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A Three-Dimensional Framework of Novel Vanadium Clusters Bridged by
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The hydrothermal reaction of V,05, H,C,0,4:2H,0, KOH, en
and NiCl,-6H,O yields a new three-dimensional open-frame-
work solid. The extended structure consists of a three-dimen-
sional network of [V14035Cl1]®~ cages, with each cage con-

nected to six other neighboring units through [Ni(en),]**
bridging groups.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

The systematic construction of specific architectures from
molecular building blocks has been an area of active re-
search over the past few years.'l Examples range from coor-
dination polymers 1 to larger cluster-based building
blocks.[¥! The mechanism of the formation of polyoxometal-
ates (POMs) is still not yet fully understood and is often
described as self-assembly. What appears to be evident in
exploiting suitable molecular building blocks is to employ
polyoxoanions linked through some kinds of tethers to
form extended structures. While a synthetic method leading
to rational design remains a challenging topic, there seems
to be an increasing use of a combination of hydrothermal
synthesis and structure-directing templates. Small changes
in the synthetic technique, such as solvent, pH value or
counterion, can lead to different products.”! However, once
structure principles are recognized, the synthesis of targeted
species can be designed, as has been demonstrated by the
work of Miiller and co-works with the large polymolyb-
dates. Zubieta and co-workers have reported one- and two-
dimensional polymeric oxometalates in several organic-in-
organic hybrid materials.*® On-going research has demon-
strated that transition metal (e.g. Fe, Co, Ni, Cu, Zn, and
Mn) coordination complexes may serve as inorganic bridg-
ing ligands linking polyanion clusters into one-, two- and
three-dimensional networks.!

POMs are an important subclass of metal oxide cluster
with an exceptional capacity to form mixed-valence com-
pounds that exhibit rich electronic and magnetic properties
and have relevance to catalysis, medicine, and in materials
science.l] Polyoxovanadates have been extensively studied,
with many structurally characterized examples now known,
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such as [V401]*7, [VsOuP™, [VeOrol*", [Vi0Oas]®,
[V1203.0* 7, [V13034]* 7, [V15036) ", [VisO04l’ ™, [V17045]*~
and [V1304]'27, [V1904]°~ and [V3404,]'°".171 Although
polyoxovanadate clusters emerging as discrete ions are com-
mon, synthetically prepared examples of extended struc-
tures with polyoxoanions are relatively rare. Some new
mixed-valance vanadium oxide layers have also been ob-
served in [Ni(en),][V6O14]," [Zn(en),][VsOual, [Cu(en)o)-
[VeOusl, [Cu(en),][V104s]®! and [Cd(enMe),][VsOaq].['"!
Khan et al. have reported several three-dimensional frame-
works which consist of spherical [Vg04, (XOy)] clusters
linked by bridging [M(H,0),] groups (X: V, S; M: Fe, Co,
Mn, Zn).54 At present, we are making a systematic investi-
gation of POMs of group V transition elements for finding
the best strategies to design and synthesize metal oxide clus-
ters with new structures. Here, we report an entirely new
type of mixed-valence ion [V,4033CI]®~ as a building block,
which is bridged by [Ni(en),]>* leading to the three-dimen-
sional network Ni(en);{V1YVYOs3CI[Ni(en),]5}-8.5H,O (1).
As far as we are aware, compound 1 is composed of a new
type of mixed-valance  vanadium-oxygen  cluster
[V16055CI]¥ ™ as structural motif, unlike most of the known
materials with extended structures, which are composed of
well-characterized metal-oxygen cluster types.

The X-ray structure analysis reveals that the extended
structure of 1 (Figure 1), consists of a three-dimensional
network of [V;40s5CIJ¥~ cages, with each cage connected
to six other neighboring units through [Ni(en),]>* bridging
groups. This generates a network of {-[V,5033CI]-[Ni(en),]-
[V16035Cl]-},, arrays running along two mutually non-per-
pendicular directions, so the overall topology of the six-con-
nected network is simple cubic. The building block in the
structure of 1 may be viewed as a “rugby ball”-like
[V16055Cl] shell encapsulating a C1~ ion at its center, as has
been reported by Miiler in the polyoxovanadate
[V15056CI]°~.78 Indeed, an unusual property of reduced
polyoxovanadates is their tendency to form cages encapsul-
ating a guest atom. To the best of our knowledge, there
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extended structure of

View  of  the
Ni(en);{V,6033CI[Ni(en),]3}-8.5H,0, showing nets of [V;c033Cl]
clusters interconnected through [Ni(en),]** bridging groups like
reticular framework; H,O, CI, en and [Ni(en);]*" groups have
been omitted for clarity

Figure 1.

are no examples where a [V;6035Cl] cage forms a three-
dimensional network by [Ni(en),]>* bridging.

The [V;6035CI]®~ unit is a novel type of polyoxovanadate
cage, as shown in Figure 2. The new vanadium exhibits only
one type of coordination i.e. pyramidal. The host shell is
made up of 16 VO5 square pyramids sharing edges through
20 ps-oxygen atoms, 8 py-oxygen atoms, and 10 p;-oxygen
atoms. All the average bond lengths in the cluster are within
normal ranges.[’”! Fivefold-coordinated VOs units are inter-
connected to form polyoxovanadate [V405;g] units, and the
environment around V1 is defined by three ps-oxygen
groups, a [»-0, and an apical O1 moiety. Interestingly, O34
is also bonded to the Ni center of one of the six Ni(en),
bridges that interlink the other [V,4035CI]®~ clusters; the
six-coordination of Ni>* is completed by four N and two
O atoms. Furthermore, each surface of the cluster supports
six [Ni(en),]*" groups which connect different cages by -
oxygen, leading to a three-dimensional network. To the best
of our knowledge, the [V,4033CI]¥~ cluster in 1 is the first
observation of a hexadecavanadium structure containing an
included Cl~ anion.

The assignment of the oxidation state of the vanadium is
consistent with the coordination geometry and was con-
firmed by bond valence sum calculations (BVS).I'!] The
room temperature EPR spectrum of a crystalline sample of
compound consists of one signal (g = 2.002), indicating the
presence of VIV. According to bond valence sum calcu-
lations and charge balance, compound 1 is formulated as
Ni(en);{VIYVYO;3CI[Ni(en)]3}-8.5H,0.

Each terminal oxygen of the six VO5 pyramids (V5—V10)
in compound 1 is linearly bonded to the nickel(ir) center, in
contrast to the [M(en),][V¢O14] (M = Cu, Zn)! structures
where the V=0 oxygen atoms of the VO, tetrahedron are
bonded to the metal cations. The octahedral geometry
around each nickel is completed by two en groups. The
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Figure 2. Structure of the [V5033CI]*~ anion showing a novel cage;
selected distances (A) are as follows: V—0; 1.584(6)—1.619(6),
V—1,-O(=Ni)  1.620(5)—1.641(6), V—p,-O(=V) 1.760(6)—
1.898(7), V—u3-O 1.846(5)—2.242(5), Ni—0O 2.062(6)—2.131(6)

bridging Ni>" ions exhibit strong covalent attachments to
the two adjacent clusters with an average Ni—O distance of
2.087 A, which is much shorter than that in [M(en),][VsO14]
(Cu—0: 253 A; Zn—0: 2.54 A).

The structure of highly reduced polyoxovanadate bridged
by [Ni(en),]>" in the compound allows us to predict the
existence of magnetic exchange coupling. The variable tem-
perature magnetic susceptibility of 1 was measured between
5 and 300 K. The effective magnetic moment of 1 at room
temperature (300 K), determined by the equation g =
2.83(ymT )2, where y is the molar magnetic susceptibility
per formula unit, is 8.72 pg, and is therefore smaller than
the value expected for the total spin-only value of 11 un-
coupled S = 1/2 spins of V#* atoms and four uncoupled
S = 1 spins of Ni** atoms. Figure 3 shows that the effective
magnetic moment of 1 increases as the temperature de-
creases from 300 to 14 K, which is in agreement with a
Weiss constant of 6 > 0, indicating the presence of a weak
ferromagnetic exchange interaction in compound 1. In the
range 14—5K, the effective magnetic moment decreases
with the temperature decreasing, showing there is antiferro-
magnetic coupled interaction in 1 in this temperature range.
Because no suitable theoretical model is available in the lit-
eraturel'” for such a complex system, further studies on the
magnetic properties of similar systems are ongoing in our
lab.

Hydrothermal techniques exploit the principle of “self-
assembly” of a metastable solid phase from soluble precur-
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Figure 3. A plot of the effective magnetic moment p. and inverse
molar susceptibility vs. temperature for compound 1

sors.l’?l Complex 1 is synthesized from V,Os by exploiting
the reducing ability of H,C,0,4:2H,O and en. The presence
of H,C,0, and en are absolutely essential for product for-
mation. Under more reducing conditions the fully reduced
VIV clusters are isolated. VIV and VV/VV clusters are cryp-
tands and tend to form spherical structures. This feature is
evident in the class of reduced and mixed-valence polyoxo-
vanadates described by Zubieta et al.['3! However, this result
may originate from the nature of the transition metal ions
employed. The nickel ion favors a six-coordinate octahedral
geometry. It should be noted that the pH value of the start-
ing mixture has a big influence on the resulting products.
Crystals of 1 can only be prepared in a system with pH
values in the range from 8.5 to 9.5. The Ni—O—V linkages
play a critical role in constructing the chain structure. Al-
though the architecture of a one-, two- and three-dimen-
sional network could not be predicted, we managed to syn-
thesize the compound and obtain high productivity.

Experimental Section

Synthesis of 1: The raw materials used in the synthesis are V,Os,
H,C,042H,0, KOH, NiCl,6H,0, en, and distilled water. In a
typical synthesis of compound 1, 0.82 g of V,0s, 0.5 g of KOH and
1.24 g of H,C,042H,O were first added to 12 mL of distilled
water, and then 0.95 g of NiCl,6H»O and 0.8 mL of en were added
whilst stirring. The reaction mixture, with a pH value about 9.0,
was sealed in a 20 mL Teflon-lined autoclave and heated under
autogenous pressure at 160 °C for four days. The crystalline prod-
uct was filtered, washed with distilled water, and dried at ambient
temperature to give 0.46 g of 1. IR: 1582(s) cm™!, 1458(m),
1394(w), 1369(w), 1327(w), 1277(w), 1142(w), 1103(w), 1022(s),
967(s), 650(s), 512(s). C;sHgoCIN gNiyOy465V 16 (2387.4): C 9.05, H
3.73, N 10.56; found C 7.36, H 2.08, N 12.94. The TGA of 1
showed that water is lost first, followed by the en molecules in the
range 250—469 °C, and a weight gain at 469—583 °C, consistent
with the oxidation from V'V to VV.
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X-ray Crystallography: Crystal data for C;gHgoCINgNi O46.5V 6,
dimensions 0.52 X 0.46 X 0.42 mm, monoclinic, space group
P2i/n, a = 21.953(4), b = 15.896(3), ¢ = 25.086(5) A, p =
109.39(3)°, V = 8258(3) A3, Z = 4, Dc = 1.920 g/em?, p(Mo-K,) =
2.726 mm~!, T = 293(2) K, R[I < 20o(I)] = 0.0754] and the good-
ness-of-fit on F2 is 1.007.

CCDC-183112 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat) +44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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