
pubs.acs.org/ICPublished on Web 05/20/2010r 2010 American Chemical Society

Inorg. Chem. 2010, 49, 5359–5361 5359

DOI: 10.1021/ic100648c

Novel Polynuclear Nickel(II) Complex: Hydrazine, Sulfato, and Hydroxo Bridging

in an Unusual Metal Hexamer. Crystal Structure and Magnetic Properties

of [Ni6(N2H4)6(SO4)4(OH)2(H2O)8](SO4)(H2O)10

Magnus Gustafsson,† Andreas Fischer,‡ Andrey Ilyukhin,§ Mikhail Maliarik,*,† and Per Nordblad^

†Department of Physics, Chemistry and Biology (IFM), Link€oping University, S-581 83 Link€oping, Sweden,
‡Department of Chemistry, Royal Institute of Technology, SE-100 44 Stockholm, Sweden,
§Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Science,
Leninsky Prospect 31, Moscow 119991, Russia, and ^Department of Engineering Sciences,
Solid State Physics, SE-751 21 Uppsala, Sweden

Received April 6, 2010

A reaction between nickel(II) sulfate and hydrazine in aqueous
solution yields blue crystals of [Ni6(N2H4)6(SO4)4(OH)2(H2O)8]-
(SO4)(H2O)10. The compound has been characterized by single-
crystal and powder X-ray diffraction, vibrational spectroscopy, as
well as variable-temperature magnetic susceptibility. This is the first
reported crystal structure of the nickel(II) complex with hydrazine.
The complex cation in the compound has a remarkable structure
with unusual diversity of bridging groups including hydrazine
molecules, sulfate ions, and hydroxo groups. Hydrazine molecules
bridge nickel ions into trimers, which are further linked into
hexamers through bridging sulfates. The magnetic susceptibility
study of the compound reveals antiferromagnetic interaction
between nickel(II) ions in the polynuclear complex.

Nickel(II) complexes with hydrazine have recently at-
tracted significant interest because of their applications for
the electroless deposition of fine nickel powders,1-3 thin films
ofmetallic nickel,2,3 and nanotubes of nickel complexes.4 The
studies have been aimed at the controlled chemical reduction
of the complexes in aqueous solution. Although hydrazine is
a powerful reducing agent, the reduction of nickel proceeds

very slowly unless elevated temperatures and/or catalysts are
applied.5,6

Because of the kinetic inertness of the redox reaction
between nickel(II) and hydrazine, several relatively stable
Ni-N2H4 complexes were previously synthesized and stu-
died both in the solid state and in solution. Thus, two cry-
stalline compounds, bis- and tris(hydrazine)nickel(II) chlor-
ides, are formed in the aqueousNiCl2-N2H4 system depend-
ing on the molar ratio N2H4/Ni2þ.3,7 Both [Ni(N2H4)2Cl2]
and [Ni(N2H4)3]Cl2 compounds are easily dissolved in a
solution of aqueous ammonia because of the formation of
mixedhydrazine-ammonia complexes: [Ni(N2H4)n(NH3)m]

2þ

(2nþm=6).7b The complexes are stable at ambient temper-
ature; however, when the solutions are heated, the effective
reduction of nickel(II) takes place.
A study of coordination compounds formed in the aqu-

eous NiSO4-N2H4 system was also undertaken. A com-
pound with the general composition NiSO4 3 3N2H4 was
synthesized and characterized by means of IR spectroscopy
andpowderX-raydiffraction.8A reactionbetweenhydrazine
sulfate andNiSO4 in an aqueous solution yieldedNi(N2H5)2-
(SO4)2.

9

Although a number of powder X-ray diffraction studies of
nickel(II) complexes with hydrazine were undertaken, no
crystal structure of [Ni(N2H4)n]

2þ was reported. In this
paper, we report the synthesis and crystal structure of the
[Ni6(N2H4)6(SO4)4(OH)2(H2O)8](SO4)(H2O)10 compound
(1) along with its magnetic properties.
Crystalline compounds were obtained from the aqueous

nickel(II) sulfate-hydrazine system with N2H4/Ni2þ molar
ratios (n) of 1 and 2.10 Powder X-ray analysis of the poly-
crystalline samples of the solids obtained at different n and at
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different temperatures11 shows the identity of the com-
pounds (see Figure S1 in the Supporting Information). The
IR spectra of the samples are also similar (Table S1 in the
Supporting Information).12

The crystal structure of 1 consists of a polunuclear nickel-
(II) cation, a sulfate anion, and lattice watermolecules.13 The
molecular structure of the complex cation is shown inFigure 1.
Three crystallographically independent nickel atoms in the
structure are linked into trimers by three hydrazinemolecules
bridging pairs of metal ions. In addition, the trimer unit is
strengthened by coordination of a sulfate ion capping the
three metal ions and by a hydroxo group, which lies almost
in the plane formed by nickel ions. Both the sulfate and
hydroxide ions act therefore as tridentate (μ3) bridging
ligands, linking the nickel ions in a trimer. The trimers are
further linked into hexamers via two other bridging sulfate
anions.
The nickel ions in the complex have pseudooctahedral

coordination formed by two nitrogen atoms of bridging
hydrazine molecules appearing in trans positions of the
polyhedron and four oxygen atoms from two types of
bridging sulfate ions, a hydroxo group, and a water molecule
of coordination. All three nickel atoms coordinate the same
hydroxo group (μ3-OH) and an oxygen atom of the capping
sulfate ion (μ3-O3SO). Water molecules of coordination are
placed in the trans position to the oxygen of the hydroxo

group. The last place in the coordination polyhedron is filled
either by an oxygen atom of the coordinated water molecule,
like in the case of Ni(1), or by oxygen atoms of bridging
sulfates (μ2-O2SO2) for Ni(2,3). The hexamer cation is
additionally linked by a network of hydrogen bonds; see
Figure 1 and Table S4 in the Supporting Information. The
noncoordinated sulfate ion in the crystal structure is dis-
ordered about the inversion center. Water molecules of
crystallization are partially disordered.
Coordinated sulfate ions in the structure have twodifferent

bonding modes: μ3-O3SO, capping the nickel atoms in the
trimers, and μ2-O2SO2, bridging the trimers in the hexamers.
The former bridging mode is rather unusual for the sulfate
ion. To the best of our knowledge, the complex cation
[Ni6(N2H4)6(SO4)4(OH)2(H2O)8]

2þ is the first example of
the μ3-O3SO bonding fashion in the compounds of nickel(II)
ions. Although the variety of the bonding modes of sulfato
ligands is known,15,16metal complexeswithμ3-sulfato groups
are very rare. To the best of our knowledge, the only hitherto
reported trinuclear complexes with capping μ3-O3SO sulfato
ligands were formed by titanium(IV).17 Interestingly, even
the μ6-bridging mode of the sulfato group is possible because
it has been recently reported for a vanadium(V) cluster
compound with SO4

2- ions capping six vanadium ions.18

The hydroxo group in the complex is bound to the three
nickel atoms with almost equidistant Ni-O(1) separations,
2.026-2.033 Å. The angles between the Ni-O(1) bonds,
Ni(3)-O(1)-Ni(2), Ni(3)-O(1)-Ni(1), and Ni(2)-O(1)-
Ni(1), are also almost identical, 112.3-113.3� (Tables S2 and
S3 in the Supporting Information).
The hydrazine ligands can bind metal ions in both a

unidentate and a bidentate fashion. In contrast to the gen-
erally accepted terminology, in the present case, the bidentate
modemeans that the hydrazinemolecules link twometal ions
by coordinating to each of the nickel ions via one nitrogen
atom. The hydrazine ligand acts therefore as a bidentate
bridging group. This binding mode often results in the
formation of chain structures ofmetal ions linkedbybridging
hydrazine ligands.19 Polymer two- and three-dimensional
structures with hydrazine acting in the bidentate bridging
mode were suggested for the series of nickel(II) chloride
compounds, Ni(N2H4)nCl2 (n=2, 3).7a,20

The lack of extended chain structures built via bridging
hydrazine ligands in the case of the polynuclear cation
[Ni6(N2H4)6(SO4)4(OH)2(H2O)8]

2þ, as compared to the
structures of Ni(N2H4)nCl2, can probably be attributed to
the sulfato group acting as a templating unit for the cluster
assembly. The effect is further enhanced by the hydroxo ion
operating in the (μ3-OH) binding mode. Both the SO4

2- and
OH- ligands, therefore, force nickel ions into the trimer
units. In contrast to the chloride ion, the sulfate acting as a
tridentate ligand is apparently sufficiently strong to compete

Figure 1. Molecular structure of the complex cation in 1.
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with hydrazine for the place held by nickel in the coordina-
tion sphere. The SO4

2- group takes advantage of its three
oxygen atoms to “arrange” nickel ions in the trimer units.
A similar template function of the sulfato ligand was also
noted in the structure of the vanadium(V) cluster compound
with an unprecedented μ6-bridging mode of the sulfato
group.18

In the context of mixed-metal complexes with hydrazine
and sulfato ligands, it is worth mentioning a family of
isostructural compounds [M(SO4)2(N2H5)2]n (M = Cd,21a

CrII,21b FeII,21c Zn21d). A hydrazinium cation is bound to the
metal atoms in the complexes in a monodentate mode. The
metal atoms are connected into infinite chains by pairs of
sulfate groups. The metal sulfate chains are further cross-
linked by N-H 3 3 3O hydrogen bonds.
The measured temperature dependence of the magnetic

susceptibility χ and 1/χ shown in Figures 2 and S3 in the
Supporting Information does not follow a Curie or Curie-
Weiss law.22 However, from an almost flat region of the
χM(T)T vs T plot (Figure S3 in the Supporting Information)
at higher temperatures (and assuming Curie behavior), one
can extract the value of the Curie constant C=8.5 cm3 K
mol-1. The same C value is also obtained from the Curie-
Weiss fit of the high-temperature part of the 1/χ(T) plot (see
the inset of Figure 2), which shows a large deviation from the
Curie-Weiss behavior at temperatures below 50 K. The
effective magnetic moment, μeff, calculated from the Curie
constant,23 is 3.4 μB.
The fit to the 1/χ(T) plot also yields theWeiss constant θ=

45 K [χ= C/(T þ θ)], implying antiferromagnetic interac-

tions between nickel ions in the complex in the temperature
range 50-300 K. One may expect that antiferromagnetic
interaction between the three nickel ions in the trimer
(Figure 1) occurs through superexchange via the intercon-
necting oxygen atom [O(1)] of the bridging hydroxo group.
In conclusion, we report a remarkable polunuclear com-

pound where nickel(II) ions are bound in hexamers by
hydrazine, sulfato, and hydroxo bridges. Quantum mechan-
ical calculations are clearly needed to gain a deeper insight
into the electronic structure and magnetic behavior of this
nickel cluster.

Supporting Information Available: Experimental polycrystal-
line and calculations from the single-crystal data X-ray diffrac-
tograms of 1, FTIR spectrum of 1, IR data and tentative
assignment of the bands for the crystalline samples obtained
from the NiSO4-N2H4-H2O system, X-ray crystallographic
data for 1 in CIF format, selected bond lengths and angles as
well as hydrogen bonds in the complex cation of 1, plot of χMT
vs T for 1. This material is available free of charge via the
Internet at http://pubs.acs.org. Crystallographic data have
also been deposited with the ICSD database (CSD-number
421462).

Figure 2. Magnetic susceptibility and inverse magnetic susceptibility
(inset) plots versus temperature for 1.
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