Zuschriften
prevents any investigation of the magnetic properties of the

2324

A Polyoxometalate Containing the {Ni,N;}
Fragment: Ferromagnetic Coupling in a Ni" p-1,1
Azido Complex with a Large Bridging Angle**

Pierre Mialane,* Anne Dolbecq, Eric Riviere,
Jérome Marrot, and Francis Sécheresse

Dedicated to Professor M. T. Pope
on the occasion of his 70th birthday.

The chemistry of polyoxometalates (POMs) continues to
attract much attention, particularly with respect to potential
catalytic activity."! In the last few years it has also been noted
that POMs are ideal models for the study of exchange
interactions in magnetic clusters, as they represent a class of
well-insulated complexes of controlled nuclearity and top-
ology.”! The studied clusters have been mainly obtained by
filling the vacancies of lacunary Keggin ({XW;,0s},
[XW,0,,}, X=Si", PY, As™V...) or Dawson ({P,W;O¢]},
{P,W5054}) type polyoxotungstates with di- or trivalent first-
row transition metals (TMs), which leads to clusters of
nuclearity ranging from one to fourteen.”! Nevertheless, to
date, the relevance of POMs in molecular magnetism is
limited, partly because only species where the paramagnetic
centers are fluoro, oxo, or hydroxo bridged, have been fully
characterized; the introduction of larger bridging ligands in a
magnetic POM remains a challenge. We are currently
exploring the possibility of coupling the paramagnetic ions
in the vacancies of POMs by organic or inorganic ligands.
Dimeric bis(p-acetato) lanthanide magnetic complexes have
already been obtained.[*! Nevertheless, analogous compounds
with TMs replacing the rare-earth cations have not been
characterized to date. Considering the high affinity of the
azido anion N;~ for transition metals, such as Cu", Ni' or
Mn',P! and that N;~ is certainly one of the most interesting
magnetic couplers known in molecular chemistry, we have
decided to investigate the interaction of this ligand with
magnetic POMs. Very recently, we have shown that the
paramagnetic center of a Cu" POM can bind an azido
group;™ nevertheless, the lack of structural information
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compound obtained.

We report herein the synthesis, the structural character-
ization, and the magnetic properties of complex
KRbs[(PW,,03,)(Ni(H,0)),(u-N3)]-19H,0 (1), which is the
first example of a fully characterized azido polyoxometalate.
Moreover, the topology of the {Ni(u-1,1-N5)Ni} core in 1 is
unprecedented, as no corner-sharing azido-bridged Ni" com-
plex has been obtained to date. It follows that the Ni-N-Ni
angle 0 in 1 is by far the largest observed in azido-ligand
bridged Ni"! compounds, a feature which should help the
understanding of the relationships between structural param-
eters and the value of the magnetic exchange parameter J for
u-1,1-N; complexes.

Compound 1 was obtained by adding solid Ky[A-a-
PW,05,] to a hot aqueous solution of Ni"" acetate, followed
by the addition of an excess of sodium azide. The formation of
the [PW,,0;,]°" ion, as a result of the instability of the
[PW,0,,]°~ species in solution, is known.®! Crystal structure
analysis of compound 17 shows that 1 can be described as the
result of the formal removing of a {W50,3} group from the [a-
PW,,0,]*" ion followed by its replacement by a {WO;(Ni,-
(H,0),N;} fragment (Figure 1). Two crystallographically non-

Figure 1. a) Polyhedral and ball-and-stick representation of complex 1.
Light gray octahedra=WOjs; black octahedra=PO,; white cross-
hatched sphere = Ni; empty white sphere=0OH,; gray cross-hatched
sphere = N. Selected bonds lengths [A] and angles [°]: Ni(1)-O
1.990(5)-2.273(5), Ni(2)-O 2.001(5)-2.283 (4), Ni(1)-N 2.018(4), Ni(2)-
N 2.003(3), Ni(1)--Ni(1) 3.620(6), Ni(2)--Ni(2) 3.639(6), Ni(1)-N-
Ni(1) 128.9(4), Ni(2)-N-Ni(2) 129.6(4), N-N-N 172.8(13)-174.1(14).
See text for labels. b) Ball-and-stick representation of the {[Ni(H,O)],-
N;(OPO) (OWO)} fragment. Black cross-hatched sphere=P; gray
sphere=W; white sphere =0O; white cross-hatched sphere = Ni; gray
cross-hatched sphere=N

equivalent [(PW,05,)(Ni(H,0)),(u-N;)]°~ subunits (1a and
1b, containing the ions Ni(1) and Ni(2), respectively) have
been found in the unit cell. The dinuclear {[Ni(H,O)],Ns}
entities are highly similar in 1a and 1b (see Figure 1), and will
be considered as identical for the forthcoming discussion. The
paramagnetic centers are in an axially distorted octahedral
environment. Indeed, an elongated Ni—O(POs) bond (dyi.o =
2.273(5), 2.283(4) A) is observed in the position trans to the
Ni—OH, bond (dyi—on, =2.007(2), 2.018(4) A), the remaining
Ni-O/N bonds are in the range 1.990(5)-2.081(5) A. The two
paramagnetic centers are bridged by one of the terminal
nitrogen atoms of the azido ligand, which connects the
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paramagnetic centers in an end-on fashion. The two Ni"
cations are related by a mirror plane containing the heter-
oatom, the azido ligand, and the tungsten atom of the {WNi,}
trinuclear subunit. Finally, the shortest intermolecular Ni™-
Ni" separation is observed between the Ni(1) and the Ni(2)
centers (dyg).ni2y = 5-005(1) A). Compound 1 can be com-
pared to the reported complex [(PW,,05)(Cu(H,0)),]’
for which, a treatment of the magnetic data revealed a
mixture of several isomers. Two isomers contain neighboring
Cu" ions, connected through a corner oxygen atom and an
edge of their coordination octahedra, the other isomers being
constructed of nonadjacent CuO4 octahedra. From this
structure it can be concluded that the azido anion imposes
an arrangement in which the paramagnetic pair shares a
corner. The {[Ni(H,0)],N;} core in 1 can be compared to that
found in the copper complex [Cu,(p-1,1-N;)L](ClO,); (L =n*
nitrogen macrocyclic ligand),”® which is the only {M,(u-1,1-
N;)} complex with a longer metal-metal separation (dgy.c, =
4312 A) and a larger M-N-M angle (Cu-N-Cu = 146.5°) than
1. Nevertheless, in this macrocyclic compound, the bridging
nitrogen atom of the azido ligand is in an axial position. The
IR spectra of 1 is in agreement with an end-on coordination
mode of the N5~ unit (#¥,,=2088 cm™, # =1301 cm™"), and
very similar to that found for the complex postulated to be
HK([(SiW,05,)Cu;N;]  (7,,=2082 cm™!, #,=1282 cm™"),>
which suggests that the same coordination mode of the
azido ligand is adopted in this copper(il) complex. This
situation clearly highlights that in aqueous media, the
substitution of the terminal water molecules linked to the
paramagnetic centers is difficult. Attempts of further azida-
tion on the alkylammonium salts of 1 in organic media need to
be performed.

The magnetic behavior of 1 between 2-300 K was inves-
tigated (Figure 2). The yy7T curve increases continuously
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Figure 2. Magnetic susceptibility per mole of compound 1 as a func-
tion of temperature between 150 and 2 K. Inset: M=f(H/T) at 8, 6, 4,
3, and 2 K (from left to right). The solid lines were generated from the
best fit parameters given in the text.

upon cooling from 300 K to 31 K, after which ¥, 7T rapidly
decreases. This pattern is characteristic of ferromagnetic
behavior, with a S =2 ground state. The sudden decrease in
xm1 could be due both to intermolecular interactions and to
the zero-field splitting (ZFS) effect on the S=2 state. We
considered the Hamiltonian in Equation (1) with §;=9,=1

H=-J528-D(8-85+1)) oY)
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associated to the local spin of the two Ni" centers, and the
axial ZFS Hamiltonian being relative to the S=2 ground
state of the cluster.

The yuT=1(T) curve was fit using the related analytical
expression (see Supporting Information). The best fit param-
eters obtained were J=36.4cm™', g=2.13, and D=5.1cm™"
(R=3.4x107).1 A fit of the yT=1(T) curve considering
the Hamiltonian A = —JS‘1 S'z—zJ’, where zJ' relates to the
interdimer exchange, was also performed, and led to a zJ'
value of —0.62cm™' (J=272cm™!, g=221, R=7.10"°). As
this value represents an upper limit, it can then be assumed
that intermolecular interactions will vanish at high fields (H >
1.5T). The variation of the magnetization M with the applied
magnetic field H for 1 in the range 0-5.5T was investigated at
2,3,4, 6 and 8 K. The relatively high J value previously found
allows the possibility that only the S =2 state is populated at
these temperatures to be considered. The best fit of the M =
f(HIT) curves in the range 1.5<H<S5T (Figure 2, inset)
considering the axial ZFS Hamiltonian A" =—D (Sf—ﬁ(g' +
1)) gives D=59cm™! and g=2.16 (R=2.10"%, in good
agreement with the values determined by fitting the yu7 =
f(T) curve relatively to the H Hamiltonian.!”! It has also to be
noticed that the non-superposition of the M = f(H/T) curves
clearly indicates that the system is anisotropic. Such large or
larger values of D have been reported for dinuclear Ni
complexes.[']

During the last few decades, several groups have tried to
understand the relationship between structural parameters
and magnetic coupling in p-1,1-azido bridged complexes (see
below). To date, Ni"! compounds containing three and two
end-on azido bridging ligands have been reported (see Table 1
for selected Ni" azido complexes). With three end-on azido
bridging ligands, the available structures show a narrow range
of Ni-N;-Ni angle 6 (83.2 < 0 <86.9°), while 6 ranged between
94.8 and 104.9° with two end-on azido bridging ligands. For all
these compounds, the magnetic coupling was found to be
ferromagnetic. In 1, the 6 value is dramatically higher, with an
average O value of 129.3°. It also follows that the Ni-Ni
separation (3.639(6) A) is longer than for the previously
reported compounds. In 1986, Kahn et al."? proposed a spin-
polarization model for bis(u-1,1-N3) coupled copper(ir)
dimers, in which the two opposite electrons in the HOMO
m, are localized on the two terminal nitrogen atoms of the
azido ligand. For an end-on bridging mode, simultaneous
pairing of the two paramagnetic centers would lead to
ferromagnetic coupling, irrespectively of the 0 value. Never-
theless, based on polarized neutron diffraction studies,™!
Aebersold etal. showed later that a spin-delocalization
mechanism in the active-electron approximation must be
considered. The coupling would then be ferromagnetic (or
antiferromagnetic) under a given 6,o value and antiferro-
magnetic (or ferromagnetic) above, where 6,5 is the angle for
accidental orthogonality. This phenomenon was observed by
Thompson and co-workers for diazine/azide copper com-
plexes, with 6, = 108.5°, but it was established by the same
group!" and Escuer et al."" that the antiferromagnetic nature
found for diazine/azide copper complexes for 6,0 >108.5°
was due to the complementary antibonding overlap phenom-
enon,”” and not simply to an effect of an increase of the 6
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Table 1: Structural parameters and exchange magnetic coupling constant J in 1 and selected di- and tri-

p-1,1-azido bridged nickel(11) complexes.?!

12.25. IR (KBr pellet): 7#=2088(s), 1620 (s),
1301(w), 1053(s), 950(s), 905(s), 877(s), 809(s),

692(s), 509(m), 365(m) cm .

. . ro . . rd i
Compounds Ni-N-Ni ['] Ni--Ni [A] Jlem ] Ref. Magnetic susceptibility measurements were
tri-u-1,1-azido bridged Ni(i1) complexes carried out with a Quantum Design SQUID
[Ni,L';(1-N3)5]ClO, 85.0-86.9 2.896 +30.7 [ Magnetometer with an applied field of 1000 G.
[Ni,L% (u-N3)5]ClO, 86.1-86.5 2.582 +17.2 [20] The independence of the susceptibility value with
regard to the applied field was checked at room
di-p-1,1-azido bridged Ni" complexes temperature. The susceptibility data were cor-
[Nig(dbm),(EtOH),(u-N3).] 94.8-97.7 3.156-3.239 +11.9 [21] rected from the diamagnetic contributions as
[{Ni(terpy) (1-N3)}.] 101.6 3.274 +22.8 [22] deduced by using Pascal's constant tables and
[{Ni,(Medpt),(N5),} (1-N3),)] 104 3.470 +46.7 [23] from temperature-independent paramagnetism
[{Ni(en),},(1-N3),](ClO,) 104.3 3.369 +20.9 [24] (TIP). The analytical expression used for the fit
of the yyT=f(T) curve is given as Supporting
mono--1,1-azido bridged Ni"' complex Information.
KRbs[ (PW1603,) {Ni(H;0)} (1-N;)] 129.8-130.6 3.620-3.639 +37 This work

[a] dbm =dibenzoylmethane, L' =1,4,7-trimethyl-1,4,7-triazacyclononane, L*=bis(N,N'-dimethyl-1,4,7-

triazacyclononane)calix[4]arene, Medpt = methyl(bis (3-aminopropyl)-

terpy=2,2":6,2"-terpyridine;

amine), en =1,2-ethanediamine.
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angle as initially supposed. Previously Mikuriya et al. had
reported that no significant magnetic coupling occurs in the
only single-bridged azido end-on complex [Cu,(p-1,1-
N;)L](ClO,);;® however, for this compound, the azido
ligand is in an axial position, and this lack of magnetic
coupling is quite understandable considering that the
unpaired electrons of the Cu" centers are localized in the
d._,» orbitals. Our results (i.e. a ferromagnetic coupling
occurring in a dimeric p-1,1 azido complex with a 6 value of
129.3°) provides empirical evidence for a positive answer to
the question posed by Kahn et al. “Can the 1,1-azido group be
considered as an almost universal ferromagnetic coupler ?”.l"
At least, we can say that this assumption must be true for
nickel(11) complexes; nevertheless, MO calculations must be
performed to verify that no countercomplementarity effect
arises from the long O-P-O and O-W-O bridges connecting
the divalent centers. Owing to the lack of available com-
pounds, no clear correlation between 6 and J for Ni" azido
bridged compounds could be found to date. Nevertheless, our
work verifies the Ruiz etal. DFT B3LYP calculations,"
which proposed that, even at high 6 angles, Ni"" dimers
could be ferromagnetically coupled. Obtaining single crystals
of 1 suitable for polarized neutron diffraction studies would
be helpful in further understanding of the magnetic exchange
mechanism in p-1,1-azido bridged complexes. Additionally,
the synthesis of analogous p-1,1-N3/POMs complexes with
other divalent transition metals must be performed.

Experimental Section

1: Ni(CH;CO0),-4 H,0 (0.220 g, 0.88 mmol) was dissolved at 60°C in
water (10 mL). Then, a sample of Ko[A,0-PW,0,,]-16 H,0" (1.07 g,
0.37 mmol) was added as a solid. NaN; (0.087 g, 1.34 mmol) in water
(10 mL) of was added dropwise to the resulting yellow solution. The
solution was stirred for 10 min and allowed to cool to room
temperature. Solid RbCl (0.750 g, 6.2 mmol) was then added. A
precipitate (0.2 g) was removed by filtration after 30 min, and the
filtrate let to evaporate overnight. Green yellow crystals of 1 were
then collected by filtration and washed with ethanol and diethyl ether.
Yield: 0.4 g (30 %, based on {PW,05,}). Elemental analysis calcd (%)
for KRbs[(PW,0s,)(Ni(H,0)),(11-N3)|-19H,0: W 53.05, Ni 3.40, N
1.21, K 1.13, Rb 12.33; found: W 53.05, Ni 3.42, N 1.26, K 0.93, Rb
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