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Syntheses, structures and magnetic properties of a hetero-
bridged µ-phenoxido-µ1,1-NCO dinickel(II) compound [NiII2-
(HL)3(µ-NCO)]·2H2O (1) and a heterobridged bis(µ3-phen-
oxido)bis(µ3-alkoxido)tetranickel(II) system, [NiII4(L)2(HL)2-
(SeCN)2(H2O)2]·C3H7NO·4H2O (2), containing a cubane-
type NiII4O4 core, derived from the tetradentate Schiff base
compartmental ligand N-(2-hydroxyethyl)-3-methoxysalicyl-
aldimine (H2L) were described. Compounds 1 and 2 crys-
tallize in triclinic P1̄ and monoclinic P21/c systems, respec-
tively. Compound 2, in which the Ni4O4 cubane core is com-

Introduction

Studies of the magnetic properties of exchange-coupled
compounds have attracted much attention to understand
the intimate role of spin coupling and to develop molecule-
based magnetic materials.[1–7] As most of the reported ex-
change-coupled compounds are antiferromagnetically cou-
pled,[1] designed synthesis of systems exhibiting ferromag-
netic interaction is an important task.

Heterobridged µ-hydroxido/alkoxido/phenoxido-µ-X (X
= azide, thiocyanate, cyanate, pyrazolate, carboxylate, 7-
azaindolate, etc.) compounds can be considered as a special
class of exchange-coupled systems because of the involve-
ment of two pathways to govern the overall nature and
magnitude of superexchange interaction.[1a,6–8] Magnetic
properties of heterobridged µ-hydroxido/alkoxido/phen-
oxido-µ-X dicopper(II) compounds have been extensively
investigated and the mechanism of interaction has been
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posed of two µ3-phenoxido and two µ3-alkoxido moieties,
represents the sole example of this type. The variable-tem-
perature (2–300 K) magnetic susceptibilities and magnetiza-
tions of these two compounds were measured. The interac-
tion between the metal centres in dinuclear compound 1 is
weak ferromagnetic, resulting in an ST = 2 ground state at
2 K. The overall interaction observed in 2 is weak ferromag-
netic, leading to an unusual ST = 3 ground state.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

understood by the concept of orbital complementarity and
coutercomplementarity.[1a,6] In contrast, magnetic proper-
ties of µ-hydroxido/alkoxido/phenoxido-µ-X compounds of
other 3d metal ions have not been explored much and there-
fore this area deserves more attention.[7,8]

As mentioned, one aim in molecular magnetism is to de-
velop magnetic materials that obviously exhibit spontane-
ous magnetization at higher temperatures. Except for a few
dinuclear 3d–4f compounds,[4a] spontaneous magnetization
has been observed in assembled systems, polymeric or large
spin clusters.[4,5] Therefore, designed synthesis and studies
of magnetic properties of exchange-coupled clusters is an
important aspect.

Tetranickel(II) complexes having a Ni4O4 cubane-like
core have attracted much attention.[9–21] For compounds of
this type, the diamagnetic singlet state (ST = 0) and maxi-
mum spin containing nonate state (ST = 4) are the fre-
quently observed ground states. Recent observation of sin-
gle molecular magnetic properties in some of the Ni4O4 cu-
bane compounds[9c,9d] indicates that these types of systems
should be explored more to develop magnetic materials.

The Schiff base ligand (H2L; Scheme 1)[22] obtained
upon condensation of 3-methoxysalicylaldehyde and etha-
nolamine is in principle a tetradentate ligand. However, the
coordination ability of the ether oxygen atom to 3d metal
ions is not high, and hence, in practice it will behave as a
tridentate ligand. Therefore, we anticipated that the com-
bined effect of H2L and a pseudohalide may stabilize het-
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erobridged µ-phenoxido-µ-pseudohalide dimetal systems.
We also anticipated that if, in addition to the phenoxido
moiety, the alcohol moiety could be deprotonated, a pos-
sibility to derive a high nuclearity cluster as a result of the
simultaneous bridging of both the phenoxido and alkoxido
groups might arise. In either of the heterobridged cases, µ-
phenoxido-µ-pseudohalide or µ-phenoxido-µ-alkoxido, the
derived systems may be ferromagnetically coupled if the
bridge angles are close to the angle required for orthogonal-
ity. With these aims, the reactions between nickel(II) salt
and H2L in the presence of a base and cyanate or seleno-
cyanate were carried out. Whereas a heterobridged µ-phen-
oxido-µ-pseudohalide dinickel(II) compound [NiII

2(HL)3-
(µ1,1-NCO)]·2H2O (1) was isolated, the product containing
selenocyanate was a cubane-type heterobridged bis(µ3-
phenoxido)bis(µ3-alkoxido) tetranuclear system [NiII

4(L)2-
(HL)2(SeCN)2(H2O)2]·C3H7NO·4H2O (2), in which two se-
lenocyanate moieties behave as terminal ligands to two dif-
ferent metal ions. We report here the syntheses, structures
and magnetic properties of these two compounds 1 and 2.

Scheme 1. Chemical structure of H2L.

Results and Discussion

Syntheses and Characterization

The dinuclear nickel(II) complex [NiII
2(HL)3(µ1,1-NCO)]·

2H2O (1) is readily obtained in high yield from the reaction
of the H2L ligand, nickel(II) perchlorate hexahydrate, tri-
ethylamine and NaOCN in a 3:2:6:2 ratio. Similarly, the
reaction of H2L, nickel(II) perchlorate hexahydrate, trieth-
ylamine and KSeCN in a 1:1:2:0.8 ratio produces tetranick-
el(II) compound 2 in high yield. In 1, only the phenoxido
groups of the three ligands are deprotonated. Among the
four ligands in 2, two are monodeprotonated, in which the
phenoxido oxygen is deprotonated, and both the phenol
and alcohol groups are deprotonated for the other two li-
gands.

The IR spectrum of the free H2L ligand exhibits one
strong absorption band at 1644 cm–1 due to a νC=N vi-
bration.[22] In both complexes 1 and 2, the vibration due to
νC=N appears in a slightly lower region (1637 cm–1 for 1
and 1630 cm–1 for 2). The presence of isocyanate in 1 and
selenocyanate in 2 is evidenced by the appearance of a very
strong signal at 2181 and 2112 cm–1, respectively. The
stretching mode for water for both complexes is observed
as a broad band at 3396 and 3334 cm–1 for 1 and 2, respec-
tively.
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Description of the Structure of Compound 1

The structure of [NiII
2(HL)3(µ1,1-NCO)]·2H2O (1; Fig-

ure 1) consists of two nickel(II) centres that are bridged by
a phenoxido moiety and an end-on (µ1,1-N) isocyanate ion.
Of the three phenolate oxygen atoms, O(2) is coordinated
to Ni(1) and O(42) to Ni(2), whereas O(22) bridges the two
metal centres. The two imino nitrogen atoms, N(8) and
N(28), are coordinated to Ni(1), whereas only N(48) is co-
ordinated to Ni(2). Again, of the three alcoholic oxygen
atoms, O(10) is coordinated to Ni(1) and O(50) to Ni(2),
whereas O(30) remains uncoordinated. Interestingly, the
hexacoordination of the Ni(2) centre is achieved through
the coordination of methoxy oxygen O(20). Thus, in 1 the
three ligands are bonded differently to the two metal
centres.

Figure 1. Crystal structure of [NiII
2(HL)3(µ-NCO)]·2H2O (1). Hy-

drogen atoms and water molecules are omitted for clarity.

In the case of Ni(1), the best plane is provided by N(8)
N(28)O(22)N(60), whereas in the case of Ni(2) the equato-
rial plane is defined by O(22)N(60)N(48)O(20). The average
deviation of the constituent atoms from their least-squares
planes in the two cases is 0.07 and 0.10 Å, whereas the Ni(1)
and Ni(2) atoms are displaced from their respective basal
planes by 0.08 and 0.15 Å. Clearly, the two metal centres
lack ideal coordination geometry. For both metal centres,
the axial positions are occupied by a phenolate oxygen
atom [O(2) for Ni(1) and O(42) for Ni(2)] and an alcohol
oxygen atom [O(10) for Ni(1) and O(50) for Ni(2)]. The
bridge angles Ni(1)–O(22)–Ni(2) and Ni(1)–N(60)–Ni(2) in-
volving the phenoxide and isocyanate are 106.5(2) and
94.1(2)°, respectively. The dihedral angle between these two
bridges is 15.7°, whereas the separation between the metal
centres is 3.182 Å.

A consideration of the bond lengths given in Table 1 re-
veals that while the phenoxido bridged Ni–O distances are
almost identical [Ni(1)–O(22) 1.982(5) Å, Ni(2)–O(22)
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1.990(5) Å], the two isocyanate-bridged Ni–N distances are
unequal [Ni(1)–N(60) 2.236(6) Å, Ni(2)–N(60) 2.111(7) Å].
The two Ni–O(alcohol) distances are not much different
[Ni(1)–O(10) 2.111(5) Å, Ni(2)–O(50) 2.149(5) Å], as are
the two Ni–O(phenolate) distances [Ni(1)–O(2) 2.015(5) Å,
Ni(2)–O(42) 1.977(5) Å]. Again, the two imine Ni–N dis-
tances are quite similar [Ni(1)–N(8) 1.995(6) Å, Ni(2)–
N(48) 1.971(7) Å]. In contrast, the bond length involving
imine nitrogen N(28) to Ni(1) [2.077(7) Å] is longer. The
unusually coordinating methoxy oxygen O(20) is rather
weakly bonded to Ni(2) [2.266(6) Å].

Table 1. Selected bond lengths [Å] and angles [°] for 1.

Ni(1)–O(10) 2.111(5) Ni(2)–O(50) 2.149(5)
Ni(1)–O(2) 2.015(5) Ni(2)–O(42) 1.977(5)
Ni(1)–O(22) 1.982(5) Ni(2)–O(22) 1.990(5)
Ni(1)–N(60) 2.236(6) Ni(2)–N(60) 2.111(7)
Ni(1)–N(8) 1.995(6) Ni(2)–N(48) 1.971(7)
Ni(1)–N(28) 2.077(7) Ni(2)–O(20) 2.266(6)
O(2)–Ni(1)–O(10) 172.0(2) O(42)–Ni(2)–O(50) 170.9(2)
N(8)–Ni(1)–O(22) 167.7(3) O(22)–Ni(2)–N(48) 165.6(3)
N(28)–Ni(1)–N(60) 166.6(3) O(20)–Ni(2)–N(60) 154.8(2)
O(2)–Ni(1)–O(22) 95.8(2) O(42)–Ni(2)–O(22) 102.6(2)
O(2)–Ni(1)–N(8) 92.1(3) O(42)–Ni(2)–N(48) 91.6(3)
O(2)–Ni(1)–N(60) 87.7(2) O(42)–Ni(2)–N(60) 95.0(2)
O(2)–Ni(1)–N(28) 93.6(3) O(42)–Ni(2)–O(20) 89.7(2)
O(10)–Ni(1)–O(22) 92.0(2) O(50)–Ni(2)–O(22) 85.9(2)
O(10)–Ni(1)–N(8) 79.9(3) O(50)–Ni(2)–N(48) 79.7(3)
O(10)–Ni(1)–N(60) 92.4(2) O(50)–Ni(2)–N(60) 89.4(2)
O(10)–Ni(1)–N(28) 88.2(2) O(50)–Ni(2)–O(20) 89.7(2)
N(60)–Ni(1)–N(8) 93.5(2) N(60)–Ni(2)–O(22) 80.3(2)
N(60)–Ni(1)–O(22) 77.4(2) N(60)–Ni(2)–N(48) 101.3(3)
N(28)–Ni(1)–N(8) 99.8(3) O(20)–Ni(2)–O(22) 74.5(2)
N(28)–Ni(1)–O(22) 89.2(3) O(20)–Ni(2)–N(48) 103.4(3)
Ni(1)–O(22)–Ni(2) 106.5(2) Ni(1)–N(60)–Ni(2) 94.1(2)

Distortions of the two nickel centres from ideal octahe-
dral geometry are reflected in their trans angles, which vary
between 166.6(3) and 172.0(2)° for Ni(1) and between
154.8(2) and 170.9(2)° for Ni(2). Obviously, the geometry
of Ni(2) deviates far from a regular octahedral environ-
ment. The ranges of the cis angles [77.4(2)–99.8(3)° for
Ni(1) and 74.5(2)–103.4(3)° for Ni(2)] are also indicative of
the greater distortion of the Ni(2) coordination environ-
ment.

There are a number of hydrogen-bonding interactions in-
volving water molecules, phenoxido, methoxy, alcohol and
isocyanate oxygen atoms and one C–H moiety. A 2D net-
work resulting from all these hydrogen bridges is shown in
Figure S1 (Supporting Information).

Description of the Structure of Compound 2

The crystal structure of [NiII
4(L)2(HL)2(SeCN)2(H2O)2]·

C3H7NO·4H2O (2) is shown in Figure 2. As may be noted,
this is a cubane-type structure consisting of four nickel(II)
centres, two monodeprotonated ligands [HL]–, in which the
phenoxido moiety is deprotonated, two dideprotonated li-
gands [L]2–, in which both the phenol and alcohol moieties
are deprotonated, two monodentate selenocyanate units
acting as terminal ligands and two coordinated water mole-
cules. Compound 2 contains four solvated water molecules
as well as an N,N�-dimethylformamide molecule. Of the
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four phenolate oxygen atoms, O(12) and O(22) behave as a
µ3-bridging centre, whereas O(2) and O(32) are coordinated
terminally. Again, the alkoxido oxygen atoms O(10) and
O(40) are µ3-bridging, whereas the nondeprotonated
alcohol oxygen atoms O(20) and O(30) remain uncoordi-
nated. In Figure 3, a simplified representation of the coor-
dination environments around the four metal centres is
given.

Figure 2. Crystal structure of [NiII
4(L)2(HL)2(SeCN)2(H2O)2]·

C3H7NO·4H2O (2). Hydrogen atoms, water and dmf molecules are
omitted for clarity.

Figure 3. Simplified representation of the coordination environ-
ment of the four metal centres in [NiII

4(L)2(HL)2(SeCN)2(H2O)2]·
C3H7NO·4H2O (2).

The coordination environments of Ni(1) and Ni(2) are
similar. Ni(1) is coordinated with µ3-phenoxido oxygen
atoms O(12) and O(22), µ3-alkoxido oxygen O(10), imine
nitrogen N(18), selenocyanate nitrogen N(44) and water
oxygen O(47). Similarly, Ni(2) is bonded to the µ3-phen-
oxido oxygen atoms O(12) and O(22), µ3-alkoxido oxygen
O(40), imine nitrogen N(28), selenocyanate nitrogen N(41)
and water oxygen O(48). For the six-coordinate metal
centres, the basal planes for Ni(1) and Ni(2) are defined by
N(18)N(44)O(10)O(12) and N(28)N(41)O(40)O(22), respec-
tively. The average deviations of the constituent atoms from
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the respective planes are 0.06 and 0.04 Å, whereas the metal
ions are displaced by 0.08 and 0.09 Å from the least-squares
planes. The bond lengths given in Table 2 indicate that for
similar donor atoms the bond lengths for Ni(1) and Ni(2)
are comparable. It may be noted that for both Ni(1) and
Ni(2) the apical bond length involving a phenoxido oxygen
[O(22) for Ni(1) and O(12) for Ni(2)] is significantly longer
[2.265(4) Å for Ni(1) and 2.281(4) Å for Ni(2)] than the re-
maining other five bond lengths [2.007(6)–2.069(5) Å for
Ni(1) and 2.023(6)–2.075(4) Å for Ni(2)]. For the Ni(1) and
Ni(2) coordination environment the trans angles lie between
161.01(17) and 171.68(19)° and the cis angles range between
75.81(15) and 103.76(16)°. Taken together with their bond
lengths, Ni(1) and Ni(2) represent a distorted octahedral
geometry.

Table 2. Selected bond lengths [Å] and angles [°] for 2.

Ni(1)–O(22) 2.265(4) Ni(2)–O(12) 2.281(4)
Ni(1)–O(47) 2.069(5) Ni(2)–O(48) 2.043(5)
Ni(1)–O(10) 2.063(4) Ni(2)–O(40) 2.075(4)
Ni(1)–O(12) 2.046(4) Ni(2)–O(22) 2.043(4)
Ni(1)–N(18) 2.069(5) Ni(2)–N(28) 2.065(5)
Ni(1)–N(44) 2.007(6) Ni(2)–N(41) 2.023(6)
Ni(3)–O(21) 2.279(4) Ni(4)–O(11) 2.301(4)
Ni(3)–O(40) 2.090(4) Ni(4)–O(10) 2.090(4)
Ni(3)–O(2) 1.959(4) Ni(4)–O(32) 1.968(4)
Ni(3)–N(8) 1.971(5) Ni(4)–N(38) 1.968(5)
Ni(3)–O(10) 2.042(4) Ni(4)–O(40) 2.025(4)
Ni(3)–O(22) 2.038(4) Ni(4)–O(12) 2.048(4)
O(22)–Ni(1)–O(47) 161.75(19) O(12)–Ni(2)–O(48) 161.01(17)
O(10)–Ni(1)–N(18) 169.73(18) O(40)–Ni(2)–N(28) 168.54(18)
O(12)–Ni(1)–N(44) 171.4(2) O(22)–Ni(2)–N(41) 171.68(19)
O(22)–Ni(1)–O(10) 76.94(14) O(12)–Ni(2)–O(40) 75.81(15)
O(22)–Ni(1)–O(12) 76.36(14) O(12)–Ni(2)–O(22) 76.03(14)
O(22)–Ni(1)–N(18) 100.46(16) O(12)–Ni(2)–N(28) 99.20(17)
O(22)–Ni(1)–N(44) 95.03(19) O(12)–Ni(2)–N(41) 95.87(18)
O(47)–Ni(1)–O(10) 87.97(19) O(48)–Ni(2)–O(40) 88.50(18)
O(47)–Ni(1)–O(12) 91.8(2) O(48)–Ni(2)–O(22) 91.44(19)
O(47)–Ni(1)–N(18) 92.6(2) O(48)–Ni(2)–N(28) 94.2(2)
O(47)–Ni(1)–N(44) 96.5(2) O(48)–Ni(2)–N(41) 95.9(2)
O(10)–Ni(1)–O(12) 82.89(15) O(22)–Ni(2)–O(40) 81.96(15)
O(10)–Ni(1)–N(44) 95.2(2) O(40)–Ni(2)–N(41) 94.32(19)
O(12)–Ni(1)–N(18) 86.85(19) O(22)–Ni(2)–N(28) 86.84(18)
N(18)–Ni(1)–N(44) 94.9(2) N(28)–Ni(2)–N(41) 96.5(2)
O(21)–Ni(3)–O(40) 154.73(16) O(10)–Ni(4)–O(11) 154.82(16)
O(22)–Ni(3)–N(8) 161.3(2) O(12)–Ni(4)–N(38) 161.8(2)
O(2)–Ni(3)–O(10) 173.34(18) O(32)–Ni(4)–O(40) 174.55(18)
O(21)–Ni(3)–O(2) 86.14(17) O(11)–Ni(4)–O(32) 85.81(17)
O(21)–Ni(3)–N(8) 96.07(19) O(11)–Ni(4)–N(38) 97.56(19)
O(21)–Ni(3)–O(10) 100.21(15) O(11)–Ni(4)–O(40) 99.02(16)
O(21)–Ni(3)–O(22) 73.80(15) O(11)–Ni(4)–O(12) 73.25(15)
O(40)–Ni(3)–O(2) 92.58(17) O(10)–Ni(4)–O(32) 93.78(17)
O(40)–Ni(3)–N(8) 109.19(19) O(10)–Ni(4)–N(38) 107.60(19)
O(40)–Ni(3)–O(10) 82.53(15) O(10)–Ni(4)–O(40) 82.95(15)
O(40)–Ni(3)–O(22) 81.72(15) O(10)–Ni(4)–O(12) 82.21(15)
O(2)–Ni(3)–N(8) 93.7(2) O(32)–Ni(4)–N(38) 93.2(2)
O(2)–Ni(3)–O(22) 101.07(17) O(32)–Ni(4)–O(12) 101.59(17)
N(8)–Ni(3)–O(10) 83.7(2) N(38)–Ni(4)–O(40) 83.7(2)
O(10)–Ni(3)–O(22) 82.77(16) O(12)–Ni(4)–O(40) 82.34(15)
Ni(1)–O(12)–Ni(2) 103.08(16) Ni(2)–O(22)–Ni(3) 97.56(16)
Ni(1)–O(22)–Ni(2) 103.76(16) Ni(2)–O(40)–Ni(3) 94.97(16)
Ni(1)–O(10)–Ni(3) 103.00(17) Ni(2)–O(12)–Ni(4) 96.72(15)
Ni(1)–O(22)–Ni(3) 96.49(15) Ni(2)–O(40)–Ni(4) 104.37(18)
Ni(1)–O(10)–Ni(4) 94.88(16) Ni(3)–O(10)–Ni(4) 96.60(16)
Ni(1)–O(12)–Ni(4) 96.70(17) Ni(3)–O(40)–Ni(4) 97.11(16)
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Like the similarity between the geometry of Ni(1) and
Ni(2), the coordination environments of Ni(3) and Ni(4) are
also similar. In these cases, each metal centre is coordinated
to two µ3-alkoxido oxygen atoms [O(10) and O(40)], one
µ3-phenoxido oxygen [O(22) for Ni(3) and O(12) for Ni(4)],
one monodentate phenoxido oxygen [O(2) for Ni(3) and
O(32) for Ni(4)], one imine nitrogen [N(8) for Ni(3) and
N(38) for Ni(4)] and one methoxy oxygen [O(21) for Ni(1)
and O(11) for Ni(4)]. The coordination environment of
these two metal centres is significantly distorted octahedral,
in which N(8)O(10)O(22)O(2) and N(38)O(40)O(12)O(32)
are the basal planes for metal centres Ni(3) and Ni(4),
respectively. The average deviation of the constituent atoms
and the displacement of the metal ion from the least-
squares basal planes are ca. 0.14 Å and ca. 0.05 Å. In these
cases also, the similar metal–ligand contacts have almost
identical values. The trans angles [154.73(16)–174.55(18)°]
and the wide ranges of the cis angles [73.25(15)–
109.19(19)°] are indicative of significant distortion of the
coordination environment of Ni(3) and Ni(4). The greater
distortion for Ni(3) and Ni(4) than that of Ni(1) and Ni(2)
is also evident from the above-mentioned metrical param-
eters.

Of the 12 edges of the Ni4O4 cubane, the 2 edges Ni(1)–
O(22) and Ni(2)–O(12) are significantly longer [2.265(4)
and 2.281(4) Å, respectively] relative to the 10 other edges,
which lie in the range 2.007(6)–2.090(4) Å (Table 2). The
internal angles Ni–O–Ni and O–Ni–O lie in the ranges
94.88(16)–104.37(18)° and 75.81(15)–82.89(15)°. All in all,
the Ni4O4 core is a distorted cubane.

Inasmuch as the bridges play dominating roles in mag-
netic exchange interactions, it is relevant to summarize the
types of bridges and bridge angles in 2. Two metal centres
are bridged in the following ways: Ni(1)···Ni(2) by two phen-
oxido bridges; Ni(3)···Ni(4) by two alkoxido bridges; Ni(1)···
Ni(3), Ni(1)···Ni(4), Ni(2)···Ni(3) and Ni(2)···Ni(4) each by
one phenoxido and one alkoxido bridge. The average bridge
angles for the above pairs are 103.42, 96.85 and 98.08°,
respectively.

A number of Ni4O4 cubane-type compounds have been
reported in the literature, the majority of which are alkox-
ido bridged.[9–12,23] There are few examples where the bridg-
ing moieties are either of tetrakis(µ3-phenoxido),[13,14] tet-
rakis(µ3-hydroxido),[15] tetrakis(µ3-methoxido),[16–18,23]

bis(µ3-hydroxido)bis(µ3-alkoxido)[19,23] and bis(µ3-phen-
oxido)bis(µ3-methoxido).[20,23] There is only one example
where all the bridges (hydroxido, phenoxido, alkoxido and
oxido) are different.[21] To the best of our knowledge, com-
pound 2, in which the Ni4O4 cubane core is composed by
two µ3-phenoxido and two µ3-alkoxido moieties, represents
the sole example of this type.

Magnetic Properties of 1 and 2

DC magnetic susceptibility data were collected for a
crushed crystalline compound of 1 at an applied magnetic
field of 0.7 T in the 2 to 300 K temperature range. The data
are shown in Figure 4 as a χMT vs. T plot. The χMT value
at 300 K is 2.58 cm3 Kmol–1, slightly above that expected
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for two noninteracting NiII centres with S = 1 and g = 2.2.
As the temperature was decreased, the χMT product in-
creased until it reached a maximum value of
3.06 cm3 Kmol–1 at 15 K. Below this temperature, the χMT
product constantly dropped to a value of 1.77 cm3 Kmol–1

at 2 K. The experimental data were fitted by using the
MAGPACK program [25] with the exchange Hamiltonian Ĥ
= –2J[Ŝ1Ŝ2] + ΣDŜiz

2. This simulation also takes into ac-
count the single-ion anisotropy of each metal centre in the
cluster. The best-fitting parameters were g = 2.24, J =
3.33 cm–1 and D(Ni1) = D(Ni2) = |6.68| cm–1 (R =
0.23�10–3), resulting in a spin ground state of ST = 2 for
dinuclear complex 1. Intermolecular interactions through
H-bonds (Figure S1, Supporting Information) with the sol-
vated water molecules were included in the model by using
mean field theory and the best fitting, which gave z�J� =
–0.29 cm–1. The field dependence of the magnetization for
1 was also studied at 2 K and is shown in Figure 5. Satura-
tion is not fully reached at 5 T and the curve does not con-
form to a Brillouin model as a result of the inherent single-
ion anisotropy of NiII. The fitting parameters obtained
from the susceptibility data were used to simulate the mag-
netization with the MAGPACK software, which gave a
good agreement between the calculated and experimental
data. The curve is shown in Figure 5 as a solid line. Fitting
of the susceptibility data were also done without taking the
single-ion anisotropies into account; however, these failed
to model properly the low-temperature region of the suscep-
tibility curve and the magnetization data.

Figure 4. χMT (circles) vs. T plot for [NiII
2(HL)3(µ-NCO)]·2H2O

(1). The solid line is the best-fit line to the experimental data, see
text for fitting parameters.

We are aware of only two cases where µ-O-µ-N(isocyan-
ate) dinickel(II) units have been reported and both of these
have a µ-O(phenoxido)-µ1,1-N(isocyanate) bridging core.[8]

One of these compound, that is, 3, is a discrete dinuclear
having bridge angles of 110.45 and 96.19° for the phenoxido
and isocyanate moieties, respectively.[8a] In this case, the
metal centres are ferromagnetically exchange coupled with
J = 6.2 cm–1. The second compound is a carbonate-bridged
dimer of µ-phenoxido-µ1,1-isocyanate dinickel(II) units and
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Figure 5. Magnetization (circles) vs. field plot for [NiII
2(HL)3(µ-

NCO)]·2H2O (1) at 2 K. The solid lines represent the simulated
curves.

the Ni–phenoxido–Ni and Ni–isocyanate–Ni angles are ca.
101 and 99.5°, respectively.[8b] Surprisingly, this compound
was reported to be magnetically noninteracting.

While considering magnetic exchange interactions in het-
erobridged systems, the bridge angles for both the exchange
pathways should be taken into consideration. It is generally
held that if the Ni-phenoxido-Ni bridge angle is greater
than 97°, antiferromagnetic behaviour is expected.[2b] In
contrast, ferromagnetic exchange is reported in µ1,1-N(iso-
cyanate) bridged compounds when the bridge angle is less
than 100°.[2c,7f] In compound 1, the phenoxido bridge angle
is 106.5°, whereas the isocyanate bridge angle is 94.1°. Thus,
for the two pathways J values of different signs are ex-
pected. However, it is not possible to predict a priori which
particular exchange pathway will be dominating. In the
other reported dinuclear Ni(µ-phenoxido)(µ1,1-isocyanate)-
Ni compound,[8a] the phenoxido bridge angle is 110.5° and
the isocyanate bridge angle is 96.2°. The overall interaction
in this compound is weakly ferromagnetic, as is the case
with compound 1. Again, in the reported dimer of dinuclear
Ni(µ-phenoxido)(µ1,1-isocyanate)Ni units,[8b] both the ferro-
magnetic (isocyanate bridge angle is 99.5°) and antiferro-
magnetic pathways (phenoxido bridge angle 101°) should
be weaker and both are balanced to result in noninteracting
metal centres.

DC magnetic susceptibility data were collected for a
crushed crystalline sample of 2 at an applied magnetic field
of 1 T in the 2 to 300 K temperature range. The data are
shown in Figure 6 as a χMT vs. T plot. The χMT value at
300 K is 5.40 cm3 Kmol–1, slightly above that expected for
four noninteracting NiII centres with S = 1 and g = 2.2. As
the temperature was decreased, the χMT product increased
until it reached a maximum value of 7.5 cm3 Kmol–1 at
18 K. Below this temperature, the χMT product constantly
dropped to a value of 3.2 cm3 K mol–1 at 2 K. The field de-
pendence of the magnetization for 2 at 2 K was also
studied, and it is shown in Figure 7. As can be observed,
the data tends to saturation at 5 T, with a M/NµB value of
6.2. This seems to indicate an intermediate spin value of ST

= 3 for tetranuclear NiII cluster 2. AC magnetic suscep-
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tibility for 2 was also studied, given the nonzero spin
ground state and the known anisotropy of NiII complexes.
No signals were observed in the AC magnetic susceptibility
measurement as a result of the lack of a barrier for the
reversal of the magnetization in 2. This could be due to
small or positive anisotropy of the NiII tetranuclear cluster.

Figure 6. χMT (circles) vs. T plots for [NiII
4(L)2(HL)2(SeCN)2-

(H2O)2]·C3H7NO·4H2O (2). The solid lines represent the simulated
curves.

Figure 7. Magnetization (circles) vs. field plots for [NiII
4(L)2(HL)2-

(SeCN)2(H2O)2]·C3H7NO·4H2O (2) at 2 K. The solid line is a simu-
lation.

As already mentioned, there are three sets of nickel(II)
pairs, and therefore, the magnetic behaviour can be mod-
elled by three different exchange integrals (Scheme 2), for
which the spin Hamiltonian, taking into account the indi-
vidual single-ion anisotropies, is given by:
Ĥ = –2J(1–2)(Ŝ1Ŝ2) – 2J(3–4)(Ŝ3Ŝ4) – 2J(Ŝ1Ŝ3 + Ŝ1Ŝ4 +
Ŝ2Ŝ3 + Ŝ2Ŝ4) + ΣDŜiz

2

Scheme 2. Model for exchange coupling in 2.
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where J(1–2) is the coupling constant between Ni(1) and
Ni(2), J(3–4) is the coupling constant between Ni(3) and
Ni(4) and J is the coupling constant between Ni(1) and
Ni(3), Ni(1) and Ni(4), Ni(2) and Ni(3) and Ni(2) and
Ni(4). This Hamiltonian was used to fit the experimental
data with the MAGPACK[25] software and the best-fitting
parameters with a fixed g value of g = 2.25 were J(1–2) =
–5.14 cm–1, J(3–4) = 6.87 cm–1 and J = 4.62 cm–1 and D =
|6.69| cm–1, The agreement between the experimental and
calculated data is excellent (R = 0.16 �10–1). With the ob-
tained exchange parameters, the spin ground state of com-
plex 2 is the intermediate spin ST = 3. It should be noted,
however, that the first excited state with ST = 4 is only
2 cm–1 above the ground state.

The exchange parameters obtained from the suscep-
tibility data were used to simulate the magnetization at 2 K
by using the MAGPACK package. These parameters pro-
vide a good simulation of the magnetization data, shown as
a solid line in Figure 7. Similarly to our studies on complex
1, the magnetic data were fitted with a two-J model and
without taking into account the single-ion anisotropies.
These models failed to model properly both the suscep-
tibility and the magnetization with the same parameters
and were thus discarded.

The most important parameter to govern the sign and
magnitude of exchange interaction of the Ni4O4 cubane
cores is the Ni–O–Ni angle; the interaction is ferromagnetic
when this angle is close to orthogonality, whereas an anti-
ferromagnetic interaction is observed for bridging angles
larger than 99°.[9–20] Accordingly, all the interactions in
some Ni4O4 cubanes are ferromagnetic leading to an ST =
4 spin ground state,[9,16] whereas the existence of both ferro-
and antiferromagnetic interactions in some systems results
in either an ST = 4[10,17,20] or ST = 0 ground states.[13,19] In
2, the average Ni(1)–O–Ni(2) angle is 103.42°; therefore, an
antiferromagnetic interaction between Ni(1) and Ni(2) is
expected. The average value of the Ni(3)–O–Ni(4) angle is
96.85°, which predicts a weak ferromagnetic interaction be-
tween Ni(3) and Ni(4). Again, as the average bridge angle
between the metal ions in other pairs is 98.08°, the interac-
tion should be weak ferromagnetic. In keeping with these
expectations, the exchange coupling constants obtained in
2 are J(1–2) = –5.14 cm–1, J(3–4) = 6.87 cm–1 and J =
4.62 cm–1.

Conclusions

The aim of the present study was to design ferromag-
netically coupled heterobridged systems through the simul-
taneous bridging abilities of the phenoxido and alkoxido
groups in the ligand N-(2-hydroxyethyl)-3-methoxysalicyl-
aldimine (H2L) along with the bridging abilities of the cyan-
ate and selenocyanate co-ligands. Two new heterobridged
compounds [NiII

2(HL)3(µ1,1-NCO)]·2H2O (1) and [NiII
4(L)2-

(HL)2(SeCN)2(H2O)2]·C3H7NO·4H2O (2) were isolated and
structurally characterized. Whereas 1 is a heterobridged µ-
phenoxido-µ1,1-NCO dinickel(II) compound, 2 is a hetero-
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bridged bis(µ3-phenoxido)bis(µ3-alkoxido)tetranickel(II)
system containing the NiII

4O4 cubane-type core. Interest-
ingly, the bis(µ3-phenoxido)bis(µ3-alkoxido) moiety in com-
pound 2 is the sole example of this type in the NiII

4O4 cub-
ane family. It may be noted that even in Ni4O4 cubane-type
compounds derived from Schiff base ligands similar to
H2L, the four metal ions are bridged by four alkoxido oxy-
gen atoms.[10,11b,12] The magnetic properties of the two com-
pounds were studied. In 1, the exchange interactions involv-
ing the heterobridged pathways lead to overall weak ferro-
magnetic behaviour with an ST = 2 ground state. In con-
trast, complex 2 has competing antiferromagnetic and fer-
romagnetic interactions, which result in an unusual spin
ground state of ST = 3. The observation of ferromagnetism
in both 1 and 2 shows that the synthetic strategy and ligand
design were successful in achieving ferromagnetically cou-
pled heterobridged complexes.

Experimental Section
Materials and Physical Methods: All reagents and solvents were
purchased from commercial sources and used as received. The
Schiff base ligand (H2L), which was used previously by us to derive
a diuranyl(VI) compound, was synthesized following the reported
procedure.[22] Elemental (C, H and N) analyses were performed
with a Perkin–Elmer 2400 II analyzer. IR spectra were recorded in
the region 400–4000 cm–1 with a Perkin–Elmer RXIFT spectropho-
tometer with samples as KBr disks. Variable-temperature magnetic
susceptibility and magnetization measurements were carried out
with a Quantum Design MPMS SQUID magnetometer. Diamag-
netic corrections were estimated from the Pascal constants. R is the
agreement factor defined as Σ[(χMT)expt. – (χMT)calcd.]2/Σ[(χMT)expt.]2.

[NiII
2(HL)3(µ1,1-NCO)]·2H2O (1): To a stirred N,N�-dimethylform-

amide (dmf) solution (5 mL) of H2L (0.195 g, 1 mmol) was added
dropwise a dmf solution (3 mL) of nickel(II) perchlorate hexahy-
drate (0.250 g, 0.68 mmol), and to the resulting yellowish green
solution was added dropwise a dmf solution (2 mL) of triethyl-
amine (0.202 g, 2 mmol). The colour of the solution changed to
deep green. After 1 h, an aqueous solution (5 mL) of NaOCN
(0.045 g, 0.68 mmol) was added dropwise to the stirred solution.
After stirring for an additional 2 h, the deep-green solution was
filtered to remove any suspended particles and water (10 mL) was
added to it. The solution was kept at room temperature. After 2 d,
a green crystalline compound containing diffractable crystals was
collected by filtration and washed with water. Yield: 0.220 g (85%).
C31H39N4Ni2O12 (774.06): calcd. C 47.92, H 5.06, N 7.21; found C
47.70, H 5.12, N 7.32. FTIR (KBr): ν̃ = 3396 [w, ν(H2O)], 2181
[vs, ν(OCN)], 1637 [vs, ν(C=N)] cm–1.

[NiII
4(L)2(HL)2(SeCN)2(H2O)2]·C3H7NO·4H2O (2): A dmf solu-

tion (2 mL) of nickel(II) perchlorate hexahydrate (0.366 g, 1 mmol)
was added to a stirred dmf solution (3 mL) of H2L (0.195 g,
1 mmol). To the resulting yellowish green solution was added a dmf
solution (2 mL) of triethylamine (0.202 g, 2 mmol). The colour of
the solution changed to deep green. After 30 min, an aqueous solu-
tion (5 mL) of KSeCN (0.115 g, 0.8 mmol) was added dropwise to
the solution with stirring. Within 15 min a green precipitate started
to appear, which was dissolved by dropwise addition of a required
amount of dmf. The resulting green solution was filtered to remove
any suspended particles, and the filtrate was kept at room tempera-
ture. After a few days, a green crystalline compound containing
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diffractable single crystals was collected by filtration and washed
with water. Yield: 0.280 g (80%). C45H65N7Ni4O19Se2 (1392.74):
calcd. C 38.59, H 4.68, N 7.00; found C 39.28, H 4.75, N 7.11.
FTIR (KBr): ν̃ = 3334 [m, ν(H2O)], 2112 [vs, ν(SeCN)], 1630 [vs,
ν(C=N)] cm–1.

Crystal Structure Determination of 1 and 2: The crystallographic
data of these two compounds are summarized in Table 3. Diffrac-
tion data were collected with an Enraf–Nonius CAD4 dif-
fractometer at 293 K with data collection and reduction by using
the CAD4 Express Enraf–Nonius programs package and XCAD4.
All data were corrected for Lorentz polarization effects. Both struc-
tures were solved by direct methods by using SIR92[24a] and refined
by least-squares methods on F2 by using SHELXL-97.[24b] Hydro-
gen atoms were inserted at calculated positions with isotropic ther-
mal parameters and refined. The hydrogen atoms of the water
molecules were not located from difference Fourier map. The
O(W2) and O(W3) oxygen atoms in 1 and the C(37) and C(56)
carbon atoms in 2 were statically or dynamically disordered and
solved. The final refinement converged to R1 [I�2σ(I)] values
0.0610 and 0.0538 for 1 and 2, respectively. CCDC-715539 (for 1)
and -715540 (for 2) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Table 3. Crystallographic information for 1 and 2.

1 2

Formula C31H36N4O12Ni2 C45H57N7O19Se2Ni4
Formula weight 774.06 1392.74
Crystal system triclinic monoclinic
Space group P1̄ P21/c
a [Å] 10.135(2) 17.852(3)
b [Å] 11.521(3) 14.105(2)
c [Å] 15.239(3) 22.997(5)
α [°] 91.84(2) 90.00
β [°] 96.02(2) 95.75(2)
γ [°] 95.47(2) 90.00
V [Å3] 1759.9(7) 5761.6(18)
Z 2 4
Dcalcd. [gcm–3] 1.461 1.606
Temperature [K] 293(2) 293(2)
2θ [°] 4.06–55.00 4.04–60.24
µ [mm–1] 1.135 2.625
F(000) 810 2832
Index ranges –13 � h � 13 –25 � h � 25

0 � k � 14 –19 � k � 19
–19 � l � 19 –32 � l � 32

Reflections collected 8461 33787
Independent reflections 8060 16832
(Rint) (0.0808) (0.3741)
R1

[a]/wR2
[b] [I�2σ(I)] 0.0610/0.1485 0.0538/0.0964

R1
[a]/wR2

[b] (all data) 0.3099/0.2229 0.3426/0.1494

[a] R1 = [Σ||Fo| – |Fc||/Σ|Fo|]. [b] wR2 = [Σw(Fo
2 – Fc

2)2/ΣwFo
4]1/2.

Supporting Information (see footnote on the first page of this arti-
cle): 2D hydrogen-bonded network and geometries of the hydrogen
bonds in 1.
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