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Three cyano-bridged bimetallic assemblies, [NiL1]3[Cr(CN)6]2‚7H2O (1), [NiL 2]3[Cr(CN)6]2‚9H2O (2), and [NiL2]3-
[Cr(CN)5(NO)]2‚9H2O (3) (L1 ) 3,10-dimethyl-1,3,5,8,10,12-hexaazacycloctadecane and L2 ) 3,10-diethyl-
1,3,5,8,10,12-hexaazacycloctadecane), have been prepared and characterized structurally and magnetically. Complex
1 crystallizes in the monoclinic space group ofC2/c with a ) 25.929 Å,b ) 15.442(3) Å,c ) 19.553(4) Å,â
) 106.21(3)°, andZ ) 4, while 2 and 3 are in the trigonal space groupP3h with a ) b ) 14.919(2) Å,c )
9.5246(19) Å,γ ) 120°, andZ ) 1 for 2 anda ) b ) 14.863(2) Å,c ) 9.3134(19) Å,γ ) 120°, andZ ) 1 for
3. The structures of1-3 are similar and consist of cyano-bridged two-dimensional (2D) honeycomb-like neutral
Ni3Cr2 layers. In each complex, [Cr(CN)6]3- or [Cr(CN)5(NO)]3- coordinates to threetrans-[Ni(macrocycle)]2+

groups using threefac-CN- ligands, providing a 2D layered network. The NO group in [Cr(CN)5(NO)]3- remains
monodentate. Magnetic studies show the existence of a short-range ferromagnetic interaction in all of the complexes.
Complexes1 and 2 exhibit long-range antiferromagnetic ordering at 13.0 and 11.9 K, respectively, and a
metamagnetic transition with critical field of ca. 1.6 kOe for1 and 1.5 kOe for2 at 1.8 K. Complex3 exhibits
long-range ferromagnetic ordering below 4.3 K.

Introduction

There has been continuing interest in the magnetic chemistry
of the cyano-bridged Prussian blue (PB) analogues of general
composition Mx[M ′(CN)6]y‚nH2O.1-14 This may be caused by
the findings that some transition-metal cyanides exhibit long-
range magnetic ordering above room temperature.13 Recently,
the studies on three-dimensional (3D) PB analogues derived
from M(CN)83- or Mo(CN)74- building blocks emerged and
received great attention.15,16

PB analogues of different dimensionalities have been exten-
sively investigated with the aim of understanding the structure-

property relationship.17-39 Until now, zero-, one-, two-, and
three-dimensional topologies have been reported and interesting
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magnetic properties observed. It has been noted that great
emphasis has been laid on the magnetic studies of cyano-bridged
nickel(II)-iron(III) assemblies based on [NiL]2+ (L ) chelating
ligands) and [Fe(CN)6]3- building blocks.17a,18,19,26,30,36,38Mallah
and co-workers have recently presented a cyano-bridged NiII-
CrIII assembly [Ni(cyclam)]3[Cr(CN)6]2‚6H2O with a corrugated
2D honeycomb molecular structure.27a Magnetic studies show
that ferromagnetic coupling operates between adjacent Ni(II)
and Cr(III) metal ions and that no magnetic ordering was
observed. More recently, they briefly described another NiII-
CrIII complex [Ni(TMC)]3[Cr(CN)6]2‚12H2O (TMC ) 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane) with a similar
structure but with an antiferromagnetic phase transition atTN

) 14.0 K.27b Apparently, the factors that control the magnetic
properties are not clear yet, and more such examples are needed.
In this context, we characterized two cyano-bridged NiII-CrIII

complexes of formulas [NiL1]3[Cr(CN)6]2‚7H2O (1) and [NiL2]3-
[Cr(CN)6]2‚9H2O (2) (L1 ) 3,10-dimethyl-1,3,5,8,10,12-hexa-

azacycloctadecane and L2 ) 3,10-diethyl-1,3,5,8,10,12-hexaaza-
cycloctadecane).

It has been shown that [Cr(CN)5(NO)]3- is a good building
block and can be used to construct new magnetic materials.12

Whether the NO+ group can form a linear Cr-NdO-M′ bridge
remains an unanswered question. In a previous paper, we have
shown that the 2D honeycomb-like assembly [NiL1]3[Cr(CN)5-
(NO)]2‚10H2O exhibits ferromagnetic ordering at 4.5 K and the
NO+ group does not participate in bridging based on the single-
crystal X-ray diffraction analysis.34 To gain further evidence
on the binding modes of [Cr(CN)5(NO)]3- with transition-metal
complexes, we prepared another assembly, [NiL2]3[Cr(CN)5-
(NO)]2‚9H2O (3).

Also, the preparation of a novel 2D brick wall-like complex
[NiL 2]3[Fe(CN)6]2‚12H2O30b constructed from [NiL2]2+ and
[Fe(CN)6]3- led us to study the reactions of [NiL2]2+ with
[Cr(CN)6]3- or [Cr(CN)5(NO)]3- in order to see whether the
same topology could be obtained.

In this paper, we will present the synthesis, single-crystal
structure analyses, and magnetic properties of the new com-
plexes. We will also contrast the magnetic properties of the
Cr(CN)6 system with those of the Cr(CN)5(NO) analogue to
provide a possible interpretation of the difference in magnetism
for the two systems.

Results and Discussion

The IR spectra of complexes1 and2 show two sharp bands
(2154 and 2129 cm-1 for 1 and 2155 and 2123 cm-1 for 2) in
the range 2000-2200 cm-1 that are attributed to C≡N stretching
modes. The splitting ofν(C≡N) indicates the formation of Cr-
CN-Ni linkages.

For 3, the shift ofν(C≡N) to a higher wavenumber (2142
cm-1) compared with that of K3[Cr(CN)5(NO)] (2120 cm-1)40

suggests the formation of CN- bridges, as observed for [NiL1]3-
[Cr(CN)5(NO)]2‚10H2O.34 Further, the blue shift (1670 cm-1)
of ν(NdO) with respect to that of K3[Cr(CN)5(NO)] (1630
cm-1)40 also suggests the distortion of [Cr(CN)5(NO)]3- from
C4V symmetry as a result of the formation of Cr-C≡N-Ni
linkages and that the cyanide ligand trans to the NO ligand has
been involved in bridging.

The yellow complexes are insoluble in most organic and
inorganic solvents and stable in air.

Description of Structures. Complexes2 and 3 crystallize
in the space groupP3h, while complex1 is in C2/c. Although
the unit cell of 1 is monoclinic, the structures of the three
complexes similarly consist of a neutral cyano-bridged stair-
shaped layered honeycomb-like Ni3Cr2 network. Labeled ORTEP
plots of the units for complexes1-3 are shown in Figures 1,
3, and 5, respectively. Selected bond distances and angles for
the complexes are listed in Tables 1-3, respectively.

[NiL 1]3[Cr(CN) 6]2‚7H2O (1). Each [Cr(CN)6]3- unit uses
threecis-C≡N groups to connect with three [NiL1]2+ groups,
whereas the remaining CN- groups are monodentate. The
adjacent Cr‚‚‚Ni distances are 5.294(1) Å for Cr‚‚‚Ni(2),
5.300(2) Å for Cr‚‚‚Ni(1), and 5.259(1) Å for Cr‚‚‚Ni(2A),
respectively (A denotes the symmetry operation-x + 0.5,y +
0.5, -z + 0.5). Each [NiL1] unit is linked to two [Cr(CN)6]3-

ions in trans positions. Four secondary amine nitrogen atoms
of the macrocycle coordinate to the nickel center in the
equatorial plane, with average Ni-N distances of 2.071(3) Å
for Ni(1) and 2.061(4) Å for Ni(2). Two nitrogen atoms of the
bridging C≡N ligands axially coordinate to the Ni(II) ions, with
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Ni-Nax contacts of 2.143(3) Å for Ni(1)-N(4) and 2.101(4) Å
(average) for Ni(2)-N, respectively, which are slightly larger
than those of the corresponding Ni-Neq bonds. The bridging
cyano ligands coordinate to the nickel(II) ions, with the Ni-
N≡C bond angles ranging from 166.3(3)° to 174.2(4)°. The
coordination symmetry about the Cr atom is a distorted
octahedron, and the Cr-C≡N groups are nearly linear. The
Cr-C distances range from 2.053(5) to 2.088(4) Å, which lie
in the normal range. The particular local molecular disposition
leads to a honeycomb-like layered structure (Figure 2a), similar
to that reported for the 2D honeycomb-like PB analogues.27,30

The projection along thea axis (Figure 2b) shows the stacking
of the stair-shaped layers. The layers align along thec axis with
a separation of ca. 9.7 Å, and the shortest interlayer metal-
metal distance is 6.953 Å for Ni‚‚‚Cr. The water molecules are
positioned between the layers and linked to the terminal CN
ligands of [Cr(CN)6]3-, the nitrogen atom of the macrocyclic
ligand L1, and the other water molecules via hydrogen bonding.
Adjacent layers are connected through hydrogen bonds, yielding
a quasi-3D network.

[NiL 2]3[Cr(CN) 6]2‚9H2O (2). The structure of complex2
consists of a neutral cyano-bridged stair-shaped layer network
with the stoichiometry of [NiL2]3[Cr(CN)6]2. Each [NiL2] unit
is linked to two [Cr(CN)6]3- ions in trans positions. Each

[Cr(CN)6]3- unit uses threeC3 rotational symmetry related cis
C≡N- groups to connect with three [NiL2]2+, whereas the three
remaining symmetry related cis CN- groups are nonbridging.
The nickel(II) ion is nearly octahedral, with the Ni-N bond
distances ranging from 2.055(5) to 2.084(5) Å, and the cyanide
nitrogen atoms are sited at the axial positions (Ni-Ncyano )
2.094(4) Å). The average Cr-C and C≡N distances are 2.076(6)
and 1.134(7) Å, and the Cr-C≡N groups do not deviate
significantly from linearity (175.3(5)° and 176.1(6)°). The Ni-
N≡C bond angle is 165.2(5)°. The adjacent Cr‚‚‚Ni distance is
5.246(1) Å.

The local molecular disposition leads to a honeycomb-like
structure (Figure 4a). The 2D layer is not planar but adopts a
chair conformation (Figure 4b), which is similar to that of the
analogous complexes.27,30The layers align along thec axis with
a separation of ca. 9.53 Å, and the nearest interlayer metal-
metal distance is 7.822 Å for Ni‚‚‚Cr. The water molecules are
positioned between the layers and linked to the terminal CN
ligands of [Cr(CN)6]3-, the nitrogen atom of the macrocyclic
ligand L2, and the other water molecules via hydrogen bonding.

[NiL 2]3[Cr(CN) 5(NO)]2‚9H2O (3). Complex 3 is isomor-
phous with2. Each [Cr(CN)5(NO)]3- unit uses threecis-C≡N
groups to connect with three [NiL2]2+ groups, whereas the two
remaining CN- and the NO+ groups are monodentate. The
presence of aC3 rotational axis at Cr(I) results in the disorder
of NO by about three coordination positions. Therefore, the
corresponding Cr-N and Cr-C bond lengths are statistically
averaged to be 1.900(5) Å, in good agreement with the averaged
value (1.925 Å) in the ordered structure [Co(en)3][Cr(CN)5-
(NO)]‚2H2O41 (Cr-C ) 2.033 Å and Cr-N ) 1.708 Å). The
adjacent Cr‚‚‚Ni distance is 5.226(1) Å. Two nitrogen atoms
of the bridging C≡N ligands axially coordinate to the Ni(II)
ions with the Ni-Nax contacts of 2.080(3) Å, which are slightly
larger than those of the corresponding Ni-Neq bonds (average
value) 2.071(4) Å). The bridging cyanide ligands coordinate
to the nickel(II) ions in a bent fashion, with the Ni-N≡C bond
angle of 163.3(3)°. The particular local molecular disposition
leads to a honeycomb-like layered structure, which is similar
to that of 2. The shortest interlayer metal-metal distance is
7.647 Å for Cr‚‚‚Ni, while the interlayer separation is 9.31 Å.

Magnetic Properties. The temperature dependence of the
magnetic susceptibilities for1-3 was measured in a field of
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Table 1. Selected Bond Lengths (Å) and Angles (deg) for
[NiL 1]3[Cr(CN)6]2·7H2O (1)a

Bond Length (Å)
Cr-C(1) 2.059(5) Cr-C(2) 2.071(4)
Cr-C(3) 2.063(5) Cr-C(4) 2.089(4)
Cr-C(5) 2.071(4) Cr-C(6) 2.059(5)
Ni(1)-N(4) 2.143(3) Ni(1)-N(7) 2.074(3)
Ni(1)-N(8) 2.068(3) Ni(2)-N(9) 2.061(4)
Ni(2)-N(10) 2.056(3) Ni(2)-N(11) 2.048(4)
Ni(2)-N(12) 2.070(4) Ni(2)-N(1) 2.100(4)
Ni(2)-N(5B) 2.103(4) C(2)-N(2) 1.145(6)
C(1)-N(1) 1.148(5) C(4)-N(4) 1.143(5)
C(3)-N(3) 1.145(6) C(6)-N(6) 1.139(6)
C(5)-N(5) 1.139(5)

Angle (deg)
N(1)-C(1)-Cr 176.5(4) N(2)-C(2)-Cr 174.3(4)
C(3)-N(3)-Cr 176.5(5) C(4)-N(4)-Cr 172.1(3)
C(5)-N(5)-Cr 175.3(4) C(6)-N(6)-Cr 176.9(6)
Ni(2)-N(1)-C(1) 174.2(4) C(5)-N(5)-Ni(2A) 166.7(4)
Ni(1)-N(4)-C(4) 166.3(3)

a Symmetry transformations used to generate equivalent atoms: A,
-x + 1/2, y + 1/2, -z + 1/2; B, -x + 1/2, y + -1/2, -z + 1/2.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
[NiL 2]3[Cr(CN)6]2·9H2O (2)

Bond Length (Å)
Cr-C(1) 2.072(5) Cr-C(2) 2.081(6)
Ni-N(4) 2.055(5) Ni-N(3) 2.084(5)
Ni-N(1) 2.094(4) N(1)-C(1) 1.132(6)
C(2)-N(2) 1.136(7)

Angle (deg)
C(1)-N(1)-Ni 165.2(5) N(1)-C(1)-Cr 175.3(5)
N(2)-C(2)-Cr 176.1(6)

Table 3. Selected Bond Lengths (Å) and Angles (deg) for
[NiL 2]3[Cr(CN)5(NO)]2·9H2O (3)

Bond Length (Å)
Ni-N(4) 2.063(4) Ni-N(3) 2.080(4)
Ni-N(2) 2.080(3) Cr-N 1.900(5)
Cr-C(1) 1.900(5) Cr-C(2) 2.058(4)
C(2)-N(2) 1.149(5) C(1)-N(1) 1.208(6)

Angle (deg)
N(2)-C(2)-Cr 176.3(3) N(1)-C(1)-Cr 176.2(5)
C(2)-N(2)-Ni 163.3(3) O-N-Cr 176.2(5)

Figure 1. ORTEP plot of1.
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10 kOe, and the field-cooled magnetization (FCM) was mea-
sured at low temperatures to confirm the magnetic ordering.

Complex 1. A plot of ømT versusT is shown in Figure 6,
whereøm is the magnetic susceptibility per Ni3Cr2 unit. With
the decrease of the temperature,ømT increases slowly down to
ca. 30 K and then sharply, reaching a maximum value of 57.6
emu K mol-1 (21.5µB) at 14.3 K. TheømT value (7.7 emu K
mol-1, 7.8 µB) at room temperature is slightly higher than
expected (6.75 emu K mol-1, 7.3µB) for the spin-diluted Ni3Cr2
system. The maximum value 57.6 emu K mol-1 (21.5 µB) is
much larger than the value of 21.0 emu K mol-1 (13.0µB) for
the ST ) 6 state resulting from the ferromagnetic coupling of
three nickel(II) ions (S ) 1) and two chromimum(III) ions
(S ) 3/2), strongly suggestive of the occurrence of magnetic
ordering (i.e., a magnetic phase transition). Below 14.3 K,ømT
decreases rapidly, which may be due to the interlayer antiferro-
magnetic interaction, the field saturation of the magnetization,

and the zero-field splitting effect of the nickel(II) ions in axially
elongated octahedral surroundings.

The FCM versusT plot (Figure 6, inset) shows a sharp peak
at 12.6 K, suggesting an antiferromagnetic order below ca. 12.6
K. This indicates that an interlayer antiferromagnetic interaction
operates principally.

Figure 2. (a) Projection showing the 2D layer of Cr6Ni6 hexagons for
1. (b) Stacking of the stair-shaped layers for1.

Figure 3. ORTEP plot of2.

Figure 4. (a) Projection showing the 2D layer containing Cr6Ni6
hexagons for2. (b) Stacking of the stair-shaped layers for2.
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The temperature dependence of ac magnetic susceptibilities
presented in Figure 7 shows that the real part of the zero-field
ac magnetic susceptibility (ø′) has a maximum at ca. 13.0 K
for frequencies of 199, 355, 633, and 1111 Hz and that the out-
of-phase component of ac magnetic susceptibility (ø′′) is
negligibly small, indicating antiferromagnetic ordering below
13.0 K.

The field dependence of the magnetization at 1.8 K reveals
a hysteresis loop with a coercive field of 70 Oe and a remnant
magnetization of about 0.11 Nâ (Figure 8). The magnetization
shows a pronounced sigmoidal behavior, which suggests the
metamagnetic nature of1. The magnetization first increases
slowly with the increased field and then sharply, showing a
transition from an antiferromagnetic arrangement to a ferro-

magnetic arrangement between the layers. The critical field (the
lowest field which is used to reverse the interlayer antiferro-
magnetic interaction) is ca. 1.6 kOe at 1.8 K. TheM versusH
curve at 1.8 K shows a rapid saturation above 1.6 kOe, reaching
a value of 11.3 Nâ at 60 kOe, which confirms ferromagnetic
coupling between the Cr(III) and Ni(II) ions through cyano
bridges.

Complex 2.The plot ofømT versusT for 2 shown in Figure
9 (H ) 10 kOe) is similar to that for1. The ømT value (8.3
emu K mol-1, 8.1 µB) at 300 K is higher than expected (6.75
emu K mol-1, 7.3 µB) for dilute three nickel(II) ions (S ) 1)
and two chromium(III) ions (S) 3/2). With the decrease of the
temperature,ømT increases smoothly down to ca. 40 K and then
sharply, reaching a maximum value of 59.4 emu K mol-1 (21.8
µB) at 14.6 K. Below 14.6 K,ømT decreases rapidly, which is
due to the combination of magnetic field saturation and the zero-
field splitting effect of the nickel(II) ions. The gradual increase
in ømT from 300 to 40 K proves the presence of ferromagnetic
coupling within the Ni3Cr2 sheet of2.

The field-cooled magnetizations measured at 100, 500, and
1000 Oe, respectively, show a peak oføm at 11.4 K, suggesting
an antiferromagnetic ordering (see inset of Figure 9). The FCM
curve in 5000 Oe exhibits no maximum, indicating the meta-
magnetic properties of2. The onset of an antiferromagnetic
phase transition is further confirmed by the temperature
dependence of ac molar magnetic susceptibility, displayed in
Figure 10. The real part of the zero-field ac magnetic suscep-
tibilities (øac′) possesses a maximum at ca. 11.9 K. The absence
of øac′′ suggests thatTN of complex2 is about 11.9 K.42

The M versusH curve at 1.8 K (Figure 11) shows a rapid
saturation above 1.5 kOe, reaching a value of 11.6 Nâ at 50

(42) Bohm, A.; Vazquez, C.; McLean, R. S.; Calabrese, J. C.; Kalm, S.
E.; Manson, J. L.; Epstein, A. J.; Miller, J. S.Inorg. Chem.1996, 35,
3083.

Figure 5. ORTEP plot of3.

Figure 6. Temperature dependence ofømT for 1 (inset: FCM curve
of 1).

Figure 7. Real (ø) and imaginary (ø′′) ac magnetic susceptibilities as
a function of temperature taken at 199, 355, 633, and 1111 Hz for1.

Figure 8. Magnetic hysteresis loop at 1.8 K for1.

Figure 9. Temperature dependence ofømT for 2 in an applied field of
10 kOe (inset: FCM curve of2).
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kOe, which confirms ferromagnetic coupling between the Cr(III)
and Ni(II) ions through cyano bridges. The field dependence
of the magnetization at 1.8 K reveals no hysteretic behavior
(see inset of Figure 11). The magnetization shows a sigmoidal
behavior, which suggests the metamagnetic nature of2. The
critical field is ca. 1.5 kOe at 1.8 K.

Complex 3.A plot of ømT versusT for 3 is shown in Figure
12, whereøm is the magnetic susceptibility per Ni3Cr2 unit. The
ømT value at 290 K is ca. 4.5 emu K mol-1 (6.0 µB), which
increases smoothly and then sharply with the decrease of the
temperature, reaching a maximum value of 18.3 emu K mol-1

(11.3 µB) at 6.6 K, strongly suggestive of the occurrence of
magnetic ordering. Below 6.6 K,ømT decreases rapidly, which
may be due to field saturation of the magnetization and the zero-
field splitting effect of the nickel(II) ions.

The FCM curve (see inset of Figure 12) suggests the ferro-
magnetic nature of3. The absence of a peak down to 2.0 K in
the FCM curve shows the existence of an interlayer ferromag-
netic interaction. The derivative curve (dFCM/dT) presents an

extremum at 4.5 K, corresponding to the transition temperature
(Tc).

The real part of the ac magnetic susceptibility (øac′) has a
maximum at ca. 4.3 K accompanied by the occurrence of
nonzeroøac′′, suggesting thatTc of complex3 is about 4.3 K
(Figure 13). This value is much closer to that of [NiL1]3[Cr-
(CN)5(NO)]2‚10H2O (4.5 K).34

The field dependence of the magnetization (0-50 kOe)
measured at 1.8 K shows rapid saturation of magnetization
reaching a value of 8.0 Nâ at 50 kOe, equal to the expected
S) 4 value of 8 Nâ for the ferromagnetic Ni3Cr2 system. The
hysteresis loop at 1.7 K is shown in Figure 14 and displays a
small coercive field of less than 10 Oe and a remnant
magnetization of about 0.4 Nâ per Ni3Cr2 unit, typical of a soft
ferromagnet.

It has been known that, as far as a 2D layered system is
concerned, the combination of the intralayer ferromagnetic and
the interlayer antiferromagnetic interactions is responsible for
the occurrence of metamagnetic behavior. According to Ohba
et al., for the cyano-bridged 2D square-like [Ni(diamine)2]2-
[Fe(CN)6]X assemblies, metamagnetic behavior occurs when
the interlayer separation is less than 10 Å.26 We have reported
two cyano-bridged 2D honeycomb-like Ni3Fe2 complexes,
which also show metamagnetic behavior.30a,c The structural
analyses show that the interlayer separations in these complexes
are ca. 9.3 Å. For1, the crystal packing shows that the shortest
interlayer Ni(II)‚‚‚Cr(III) ions (6.95 Å) are connected through
the-NH‚‚‚N≡C- hydrogen bond, favoring a strong interlayer
antiferromagnetic interaction. It seems surprising that complex
2 exhibits a metamagnetic behavior while isomorphous complex
3 has a ferromagnetic order. This suggests that the nature of
the interlayer magnetic interaction relates to the interacting metal
ions Ni(II)-Cr(III) in 2 and Ni(II)-Cr(I) in 3.

Figure 10. Real (ø) and imaginary(ø′′) ac magnetic susceptibilities
as a function of temperature taken at 111, 199, 355, 633, and 1111 Hz
for 2.

Figure 11. Field dependence of magnetization for2 at 1.8 K (inset:
magnetic hysteresis loop at 1.8 K for2).

Figure 12. Temperature dependence ofømT for 3 in an applied field
of 10 kOe (inset: FCM for3).

Figure 13. Real (ø) and imaginary (ø′′) ac magnetic susceptibilities as
a function of temperature taken at 199, 355, 633, and 1111 Hz for3.

Figure 14. Magnetic hysteresis loop at 1.7 K for3.
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Complexes1 and2 possess similar magnetic behaviors. The
slight difference in the long-range magnetic transition temper-
atures (TN) is due to the difference in the magnitude of an
interlayer antiferromagnetic interaction.30a,cIt is known that the
stronger interlayer antiferromagnetic interaction in an antiferro-
magnet would result in a higherTN value. Therefore, it can be
concluded that the interlayer antiferromagnetic interaction in2
is to some extent weaker than that in1. The difference in the
critical field (Hc) between the two complexes, 1600 Oe for1
and 1500 Oe for2, also adds support to this supposition.

The small coercivity in the present complexes is probably
due to the absence of irreversible movements of the domain
walls.

Complexes1 and 2 have aTN value similar to that of the
Ni3Cr2 analogue [Ni(TMC)]3[Cr(CN)6]2‚12H2O.27b That the
complex [Ni(cyclam)]3[Cr(CN)6]2‚6H2O does not undergo spon-
taneous magnetic ordering down to 2 K is probably the result
of the change in the interlayer magnetic interaction with the
partial loss of lattice water molecules. This could be proven by
the fact that the complete dehydration of a 1D chain complex
[Cu(dien)]3[Fe(CN)6]2‚6H2O results in a dramatic modification
of the magnetic behavior, changing from ferromagnetic to
overall antiferromagnetic.20d

The ferromagnetic interaction between the chromium(III) and
nickel(II) ions can be explained by the strict orthogonality of
the magnetic orbitals of CrIII (3t2g) and NiII (2eg).43 The ferro-
magnetic interaction between the low-spin chromium(I) and
nickel(II) ions is due to the strict orthogonality of the magnetic
orbitals of the Cr(I) [d5, (3dxy)1]44 and Ni(II) [d8, (dx2-y2)1(dz2)1]
ions.34

Conclusions

We have synthesized and structurally characterized three new
cyano-bridged 2D bimetallic magnets constructed from [NiL1]2+

and [NiL2]2+ and [Cr(CN)6]3- or [Cr(CN)5(NO)]3-. The com-
plexes have a stair-shaped honeycomb-like layered structure
extended by Cr-C≡N-Ni linkages, and the NO+ groups in
the [Cr(CN)5(NO)] derivative do not participate in bridging. The

Cr(CN)6 species exhibit long-range antiferromagnetic ordering
at 13.0 and 11.9 K, respectively. Metamagnetic behavior was
observed in1 and2 below TN, which is due to the antiferro-
magnetic interaction between the shortest interlayer metal‚‚‚
metal ions. The Cr(CN)5(NO) complex exhibits a ferromagnetic
phase transition at 4.3 K, similar to that of the reported analogue
[NiL 1]3[Cr(CN)5(NO)]2‚10H2O. The hysteresis loops show that
the three complexes are soft magnets with a coercive field of
70 Oe for1 and 11 Oe for3, while 2 has a hardly noticeable
coercive field.

Experimental Section

Elemental analyses of carbon, hydrogen, and nitrogen were carried
out with a Elementar Vario EL. The infrared spectroscopy on KBr
pellets was performed on a Magna-IR 750 spectrophotometer in the
4000-400 cm-1 region. Variable-temperature magnetic susceptibility
in the fields of 0.1, 0.5, 1, 5, and 10 kOe (FCM), zero-field ac magnetic
susceptibility measurements, and field dependence magnetization were
performed on a Maglab System 2000 magnetometer. Effective magnetic
moments were calculated by the equationµeff ) 2.828(ømT)1/2, where
øm is the molar magnetic susceptibility. The experimental susceptibilities
were corrected for the diamagnetism of the constituent atoms (Pascal’s
tables).

Syntheses.The precursors [NiL1](ClO4)2,45 [NiL 2](ClO4)2,45 K3[Cr-
(CN)6],46 and K3[Cr(CN)5(NO)] H2O47 were prepared by the literature
methods.Caution! Perchlorate salts of metal complexes with organic
ligands are potentially explosive and should be handled in small
quantities with care.

[NiL 1]3[Cr(CN) 6]2‚6H2O (1). To an aqueous solution (15 mL) of
[NiL 1](ClO4)2 (0.3 mmol) was added dropwise, with stirring, a solution
of K3[Cr(CN)6]‚H2O (0.2 mmol) in 10 mL of water. This led to the
immediate precipitation of yellow microcrystals that were collected by
suction filtration, washed with water, and dried in air. Anal. Calcd for
C42H92N30O7Cr2Ni3 (1409.59): C, 35.79; N, 29.81; H, 6.58. Found:
C, 35.72; N, 30.30; H, 6.72. IR (cm-1, KBr): νC≡N 2154, 2129.

Well-shaped yellow crystals suitable for X-ray structure analysis were
grown at room temperature by the slow diffusion of an orange MeCN
solution (30 mL) of [NiL1](ClO4)2 (0.15 mmol) and a yellow aqueous
solution (30 mL) of K3[Cr(CN)6] (0.15 mmol) in an H tube.

(43) Kahn, O.Molecular Magnetism; VCH: New York, 1993; p 251.
(44) Manoharan, P. T.; Gray, H. B.J. Am. Chem. Soc. 1965, 87, 3340.

(45) Suh, M. P.; Kang, S.-G.Inorg. Chem. 1988, 27, 2544.
(46) Bigelow, J. H.; Bailar, J. C.Inorg. Synth. 1946, 2, 203.
(47) Griffith, W. P.; Lewis, J.; Wilkinson, G.J. Chem. Soc. 1959, 872.

Table 4. Crystal Data and Structure Refinement for Complexes1-3

1 2 3

formula C42H90Cr2N30Ni3O7 C48H114Cr2N30Ni3O9 C46H108Cr2N30Ni3O11

MR 1409.59 1529.77 1537.75
λ (Å) 0.710 73 0.710 73 0.710 73
cryst syst monoclinic trigonal trigonal
space group C2/c P3h P3h
a (Å) 25.929(5) 14.919(2) 14.863(2)
b (Å) 15.442(3) 14.919(2) 14.863(2)
c (Å) 19.553(4) 9.5246(19) 9.3134(19)
R (deg) 90 90 90
â (deg) 106.21(3) 90 90
γ (deg) 90 120 120
V (Å3) 7518(3) 1835.9(5) 1781.7(5)
Z 4 1 1
cryst size (mm) 0.12× 0.24× 0.30 0.14× 0.20× 0.26 0.18× 0.25× 0.28
Fcalcd 1.245 1.384 1.433
µ(Mo KR) (mm-1) 1.076 1.110 1.146
F(000) 2968 810 814
θmax 27.96 27.87 27.89
reflns collected 49 556 20 390 38 162
independent reflns 8940 2893 2802
data/restraints/params 5801/0/384 2225/0/142 2044/0/142
final R indices [I > 2σ(I)] R1 ) 0.0613, wR2) 0.1642 R1) 0.0721, wR2) 0.1749 R1) 0.0630, wR2) 0.1572
R indices (all data) R1) 0.1051, wR2) 0.1912 R1) 0.0937, wR2) 0.1878 R1) 0.0917, wR2) 0.1693
largest diff peak/hole (e Å-3) 0.817/-0.348 0.730/-0.629 0.374/-0.470
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[NiL 2]3[Cr(CN) 6]2‚9H2O (2). Complex2 was prepared as yellow
microcrystals in a way similar to that of complex1 except for the
employment of [NiL2](ClO4)2 replacing [NiL1](ClO4)2. Anal. Calcd for
C42H108N30O9Cr2Ni3 (1529.77): C, 37.69; N, 27.47; H, 7.12. Found:
C, 37.67; N, 27.24; H, 7.11. IR (cm-1, KBr): νC≡N 2155, 2123.

[NiL 2]3[Cr(CN) 5(NO)]2‚9H2O (3). Complex3 was prepared in a
way similar to that of complex [NiL1]3[Cr(CN)5(NO)]2‚10H2O34 except
for the employment of [NiL2](ClO4)2 replacing [NiL1](ClO4)2. Anal.
Calcd for C46H108N30O11Cr2Ni3 (1537.75): C, 35.93; N, 27.33; H, 7.08.
Found: C, 35.79; N, 27.67; H, 7.06. IR (cm-1, KBr): νC≡N 2142, 2111,
νOdN 1670. Well-shaped yellow crystals were prepared by a slow diffuse
method and subject to magnetic measurements and X-ray diffraction
structural analysis.

Crystallographic Data Collection and Structure Determination.
The data collections of1-3 were made on a Noniusκ-CCD diffrac-
tometer using graphite-monochromated Mo KR radiation (λ ) 0.710 69
Å) at 293 K. The structures were solved by the direct method and
refined by full-matrix least-squares (SHELEXL-93) onF2. Anisotropic
thermal parameters were used for the non-hydrogen atoms and isotropic
parameters for the hydrogen atoms. Hydrogen atoms were added
geometrically and refined using a riding model. The pendent ethyl

carbon atoms of the macrocyclic ligand L2 in 3 experienced disorder
over two positions, and a split-atom model with a 1:1 occupancy was
applied. WeightedR factors (wR) and all of the goodness-of-fit (S)
values are based onF2; conventionalR factors (R) are based on
F, with F set to zero for negativeF2. The weighting scheme isw )
1/[s2Fo

2 + (0.0433P)2 + 0.0000P], where P ) (Fo
2 + 2Fc

2)/3. The
crystal data are summarized in Table 4.
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