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Introduction

There has been increasing interest in low-dimensional mag-
netic systems which show peculiar quantum effects. One-
dimensional NiII systems with antiferromagnetic intrachain
interactions have been extensively studied from this point of
view.1 Some experimental results2 have proven the Haldane
prediction;3 that is, there is a singlet-triplet energy gap for the
integer spin system. In contrast, only a few one-dimensional
NiII systems with intrachain ferromagnetic interactions have been
reported; for example, double end-on azido-bridged NiII com-
plexes showed intrachain ferromagnetic interactions (J) 11.9-
21.7 cm-1; H ) -2J∑Si‚Sj)4 and atrans-cyanatocatenaNiII

complex showed weak intrachain ferromagnetic interactions (J
) 2.3 cm-1; H ) -2J∑Si‚Si+1).5 On the other hand, [CrO4]2-

units have been known to act as bridging ligands, and some
[CrO4]2- bridged metal complexes have been magnetically and
structurally characterized.6 A dinuclear CuII complex, [{CuII-
(acpa)}2(µ-CrO4)] (acpa) tridentate Schiff base ligand), showed
ferromagnetic interactions (2J) 14.6(1) cm-1; H ) -2JS1‚S2),7
while antiferromagnetic interactions are operative in other metal
complexes.8 Here we report the structure and magnetic and
optical properties of a ferromagnetic chain systemcatena-(µ-
CrO4-O,O')[Ni II(cyclam)]‚2H2O (1) (cyclam ) 1,4,8,11-tet-
raazacyclotetradecane).

Experimental Section

Preparation of catena-(µ-CrO4-O,O′)[Ni II (cyclam)]‚2H2O (1). A
solution of K2CrO4 (194 mg, 1 mmol) and triethylamine (101 mg, 1
mmol) in water (10 mL) was added to a solution of the [NiII(cyclam)]-
(ClO4)2 (458 mg, 1 mmol) in water (5 mL). After the solution was
left to stand overnight, dark red tablets of1 were filtered out and one
of them was subjected to the X-ray structural analysis. Anal. Calcd

for C10H28CrN4NiO6: C, 29.22; H, 6.87; N,13.63. Found: C, 28.98;
H, 6.42; N, 13.38.
Physical Measurements.Magnetic susceptibility data were col-

lected in the temperature range 2.0-300 K in an applied field of 1 T
with the use of a Quantum Design Model MPMS SQUID magnetom-
eter. Pascal’s constants were used to determinate the constituent atom
diamagnetism.9 Polarized reflection spectra was measured by using a
halogen-tungsten incandescent lamp. Light from the lamp was focused
by a concave mirror on the entrance slit of a 25 cm grating
monochromator (JASCO GD25). The monochromatic light from the
exit slit was passed through a polarizer and was focused on the specific
surface of a single crystal sample by using an optical microscope.
Reflected light from the sample was focused by a concave mirror on
the detector (A PbS cell or a photomultiplier tube).
X-ray Crystallography. Table 1 lists the crystallographic data.

Crystal of1 with dimensions of 0.3× 0.4× 0.5 mm3 was used for
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Table 1. Crystal and Refinement Data for
catena-(µ-CrO4-O,O′)[Ni(cyclam)]‚2H2O

formula C10H28CrN4NiO6

fw 411.05
temp (°C) -60
space group P1h (No. 2)
a (Å) 9.156(2)
b (Å) 12.168(2)
c (Å) 9.027(3)
R (deg) 92.86(2)
â (deg) 117.74(2)
γ (deg) 105.06(2)
V (Å3) 842.2(2)
Z 2
Fcalc (g cm-3) 1.621
Fobsd(g cm-3) 1.64
λ(Mo KR) (Å) 0.710 73
µ(Mo KR) (cm-1) 18.2
Ra 0.027
Rwb 0.036

aR ) ∑(|Fo| - |Fc|)/∑|Fo|. b Rw ) [∑w(|Fo| - |Fc|)2/∑w|Fo|2]1/2.
w ) (σc

2 + (0.02|Fo|)2)-1.
Table 2. Fractional Coordinates and Equivalent Isotropic
Displacement Parameters (Å2) of Non-Hydrogen Atoms of
catena-(µ-CrO4-O,O′)[Ni(cyclam)]‚2H2O

x/a y/b z/c Ua

Ni(1) 0 0 1 0.0128(1)
Ni(2) 1/2 1/2 1 0.0146(1)
Cr 0.18907(4) 0.29116(2) 1.05547(4) 0.0152(1)
O(1) 0.1162(2) 0.1556(1) 0.9515(2) 0.0201(6)
O(2) 0.2702(2) 0.3808(1) 0.9620(2) 0.0220(6)
O(3) 0.0267(2) 0.3243(1) 1.0602(2) 0.0294(7)
O(4) 0.3429(2) 0.3004(1) 1.2511(2) 0.0276(6)
O(5) -0.1616(3) 0.4292(2) 0.7908(3) 0.0380(8)
O(6) 0.6419(4) 0.2454(2) 0.4946(3) 0.066(1)
N(1) -0.1534(2) -0.0592(1) 0.7385(2) 0.0171(7)
N(2) 0.1970(2) -0.0638(1) 1.0213(2) 0.0173(7)
N(3) 0.5335(3) 0.3766(2) 0.8645(3) 0.0283(9)
N(4) 0.3543(2) 0.5597(2) 0.7876(3) 0.0260(8)
C(1) -0.2830(3) 0.0031(2) 0.6805(3) 0.0245(9)
C(2) -0.0573(3) -0.0485(2) 0.6438(3) 0.0227(9)
C(3) 0.0780(3) -0.1113(2) 0.7082(3) 0.0252(9)
C(4) 0.2382(3) -0.0520(2) 0.8824(3) 0.0223(9)
C(5) 0.3474(3) -0.0067(2) 1.1924(3) 0.0249(9)
C(6) 0.2297(3) 0.4720(3) 0.6310(3) 0.041(1)
C(7) 0.3189(4) 0.4009(3) 0.5819(4) 0.051(1)
C(8) 0.3794(4) 0.3165(2) 0.6949(4) 0.045(1)
C(9) 0.5952(4) 0.2980(2) 0.9807(4) 0.042(1)
C(10) 0.2742(4) 0.6319(2) 0.8429(4) 0.041(1)

a Equivalent isotropicU defined as one-third of the trace of the
orthogonalizedUij tensor.
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data collection. Diffraction data at-60 °C were collected on Rigaku
AFC7S diffractometer equipped with graphite monochromatized Mo
KR (λ ) 0.710 73 Å) radiation. Three standard reflections were
measured every 200 data collections and revealed no fluctuation in
intensities. The lattice constants were optimized from a least-squares
refinement of settings of 25 carefully centered Bragg reflections in the
range 25° < 2θ < 30°. Data were corrected for Lorentz and
polarization. An empirical absorption correction by using theψ scan
method was applied which resulted in transmission factors ranging from
0.99 to 1.06. The maximum 2θ value for the data collection was 55°.
The numbers of measured and unique reflections were 4102 and 3858,
respectively. The structure was solved by a conventional heavy atom
method and refined by the full-matrix least-squares method with
anisotropic thermal parameters for non-hydrogen atoms and isotropic
ones for hydrogen atoms. FinalRandRw values are 0.027 and 0.036,
respectively, for 3444 unique reflections withIo > 3σ(Io) and 314
parameters. The final Fourier difference synthesis showed a maximum
and minimum of+0.49 and-0.84 e Å3, respectively. All calculations
were performed by using Xtal 3.2.10 Final atomic parameters and
equivalent isotropic thermal parameters for non-hydrogen atoms are
listed in Table 2.

Results and Discussion

The reaction of [NiII(cyclam)](PF6)2 with K2CrO4 in water
gave dark red tablets of1. Complex1 crystallizes in the triclinic
space groupP1h. Selected bond lengths and angles were listed
in Table 3. In1, the crystal consists of a [CrO4]2- anion, water
molecules, and two kinds of crystallographically independent
[Ni(cyclam)]2+ cations located on the center of inversion. The
coordination geometry about each NiII ion is octahedral, where
the equatorial coordination sites of the NiII ions are occupied
by four nitrogen atoms from cyclam (Ni-N ) 2.061(2)-
2.076(2) Å) and the axial sites are completed by two oxygen
atoms from [CrO4]2- anion (Ni-O ) 2.083(2)-2.092(1) Å).
[CrO4]2- anions bridge the NiII ions and form a one-dimensional
structure (Figure 1) with the Ni-Cr separation of 3.4100(6)-
3.5366(6) Å.
The magnetic susceptibility data for1 are shown in the form

of ømT vs T plots (Figure 2). ømT values increase as the
temperature is lowered to 9 K, which is indicative of a
ferromagnetic interaction. In1, the Ni-Ni separation within
the chain is 6.5954(9) Å, while the closest Ni-Ni separation
between the chain is 8.512(1) Å. The observed ferromagnetic
interaction is, therefore, due to the intrachain interaction.
Fisher’s model11 for the classical-spin chain system (S) 1 and
Hchain) -J∑Si‚Si+1) was applied to the analysis of the magnetic

data. The magnetic susceptibilityøm can be expressed as

where the symbols have their usual meaning. The least-squares
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Table 3. Selected Bond Lengths (Å) and Angles (deg) of
catena-(µ-CrO4-O,O′)[Ni(cyclam)]‚2H2O

Ni(1)-O(1) 2.092(1) Ni(1)-N(1) 2.069(2)
Ni(1)-N(2) 2.076(2) Ni(2)-O(2) 2.083(2)
Ni(2)-N(3) 2.062(3) Ni(2)-N(4) 2.061(2)
Cr-O(1) 1.655(1) Cr-O(2) 1.646(2)
Cr-O(3) 1.657(2) Cr-O(4) 1.642(1)
Ni(1)-Cr 3.4100(6) Ni(1)-Ni(2) 6.5954(9)
Ni(2)-Cr 3.5366(6)

O(1)-Ni(1)-N(1) 87.94(6) O(1)-Ni(1)-N(2) 90.91(7)
O(1)-Ni(1)-N(1) 92.06(6) O(1)-Ni(1)-N(2) 89.09(7)
N(1)-Ni(1)-N(2) 94.68(8) O(2)-Ni(2)-N(3) 90.21(8)
O(2)-Ni(2)-N(4) 88.83(7) O(2)-Ni(2)-N(3) 89.79(8)
O(2)-Ni(2)-N(4) 91.17(7) N3-Ni(2)-N4 94.29(9)
O(1)-Cr-O(2) 110.45(9) O(1)-Cr-O(3) 109.06(8)
O(1)-Cr-O(4) 108.12(8) O(2)-Cr-O(3) 110.19(9)
O(2)-Cr-O(4) 109.25(8) O(3)-Cr-O(4) 109.7(1)
Ni(1)-O(1)-Cr 130.7(1) Ni(2)-O(2)-Cr 142.75(8)

Figure 1. One-dimensional structure of1 showing 30% thermal
ellipsoids.

Figure 2. Temperature dependence ofømT values for1. The solid
line corresponds to the best-fitted curves by using the parameters
described in the text.

øm )
Ng2â2S(S+ 1)

3kT
1+ u
1- u

u) coth[JS(S+ 1)
kT ] - [ kT

JS(S+ 1)]
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fitting of the observed data above 9 K led toJ) +0.6(1) cm-1

andg ) 2.13(1). In this fitting, the contribution of the zero
field splitting of the NiII ion was ignored because of the
octahedral coordination geometry of the NiII ions. The sudden
decrease ofømT values below 9 K might be due to an
antiferromagnetic interchain interaction.
Optical conductivity spectra of1, which were obtained by

the Kramers-Kronig transformation from the polarized reflec-
tivity spectra for the single crystal, are depicted in Figure 3.
When the electric vectorE is parallel to the chain (E| chain), a
strong absorption band (410 nm) with a shoulder (510 nm) was
observed, where the band at 410 nm was assigned to the LMCT-
(OfCr) band.12 When E is perpendicular to the chain (E⊥
chain), the shoulder band disappeared. UV-vis spectra of [Ni-
(cyclam)](PF6) and K2CrO4 in water showed a d-d band at
460 nm (ε ) 60 M-1 cm-1) and a LMCT band at 372 nm (ε )
1900 M-1 cm-1), respectively. The intensity ratio (Ishoulder/
ILMCT(OfCr) ) 0.20) of the shoulder band to the LMCT(OfCr)
band in1 is much bigger than that for which would be expected
for the d-d band of the NiII ion (INi(d-d)/ILMCT(OfCr) ) 0.03).
The absorption band at 510 nm can be assigned to the LMCT

band from the coordinated oxygen atom to the NiII ion. Due
to the LMCT(OfNi) interaction, the spin on the dz2 orbital is
considered to delocalize onto the coordinated oxygen atom of
[CrO4]2- anion.

Propagation of the ferromagnetic interaction in1 can be
understood by the orbital topology of the frontier orbitals.
UnderTd symmetry [CrO4]2- ion has triply degenerate HOMOs
(highest occupied molecular orbital), being combinations of t2-
type chromium d and coordinated oxygen p orbitals. When the
[CrO4]2- anion bridges NiII ions from their axial sites, each
having two spins on dz2 and dx2-y2 orbitals, the dz2 of the NiII

ions and two of the triply degenerate orbitals of the [CrO4]2-

fragment form two sets ofσ-type bonding and antibonding
orbitals. The dz2 orbitals of the NiII ions and the oxygen p
orbitals interact to mix through the LMCT(OfNi) interaction.
The two unpaired electrons from the dz2 orbitals occupy the
antibonding orbitals, while the dx2-y2 and remainder of the
[CrO4]2- orbitals remain nonbonding (Scheme 1). The magnetic
susceptibility measurement of1 does show ferromagnetic
interaction between NiII ions. Therefore, the two antibonding
MOs having two spins must be energetically close enough to
stabilize the high-spin state.
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Figure 3. Optical conductivity spectra of1 for the single crystal with
E parallel to the chain (s) andE perpendicular to the chain (- - -).

Scheme 1
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