metal cations facilely form amorphous, powdery, or micro-
crystalline solids but not single crystals. Therefore, how to
obtain XRD-quality single crystals, which makes the struc-
ture determination of complexes easier, is a rather tough task
to fulfill. We have performed some trials in synthesizing 3D
cyanide-bridged complexes, using organic amines such as
imidazole, pyridine, andmorpholine as both the coordinated
ligand and the charged counterion. When using morpholine,
we obtained the XRD-quality single crystals of a novel 3D
cyanide-bridged complex [Mn(C4H10ON)(H2O)][Fe(CN)6]
(1), which was well-confirmed by XRD and characterized
through magnetic measurements. To the best of our knowl-
edge, complex 1 is the first case of 3D noncubic architecture
constructed by the FeIII-CN-MnII-NC linkages. Below
the critical temperature (TC = 14.8 K), complex 1 exhibits
long-range ferrimagnetic ordering, frequency-dependent real
and imaginary phases caused by the spin glass behavior, and
the high coercive field (1119 Oe) with large remnant magne-
tization (6153 cm3 mol-1 Oe). Note that the critical tempera-
ture of complex 1 is highest in the FeIII-MnII cyanides so far.
Moreover, the magnetostructural correlation is concluded in
this paper after the comparison between our complex and the
reported Fe-Mn cyanides.

Experimental Section

All chemicals were commercially purchased and usedwith-
out further purification.

Preparation of [Mn(C4H10ON)(H2O)][Fe(CN)6] (1). Mor-
pholine (0.45 mL, 5.16 mmol) and Mn(CH3COO)2 3 4H2O
(0.0794 g, 0.233 mmol) were added to the 1 M NaCl water
solution (20mL). Themixture was then acidified to pH 2.5-5.5,
using 6MHCl, followed by the addition ofK3[Fe(CN)6] (0.0888 g,
0.27mmol). The resulting reactionmixture was heated to 90 �C for
1 h and then cooled to room temperature.Undisturbed evapora-
tion of the solvent for one week at room temperature generated
the brown crystals suitable for X-ray single diffraction analysis
(yield: 22 mg, 0.059 mmol, 25% based on Mn). Elemental
analysis, calcd (%): Fe 14.97, Mn 14.73, C 32.20, N 26.28, H
3.24; found: Fe 14.78, Mn 14.86, C 32.02, N 26.07, H 3.47.
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X-ray Crystallography. For the single-crystal structure deter-
mination, crystal data of 1 were measured on a CrysAlisPro
CCD system (Oxford Diffraction), usingMoKR radiation (λ=
0.71073 Å) at 293(2) K. The structure was solved with the direct
methods (SHELXS-97) and refined on F2 by full-matrix least-
squares (SHELXL-97).27 (CCDC-763573 contains the supple-
mentary crystallographic data for this paper. The data can be
obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.)

Physical Measurements. Elemental analyses (Fe and Mn)
were determined by a Leaman inductively coupled plasma
(ICP) spectrometer. Elemental analyses (C, H, and N) were
performed on a Perkin-Elmer Model 2400 CHN elemental
analyzer. The infrared spectrum of the solid sample was ob-
tained on a BRUKER Model Vertex 70 FTIR spectrometer in
the 400-4000 cm-1 region with a KBr pellet. Thermogravi-
metric (TG) analysis was performed on a Perkin-Elmer Model
TGA7 instrument in the flowing N2 atmosphere at the heating
rate of 10 �Cmin-1. Magnetic susceptibility data were recorded
using a Quantum Design SQUID MPMS XL-5 magnetometer.
Variable-temperature susceptibility measurements were per-
formed in the temperature range of 2-300 K, under a magnetic
field of 1000 Oe on polycrystalline samples. The experimental
susceptibilities were corrected for the diamagnetism of the
constituent atoms (Pascal’s constants).

Results and Discussion

Synthesis. The aqueous solution reaction of theMn(II)
ion and the building block [Fe(CN)6]

3- ion in the pre-
sence of morpholine at 90 �C produced a brown solution,
from which brown blocklike crystals were obtained by
slow evaporation without disturbance. Our motivation is
to conduct the formation of 3D Mn-CN-Fe cyanide
materials10-12 via the reaction of the hexacyanometallate
[FeII/III(CN)6]

n- unit with metal ions Mn2þ/3þ. However,
there were two disadvantages in the conventional strategy
for synthesizing 3D noncubic framework. First, the con-
ventional approach, using noncoordinated counterions
(such as alkali-metal ions), is likely to result in the 3D
networks of cubic symmetry. Second, those fast reactions
in the conventional approach counteract the formation of
single crystals. Therefore, the introduction of an assistant
ligand is beneficial to break the cubic symmetry
and obtain single crystals with noncubic 3D structures.
Apparently, the chelate ligands, which are usually used
in synthesizing low-dimensional cyanide-bridged assem-
blies, are not suitable for synthesizing 3D cyanides.
Instead, we used imidazole, pyridine, and morpholine as
assistant ligands to act as both the coordinated ligand and
the charged counterion. Usingmorpholine as an assistant
ligand, we obtained XRD-quality single crystals of the
title complex. Different from the approach of slow diffu-
sion through aqueous or nonaqueous solvents that were
usually used in synthesizing cyanide-bridged assemblies,
the reaction for 1was operated in the aqueous solution at
relatively high temperature (90 �C). Although the high
temperature favors the formation of insoluble 3D cyano-
metallate powder, the introduction of morpholine mole-
cules effectively reduces the quantity of deposition herein.
The morpholine could inhabit the coordination sites of
MnII via the oxygen atom to protect the transition-metal
ions against constructing the 3D cyanometallate too

quickly and, consequently, reduce the quantity of deposi-
tion. Furthermore, the protonated morpholine molecules
under the synthetic conditions balance the charge of the
repeating unit in the polymeric framework, which plays
an assistant counterion role in the formation of a 3D
architecture. In addition, the similar reactions with imi-
dazole and pyridine offered powdery solids, rather than
crystalline ones. The probable reasons are as follows:
(1) Imidazole molecules are smaller than morpholine

molecules in size, which may not be suitable to hold the
3D cyanide structures in this system.
(2) After protonation, although the pyridine molecule

possesses the similar size with morpholine, it is the lack of
coordination sites that seems to be very significant in the
crystallization process. Thus, only the reaction involving
the protonated morpholine molecules with the suitable
size and the residual coordination sites could afford the
single crystals for the measurement.

IR Spectroscopy and Thermogravimetric Analysis. The
new bimetallic compound shows two ν(C�N) modes at
2146 and 2073 cm-1 (see Figure 1). The IR band at 2146
cm-1 can be contributed to the bridging cyanide group,
while the ν(C�N) mode at 2073 cm-1 is attributed to the
terminal cyanide group.28 Thermal stability of complex 1
was studied using thermogravimetric analysis (TGA) (see
Figure 2). The TGA of 1 shows a continuous mass loss of

Figure 1. Infrared (IR) spectrum of 1.

Figure 2. Thermogravimetric analysis (TGA) data for 1.
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26.47%from172 �C to 312 �C (DTGmax=251 and 292 �C),
corresponding to the removal of one coordinated water
molecular and one coordinated morpholine molecular
from the formula unit [Mn(C4H10ON)(H2O)][Fe(CN)6]
(calcd, 28.45%). After 312 �C, complex 1 immediately
decomposes with further heating.

Crystal Structure. Complex 1 crystallizes in the orthor-
hombic Pnma space group (see Table 1). As shown in
Figure 3, the asymmetric unit consists of one MnII dica-
tion, one protonated morpholine monocation, one
[FeIII(CN)6]

3- trianion, and one water molecule.
For Fe(1), the equatorial plane is defined by the [C(1),

C(1)#1, C(2), C(2)#1] donor set from four cyanide groups
and the axial sites are occupied by [C(3), C(3)#1] (the bond
angle of C-Fe-C is 180�) from two cyanide groups. The
Fe(III) ion occupies the special position (Fe (0,0,1/2)), posses-
sing a slightly distorted octahedron geometry. The distances
of Fe-Care 1.942(2), 1.939(2), and 1.929(3) Å forFe(1)-C-
(1), Fe(1)-C(2), and Fe(1)-C(3), respectively. The FeIII-C
bond lengths are consistent with the literature13c,19a value
(1.92-1.95 Å) given for the FeIII-C-N-MnII system. The
angle Fe-C-N is almost linear (178.8�, on average).

The Mn(II) ion possesses a slightly distorted N4O2

octahedron geometry. For Mn(1), the equatorial plane
is occupied by the [N(1), N(2)#2, N(2)#3, N(1)#4] donor
set from four cyanide groups of four [FeIII(CN)6]

3-

anions and the axial sites are inhabited by [O(1), O(1)W]
from one protonated morpholine monocation and one
water molecule. The distances ofMn-N are 2.202(2) and
2.224(2) Å for Mn(1)-N(1) and Mn(1)-N(2), respec-
tively, while the Mn-O distances are 2.252(2) and
2.135(3) Å forMn(1)-O(1) andMn(1)-O(1)W,respectively.

Table 1. X-ray Crystallographic Data for 1

formula C10H12FeMnN7O2

Mr [g] 373.06
crystal size (mm) 0.25 � 0.25 � 0.25
crystal system orthorhombic
space group Pnma
Z 4
a [Å] 13.6311(4)
b [Å] 13.3758(4)
c [Å] 8.5310(3)
V [Å3] 1555.43(9)
Dc [g cm-3] 1.593
μ [mm-1] 1.758
reflections collected 1429
refined parameters 106
R1 [I > 2σ(I)]a 0.0235
wR2 [all data]

b 0.0461
GOF on F2 0.999
largest diff. peak/hole [e Å-3] 0.231/-0.434

a R1 =
P

|F0| - |Fc|/
P

|Fc|.
b wR2 = [

P
w(F0

2 - Fc
2)2/
P

w(F0
2)2]1/2

with 1/w = σ2F0
2 þ aP2 þ bP and P = F0

2 þ 2Fc
2/3.

Figure 3. ORTEP diagram of 1 (50% probability for the ellipsoids).
Symmetry codes:#1=(-x,-y,1- z); #2=(0.5þ x,y, 0.5- z); #3=(0.5þ
x,0.5- y,0.5- z); #4 = (x,0.5- y,z).

Table 2. Selected Bond Distances and Bond Angles for Complex 1

bond length (Å) bond angle measurement (�)

Fe(1)-C(3) 1.929(3) C(2)-Fe(1)-C(1) 89.62(9)
Fe(1)-C(2) 1.939(2) C(3)-Fe(1)-C(1) 88.5(1)
Fe(1)-C(1) 1.942(2) C(3)-Fe(1)-C(2) 87.45(9)
Mn(2)-N(1) 2.202(2) N(1)-C(1)-Fe(1) 179.8(2)
Mn(2)-N(2) 2.224 (2) N(2)-C(2)-Fe(1) 177.9(2)

N(3)-C(3)-Fe(1) 178.6(3)
N(1)-Mn(2)-N(1)#4 89.5(1)
N(1)-Mn(2)-N(2)#3 175.08(8)
N(1)#4-Mn(2)-N(2)#3 91.72(7)
N(2)#3-Mn(2)-N(2)#2 86.6(1)
C(2)-N(2)-Mn(2)#5 167.8(2)
C(1)-N(1)-Mn(2) 169.9(2)

aSymmetry transformations used to generate equivalent atoms: #2=
(0.5 þ x,y,0.5 - z); #3 = (0.5 þ x,0.5 - y,0.5 - z); #4 = (x,0.5 - y,z);
#5 = (x - 0.5,y,-z þ 0.5).

Figure 4. (a) Gridlike layers of complex 1 (Fe atoms are shown as
orange,Mnatoms are shownas plum,Oatoms are shown as red,N atoms
are shown in blue, and C atoms are shown in gray; for the sake of clarity,
H atoms are omitted). (b) The connector [Mn(C4H10ON)(H2O)]3þ units.
(c) The 3D network structure of 1.
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Bond valence sum (BVS) calculations29 indicate that the
manganese center exhibits a 2þ oxidation state. The bond
angle of O-Mn-O is 170.11�. The bridged Mn-
N-C linkages are slightly bent [167.8� and 169.9�]. The
selected bond lengths and angles for 1 are listed in Table 2.
Each Fe(III) ion connects four Mn(II) ions through

four equatorial cyanide ligands, while each Mn(II) ion
also connects with four neighboring Fe(III) ions via four
cyanide ligands. The FeIII-MnII separations through
μ2-CN bridges are 5.270 and 5.269 Å for Fe(1) 3 3 3Mn(1)
and Fe(1) 3 3 3Mn(1)#5, respectively (#5 represents the
symmetry transformation used to generate equivalent
atoms: 0.5 - x,-y,0.5 þ z). The shortest FeIII 3 3 3Fe

III and
MnII 3 3 3MnII separations are 6.688 Å and 6.905 Å,
respectively. As shown in Figure 4, the resulting 3D
network can be described as follows. Two trans-CN
ligands around the Fe(III) atom coordinate with two
[Mn(C4H10ON)(H2O)]3þ units, while the Mn atom con-
nects four [Fe(CN)6]

3- groups, which leads to a 2D
corrugated gridlike layer (see Figure 4a). The adjacent
2D layers are further interconnected by the [Mn(C4H10-
ON)(H2O)]

3þ units (seeFigure 4b) via another two trans-CN
ligands around the Fe(III) atom to form a unique 3D
framework (see Figure 4c). When both of the Fe and Mn
atoms are treated as four-connected nodes, this 3D architec-
ture exhibits a (4, 4)-connected network (see Figure 5).

Magnetic Properties. The magnetic susceptibility of 1
was measured on the polycrystalline sample under a field
of 1000 Oe in the temperature range of 2-300 K. As
shown in Figure 6, the χmT value of 1 at room tempera-
ture is 4.83 cm3Kmol-1 perMnFe unit (6.22 μB), which is
consistent with the spin-only value for one low-spin
FeIII (gFe=2.00, SFe=

1/2) and one high-spin MnII ions
(gMn=2.00, SMn=

5/2) (4.75 cm
3 K mol-1 corresponding

to 6.16 μB). Upon cooling, the χmT value decreases
smoothly to a minimum of 4.05 cm3 K mol-1 at 28 K.
Between 28 and 300 K, the χm

-1 vs T data can be fitted to
the Curie-Weiss law with C=4.95 cm3 K mol-1 and
θ=-8.81 K (see the inset of Figure 6). The obtained Curie
constant is in good agreement with the predicted spin-
only value for one low-spin FeIII center and one high-spin
MnII center (4.75 cm3Kmol-1). The small negativeWeiss
constant indicates that the dominant interactions are
weak antiferromagnetic between 28 and 300 K, because
of the overlap of the t2g orbitals on both Mn(II) and
Fe(III) ions through the CN bridges.13 Below 28 K, the
χmT value abruptly increases to reach a maximum of

49.8 cm3 K mol-1 at 12 K, indicating the onset of the
ferrimagnetic ordering. Finally, the χmT value decreases
again to 12.9 cm3 Kmol-1 at 2 K. The sudden decrease in
χmT below 12 K is attributed to the presence of zero-field
splitting14 or the magnetic field saturation effect.
To further confirm the critical temperature for the

magnetic ordering, the temperature dependences of the
FCM (field-cooled magnetization) and the ZFCM (zero-
field-cooled magnetization) were measured under a low
field of 50 Oe from 2 K to 50 K (see Figure 7). The
divergence of the FCM and ZFCM plots below 14 K
reveals the onset of a long-range ferrimagnetic ordering.
The derivative curve (d(FCM)/dT) presents an extreme at
∼15 K, also corresponding to the critical temperature
(Figure 7, inset). The ZFC has a negative magnetization
below 11 K, which could be explained by the different
ordering temperatures of FeIII (ordered ferromagne-
tically) and MnII (ordered antiferromagnetically) mag-
netic moments and magnetic anisotropy induced by the
noncubic structure.30 Since the orderedmagneticmoment
of the antiferromagnetic MnII is larger than that of the
ferromagnetic FeIII below 11 K, the total magnetization
becomes negative. The magnetocrystalline anisotropy
prevents the total magnetization to flip along the applied
field direction below 11 K, which plays an important
role in achieving the negative magnetization in 1. The
theoretical calculations based on molecular-field theory also
predicted the negative magnetization in the Prussian Blue

Figure 5. Schematic showing the packing structure and its simplified polygon network topology of complex 1 (only considering Fe (orange) and Mn
(plum) atoms as nodes, the Fe-Mn separations are <5.30 Å).

Figure 6. Plot of the temperature dependence of χmT vsT for 1. The plot
of χm

-1 vsT for 1 is shown in the inset (the red solid line represents the best
theoretical fit of the data; see text).

(29) Brown, I. D.; Altermatt, D. Acta Crystallogr., Sect. B: Struct. Sci.
1985, B41, 244.

(30) Kumar, A.; Yusuf, S. M.; Keller, L. J.; Yakhmi, V. Phys. Rev. Lett.
2008, 101, 207206(1)–207206(4).
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analogues (PBAs).31-33 The crossover of the FCM from
positive to negative below its magnetic ordering tempera-
turewould have potential application in thememory device.
To investigate the dynamics of themagnetization of the

spontaneous magnetic behaviors, alternating current (ac)
susceptibilitymeasurementswere performed for 1 under a
zero-dc field and a 3 Oe oscillating field in the frequency
range of 1-1000Hz. As shown in Figure 8, the peaks in χ0
and χ00 vsT plots in the temperature range of 14.3-14.9K
suggest the existence of a long-range ordered state with a
spontaneous magnetic moment at ca. 14.8 K. A slightly
temperature dependence of both real (χ0) and imaginary
(χ00) ac magnetic susceptibilities is observable between
13K and 16K. The shift parameter, φ=(ΔTp/Tp)/Δ(log f ),
is∼0.005, which is close to a typical value for a spin glass.34

To further magnetically investigate complex 1, the field
dependences of the magnetization for 1 were measured at
2, 5, 10, 20, and 100 K (see Figure 9). The slopes of the
curve increase abruptly from 0 to ca. 4500 Oe below the
TC temperature, while such inflection cannot be observed
in the curve above the TC temperature. Upon increasing
the applied magnetic field at 2 K, the magnetization value
increases rapidly to 1.26 Nβ at ∼4500 Oe, and then
increases linearly to 2.73 Nβ at 50 kOe. Because the
saturation magnetization MS is expected to be 4 Nβ for
the system (SMn, SFe)=(5/2,

1/2), based on the equation
MS=NμB(gFeSFe-gMnSMn) for antiferromagnetic coupling,
the magnetization has not yet been saturated, even at
50 kOe. The nonsaturation may result from two cases: (1)
the presence of a zero-field splitting caused the mag-
netization to increase more slowly, to reach saturation
at much higher fields;35 or (2) there may be a complicated
magnetic structure in which the competition between
magnetic interactions with spin canting occurred.19c

Hysteresis loops are observed for 1 (see Figure 10),
indicating the existence of a ferromagnetic order below its

critical temperature in such cyanide-bridged magnetic
systems. The values of the coercive field and remnant
magnetization are strongly dependent on the tempera-
ture. The hysteresis loop observed at 2 K has a coercive
field of 1119Oe and a remnantmagnetization of 6153 cm3

mol-1Oe, which is typical of a hardmagnet. Even at 10K,
thehysteresis loopcanbe still observedwithacoercive fieldof
250 Oe and a remnant magnetization of 1348 cm3mol-1 Oe.
The antiferromagnetic coupling through the cyanide

bridges results from the presence of a net overlap of the
magnetic orbitals through the π(t2g- t2g) pathways (t2g

3eg
2

and t2g
5eg

0 configurations for MnII and FeIII), while the
ferromagnetic term is due to the σ-π(t2g- eg) orthogonal
coupling.21c Such a 3D framework of 1 is a more favorable
condition than those low-dimensional species to the σ-π-
(t2g - eg) orthogonal coupling, leading to the ferromagnetic
interaction. The magnetic exchange integral (J) between
Mn(II) and Fe(III) through the cyanide bridges can be
estimated from the expression derived by Verdaguer et al.,
based on N�eel’s molecular field theory, as given below:36

TC ¼ jJj
Nβ2g2kB

 !
½ZMnSMnðSMn þ 1Þ 3ZFeSFeðSFe þ 1Þ�1=2

Figure 7. Theplots of field-cooledmagnetization (FCM) and zero-field-
cooled magnetization (ZFCM) for 1. The derivative of FCM is shown in
the inset.

Figure 8. Real (χ0) and imaginary (χ0 0) ac magnetic susceptibilities in an
ac field of 3 Oe at different frequencies for 1.

Figure 9. Magnetization versus magnetic field at 2, 5, 10, 20, and 100 K
for 1.

(31) Ohkoshi, S. I.; Iyoda, T.; Fujishima, A.; Hashimoto, K. Phys. Rev.
1997, B56, 11642.

(32) Ohkoshi, S. I.; Abe, Y.; Fujishima, A.; Hashimoto, K. Phys. Rev.
Lett. 1999, 82, 1285.

(33) Ohkoshi, S. I.; Arai, K.; Sato, Y.; Hashimoto,K.Nat.Mater. 2004, 3,
857.

(34) Mahata, P.; Natarajan, S.; Panissod, P.; Drillon, M. J. Am. Chem.
Soc. 2009, 131, 10140–10150.
(35) Nazzareno, R.; Emma, G.; Carlo, F.; Hitoshi, M.; Naohide, M.

Inorg. Chem. 1996, 35(21), 6004–6008.

(36) (a) Verdaguer, M.; Bleuzen, A.; Train, C.; Grade, R.; Fabrizi De
Biani, F.; Desplanches, C. Philos. Trans. R. Soc. London, A 1999, 357, 2959.
(b) N�eel, L. Ann. Phys. Paris 1948, 3, 137–198.
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where kB is the Boltzmann constant, N is the Avogadro
constant, g is themean Land�e factor (g=2.00), β is the Bohr
magneton, SMn and SFe are spin values of individual Mn(II)
and Fe(III) ions (SMn=

5/2, SFe=
1/2), and ZMn and ZFe are

thenumbersof nearestmetal centers connected toMnandFe
via cyanide bridges (ZMn=ZFe=4). With a TC value of
14.8 K for 1, the |J| value is estimated to be 1.04 cm-1. For
discrete polynuclear complexes,14,15c-f,17c,22d,37 and 1D
chains,21a,c the J values lie within the range of -10 cm-1 to
0 cm-1. As shown in Table 3, the exchange interaction
parameters |J| for a 2D layer19a are deduced using the values
of 2.1 cm-1 to the [FeIII(μ-CN)4(CN)2)] center and 1.6 cm

-1

to the [FeIII(μ-CN)2(CN)4)] center. The J value of complex 1
is shown to be smaller than the value of the aforementioned
2D cyanides. Because the number of magnetic neighbors
aroundagivenmetallic center in the 3Dcyanide is larger than
that in the low-dimensional cyanide, the assembly of Fe(III)
and Mn(II) ions in the 3D cyanide creates a long-range
ordering magnet. According to N�eel,36b TC is proportional
to the number ofmagnetic neighbors around a givenmetallic
center and to the magnitude of the interaction between two

centers.4b Therefore, the critical temperature (TC=14.8 K)
for 1 is higher than that of the cyanide-bridged 2D16b,19a,c,21c

and 1D10 Mn(II)-Fe(III) complexes (below 11 K). The
number of magnetic neighbors around a given metallic
center affecting TC could also be used to explain the
decrease of TC among the 2D cyanides (Mn4Fe3

19c >
Mn3Fe2

19a >Mn2Fe2,
21c as listed in Table 3). In addition,

although the title complex Mn4Fe4 has less magnetic
neighbors around a givenmetallic center than the 3D cubic
cyanide (RbMn1.15)6Fe6

11a (see Table 3), it shows a higher
TC, a larger coercive field, and more remnant magnetiza-
tion, which should be attributed to the larger magnetic
anisotropy induced by the noncubic framework of 1. Such
influence of the magnetic anisotropy could also explain the
fact that, in Table 3, the 3D cubic cyanide (RbMn1.15)6Fe6
with more magnetic neighbors around a certain metallic
center is of lower TC, smaller coercive field, and less
remnant magnetization than that of the 2D Mn4Fe3

19c or
Mn3Fe2

19a cyanide. In short, more magnetic neighbors
around a given metallic center of larger magnetic anisotro-
py would result in a higher TC, larger coercive field, and
more remnant magnetization.

Conclusion

A hybrid cyanide-bridged three-dimensional (3D) com-
pound that presents a new molecule-based ferrimagnet has
been obtained, providing a feasible route to design and
prepare new 3D cyanide-bridged complexes. After compar-
ing the different dimensional FeMn cyanides, the detail
magnetostructural correlation is drawn: More magnetic
neighbors around a given metallic center of larger magnetic
anisotropy would result in a higher TC, larger coercive field,
and more remnant magnetization. This magnetostructural
correlation is valuable to the further design and investigation
of cyanides. In particular, its well-defined composition and
structure offered a meaningful model system for theoretical
work in molecular magnetism and for application in func-
tional materials.
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Table 3. Reported Experimental Magnetic Behaviors with Critical Temperature (TC), Coercive Field, and Remnant Magnetization for 3D and 2D MnIIFeIII-Type
Prussian Blue Analogues

Prussian Blue
(PB)-type solid structure magnetic behavior

critical temperature,
TC (K) coercive field (Oe)

remnant magnetization
(cm3 mol-1 Oe)

Mn4Fe4(title complex) 3D noncubic canted ferri 14.8 1348 (10 K), 6153 (2 K) 1348 (10 K), 6153 (2 K)
(RbMn1.15)6Fe6

a 3D cubic ferri 10 240 (10 K) 240 (10 K)
Mn4Fe3

b 2D canted ferri 11
Mn3Fe2

c 2D meta 6.4 5585 (1.8 K) 5585 (1.8 K)
Mn2Fe2

d 2D ferri 5.0
Mn2Fe2

d 2D antiferro 4.4

aData taken from ref 11a. bData taken from ref 19c. cData taken from ref 19a. dData taken from ref 21c.

Figure 10. Hysteresis loops at 2 K and 10 K for 1.
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