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The reaction of hexacyanochromate(III) with Ni(tmc)2+ (tmc =
tetramethylcyclam) leads to the formation of the layered
compound [Ni(tmc)]3[Cr(CN)6]2·18H2O displaying a corru-
gated sheet structure. Within each layer, the Ni(tmc) units
are surrounded by two Cr(CN)6 complexes in a trans fashion
while the Cr(CN)6 units are linked to three Ni(tmc) molecules
in facial positions. The magnetic studies show ferromagnetic
interaction for a NiII(d8, t2g

6 eg
2)−CN−CrIII(d3, t2g

3 ) system within

Introduction

Over the last ten years, bimetallic, cyanide-bridged sys-
tems built from hexacyanometallates have provided new
materials possessing three,[129] two,[10216] one[17221] and
zero[22227] dimensionality.[28] Room temperature molecular-
based magnets as well as photoinduced magnets have been
synthesized and characterized.[4,29232] Kahn and co-
workers opened new perspectives in the field by preparing
a MoIII2MnII cyanide-bridged, three-dimensional ferro-
magnet (TC 5 51 K) possessing large magnetic aniso-
tropy.[33,34]

The magnetic properties are intimately related to the di-
mensionality of the systems. When the cyanide bridges
spread in the three directions of space, long-range magnetic
ordering occurs. On the other hand, if the cyanide bridges
are restricted in zero dimensions, leading to high-spin dis-
crete species,[22,23,26,27] new phenomena like the blocking
and the quantum tunneling of the magnetization may be
observed.[35,36]

We report here the preparation, crystal structure, mag-
netic properties and magnetic phase diagram of a new com-
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the layers. Below a critical temperature (TN = 14 K), a bulk
antiferromagnetic order is observed due to a small interlayer
antiferromagnetic interaction. An antiferromagnetic R ferro-
magnetic phase transition occurs for an applied field HC of
1200 Oe expressing the metamagnetic behavior of the com-
pound. The phase diagram of the compound was constructed
and the antiferromagnetic interlayer magnetic energy was
estimated to be equal to 0.1 cm−1.

pound [Cr(CN)6]2[Ni(tmc)]3·18H2O obtained from the reac-
tion of [Ni(tmc)](ClO4)2 (tmc 5 tetramethylcyclam, a tetra-
dentate ligand) and K3[Cr(CN)6]·2H2O.

Results and Discussion

Synthesis and Characterization

The reaction of [Ni(tmc)](ClO4)2 and K3[Cr(CN)6]·2H2O
in water leads to the formation of an insoluble pale pink
powder. The IR spectrum of the powder shows the presence
of all the features expected for the organic tmc ligand in
addition to two bands at 2154 and 2129 cm21 assigned to
the asymmetric vibrations of bridging and nonbridging cy-
anides. Elemental analysis is consistent with the following
formula [Cr(CN)6]2[Ni(tmc)]3·18H2O. In order to estimate
accurately the number of water molecules and to study the
effect of dehydration, thermogravimetry was carried out in

Figure 1. Thermogravimetric analysis in the form of loss of water
molecules per unit formula versus temperature
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the temperature range 202190 °C. Upon heating, nine
water molecules are lost between room temperature and
75°C (Figure 1).

A further three water molecules are lost between 75 and
185 °C, where decomposition occurs. A total loss of 12
water molecules per unit formula is thus observed, although
chemical analysis gave a total of 18 water molecules per
unit formula. The remaining six water molecules are pos-
sibly more strongly bound through hydrogen bonds. The IR
spectrum of a powder heated up to 180 °C and that of a
nonheated sample are identical. The IR spectrum of the
powder heated above 185 °C shows the absence of many
bands belonging to the organic ligand.

Single crystals were obtained by a slow diffusion of aque-
ous solutions of the two precursors in an H tube. The IR
spectrum of a few crystals was found to be identical to that
of the powder.

Structure

X-ray diffraction studies reveal a layered structure with
corrugated sheets as depicted in Figure 2 and 3. Within
each layer, each Ni(tmc) unit is surrounded by two hexacy-
anochromate complexes in a trans position, as expected,
while the Cr(CN)6 units are linked to three Ni(tmc) dis-
posed in a facial manner. The observed honeycomb-like
corrugated layers are the result of: (i) the facial and not the
meridional disposition of the three nickel complexes around
the chromium anion, and (ii) the presence of an inversion
center located on the nickel atoms. The same spatial ar-
rangement has already been found in a related compound
reported earlier where the tetradentate ligand cyclam were
used instead of tetramethylcyclam.[12]

Figure 2. View along the z axis showing the honeycomb-like struc-
ture of the layers

All chromium atoms are crystallographically equivalent
within the structure. The geometry around Cr can be con-
sidered as being isotropic. Around the nickel, the shortest
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distance [Ni(1)2N(10) 5 2.089(10)Å] is that with the cyan-
ides9 nitrogen atoms. The Ni2N bonds to the tmc9s nitro-
gen atoms are 2.185(18) and 2.306(14) Å for Ni(1)2N(1)
and Ni(1)2N(4) respectively (Figure 4).

Despite the high R factor (14%), there is a clear tendency
to have longer Ni2N bonds within the macrocycle than
with the apical cyanides9 nitrogen atoms. This lengthening
has already been noted for cyclam derivatives.[37] It has been
attributed to the nonbonded repulsion between the hydro-
gen atoms of the alkyl substituents and those of adjacent
carbon atoms. This bond lengthening within the macrocycle
results in a shortening of the apical Ni2N bond lengths
when axial ligands are present. Indeed, the apical Ni2N
bond lengths are shorter for trans-[Ni(tetrapropylcy-
clam)(NCS)2] than for trans-[Ni(cylam)(NCS).[38,39] The
same tendency is observed when comparing the data of the
present compound to those of the previously reported cy-
clam analogue. The shortest Ni2N bond length is found
for nitrogen atoms belonging to the organic macrocycle
[Ni2N 5 2.06(2) Å] for the cyclam analogue, while for the
present compound the apical Ni2N bond length is found
to be the shortest. Another important difference between
the two compounds is the value of the Ni(1)2N(10)2C(10)
angle [173.4(1)°] which is closer to linearity in the present
compound than when cyclam is used [171.6(1)°].

Magnetic Properties

All the magnetic studies were performed on a powdered
sample and it was checked that the properties of a few
single crystals were the same as that of the powder. The
χMT 5 f(T) curve (Figure 5, recorded in an applied field of
3000 Oe) shows that χMT increases smoothly between 300
and 50 K upon cooling and then sharply below 50 K. A
maximum is observed at T 5 14 K. The χMT value at T 5
300 K (8.18 cm3 K mol21) is well above what is expected
for two noninteracting CrIII and three noninteracting NiII

ions i.e. 7.03 cm3 K mol21, obtained by fitting the high
temperature part of the 1/χM 5 f(T) curve.[40]

The increase of χMT upon cooling is the signature of a
ferromagnetic-exchange coupling between nearest neighbor
metal ions through the cyanide bridge. This has already
been observed in related systems and has been ascribed to
the orthogonality of the CrIII and NiII magnetic or-
bitals.[2,22,26] The abrupt increase of χMT below 50 K to a
maximum value as large as 156 cm3 K mol21 indicates the
occurrence of a large correlation between the magnetic ions
within the layers which is the origin of the magnetic aniso-
tropy within the compound.[41]

In order to investigate the low temperature behavior, the
temperature dependence of the magnetization was first
measured in the presence of a weak applied field (30 Oe)
and then at higher fields ranging from 400 to 1400 Oe.[42]

The susceptibility (M/H) vs. temperature curve performed
at H 5 30 Oe (Figure 6) reveals the presence of a maximum
at T 5 14 K. The presence of such a maximum rules out
the possibility of a 3D ferromagnetic order, where a satura-
tion of the susceptibility is expected.
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Figure 3. View along the xy plane revealing the corrugated sheets (tmc has been removed for clarity)

Figure 4. View of a dinuclear unit with atom-numbering scheme
(hydrogen atoms are omitted for clarity); selected bond lengths [Å]
and angles [°] with standard variations in parentheses: Ni(1)2N(1)
2.185(18), Ni(1)2N(4) 2.306(14), Ni(1)2N(10) 2.089(10),
C(10)2N(10) 1.141(14), C(20)2N(20) 1.075(13), Cr(1)2C(10)
2.067(9), Cr(1)2C(20) 2.103(9); C(10)2N(10)2Ni(1) 173.4(10),
N(10)2C(10)2Cr(1) 173.6(10), N(10)2C(20)2Cr(1) 174.7(11)

On the other hand, the fact that at low temperature (5 K)
the susceptibility value (11.3 cm3 mol21) is about two thirds
that at the maximum (17.8 cm3 mol21) is the signature of
the occurrence of antiferromagnetic ordering in a randomly
nonoriented sample.[43] For antiferromagnets in noncubic
symmetry and within the framework of the mean field
approximation, the perpendicular and the parallel compon-
ents of the susceptibility measured on a single crystal have
the same value at the ordering temperature. Below TN, the
perpendicular component remains constant in order to
minimize the magnetic energy while the value of the parallel
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Figure 5. Thermal variation of the product of susceptibility and
temperature of [Cr(CN)6]2[Ni(tmc)]3·18H2O (χMT versus T) in an
applied field H 5 3 kOe; inset: the increase of χMT between 300
and 100 K

Figure 6. Thermal variation of the susceptibility in a field of 30 Oe

component decreases and vanishes at low temperature.
Since the susceptibility of a powder is given by χ 5 (χ|| 1
2χ')/3, its value expected at low temperature corresponds
to two thirds that of the maximum, as observed experimen-
tally in the present compound.

Upon increasing the strength of the applied magnetic
field, the maximum of the M 5 f(H) curves (Figure 7) shifts
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towards low temperature and disappears beyond H 5 1400
Oe, showing a saturation of the magnetization.

Figure 7. Thermal variation of the magnetization of a polycrystal-
line sample for different applied magnetic fields

This is the signature of the appearance of a ferromagnetic
phase induced by the external applied magnetic field. On
the other hand, the magnetization vs. field measurements
performed at T 5 2 K (Figure 8) present a sigmoidal shape.
Upon increasing the applied field from zero, the magnetiza-
tion increases first linearly and then abruptly and reaches
saturation around 7 kOe. The sigmoidal shape of the M 5
f(H) curve is characteristic of a metamagnetic behavior.
This is the result of the transition from an antiferromag-
netic to a field-induced ferromagnetic phase without going
through an intermediate spin-flop phase. Such an abrupt
transition is observed only if magnetic anisotropy is of the
same order of magnitude or larger than the antiferromag-
netic interaction so that the antiparallel magnetic moments
remain in the same direction as the increasing applied mag-
netic field. In the case where the anisotropy energy is
weaker than the antiferromagnetic energy, beyond a given
magnetic field (which is usually very small) the system goes
through an intermediate phase with canted magnetic mo-
ments (the spin-flop phase) before reaching the ferromag-
netic phase. In such a situation, upon increasing the applied
magnetic field a linear increase of the magnetization that
extrapolates to zero for H 5 0 should be observed before
saturation is reached.[44,45] Such metamagnetic behavior has
been already observed in layered compounds with strong
ferromagnetic intralayer interactions and relatively weak in-
terlayer antiferromagnetic interactions so that the magnetic
anisotropy energy need not be very strong. The critical field
needed to overcome the antiparallel alignment of the mag-
netic moments is found to be equal to 1170 Oe at T 5 2K.

In summary, we can conclude that within the layers a
ferromagnetic interaction operates leading to a relatively
large correlation between the magnetic ions, while between
the layers a weak antiferromagnetic interaction occurs lead-
ing to an overall antiferromagnetic order at TN 5 14 K.
This antiferromagnetic order is overcome by an external ap-
plied field of 1170 Oe at T 5 2 K.
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Figure 8. Variation of the magnetization as a function of the ap-
plied magnetic field at T 5 2 K; inset: the sigmoidal shape at low
values of the field

Magnetization vs. field isotherms performed at temper-
atures ranging from 2 to 14 K (not shown here) demon-
strate that the critical field value decreases upon increasing
the temperature and vanishes at T 5 14 K. The critical field
is estimated at the intersection of two linear slopes before
and after the transition. Plotting the critical field HC(T) as
a function of the temperature at which the magnetization
isotherms are measured leads to the phase diagram of the
metamagnet (Figure 9). This phase diagram (which is par-
tial as explained below) presents two regions delimited by
the HC(T) 5 f(T) curve. The region below the curve corre-
sponds to the domain of stability of the antiferromagnetic
phase while the upper region corresponds to the domains
where the field-induced ferromagetic and the paramagnetic
phases are stable. These two phases are, of course, well sep-
arated but a frontier line is difficult to determine experi-
mentally.

Figure 9. Phase diagram of the metamagnet; the dashed curve rep-
resents the range of second order magnetization and the continuous
curve represents first order hysteresis magnetization; the tricritical
point separates the two regions

However, a metamagnet has a tricritical point (TTCP in
the following discussion) where the three phases coexist;
this tricritical point belongs to the HC(T) 5 f(T) curve.[45]

At temperatures below TTCP the antiferro-
magnetic2ferromagnetic transition is a first order trans-
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ition and a hysteresis loop should be observed in the M 5
f(H) curves, while at temperatures above that of the tricrit-
ical point (but below TN), the antiferromagnetic2
paramagnetic phase transition is a second order transition
and no hysteresis loop can be present. So, in order to deter-
mine the temperature of the tricritical point, we measured
the magnetization as a function of the applied field for tem-
peratures ranging from 2 to 12 K. Figure 10 shows the pres-
ence of a hysteresis loop in the M 5 f(H) curve performed
at T 5 2 K.

Figure 10. Hysteresis curve recorded between 22 and 12 kOe at
T 5 2 K

The maximum width of the loop is found to be equal to
244 Oe. When the temperature is increased, the width of the
hysteresis loop decreases to 70 Oe at T 5 9 K and almost
vanishes at 10 K (Figure 11). Between 10 and 13 K, the
M 5 f(H) curves still have the sigmoidal shape (less pro-
nounced than at lower temperatures) but no hysteresis
could be detected anymore. This allows us to place the tri-
critical point at TTCP 5 10 K.

Figure 11. Isothermal magnetization curves measured at T 5 4 K
(-----), 9 K (······) and 10 K (—); note the hysteresis behavior at 9
and 4 K

The value of the critical field HC of the metamagnet may
be obtained by extrapolating the HC(T) 5 f(T) curve to T 5
0 K; it is found to be equal to 1200 Oe. This corresponds
to the magnetic field needed to overcome the antiparallel
alignment of the spins. The corresponding magnetic energy
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is given by gßHC and is found to be equal to 0.1 cm21 when
assuming a g value of 2.

Concluding Remarks

The quality of the crystal structure of this compound is
not high enough to allow a thorough discussion of the ori-
gin of the bulk magnetic properties reported. For instance,
the position of the water molecules that occupy the in-
terlayer space (18 per unit formula) could not be refined
and there was no possibility of knowing whether a hydro-
gen-bonded network exists within the compound. However,
TGA studies show that six water molecules (per unit for-
mula) cannot be removed before decomposition (which oc-
curs at a rather high temperature). This suggests that these
water molecules belong to a hydrogen-bonded network
spreading all over the compound and linking the layers to-
gether. On the other hand, the magnetic properties of a
sample heated at 180 °C under vacuum for 24 hours are the
same as those of a nonheated sample. This is in line with
the hypothesis of the presence of water molecules linking
the layers through hydrogen bonds and thus forming a
pathway for the interlayer antiferromagnetic interaction re-
sponsible for the antiferromagnetic order. The magnitude
of the magnetic energy corresponding to the interlayer anti-
ferromagnetic interaction (0.1 cm21) is weak but reasonable
for a separation of 9.25 Å between the layers. This is still in
a distance range where exchange through bonds may be
more important than through space (dipolar).

The metamagnetic behavior observed is the result of the
presence of a magnetic anisotropy with an energy at least
as large as the energy responsible for the antiferromagnetic
interaction between the layers. A quantitative determination
of the magnetic anisotropy energy may be obtained from
single crystal magnetic studies. Unfortunately, such studies
could not be carried out because of a lack of crystals of
suitable size and shape. However, the large correlation be-
tween the magnetic moment evidenced by the rather large
value of the susceptibility at the Néel temperature is re-
sponsible for the presence of the magnetic anisotropy that
leads to the metamagnetic behavior. The large correlation
is the result of a relatively large ferromagnetic exchange in-
teraction through the cyanide bridge. The lack of such a
correlation in the previously reported cyclam analogue in-
dicates that the magnitude of the CrIII2NiII ferromagnetic
interaction is larger in the present tmc-based com-
pound.[12,46] This may be related to the local structure
around the Ni atoms; shorter apical Ni2N bond lengths
and Ni2N2C angles (NC being the cyanide bridges) closer
to linearity in the present compound may be the origin of
the larger ferromagnetic short-range interaction and thus
responsible for the bulk magnetic properties observed in the
present compound and absent in the cyclam analogue.

Experimental Section

Hazards: Perchlorate salts should be handled with care and used
in small quantities.
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Syntheses: The [Ni(tmc)](ClO4)2 salt was prepared as previously re-
ported.[47] The powder samples of the reported compound were
obtained as follows: an aqueous solution (50 mL) containing 1023

mol of [Ni(tmc)](ClO4)2 was added dropwise to 50 mL of an aque-
ous solution containing an equimolar amount of
K3[Cr(CN)6]·2H2O. A pale pink powder immediately formed,
which was filtered, thoroughly washed with water and then dried
under vacuum. 2 C54H132Cr2N24Ni3O18 (1685.9): calcd. C 37.67,
H 7.67, N 19.53, Ni 10.24, Cr 6.05; found C 37.61, H 7.70, N 19.49,
Ni 10.13, Cr 5.93.

General Remarks: Thermogravimetric studies were carried out in
argon atmosphere at a heating rate of 1 °C per minute. The mag-
netic measurements were performed using a SQUID magnetometer
operating in the 30022 K temperature range and the 0255 kOe
magnetic field range. The drawings were carried out with the
CRYSTAL MAKER program.[48]

Crystal Data for 1: C54H132Cr2N24Ni3O18, M 5 1685.97, trigonal,
a 5 16.055(4), c 5 9.248(7) Å, U 5 2064.4(17) Å3, T 5 220 K,
space group P3̄m1, Z 5 1, Cu-Kα1 5 3.461 mm21, 3503
reflections measured, of which 1161 were unique (Rint 5 0.0745).
The structure was solved by direct methods (SIR92) and refined
with Shelxl-97;[49,50] solvent water was treated in the manner de-
scribed by van der Sluis and Spek.[51] The final conventional R
factor [based on F and 788 data with F . 4(F)] was 0.1465. The
high R factor reflects complete disorder of the macrocycle about
the crystallographic 2/m site occupied by the Ni. Crystallographic
data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC 147292.
Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ UK [Fax: (in-
ternat.) 144-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk).
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