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Structure Determination, and Magnetic Properties
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Azido–NiII complexes of dinuclear, [Ni2(trpn)2(µ1,3-N3)2]-
(ClO4)2 (1), and monodimensional structures cis-[Ni(abap)-
(µ1,3-N3)]n(ClO4)n (2) and cis-[Ni(Me6trien)(µ1,3-N3)]n(ClO4)n·
nH2O (3a) as well as the monomer [Ni(Me6trien)(N3)]ClO4

(3b) {trpn = tris(3-aminopropyl)amine; abap = N-(2-
aminoethyl)-N,N-bis(3-aminopropyl)amine; Me6trien =
1,1,4,7,10,10-hexamethyltriethylene tetramine} were synthe-
sized and structurally characterized by spectroscopic tech-
niques, X-ray crystallography, and variable-temperature
magnetic measurements. In the complexes 1–3a, the ClO4

–

groups are counterions and the Ni2+ centers are bridged by
the azido ligands in an end-to-end bonding fashion. The co-
ordination geometry around the NiII ions is six-coordinate
with a distorted octahedral environment achieved by the four
N atoms of the tetradentate amines and two terminal N atoms
of the azide groups. Complex 1 consists of dinuclear units
with doubly bridged azido groups whereas in 2 and 3a, a
polymeric 1D chain is formed in which the adjacent azido

Introduction

The pseudohalides and especially the azido bridging li-
gands have been reported to be efficient transmitters for
propagating magnetic interaction between paramagnetic di-
valent metal centers (Mn2+, Co2+, Cu2+, Ni2+)[1] This prop-
erty makes the metal complexes derived from these ligands
an attractive topic for materials scientists and for physi-
cists,[2] and for the same reason this class of compounds
was considered to be one of the most extensively studied
systems in the last three decades.[3–28] This was attributed to
the distinct possibilities of magnetic coupling interactions
through the azide bridge and the versatility of the ligand
when it binds metal ions.[4–28] In general, two different coor-
dination modes were established in the azido/M2+ systems:
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groups link the NiII centers in a cis arrangement. In complex
2, the structural parameters of the two adjacent azido bridg-
ing ligands are different and an alternating 1D system with
two different end-to-end azido bridges is produced. Complex
3a is a uniform 1D system where the strong steric hindrance
imposed by the methyl groups of the Me6trien ligand [diago-
nal N(azide)–Ni–N(amine) bond angles] causes pronounced
deviation from the ideal octahedral geometry. Complex 3b
exhibits a distorted square pyramidal geometry. The com-
plexes 1–3a show antiferromagnetic coupling. In complex 1,
the exchange coupling constant was J = –64(1) cm–1, whereas
in the polynuclear species 2 and 3a, the calculated values
were J1 = –63.7(2) (α = 0.52) and J = –26.8(1) cm–1, respec-
tively. The magnetic parameters have been correlated to the
structural data.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

end-to-end coordination (µ1,3-N3) and end-on coordination
(µ1,1-N3).[4–24] Restricting our discussion to azido NiII com-
plexes derived from amines and/or amine derivatives as
blocking ligands, the azido ligand generates a variety of
bonding modes ranging from discrete molecules,[4–6] dinu-
clear (µ2-1,3-N3 and µ2-1,1-N3)[7–18] and even polynuclear
species (µ3-1,1,1-N3, µ3-1,1,3-N3, µ4-1,1,1,1-N3 and µ4-
1,1,3,3-N3)[19–21] to polymeric molecules with different di-
mensionality ranging from 1D[22–26] to 2D[27] networks.
Moreover, many 1D polymers containing alternate chains
with the same or two different bonding modes (end-to-end:
µ1,3-N3 and end-on: µ1,1-N3) were also reported.[1,26] Azido
compounds with 3D network structures were separated out
and characterized in the case of MnII systems.[28] The dif-
ferent modes of coordination of the azide group to Ni2+ are
illustrated in Scheme 1.

In general, the end-to-end coordination mode results in
antiferromagnetically coupled compounds,[1,8–13] whereas
the end-on coordination gives ferromagnetically coupled
compounds.[1,14,16,17] However, deviation may exist in cer-
tain cases for example in the single end-to-end bridged
azido 1D compound [Ni(5-methylpyrazole)4(µ1,3-N3)]n-
(ClO4)n ferromagnetic coupling with an exchange coupling
constant J = 6.5 cm–1 was reported.[15] In alternating 1D
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Scheme 1.

systems containing double azido bridging ligands in end-
to-end and end-on coordination alternatively, two J values
were obtained; ferromagnetic coupling with a positive J
value corresponding to end-on azido bridging and an anti-
ferromagnetic coupling with a negative J value for the end-
to-end coordination.[1,26] Moreover there exists also alter-
nating 1D systems containing single azido bridging ligands
in the same end-to-end coordination mode due to the alter-
nation in the structural parameters associated with the
bridging azido environment.[1] A number of factors were
addressed to correlate the magnetic behavior of the metal–
azido complexes to their structural parameters. These in-
clude the intradimer M···M and M···N(azido) distances
and, in the end-to-end coordination mode, the M–N–N-
(azido) angle and the dihedral angle, τ (the angle between
the mean planes M–N1–N2–N3 and N1�–N2�–N3�–M�), in
the singly bridged azido complexes or the dihedral angle, δ
(the angle between the plane defined by the six N-azido
atoms and the N1–M–N3� plane), in the doubly bridged
complexes, and also the M–(N3)–M angle in the end-on
bonding mode.[1]

The 1D trans-Ni(µ1,3-N3) systems containing one azido
bridging ligand between the two nickel atoms have been
widely studied from the point of view of the magnetostruc-
tural correlations.[1] However, a few studies have been re-
ported on the corresponding cis-Ni(µ1,3-N3) systems.[1]

Therefore, in an effort to shed light on the 1D cis-Ni(µ1,3-
N3) systems, we have selected the tripod tetradentate amines
tris(3-aminopropyl)amine (trpn), N-(2-aminoethyl)-N,N-
bis(3-aminopropyl)amine (abap), and the sterically hin-
dered linear tetradentate amine 1,1,4,7,10,10-hexamethyltri-
ethylenetetramine (Me6trien) as blocking ligands to enforce
the formation of complexes of cis-Ni(µ1,3-N3) geometry.
With abap and Me6trien amines, the reactions afforded the
desired 1D compounds cis-[Ni(abap)(µ1,3-N3)]n(ClO4)n (2)
and cis-[Ni(Me6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a), but with
the trpn ligand, the dinuclear compound [Ni2(trpn)2(µ1,3-
N3)2](ClO4)2 (1) was produced. The magnetic properties of
these complexes were measured and correlated to their
structural parameters.

Results and Discussion

Synthesis and IR Spectra

The blue azido bridged dinuclear complexes [Ni2(trpn)2-
(µ1,3-N3)2](ClO4)2 (1), and the 1D polymeric chain cis-[Ni-
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(abap)(µ1,3-N3)]n(ClO4)n (2), and the anhydrous green com-
plex [Ni(Me6trien)(N3)]ClO4 (3b) were prepared in a rea-
sonably good yield (74–81%) by dropwise addition of NaN3

dissolved in H2O to a hot aqueous solution containing
equimolar amounts of Ni(ClO4)2·6H2O and the polyamine
ligand. Crystals suitable for X-ray analysis were obtained
by slow evaporation of dilute aqueous solutions of the com-
plexes at room temperature or in the refrigerator. However,
it should be noted that a solid sample of the monomer [Ni-
(Me6trien)(N3)]ClO4 (3b) slowly absorbs water at ambient
temperature to form the polymeric species [Ni(Me6tri-
en)(µ1,3-N3)]n(ClO4)n·nH2O (3a) without losing its crystal-
linity (see the X-ray section). The synthesized complexes
were characterized by elemental analysis and IR and UV/
Vis spectroscopy.

The IR spectra of the two bridged azido complexes 1 and
2 displayed a single very strong absorption band over the
range 2075–2094 cm–1, whereas the fresh anhydrous [Ni-
(Me6trien)(N3)]ClO4 revealed the band at a relatively lower
frequency, 2060 cm–1. The strong absorption observed in
this region is attributable to the asymmetric stretching of
the coordinated azido group, ν(N3

–). The strong stretching
absorption of ν(Cl–O) assigned to the noncoordinated
ClO4

– group was observed over the 1082–1092 cm–1 region.
Interestingly, the IR spectrum of the 3b sample which was
used for the X-ray analysis and was measured after about
two months of the synthesis displayed a new broad band of
medium intensity centered at 3449 cm–1 due to the ν(O–H)
of lattice water. Moreover, the azido band which was lo-
cated at 2060 cm–1 in the parent complex disappeared, two
strong bands at 2125 and 2092 cm–1 were detected instead,
and the strong ν(Cl–O) of the perchlorate ion was slightly
shifted from 1082 to 1090 cm–1. On the basis of these data
and the X-ray structural determination (see next section),
the formula [Ni(M6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a) was
proposed.

Description of the Structures

[Ni(trpn)(µ1,3-N3)]2(ClO4)2 (1)

A labeled ORTEP plot for compound 1 is shown in Fig-
ure 1 and selected bond parameters are given in Table 1.
The structure of the compound consists of centrosymmetric
[C18H48N14Ni2]2+ dinuclear units in which the nickel atoms
are bridged by two azide ions in a µ2-1,3 end-to-end (EE)
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fashion and ClO4

– counterions. Each nickel atom has dis-
torted octahedral coordination geometry. The octahedron
around the Ni2+ center is achieved by the four N atoms of

Figure 1. (top) ORTEP drawing (50% ellipsoids) and atom labeling
scheme of the dinuclear complex [Ni2(trpn)2(µ1,3-N3)2](ClO4)2 (1).
(bottom) Packing view of 1.

Table 1. Selected bond lengths [Å] and angles [°] for [Ni2(trpn)2-
(µ1,3-N3)2](ClO4)2 (1).[a]

Ni(1)–N(3) 2.072(4) Ni(1)–N(4) 2.085(4)
Ni(1)–N(1) 2.096(4) Ni(1)–N(2) 2.162(4)
Ni(1)–N(13) 2.169(5) Ni(1)–N(11) 2.180(4)
N(11)–N(12) 1.182(6) N(12)–N(13A) 1.163(6)
Ni(1)···Ni(1A) 5.4310(16) Ni(1)···Ni(1B) 5.9657(17)
N(3)–Ni(1)–N(4) 92.2(2) N(3)–Ni(1)–N(1) 92.3(2)
N(4)–Ni(1)–N(1) 171.4(2) N(3)–Ni(1)–N(2) 95.0(2)
N(4)–Ni(1)–N(2) 89.6(2) N(1)–Ni(1)–N(2) 97.2(2)
N(3)–Ni(1)–N(13) 172.0(2) N(4)–Ni(1)–N(13) 91.5(2)
N(1)–Ni(1)–N(13) 83.2(2) N(2)–Ni(1)–N(13) 92.1(2)
N(3)–Ni(1)–N(11) 85.6(2) N(4)–Ni(1)–N(11) 89.4(2)
N(1)–Ni(1)–N(11) 83.7(2) N(2)–Ni(1)–N(11) 178.8(2)
N(13)–Ni(1)–N(11) 87.3(2) N(12)–N(11)– 119.9(3)

Ni(1)
N(13A)–N(12)–N(11) 177.5(5) N(12A)–N(13)– 149.3(4)

Ni(1)

[a] Symmetry code: (A) –x + 2, –y, –z; (B) –x + 2,–y + 1, –z.
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the tetradentate amine, trpn, and the two terminal N atoms
of the azide groups. The Ni–N(trpn) bond lengths are in
the range 2.072(4)–2.162(4) Å, and the Ni–N(N3) bond
lengths are Ni(1)–N(11) = 2.180(4) and Ni(1)–N(13) =
2.169(5) Å. The largest deviation of cisoid and transoid N–
Ni–N bond angles from the ideal geometry is 8.6(2)°,
whereas the N(11)–Ni(1)–N(13) bond angle is 87.3(2)°. The
bond lengths of the EE-bridging azide group are N(11)–
N(12) = 1.182(6) and N(12)–N(13A) = 1.163(6) Å. The
Ni(1)–N(11)–N(12), Ni(1)–N(13)–N(12A), and N(11)–
N(12)–N(13A) bond angles in the bridge are 119.9(3),
149.3(4), and 177.5(5)°, respectively. The Ni(1)–N(11)···
N(13A)–Ni(1A) torsion angle is –19.2(7)°. The six atoms of
the N3

– bridging ligands are in one plane, and the dihedral
angle between this plane and the N(11)–Ni(1)–N(13) plane
is 8.3(3)°; i.e. the eight-membered Ni2(N3)2 ring adapts a
flat “chair conformation”. The Ni(1)···Ni(1A) intradinu-
clear distance is 5.4310(16) Å, and the shortest Ni(1)···
Ni(1B) interdimer distance is 5.9657(17) Å. The shortest hy-
drogen bond of type N–H···O (Table 4) is observed between
N(3) and the perchlorate oxygen atom O(1) [2 – x, 1 – y,
–z], with a separation of 3.121(6) Å.

cis-[Ni(abap)(µ1,3-N3)]n(ClO4)n (2)

A labeled ORTEP drawing of compound 2 is shown in
Figure 2 (top) and selected bond parameters are given in
Table 2. The structure of the compound consists of cationic

Table 2. Selected bond lengths [Å] and angles [°] for cis-[Ni-
(abap)(µ1,3-N3)]n(ClO4)n (2).[a]

Ni(1)–N(1) 2.099(4) Ni(1)–N(4) 2.102(4)
Ni(1)–N(21) 2.103(4) Ni(1)–N(3) 2.105(4)
Ni(1)–N(2) 2.131(4) Ni(1)–N(11) 2.199(4)
N(11)–N(12) 1.181(6) N(12)–N(13) 1.182(6)
N(13)–Ni(2) 2.178(4) N(21)–N(22A) 1.177(5)
N(22)–N(23) 1.176(5) N(22)–N(21B) 1.177(5)
N(23)–Ni(2) 2.109(4) Ni(2)–N(5) 2.082(4)
Ni(2)–N(7) 2.102(4) Ni(2)–N(8) 2.114(4)
Ni(2)–N(6) 2.135(4) Ni(1)···Ni(2) 5.820(2)
Ni(1)···Ni(2A) 5.340(2) Ni(1)···Ni(1B) 7.714(3)
Ni(2)···Ni(2B) 7.603(3)
N(1)–Ni(1)–N(4) 92.7(2) N(1)–Ni(1)–N(21) 85.3(2)
N(4)–Ni(1)–N(21) 175.5(2) N(1)–Ni(1)–N(3) 169.6(2)
N(4)–Ni(1)–N(3) 91.3(2) N(21)–Ni(1)–N(3) 91.4(2)
N(1)–Ni(1)–N(2) 95.1(2) N(4)–Ni(1)–N(2) 83.6(2)
N(21)–Ni(1)–N(2) 92.5(2) N(3)–Ni(1)–N(2) 94.9(2)
N(1)–Ni(1)–N(11) 86.8(2) N(4)–Ni(1)–N(11) 91.1(2)
N(21)–Ni(1)–N(11) 92.8(2) N(3)–Ni(1)–N(11) 83.6(2)
N(2)–Ni(1)–N(11) 174.5(2) N(12)–N(11)–Ni(1) 116.0(3)
N(13)–N(12)–N(11) 179.1(5) N(12)–N(13)–Ni(2) 117.0(3)
N(22A)–N(21)–Ni(1) 126.4(3) N(23)–N(22)–N(21B) 177.9(5)
N(22)–N(23)–Ni(2) 131.9(3) N(5)–Ni(2)–N(7) 169.0(2)
N(5)–Ni(2)–N(23) 85.9(2) N(7)–Ni(2)–N(23) 92.2(2)
N(5)–Ni(2)–N(8) 91.1(2) N(7)–Ni(2)–N(8) 91.8(2)
N(23)–Ni(2)–N(8) 173.6(2) N(5)–Ni(2)–N(6) 96.1(2)
N(7)–Ni(2)–N(6) 94.7(2) N(23)–Ni(2)–N(6) 91.1(2)
N(8)–Ni(2)–N(6) 83.6(2) N(5)–Ni(2)–N(13) 85.7(2)
N(7)–Ni(2)–N(13) 83.7(2) N(23)–Ni(2)–N(13) 93.4(2)
N(8)–Ni(2)–N(13) 92.0(2) N(6)–Ni(2)–N(13) 175.3(2)

[a] Symmetry codes: (A) x – 1/2, y, –z + 3/2; (B) x + 1/2, y, –z +
3/2.
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[Ni(abap)(N3)]nn+ chains in which the nickel atoms are
bridged by means of single µ2-1,3 EE azide groups in cis
arrangement, and ClO4

– counterions. Within the chains two
different crystallographic nickel(II) centers exist with sim-
ilar distorted octahedral coordination geometry. Each NiN6

chromophore is achieved by the four N atoms of the tetra-
dentate abap blocking ligand, and two terminal N atoms of
azide groups adopting the cis arrangement. The Ni–N-
(abap) bond lengths are in the range 2.082(4)–2.135(4) Å,
and the Ni–N(N3) bond lengths are in the range 2.103(4)–
2.199(4) Å. The largest deviation of cisoid and transoid N–
Ni–N bond angles from the ideal geometry is 11.0(2)°,
whereas the N(11)–Ni(1)–N(21) and N(13)–Ni(2)–N(23)
bond angles are 92.8(2) and 93.4(2)°, respectively. The bond
lengths of the EE-bridging azide groups vary from 1.176(5)
to 1.181(6) Å and the Ni–N–N bond angles from 116.0(3)
to 131.9(3)°. The N(11)–N(12)–N(13) and N(23)–N(22)–
N(21B) bond angles are 179.1(5) and 177.9(5)°, respectively.
The Ni(1)–N(11)···N(13A)–Ni(1A) and Ni(1)–N(21)···
N(23A)–Ni(2A) torsion angles are 171.0(2) and –64.3(4)°,

Figure 2. (top) ORTEP view (50% ellipsoids) and atom labeling
scheme of cis-[Ni(abap)(µ1,3-N3)]n(ClO4)n (2). (bottom) The cis-[Ni-
(abap)(µ1,3-N3)]nn+ 1D chain of 2.
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respectively. The Ni(1)···Ni(2) and Ni(1)···Ni(2A) intrachain
distances are 5.820(2) and 5.340(2) Å, whereas the shortest
Ni···Ni interchain distance is 8.088(3) Å. The arrangement
of the Ni–azido chain may be described as a compressed
helix (Figure 2, bottom), extended along the a axis of the
orthorhombic unit cell. Hydrogen bonds of type N–H···O
and N–H···N (Table 4) form a supramolecular network.

cis-[Ni(Me6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a)

An ORTEP drawing for 3a together with the atom label-
ing scheme is illustrated in Figure 3 (top), and selected
bond parameters are given in Table 3. The structure of 3a
consists of cationic [Ni(Me6trien)(N3)]nn+ chains in which
the nickel atoms are bridged by means of single µ2-1,3 EE
azide groups in cis arrangement, ClO4

– counterions, and
lattice water molecules. The nickel atoms have distorted oc-
tahedral coordination geometry. Similar as in 2, each NiN6

chromophore is achieved by the four N atoms of the Me6-
trien ligand and two terminal N atoms of azide groups
adopting cis arrangement. The Ni–N(Me6trien) bond
lengths are in the range 2.183(3)–2.234(3) Å, and the corre-
sponding Ni–N(azide) bond lengths, Ni(1)–N(11) and
Ni(1)–N(21) are 2.088(3) and 2.101(3) Å, respectively. As a

Figure 3. (top) ORTEP drawing (50% ellipsoids) and atom labeling
scheme of cis-[Ni(Me6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a). (bottom)
Crystal packing of 3a.
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consequence of the bulky Me6trien blocking ligand, the N–
Ni–N bond angles deviate up to 17.3(2)° from the ideal oc-
tahedral geometry, the N(11)–Ni(1)–N(21) bond angle is
96.90(13)°. The central nitrogen atoms of the two EE-bridg-
ing azide groups are located at inversion centers where the
azide groups are symmetric [N(11)–N(12) = 1.174(3),
N(21)–N(22) = 1.175(3) Å] and linear [N–N–N = 180°].
The Ni(1)–N(11)–N(12) and Ni(1)–N(21)–N(22) bond
angles are 138.8(2) and 135.8(2)°, respectively. The Ni(1)–
N(11)···N(11A)–Ni(1A) and Ni(1)–N(21)···N(21B)–Ni(1B)
torsion angles both are 180°. The Ni(1)···Ni(1A) and
Ni(1)···Ni(1B) intrachain distances are 6.1412(16) and
6.1110(15) Å, respectively, whereas the shortest Ni···Ni in-
terchain distance is 8.619(2) Å. The Ni–azide “zigzag”
chain extends along the a axis of the orthorhombic unit cell
(Figure 3 bottom). Lattice water molecules form hydrogen
bonds (Table 4) of the type O–H···O to oxygen atoms O(3)
of perchlorate counterions [with O···O distances of 2.956(6)
and 3.337(6) Å].

Table 3. Selected bond lengths [Å] and angles [°] for cis-[Ni(Me6tri-
en)(µ1,3-N3)]n(ClO4)n·nH2O (3a).[a]

Ni(1)–N(11) 2.088(3) Ni(1)–N(21) 2.101(3)
Ni(1)–N(2) 2.183(3) Ni(1)–N(3) 2.193(3)
Ni(1)–N(4) 2.203(3) Ni(1)–N(1) 2.234(3)
N(11)–N(12) 1.174(3) N(12)–N(11A) 1.174(3)
N(21)–N(22) 1.175(3) N(22)–N(21B) 1.175(3)
Ni(1)···Ni(1A) 6.1412(16) Ni(1)···Ni(1B) 6.1110(15)
N(11)–Ni(1)–N(21) 96.90(13) N(11)–Ni(1)–N(2) 166.86(13)
N(21)–Ni(1)–N(2) 90.25(12) N(11)–Ni(1)–N(3) 94.43(13)
N(21)–Ni(1)–N(3) 162.74(13) N(2)–Ni(1)–N(3) 81.32(13)
N(11)–Ni(1)–N(4) 84.64(12) N(21)–Ni(1)–N(4) 86.41(12)
N(2)–Ni(1)–N(4) 106.88(12) N(3)–Ni(1)–N(4) 81.72(13)
N(11)–Ni(1)–N(1) 87.04(13) N(21)–Ni(1)–N(1) 86.90(12)
N(2)–Ni(1)–N(1) 82.35(12) N(3)–Ni(1)–N(1) 106.70(12)
N(4)–Ni(1)–N(1) 168.62(12) N(12)–N(11)–Ni(1) 138.8(2)
N(11)–N(12)–N(11A) 180.0 N(22)–N(21)–Ni(1) 135.8(2)
N(21)–N(22)–N(21B) 180.0

[a] Symmetry codes: (A) –x + 1, –y, –z + 2; (B) –x + 2, –y, –z + 2.

Figure 4. [Ni(Me6trien)(N3)]ClO4 (3b): ORTEP drawing (50% ellipsoids) and atom labeling scheme of the two split orientations of
complex cation. Open stick bonds indicate disordered parts of the Me6trien ligand with 50% occupancy.
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Table 4. Selected hydrogen bonds in [Ni2(trpn)2(µ1,3-N3)2](ClO4)2

(1), cis-[Ni(abap)-(µ1,3-N3)]n(ClO4)n (2), and cis-[Ni(Me6trien)(µ1,3-
N3)]n(ClO4)n·nH2O (3a).

Comp. D–H···A[a] D···A [Å] DHA [°] Symmetry code of A

1 N(1)–H(1B)···O(1) 3.155(6) 148.1 2 – x, 1 – y, –z

N(3)–H(3A)···O(1) 3.121(6) 175.1 2 – x, 1 – y, –z

N(3)–H(3B)···N(11) 3.166(6) 154.0 2 – x, 1 – y, –z

N(4)–H(4A)···O(3) 3.289(7) 152.0 1 – x, 1 – y, –z

N(4)–H(4B)···O(4) 3.142(7) 156.7

2 N(1)–H(1A)···O(6) 3.003(6) 172.3 1 – x, 1/2 + y, 3/2 – z

N(1)–H(1B)···O(4) 3.144(6) 172.7 1 – x, –y, 1 – z

N(3)–H(3C)···N(13) 3.408(6) 151.9 –1/2 + x, y, 3/2 + z

N(3)–H(3D)···O(8) 3.178(6) 161.2 1/2 – x, 1/2 + y, z

N(4)–H(4C)···O(7) 3.267(8) 166.8 1/2 – x, 1/2 + y, z

N(4)–H(4D)···O(6) 3.256(6) 163.2 1 – x, 1/2 + y, 3/2 – z

N(5)–H(5C)···O(7) 2.387(8) 170.1 1/2 – x, 1/2 + y, z

N(5)–H(5D)···O(2) 3.072(6) 168.2 1/2 – x, –y, 1/2 + z

N(7)–H(7C)···O(3) 3.270(7) 167.7 1 – x, –y, 1 – z

N(8)–H(8C)···O(2) 3.217(5) 164.9 1/2 – x, –y, 1/2 + z

N(8)–H(8D)···O(3) 3.047(7) 139.7 1 – x, –y, 1 – z

3a O(5)–H(51)···O(3) 3.337(6) 155.2 1/2 – x, –1/2 + y, 3/2 – z

O(5)–H(52)···O(3) 2.956(6) 168.0 –1/2 + x, 1/2 – y, –1/2 + z

[a] D = donor, A = acceptor.

[Ni(Me6trien)(N3)]ClO4 (3b)

An ORTEP drawing for 3b together with the atom label-
ing scheme is illustrated in Figure 4, and selected bond pa-
rameters are given in Table 5. The structure of 3b consists
of monomeric [Ni(Me6trien)(N3)]+ complex cations and
ClO4

– counterions. The NiN5 chromophore may be de-
scribed as a distorted square pyramid (τ = 0.117)[29] with
N(11) of the azide group, N(1), N(2), and N(3) of the Me6-
trien ligand in basal sites and N(4) or N(5) of the partially
disordered tetramine ligand at the apical site. The Ni(1)–N
bond lengths range from 1.997(2) to 2.135(2) Å. In contrast
to the symmetric EE azide bridges in 3a, the monodentate
azido group has asymmetric bond parameters [N(1)–N(2)
= 1.189(3), N(2)–N(3) = 1.159(3) Å, N(11)–N(12)–N(13) =
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176.7(3)°]. The shortest Ni···Ni and N(13)···Ni distances to
adjacent monomeric units are 7.584(3) and 5.403(5) Å,
respectively.

Table 5. Selected bond lengths [Å] and angles [°] for [Ni(Me6tri-
en)(N3)]ClO4 (3b).

Ni(1)–N(11) 1.997(2) Ni(1)–N(1) 2.122(2)
Ni(1)–N(2) 2.135(2) Ni(1)–N(3) 2.105(3)
Ni(1)–N(4) 2.049(7) Ni(1)–N(5) 2.119(7)
N(11)–N(12) 1.189(3) N(12)–N(13) 1.159(3)
N(11)–Ni(1)–N(4) 99.3(2) N(11)–Ni(1)–N(3) 89.12(10)
N(4)–Ni(1)–N(3) 108.1(2) N(11)–Ni(1)–N(5) 98.0(2)
N(3)–Ni(1)–N(5) 89.7(2) N(11)–Ni(1)–N(1) 95.13(10)
N(4)–Ni(1)–N(1) 90.4(2) N(3)–Ni(1)–N(1) 160.13(10)
N(5)–Ni(1)–N(1) 108.8(2) N(11)–Ni(1)–N(2) 153.13(10)
N(4)–Ni(1)–N(2) 107.5(2) N(3)–Ni(1)–N(2) 83.63(10)
N(5)–Ni(1)–N(2) 107.7(2) N(1)–Ni(1)–N(2) 83.88(9)
N(11)–N(12)–N(13) 176.7(3) N(12)–N(11)–Ni(1) 137.8(2)

Electronic Spectra

The UV/Vis spectra of the azido–nickel(II) complexes
under investigation were recorded in the solid state and in
H2O. In addition the polymer [Ni(Me6trien)(µ1,3-N3)]n-
(ClO4)n·nH2O (3a) and its monomer (3b) were also mea-
sured in different organic solvents, and the data are col-
lected in Table 6. The solid and the aqueous solution spec-
tra of [Ni2(trpn)2(µ1,3-N3)2]2+ and [Ni(abap)2(µ1,3-N3)]nn+

display two bands over 360–370 and 570–590 nm, and a
shoulder or broad band over 770–1000 nm range. Similarly,
the electronic diffuse reflectance spectrum of 3a, [Ni(Me6-
trien)(µ1,3-N3)]n(ClO4)n·nH2O reveals the presence of the
three absorption bands at 367, 655, and ca. 900 nm. These
spectral features are consistent with six-coordinate octahe-
dral geometry for NiII complexes and the spectrum of the
complex ions of 1, 2, or 3a is adequately explained by d-d
transitions in the Ni2+ ion in a distorted octahedral environ-
ment where the last two maxima observed in the visible
region result from 3A2g�3T1g(F) and 3A2g�3T2g(F) transi-
tions, respectively, and the high energy band from the
3A2g�3T1g(P) transition. When the spectra of 1 were mea-

Table 6. Electronic spectroscopic data for the azido–nickel(II) complexes.

Complex Solvent λmax [nm] (εmax, –1 cm–1)

[Ni2(trpn)2(µ1,3-N3)2](ClO4)2 (1) solid[a] 360 (sh), 578, 980 (br)
H2O 369 (49), 592 (29), 840 (5.0, br)

cis-[Ni(abap)(µ1,3-N3)]n(ClO4)n (2) solid[a] 360 (sh), 570, 995 (br)
H2O/CH3CN[b] 356 (29), 570 (18), 770 (sh)

cis-[Ni(Me6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a) solid[a] 367, 655, ca. 900 (br)
H2O 393 (38), 662 (27), 750 (27)
CH3CN ca. 390 (sh, 85), 659 (29), 745 (29)
dmso ca. 408 (sh, 71), 671 (28), 747 (26)

[Ni(Me6trien)(N3)]ClO4 (3b) solid[a] 477 (sh), 659, ca. 960 (vbr)
H2O[c] 394, 656, 749
CH3CN 392 (82), 643 (23), 737 (18)
dmso ca. 364 (ca. 191), 415 (75), 676 (23)
CH3NO2 ca. 489 (ca. 31), 669 (39), 862 (29)
dmf 404 (57), 656 (25), 739 (18)

[a] Reflectance spectra for solid samples were diluted with BaSO4 and measured against BaSO4 standard. [b] Fifty percent by volume
H2O/CH3CN. [c] Saturated solution.
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sured in organic solvents (CH3CN, CH3NO2, dmso, dmf),
the positions of λmax did not show any significant change
and were almost independent of the nature of the solvent
used. The insolubility and/or the very low solubility of com-
plex 2 prohibit measuring its spectrum in organic solvents.
The reflectance spectra of the complexes 1–3a showed low
resolution and the fact that the low energy broad band was
detected at higher wavelengths (λmax � 900 nm) compared
to that observed in H2O or other solvent may be attributed
to the contribution of the vibrational transitions in this re-
gion. Interestingly, these findings in solutions and in the
solid state were consistent with the distorted octahedral ge-
ometry around the Ni2+ ion as determined by X-ray.

The electronic diffuse reflectance spectrum of the com-
plex [Ni(Me6trien)(N3)]ClO4 (3b) displays two bands at
659 nm and a shoulder at 477 nm besides a very broad band
at ca. 960 nm (Table 6). Although this spectrum was not
completely conclusive, it is most likely consistent with the
presence of a five-coordinate environment around the Ni2+

center where the first two bands could be assigned to 3B1

(F)�3E (F) and 3B1 (F)�3A2, 3E (P) transitions, respec-
tively.[30] When the spectra of the complex were measured
in different coordinated solvents, the dissolution was associ-
ated with color change and the visible spectrum exhibits
strong dependence on the nature of the solvent used. The
spectra reveal the presence of the three bands typical for
distorted octahedral NiII complexes as indicated above. The
six-coordinate geometry in 3b was achieved by the addition
of a solvent molecule to the coordinatively unsaturated
nickel(II) center to form [Ni(Me6trien)(N3)(solv)]+ where
the ligand field strength increases in the order: CH3NO2 �
dmf � H2O � CH3CN � dmso. Similar spectral depen-
dence was also observed for the corresponding polymer [Ni-
(Me6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a) in CH3CN and in
dmso (Table 6) which clearly demonstrates the octahedral
geometry for the central Ni2+ ion. The fact that in the same
solvent, the monomer 3b and the polymer 3a gave absorp-
tion bands which are different in position and intensity
might rule out the formation of the same six-coordinate
species and instead a different octahedral NiII species is
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produced in solution from the polymer 3a. Upon dissol-
ution, the complex [Ni(Me6trien)(µ1,3-N3)]n(ClO4)n·nH2O
undergoes solvolysis via bond rupture of the bridged Ni–
N(azido) bonds and displacement of one of the azido li-
gands with a solvent molecule to form the dimeric six-coor-
dinate species, [(solv)(Me6trien)Ni(µ1,3-N3)Ni(Me6trien)-
(solv)]3+. The interaction of the solvent molecules with [Ni-
(Me6trien)(µ1,3-N3)]nn+ is not surprising in terms of the
strong steric hindrance imposed by the methyl groups of
Me6trien in [Ni(Me6trien)(µ1,3-N3)]nn+ where the two diago-
nal N(azido)–Ni–N(amine) bond angles namely N(21)–
Ni(1)–N(3) and N(11)–Ni(1)–N(2) deviate from the ideal
octahedral geometry by 17.3 and 13.1°, respectively. There-
fore, the Ni–N(azido) bond rupture and an azide displace-
ment with solvent molecule seems to reduce the magnitude
of crowding. A similar solvent effect was also observed in
the dinuclear doubly bridged end-to-end azido complex
[Cu(Et2dien)(µ1,3-N3)]2(ClO4)2, where Et2dien = N,N-di-
ethyldiethylenetriamine.[3a] However, it is difficult to pro-
pose with certainty any nuclearity for the species in solution
without measuring the electrical conductivity.

Magnetic Properties

The molar magnetic susceptibility, χM, for polycrystalline
samples of 1, 2, and 3a were measured as a function of
temperature and the plots of χM vs. T are illustrated in Fig-
ure 5, Figure 6, and Figure 7, respectively. At room tem-
perature compound 1 exhibits a χM value of
7.6�10–3 cm3 mol–1. This value increases as the tempera-
ture decreases, reaching a broad maximum of
14.2�10–3 cm3 mol–1 at ca. 70 K. Below this temperature,
the molar magnetic susceptibility decreases continuously
and reaches a minimum value of 6.77�10–3 cm3 mol–1 at
2 K. Careful inspection of the graph in Figure 5 clearly in-
dicates a small change in the slope of the curve around 25 K
which can be attributed to a little structural change. The
susceptibility data in the range 25–300 K for 1 were fitted
to the expression [Equation (1)] for the magnetic suscep-
tibility of isotropically coupled S = 1 dinuclear compounds,
derived from the Hamiltonian H = –JS1S2:

χM = [0.375g2/(T – θ)]{[2exp(x) + 10exp(3x)]/[1 + 3exp(x) +
5exp(3x)]} (1)

A Weiss θ parameter was introduced in the formula to
take into consideration the possible antiferromagnetic inter-
actions between the dinuclear molecules. The results of the
best fit, shown as the solid line in Figure 5, were J =
–64(1) cm–1, g = 2.34(1), and θ = 14(1) K. Dinuclear com-
plexes with core formula [Ni2(µ1,3-N3)2]2+ are known to de-
velop a magnetostructural relationship between the ex-
change coupling constant, J, and the structural param-
eters.[1,9a] The main factor determining the |J| value is the
[Ni–(µ1,3-N3)2–Ni] dihedral angle, δ; the more planar the
structure (δ is close to 0°) the more antiferromagnetic the
interaction and hence the higher |J|.[1,9a] In this compound,
the small dihedral angle δ (8.3°) should account for the rela-
tively high observed |J| value (64 cm–1).
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Figure 5. Plot of χM vs. T in the 300–2 K temperature range for
[Ni2(trpn)2(µ1,3-N3)2](ClO4)2 (1) measured on cooling under an ex-
ternal magnetic field of 0.7 T. The solid line shows the best fit as a
dinuclear compound (see text).

Figure 6. Plot of χM vs. T in the 300–2 K temperature range for
cis-[Ni(abap)(µ1,3-N3)]n(ClO4)n (2) measured on cooling under an
external magnetic field of 0.7 T. The solid line shows the best fit as
an alternating antiferromagnetic chain (see text).

Figure 7. Plot of χM vs. T in the 300–2 K temperature range for
cis-[Ni(Me6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a) measured on cooling
under external magnetic field of 0.7 T. The solid line shows the best
fit as a uniform antiferromagnetic chain (see text).

For compound 2, the χM value at room temperature
(3.48�10–3 cm3 mol–1) increases as the temperature
decreases, reaching a broad maximum of
5.35�10–3 cm3 mol–1 at ca. 90 K (Figure 6). This high tem-
perature maximum clearly indicates strong antiferromag-
netic coupling between the NiII ions through the azido brid-
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ges. Below this temperature, the molar magnetic suscep-
tibility decreases continuously and reaches a minimum
value of 1.82�10–3 cm3 mol–1 at 10 K. Beyond this tem-
perature, χM increases sharply to a value of
4.28�10–3 cm3 mol–1 at 2 K, most likely due to the presence
of paramagnetic impurities.

In a first approach, experimental data were fitted up to
near the maximum to the Weng equation[31] for uniform

chains based on the Hamiltonian H = –J�
i

Si·Si+1, where

the nickel ion and the exchange interaction are isotropic.
The fitting is only possible up to near the maximum (in our
case up to 90 K) because neither the zero-field splitting nor
the Haldane gap are taken into account.[32] The best param-
eters so obtained were J = –49.4(1) cm–1 and g = 2.40(2).
The high J value indicates a good superexchange pathway.
When the alternating chain structure of compound 2
was taken into account, the coupling parameters were opti-
mized up to 50 K by using Equation (1) for an alternating
chain[33] based on the Hamiltonian H = –J1[ΣN

i=1S2iS2i+1 +
αΣN

i=1S2iS2i–1] [Equation (2)]:

χM = (2Ng2µB
2/3kT)/(XrTr) (2)

in which [Equation (3)]:

XrTr = (ATr
2 + BTr + C)/(Tr

3 + DTr
2 + ETr + F) (3)

with Tr = kT/|J1|, Xr = 3χM|J1|/2NAg2µB, and α = |J2|/|J1|. A–
F are polynomial expressions of the α alternance parameter.
There are two sets of polynomial expressions in the regions
of α � 0.5 and α � 0.5. This equation can reproduce the
experimental data up to the value of kT/J ≈ 0.4. The values
corresponding to minimum in the regression are J1 =
–63.7(2) cm–1, J2 = –33.4(2) cm–1 (α = 0.52), and g = 2.35(1)
in the α � 0.5 region. This result with α � 0.5 indicates that
the set of polynomial expressions to be used in the re-
gression are those corresponding to α � 0.5. But in the
region where α � 0.5 the values corresponding to the mini-
mum in the regression are J1 = –49(2) cm–1, J2 =
–48(2) cm–1 (α = 0.97), and g = 2.37(1), which means to a

Table 7. Structural and magnetic parameters for 1D cis-Ni-(µ1,3-N3)–Ni systems: Ni–Nα–Nβ and Ni�–Nγ–Nβ angles, τ dihedral angles
[°]; J [cm–1]; τ� = interplanar angle Ni–Nα···Nγ and Ni�–Nγ···Nα.

Compound[a] Ni–N–N Ni–N–N τ� τ J Ref.

[Ni(3,3,3-tet)2(µ1,3-N3)]n(PF6)n 151.8 151.3 37.2 –37.2 –18.5 [34]

[Ni(2-methyl)2(µ1,3-N3)]n(ClO4)n 131.8 125.9 53.9 –53.9 –16.8 [35]

[Ni(2-methyl)2(µ1,3-N3)]n(PF6)n 135.0 122.6 51.4 –51.4 –3.2 [35]

[Ni(bipy)2(µ1,3-N3)]n(ClO4)n 123.7 120.1 46.2 133.8 –33.0 [36]

126.6 121.3 41.0 139.0
[Ni(bipy)2(µ1,3-N3)]n(PF6)n 122.6 122.6 45.1 134.9 –22.4 [36]

120.6 127.4 42.0 138.0
[Ni(aep)2(µ1,3-N3)]n(ClO4)n 127.8 126.2 123.4 123.4 �1 [9b]

[Ni(abap)(µ1,3-N3)]n(ClO4)n (2) 116.0 117.0 171.0 171.0 –63.7 this work
131.9 126.4 64.3 64.3 –33.4

[Ni(Me6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a) 138.8 135.8 0.0 180 –26.8 this work
[Ni(L)(N3)(µ1,3-N3)]n 133.4 124.5 73.2 106.8 13.5 [37]

[a] Ligand abbreviations: 3,3,3-tet = N,N�-bis(3-aminopropyl)-1,3-diaminopropane; 2-methyl = 1,2-diamino-2-methylpropane; bipy = 2,2�-
bipyridyl; aep = 2-(2-aminoethyl)pyridine; abap = N-(2-aminoethyl)-N,N-bis(3-aminopropyl)amine; Me6trien = 1,1,4,7,10,10-hexameth-
yltriethylenetetramine; L = the Schiff base of the condensation reaction of pyridine-2-carbaldehyde and N,N,2,2-tetramethylpropane-1,3-
diamine.
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practically uniform 1D µ1,3-azido chain with a similar J
value to that obtained by using the Weng equation.[31] In
fact, this was not the case because of the presence of two
sets of alternating µ1,3-azido bridging ligands. One of them
is associated with Ni–N–N angles of 116.0 and 117.0°, and
a Ni–N···N–Ni torsion angle of 171.02° and the second set
with Ni–N–N angles of 131.9 and 126.4°, and a Ni–N···N–
Ni torsion angle of –64.3°. By taking this into consideration
and the fact that the value of α = 0.52 is very close to the
upper limit of the region, we believe physically more coher-
ent are the parameters J1 = –63.7(2) cm–1, J2 =
–33.4(2) cm–1 (α = 0.52), and g = 2.35(1) in the α � 0.5
region.

The second point is the assignment of the J values of
–63.7(2) and –33.4(2) cm–1 to the two sets of structurally
different alternating µ1,3-azido bridging ligands. To do so,
we checked the literature for magnetostructural correlations
in closely related monobridged 1D cis-Ni-(µ1,3-N3)–Ni sys-
tems[1,9b,34–37] and the data are collected in Table 7. These
systems have been fairly well studied and it can be con-
cluded[1,34] that in a correlation between the |J| coupling
values and the structural parameters in the bridging region,
the bond parameters that must be taken into account are
in the order: the bond angles Ni–N–N, the Ni–N···N–Ni
torsion angle, and finally the bond lengths Ni–N(azido
bridging).[1,33] Maximum coupling was found for a Ni–N–
N angle of 108° and decreases when Ni–N–N increases.
Also, for fixed Ni–N–N angles |J| is maximum for a Ni–
N···N–Ni torsion angle of 180° (or 0°) and decreases when
Ni–N···N–Ni increases from 0 to 90°. On the basis of this
experimental finding, the highest |J| value of –63.7(2) cm–1

calculated for compound 2 is assigned to the superexchange
pathway created by the µ1,3-azido bridging ligands with the
set of parameters Ni–N–N angles of 116.0 and 117.0°, and
a Ni–N···N–Ni torsion angle of 171.02° whereas the lowest
|J| value of –33.4 cm–1 is assigned to the superexchange
pathway created by the µ1,3-azido bridging ligands with the
set of parameters Ni–N–N angles of 131.9 and 126.4°, and
a Ni–N···N–Ni torsion angle of –64.3°. Also, it should be
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noted that for one of the two sets of the structural param-
eters compound 2 reveals the highest reported |J| value
(Table 7). This high J value, as has been stated above, is in
accordance with the nearest Ni–N–N angles to 108° and
Ni–N···N–Ni torsion angle to 180°.

For compound 3a, the χM value at room temperature
(3.94�10–3 cm3 mol–1) increases as the temperature
decreases, reaching a broad maximum of
9.40�10–3 cm3 mol–1 at ca. 50 K (Figure 7). This tempera-
ture maximum clearly indicates moderate antiferromagnetic
coupling between the NiII ions through the azido bridges.
Below this temperature, the molar magnetic susceptibility
decreases continuously and reaches a minimum value of
6.51�10–3 cm3 mol–1 at 8 K. After this temperature, χM in-
creases rapidly to a value of 11.38�10–3 cm3 mol–1 at 2 K
due to the presence of paramagnetic impurities.

Thus, taking into account that compound 3a is structur-
ally a uniform chain, experimental data were fitted up to
near the maximum (50 K) to the Weng equation for uni-
form chains.[31] The best parameters so obtained were J =
–26.8(1) cm–1 and g = 2.36(1). The J value indicates a mod-
erate superexchange pathway. The set of parameters related
with the antiferromagnetic superexchange pathway in 3a are
Ni–N–N angles of 138.8 and 135.8° and a Ni–N···N–Ni
torsion angle of 180°.

Finally, it should be mentioned that the cis 1D NiII–
azido complexes 2 and 3a can be used as examples of low-
dimensional magnetic systems to calculate the Haldane gap:
for 1D systems containing integer values of the spin, S, Hal-
dane predicted that they will exhibit a singlet ground state
separated from the first triplet excited state by an energy
gap Eg (Haldane gap), whereas for half-odd integer spin,
this gap would not exist.[38] As a consequence in the 1D
compounds at T = 0 K, χM has a zero value for integer spin
systems and finite values for half-odd integer spin sys-
tems.[38] Thus, the integer S 1D systems with low interchain
coupling are considered to be good candidates to measure
the Haldane gap[39] and several well-isolated trans 1D
azido-bridged NiII systems have been studied to demon-
strate this phenomenon.[40,41] The two cis 1D azido-bridged
NiII complexes 2 and 3a should add further examples that
potentially can serve to calculate the Haldane gap.

For the monomer compound [Ni(Me6trien)(N3)]ClO4

(3b), the χMT vs. T plot is illustrated in Figure 8. The calcu-
lated room temperature χMT value of 1.29 cm3 mol–1 K was
found to be larger than the spin only value of
0.99 cm3 mol–1 K for S = 1 in mononuclear compounds.
The χMT value decreases slowly with decreasing tempera-
ture and at ca. 50 K the decrease is becoming too fast,
reaching a χMT value of 0.20 cm3 mol–1 K at 2 K. The ex-
perimental susceptibility data were fitted using Equation
(4):[42]

χM = (2Ng2β2/3kT)[2x–1 – 2exp(–x)x–1 + exp(–x)]/[1 + 2exp(–x)]
(4)

where x = D/kT and D is the Zero field splitting parameter.
This equation considers only noninteracting S = 1 ions in
the presence of single ion anisotropy. The best fit is given
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Figure 8. Plot of χMT vs. T in the 300–2 K temperature range for
[Ni(Me6trien)(N3)]ClO4 (3b) measured on cooling under an exter-
nal magnetic field of 0.7 T. The solid line shows the best fit as a
uniform antiferromagnetic chain (see text).

by the parameters D = 19 cm–1, g = 2.22. The D value is
related to the geometry around the nickel(II) ion; the high
anisotropy for the pentacoordinate nickel(II) ions implies
high D values.[43] The high value reported here for 3b
(19 cm–1) is comparable with the high D values of 14.7 and
14.8 cm–1 found in similar pentacoordinate NiII compounds
[Ni(Me5dien)(NCS)2] and [Ni(Me4Etdien)(NCS)2], respec-
tively where Me5dien = 1,1,4,7,7-pentamethyldiethylenetri-
amine and Me4Etdien = 4-ethyl-1,1,7,7-tetramethyldiethyl-
enetriamine.[43]

Conclusions

Bridged azido–NiII complexes have been synthesized by
using tetradentate amine ligands where the Ni2+ centers are
linked by the azido ligands in end-to-end-bond fashion.
With the tripod amine trpn = N(CH2CH2CH2NH2)3, dinu-
clear doubly bridged azido complex, [Ni2(trpn)2(µ1,3-N3)2]-
(ClO4)2 (1) was obtained. A small alteration in the trpn li-
gand skeleton to produce the corresponding tripod abap =
N(CH2CH2CH2NH2)2(CH2CH2NH2), afforded the polynu-
clear 1D chain cis-[Ni(abap)(µ1,3-N3)]n(ClO4)n (2) in which
the two azido groups adopt a cis arrangement. Surprisingly,
when the tripod ligands were replaced with the linear tetra-
dentate amine Me6trien = [Me2NCH2CH2N(Me)CH2-
CH2N(Me)CH2CH2NMe2], a 1D polynuclear species cis-
[Ni(M6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a) was also obtained
with a distorted octahedral structure similar to 2, in which
the Ni–azide is extended in a zigzag chain. In complex 3a
strong steric hindrance imposed by the methyl groups of
Me6trien causes pronounced deviations for the two diago-
nal N(azide)–Ni–N(amine) bond angles from the ideal octa-
hedral geometry. The magnetic behavior of 1–3a is consis-
tent with antiferromagnetic coupling. Compound 2 is a
magnetically alternating 1D cis Ni(µ1,3-N3) compound, and
one set of the structural parameters shows the high re-
ported |J| value. Complex 3a is a magnetically uniform 1D
cis Ni(µ1,3-N3) compound.
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Experimental Section

Materials and Physical Measurements: 1,1,4,7,10,10-hexamethyltri-
ethylenetetramine (Me6trien) and N-(2-bromoethyl)phthalimide
were purchased from Aldrich Chem. Co., whereas tris(3-aminopro-
pyl)amine (trpn) was obtained from TCI-America. All other mate-
rials were reagent grade quality. Infrared spectra were recorded
with a JASCO FT/IR-480 plus spectrometer as KBr pellets. Elec-
tronic spectra of the complexes in solutions were recorded with
the JASCO V-550 UV/Vis. spectrophotometer and the solid spectra
(diluted with BaSO4) were measured by the BECKMAN DK 2A
spectrophotometer using BaSO4 as a standard. Elemental analyses
were carried out by Atlantic Microlaboratory, Norcross, Georgia,
U.S.A. Magnetic susceptibility measurements under several mag-
netic fields in the range 2–300 K and magnetization measurements
in the field range 0.4–1 T were performed with a Quantum Design
MPMS-XL SQUID magnetometer at the Magnetochemistry Ser-
vice of the University of Barcelona. All measurements were per-
formed on polycrystalline samples. Pascal’s constants were used to
estimate the diamagnetic corrections, which were subtracted from
the experimental susceptibilities to give the corrected molar mag-
netic susceptibilities.

Caution: Salts of perchlorate and azide as well as their metal com-
plexes are potentially explosive and should be handled with great care
and in small quantities.

Synthesis of the Compounds

N-(2-Aminoethyl)-N,N-bis(3-aminopropyl)amine Tetrahydrochloride
Trihydrate (abap·4HCl·3H2O): This ligand was prepared according
to the literature method[44] by fusing 3,3-diphthalimidodipropyl-
amine (observed m.p. 136–138 °C, lit. m.p. 136–137 °C) with N-(2-
bromoethyl)phthalimide and the product, N-(2-phthalimidoethyl)-
N,N-bis(3-phthalimidopropyl)amine, was hydrolyzed in HCl (8 ).
C8H32Cl4N4O3 (374.18): calcd. C 25.68, H 8.62, N 14.97; found C
25.54, H 8.49, N 14.55.

[Ni2(trpn)2(µ1,3-N3)2](ClO4)2 (1): Nickel(II) perchlorate hexahydrate
(0.365 g, 1.0 mmol) dissolved in H2O (5 mL) was added to tris(3-
aminopropyl)amine (0.190 g, 1.0 mmol) in H2O (10 mL). The mix-
ture was then heated on a steam bath for 5 min, followed by drop-
wise addition of an aqueous solution of NaN3 (10 mL, 0.130 g,
2 mmol). The resulting solution was heated for another 10 min and
then filtered through Celite. Slow evaporation at ambient tempera-
ture afforded mauve-blue crystals suitable for X-ray analysis. These
crystals were collected by filtration, washed with cold ethanol
(10 mL), ether, and air dried (yield: 0.286 g, 74%). C9H24ClNiN7O4

(388.50): calcd. C 27.82, H 6.23, N 25.24; found C 28.11, H 6.24,
N 24.88. Selected IR bands (KBr): ν(N3

–) stretching 2092 (vs);
ν(Cl–O) (ClO4

–) centered at 1092 (vs); ν(N–H) stretching at 3328
(m) and 3288 (m) cm–1.

cis-[Ni(abap)(µ1,3-N3)]n(ClO4)n (2): To abap·4HCl·3H2O (0.372 g,
1 mmol) dissolved in H2O (10 mL) and four equivalents of NaOH
(0.160 g) was added Ni(ClO4)2·6H2O (0.375 g, 1.0 mmol) in H2O
(10 mL). The solution was heated for 15 min and then an aqueous
solution of NaN3 (0.0720 g, 1.1 mmol in 10 mL H2O) was added,
drop by drop. The resulting blue solution was heated on a steam
bath for 15 min, followed by filtration through Celite and allowed
to crystallize at room temperature. After one week, the blue crystals
which separated out were collected by filtration, washed with etha-
nol and ether and air dried (overall yield: 0.29 g, 77%). Crystals of
X-ray quality were obtained from a dilute solution that was kept
at room temperature. C8H22ClNiN7O4 (370.02): calcd. C 25.62, H
5.96, N 26.14; found C 25.78, H 6.00, N 26.32. Selected IR bands
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(KBr): ν(N3), 2075 (vs); ν(Cl–O) (ClO4
–), 1091 (vs); ν(N–H)

stretching, 3334 (m) and 3288 (m) cm–1.

[Ni(Me6trien)(N3)]ClO4 (3b): The complex was prepared by a pro-
cedure similar to that described for 1 and then allowed to crys-
tallize in the refrigerator. After two weeks, the complex was sepa-
rated out as green crystals (yield: 0.348 g, 81%). Single crystals
were obtained from dilute solutions. C12H30ClNiN7O4 (430.57):
calcd. C 33.47, H 7.02, N 22.71; found C 33.48, H 7.22, N 22.77.
Selected IR bands (KBr): ν(N3

–) stretching 2060 (vs); ν(Cl–O)
(ClO4

–) 1082 (vs) cm–1.

cis-[Ni(Me6trien)(µ1,3-N3)]n(ClO4)n·nH2O (3a): When the solid sam-
ple of [Ni(Me6trien)(N3)]ClO4 (3b) was allowed to stand at room
temperature for about two months, it absorbed water without los-
ing its crystallization shape. C12H32ClNiN7O5 (448.59): calcd. C
32.13, H 7.19, N 21.86; found C 32.55, H 7.16, N 21.79. The IR
spectrum of the hydrated sample, which was then used for single-
crystal X-ray structure determination, exhibited a new band cen-
tered at 3449 cm–1 (mb) attributable to the ν(O–H) of lattice water
and two strong bands for the azido groups at 2125 and 2092 cm–1.
The strong ν(Cl–O) of the perchlorate ion was detected at
1090 cm–1.

Crystal Structure Analyses: The single-crystal X-ray data of com-
pounds 1, 2, and 3b were collected with a modified STOE four-
circle diffractometer and that of compound 3a with a Bruker-AXS
SMART APEX CCD diffractometer. The crystallographic data,
conditions retained for the intensity data collection, and some fea-
tures of the structure refinements are listed in Table 8. Crystal size:
0.30�0.20�0.06 mm for 1, 0.42�0.32�0.20 mm for 2,
0.42�0.34�0.22 mm for 3a, and 0.36�0.27�0.14 mm for 3b. In-
tensities were collected with graphite-monochromated Mo-Kα radi-
ation (λ = 0.7107 Å). Total of 3117 (1), 5926 (2), 3788 (3a), and
4069 (3b) reflections were nonequivalent by symmetry, and ob-
served reflections by applying the condition I � 2σ(I) were 2278
for 1, 4288 for 2, 3498 for 3a, and 3153 for 3b. Lorentz polarization
and absorption corrections using the SADABS computer pro-
gram[45] were made for 3a, and DIFABS program[46] for 1, 2, and
3b. The structures were solved by direct methods using the
SHELXS-86 computer program,[47] and refined by full-matrix le-
ast-squares methods on F2, using the SHELXL-93 program[48] in-
corporated in the SHELXTL/PC V 5.03 program package.[49] All
non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were assigned with isotropic displacement factors and in-
cluded in the final refinement cycles by use of geometrical restraints
(Car–H = 0.93 Å; CMe–H = 0.96 Å; N–H = 0.90 Å; O–H = 0.82 Å).
In the case of 1, split occupancy of 0.79(2) and 0.21(2), was applied
to the disordered methylene group with atoms C(2) and C(52),
respectively. In the case of 3b, split occupancy of 0.50 was applied
to atoms N(4), N(5),C(1), C(2), C(9), C(10), C(12), and C(21)–
C(24) of disordered Me6trien, respectively. The final R (on F) fac-
tors were 0.0589, 0.0572, 0.0592, and 0.0430 for the four com-
pounds, respectively, whereas the corresponding wR (on F2) were
0.1468 for 1, 0.1504 for 2, 0.1267 for 3a, and 0.0986 for 3b. Num-
bers of refined parameters were 210, 379, 250, and 278 for 1, 2, 3a,
and 3b, respectively. Maximum and minimum peaks in the final
difference Fourier syntheses were 0.556 and –0.628 eÅ–3, respec-
tively, for 1, 1.074 and –0.733 eÅ–3, respectively, for 2, 0.721 and
–0.593 eÅ–3, respectively, for 3a, and 0.347 and –0.413 eÅ–3,
respectively, for 3b. The molecular plots were obtained by using the
ORTEP-32 program.[50] CCDC-609516–CCDC-609518 for 1–3a
and CCDC-628117 for 3b contains the supplementary crystallo-
graphic 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.
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Table 8. Crystal data and structure refinement for [Ni2(trpn)2(µ1,3-N3)2](ClO4)2 (1), cis-[Ni(abap)(µ1,3-N3)]n(ClO4)n (2), cis-[Ni(Me6tri-
en)(µ1,3-N3)]n(ClO4)n·nH2O (3a), and [Ni(Me6trien)(N3)]ClO4 (3b).

Compound 1 2 3a 3b

Empirical formula C9H24ClN7NiO C16H44Cl2N14Ni2O8 C12H32ClN7NiO5 C12H30ClN7NiO4

Formula mass 388.49 748.93 448.59 430.57
Crystal system monoclinic orthorhombic monoclinic monoclinic
Space group P21/n Pbca P21/n P21/n
a [Å] 8.643(2) 12.251(4) 8.619(2) 8.723(3)
b [Å] 7.944(2) 22.144(7) 17.297(4) 15.073(4)
c [Å] 23.662(5) 22.416(7) 13.213(3) 14.569(4)
α [°] 90 90 90 90
β [°] 100.06(2) 90 90.85(3) 103.44(2)
γ [°] 90 90 90 90
V [Å3] 1599.7(6) 6081.2(34) 1969.6(7) 1863.1(10)
Z 4 8 4 4
T [K] 100(2) 100(2) 100(2) 100(2)
µ [mm–1] 1.409 1.479 1.159 1.218
Dcalcd. [Mg/m3] 1.613 1.636 1.513 1.535
R [I�2σ(I)] 0.0589 0.0572 0.0592 0.0430
wR2 (all data) 0.1468 0.1504 0.1267 0.0986
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