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Abstract

The design and construction of new supramolecular coordination compounds based on octacyanometalate [M(CN)8]3−/4− (M = Mo and
W) building blocks of potential utility as functional materials has received considerable attention over the recent years. The resea
field has resulted in the cyano-bridged polynuclear octacyanometalate-based molecules and polymeric coordination networks w
like molecular magnets and photo-induced magnetic materials. This article surveys the superstructural complexity of some co
frameworks built by multidirectional non-rigid octacyanometalate anions as linkers in self-assembly with convergent Mn(II,III),
Cu(II) and Pt(II) complexes with polyamine, diimine and Schiff-base blocking ligands. The role of intermolecular directional f
propagation of M–CN–M′ linkages into the architectures of various dimensionalities and topologies is pointed out. The network to
are outlined and the structure/property relationship is discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Over a hundred years ago, in 1904, Chilesotti synthesized
a new cyano complex, K4[Mo(CN)8]·2H2O[1]. He observed

∗ Corresponding author. Tel.: +48 12 663 20 36; fax: +48 12 634 05 15.
E-mail address: siekluck@chemia.uj.edu.pl (B. Sieklucka).

that after the irradiation by sunlight, the aqueous solu
of octacyanomolybdate(IV) turned red and released H
A few years later, in 1910, Rosenheim et al. investig
the photosensitivity of [Mo(CN)8]3− ion [2]. The same be
haviour of [W(CN)8]3− was noticed by Olsson[3]. In 1924,
Collenberg observed that the irradiation of [Mo(CN)8]4− in
alkaline solution results in replacing up to maximum f

0010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2005.02.024
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Plate 1.

CN− ligands by OH− ions[4]. Since then, the reactivity and
photoreactivity of octacyanometalates have been studied till
early nineties[5].

Recently, the octacyanometalate of Mo and W redox cou-
ples, offering eight cyano ligands potentially able to form
cyano-bridged networks with 3d metal centres, have opened
the new very attractive subject in crystal engineering. Their
appealing new topologies, interesting structural features and
collective properties are very promising material of poten-
tial applications in modern information storage technology,
optical devices and microelectronics or as nano-porous mate-
rials. The research in this field has resulted in high-nuclearity
octacyanometalate-based molecules and polymeric coordi-
nation networks of magnetic and photomagnetic properties,
built by Mn(II) [6–23], Co(II), Co(III) [10,18,24–27], Mn(III)
[28,29], Cu(II) [30–48]and Ni(II) [15,49–51]centres.

The design of such molecular architectures is based on
the widely employed building block (tecton) methodology in
solution[52] consisting in the substitution of the labile co-
ordination sites in cationic complexes by the octacyanomet-
alate anions acting as ligands. The formation of coordinate
M–CN–M′ bonds between mononuclear molecular precur-
sors is accompanied by intermolecular�–� stacking, hydro-
gen bonding and electrostatic interactions.

The topology of self-assembled coordination network
i eir
s ties.
I of
t bly
p and
c
T basic
g n

(DD-8, D2d) or bicapped trigonal prism (TPRS-8,C2v)
(Chart 1). The spatial configuration and therefore the exact
ordering of the d-levels is very sensitive to the crystal-
lographic environment, i.e. counterions and/or solvent.
Moreover, polytopal rearrangements of SAPR-8, DD-8 and
TPRS-8 geometries are found to be barrierless[54].

This review will focus on the [M(CN)8]3−/4− (M = Mo and
W) complex ions in constructing coordination networks with
Mn(II), Mn(III), Co(III), Cu(II) and Pt(II) convergent pre-
cursor centres. The convergent cationic 3d complexes contain
blocking polydentate ligands and labile ligands atcis or trans
positions. This enables the propagation of polymeric frame-
work into the required directions favouring low-dimensional
architectures. Generally, our synthetic strategy and crystal en-
gineering is based on exploring (i) different oxidation states of
octacyanometalates precursors related to two possible ground
spin states:S = 0 or 1/2 for M(IV) and M(V), respectively; (ii)
the metal-to-metal charge-transfer transition (MMCT) lead-
ing to the photomagnetic systems.

The different coordination geometry along with the degree
of chelation of cationic tectons as well as octacyanometa-
late coordination functionality leads to a range of diverse
molecules and coordination polymers resulting in the adop-
tion of 0-D, 1-D or 2-D distinct topologies. In the case ofcis-
protected octahedral cationic tectons of Mn(II) and Co(III)
either architectures based on a 0-D molecular square or frag-
m alen
l di-
a to
e
1 esal-
o th
o the
s encoded into the individual building blocks due to th
teric, topological and intermolecular bonding capabili
n particular, the inherent coordination preferences
he metal cationic building blocks used in the assem
rocess are coupled with the stereochemical non-rigidity
oordination versatility of octacyanometalate moiety[53].
he octacyanometalate anions display three idealized
eometries: square antiprism (SAPR-8,D4d), dodecahedro
ent of 1-D zigzag chain are formed. The use of simple s
igand [salen = theN,N′-ethylenebis(salicylideneaminato)
nion] and itstrans-protected MnIII complexes leads
ither the Mn3II WV molecules or the{Mn3

II MoIV}n
−

-D zigzag chains. Steric hindrance at Schiff-base 3-OM
phen [3-OMesalophen = theN,N′-o-phenylenebis(3-me
xy-salicylideneaminato) dianion] ligand results in
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formation of 0-D {MnIII WV}2− anions. The aliphatic
polyamine copper(II) tectons with [N3] donor atom sets lead
to the construction of a family of related 1-D and 2-D co-
ordination polymers. The release of the fully protonated
polyamine ligands produces 2-D polymers with Cu(II) cen-
tres coordinatively saturated solely by CN bridges supplied
by [W(CN)8]3− ions.

A logical extension of the building-block approach is to
combine the pre-organized multinuclear supramolecular co-
ordination compound formed by 3d-metal centres bridged
by organic linearspacer ligands with octacyanometalate
moiety. In case of polynuclear{[Cu(�-4,4′-bpy)]2+}n (4,4′-
bpy = 4,4′-bipyridine), the self-assembly results in the 2-D
network, which is built of infinite CuII chains cross-linked
by octacyanotungstate units.

The application of square planar Pt(II) complexes in the
reactions with octacyanometalates(V) affords the ionic as
well as cyano-bridged mixed-valence systems. The formation
of trinuclear cyano-bridged MV–CN–PtIV –NC–MV complex
in the inner-sphere redox requires the overcoming of stere-
ochemical barrier created by octacyanometalate(V) moiety
and, depending on the condition employed, the different re-
action pathways for W(V) and Mo(V) are observed.

Each of these different coordination networks will be dis-
cussed and the structures that are observed, spectroscopic
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Fig. 1. The molecular structure of [MnII (bpy)2]4[MoIV (CN)8]2·8H2O (1)
(adapted from Ref.[20]).

{[Mn2
II (H2O)2(CH3CO2)][WV(CN)8]·2H2O}n (TC = 40 K)

[11], {Mn2
II Cs0.5[WV(CN)8](CH3CO2)1.5(H2O)}n (TC =

45 K) [11], {[MnII (pym)(H2O)]2[MnII (H2O)2][WV(CN)8]2
(pym)2·2H2O}n (pym = pyrimidine) (TC = 47 K) [12],
{Cs[MnII (3-CNpy)2][WV(CN)8]·H2O}n (3-CNpy = 3-cya-
nopyridine) (TC = 35 K) [13] and {�-bpym-[MnII (H2O)]2-
�-[(NC)6MIV (CN)2]}n (bpym = bipyrimidine)[14]. The use
of trans-protected cationic complexes favouring the 1-D
architectures gives rise to the formation of cyano-bridged
chain assemblies{[MnII L]2[NbIV (CN)8](H2O)·5H2O}n

and [Mn2
II L2(H2O)2][MoIV (CN)8]·5H2O (L = macrocyclic

ligands)[15,16]. The latter compound has revealed the pho-
tomagnetic effect in solid state resulting in the appearance
of Mn(II)–Mo(V) antiferromagnetic interaction.

We were particularly interested in metal-directed self-
assembly ofcis-protected octahedral complexes leading to
the formation of either molecular square or zigzag chain
[52d]. Such polynuclear molecules or one-dimensional
chains can be regarded as potential single-molecule magnets
(SMM) [56] or single-chain magnets (SChM), respec-
tively [57]. We have chosencis-[Mn(bpy)2(H2O)2]2+

complex (bpy = 2,2′-bipyridyl), which reacted with
[M(CN)8]4− and [W(CN)8]3− anions in aqueous solu-
tion to give two original 0-D cyano-bridged architectures:
[MnII (bpy)2]4[MIV (CN)8]2·8H2O [M = Mo (1), W (2)] [20]
a II II V

(
u-

c
T rdi-
n cule
i
s d four
t -
r idges
roperties and magnetostructural correlations describe
ompared.

. Architectures of octacyanometalate-based
etworks

.1. Coordination networks based on Mn(II) complexes

The weak and moderate field Mn(II) octahedral co
lexes are particularly attractive as building blocks

ormation of magnetic coordination networks due to t
d5 electronic configuration leading to high electronic s
= 5/2, generally good electrochemical stability as w
s substitutional lability[55]. The formation of cyano
ridged bimetallic octacyanometalate(V,IV)-manganes
ompounds dependent on the reaction conditions
olvent, blocking ligands or charge balancing ions) h
een reported by a few other groups[6–19]. The use
f MnII (ClO4)2-[MV(CN)8]3− substrates in alcohol
edia leads to the formation of pentadecanuclear cy
ridged clusters [Mn9II Mn6

V] with high spin ground stat
6–8]. In contrast, the aqueous solution of these build
locks produces the extended 3-D coordination netwo
Mn6

V(H2O)9[WV(CN)8]4·13H2O}n [9], characterize
y a long-range ordering temperatureTC = 54 K, as wel
s paramagnetic{Mn2

II (H2O)4[WIV (CN)8]·4H2O}n [10]
ompound able to intercalate selectively ammonia
mall primary amines. The incorporation of Cs+ and
H3COO− counterions and/or addition of blocking liga
olecules result in totally different 3-D architectur
nd [Mn (bpy)2][Mn (bpy)2(H2O)]2[W (CN)8]2·7H2O
3) [21], respectively.

The crystal structure of1 is built of cyano-bridged hexan
lear clusters Mn4II Mo2

IV of octahedral geometry (Fig. 1).
he [Mo(CN)8]4− moieties located at the axial sites coo
ate four Mn centres located in equatorial sites. The mole

s realized then by two, mutually perpendicular, Mn2
II Mn2

IV

quares sharing the Mo corners. Four cyano bridges an
erminal cyano ligands of each [Mo(CN)8]4− moiety are ar
anged in square antiprismatic geometry. The cyano-br
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Fig. 2. The molecular structure of [MnII (bpy)2][MnII (bpy)2(H2O)]2
[WV(CN)8]2·7H2O (3) (adapted from Ref.[21]).

are formed by the neighbouring ligands of the square wall of
square antiprism. The Mn atoms retains a distorted octahe-
dral geometry with two bpy ligands and bent cyano-bridges
arranged incis-positions. The supramolecular architecture of
the Mn4

II Mn2
IV lattice is controlled by CN-bridging, intra-

and inter-molecular�–� stacking (face-to-face and edge-to-
face) interactions and extensive network of hydrogen bonds
between terminal cyano ligands and the water molecules. The
compounds1 and 2 are isostructural and generally reveal
paramagnetic behaviour. At very low temperature antiferro-
magnetic intra- or intermolecular interactions are observed.
The irradiated solids of{[Mn(bpy)2]4[M(CN)8]2}·8H2O dis-
play irreversible (1) or reversible (2) photo-induced mag-
netic modifications. The irradiation (λ = 337–357 nm) at 5 K
in SQUID cavity results in formation of Mn2IMn2

II Mn2
IV

photoproduct. The irradiation in the ambient conditions, in
the presence of O2, causes photodecomposition of cluster into
[MnII (bpy)2(CN)2] and [MVI (CN)4(O2)] [22].

The structure of3 consists of V-shaped cyano-bridged pen-
tanuclear molecules Mn3

II W2
II . Two W atoms are linked

by single bent cyano bridges to three Mn centres in al-
ternating sequence Mn–W–Mn–W–Mn (Fig. 2). In the
molecule, the central [Mn(bpy)2]2+ moiety is bound to
two [W(CN)8]3− ions of distorted square antiprism geom-
etry. Each of the [W(CN)8]3− is coordinated also to ter-
minal [Mn(bpy) (H O)]2+ moieties. The cyano-bridges are
f
g
o e-
d
t to in-
fi e
t les.
S where
H
i (II)
a n of
S ing
t

Fig. 3. �–� Stacking of bpy rings and the channels containing crystallization
water molecules in{[MnII (bpy)2][MnII (bpy)2(H2O)]2[WV(CN)8]2}·7H2O
(3) (adapted from Ref.[21]).

The Mn4
II Mn2

IV clusters are built of two cross-linked
Mn2

II Mn2
IV squares, while V-shaped Mn3

II W2
V molecules

can be considered as short-range chains, where propa-
gation has been stopped at MnII :WV = 3:2 stoichiome-
try. The 0-D topologies of1–3 are assured by the elec-
troneutrality as well as by the�–� stacking of bpy lig-
ands, which seems to prevent the growth of the higher-
dimensionality structures. It has also been reported recently
by another group, that the change of reaction media from
aqueous to DMF solution results in the formation of 1-D
{[MnII (bpy)2(DMF)2]2[MV(CN)8]2[MnII (DMF)4]}n archi-
tecture[17,18]. The presence ofO-coordinated DMF led to
the cyano-bridged chains consisting of{Mn2W2}molecular
squares joined bytrans-[MnII (NC)2(DMF)4] moieties. The
compounds present long-range magnetic phase-transitions
near 3 K with some glassy spin character of the W analogue.

In our investigation of octacyanometalate-based coor-
dination networks we have also explored the possibil-
ity of lowering the symmetry of octacoordinated cyano
building block by using the molecular precursor related
to the octacyanotungstate(IV)—geometrically anisotropic
[WIV (CN)6(bpy)]2− complex[58,59]. In [W(CN)6(bpy)]2−,
which is not compatible with cubic geometry of hexa-
cyano moieties, two coordination sites are occupied by
bpy molecule acting as terminal blocking ligand and par-
t e-
f of
a xa-
a lar to
t ighly
s try
[
c

2 2
ormed by the two remote ligands with the Cbr–W–Cbr an-
le of 126.4◦. The case hexacoordinated [Mn(bpy)2(NC)2]
r [Mn(bpy)2(NC)(H2O)]+ moieties retain distorted octah
ral geometry with ligand sets arranged incis-geometry. In

he crystal lattice the V-shaped molecules are packed in
nite columns due to�–� stacking of the bpy rings of th
erminal and central Mn atoms of neighbouring molecu
uch arrangement leads to the existence of linear tubes,
2O molecules are located (Fig. 3). The compound3 exhibits

ntramolecular antiferromagnetic coupling between Mn
nd W(V) centres consistent with a ground state spi
= 13/2 and intermolecular ferromagnetic coupling lead

o the long-range magnetic ordering below 0.66 K.
icipating in secondary�–� stacking interactions. Ther
ore, [W(CN)6(bpy)]2− has the advantage of formation
nisotropic, directional network over the homoleptic he
s well as octacyanocomplexes. Our strategy was simi

he synthetic approach based on the replacement of a h
ymmetrical hexacyanoferrate(III) ion by lower symme
FeIII (CN)4(phen)]− [60], and [FeIII (CN)4(bpy)]− [61] pre-
ursors.
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Fig. 4. Waved layers separated by crystallisation water molecules in{[fac-
(H2O)3MnII -(�-NC)3-WIV (CN)3(bpy)]·4.5H2O}n (4). View along theb
axis (adapted from Ref.[23]).

The self-assembly reaction of [W(CN)6(bpy)]2− pre-
cursor with [Mn(H2O)6]2+ in aqueous solution yielded
two-dimensional coordination polymer{[fac-(H2O)3MnII -
(�-NC)3-WIV (CN)3(bpy)]·4.5H2O}n (4) [23]. The crystal
structure of4 consists of neutral thick waved layers separated
by crystallisation water molecules (Fig. 4). Within the layer,
[W(CN)6(bpy)]2− units form three bent cyano-bridges
towards three [MnII (H2O)3], whereas [MnII (H2O)3] moi-
eties are linked to three [W(CN)6(bpy)]2− (Fig. 5). The

F
( f.
[

Fig. 6. 4,82 topology of 2-D architectures of{[fac-(H2O)3MnII -(�-NC)3-
WIV (CN)3(bpy)]·4.5H2O}n (4) (adapted from Ref.[23]).

cyano-bridges are formed by the three ligands with the angles
Cbr–W–Cbr of 138.5◦, 109.3◦ and 80.7◦. Such coordination,
along with face-to-face�–� stacked [W(CN)6(bpy)]2−
pairs, leads to the coexistence of spatially distorted
small tetranuclear W2Mn2(�-CN)4 and large octanuclear
W4Mn4(�-CN)8 polygons along the layer. The compound
4 is one of the first examples realizing the two dimensional
basket weave-like pattern of 4,82 topology (Fig. 6) [62]. The
notation of 4,82 topology for the regular and semi-regular
2-D networks means that in each node of the network one
square motif neighbours two octagonal motifs[52d,63].
Aqua ligands of [Mn(NC)3(H2O)3] and non-bridging cyano
ligands of [W(CN)6(bpy)]2− are involved in the extensive
network of hydrogen bonds linking parallel layers through
the crystallisation water molecules being significant in
construction of the system.

2.2. Coordination networks based on Co(II) and Co(III)
complexes

Cobalt(II) and cobalt(III) complexes continue to attract
attention as building blocks in construction of functional
materials, which may act as nano-switches or memory de-
vices. The Co(II,III) coordination networks can reveal bista-
bility properties involving the reversible intermetallic spin-
t c-
t . In
s II) in
b pin-
t I)
c ropy
a co-
o etic
h r the
S

ordi-
n

ig. 5. Octanuclear Mn4W4 and tetranuclear Mn2W2 polygons in{[fac-
H2O)3MnII -(�-NC)3-WIV (CN)3(bpy)]·4.5H2O}n (4) (adapted from Re
23]).
ransition or low-spin⇔ high-spin transitions under the a
ion of temperature, pressure or visible light irradiation
ome cases simultaneous presence of Co(III) and Co(
imetallic networks is required for the observation of s

ransition phenomenon[64]. Moreover, high-spin cobalt(I
omplexes reveal significant internal magnetic anisot
nd introduce the additional anisotropy feature into the
rdination network. In particular, the presence of magn
ysteresis loop, as required experimental evidence fo
MMs or SChMs[56,57], can be observed.
Only a few examples of cobalt-octacyanometalate co

ation networks have been reported until now[10,18,24–27].
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Fig. 7. Co2W2 square in K2{[CoIII (tren)]2[WIV (CN)8]2}·9H2O (5)
(adapted from Ref.[27]).

The slow diffusion of aqueous solutions of CoII (NO3)2 and
appropriate octacyanotungstate gave two 3-D cyano-bridged
networks: (i){[WV(CN)2]2[(�-CN)4CoII (H2O)2]3·4H2O}n

[24] characterised byTC = 18 K as well as magnetic hystere-
sis loop of coercive fieldHc = 600 Oe and remnant magneti-
sationMr equal to ca. 50% of magnetisation at saturation
and (ii) paramagnetic{Co2

II (H2O)4[WIV (CN)8]·4H2O}n

[10,24,25], isostructural to manganese(II) analogue and
of similar properties (vide supra). In DMF solution, 1-D
architecture of{[Co3

II (DMF)12][WV(CN)8]2}n is formed
[18]. The compound is characterised by ferromagnetic
long-range ordering with glassy spin behaviour below
7.3 K and magnetic hysteresis loop ofHc = 907 Oe at 2 K.
It has been reported also that the mixing of CoII Cl2,
Cs3[WV(CN)8] and 3-cyanopyridine affords 2-D network
of CsI{[CoII (3-CNpy)2][WV(CN)8]}·H2O [26]. It is the
first example of CoII –WV based compound exhibiting the
charge-transfer-induced spin-transition (CTIST) between
CoII (S = 3/2)WV(S = 1/2) (high-spin, HS) high-temperature
phase (HT) and CoIII (S = 0)WIV (S = 0) (low spin, LS) low-
temperature phase (LT) with a wide thermal hysteresis loop
in the range 167–216 K. Furthermore, irradiation within the
MMCT band of low-temperature phase induceslight-induced
excited spin state trapping (LIESST) of the metastable HS
CoII (S = 3/2)WV(S = 1/2) phase vanishing under heating to
a

of
C rac-
t ag-
n
[ ]
a
[
{ s-
s CT
c f
t
j

Fig. 8. View of the monolayer in K2{[CoIII (tren)]2[WIV (CN)8]2}·9H2O (5).
View along thebc plane (top) and theb direction (bottom) (adapted from
Ref. [27]).

has two bridging and six terminal cyano ligands arranged
in a slightly distorted square antiprismatic geometry.
The cyano-bridges are formed by the two neighbouring
ligands with the angles Cbr–W–Cbr of 72.9 and 73.3◦. The
hexacoordinate [Co(tren)(NC)2]+ units present a distorted
octahedral geometry with two CN− ligands arranged in
cis positions. The{[Co(tren)]2[W(CN)8]2}2− squares are
linked by potassium cations involving two terminal cyano
ligands of each W centre to form a two-dimensional layer
structure (Fig. 8, top). Formation of the layered structure by
–CN–K–NC– linkage conforms to the analogous phenomena
in some cyano-bridged networks based on hexacyanomet-
alates [65,66]. The K+ centres bind additionally solvent
water to give seven and six coordinate K+ ions. One of the
water molecules forms the bridge between potassium ions
leading to additional triangular WK2 motif of the bridged
layer. The neighbouring layers related by (−x, −y+1 and
−z + 1) symmetry are linked in pairs by cyano groups
coordinated to potassium ions. This results in formation of
bilayers connected by centrosymmetric square units made
of seven coordinated K+ and one of [W(CN)8]4− corners of
{[Co(tren)]2[W(CN)8]2}2− square (Fig. 8, bottom). Layers
are also linked through extensive network of hydrogen bonds
involving interactions between cyano ligands, tren NH2
groups and water molecules. The preference for the layered
structure is attributed to the presence of potassium cations
bout 30 K.
We were particularly interested in construction

oIII –octacyanometallate(IV) discrete clusters, cha
erised by MMCT transition and acting as photom
etic switches. We have prepared K2{[CoIII (tren)]2

WIV (CN)8]2}·9H2O (5) [tren = tris(2-aminoethyl)amine
nd K2{[CoIII (trien)]2[WIV (CN)8]2}·8H2O·EtOH (6)

trine = triethylenetetramine][27]. Compound5 contains
[Co(tren)]2[W(CN)8]2}2− square units bridged by pota
ium ions into two-dimensional bilayered array of MM
haracteristics. The{[Co(tren)]2[W(CN)8]2}2− consists o
he alternating [CoIII (NC)2(tren)] and [WIV (CN)8] corners
oined by bent cyano-bridges (Fig. 7). Each W(IV) centre
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and hydrogen bonds, which are involved in aggregation with
terminal cyano ligands. Therefore, the counter-cation and
solvent can be used to control the dimensionality of the
lattice. The ESI MS spectra of6 revealed the presence of
{[CoIII (trien)]2[WIV (CN)8]}2− molecular square in aqueous
solution.

Compounds5 and 6 exhibit metal-to-metal charge-
transfer (MMCT) transitions at 519 and 512 nm in aque-
ous solution, respectively. MMCT irradiation of5 does not
lead to photoinduced modification of ground spin state of
metal centres due to very low energy barrier for back elec-
tron transfer to the ground state. However, they present
very elegant examples of 0-D bimetallic discrete Co2

II Mn2
IV

squares being the starting point for crystal engineering of
Co–octacyanometalate systems of potential photomagnetic
properties.

2.3. Coordination networks based on manganese(III)
Schiff-base complexes

It has been already shown that quadridentate Mn(III)
Schiff-base complexes are potentially interesting precursors
of the polynuclear cyano-bridged magnetic systems due to
magnetic anisotropy related to Mn(III) centre and high-spin
ground state (S = 4/2) [67]. They display slightly oxidiz-
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Fig. 9. Asymmetric unit of [MnIII (salen)(H2O)]3[WV(CN)8]·H2O (7)
(adapted from Ref.[28]).

The magnetic studies of7 reveal the antiferromagnetic
intramolecular interactions through the CN and phenolate
bridges and an antiferromagnetic lon-range ordering below
TN = 4.6 K with planar anisotropy and thespin-flop transition
from the antiferromagnetic ground state ofST = 3/2 to the
state ofST = 5/2 in the external magnetic field.

The self-assembly of [MnIII (salen)(H2O)]+ and [MoIV

(CN)8]4− in aqueous solution leads to the formation of one-
dimensional [MnIII (salen)(H2O)2]2{[MnIII (salen)(H2O)]
[MnIII (salen)]2[MoIV (CN)8]}·0.5ClO4·0.5OH·4.5H2O (8)
[28]. The crystal structure of8 consists of the{[Mn
(salen)(H2O)][Mn(salen)]2[Mo(CN)8]}n

− zigzag chains,
isolated [Mn(salen)(H2O)2]+ cations, ClO4

− counter-
anions and water molecules. In the{Mn3Mo}− repeating

F
a

ng properties and usually, in solution, exist in equilibri
etween mononuclear [MnIII (SB)(S)]n+ (SB = quadridentat
chiff-base ligand and S = solvent) and dinuclear pheno
ridged [Mn2III (SB)2(S)2]2n+ complex.

The self-assembly reaction between [MnIII (salen)(H2O)]
lO4 and K4[WIV (CN)8] leads to formation of tetranucle

MnIII (salen)(H2O)]3[WV(CN)8]·H2O (7) molecules[28].
egardless of the substrates molar ratio, the resulting pr
resents Mn/W 3:1 stoichiometry due to the electroneutr
f the system.

In slightly distorted V-shaped molecules of7, metallic cen
res are linked through the two cyano bridges and one s
henolate bridge (Fig. 9). The hexacoordinated Mn(III) mo
ties [Mn (1) and Mn (2) centres] have equatorial positio
ccupied by quadridentate salen ligand and axially co
ated aqua ligand and nitrogen bonded bridging cyan

n case of Mn (3), centre one of the axial positions is oc
ied by the oxygen phenolate atom from the neighbou
n (2) moiety. The distance between Mn (3) and Ophenolate

s 2.979(3)Å and lies in the middle of the range of ph
olate bridges typical for the quadridentate Mn(III) Sch
ase complexes. The [WV(CN)8]3− unit displays a distorte
quare antiprism geometry (D4d). It has two bridging and s
erminal cyano ligands. In the crystal lattice, the neighb
ng molecules of7 are linked through the hydrogen bon
etween aqua ligands and phenolate oxygen as well

he face-to-face�–� stacking interactions of the salen rin
he tetranuclear molecules are arranged in columns a

hea direction and stabilized by the hydrogen bonds netw
Fig. 10).
ig. 10. Packing diagram of [MnIII (salen)(H2O)]3[WV(CN)8]·H2O (7)
long thea axis. Ligands are omitted for clarity (adapted from Ref.[28]).
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Fig. 11. {MnIII
3MoIV}− repeating unit of [MnIII (salen)(H2O)2]2{[MnIII

(salen)(H2O)][MnIII (salen)]2[MoIV (CN)8]}·0.5ClO4·0.5OH·4.5H2O (8)
(adapted from Ref.[28]).

unit each Mn(III) moiety is hexacoordinated having the
aqua and nitrogen bonded cyano ligands arranged intrans
positions (Fig. 11). The [MoIV (CN)8]4− unit displays a
square antiprism geometry (D4d) where three neighbouring
cyano ligands are coordinated to the Mn(III) centres.

The 1-D chains are arranged along theb direction (Fig. 12).
The neighbouring repeating units are linked through the dou-

F
(
a from
R

Fig. 13. Asymmetric unit of [MnIII (3-OMesalophen)(H2O)2]2[MnIII (3-
OMesalophen)(H2O)][WV(CN)8]·2H2O (9) (adapted from Ref.[29]).

ble phenolate bridges at Mn (1) or Mn (3) centres which
is typical for the Mn(III) Schiff-base complexes. In the Mn
(2) moiety the axial position is occupied by an aqua ligand
preventing from the phenolate bridging. The neighbouring
zigzag chains of8 are linked through the hydrogen bonds
between aqua ligands and phenolate oxygen as well as by
the face-to-face�–� stacking contacts of the salen rings of
Mn (2) moieties. The supramolecular interactions provide the
linking of 1-D chains into layers parallel to the (1 01̄) plane
(Fig. 12).

In consequence of the separation of the Mn(III) centres by
the diamagnetic Mo(IV) spacer, the magnetic behaviour of8
is nearly paramagnetic with a very weak antiferromagnetic
coupling of Mn(III) centres through the phenolate bridges.

The Mn(III) Schiff-base complexes are likely to form sin-
gle or double phenolate bridges leading to antiferromagnetic
or ferromagnetic coupling[68a]. Indeed, the compound7 has
the antiferromagnetic ground state ofST = 3/2 due to forma-
tion of the phenolate bridges.

In an effort to raise the ground state total spin, we decided
to use of more bulky and less flexible 3-OMesalophen ligand
at Mn(III) centre. The [MnIII (3-OMesalophen)(H2O)2]+

complex contains the 3-OMe substituents as well as axi-
ally coordinated aqua ligands which should prevent from
the formation of the phenolate bridges[68b] and form
only cyano-bridged molecule. The self-assembly reaction
o
l )
(
(

o
d s
a e
M y
d e
s are
h
p

ig. 12. Packing diagram of 1-D chains of [MnIII (salen)(H2O)2]2{[MnIII

salen)(H2O)][MnIII (salen)]2[MoIV (CN)8]}·0.5ClO4·0.5OH·4.5H2O (8)
long thea axis. Ligands and counter-ions omitted for clarity (adapted
ef. [28]).
f [MnIII (3-OMesalophen)(H2O)2]+ with [WV(CN)8]3−
eads to the zero-dimensional [MnIII (3-OMesalophen
H2O)2]2[MnIII (3-OMesalophen)(H2O)][WV(CN)8]·2H2O
9) compound[29].

In the crystal, the asymmetric unit of9 consists
f anionic {[MnIII (3-OMesalophen)(H2O)][WV(CN)8]}2−
imers, [MnIII (3-OMesalophen)(H2O)2]+ countercation
nd H2O molecules (Fig. 13). In the dimeric unit, th
n(III) moiety is linked to the W(V) centre of slightl
istorted square antiprism geometry (D4d) through the on
ingle cyano bridge. The cationic Mn(III) moieties
exacoordinated having H2O molecules arranged intrans
ositions.
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Fig. 14. H-bonded supramolecular unit of [MnIII (3-OMesalophen)
(H2O)2]2[MnIII (3-OMesalophen)(H2O)][WV(CN)8]·2H2O (9) (adapted
from Ref. [29]). Hydrogen bonds between axially coordinated H2O
molecules and phenolate oxygen atoms generated by symmetry are omit-
ted for clarity.

The axially coordinated aqua ligands form the hydro-
gen bonds with the phenolate oxygen atoms and nitrogen
atoms from the terminal cyano ligands. In consequence, two
neighbouring asymmetric units of9 are arranged into H-
bonded supramolecular unit (Fig. 14). The donor–acceptor
distances in the range of 2.903–2.997Å for Owater–Ophenolate
and Owater–Ncyanidebonds suggest the medium strength of the
H-bonds. Along with hydrogen bonds the face-to-face�–�
stacking of the 3-OMesalophen aromatic rings provide the
formation of the supramolecular units.

The cyano and H-bonds linkages in9 results in antiferro-
magnetic behaviour withTN = 4.3 K.

The most characteristic for the [MnIII (SB)(S)]n+-
[M(CN)8]3−/4−-based polynuclear systems are single and
double phenolate bridges and H-bonds between axially coor-
dinated solvent and phenolate oxygen atoms. The formation
of �-Ophenolatelinkage or H-bonds depends on the nature of
the Schiff-base ligand. The extended aromatic parts of Schiff-
base ligands are favourable for the�–� stacking interactions.
The formation of the cyano bridges is usually limited by the
Jahn–Teller effect at Mn(III) centre.

2.4. Coordination networks based on Cu(II) complexes

Copper(II) complexes characterised by the electronic
s e-
t uc-
t
a etic
a base
a e-
o
p -
t d
4 o
o
C

(4-CNpy)2(H2O)2][WV(CN)8]2·6H2O}n, revealingTN of 8
and 4.4 K, respectively, and metamagnetic behaviour in low
temperature[31]. The use of polyamine blocked Cu(II)
complexes leads to the series of further unique architec-
tures. Three-dimensional{[CuII (en)2]3[WV(CN)8]·H2O}∞
(en = ethylenediamine) network is constructed of adja-
cent cube-like W8Cu12 motifs with isolated [W(CN)8]3−
as a molecular template[32]. Two-dimensional assem-
blies [CuII (L)]3[WV(CN)8]2·3H2O (L = tn: 1,3 diamino-
propane, pn: 1,2-diaminopropane) provide another ex-
ample of networks characterised by metamagnetism
[33]. Application of [O3N]-donor TeaH3 tripodal ligand
(TeaH3 = triethanolamine) affords the Cu2

II (TeaH2)2 O-
bridged dimers coordinating [W(CN)8]3− as well as reduced
[W(CN)8]4− into a 3-D open network containing the layers
of brick-wall topology[34].

The coordination networks built of diamagnetic
[MIV (CN)8]4− (d2) building blocks are employed in the
synthesis of potentially photomagnetic materials. The light-
induced modifications of magnetic properties consisting in
photo-oxidation of [MIV (CN)8]4− to [MV(CN)8]3− were
observed in 3-D{Cu2

IV [MoIV (CN)8]}·xH2O [30,35,36]
as well as 0-D [CuII (bpy)2]2[MoIV (CN)8]·5H2O·CH3OH
[35] or {MoIV (CN)2[CN-CuII (tren)]6}(ClO4)8 [37]. The
further octacyanotungstate(IV)-based compounds provide

es:

e-
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et-
-

]
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N
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-
ond

nd
2)

wo
-
he-
pin S = 1/2 along with the different coordination geom
ries were widely used as building blocks in constr
ion of magnetic polynuclear networks[69]. They are
lso very effective in design and synthesis of magn
nd photomagnetic cyano-bridged octacyanometalate-
ssemblies[30–48]. The bare Cu(II) centres in aqu
us solution coordinate [MoV(CN)8]3− to give the 3-D
olymeric network{Co1.5

II [MoV(CN)8]·3H2O}n charac
erised by TC = 35 K [30]. The incorporation of 3- an
-CNpy blocking ligands results in formation of tw
riginal 2-D networks{[CuII (3-CNpy)2(H2O)2]2[CuII (3-
Npy)2(H2O)2][WV(CN)8]2}n and{[CuII (4-CNpy)2]2[CuII
d

further examples of original cyano-bridged architectur
3-D {[Cu(en)2][Cu(en)][WIV (CN)8]·H2O}n [38], 2-D
{[Cu(cyclam)]2[MoIV (CN)8]·10.5H2O}n [39] or 1-D
{Cu2

II (NH3)8[MoIV (CN)8]}n [40].
We have investigated the role of coordination geom

try along with the degree of chelation in cationic Cu(II
polyamine complexes in self-assembly with octacyanom
alates precursors[44–48]. Our strategy is based on the pH
dependent coordination of polyamine ligand in [Cu(tetren)2+

(tetren = tetraethylenepentaamine). The stepwise protona
of [Cu(tetren)]2+ results in subsequent dechelation of the
atoms of tetren ligand and generates three complex for
(i) [Cu(tetren)]2+ at pH > 6 ([N5] coordination of tetren), (ii)
[CuII (tetrenH2)(H2O)2]4+ and/or [CuII (tetrenH)(H2O)2]3+

at pH range 3–5 ([N3] coordination of tetren) and (iii)
[Cu(H2O)6]2+ at pH < 2 (release of tetrenH55+) [44].

Setting the initial pH to 7.0, the self-assembly of c
ordinatively saturated [Cu(tetren)]2+ units together with
[W(CN)8]3− affords [CuII (tetrenH2)]2[WIV (CN)8]2·8H2O
(10) [44]. The formation of10 is preceded by the reduc
tion of [WV(CN)8]3− to [WIV (CN)8]4−. The crystal struc-
ture of 10 is built of 1-D chains formed by Cu2W2 molec-
ular squares joined alternately by cyano bridges (Fig. 15).
The copper(II) moieties presents square pyramidal (Cu1
axially distortedmer-octahedral (Cu2) geometry. Coordina
tion sites of copper centres are occupied by the three sec
order amine N donor atoms originating from tetren liga
and aligned in the equatorial (Cu1) or the meridional (Cu
plane, respectively. The coordination is completed by t
(Cu1) or three (Cu2) CN− bridging ligands, respectively. Oc
tacyanotungstate building blocks exhibit distorted dodeca
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Fig. 15. View of the chain of [CuII (tetrenH2)]2[WIV (CN)8]2·5H2O (10).
Atoms not involved in bridging have been omitted for clarity (adapted from
Ref. [44]).

dral geometry, forming three CN− bridges with C–W1–C–W
angles of 72.2◦, 73.9◦ and 124.3◦ or two CN− bridges with
C–W2–C angle of 75.0◦, respectively. Hydrogen bonds be-
tween the terminal amino groups of tetrenH2, terminal cyano
ligands and water molecules join the chains together, forming
a 3-D architecture. The formation of10 is the result of break-
ing of two terminal nitrogen Cu–N bonds in [Cu(tetren)]2+

and reduction of W(V) to W(IV). This has been confirmed
by the direct synthesis of 10 from [CuII (tetrenH2)(H2O)2]4+

and [WIV (CN)8]4−.
Setting the initial pH to 3.5, [CuII (tetrenH2)(H2O)2]4+ as-

sembles with [WV(CN)8]3− to give the 1-D [CuII (tetrenH2)]
[CuII (tetrenH)] [WV(CN)8][WIV (CN)8]·13H2O (11) [44].
The formation of 11 is preceded by the partial reduc-
tion of [WV(CN)8]3− to [WIV (CN)8]4− and a simultane-
ous increase of pH to 4.5 resulting in the presence of
[CuII (tetrenH2)(H2O)2]4+ and [CuII (tetrenH)(H2O)2]3+. The
product11 reveals a 1-D polymeric structure of a three-row
pattern (Fig. 16). The central row is built from Cu2W2 square
units, while the two side rows consist of rectangular six-
membered Cu3W3 units. Both copper(II) centres have the
distorted octahedral geometry with three N donors of tetren
ligand and three N ends of bridging CN− ligands aligned
in meridional planes of the complexes. Octacyanotungstate
moieties feature distorted square antiprism geometry. The
[W(CN) ]n− ions reveal two different types of connectivity:
t Cu
c
1 ind
t

F
( e
b

Fig. 17. View on the 2-D square grid structure of
[CuII (dien)]2[MIV (CN)8]·4H2O (12, 13) (adapted from Ref.[44]).

gen bonds between the terminal amino groups of tetrenH2,
terminal cyano ligands and water molecules join the chains
together, forming a 3-D architecture.

The [Cu(dien)(H2O)2]2+ (dien = diethylenetriamine) tec-
ton analogous to the previous case [N3O2] coordination
set reacts with [M(CN)8]4− generating two isomorphic
[CuII (dien)]2[MIV (CN)8]·4H2O [M = Mo (12) and W (13)]
2-D coordination polymers[44]. The crystal structure of12
and13 contains strongly waved cyano-bridged grid-type lay-
ers. The layer is built of edge sharing Cu4M4 squares with
[M(CN)8]4− at the corners and [Cu(dien)]2+ in the middle of
the edges (Fig. 17). [M(CN)8]4− features square antiprism
geometry and forms four cyano bridges with C–M–C angles
of 73.5◦, 77.5◦, 77.1◦ and 142.0◦. The copper centres retain
the square pyramidal geometry coordinating three N donor
atoms of dien ligand aligned in the equatorial plane and two
bridging CN− ligands. The 2-D layers are stabilized into 3-D
superstructure by an extensive pattern of hydrogen bonds.

In acidic aqueous solution (pH < 2) [Cu(dien)
(H2O)2]2+ and [Cu(tetren)]2+ release protonated dienH3

3+

(or tetrenH5
5+) ligand generating [Cu(H2O)6]2+ labile

ions. The combination of the resulting systems with
[MV(CN)8]3− produced four structure related 2-D coordina-
tion networks:{(dienH3)Cu3

II [MoV(CN)8]3·4H2O}n (14),
{(dienH3)Cu3

II [WV(CN)8]3·4H2O}n (15), {(tetrenH5)Cu5
II

[MoV(CN) ] ·9H O} (16) and {(tetrenH )Cu II [WV

(
C s
C ina-
t five
[ d
o ers
{ d
L
T W
k
( ed
8
he W1 centres located in the central row bridge four
enters with C–W1–C angles of 73.9◦, 76.4◦, 79.6◦, 116.1◦,
42.2◦ and 142.9◦, whereas W2 centres in the side rows b

wo Cu centers with the C–W2–C angle of 119.9◦. Hydro-

ig. 16. The polymeric chain structure of [CuII (tetrenH2)][CuII

tetrenH)][WV(CN)8][WIV (CN)8]·2.5H2O (11). Non-bridging atoms hav
een omitted (adapted from Ref.[44]).
8 5 2 n 5 5
CN)8]5·9H2O}n (17) of the general formula{(LHn)
un

II [MV(CN)8]n·xH2O}∞ [45–47]. The polymers contain
uII centres of square pyramidal geometry coord

ively saturated solely by CN bridges supplied by
W(CN)8]3− ions. The compounds14–17 are constructe
f the alternatively stacked 2-D anionic double lay
CuII [WV(CN)8]−}n and cationic layers of fully protonate
Hn

n+ ligands and crystallization water molecules (Fig. 18).
he double layers are formed by two grid-like Cu and
notted mono-layers joined by perpendicular CN− bridges
Fig. 19). The [M(CN)8]3− unit adopts a distorted bicapp
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Fig. 18. The 2-D bilayered structure of{(LHy)Cuy
II [MV(CN)8]y·zH2O}n

(14–17) (adapted from Ref.[45,46]).

Fig. 19. Double layers of{(LHy)Cuy
II [MV(CN)8]y·zH2O}n (14–17)

(adapted from Ref.[45,46]).

trigonal prism geometry with five bridging ligands. The
full connectivity of paramagnetic Cu(II) and W(V) centres
with CN− bridge results in short range W–Cu ferromagnetic
coupling and long-range magnetic ordering to ferromagnetic
state withTC in range of 28–34 K (Fig. 20). The compounds
14–17 are characterised by magnetic hysteresis loop of the
coercive fieldHc in 30–220 Oe and remnant magnetisation
Mr of 15–50% of magnetisation at saturationMs, which
indicates a soft ferromagnetic behaviour.

A logical extension of the building block approach is
to combine the pre-organized multinuclear supramolecular
coordination compound formed by Cu(II) metal centre
bridged by organicspacer ligands with an octacyanometa-
late moiety. We have chosen the predictable coordination
polymer network of 1-D chains that is generated from
the metal ions coordinated to linear bi-functional ligands
such as 4,4′-bipyridine (4,4′-bpy) [70]. These polymeric
strands are usually cross-linked by hydrogen-bonded
bridging 4,4′-bpy ligands. The new strategy consisting
in the cross-linking of {[CuII (�-4,4′-bpy)]2+}n chains
[71] by [M(CN)8]3−/4− spacers resulted in [Cu(�-4,4′-bpy)

Scheme 1. Magnetic interactions in [Cu(�-4,4′-bpy)(DMF)2][Cu(�-4,
4′-bpy)(DMF)]2[WV(CN)8]2·2DMF·2H2O (18) (adapted from Ref.[48]).

(DMF)2][Cu(�-4,4′-bpy)(DMF)]2[WV(CN)8]2·2DMF·2H2O
(18), the first representative of new class of magnetic multi-
nuclear metal complexes[48].

The structure of18 consists of the expected two-
dimensional sheet structure which is built of infinite
{[CuII (�-4,4′-bpy)]2+}n chains cross-linked by octacyan-
otungstate units (Fig. 21). The CuII –NC–WV–CN–CuII link-
age thus formed exhibits the topology of 3,2-chain assured
by electroneutrality of18. In the 3,2 chain [W(CN)8]3− moi-
ety connects three Cu centres whereas each Cu centre is
bonded to two W centres (Scheme 1). The WV site exhibits
a distorted square antiprism coordination geometry forming
three cyano-bridges with C–W–C angles of 77.6◦, 122.8◦
and 141.1◦. [Cu(3)(�-4,4′-bpy)(DMF)(NC)2] moieties of
compressed square pyramidal geometry occupy the alter-
nate corners of Cu2II W2

V squares, whereas [Cu(2)(�-4,4′-
bpy)(DMF)2(NC)2] of elongated octahedral geometry acts as
a linker between the two squares in the chain. The structure
of the layer is additionally stabilized by a hydrogen bond net-
work formed by terminal cyano ligands of [W(CN)8]3− moi-
ety and water molecules. The distance between the adjacent
Cu3

II W2
V chains within the layer is 11.12̊A along thea axis.

The layers are connected by H-bonds of NCN–NDMF–NCN
linkages into 3-D supramolecular architecture.

The magnetic system of18 (Fig. 22) can be treated as
a II V II V

f e pa-
r
(

2

ed
[ ,
O the
i t(II)
a T
t e to
t lec-
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lternating Cu3 W2 pentamers with identical Cu· · ·W
erromagnetic intra-pentamer interactions defined by th
ameterJ1 and much weaker AF inter-unit coupling (J2)
Scheme 1).

.5. Coordination networks based on Pt(II) complexes

The construction of trans-hexacyanometalate-bas
(CN)5MII -CN-PtIV L4-NC-MII (CN)5]4− (MII = Fe, Ru
s; L = NH3 or 1/2 en) trinuclear species requires

nner-sphere two-electron redox reaction between P
nd [M(CN)6]3− [72]. These compounds reveal MMC

ransition in visible region and have been studied du
he collective properties related to photoinduced multie
ron charge transfer between metallic centres within
yano-bridged polymeric framework[72g].

To study the metal–metal interactions throughtrans-
yano bridges in trinuclear compounds based on
acoordinate [M(CN)8]3−/4− precursors we have ch
en the [M(CN)8]3− (M = Mo and W) and [PtL4]2+
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Fig. 20. Long-range magnetic ordering in{(LHn)Cun
II [MV(CN)8]n·xH2O}∞ compounds: in-phaseχ′ and out-of-phaseχ′′ components of ac susceptibility vs.

T (f = 140 Hz,Hac= 5 Oe,Hdc = 0): (� and�) tetren analogues (left); (© and�) dien analogues (right) (adapted from Ref.[46]).

Fig. 21. The crystal structure of [Cu(�-4,4′-bpy)(DMF)2][Cu(�-4,4′-
bpy)(DMF)]2[WV(CN)8]2·2DMF·2H2O (18). Atoms not involved in bridg-
ing have been omitted for clarity (adapted from Ref.[48]).

Fig. 22. Magnetic properties of [Cu(�-4,4′-bpy)(DMF)2][Cu(�-4,4′-
bpy)(DMF)]2[WV(CN)8]2·2DMF·2H2O (18) (adapted from Ref.[48]).

(L = NH3, 1/2en) substrates. The inner-sphere redox re-
action of [Mo(CN)8]3− with Pt(II) in aqueous solution
resulted in the formation of [(CN)7MoIV -CN-PtIV L4-NC-
MoIV (CN)7]4− in aqueous solution and [PtII (NH3)4]2{trans-
PtIV (NH3)4[(�-NC)-MoIV (CN)7]2}·6H2O·EtOH (19) and
Cs2[PtIV (en)2Cl2]{trans-PtIV (en)2[(�-NC)-MoIV (CN)7]2}·
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Fig. 23. Trinuclear {trans-PtIV (en)2[(�-NC)-MoIV (CN)7]2}4− species
in Cs2[PtIV (en)2Cl2]{trans-PtIV (en)2[(�-NC)-MoIV (CN)7]2}·10H2O (20)
(adapted from Ref.[73]).

10H2O (20) of 0-D topology in solid state[73]. The
crystal structure of20 contains almost linear trimeric
[(CN)7MoIV -CN-PtIV L4-NC-MoIV (CN)7]4− anions. Oc-
tacyanomolybdate(IV) units of distorted antiprismatic
geometry are coordinated through bent cyano-bridges at
trans position in the [PtIV (en)2] moiety (Fig. 23). The
network reveals alternating columns of trimers and isolated
[Pt(en)2Cl2]2+ cations. The important feature of the network
is the presence of Cs+ cations trapped within the “cage”
formed by Cl, N and O atoms of [Pt(en)2Cl2]2+, terminal CN
ligands and water molecules, indicating a crucial role of Cs+

in stabilization of the structure. Spectroscopic and cyclic
voltammetry studies provide evidence of weak-to-moderate
metal-to-metal Mo(IV)–Pt(IV) interaction and good elec-
tronic contact between remote Mo(IV) centres in solution as
well as ground state electronic isomerism in solid state.

The inner-sphere two-electron oxidation of Pt(II) by
[W(CN)8]3− towards trimeric WIV PtIV WIV cyano-bridged
analogue species has been unsuccessful. The reaction
resulted in the formation of mixed-valence ion-pair or
ternary adduct in the solution and [PtII (NH3)4]2[WV(CN)8]

F [PtII (N
[

(NO3)·2H2O(21) [74,75], [PtII (NH3)4]2[WIV (CN)8] (22)
[accompanied by the [PtIV (NH3)4Cl2]Cl2 (22a)] [76] and
[PtII (en)]3[WV(CN)8]2·4H2O (23) [77] ionic salts in solid
state. The common characteristic feature of crystal struc-
ture of 21, 22 and 23 are hydrogen bonded 1-D arrays
formed by alternating antiprismatic [W(CN)8]n− anions and
square planar Pt(II) cations. The squares of Pt(II) moieties
are parallel to the square or triangle planes of octacyan-
otungstate, with Pt· · ·W contact distance within the range of
4.5–5.1Å (Fig. 24). This mutual orientation hinders the per-
pendicular alignment of cyano-ligands towards Pt complex
plane required fortrans-cyano bridging. The salts21 and
23 have been classified as localized-to-delocalized mixed-
valence species with weak-to-moderate coupling between
Pt(II) and W(V) centres. In appropriate experimental condi-
tions (presence of Cl− anions), the rare outer-sphere pathway
of the oxidation of Pt(II) by [W(CN)8]3− produced22 and
22a.

The formation of MIV –CN–PtIV linkages in the inner-
sphere two-electron oxidation reaction of [PtII L4]2+ by
[MV(CN)8]3− in aqueous solution is controlled not only by
the redox potentials of the substrates, but also by their ge-
ometries and resulting stereochemical barrier.

3. IR cyanide stretching frequencies

diag-
n late-
b e and
i ion,
i x-
i
m dro-
ig. 24. Topologies of hydrogen bonded{W, . . ., Pt, . . ., W} arrays in
PtII (en)]3[WV(CN)8]2·4H2O (23) (adapted from Ref.[75-77]).
s

H3)4]2[WV(CN)8](NO3)·2H2O (21), [PtII (NH3)4]2[WIV (CN)8] (22) and

The cyanide stretching frequencies are used as the
ostic tool in structure determination of octacyanometa
ased coordination networks. They are the most sensitiv

nformative markers of structural differences. The posit
ntensity and number ofν(CN) bands are very sensitive to o
dation state of the metal centre, geometry of M(CN)8

3−/4−
oiety, bridging pattern of the ligands, counter-ions, hy
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gen bonding and solvent molecules present in the crystal lat-
tice [78]. The values of cyanide stretching frequencies rela-
tive to the free cyanide ion are governed by three main factors:
(i) electron donation from the filled 5σ* molecular orbital of
CN− to the metal centre strengthens the C–N bond and hence
increases the value ofν(CN); an effect that increases with in-
creasing oxidation state of metal centre, (ii) the back-donation
of electrons from metal orbitals to unoccupied 2�* orbitals
of CN− which lowers the cyanide stretching frequencies and
(iii) kinematic coupling in the M–CN–M′ fragment, which re-
stricts the vibrations of cyanide ligand, and hence increases
the ν(CN) values. Theν(CN) bands of bridging cyano lig-
ands are usually less intense than the terminal M–CN ones
and overlap due to lowering of symmetry, which leads to band
splitting.

The experimentalν(CN) frequencies for ionic and cyano
bridged [M(CN)8]3−/4− assemblies are presented inTable 1.
Terminal cyano ligands in [M(CN)8]4− ions generally exhibit
sharp, very intense bands in the region 2070–2130 cm−1

which shift to 2130–2170 cm−1 region with substantial
decrease in intensity for [M(CN)8]3− complexes[78a]. The
formation of M–CN–M′ cyano bridge extends the range
of stretching frequencies to 2166 cm−1 for compounds
containing the [M(CN)8]4− moiety and to 2236 cm−1 for
assemblies based on [M(CN)8]3− ion. Exceptions from this
general rule are observed for cyano-bridged compounds
w ng
l
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where the magnetic field (H) is assumed to be along thez di-
rection,SM andSM′ the spin operators of paramagnetic cen-
tres,g the effective Land́e factor,ST the total spin operator of
the polynuclear molecule,STz thez component ofST opera-
tor, andz is the number of nearest neighbours of the molecule
in the crystal lattice. The magnetic susceptibility in the form
of χMT is expressed then with the following formula(2):

χMT = χmolT

(1 − χmolzJ ′/Ng2β2)
(2)

whereχmol denote the magnetic susceptibility of the isolated
polynuclear molecules being a function of intramolecularJ
coupling constants.

Using this model intra- and intermolecular coupling
constants have been calculated for three 0-D compounds
[MnII (bpy)2][MnII (bpy)2(H2O)]2 [WV(CN)8]2·7H2O (3),
[MnIII (salen)H2O]3[WV(CN)8]·H2O (7) and [MnIII (3-
OMesalophen)(H2O)2]2[MnIII (3-OMesalophen)(H2O)][WV

(CN)8]·2H2O (9) as well as for 2-D architecture [CuII (�-
4,4′-bpy)]3[WV(CN)8]2·6DMF·2H2O (18). In the latter case
we have not observed long-range magnetic ordering, which
is normally plausible for 2-D networks. On the basis of a
qualititative consideration, the magnetic system of18 is
treated as Cu3II W2

V pentameric units with identical ferro-
magnetic intra-unit interaction defined by parameterJ and
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he ν(CN) bands of these compounds are in the rang

hose of isolated octacyanometalates. This demons
hat the kinematic coupling [increasing ofν(CN)] is com-
ensated by the electronic effect. The latter consists i
lectron-withdrawal by M′ units, which causes enhanc
-back-donation from M centre to the�* MO’s of cyanide
ith consequences opposite to those of kinematic coup

n such cases there is no possibility to distinguish betw
he terminal and bridgingν(CN) bands.

. Magnetic properties

The summary of magnetic characteristics of cya
ridged assemblies built by paramagnetic 3d metal

res and octacyanometalates discussed above is pre
n Table 2. For the description of the magnetic pro
rties of low-dimensional architectures we assumed
odel of dominating intramolecular interaction within i

ated polynuclear molecules withJi (i = 1, 2, 3, . . .) cou-
ling constant (or constants) and less pronounced

ermolecular interactions withJ′ coupling constant. Th
odel is represented by the phenomenological Hamilto

Eq.(1)):

= −ΣJJΣM,M′ · SMSM′ + βgHSTz − zJ ′〈STz〉STz,

(1)
s

ed

much weaker effective inter-unit couplingJ′, including both
intra- and inter-3,2-chain interaction between pentamer

The bilayered 2-D coordination networks (tetren5)
Cu5

II WV(CN)8]5·9H2O}n (14, 16) and (dienH3){CuII

[MV(CN)8]}3·4H2O (M = Mo, W) (15, 17) reveal long-rang
ferromagnetic ordering with sharp phase transitions atTC in
the range 28–37 K and coercivity in range 30–225 Oe at 4
We have also noticed that even aboveTC the short range fe
romagnetic interaction is significant.

Compounds based on manganese(II,III) and [M(CN)8]3−
moieties:3, 7 and 9 exhibit the short range Mn(II)–M(V
and Mn(III)–M(V) antiferromagnetic interaction with the v
riety of coupling constantsJ values, similarly to all othe
compounds of this type[6–19]. In the architectures11 and
14–18 built from Cu(II) centres Cu(II)–W(V) ferromag
netic interaction dominates over much weaker antiferrom
netic interaction. These results are related to the axia
equatorial Cu–NC–M bridges at Cu(II) centres of squ
pyramidal or axially elongated octahedral geometry[30–43].
The cobalt(II)–octacyanometalate(V) assemblies are ch
terised by the effective Co(II)–M(V) ferromagnetic int
actions[18,24,26]. The magnetic interactions in these p
ticular cases are controlled mainly by the geometry
electronic configuration of cationic building block and
M′–NC–M bridge geometry. The type of [M(CN)8]3− poly-
hedra and their bridging functionality seems to be of
ondary importance in the competition between ferro-JF)
and antiferromagnetic (JAF) coupling pathways and resulti
orthogonality or overlapping of magnetic orbitals, respe
vely.
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Table 1
Cyanide stretching frequencies of the relevant assemblies and reference compounds

Ionic compound νCN (cm−1) References

K4[WIV (CN)8]·2H2O 2138w, 2130vs, 2128vw, 2125vs, 2114vw, 2110vw,
2101m(sh), 2095vs

[79]

Tl4[WIV (CN)8] 2134w, 2123w, 2118sh, 2115m, 2104s, 2100vs, 2098s,sh,
2088s, 2079s,sh, 2075vs

[79a]

(4,4′-bpyH2)2[WIV (CN)8] 2105vs, 2117sh [80]
Na3[WV(CN)8]·4H2O 2170m, 2164m, 2160vs, 2154vs, 2146m, 2144m [78a]
K3[WV(CN)8]·1.5H2O 2162w, 2159m, 2151vs, 2148vs [78a]
(Bu4N)3[WV(CN)8]·H2O 2140s, 2130vs [78a]

Bridged assemblies
[MnII (bpy)2]4[MoIV (CN)8]2·8H2O 2150m, 2138vs, 2119vs, 2110vs, 2069w [20]
[MnII (bpy)2]4[WIV (CN)8]2·14H2O 2147m, 2124(sh), 2108vs [20]
[MnII (bpy)2][MnII (bpy)2(H2O)]2[WV(CN)8]2·7H2O 2169m, 2143w, 2121w [21]
[{[MnII (bpy)2(DMF)2]2[WV(CN)8]2[MnII (DMF)4]}n 2178m, 2158m [17,18]
[{[MnII (bpy)2(DMF)2]2[MoV(CN)8]2[MnII (DMF)4]}n 2178m, 2158m [17,18]
[{Mn6

II (H2O)9[WV(CN)8]4·13H2O}n 2196, 2172, 2160sh, 2140sh [9]
[{[Mn2

II (H2O)2(CH3CO2)][WV(CN)8]·2H2O]}n 2176 [11]
[{Mn2

II Cs0.5[WV(CN)8](CH3CO2)1.5(H2O)}n 2181, 2156(sh), 2150.5, 21118.2(sh), 2109.5 [11]
[{MnII (pym)(H2O)}2{MnII (H2O)2}{WV(CN)8}2](pym)2·2H2O 2183, 2176, 2172, 2168, 2164, 2160, 2153 [12]
[{�-(bpym)[MnII (H2O)]2-�-(NC)6MoIV (CN)2} 2161m, 2118s [14]
[{�-(bpym)[MnII (H2O)]2-�-(NC)6WIV (CN)2} 2160m, 2112s [14]
[Cs[MnII (3-CNpy)2{WV(CN)8}]·H2O 2182, 2177, 2161, 2155, 2150, 2145, 2140 [13]
[Mn2

II (H2O)4{WV(CN)8}(OH)2H2O]n 2154 [19]
[{MnII L}2{NbIV (CN)8}(H2O)·5H2O]n 2122, 2113 [15,16]
[Fe2

II (H2O)4][MoIV (CN)8]·4H2O 2134 [81]
[K2{[CoIII (tren)]2[WIV (CN)8]2}·9H2O 2150, 2113 [27]
[{[WV(CN)2]2[(�-CN)4-CoII (H2O)2]3·4H2O}n 2201, 2178, 2162 [24]
[{[Co3(DMF)12][W(CN)8]2}n 2194m, 2180m, 2170m, 2144w [18]
[Cs{[CoII (3-CNpy)2][WV(CN)8]}·H2O 2187, 2179, 2166, 2157, 2141 [26]
[{Co2

II (H2O)4[WIV (CN)8]·4H2O}n 2151(sh), 2134 [24]
[Ni II L]12[NbIV (CN)8]6(H2O)6]·100H2O 2153w, 2129(sh), 2111m [15]
[MoIV (CN)8Ni2II (pn)4]n·4nH2O 2154w, 2142(sh), 2130vs, 2120vs, 2110vs [49]
[MoIV (CN)8NiII (en)2(H2O)][Ni II (en)3]·2H2O 2144s, 2129(sh), 2112vs, 2102vs [49]
[Ni II (cyclam)]2[MoIV (CN)8]·3H2O 2122s, 2111vs, 2085s [50]
[Ni II (cyclam)]2[WIV (CN)8]·3H2O 2124s, 2113vs, 2086s [50]
[CuII (tetrenH2)]2[WIV (CN)8]2·8H2O 2160w, 2151w, 2128m, 2107s, 2101s, 2095s [44]
[CuII (tetrenH2)][CuII (tetrenH)][WV(CN)8][WIV (CN)8]4·13H2O 2156m, 2143w(sh), 2115m [44]
[CuII (dien)]2[WIV (CN)8]·4H2O 2157s, 2131s(sh), 2112m [44]
[CuII (dien)]2[MoIV (CN)8]·4H2O 2157s, 2132s(sh), 2112m [44]
[(tetrenH5)Cu5WV(CN)8]5·9H2O}n 2201m, 2164s [45]
[CuII (�-4,4,′-bpy)(DMF)2][CuII (�-4,4,′-

bpy)(DMF)]2[WV(CN)8]2·2DMF·2H2O
2188s, 2171s, 2143sh [48]

[Cu2[MoIV (CN)8]·xH2O 2166s(br) [30]
[Cu(bpy)2]2[MoIV (CN)8]·5H2O·MeOH 2124, 2112 [35]
[{Cu1.5

II [MoV(CN)8]·3H2O}n 2236, 2201 [30]
[CuII (tn)3][WV(CN)8]2·3H2O 2189m, 2150s [33]
[CuII (pn)3][WV(CN)8]2·3H2O 2203s, 2188s, 2156s [33]
[{[CuII (en)2]3[WV(CN)8]2·H2O}n 2144 [32]
[{[CuII (cyclam)]2[MoIV (CN)8]·10.5H2O}n 2134m, 2123m, 2101s [39]
[{[Cu2

II (H2Tea)2]5[WV(CN)8]2[WIV (CN)8]·xH2O}∞ 2184w, 2164s, 2135(sh), 2125(sh) [34]
[{[CuII (3-CNpy)2(H2O)]2[CuII (3-CNpy)2(H2O)2][WV(CN)8]2}n 2213, 2196, 2190, 2169, 2162, 2152 [31]
[{[CuII (4-CNpy)2]2[CuII (4-CNpy)2(H2O)2][WV(CN)8]2·6H2O}n 2205, 2199, 2192, 2161, 2159, 2151, 2140, 2136 [31]
[Mn(salen)(H2O)]3[WV(CN)8]·H2O 2165m, 2157s, 2150s, 2138m [28]
[Mn3

III (salen)(H2O)2]2[MnIII (salen)(H2O)]
[MnIII (salen)]2[MoIV (CN)8]20.5ClO4·0.5OH·4.5H2O

2103(br) [28]

[MnIII (3-OMesalophen)(H2O)2]2[MnIII (3-
OMesalophen)(H2O)][WV(CN)8]·2H2O

2144 [29]

[Cs2[Pt(en)2Cl2]{Pt(en)2[MoIV (CN)8]2·10H2O 2151s, 2133s, 2124s, 2114s, 2107s [73]
[SmIII (H2O)5[WV(CN)8 2178, 2164 [82]
[(UO2)2[MoIV (CN)8]·nH2O 2140(br) [83]
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Table 2
Magnetic properties of selected cyano-bridged octacyanometalate-based compounds

Compound Topology Magnetic properties References

[MnII (bpy)2]4[MIV (CN)8]2·8H2O [M = Mo (1), W (2)] 0-D Paramagnetic, the irradiation within the�–�* band of bpy
(336–356 nm) at 5 K causes the conversion of paramagnetic
Mn4

II M2
IV clusters into the Mn2II Mn2

IM2
V clusters

characterized by Mn–M antiferromagnetic coupling of
ground state spinS = 8

[20]

[MnII (bpy)2][MnII (bpy)2(H2O)]2[WV(CN)8]2·7H2O (3) 0-D Intramolecular antiferromagnetic coupling: W(V)–Mn(II)
interaction through cyano-bridges withJ =−12 cm−1

(g = 2.00) leading to ground state spinS = 13/2,
intermolecular ferromagnetic couplingzJ′ = 0.05 cm−1

leading toTC = 0.66 K

[21]

[MnIII (salen)H2O]3[WV(CN)8]·H2O (7) 0-D Intramolecular antiferromagnetic coupling W(V)–Mn(III)
through cyano bridges withJ1 =−1.5 cm−1 and
Mn(III)–Mn(III) through phenolate bridges with
J2 =−3.9 cm−1 leading to ground state spinS = 3/2
(g = 1.99) and intermolecular antiferromagnetic coupling
zJ′ =−0.7 cm−1 leading to long-range magnetic ordering
belowTN = 4.6 K, the presence of magnetic anisotropy, at
T = 1.8 thespin-flop transition inH = 18 k Oe|| easybc
plane, metamagnetic behaviour from antiferromagnetic
ground stateST = 3/2 to ferromagnetic stateST = 5/2

[28]

[MnIII (3-OMesalophen)(H2O)2]2[MnIII (3-
OMesalophen)(H2O)][WV(CN)8]·2H2O (9)

0-D Intramolecular antiferromagnetic coupling W(V)–Mn(III)
through cyano-bridges withJ1 = 20 cm−1, very weak
antiferromagnetic coupling Mn(III)–Mn(III) through
hydrogen bonds withJ2 =−0.46 cm−1, the axial anisotropy
parameterD =−4.0 cm−1 related to the zero-field splitting
term of Mn(III) centres (g = 1.94)

[29]

[Mn3
III (salen)(H2O)2]2[MnIII (salen)(H2O)][MnIII (salen)]2
[MoIV (CN)8]2·0.5ClO4·0.5OH·4.5H2O (8)

1-D Weak antiferromagnetic coupling Mn(III)–Mn(III) in
double phenolate bridged [MnIII (salen)]2 subunits with
J1 =−0.81 cm−1 and very weak intermolecular
ferromagnetic interaction between these subunits through
diamagnetic [MoIV (CN)8]4− spacer withJ2 = 0.04 cm−1

(g = 2.27)

[28]

[CuII (tetrenH2)]2[WIV (CN)8]2·8H2O (10) 1-D Paramagnetic [44]
[CuII (tetrenH2)][CuII (tetrenH)][WV(CN)8][WIV

(CN)8]·12.5H2O (11)
1-D Weak short range ferromagnetic interaction within WVCuII

subunit isolated by diamagnetic [WIV (CN)8]4− spacer and
very weak antiferromagnetic interaction between
Cu2

II WVWIV units at 4 K, ESR spectra confirm
geometrically identical distorted octahedral Cu(II) complex
units

[44]

[CuII (dien)]2[MIV (CN)8]2·4H2O (12, 13) 2-D Paramagnetic [44]
{(tetrenH5)Cu5

II WV(CN)8]5·9H2O}n [M = Mo (16), W (14)]
{(dienH3){Cu3

II [MV(CN)8]}34H2O (M = Mo (17), W
(15)]

2-D Short-range dominating W(V)–Cu(II) ferromagnetic
interaction, long-range magnetic phase transition in the
28–37 K temperature range, soft ferromagnetic behaviour at
4 K with Hc in the 30–225 Oe field range andRM of 15–50%
vs.Ms, the dipolar interaction through the hydrogen-bonded
cationic tetrenH55+; H2O layer seems to be significant

[45–47]

[Cu(�-4,4′-bpy)(DMF)2][Cu(�-4,4′-
bpy)(DMF)]2[WV(CN)8]22DMF 2H2O (18)

2-D Short-range W(V)–Cu(II) ferromagnetic interaction through
CN−-bridges within Cu3II W2

V units withJ = 35 cm−1 and
very weak inter-unit antiferromagnetic interactions through
CN− and 4,4

′
bpy with averageJ

′
=−0.05 cm−1 (g = 2.00),

no observation of long-range ordering

[48]

5. Conclusions and outlook

Prior to this research program, only three examples
of structural proof of cyano-bridge formation by octa-
cyanometalates had been reported[40,84]. Here we have
presented the synthesis, structure and magnetic properties
of low-dimensional coordination networks derived from
[M(CN)8]3−/4− (M = W, Mo) and [M′(L)]n+ building blocks
possessing labile coordination sites. The investigation of

[M(CN)8]3−/4−-based supramolecular coordination chem-
istry has uncovered a wide variety of novel structural pat-
terns and given rise to interesting magnetic and photo-
magnetic properties. As a preparation method for them,
coordination-driven self-assembly proved to be very success-
ful. The major challenge affecting the crystal engineering
of octacyanometalate-based coordination networks is related
to the coordination versatility of [M(CN)8]3−/4− building
blocks. The possible elements towards the understanding and



B. Sieklucka et al. / Coordination Chemistry Reviews 249 (2005) 2203–2221 2219

design of molecular aggregation are the appropriate angles
between the binding sites of cationic building block and be-
tween the cyano ligands of [M(CN)8]3−/4− connector[85].
X-ray structure determinations revealed that the molecular
square structural motif in their coordination networks is most
commonly observed. A molecular square subunit can be as-
sembled either by combining a metal complex having two
vacantcis-coordination sites with an angular cyano building
block or by combining lineartrans-protected complexes with
angular cyano building blocks. Generally, the [M(CN)8]3−/4−
polyhedra have three accessible groups of C–M–C angles:
about 75◦, 115◦ and 142◦. Indeed, a molecular square struc-
tural motif has been realized in low-dimensional architec-
tures, when the C–M–C angle of about 75◦ was chosen.
There are only few examples where the cationic precursor
fits a C–M–C angle greater than 110◦ then leading to the 1-
D chains[15–18]. The cyano-bridged polynuclear systems
based on Mn(III) Schiff-base complexes establish the spe-
cial case, where the competition between formation of cyano
and phenolate bridges determines the structures partially con-
trolled by octacyanometalate and Mn(III) moieties. In many
cases the cationic tecton:octacyanometalate ratio observed in
the product coordination network is independent of the reac-
tion stoichiometry.

We have shown, that the assemblies based on man-
ganese(II,III) and [M(CN)]3− moieties exhibit the short
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[73] R. Podgajny, Y. Dromźee, K. Kruczała, B. Sieklucka, Polyhedron 20
(2001) 685.

[74] B. Sieklucka, J. Chem. Soc., Dalton Trans. (1997) 869.
[75] B. Sieklucka, W. Łasocha, L.M. Proniewicz, R. Podgajny, H. Schenk,

J. Mol. Struct. 520 (2000) 155.
[76] R. Podgajny, B. Sieklucka, W. Łasocha, K. Stadnicka, H. Schenk,

Polyhedron 18 (1999) 3527.
[77] R. Podgajny, B. Sieklucka, W. Łasocha, J. Chem. Soc., Dalton Trans.

(2000) 1799.
[78] (a) P.M. Kiernan, W.P. Griffith, J. Chem. Soc., Dalton Trans. (1975)

2489;
(b) M.J. Scott, R.H. Holm, J. Am. Chem. Soc. 116 (1994) 11357;
(c) B.S. Lim, R.H. Holm, Inorg. Chem. 37 (1998) 4898.

[79] (a) T.Y. Long II, G. Vernon, J. Am. Chem. Soc. 93 (1971) 1919;
(b) R.V. Parish, P.G. Simms, M.A. Wells, L.A. Woodward, J. Chem.

[ lton

[ th-

[ K.

[
[ . 34

[ 53.
[ d

[ , V.
hem.

gew.

.-M.

003)

z, P.
dhuri, Inorg. Chem. 39 (2000) 5147;
(e) Y. Akhriff, J. Server-Carrío, A. Sancho, J. Garcia-Lozano,
Escriv́a, J.V. Folgado, L. Soto, Inorg. Chem. 38 (1999) 1174.

70] (a) M. Fujita, O. Sasaki, T. Mitsuhashi, T. Fujita, J. Yazaki,
Yamaguchi, K. Ogura, Chem. Commun. (1996) 1535;
(b) A.J. Blake, S.J. Hill, P. Hubberstey, P.W.S. Li, J. Chem. S
Dalton Trans. (1997) 913;
(c) J. Lu, G. Crisci, T. Niu, A.J. Jacobson, Inorg. Chem. 36 (1
5140;
(d) K. Biradha, A. Mondal, B. Moulton, M.J. Zaworotko, J. Che
Soc., Dalton Trans. (2000) 3837;
(e) J. Lu, A. Babb, Chem. Commun. (2001) 821;
(f) F. Wuerthner, C.C. You, C.R. Saha-Moeller, Chem. Soc. Re
(2004) 133.

71] (a) P. Chauduri, I. Karpenstein, M. Winter, Ch. Butzlaff, E. Bill, A
Trautwein, U. Floerke, H.-J. Haupt, J. Chem. Soc., Chem. Com
(1992) 321;
(b) A.J. Blake, S.J. Hill, P. Hubberstey, W.-S. Li, J. Chem. S
Dalton Trans. (1997) 913;
(c) M.-L. Tong, X.-M. Chen, X.-L. Yu, Th. Mak, J. Chem. So
Dalton Trans. (1998) 5;
(d) L. Carlucci, G. Ciani, A. Gramaccioli, D.M. Proserpio, S. R
zato, Cryst. Eng. Commun. 29 (2000) 1;
(e) J.Y. Lu, A.M. Babb, Chem. Commun. (2001) 821; (f) Sh. N
Soc. A (1968) 2882.
80] N.W. Alcock, A. Samotus, J. Szklarzewicz, J. Chem. Soc., Da

Trans. (1993) 885.
81] A.K. Sra, G. Rombaut, F. Lahitête, S. Golhen, L. Ouahab, C. Ma

onière, J.V. Yakhmi, O. Khan, New J. Chem. 24 (2000) 871.
82] T. Hozumi, S.-I. Ohkoshi, Y. Arimoto, H. Seino, Y. Mizobe,

Hashimoto, J. Phys. Chem. B. 107 (2003) 11571.
83] M. Allen, S. Lippard, Inorg. Chem. 9 (1970) 991.
84] J. Lu, W.T.A. Harrison, A.J. Jacobson, Angew. Chem. Int. Ed

(1995) 2557.
85] S. Leininger, B. Olenyuk, P.J. Stang, Chem. Rev. 100 (2000) 8
86] R. Podgajny, M. Bałanda, T. Wasiutyński, B. Sieklucka, unpublishe
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