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bstract

The formation of supramolecular assemblies based on octacyanometalates [M(CN)8]3−/4− (M = Mo, W and Nb) of potential relevance in nanotech-

ological applications is currently attracting considerable attention. Intensive research in this field resulted in the synthesis and magnetochemical
haracterization of high-spin polynuclear molecules as well as extended multidimensional coordination networks which behave like molecular or
hotoinduced magnets. This article discusses the structural and magnetic aspects of the polynuclear systems built by the non-rigid octacyanometalate
nionic precursors, from zero-dimensional clusters to three-dimensional frameworks.
2006 Elsevier B.V. All rights reserved.

eywords: Molecular materials; Crystal engineering; Octacyanometalates; Magnetic

Abbreviations: acacen, N,N′-ethylenebis(acetylacetonylideneaminato) dianion;
ipyridyl; bpym, 2,2′-bipyrimidine; BTP-8, bicapped trigonal prism; 3-CNpy, 3-c
yclam, 1,4,8,11-tetraazacyclotetradecane; 0D, zero-dimensional; 1D, one-dimensio
is(2-aminoethyl)amine; DMF, N,N-dimethylformamide; en, 1,2-diaminoethane; e
ization; H3Tea, triethanoloamine; IPCT, ion-pair charge transfer; L1, 2,12-dimeth
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eld; LMCT, ligand-to-metal charge transfer; MeOH, methanol; MSAPR-9, monocapp
etoxysalicylideneaminato) dianion; OS MMCT, outer-sphere metal-to-metal charge t
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yramid; T-4, tetrahedron; TBPY-5, trigonal bipyramid; terpy, 2,2′:6′,2′′-terpyridine;
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nal; 2D, two-dimensional; 3D, three-dimensional; DD-8, dodecahedron; dien,
q, equatorial; EtOH, ethanol; F, ferromagnetic; FCM, field-cooled magne-
yl-3,7,11,17-tetraazabicyclo[11.3.1]heptadeca-1(17),2,11,13,15-pentaene; L2,
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ed square antiprism; OC-6, octahedron; 3-OMesalophen, N,N′-phenylenebis(3-
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The photolysis in alkaline medium leads to the formation
of [MO(OH)(CN)4]3− from [M(CN)7(OH)]4− passing through
several intermediates with a variable number of CN ligands.
The photoprocess occurring in acidic solution yields a group of
P. Przychodzeń et al. / Coordination C

. Introduction

The history of octacyanometalates began in 1904,
hen Chilesotti obtained the octacyano complex, K4[Mo

CN)8]·2H2O [1] for the first time. Since then, further stud-
es have led to the synthesis of a series of octacyanometalates
M(CN)8]3−/4− (M = Mo, W, Nb) and the exhaustive character-
zation of their reactivity and photochemistry [2–5].

The phenomenon of molecular magnetism and photomag-
etism displayed by Prussian blue and its analogues has been
idely investigated since the beginning of the nineties [6].
he design and synthesis of new multifunctional molecular
agnetic materials was further developed by the use of octa-

yanometalates in the construction of multidimensional coordi-
ation networks since 1995. The research resulted in the syn-
hesis, structural and magnetic characterization of polynuclear
igh-spin clusters, spin-flop molecules, magnetic and photo-
agnetic coordination networks [7]. The exploration of various

ationic 3d-metal precursors resulted in different topologies of
he polynuclear octacyano-based coordination networks and dif-
erent magnetic exchange pathways. However, until 2003 the
onstruction of such networks was limited to assembling d-
lectron metal centres. The recent use of 4f ions with d-electron
ctacyano-tectons has opened up new perspectives in the con-
truction and crystal engineering of multifunctional coordina-
ion networks. Moreover, the photomagnetic effects displayed
y several octacyanometalate-based systems form a potential
asis for their applications in data storage, quantum computing
r non-linear optics as molecular materials combining magnetic
nd optical properties.

The main aim of this review is to present the different coordi-
ation networks built by [M(CN)8]3−/4− anionic precursors and
iscuss the magnetostructural correlations from the viewpoint
f a synthetic coordination chemist.

. Background

.1. Octacyanometalates: synthesis and photoreactivity

The original synthesis of octacyanometalates of molybde-
um and tungsten reported by Chilesotti [1] and Olsson [3] is
nown to be inefficient with a very complicated purification pro-
edure. Today, the commonly used synthetic method leading to
4[Mo(CN)8]·2H2O and K4[W(CN)8]·2H2O is the reduction of

odium molybdate or tungstate by BH4
− ions in the presence of

otassium cyanide and acetic acid [8]. The overall reaction can
e described as follows:

4MO4
2− + 32CN− + BH4

− + 25H+

→ 4[M(CN)8]4− + 13H2O + H3BO3

here M = Mo or W. The [M(CN)8]4− ions can be easily oxi-
ised to [M(CN)8]3− with concentrated nitric acid [9], sodium

itrite in acidic solution [10] or potassium permanganate or
erium(IV) salts in acidic medium [11].

The photoreactivity of octacyanometalates was discovered
arly after the first synthesis of K4[Mo(CN)8]·2H2O [1–4].
Scheme 2.

ystematic studies of the photosubstitution and photoredox pro-
esses of [M(CN)8]3−/4− ions performed until the beginning
f nineties resulted in the determination of mechanisms of the
hotoreactions and identification of photoproducts.

Irradiation of [M(CN)8]3− system in the lowest energy
MCT band causes the formation of [M(CN)8]4− ions

Scheme 1) [12].
The photoprocess leading to [M(CN)8]4− occurs through two

arallel pathways: (i) a photoredox reaction giving directly the
M(CN)8]4− species as a photoproduct, or (ii) photosubstitu-
ion giving the [M(CN)7(H2O)]2− primary photoproduct which
s followed by a series of thermal secondary redox reactions.
he quantum yield of the photoredox process was found to be
ignificantly higher (Φr = 0.8) than that of the photosubstitution
eaction (Φs = 0.2).

The photoreaction of [M(CN)8]4− occurring under CTTS
xcitation provides the formation of [M(CN)8]3− and release
f the solvated electron (Scheme 2) [13].

On the other hand, irradiation in the LF band opens the pH-
ependent substitutional photochemistry of [M(CN)8]4− ions
Scheme 3) [5(c)].
Scheme 3.
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Scheme 4.

roducts with a different number of CN ligands formed from the
rotonated {H[M(CN)7(H2O)]}2− complex.

The formation of mixed-valence ion-pairs characterised by
he presence of an ion-pair charge transfer (IPCT) transition
n the visible part of electronic spectrum of [M(CN)8]4− ions
ormed the basis of their metal-to-metal charge transfer photo-
hemistry in ion pairs with d-electron metal cations (Scheme 4)
14].

Excitation within the IPCT band causes electron transfer and
he formation of [M(CN)8]3− species followed by the photore-
uction of octacyanometalate(V) entities after irradiation within
ts LMCT band.

.2. Crystal engineering of [M(CN)8]3−/4−-based
oordination networks

The design and construction of multidimensional extended
ystems based on octacyanometalates comprises the explor-
ng of various cationic precursor complexes of 3d- and 4f-
lectron metal ions as well as two different oxidation states
f octacyanometalate anionic precursor. Substitution of labile
oordination sites at the cationic building block leads to the
ormation of cyano-bridged coordination networks from zero-
o three-dimensional systems. The use of multidentate block-
ng ligands at cationic metal centres lowers the dimensionality
f the coordination network by limiting the number of possi-
le substitution sites. The self-assembly of cationic complexes
f different geometries and different coordination numbers into
cyano-bridged network is accompanied by the stereochem-

cal non-rigidity of [M(CN)8]n− building block. This results
n the octacyanometalate ion adopting one of three limiting
pacial configurations: square antiprism (SAPR-8, D4d), dodec-
hedron (DD-8, D2d), or bicapped trigonal prism (BTP-8, C2v),

earrangements between which have been found to be almost
arrierless [15]. Moreover, the polytopal configuration strongly
nfluences the exact d-orbitals arrangement (Scheme 5) [15(d)].

Scheme 5. Ref. [15(d)].
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Generally, the octacyano-bridged systems can be divided into
wo main groups: (i) constructed with [MV(CN)8]3− building
locks, where M = Mo or W, which bear the spin S = 1/2 gen-
rating magnetic exchange through the cyano bridges, and (ii)
uilt with diamagnetic (S = 0) [MIV(CN)8]4− anionic precursors,
hich in a few cases display photomagnetic properties.
The formation of M–CN–M′ links in the self-assembly reac-

ion is accompanied by weaker interactions, like �–� stacking
etween aromatic rings, hydrogen bonds and/or electrostatic
ttraction. Therefore, the topology of the coordination network
s determined not only by the geometries of building blocks but
lso by the nature of ligands and solvents.

.3. IR cyanide characteristics

The presence of cyano ligands results in ν(CN) absorption
n the infra-red spectra of the systems build by [M(CN)8]3−/4−
oieties. The C–N stretching mode frequencies are influenced

y the sum of three main effects: (i) electron density with-
rawal from sp �* MO of the CN ligand by one (terminal
yano ligand) or two metal centres (bridging cyano ligand) caus-
ng an increase of ν(CN) frequency, (ii) the backdonation to p

* MO of CN ligand decreasing the stretching frequency, and
iii) kinematic coupling in the M–CN–M′ unit increasing the
(CN) frequency [16]. Moreover, the exact position, number and
ntensity of ν(CN) bands is very sensitive to the oxidation state
f the M and M′ metal centre, geometry of the bridging unit,
ountercations and solvents present in the crystal lattice. The
xperimental IR data indicate that the range characteristic for
erminal cyano ligands in [M(CN)8]4− ions of 2070–2130 cm−1

s shifted to 2130–2170 cm−1 for [M(CN)8]3− [17]. The forma-
ion of M–CN–M′ bridges causes a further shift to the maximum
alues of 2166 and 2236 cm−1 for bridged assemblies based
n [M(CN)8]4− and [M(CN)8]3− ions, respectively. Exceptions
rom these general rules are often observed in systems con-
aining strongly electron withdrawing ligands, such as Schiff
ases, where the bridging ν(CN) bands are in the range char-
cteristic for the terminal ligands in [M(CN)8]3−/4− ions. This
henomenon can be explained by stronger electron withdrawing
rom M′ metal centre by terminal ligands which causes enhanced
ackdonation to the CN bridge and compensates the kinematic
oupling. The complete set of experimental ν(CN) frequencies
or ionic and cyano-bridged [M(CN)8]3−/4− assemblies has been
resented elsewhere [7].

.4. Magnetism: basic relationships

Octacyanometalates are excellent building blocks for con-
tructing molecular magnetic materials because the cyanide lig-
nd efficiently connects spin densities at metal centres through d
(M)–p �*(CN)–d �(M′) interactions in the M–CN–M′ bridge.
he sign and magnitude of local exchange interactions can be
uned by systematic variation of 3d- or 4f-metal centres and
locking ligands.

The magnetic interaction between two paramagnetic centres
an be considered in terms of the phenomenological Heisenberg
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amiltonian (Eq. (1)):

ˆ = −J
∑

M′
ŜMŜM′ + βgHŜTz − zJ ′〈ŜTz〉ŜTz, (1)

here J is known as an intramolecular coupling constant,
ˆM and ŜM′ denote the spin operators of the paramagnetic cen-
res and, assuming the magnetic field (H) to be along the z-
irection, ŜTz is the z component of the total spin operator.
ncluding the intermolecular coupling constant J′ with the z near-
st neighbours in the crystal lattice, the magnetic susceptibility
f the polynuclear system χMT is expressed by the following
ormula (Eq. (2)):

MT = χmolT/(1 − χmolzJ
′/Ng2β2), (2)

here χmol denotes the magnetic susceptibility of the polynu-
lear molecule being a function of the J coupling constant.

The total magnetic interaction is the sum of two contributions:
ositive ferromagnetic JF and negative antiferromagnetic JAF
oupling [18]. Therefore, the J coupling constant indicating the
ature of magnetic interaction can be expressed as J = JF + JAF.
he two existing orbital models, Hoffmann’s model (orthogonal-

zed magnetic orbitals) and Kahn’s model (non-orthogonalized
agnetic orbitals), assume that the orthogonal orbitals cause

erromagnetism and the overlapping orbitals give rise to the
ntiferromagnetic contribution [19,20]. In the case of magnetic
oupling between paramagnetic centres bearing several elec-
rons, nM and nM′ , the exchange pathways are described by the
ollowing expression (Eq. (3)) [21]:

=
(∑

i

∑
j
Jij

)
/nMnM′ . (3)

When two interacting sites are ferromagnetically coupled
he total ground state spin ST is equal to ST = SM + SM′ ; the
ntiferromagnetic coupling provides the total spin equal to
T = |SM − SM′ |.

.5. Photomagnetism: general description

Photomagnetism, in general, includes such effects as pho-
oinduced magnetization or photodemagnetization. It is con-
tituted by the changes of magnetic properties resulting from
he photoinduced electron transfer between two spin carriers,
ight induced excited spin state trapping or valence tautomerism
22]. The photoinduced valence tautomeric interconversion in
he series of Prussian blue analogues has been widely explored
23]. The tautomeric equilibrium for one of the Prussian blue-
ike networks is shown in the following equation:

e(LS)
II

S=0
–CN–Co(LS)

III

S=0
� Fe(LS)

III

S=1/2
–CN–Co(HS)

II

S=3/2
(4)

here the cyano-bridged local pair on the left side is diamagnetic
hile the right side of the equation presents the paramagnetic
air with possible magnetic coupling [24,25].
The use of octacyanometalates in the construction of new
hotomagnetic materials is a natural extension of the strat-
gy applied in the Prussian blue analogues. The outer-sphere
etal-to-metal charge transfer (OS MMCT) photochemistry of

a
i
l
l

hydrogen atoms and carbon atoms of ethanol molecules omitted for clarity).
eprinted with permission from Ref. [28]. Copyright 2000 American Chemical
ociety.

M(CN)8]4−-based ion pairs (see Scheme 4) seems to be a
tarting point towards the rational design of light-switchable
upramolecular materials. The photoinduced electron transfer
n the systems containing diamagnetic [MIV(CN)8]4− build-
ng blocks gives the paramagnetic octacyanometalate(V) cen-
re magnetically coupled with the cyano-bridged M′ metal
entres: MIV–CN–M′n+ → MV–CN–M′(n−1)+. If the photomag-
etic effect is reversible then the starting material is restored by
he thermal pathway.

. 0D bimetallic assemblies

The zero-dimensional cyano-bridged bimetallic assemblies
re represented by discrete polynuclear molecules and ions.
hey are very promising materials of potential application in
icroelectronics, information storage or quantum computing as

pin carriers. In this context, the polynuclear high-spin clusters
nd reversible photomagnets attract special attention.

The highest ground state spin value of the cyano-bridged
ystem reported to date is displayed by two isostructural pentade-
anuclear molecules: [MnII{MnII(MeOH)3}8{MoV(CN)8}6]
5MeOH·2H2O [26,27] and [MnII{MnII(EtOH)3}8{WV(CN)8}
]·12EtOH [27,28]. In the Mn9M6 (M = Mo, W) clusters, nine
n(II) and six M(V) centres are arranged in a ‘full-capped

ubane’ (Fig. 1). One of the Mn(II) centres is situated in the mid-
le of the cluster with six nitrogen bonded cyano ligands in an

lmost ideal octahedral arrangement. Each of the [M(CN)8]3−
ons has five bridging cyano ligands, and the Mn(II) centres
ocated in ‘corners’ of the molecule have three N-bonded CN
igands each. The antiferromagnetic coupling corresponding to
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Fig. 2. Field dependence of magnetization for [MnII{MnII(EtOH)3}8

{WV(CN)8}6]·12EtOH in different temperatures. Brillouin functions for
S
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[CuII(tren)]6[MoIV(CN)8](ClO4)8·4.5H2O [40].

The heptanuclear cluster [CuII(tren)]6[MoIV(CN)8] (ClO4)8
·4.5H2O displays reversible photomagnetism after irradiation
= 39/2 and g = 2.0 (solid lines). Reprinted with permission from Ref. [28].
opyright 2000 American Chemical Society.

ntiparallel arrangement of all Mn(II) spins with all M(V) spins
ives rise to the total spin equal to S = 39/2. The Brillouin func-
ion fitted with S = 39/2 and g = 2.00 to the M versus H data

easured at 1.9 K confirms the antiferromagnetic coupling for
n9W6 cluster (Fig. 2).
Further studies on 0D octacyano-based systems resulted

n the synthesis and characterization of several polynuclear
olecules with magnetically coupled metal centres: the

obalt(II) analogues of Mn9M6 [CoII{CoII(MeOH)3}8 {WV

CN)3}6]·19H2O and [CoII{CoII(MeOH)3}8{MoV(CN)3}6]
4MeOH·16H2O (ground state S = 21/2) [29], a pentadecanu-
lear [NiII{NiII(MeOH)3}8{WV(CN)3}6]·15MeOH and [NiII

NiII(MeOH)3}8{MoV(CN)3}6]·17MeOH·H2O (ground state
= 12) [30], octadecanuclear [{NiIIL1}12{NbIV(CN)8}6

H2O)6]·100H2O [31], a pentanuclear [MnII(2,2′-bpy)2]
MnII(2,2′-bpy)2(H2O)]2[WV(CN)8]2·7H2O (S = 13/2) [32]
nd tetranuclear molecule with the spin reorientation
MnIII(salen)(H2O)]3[WV(CN)8]·H2O (ground state S = 3/2)
33], as well as dinuclear species: [CuII(L2)]3[WV(CN)8]2·
H2O [34], [NiII(en)3]{[NiII(en)2(H2O)][MoIV(CN)8]}·
H2O [35] and [MnIII(3-OMesalophen)(H2O)2]2{[MnIII(3-
Mesalophen)(H2O)]}[WV(CN)8]·2H2O [36].
The spin-flop phenomenon is represented by the

agnetic behaviour of the tetranuclear molecule
MnIII(salen)(H2O)]3[WV(CN)8]·H2O [33]. In the V-shaped
olecule, metal centres are linked through two cyano bridges

nd one single phenolate bridge (Fig. 3). Antiferromagnetic
oupling through the cyano (J1 = −1.5 cm−1) and phenolate
J2 = −3.9 cm−1) bridges provides the ground state spin of
= 3/2. The energy spectrum of spin levels in an external

agnetic field for the Mn3W molecule shows the intersection

etween S = 3/2 and 5/2 states at H ∼ 28 kOe which gives rise
o the spin-flop transition (Fig. 4).

F
(
p

ig. 3. Asymmetric unit of [MnIII(salen)(H2O)]3[WV(CN)8]·H2O (hydrogen
toms and water of crystallization omitted for clarity). Reprinted with permission
rom Ref. [33]. Copyright 2004 American Chemical Society.

A separate group of 0D assemblies based on dia-
agnetic [M(CN)8]4− moieties is constituted by the

hotomagnetic materials in which the photoinduced elec-
ron transfer between metallic centres causes magnetic
oupling in the photoproduct. In this group of compounds,
tructural and photomagnetic properties were reported for
MnII(2,2′-bpy)2]4[MIV(CN)8]2·8H2O (M = Mo, W) [37,38],
CuII(2,2′-bpy)2]2[MoIV(CN)8]·5H2O·MeOH [39] and
ig. 4. Energy spectrum of an isolated unit of [MnIII(salen)
H2O)]3[WV(CN)8]·H2O in an external magnetic field. Reprinted with
ermission from Ref. [33]. Copyright 2004 American Chemical Society.
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Fig. 5. X-ray structure of [CuII(tren)]6[MoIV(CN)8](ClO4)8·4.5H2O (hydrogen
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toms, water of crystallization and counterions omitted for clarity). Reprinted
ith permission from Ref. [40]. Copyright 2004 Wiley/VCH.

40]. The {[Cu(tren)]6[Mo(CN)8]}8+ ion consists of six Cu(II)
entres linked to the Mo(IV) centre through single cyano bridges
Fig. 5). The {[Cu(tren)]6[Mo(CN)8]}8+ ion is characterized
y the MMCT transition at 440 nm. The magnetic measure-
ents performed before and after irradiation with blue light

406–415 nm) show a reversible photomagnetic effect in the
eating mode (Fig. 6). Irradiation near to the MMCT band pro-
uces a MoVCuICu5

II photoproduct containing a Mo(V) para-

agnetic centre which gives rise to the ferromagnetic coupling

hrough the CN bridges with five Cu(II) centres resulting in the
otal spin S = 3.

ig. 6. Thermal dependence of the χMT for [CuII(tren)]6[MoIV(CN)8]
ClO4)8·4.5H2O: (·) before irradiation, (�) after irradiation, and (�) after irradi-
tion and T > 300 K. Reprinted with permission from Ref. [40]. Copyright 2004
iley/VCH.
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The structural and magnetic characterization summary for
D octacyano-based systems is presented in Table 1. The
ctacyanometalate-based systems are characterized by practi-
ally linear M–CN bonds. The structural archetype of M′

9M6
lusters based on solvated M′ sites exhibits a close to linear
′–NC motif (mean value of 176.5◦). The presence of blocking

igands at M′ centre in other systems cause significant bending
f M′–NC bridges (mean value of 160.0◦) due to the intro-
uced steric hindrance. Regardless of the metric parameters of
n–NC–M and the oxidation state of Mn centre, the Mn(II,

II)-based 0D systems invariably exhibit intramolecular antifer-
omagnetic interactions.

The chelated Cu(II) sites are five-coordinate and form only
ne Cu–NC–M bridge in 0D compounds. Its metric parame-
ers determine the nature and magnitude of the magnetic inter-
ctions. Axial coordination of long and bent cyano bridges
o Cu(II) square pyramidal site results in ferromagnetic cou-
ling in [CuII(L2)]3[WV(CN)8]2·4H2O [34]. In photomagnetic
CuII(2,2′-bpy)2]2[MoIV(CN)8]·5H2O·MeOH molecule shorter
quatorial cyano bridges in trigonal bipyramidal Cu(II) site
ause an antiferromagnetic interaction between photogener-
ted Mo(V) and Cu(II) [39]. However, axial coordination of
N bridge to Cu(II) of trigonal bipyramidal geometry in

CuII(tren)]6[MoIV(CN)8](ClO4)8·4.5H2O results in ferromag-
etic coupling between photoinduced Mo(V) and Cu(II) [40].

. 1D bimetallic assemblies

The octacyanometalate moiety coupled with 3d and 4f metal
omplexes propagates efficiently in one direction to form chains
f different topologies. [Mn2

II(L3)2(H2O)][MoIV(CN)8]·5H2O
orms a 1D zigzag bimetallic chain [42]. There are two topologi-
ally different Mn coordination sites in the structure. One forms
wo trans-cyano bridges developing the polymeric structure,
hile another coordinates one cyano bridge, acting as a pendant

rm. The alternating bimetallic chain behaves as a paramagnet at
oom temperature, due to the long MnII–MnII distance, which is
arger than 9 Å. Magnetization versus field reaches a saturation
alue of 9.75 N� at 50 kOe and χMT value of 8.74 emu K mol−1,
hich remains nearly constant within the range of 2–300 K.
his compound exhibits irreversible photomagnetic effect under

he irradiation with UV light for 10 h. The photooxidation of
oIV–MoV causes a small, but noticeable increase in χMT

alue at room temperature up to 9.14 emu K mol−1. On lowering
he temperature the χMT curve shifts up, reaching a maximum
f 21.2 emu K mol−1 at 4 K and then falls down, which indi-
ates the presence of antiferromagnetic coupling between MnII

nd MoV centres at low temperature. The field dependence of
agnetization reaches the saturation value of 8.96 N� at 2 K,
hich corresponds to the antiferromagnetic coupling between

wo S = 5/2 spins and one S = 1/2 spin.
The self-assembly of [MnIII(salen)(H2O)]+ and [MoIV

CN)8]4− in aqueous solution leads to the formation of the 1D

MnIII(salen)(H2O)2]2{[MnIII(salen)(H2O)][MnIII(salen)]2
MoIV(CN)8]}·0.5ClO4·0.5OH·4.5H2O chain built by the single
yano-bridged {[MnIII(salen)(H2O)][MnIII(salen)]2[MoIV

CN)8]} units which propagate into the 1D array by dou-
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Table 1
Relevant geometric parameters and magnetic properties for 0D bimetallic assemblies

Compound [M(CN)8]3−/4−
geometry

Number
of M–CN
bridges

C–M–C
angle
(◦)a

M′ site
geometry

Number
of M′–NC
bridges

M′–N
bond
length (Å)

M′–N–C
angle (◦)

Magnetic properties Reference

[MnII{MnII(MeOH)3}8{MoV(CN)8}6]·5MeOH·2H2O DD-8b 5 145.50 OC-6 6 2.184(5) 178.1(5) AF giving a total spin
S = 39/2

[26,27]

142.6(2) 2.190(5) 179.2(5)
2.182(5) 175.9(4)

DD-8b 5 144.7(2) OC-6 3 2.195(6) 173.9(6)
144.1(2) 2.190(6) 177.6(5)

2.209(6) 174.6(6)
DD-8b 5 143.0(2) OC-6 3 2.201(6) 173.7(5)

144.4(2) 2.222(6) 172.0(5)
2.208(6) 173.0(5)

OC-6 3 2.218(6) 174.0(5)
2.225(5) 174.1(5)
2.207(6) 170.9(5)

OC-6 3 2.214(6) 169.6(5)
2.193(6) 178.8(5)
2.207(6) 175.4(6)

[MnII{MnII(EtOH)3}8{WV(CN)8}6]·12EtOH BTP-8 5 146.2(5) OC-6 6 2.22(1) 167(1) AF giving a total spin
S = 39/2

[27,28]

71.6(5) OC-6 3 2.20(1) 173(1)
OC-6 3 2.19(1) 170(1)

2.21(1) 162(1)

[MnII(2,2′-bpy)2]4[MoIV(CN)8]2·14H2O SAPR-8 4 116.2(2) OC-6 2 2.179(5) 172.8(6) Photomagnetic; AF
photoproduct after
irradiation

[37,38]

111.7(3) 2.142(6) 153.3(6)
OC-6 2 2.156(6) 162.5(6)

2.130(6) 155.7(6)

[MnII(2,2′-bpy)2][MnII(2,2′-bpy)2(H2O)]2[WV(CN)8]2·7H2O SAPR-8 2 135.8(2) OC-6 2 2.222(6) 162.7(6) AF coupling between
Wv and MnII with a
total spin S = 13/2

[32]

2.192(6)
OC-6 1 2.192(6) 163.7(6)

[MnIII(salen)(H2O)]3[WV(CN)8]·H2O SAPR-8 2 72.74(12) OC-6 1 2.336(3) 153.2(3) AF with
J1 = −1.5 cm−1,
J2 = −3.9 cm−1 and
J′ = −0.7 cm−1

[33]

OC-6 1 2.398(3) 149.3(3)

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

SAPR-8 1 OC-6 1 2.325(8) 159.4(7) AF with
J1 = −20 cm−1,
J2 = −0.46 cm−1 and
D = −4.0 cm−1

[36]

[NiII{NiII(MeOH)3}8{MoV(CN)3}6]·17MeOH·H2O BTP-8 5 145.36(16) OC-6 6 2.034(3) 176.4(3) F with a total spin
S = 12

[30]
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142.62(15) 2.039(3) 179.2(4)
BTP-8 5 142.56(16) 2.046(3) 175.7(3)

146.11(16) OC-6 3 2.052(4) 174.9(4)
DD-8 5 144.21(16) 2.042(4) 177.7(4)

143.53(15) 2.049(4) 175.3(3)
OC-6 3 2.050(4) 177.4(4)

2.054(4) 174.1(4)
2.042(4) 176.4(4)

OC-6 3 2.066(4) 178.4(4)
2.057(4) 174.3(3)
2.054(4) 174.3(3)

OC-6 3 2.038(4) 174.7(3)
2.051(4) 175.9(4)
2.057(4) 171.8(3)

[NiII{NiII(MeOH)3}8{WV(CN)3}6]·15MeOH BTP-8 5 Isostructural
to Ni9Mo6

OC-6 6 Isostructural
to Ni9Mo6

Isostructural
to Ni9Mo6

F with a total spin
S = 12

[30]

BTP-8 5 OC-6 3
DD-8 5 OC-6 3

OC-6 3
OC-6 3

[NiII(en)3]{[NiII(en)2(H2O)][MoIV(CN)8]}·2H2O SAPR-8b 1 OC-6 1 2.075(4) 158.7(3) Very weak AF [35]

[{NiIIL1}12{NbIV(CN)8}6(H2O)6]·100H2O DD-8 3 122.4(9) OC-6 2 2.12(2) 169(3) AF [31]
79.2(9) 2.10(2) 145(2)
144.0(9) OC-6 1 2.06(2) 165(2)

[CoII{CoII(MeOH)3}8{WV(CN)8}]·19MeOH DD-8b 5 144.5(2) OC-6 6 2.60(5) 173.9(5) AF with total spin
S = 21/2

[29]

141.7(2) 2.079(5) 179.2(5)
DD-8b 5 143.1(2) 2.091(5) 177.2(5)

144.9(2) OC-6 3 2.077(5) 175.1(5)
DD-8b 5 145.1(2) 2.082(6) 176.1(5)

142.7(7) 2.098(5) 173.6(5)
OC-6 3 2.099(5) 175.3(5)

2.120(6) 173.7(5)
2.117(6) 171.7(5)

OC-6 3 2.057(5) 173.5(5)
2.075(6) 179.2(6)
2.087(6) 175.5(5)

OC-6 3 2.071(6) 177.2(5)
2.086(5) 176.4(5)
2.082(6) 176.8(6)
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Table 1 (Continued )

Compound [M(CN)8]3−/4−
geometry

Number
of M–CN
bridges

C–M–C
angle (◦)a

M′ site
geometry

Number
of M′–NC
bridges

M′–N bond
length (Å)

M′–N–C
angle (◦)

Magnetic properties Reference

[CoII{CoII(MeOH)3}8{MoV(CN)8}]·4MeOH·16H2O DD-8b 5 143.09(16) OC-6 6 2.074(4) 175.4(3) AF with total spin
S = 21/2

[29]

144.76(16) 2.079(4) 177.2(4)
DD-8b 5 145.09(16) 2.082(4) 178.5(3)

144.67(16) OC-6 3 2.072(4) 176.2(3)
DD-8b 5 143.26(16) 2.091(4) 175.9(4)

144.15(17) 2.123(4) 173.3(4)
OC-6 3 2.081(4) 176.0(4)

2.094(4) 173.8(3)
2.120(4) 176.7(4)

OC-6 3 2.066(4) 179.5(5)
2.084(4) 173.3(3)
2.086(4) 177.4(4)

OC-6 3 2.079(4) 178.0(4)
2.101(4) 176.6(4)
2.109(4) 175.4(3)

[CuII(tren)]6[MoIV(CN)8](ClO4)8·4.5H2O DD-8 6 106.4(2) TBPY 1 1.891(5)ax 149.3(5) Reversible
photomagnet; F
after irradiation

[40]

105.68(19) 1.987(5)ax 172.5(5)
75.56(18)
102.0(3)
112.4(2)
77.6(2)

[CuII(2,2′-bpy)2]2[MoIV(CN)8]·5H2O·MeOH DD-8 2 144.6(2) TBPY-5 1 1.963(4)eq 161.3(4) Photomagnetic;
after irradiation

[39]

TBPY-5 1 1.973(4)eq 166.6(5) AF coupled three
spins S = 1/2

[CuII(L2)]3[WV(CN)8]2·4H2O SAPR-8b 74.1(2) SPY-5 1 2.300(5)ax 161.1(5) F [34]
SPY-5 1 2.209(5)ax 169.3(8)

SAPR-8b SPY-5 1 2.368(4)ax 147.5(4)

a The C–M–C angles in the [M(CN)8]3−/4− moiety.
b Geometry determined using the program SHAPE [41].
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pling in the system.

The self-assembly of [MoV(CN)8]3− and [CuII(cyclam)]2+

resulted in the formation of the 1D coordination polymer
ig. 7. Molecular structure of [Mn3
II(2,2′-bpy)2(DMF)8][WV(CN)8]2 (hydro-

en atoms omitted for clarity). Reprinted with permission from Ref. [44].
opyright 2003 American Chemical Society.

le phenolate bridges [33]. Magnetic measurements reveal
early paramagnetic behaviour with very weak antiferro-
agnetic interaction between Mn(III) centres through the

henolate-bridges.
{[MnII(2,2′-bpy)(DMF)2]2[MoV(CN)8]2[MnII(DMF)4]}∞

s an example of 1D structure of 3,2-chain topology [43,44].
he structure consists of two types of Mn centres, forming two
yano bridges (Fig. 7). Each [MnII(2,2′-bpy)(DMF)2(NC)2]
ossesses cyano ligands in cis position and forms a quadrinu-
lear unit, whereas trans-[MnII(DMF)4(NC)2] acts as a spacer
etween these squares. The structure of the assembly contains
aramagnetic Mn(II) and Mo(V) centres connected by short
nd linear as well as longer and more bent cyano bridges.
agnetic measurements reveal antiferromagnetic coupling

etween metal centres as well as long-range magnetic ordering
n low temperature. The χMT value at room temperature of
3.84 emu K mol−1 reproduces the spin only value expected
or Mn3

IIMo2
V unit. With the decrease of temperature, χMT

urve reaches a minimum near 60 K, which suggests the
resence of weak antiferromagnetic interactions, and then
ncreases up to maximum at 4.8 K. Field-cooled magnetization

easurements exhibit a dramatic increase near 3.2 K, which
uggest spontaneous magnetization. AC magnetic susceptibility
easurements performed at different field frequencies show

he presence of χ′
M maximum near 2.8 K, which confirms

he long-range ferrimagnetic ordering below that temperature
Fig. 8). The assembly behaves like a soft magnet with coercive
eld of 10 Oe.

The octacyanotungstate(V)-based cyano-bridged 1D poly-
er {[Mn3

II(2,2′-bpy)2(DMF)8][WV(CN)8]2}∞ is isostruc-
ural with its molybdate analogue [44]. The magnetic properties
f the assembly are similar; it displays the presence of long-range
errimagnetic interactions below 3.5 K and glassy behaviour.

One of the few coordination polymers based on cobalt and
ctacyanometallates, {[Co3

II(DMF)12][WV(CN)8]2}∞, reveals
D structure of similar 3,2-chain topology [44]. Each cobalt site
f distorted octahedral geometry coordinates four dimethylfor-
amide ligands and two cyano ligands (Fig. 9). Depending on
utual orientation of cyano bridges, there are cis-bridging units,

orming the tetrametallic squares Co2W2 and trans-bridging
nits, linking squares into 1D array. Magnetic susceptibility

ersus temperature fits the Curie–Weiss law with gW = 2.0,
Co = 2.84 and θ = 14.44 K and indicates the presence of ferro-
agnetic coupling. The �MT curve jumps from a room tempera-

ure value of 12.68 to 46.78 emu K mol−1 at 14 K. The presence

F
o
A

ig. 8. Temperature dependence of zero-field ac susceptibility for [Mn3
II(2,2′-

py)2(DMF)8][WV(CN)8]2. Reprinted with permission from Ref. [44]. Copy-
ight 2003 American Chemical Society.

f long-range magnetic ordering can also be seen through the
CM and ZFCM measurements, which show different behaviour
elow 10 K. AC susceptibility studies show that the maximum of
′
M is located between 6 and 8 K, depending on field frequency.
he temperature of the transition is estimated as 7.3 K from the
ositions of maxima of second harmonics. Magnetization versus
eld measurements clearly show saturation near 11 N� expected
or ferromagnetically coupled three S = 3/2 and two S = 1/2 spins.
he hysteresis loop is characterized by rather large coercive field
07 Oe and remnant magnetization of 3.39 N� (Fig. 10).

The 1D [{MnIIL3}2{NbIV(CN)8}(H2O)]∞ is based on a
n(II) complex with the macrocycle ligand coordinated by five

itrogen atoms [31]. The structure and topology of the assembly
s analogous to that of [Mn2

II(L3)2(H2O)][MoIV(CN)8]·5H2O
42]. The χMT value of the compound measured at room tem-
erature is 8.85 emu K mol−1, which is consistent with the value
.125 emu K mol−1 anticipated for two MnII and one NbIV cen-
res. In lower temperatures the curve decreases until 130 K and
hen shifts up dramatically which implies the presence of long-
ange magnetic correlation. Magnetization versus field curve
easured at 2 K displays saturation value of 9 N� at 30 kOe,

uggesting the presence of long-range antiferromagnetic cou-
ig. 9. Molecular structure of [Co3
II(DMF)12][WV(CN)8]2 (hydrogen atoms

mitted for clarity). Reprinted with permission from Ref. [44]. Copyright 2003
merican Chemical Society.
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Fig. 10. Field dependence of the magnetization at 1.8 K for [Co II(DMF) ]
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Fig. 12. Field dependence of the magnetization for [CuII(cyclam)]3
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WV(CN)8]2 (inset: hysteresis loop at 1.8 K). Reprinted with permission from
ef. [44]. Copyright 2003 American Chemical Society.

CuII(cyclam)]3[MoV(CN)8]2·5H2O [45]. The structure dis-
lays a rope ladder topology of the chain (Fig. 11). Octa-
yanomolybdate(V) ions act as nodes, forming three bridges
owards copper(II) centres. Each [CuII(cyclam)]2+ unit coor-
inates two cyano ligands in trans position, developing the
tructure of the ladder. The compound has a χMT value of
.99 emu K mol−1 at room temperature, which corresponds to
ve S = 1/2 spins per one Cu3Mo2 unit. Upon cooling the curve
hifts up and reaches the maximum value of 2.32 emu K mol−1,
hich indicates ferromagnetic interaction. The Curie–Weiss law
t of χ−1

M data gives C = 1.99 emu K mol−1 and θ = 1.24 K. Mag-
etization versus field measured below 2 K shows a saturation
alue of 5 N� (Fig. 12). On the basis of the structural and mag-
etic data, the system can be treated as a set of ferromagnetic
entamers Cu3Mo2 coupled ferromagnetically within the chain.
he presence of a weak interchain antiferromagnetic interaction
as also been observed.

[CuII(tetrenH2)]2[WIV(CN)8]2·5H2O obtained from [CuII

tetren)]2+ and [WV(CN)8]3− precursors exhibits a 1D chain
tructure. The compound behaves like a paramagnet, obeying the

urie–Weiss law with C = 0.90 emu K mol−1, which confirms

he presence of two spins S = 1/2 [46]. The interaction between
aramagnetic copper(II) centres is described by θ = −0.33 K,

ig. 11. One-dimensional chains of [CuII(cyclam)]3[MoV(CN)8]2·5H2O
hydrogen atoms and water of crystallization omitted for clarity). Reprinted
ith permission from Ref. [45]. Copyright 2004 American Chemical Society.

t
a
[
n
p
u
t
w
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f

t
T
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MoV(CN)8]2·5H2O with Brillouin functions (solid lines). Reprinted with per-
ission from Ref. [45]. Copyright 2004 American Chemical Society.

ndicating rather poor contact of spins through diamagnetic
WIV(CN)8]4− spacers. Magnetization studies show clearly the
resence of two uncoupled S = 1/2 spins per Cu2W2 unit.

Another 1D coordination network [CuII(tetrenH)][CuII

tetrenH2)] [WV(CN)8][WIV(CN)8]2·2.5H2O possesses par-
ially reduced tungsten(V) centres [46]. The assembly was
btained from the same precursors as the previous one. Tun-
ng of the self-assembly process by the pH value allowed the
ormation of a 1D chain structure of three-row ribbon pat-
ern. The magnetic susceptibility of the compound fits the
urie–Weiss law with C = 1.3 emu K mol−1 and θ = −0.78 K.
he value of the Curie constant suggests the presence of spin
= 1 and S = 1/2 (C = 1.375 emu K mol−1). Weak ferromagnetic
oupling between CuII and WV centres due to the formation
f CuII–WV–CuII bridges and stronger antiferromagnetic cou-
ling, dominating at low temperature have been observed.

The new concept for construction of 1D chains with
igh-spin metal centres is based on the use of lan-
hanide(III) complexes as cationic building blocks in the self-
ssembly reaction with octacyanometalates. Recently reported
GdIII(DMF)6][WV(CN)8] lanthanide-based system is an alter-
ating 1D chain, which displays antiferromagnetic cou-
ling between Gd(III) and W(V) metal centres [47(a)]. The
se of 2,2′:6′,2′′-terpyridine (terpy) results in the forma-
ion of [LnIII(terpy)(DMF)4][WV(CN)8]·6H2O (Ln = Gd, Sm)
ith retention of the alternating 1D topology [47(b)]. Sim-

larly to [GdIII(DMF)6][WV(CN)8], the Gd(III) and W(V)
entres are antiferromagnetically coupled. However, the
SmIII(terpy)(DMF)4][WV(CN)8]·6H2O system exhibits the
erromagnetic intrachain interaction.

The relevant geometric parameters and magnetic proper-

ies summary for 1D octacyano-based systems are presented in
able 2. A 1D structure is obtained when the cationic building
locks bind to the cyano ligands which form C–M–C angles of
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Table 2
Relevant geometric parameters and magnetic properties for 1D bimetallic assemblies

Compound [M(CN)8]3−/4−
geometry

Number
of M–CN
bridges

C–M–C angle (◦)a M′ site
geometry

Number
of M′–NC
bridges

M′–N
bond
length
(Å)

M′–N–C
angle (◦)

Magnetic properties Reference

[Mn2
II(L3)2(H2O)][MoIV(CN)8]·2H2O SAPR-8 3 143.33(16) PBPY-7 2 2.257(4) 151.3(3) Photomagnetic (F

ordering after
irradiation)

[42]

2.270(4) 143.3(3)
PBPY-7 1 2.243(4) 154.8(4)

{[MnII(2,2′-bpy)(DMF)2]2[MoV(CN)8]2[MnII(DMF)4]}∞ BTP-8 3 72.89(13) OC-6 2 2.181(3) 173.5(3) AF [43,44]
2.191(3) 175.1(3)

136.11(13) OC-6 2 2.251(3) 155.7(3)
125.00(13)

{[Mn3
II(2,2′-bpy)2(DMF)8][WV(CN)8]2}∞ BTP-8 3 124.4(4) OC-6 2 2.215(1) 171.6(10) Ferrimagnet with

glassy behaviour
[44]

2.180(1)
OC-6 2 2.254(9) 175.4(10)

2.254(9) 156.0(9)

[{MnIIL3}2{NbIV(CN)8}(H2O)]∞ SAPR-8 3 144.2(2) OC-6 1 2.251(5) 154.7(5) AF [31]
72.4(2) OC-6 2 2.23(5) 150.5(5)

142.1(2) 2.268(6) 140.7(5)

[MnIII(salen)(H2O)2]2{[MnIII(salen)(H2O)][MnIII(salen)]2

[MoIV(CN)8]}·0.5ClO4·0.5OH·4.5H2O
SAPR-8 3 74.3(2) OC-6 1 2.227(6) 150.2(5) Nearly paramagnetic [33]

73.3(2) OC-6 1 2.314(6) 152.0(6)
102.1(2) OC-6 1 2.197(6) 142.7(5)

{[Co3
II(DMF)12][WV(CN)8]2}∞ BTP-8 3 130.41(15) OC-6 2 2.131(3) 159.9(3) F with long-range

ordering and glassy
behaviour

[44]

137.54(15) 2.109(3) 158.2(3)
72.08(14) OC-6 2 2.096(3) 167.7(4)

[CuII(cyclam)]3[MoV(CN)8]2·5H2O SAPR-8 3 76.07(14) OC-6 2 2.711(4) 142.7(3) F coupling with
J = 3.88 cm−1 and
J′ = −0.46 cm−1

[45]

139.52(14) 2.514(3) 160.6(3)
123.51(14) OC-6 2 2.557(4) 156.6(3)

[CuII(tetrenH2)]2[WIV(CN)8]2·5H2O DD-8 3 74.3(4) SPY-5 2 2.174(9)ax 154.3(8) Paramagnetic [46]
71.9(3) 1.975(8)eq 171.1(8)

DD-8 2 124.7(4) SPY-5 3 2.261(8)ax 146.5(8)
76.0(4) 1.961(9)eq 175.8(9)

2.82ax 148.6

[CuII(tetrenH2)][CuII(tetrenH)][WV(CN)8][WIV(CN)8]·2.5H2O SAPR-8 4 143.6(7) OC-6 3 1.971(17) 167.1(14) Very weak AF [46]
76.8(7) 2.431(18) 149.6(16)

112.8(8) 2.446(16) 175.2(19)
72.7(7) OC-6 3 1.944(19) 172.1(17)
81.5(8) 2.287(16) 149.9(18)
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ig. 13. Crystal structure of Cs[MnII(3-CNpy)2{WV(CN)8}]·H2O (hydrogen
toms, counterions and water of crystallization omitted for clarity). Reprinted
ith permission from Ref. [48]. Copyright 2002 The Chemical Society of Japan.

3◦ and 143◦. The topology of the chain is mainly controlled
y the stereochemistry of the cationic building blocks. Gen-
rally, the topologies of alternating zigzag and 3,2-chains are
bserved for Mn(II), Ni(II) and Ln(III) centres. Copper(II) com-
lexes exhibit more sophisticated ladder, necklace and ribbon
atterns. The formation of CN bridges by [M(CN)8]n− entities
s well as by the M′ sites is limited to 3. The mean value of the
′–N–C angle of 158.6◦ is similar to that found for 0D assem-

lies with blocking ligands at the M′ sites (160.0◦). However, the
verage M′–N bond length of 2.30 Å is greater than that for 0D
ystems of 2.14 Å. The exceptional group of compounds consti-
uted by the lanthanide-based 1D assemblies is characterized by
lmost linear (average of 172.3◦) and exceptionally long (aver-
ge of 2.56 Å) cyano-bridges. The Mn(II)–Mo(V) centres in the
,2-chains exhibit antiferromagnetic coupling, whereas an anal-
gous chain of Co(II)–W(V) shows ferromagnetic behaviour.

. 2D bimetallic assemblies

A number of bimetallic octacyanometallate-based layered
ompounds have been recently synthesised and proven to pos-
ess interesting magnetic properties.

Cs[MnII(3-CNpy)2{WV(CN)8}]·H2O forms a two-dimen-
ional folded layer structure [48]. Anionic layers are stabilised in
he crystal structure by the presence of Cs+ cations and contacts
etween 3-CNpy ligands from neighbouring layers (Fig. 13).
he compound is a ferrimagnet with high ordering tempera-

ure of 35 K. The saturation value of magnetization of 4.1µB,

esults from an antiferromagnetic interaction between MnII and

V within the layer, together with interlayer ferromagnetic cou-
ling (Fig. 14). In order to explain the nature of superexchange
nteractions, DV-X� calculations were performed. The results
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Fig. 14. Magnetization vs. external magnetic field at 5 K for Cs[MnII(3-
C
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Npy)2{WV(CN)8}]·H2O. Reprinted with permission from Ref. [48]. Copy-
ight 2002 The Chemical Society of Japan.

ndicate that overlapping of magnetic orbitals: A1 (dz2 ) for WV

nd A2g (dxy in the local symmetry) for MnII occurring through
yano bridges leads to antiferromagnetism. The ferromagnetic
roperties of the system may originate from dipole–dipole inter-
ctions between layers.

The self-assembly of octacyanotungstate(V), Cu2+ and
yanopyridine results in the formation of a two-dimensional
tructure [49]. Regardless of the ligand used, 3-CNpy or 4-
Npy, two similar layered structures are formed. The main
ifference between them is the interlayer distance, which
as a significant influence on magnetic properties. [{CuII(3-
Npy)2(H2O)}2{CuII(3-CNpy)2(H2O)2}{WV(CN)8}2] is a
etamagnet. Magnetization versus field measurements show a
pin-flop transition with a critical magnetic field of 220 G. Sat-
ration value of 5.2µB is close to the value of 5.0µB expected
or the set of five S = 1/2 spins coupled ferromagnetically. FCM
easurements indicate the Neel temperature of 8 K.

a
2
m
i

ig. 15. Two-dimensional layer of K[MnIII(acacen)]2[WV(CN)8]·2H2O (hydrogen a
ith permission from Ref. [52]. Copyright 2004 Elsevier B.V.
stry Reviews 250 (2006) 2234–2260 2247

The second compound, [{CuII(4-CNpy)2}2{CuII(4-CNpy)2
H2O)2} {WV(CN)8}2]·6H2O also exhibits metamagnetism
ith TN = 4.4 K and a critical field of 3200 G. The decrease of

ransition temperature can be attributed to the lengthening of the
uperexchange pathway between metal centres. The very large
alue of the critical field in comparison to the previous com-
ound originates from the �–� stacking between cyanopyridine
igands.

Coordination networks based on octacyanometallates and
ickel ions are rare. An example is {[NiII(pn)2]2[MoIV

CN)8]·4H2O}n, which exhibits a 2D structure with a honey-
omb motif [35]. The compound behaves like a paramagnet
ith C = 2.40 emu K mol−1, which indicates the presence of two
i(II) spins. The presence of weak antiferromagnetic coupling

s visible both in the χMT plot as a dramatic decrease of signal
elow 20 K and also in the negative value of Weiss constant of
2.5 K.
The two-dimensional structure of [CuII(cyclam)]2[MoIV

CN)8]·10.5H2O reveals the topology of a square grid pattern
ith diamagnetic octacyanomolybdate(IV) ions placed in the
odes [50]. The thermal dependence of χMT is almost linear
nd fits the Curie–Weiss law with C = 0.754 emu K mol−1 and
eiss constant −0.3 K. Judging by the molecular structure of

he assembly, it can be attributed to the presence of two Cu cen-
res with spins S = 1/2 and g = 2.01(5) each. The small value of
he Weiss constant indicates a weak antiferromagnetic coupling
hrough the diamagnetic MoIV metal centre.

Two structurally related coordination networks based on
ctacyanotungstate and copper(II) complexes with diamine lig-

nds: [CuII(tn)]3[WV(CN)8]2·3H2O and [CuII(pn)]3[WV(CN)8]
·3H2O form 2D layered structures [51]. Both compounds show
etamagnetic properties. The product of magnetic susceptibil-

ty and temperature for [CuII(tn)]3[WV(CN)8]2·3H2O shows

toms, counterions and water of crystallization omitted for clarity). Reprinted
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sharp maximum of 6.56 emu K mol−1 near 10 K. The mag-
etic susceptibility of the compound fits the Curie–Weiss law
ith θ = 19.52 K. Ferromagnetic ordering occurs between the

djacent metal centres within the layer, while neighbouring
ayers interact antiferromagnetically. AC measurements reveal

frequency-independent peak of χ′
MT at 10.7 K, which is

ttributed to the transition from ferromagnetic to antiferromag-
etic state. The sigmoidal shape of magnetization versus field
urve also indicates the metamagnetic behaviour of the com-
ound. The critical field value was found to be 1.25 T at 1.8 K.
he magnetic properties of [CuII(pn)]3[WV(CN)8]2·3H2O are
imilar to those of the previous assembly. It exhibits a frequency-
ndependent χ′

MT peak at 8.1 K, indicative of long-range antifer-
omagnetic ordering. Magnetization studies performed at 1.8 K
eveal the presence of narrow hysteresis. The spin-flip transi-
ion from antiferromagnetic to ferromagnetic state occurs at the
ritical field of 0.35 T.

K[MnIII(acacen)]2[WV(CN)8]·2H2O forms a 2D coordina-
ion network. The structure of the assembly shows the topology
f a square grid built of Mn4W4 octagons (Fig. 15) [52]. The
easurements of magnetic susceptibility show the maximum

f χMT value 24.7 emu K mol−1 at 14 K. The compound obeys
he Curie–Weiss law with θ = 19.7 K. The ferromagnetic order-
ng between Mn and W centres becomes dominating below
C = 18 K. The value of the transition temperature was found
rom the extremum of dM/dT derivative of FCM and ZFCM
urves (Fig. 16).

The two-dimensional coordination network of
CuII(tn)2]2[WV(CN)8](OH)·H2O exhibits a layered structure

uilt of trinuclear Cu2W units connected through long cyano
ridges in the axial positions of elongated copper octahedra
53]. The magnetic properties of the compound reveal weak
erromagnetic coupling between neighbouring Cu and W

s
w
l
o

ig. 17. A view perpendicular to the 2D layer of Cs[{CoII(3-CNpy)2}{W(CN)8}]·H2O
eprinted with permission from Ref. [54]. Copyright 2003 American Chemical Socie
8 2

pplied field of 200 Oe. Reprinted with permission from Ref. [52]. Copyright
004 Elsevier B.V.

toms, characterised by θ = 8.1 K. The trimeric units interact
ntiferromagnetically at low temperature, which is pronounced
y decreasing χMT value below 30 K. Magnetization saturation
easured at 1.8 K of 2.61µB is smaller than the value expected

or the set of two non-interacting CuII and one WV ions (3.0µB).
Similar structure and magnetic properties were reported in

he case of {[CuII(dien)]2[WV(CN)8](OH)·3H2O}∞ [53]. The
tructure of the assembly presents a 2D coordination network
uilt of 24-atom macrocyclic units W4Cu4(CN)8. Magnetic
tudies reveal the presence of weak ferromagnetic coupling

ithin the layer (θ = 3.7 K) and weak antiferromagnetic inter-

ayer interaction. Despite strict orthogonality of the magnetic
rbitals of Cu and W, the ferromagnetic interaction present in

(hydrogen atoms, counterions and water of crystallization omitted for clarity).
ty.
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Fig. 18. (Top) Temperature dependence of χMT for Cs[{CoII(3-
CNpy)2}{W(CN)8}]·H2O in an external field of 5 kOe measured when
cooling (©) and warming (�). (Bottom) Field-cooled magnetization in an
e
a
f

t
n

f
e
t
t
(
h
(
(
o
t
u
c

xternal magnetic field of 10 Oe before irradiation (�), after irradiation (©),
nd after thermal treating (5 → 120 → 5 K) (�). Reprinted with permission
rom Ref. [54]. Copyright 2003 American Chemical Society.

hese systems is rather weak. This fact can be explained by sig-
ificant deviation from linearity of Cu–N–C bridges.

The compound Cs[{CoII(3-CNpy)2}{WV(CN)8}]·H2O
orms a 2D structure of a folded square grid built of tetram-
tallic units Co2W2 (Fig. 17) [54]. This assembly exhibits a
emperature-induced magnetic phase transition with a wide
hermal hysteresis loop from 167 K (HT → LT) to 216 K
LT → HT) as well as photomagnetic effect (Fig. 18). The
igh temperature phase is built of CoII (LS, S = 1/2) and WV

S = 1/2), whereas the low temperature phase contains CoIII

LS, S = 0) and WIV (S = 0) metal centres. Due to presence

f inter-valence charge transfer band near 800 nm, the low
emperature phase undergoes reversible photochemical reaction
pon irradiation with red light (600–750 nm). The photoproduct
ontains CoII (HS, S = 3/2) and WV (S = 1/2) metal centres with
istry Reviews 250 (2006) 2234–2260 2249

ferromagnetically coupled spins, and shows a Curie temperature
of TC = 30 K. After heating to 120 K, the magnetization of the
photoproduct relaxes to the initial value.

The family of isostructural 2D coordination polymers
of the formula {(tetrenH5)0.8Cu4

II[MV(CN)8]4·7.2H2O} or
{(dienH3)Cu3

II[MV(CN)8]3·4H2O} (M = Mo, W) present
double-layered cyano-bridged structures (Fig. 19) [55,56]. The
layers are separated by protonated amine cations and water
molecules. The family consists of four compounds which
exhibit long-range ferrromagnetic ordering below 28–37 K.
Curie temperatures were determined by AC susceptibility
measurements. The maxima of χ′

M indicate the presence of
ferromagnetic transition. The imaginary part of magnetic
susceptibility, χ′′

M displays an irregular shape below TC. This
fact can be explained by the presence of additional long-range
transitions occurring in these systems. Magnetization versus
field measurements reveal saturation very close to the expected
value of 2 N� for CuIIWV pair. All compounds display a
magnetic hysteresis loop with the coercive fields of 225 Oe for
{(dienH3)Cu3

II[WV(CN)8]3·4H2O} and 30–60 Oe for other
assemblies of this group (Fig. 20). Remnant magnetization
reaches 0.93 N� for {(dienH3)Cu3

II[WV(CN)8]3·4H2O} and
presents smaller values for other members of the series,
indicating soft ferromagnetic behaviour of the materials. The
detailed analysis of mutual orientation of magnetic orbitals in
the system gives insight into the origin of the ferromagnetic
interaction. The 5dz2 : 5dx2−y2 orbital of MV overlaps with

empty �* orbital of cyano ligand, which cannot be delocalised
on the magnetic orbital of copper (3dx2−y2 ). On the other
hand, there is a small antiferromagnetic contribution arising
from interaction of 3dx2−y2 orbital of copper with occupied
molecular orbitals of cyanide ligand.

[CuII(dien)]2[WIV(CN)8]·4H2O and its isomorphous Mo
analogue display 2D structure of strongly folded layers [46].
The presence of diamagnetic WIV centres results in paramag-
netic behaviour of the material, which obeys the Curie–Weiss
law with C = 0.65(1) emu K mol−1 and θ = −0.20(4) K. A weak
antiferromagnetic interaction can be seen at low temperature,
where the χMT curve decreases abruptly.

The structure of [CuII(�-4,4′-bpy)]3[WV(CN)8]2·6DMF·
2H2O is an example of a 2D network of hybrid material, which
involves two types of bridging ligands between metal centres:
(i) cyano ligand between Cu and W, and (ii) 4,4′-bpy ligand
between copper centres [57]. The system behaves like a set
of ferromagnetic pentamers Cu3W2 with intramolecular cou-
pling constant J = 35(4) cm−1. Ferromagnetic coupling occurs
due to cyano bridges, which coordinate Cu centres in equatorial
positions. Pentamers interact antiferromagnetically by bridges
formed by axial cyano and 4,4′-bpy ligands in the coordina-
tion sphere of copper. The overall antiferromagnetic coupling is
characterised by J′ = –0.05(1) cm−1.

[CuII(tren)]{CuI[WV(CN)8]}·1.5H2O is a rare example of
heterobimetallic coordination network, which maintains two

oxidation states of copper [58]. The 2D layered structure is built
of CuI and WV linked by cyano bridges. Layers are modified by
[CuII(tren)]2+ units coordinated to WV alternatively above and
below the plane. The maximum of χMT near 4 K indicates a fer-
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ig. 19. The double-layered structure of {(tetrenH5)0.8Cu4
II[MV(CN)8]4·7.2H2

rom Ref. [56]. Copyright 2003 Elsevier B.V.

omagnetic transition. Fit of the Curie–Weiss law gives values
f C = 0.97 emu K mol−1 and θ = 1.91 K. The values of coupling
onstants J1 = 5.8(1) cm−1 and J2 = −0.03(1) cm−1 indicate the
resence of ferromagnetic coupling within CuII and WV pair and
ntiferromagnetic interaction of the dimers through diamagnetic
uI spacers.

The first example of 2D lanthanide- and octacyano-based sys-
em is represented by the [SmIII(H2O)5][WV(CN)8] assembly
59]. The X-ray structural studies revealed the grid-like pattern
f the coordination network. The magnetic measurements show
he cool-rate dependent ferromagnetism.

Selected geometric parameters and a summary of the mag-
etic properties for 2D octacyano-based systems are presented
n Table 3. The 2D architectures exhibit two different motifs that
rganise [M(CN)8]n− and M′ centres with blocking ligands into
nfinite two-dimensional grids. In the first type of topologies
wo cis-M′ and two M centres are placed in the opposite corners
f a square with M atoms forming two additional CN bridges
o extend the network. Square-grid coordination networks
omprising [M(CN)8]n− nodes with cis- or trans-M′ complexes
ocated at the edges form the second type of 2D systems.
ne exception is K2{[CoIII(tren)]2[WIV(CN)8]2}·9H2O

upramolecular system which is constructed with
[CoIII(tren)]2[WIV(CN)8]2}2− squares linked by the K+

ons coordinating cyano ligands [73]. The 2D coordination
etwork in hybrid [CuII(�-4,4′-bpy)(DMF)2][CuII(�-4,4′-bpy)
DMF)]2[WV(CN)8]2·2DMF·2H2O is built of {[CuII(�-4,
′-bpy)]2+}n chains cross-linked by octacyanotung-
tate(V) units. In two Cu(II)-based systems (dienH3)
Cu3

II[MV(CN)8]3}·4H2O and (tetrenH5)0.8 {Cu4
II
MV(CN)8]4}·7.2H2O all coordination sites at the Cu(II)
entres arranged in square pyramidal geometry are occupied by
he cyano bridges causing the formation of the double-layered
tructure.

o
[
2
f

d {(dienH3)Cu3
II[MV(CN)8]3·4H2O} (M = Mo, W). Reprinted with permission

The average M′–N–C angle of 161.6◦ is comparable with that
ound for 1D assemblies (158.6◦), however the mean value of the

′–N bond length (2.13 Å) is significantly shorter than that for
D systems (2.30 Å). In Cu(II)-based 2D coordination networks
he cyano bridges are arranged into axial and equatorial positions
n square pyramidal or trigonal bipyramidal geometries of Cu(II)
entres. The axial coordination of longer CN bridges seems
o give rise to the dominant ferromagnetic exchange between
u(II) and M(V) paramagnetic centres.

. 3D bimetallic assemblies

Three-dimensional (3D) octacyano-based coordination net-
orks are the direct Prussian blue analogues. The 3D materials

re attracting considerable interest from the viewpoint of the
onstruction and their potential application as spin carriers in
olecular spintronics.
The first group of 3D extended assemblies are systems based

n paramagnetic [MV(CN)8]3− anionic precursors: [Mn2
II

H2O)2(CH3COO)][WV(CN)8]·2H2O [60], Cs0.5Mn2
II[WV

CN)8](CH3CO2)1.5·H2O [60], [Mn6
II(H2O)9][WV(CN)8]4·

3H2O [61], [MnII(H2O)2]2[WV(CN)8](OH)·2H2O [62],
igh TC ferrimagnet [MnII(pym)(H2O)]2[MnII(H2O)2][WV

CN)8]2·(pym)2·2H2O [63], [CoII(H2O)2]3[WV(CN)8]2·4H2O
uilt by Co(II) aqua-ion ferromagnet with TC = 18 K [64], and
u(II) complexes [Cu2

II(H2Tea)2]5[WV(CN)8]2[WIV(CN)8]·
H2O [65] and [CuII(en)2]3[WV(CN)8]2·H2O [66].

The ferrimagnetic [MnII(pym)(H2O)]2[MnII(H2O)2][WV

CN)8]2·(pym)2·2H2O with TC = 47 K was obtained from aque-

us solution with pyrimidine as a blocking ligand [63]. The
Mn(pym)(H2O)]2+ and [W(CN)8]3− moieties are arranged into
D layers bound by the [Mn(H2O)2]2+ pillar to form the 3D
ramework with 1D channels occupied by the non-coordinated



P. Przychodzeń et al. / Coordination Chemi

Fig. 20. Magnetic hysteresis loops at 4.38 K for {(tetrenH5)0.8Cu4
II[WV

(CN)8]4·7.2H2O} (�), {(tetrenH5)0.8Cu4
II[MoV(CN)8]4·7.2H2O} (�) (top),

{(dienH3)Cu3
II[WV(CN)8]3·4H2O} (©) and {(dienH3)Cu3

II[MoV(CN)8]3

·4H2O} (
) (bottom). Reprinted with permission from Ref. [56]. Copyright
2003 Elsevier B.V.
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yrimidine molecules (Fig. 21). Magnetic studies show the fer-
imagnetic behaviour as a result of an antiferromagnetic inter-
ction between W(V) and Mn(II) centres (Fig. 22). The DV-X�
alculation performed for Mn(II) and W(V) moieties suggests
hat the interaction between dz2 orbital of W(V) centre and dxy
in the local symmetry) orbitals of Mn(II) centres through the
yano bridge orbitals gives rise to the antiferromagnetic superex-
hange pathway.

The 3D coordination networks based on diamagnetic
M(CN)8]4− (M = Mo, W) building blocks have been widely
xplored resulting in the synthesis and characterization of
uch materials as [MnII(bpym)(H2O)]2[MIV(CN)8] [67],
MnII(H2O)2]2[MIV(CN)8]·4H2O [62], [FeII(H2O)2]2[MIV

CN)8]·4H2O [68,69], [CoII(H2O)2]2[MIV(CN)8]·4H2O
64,70], [CuII(en)2][CuII(en)][MIV(CN)8]·4H2O [71] and
u2

II[MIV(CN)8]·xH2O [72].
The Cu2

II[MIV(CN)8]·xH2O systems probably have the 3D
opology of the coordination network. Photomagnetic studies on
u2

II[WIV(CN)8]·5H2O and Cu2
II[MoIV(CN)8]·7.5H2O have

een widely performed [72]. The MMCT bands correspond-
ng to CuII–MIV → CuI–MV electron transfer were observed at
36 and 520 nm, respectively. Irradiation of a powder sample of
u2

II[MoIV(CN)8]·7.5H2O at 530 nm provides the photomag-
etic effect reversible on a thermal pathway (Fig. 23). However,
n the case of Cu2

II[WIV(CN)8]·5H2O system no photomagnetic
ffect was observed.

The relevant geometric parameters and magnetic proper-
ies for the 3D architectures are presented in Table 4. The
D octacyano-based systems are preferably formed with
ationic precursors of octahedral geometry and labile coor-
ination sites. The self-assembly of 3D framework usually
equires the number of CN bridges equal or greater than 6.
he exceptions are [CuII(en)2][CuII(en)][MIV(CN)8]·4H2O

M = Mo, W) and hybrid systems [MnII(pym)(H2O)]2
MnII(H2O)2][WV(CN)8]2·(pym)2·2H2O and [Cu2

II(H2Tea)
V IV ′
]5[W (CN)8]2[W (CN)8]·xH2O. The average M –N–C angle

158.8◦) does not significantly differ from the mean values
ound for the systems of lower dimensionalities. However,
he cyano bridges (mean M′–N bond length of 2.25 Å) are

2·2H2O (hydrogen atoms, non-coordinated pym molecules and water of crys-
2004 American Chemical Society.
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Table 3
Relevant geometric parameters and magnetic properties for 2D bimetallic assemblies

Compound [M(CN)8]3−/4−
geometry

Number of
M–CN
bridges

C–M–C
angle (◦)a

M′ site
geometry

Number of
M′–NC
bridges

M′–N
bond
length
(Å)

M′–N–C
angle (◦)

Magnetic properties Reference

Cs[MnII(3-CNpy)2][WV(CN)8]·H2O BTP-8 4 OC-6 4 Ferrimagnetic with
ordering at 35 K

[48]

K[MnIII(acacen)]2[WV(CN)8]·2H2O DD-8b 4 148.2(9) OC-6 2 2.335(12) 151.3(14) F with ordering at
18.9 K

[52]

Cs[{CoII(3-CNpy)2}{WV(CN)8}]·H2O BTP-8 4 77.8(2) OC-6 4 2.093(5) 171.3(5) Temperature-
induced phase
transition

[54]

81.7(2) 2.127 161.96
145.4(2) OC-6 4 2.110(5) 172.8(6)
144.3(2) 2.075 174.68

83.8(2)
97.5(2)

K2{[CoIII(tren)]2[WIV(CN)8]2}·9H2O SAPR-8 2 72.9(5) OC-6 2 1.896(12) 166.4(11) No magnetic
measurements

[73]

1.919(12) 173.3(12)
SAPR-8 2 73.3(5) OC-6 2 1.905(10) 169.9(12)

1.904(11) 170.7(10)

{[NiII(pn)2]2[MoIV(CN)8]·4H2O}n SAPR-8b 4 145.72(17) OC-6 2 2.125(4) 150.5(4) Very weak AF [35]
76.11(17) 2.164(4) 145.7(4)

OC-6 2 2.101(4) 168.0(4)
2.111(4) 162.6(4)

SAPR-8b 4 74.53(17) OC-6 2 2.157(4) 146.6(4)
146.01(17) 2.128(4) 150.7(4)

OC-6 2 2.113(4) 162.5(4)
2.090(4) 168.5(4)

[{CuII(3-CNpy)2(H2O)}2{CuII(3-
CNpy)2(H2O)2}{WV(CN)8}2]

BTP-8 4 148.17(4) OC-6 2 1.982(4) 175.8(4) F (metamagnetism
with TN = 8.0 K)

[49]

138.81(14) OC-6 3 1.969(3) 174.8(4)
2.247(3) 153.46
1.994(3) 157.81

[{CuII(4-CNpy)2(H2O)}2{CuII(4-
CNpy)2(H2O)2}{WV(CN)8}2]·6H2O

BTP-8 4 138.20(17) OC-6 2 2.489(4) 162.9(4) AF (metamagnetism
with TN = 4.4 K)

[49]

124.61(17) 2.489(4) 162.9(4)
74.45(17) TBPY-5 3 1.984(4)eq 173.5(4)

1.976(4)eq 174.63
2.164(4)eq 172.20
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[CuII(cyclam)]2[MoIV(CN)8]·10.5H2O SAPR-8
and BTP-8
intermediate

4 72.3(6) OC-6 2 2.517 132.16 Very weak AF [50]

134.2(6) 2.485 138.03
72.8(5) OC-6 2 2.423 144.63

134.7(6) 2.496 141.54

[CuII(tn)]3[WV(CN)8]2·3H2O SAPR-8 4 SPY-5 3 2.238(5)ax 152.6(5) F layers with
long-range AF
ordering and
metamagnetism
below TN = 10.7 K

[51]

2.010(6)eq 167.3(6)
SAPR-8 4 1.999(6)eq 169.0(6)

SPY-5 3 2.003(6)eq 177.5(6)
2.222(5)ax 151.1(5)
1.998(5)eq 162.5(6)

SP-4 2 2.020(6) 174.7(7)
2.014(6) 174.5(7)

[CuII(pn)3][WV(CN)8]2·3H2O SAPR-8 4 SPY-5 3 2.000(8)eq 177.2(8) F layers with
long-range AF
ordering and
metamagnetism
below TN = 8.1 K

[51]

1.997(7)eq 156.5(7)
SAPR-8 4 2.372(7)ax 148.6(6)

SPY-5 3 2.006(7)eq 168.7(8)
2.291(7)ax 157.2(7)
1.956(7)eq 175.6(7)

SP-4 2 1.984(7) 169.4(7)
1.984(7) 166.7(8)

[CuII(tn)2]2[WV(CN)8](OH)·H2O SAPR-8 4 78.3(2) OC-6 2 2.421(6) 141.8(5) F coupling with
J = 3.57 cm−1 and
J′ = −0.14 cm−1

[53]

114.6(2) 3.102(7) 126.66
141.6(2)
142.2(4)

{[CuII(dien)]2[WV(CN)8](OH)·3H2O}∞ SAPR-8 4 75.9(5) SPY-5 2 1.959(8)ax 160.8(9) F [53]
76.4(3) 2.313(8)ax 140.8(7)
73.4(3)

141.3(5)
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etal./C

oordination
C

hem
istry

R
eview

s
250

(2006)
2234–2260

Table 3 (Continued )

Compound [M(CN)8]3−/4−
geometry

Number of
M–CN
bridges

C–M–C
angle (◦)a

M′ site
geometry

Number of
M′–NC
bridges

M′–N
bond
length
(Å)

M′–N–C
angle (◦)

Magnetic properties Reference

(dienH3){Cu3
II[WV(CN)8]3}·4H2O BTP-8 5 73.9(7) SPY-5 5 2.135(7)ax 177(3) F with TC = 37 K

(28 K for molybdate
analogue)

[56]

73.2(8) 2.005(13)eq 169.7(15)
81.8(4) 2.005(13)eq 169.7(15)

1.927(15)eq 162.5(16)
1.927(15)eq 162.5(16)

(tetrenH5){Cu5
II[WV(CN)8]5}·9H2O BTP-8 5 74.8(5) SPY-5 5 2.119(7)ax 177(2) F with TC = 34 K

(33 K for molybdate
analogue)

[55,56]

72.3(6) 1.990(7)eq 169.8(7)
81.8(3) 1.990(7)eq 169.8(7)

1.969(7)eq 169.0(7)
1.969(7)eq 169.0(3)

[CuII(dien)]2[WIV(CN)8]·4H2O SAPR-8 4 142.00(16) SPY-5 2 2.290(3)ax 140.7(2) Paramagnetic [46]
73.48(12) 1.947(3)eq 161.5(3)
77.57(17)

[CuII(dien)]2[MoIV(CN)8]·4H2O SAPR-8 4 142.10(12) SPY-5 2 2.291(2)ax 140.7(2) Paramagnetic [46]
73.57(9) 1.949(2)eq 161.5(3)
77.00(9)
77.13(13)

[CuII(�-4,4′-bpy)(DMF)2][CuII(�-4,4′-
bpy)(DMF)]2[WV(CN)8]2·2DMF·2H2O

SAPR-8 3 122.9(2) OC-6 2 2.007(5) 151.1(6) F [57]
141.1(2) 2.007(5) 151.1(6)

77.6(2) SPY-5 2 2.297(5)ax 174.3(5)
1.992(5)eq 177.9(5)

[CuII(tren)]{CuI[WV(CN)8]}·1.5H2O SAPR-8 5 97.6(2) T-4 4 1.960(5) 170.3(5) F [58]
83.31(19) 1.970(5) 158.5(5)

144.0(2) 1.975(5) 165.8(6)
75.6(2) 1.989(5) 173.2(5)
72.5(2) TBPY-5 1 1.956(8)ax 161.7(6)
73.6(2)

[SmIII(H2O)5][WV(CN)8] SAPR-8 4 144.12 MSAPR-
9

4 2.534(9) 167.0(8) Cool-rate dependent
F

[59]

79.1(4)

a The C–M–C angles in the [M(CN)8]3−/4− moiety.
b Geometry determined using the program SHAPE [41].
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Table 4
Relevant geometric parameters and magnetic properties for 3D bimetallic assemblies

Compound [M(CN)8]3−/4−
geometry

Number of
M–CN bridges

C–M–C
angle (◦)a

M′ site
geometry

Number of
M′–NC
bridges

M′–N bond
length (Å)

M′–N–C angle (◦) Magnetic
properties

Reference

[MnII(H2O)2]2[MoIV(CN)8]·4H2O SAPR-8 8 72.71(10) OC-6 4 2.206(4) 162.7(4) Very weak
AF

[62]

78.2(2)
113.9(2)
142.2(2)

[Mn2
II(H2O)2(CH3COO)][WV(CN)8]·2H2O SAPR-8 8 OC-6 4 2.248(2) 165.4(2) Ferrimagnetic [60]

Cs0.5Mn2
II[WV(CN)8](CH3CO2)1.5·H2O SAPR-4 8 73.9(2) OC-6 4 161.8(6) Ferrimagnetic [60]

113.2(2) 173.9
72.0(2) 171.3(6)
73.8(2) 169.5

116.1(2) OC-6 4 157.4(5)
72.5(2) 168.3
81(2) 163.4
71.1(2)( 165.9
92.5(2)

133.3(2)
69.8(2)
74.5(2)

{[Mn6
II(H2O)9][WV(CN)8]4·13H2O}n DD-8 6 128.6(4) OC-6 5 2.237(8) 162.6(9) Ferrimagnetic [61]

94.9(4) 2.221(8) 169.7(10)
73.0(4) 2.202(9) 154.5(10)

146.0(4) 2.192(9) 165.9(9)
133.4(4) 2.173(9) 161.4(9)

78.9(4) OC-6 5 2.22(1) 166(1)
BTP-8 7 128.7(4) 2.221(9) 173.8(10)

140.1(4) 2.249(8) 154.5(8)
73.6(4) 2.257(9) 165.9(9)
76.3(4) 2.240(9) 176.2(9)
94.0(4) OC-6 5 2.174(8) 176.9(9)
86.3(4) 2.198(8) 167.6(9)

115.1(4) 2.241(9) 164.5(10)
BTP-8 7 73.3(4) 2.246(9) 163.1(9)

145.1(4) 2.233(10) 165.0(10)
99.0(4) OC-6 4 2.243(9) 162.8(9)

115.8(4) 2.199(10) 169(1)
82.4(4) 2.230(10) 169(1)

BTP-8 7 73.9(4) 2.226(8) 173.6(9)
140.5(4) OC-6 4 2.213(9) 165.6(9)

80.4(4) 2.233(10) 164(1)
142.5(4) 2.214(9) 165.5(9)
104.4(4) 2.207(9) 164(1)
119.2(4) OC-6 4 2.22(1) 178(1)
114.8(4) 2.219(8) 176.9(9)

2.245(9) 159.6(10)
2.206(10) 164.7(10)
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Table 4 (Continued )

Compound [M(CN)8]3−/4−
geometry

Number of
M–CN bridges

C–M–C
angle (◦)a

M′ site
geometry

Number of
M′–NC
bridges

M′–N bond
length (Å)

M′–N–C angle (◦) Magnetic
properties

Reference

[MnII(bpym)(H2O)]2[MoIV(CN)8] DD-8 6 101.0(2) OC-6 3 2.186(3) 160.3(3) AF with
J = −1.05 cm−1

[67]

69.8(1) 2.196(3) 151.2(3)
95.7(2) 2.155(3) 166.0(3)
78.8(1)

145.6(1)
124.0(2)

[MnII(bpym)(H2O)]2[WIV(CN)8] DD-8 6 100.9(3) OC-6 3 2.183(4) 159.9(4) AF with
J = −1.10 cm−1

[67]

92.3(2) 2.194(4) 151.9(4)
95.7(3) 2.148(4) 154.7(4)
78.6(2)

145.3(2)
124.5(2)

[Mn2
II(H2O)4{WIV(CN)8}·4H2O]n SAPR-8 8 72.84(11) OC-6 4 2.209(4) 165.8(4) Very weak

AF
[62]

114.2(2) 2.248(4) 154.7(4)
146.00(17)
139.07)(17)

76.20(17)
80.51(17)

[Mn2
II(H2O)4{WV(CN)8}(OH)·2H2O]n BTP-8 8 99.2(4) OC-6 4 2.228(11) 155.1(9) Very weak

AF
[62]

145.4(4) 2.222(10) 155.1(9)
86.7(4) 2.219(10) 159.2(11)
79.4(4) 2.219(12) 165.7(10)
94.8(4) 2.185(10) 174.5(11)

100.3(4) 2.205(10) 150.8(10)
68.1(4) 2.241(10) 172.8(10)

132.0(4) 2.215(10) 147.4(9)
71.7(4)

126.5(4)

[{MnII(pym)(H2O)}2{MnII(H2O)2}{WV(CN)8}2]
(pym)2·2H2O

BTP-8 5 77.6(2) OC-6 4 2.245(5) 171.6(5) Ferrimagnetic
with
TC = 47 K

[63]

143.4(2) 2.224 171.02
80.8(2) 2.206 159.03
78.1(2) 2.211 159.91

145.7(2) OC-6 2 2.222(5) 168.9(6)
105.7(2)

71.7(2)
109.5(2)
144.2(2)

85.1(2)
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[FeII(H2O)2]2[MoIV(CN)8]·4H2O SAPR-8 8 148.3(9) OC-6 4 2.222(10) 146.0(12) Weak AF [68,69]
138.0(8) 2.114(11) 158.5(13)

71.4(4)
83.9(10)

111.3(8)
SAPR-8 8 145.3(11)

139.0(12)
73.6(3)

115.7(7)

[{CoII(H2O)2}2MoIV(CN)8]·4H2O SAPR-8 8 72.59(6) OC-6 4 2.140(2) 156.0(2) Very weak AF [70]
113.68(13) 2.105(2) 166.8(2)

72.77(6)
114.05(13)

{[CoII(H2O)2]2[WIV(CN)8]·4H2O}n SAPR-8 8 72.62(9) OC-6 4 2.099(3) 166.5(3) Paramagnetic [64]
113.7(2) 2.134(3) 155.9(3)
147.2(1)
138.1(1)

76.0(1)
81.7(1)

{[CoII(H2O)2]3[WV(CN)8]2·4H2O}n SAPR-8 6 74.0(2) OC-6 4 2.117(4) 165.2(4) F with TC = 18 K [64]
140.5(2) 2.113(4) 163.2(4)
144.0(2) OC-6 4 2.068(4) 163.1(4)
111.4(2)

78.8(2)
71.3(2)
80.6(2)

{[Cu2
II(H2Tea)2]5[WV(CN)8]2[WIV(CN)8]·xH2O}∞ DD-8 3 101.36(19) OC-6 1 1.96(4) 167.1(5) AF [65]

DD-8 4 86.97 OC-6 1 1.977(4) 179.1(5)
145.3(2) OC-6 1 1.943(4) 176.5(5)

99.2(2) SPY-5 1 1960(5)eq 163.9(4)
143.2(2) SPY-5 1 2.056(5)eq 165.4(4)

{[CuII(en)2][CuII(en)][MIV(CN)8]·4H2O}n

(M = Mo, W)
SAPR-8 5 137.1(2) SPY-5 3 2.222(4) 150.1(3) No magnetic

measurements
reported

[71]
84.00(17) 1.992(4)eq 163.9(3)
74.13(17) 1.990(4)eq 158.8(4)

121.17(16) OC-6 2 2.644(5) 122.0(4)
76.80(16) OC-6 2 2.500(4) 133.9(4)
72.81(15)

{[CuII(en)2]3[WV(CN)8]2·H2O}∞ SAPR-8 6 144.6(3) OC-6 2 2.329(6) 139.27 F [66]
72.0(3) 2 2.967(7) 115.69

112.7(3) OC-6 2 2.534(7) 142.96
SAPR-8 and
BTP-8 interme-
diate

0 80.1(3) OC-6 2 2.616(7) 130.49

78.0(3) OC-6 2 2.616(7) 120.77
116.3(3) OC-6 2 2.731(6) 122.69

75.0(3)

a The C–M–C angles in the [M(CN)8]3−/4− moiety.
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Fig. 22. (Top) The M vs. T plots for [MnII(pym)(H2O)]2[MnII(H2O)2]
[WV(CN)8]2·(pym)2·2H2O: (�) FCM for 70 → 2 K in an external magnetic
field of 10 G, (
) ZFCM for 2 → 70 K in an external magnetic field of 10 G,
and (©) remanent magnetization for 2 → 70 K in an external magnetic field of
10 G. (Bottom) M vs. H measured at 2 K. Reprinted with permission from Ref.
[63]. Copyright 2004 American Chemical Society.
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ridges has been observed. Exceptionally, the hybrid 3D
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xhibits dominant antiferromagnetic coupling attributed to the
ntiferromagnetic exchange interactions through the alkoxyl
ridges.
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rradiation. Reprinted with permission from Ref. [72]. Copyright 2001 American
hemical Society.

. Conclusions and outlook

In this review we have presented the fascinating structural
iversity of octacyano-based coordination networks and the
omplexity of their magnetic behaviour.

The octacyanometalate building block is able to generate
yano-bridged heterobimetallic systems displaying all possible
imensionalities. The prediction of the rich topology of polynu-
lear systems based on octacyanometalates is still a challenge.
espite this, the possible way to understand the formation of

xtended architectures is the preference given to certain geome-
ries of cationic building blocks. Moreover, the topology of the
olynuclear coordination network strongly depends on the group
f C–M–C angles in the octacyanometalate moiety (about 75◦,
15◦ and 142◦) chosen by the cationic precursor. Essentially,
he geometry and the number of the labile coordination sites at
he cationic building block is the main aspect determining the
hoice of the C–M–C angles. However, there are more subtle
ffects (solvents, counterions, competition between solvent and
yano bridging in the substitution reaction, etc.) which influence
he final topology.

We have shown that, generally, multidimensional polynuclear
ystems based on cationic Mn(II) and Mn(III) complexes are
haracterized by a dominant intramolecular antiferromagnetic
nteraction. According to recently performed theoretical calcu-
ations, the spherical symmetry of the spin density at Mn centres
ppears to be the rational explanation of antiferromagnetism in
n-based coordination networks [27]. There is only one excep-

ion, the 2D K[MnIII(acacen)]2[WV(CN)8]·2H2O system, where
erromagnetic ordering with TC = 18 K has been found.
The multidimensional assemblies derived from Cu(II) precur-
ors usually display a ferromagnetic Cu(II)–W(V) interaction.
he ferromagnetic exchange seems to be mediated through the
xially coordinated cyano bridges in square pyramidal, trigonal
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ipyramidal or octahedral geometries of Cu(II) centres. The
ntiferromagnetic interactions found in the photomagnetic
CuII(2,2′-bpy)2]2[MoIV(CN)8]·5H2O·MeOH and 2D [{CuII(4-
Npy)2(H2O)}2{CuII(4-CNpy)2(H2O)2}{WV(CN)8}2]·6H2O
ppear to result from the equatorial coordination of cyano
ridges at the Cu(II) centres. Exceptionally, in the 3D
[Cu2

II(H2Tea)2]5[WV(CN)8]2[WIV(CN)8]·xH2O}∞ hybrid
ystem, antiferromagnetic exchange has been reported as a
esult of magnetic interactions through the alkoxyl bridges.

We have outlined the various ways leading to the realiza-
ion of the multifunctionality of the octacyano-based molecular

aterials. The most promising assemblies from the viewpoint
f potential application in modern nanotechnology are the high-
pin polynuclear clusters, molecules displaying the spin reori-
ntation phenomenon and the extended coordination networks
ombining the optical and magnetic properties. We can envis-
ge further development of multinuclear complexes based on
ctacyanometalates leading towards spin carriers in molecular
pintronics.
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