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Abstract

The history of molecular magnetism began in 1951 with the study of a dinuclear complex, copper(II) acetate [B. Bleaney, K.D. Bow
R. Soc. A 214 (1952) 451], however it was not until the 1990s that it received a strong impetus with the discovery of the first molecu
solids that exhibited spontaneous magnetization[R. Sessoli, D. Gatteschi, A. Caneschi, M.A. Novak, Nature 365 (1993) 141; D. Gat
A. Caneschi, L. Pardi, R. Sessoli, Science 165 (1994) 1054]. Many important discoveries have been made since then by European te
particular[ESF Scientific Programme Molecular Magnets (MM), October 2, 1999]: the synthesis of the first bimetallic molecular magnets
organic magnets with the highest Curie temperature known so far; the synthesis of room-temperature molecular-based magnets; t
of spin cross-overs that occur with large hysteresis at room temperature; new photomagnetic processes, including light-induced
state trapping; the synthesis of the first molecular-based magnetic superconductor; the first characterization of the magnetic tunn
© 2005 Elsevier B.V. All rights reserved.

Keywords: Molecular materials; New ferromagnets; Ferrimagnets; Antiferromagnets

1. Introduction

Molecular materials are systems that may be considered as
built of discrete molecules, the so-called “building blocks”.

∗ Tel.: +48 71 3757307; fax: +48 71 3757307.
E-mail address: jmroz@wchuwr.chem.uni.wroc.pl.

This structural feature creates great opportunities for
modeling of electrical, magnetic and optical propertie
materials through the selection of appropriate constit
molecules. At the same time, it is also a challenge for de
oping new synthetic methods that would make it poss
to control the directional arrangement of molecules in
space crystal lattice. In reality macro properties of mate

0010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2005.05.013
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are always determined by the joint mutual interactions of
molecules in the crystalline structure.

The faculty of Chemistry of University of Wrocław is
not only the main polish center on coordination chemistry
but also the place where investigation of molecular mag-
netism in Poland has started. It took place in the 1960s and in
1970s in the magnetic laboratory, equipped with a few mod-
ern susceptometers and magnetometers which were already
functioning.

It is crucial that there is intense research cooperation with
national and international scientific teams in many magnetic
research areas.

We are approaching a period where we can expect a break-
through in electronics as well as a transition from microelec-
tronics to molecular electronics. We are heading towards the
next stage of miniaturization of microelectronic elements and
devices. This undoubtedly is one of the biggest challenges,
which chemistry above all must rise to, by synthesizing new
molecular materials with pre-programmed properties, with
special attention to their molecular magnetic properties.

2. Molecular magnetism and new materials group
(University of Wrocław, Wrocław)

2.1. Magnetism of dimeric copper(II) carboxylates
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Fig. 2 (complex 1) presents theχM versusT relation-
ship, whereχM is corrected molar magnetic susceptibility,
and which shows a maximum at about room temperature, a
feature characteristic of antiferromagnetically coupled cop-
per(II) pairs. At low temperatures a contribution from a CuII

mononuclear impurity can be observed.
The magnetic susceptibility data were best fitted to the

modified Bleaney–Bowers equation[1]:

χcorr
M =

{
Ng2

dimβ2

3kT

[
1 + 1

3
e−2J/kT

]−1
}
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+
(

Ng2
momβ2

4kT

)
x

wherex is the percent of monomeric impurity and other sym-
bols have their usual meaning. Minimization of the deviation

R = ∑
(χcalcd

i − χ
expt
i )

2
/(χcalcd

i )
2

was the criterion used to
determine the best fit. Singlet–triplet energy gaps (2J) of all
the complexes were found and compared.

The value of|2J| for the copper(II) 2-methylthionicotinate
dimers tends to increase according to the series of terminal
ligands: DMSO < DMF < CH3OH < H2O.

Some workers have proposed that larger 2J values are
attributed to a weaker�-donation by the axial ligand, with
suggestion that there is a corresponding increase in the lig-
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Copper(II) carboxylates have been extensively stu
rom different points of view because the carboxylato an
xhibit different bonding modes influencing their propert
ost of them are biologically active substances, metal-
rugs[5].

We have studied the magnetic properties of copper(I
any compounds and the results were published in ap

mately 80 papers co-authored with Melnik and co-work
6–8]. Examples include magnetic data for two dimeric c
lexes of general formulae: [Cu{L}2(X)]2 (1) (where L = 2-
ethylthionicotinate (2-MeSnic), and X = H2O, CH3OH,
MF, DMSO) and [Cu{2-MeSnic}2(py)2]2 (2) (where py

s pyridine) [6–8]. The magneto-structural characteriza
f these copper(II) complexes is important because of
iological activity.

The tetrakis(�-carboxylato)-bridged CuII system (I) dis
lays intramolecular antiferro-magnetic exchange coup
etween two paramagnetic metal ions[9,10]. The strength o

his coupling is measured by the coupling constantJ within
he usual isotropic Heisenberg–Dirac–van Vleck mo

=−2JS1S2; S1 = S2 = 1/2 (2J represents the singlet–trip
nergy gap). Very strong intramolecular antiferro-magn
oupling has been observed in tetrakis�-carboxylato-bridge
uII complexes (2J ∼ −300 cm−1) depending on the natu
f the carboxylic acid and the apical ligands[7,9,10, and
eferences therein]. A dimeric CuII structure, in which ver
symmetrically coupled CuII ions essentially do not intera

s rarely observed, complex (2) is in fact only the secon
xample in the literature.
nd field of the four carboxylato oxygen atoms around
etal ion[9–11]. Our results maintain that the magnitude
agnetic coupling is rather sensitive to the Cu–O–C–O
eometry, which depends more on steric effects of the te
al ligand than on its�-donation (nucleophilicity)[7].

Another type of CuII dimer was obtained with 2
ethylthionicotinic acid and pyridine ligands, (2) Fig. 1. The

emperature dependence of the magnetic susceptibility
oment for [Cu(2-MeSnic)2(py)2]2 (2) is outlined inFig. 2.
he value ofµeff 1.91 BM at 300 K decreases to 1.71 B
t 5 K and to 1.54 BM at 1.9 K. This behavior is con

ent with very weak antiferromagnetic interaction betw
he copper(II) magnetic centers. The data were fit to
leaney–Bowers equation[1]. The best-fit parameters a
J =−1.30 cm−1, g = 2.12, R = 1.82× 10−3. The observe
inglet–triplet energy gap of−1.30 cm−1 suggests that th
agnetic orbitals are unfavourably oriented in this cas
rovide good overlap for a magnetic interaction[9]. The
u· · ·Cu separation 4.453̊A.
Psomas et al.[12] have described a novel dinuclear CII

omplex of tetrakis[(2,4-dichlorophenoxy)acetato] bis(2′-
ipyridylamine)dicopper(II) where two bridging carboxyl

igands are bound to two CuII metal ions in an asymme
ic fashion with a Cu· · ·Cu separation above 4.0̊A. The
agnetic data show a very weak antiferromagnetic inte

ion between the two metal ions with 2J =−1.6 cm−1. The
omplex [Cu(2-MeSnic)2(py)2]2 is only the second examp
f the abovementioned dinuclear structural type, in w

he observed antiferromagnetic interaction is very w
9].
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Fig. 1. ORTEP view of the complex [Cu(2-MeSnic)2(CH3OH)2]2 (1) which
represents dimeric complexes type (1) and the ORTEP plot of [Cu(2-
MeSnic)2(py)2]2 (2), Ref.[7].

2.2. Exchange interaction in polymeric copper(II)
ferromagnets

Structural and magnetic studies of binuclear and polynu-
clear complexes containing multidentate bridging ligands, in
which such metal-metal interactions as magnetic coupling,
energy or electron transfer, and intervalence transfer[13–15]
may occur, are of a considerable interest from the standpoint
of inorganic, bio-inorganic and coordination chemistry
[14,16–18].

The design and molecular magnetism of polynuclear com-
plexes are of considerable interest for designing new mag-
netic materials and for investigating the structure and the role
of the polymetallic active sites in biological systems.

One of the most interesting features in molecular
magnetism is the ability of some polyatomic ligands to
provide pathways for exchange coupling between atoms
that are not directly bonded. The study of intramolecu-
lar exchange interactions has been extended to a large
number of dinuclear and polynuclear compounds with
a great variety of bridging ligands such as carboxy-
lato, hydroxo, oxalato, pseudohalides of the type XCN
(X = O, S, Se).

Fig. 2. Temperature dependence of the magnetic susceptibility (complexes
type (1)) and the magnetic susceptibility and the magnetic moment of com-
plex (2), Ref.[8].

Among these systems, the copper(II) carboxylates have
been the subject of numerous magneto-structurally inves-
tigations, especially with nitrogen donor ligands[19,20].
Different coordination modes of carboxylato groups led to
the formation of mononuclear and polynuclear structures.

We have recently synthesized[21] and characterized the
magnetic properties[22] of a two-dimensional polymer of
formula [Cu(pyridine-2-carboxylate)Cl] in which ferromag-
netic exchange occur between the copper(II) ions via dichloro
andsyn-anti-carboxylate bridges.

This compound is a product of a novel oxidative
P-dealkylation reaction of diethyl 2-pyridyl methylphos-
phonate ligand with the participation of the copper
atom catalyzing oxidation by atmospheric oxygen:
R–CH2–P(O)(OEt)2 → R–COOH [21]. This reaction is
a continuation of the further study on the coordination
properties of transition metal complexes of phosphonic
derivatives of pyridine and quinoline[23–26].The molec-
ular structure of [Cu(pyridine-2-carboxylate)Cl] (Fig. 3)
reveals a very distorted five-coordinate stereochemistry
(CuNO2Cl2 chromophore) intermediate betweenD3h and
C4v supported by the calculation of the degree of distortion
of coordination polyhedron, which gives a structural index
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Fig. 3. A perspective view of the polymeric fragment of [Cu(pyridine-2-
carboxylate)Cl] with the atom numbering scheme, Ref.[22].

τ = 0.39 (τ distinguishes between square–pyramidal and
trigonal–bipyramidal geometries, defined asτ = (β − α)/60,
whereα andβ are the largest coordination angles[27].

The crystal structure of [Cu(pyridine-2-carboxylate)Cl]
(Fig. 4) revealed a unique supramolecular polymeric two-
dimensional network. The framework of the structure is a

F -
c

Fig. 5. Plot ofχCu (�) andχCuT (©) vs.T temperature for [Cu( pyridine-
2-carboxylate)Cl]. Calculated temperature dependence ofχCuT (—), Ref.
[22].

Cu4 cyclic structure with the Cu(II) centres connected by
syn-anti-carboxylate bridges, and with a Cu· · ·Cu distance
of 4.490(2)Å. The copper ions of an individual tetrameric
ring are connected to each other through dichloro bridges.
The molecular and crystal structure of [Cu(pyridine-2-
carboxylate)Cl]n suggests the scheme presented below for
the magnetic exchange interactions,

where J and J′ are the exchange coupling via the di-
�-chlorobridge and carboxylate bridges, respectively. The
experimental data have been fitted with a dimer equation
[1], within a molecular field correction. In the frame of
this approximation with the interaction Hamiltonian:H =
−JŜ1Ŝ2, the best-fit parameters obtained by least-squares fit
through Eq.(1) are as follows:J = 15.0 cm−1, J′ = 0.37 cm−1

(z = 4), g = 2.07 (Fig. 5). The magnetic properties indicate
that the copper ions within a given layer are ferromagneti-
cally coupled but exchange coupling via the dichloro bridge
dominates.

This is an example of the strong ferromagnetic coupling
observed for coupling occurring through bridging chloride
ions in di- and polynuclear copper(II) complexes[28]. The
m ag-
n netic
c des
o ag-
n ged
c the
s

for
[ d in
t es:
( n-
p d to
d net-
w he
ig. 4. A projection of the layer along thez-axis of [Cu(pyridine-2
arboxylate)Cl], Ref.[22].
agnetic behavior can range from strongly antiferrom
etic coupled, to moderate or weak and even ferromag
oupling as a function of the different coordination mo
f the carboxylato group. Weak antiferro- or ferrom
etic interactions are observed in carboxylato brid
opper(II) complexes, in which the carboxylate adopts
yn-anti-conformation[22,29–34].

The weak interdimer ferromagnetic coupling observed
Cu(pyridine-2-carboxylate)Cl] complex is not unexpecte
he light of the following electronic and structural featur
i) syn-anti-conformation of the carboxylate group, (ii) no
lanarity of the bridging network, which is also expecte
ecrease the overlap of magnetic orbitals in the bridging
ork hence the exchange pathway could involve both t�
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and� orbitals of the carboxylate group, (iii) the low symme-
try of the entity allows a weak delocalization of each magnetic
orbital on the oxygen atom of the carboxylate bridge from the
copper atom.

The carboxylate group exhibits an unusual bridging
behavior, since the same carboxylate group acts simultane-
ously as a monoatomic bridge and a triatomic bridge between
the pair of copper ions. The monoatomic bridges can only
support a very weak antiferromagnetic interaction. Therefore,
the possible contribution tozJ′ interdimer exchange coupling
may be neglected.

2.3. Di-and polynuclear compounds as new magnetic
materials

Our interest in complexes with pseudohalide ligands of
the type NCS− consists of the possibility of the ligand to
provide simultaneous coordination to two metal centres,
generating structurally and magnetically interesting di- or
polynuclear complexes. The magnetic behavior of octahe-
drally coordinated dimers of nickel(II) with two end-to-end
pseudohalide bridging ligands has been studied and cor-
related with the structural parameters by different authors
and some magneto-structural trends have been summarized
[35–39]. We investigated the conditions of formation of the
t II II III III

c s
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f om-
p
T
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intermolecular hydrogen bonds and ring-stacking interac-
tions.

The variable temperature magnetic properties have been
interpreted in terms of the De Neef expression[43], based
upon the Hamiltonian of the equation:

H = −2J
∑
i=1

(SiSi+1) − D
∑
i=1

[
(Siz)

2 − 2

3

]
(1)

The best-fit parameters obtained by the least-squares fit
through Eq.(1) are as follows: 2J = 8.0 cm−1, D = 0.2 cm−1,
g = 2.18.

Fig. 7. Plot ofχMT vs. T for complexes3 and 4. Experimental data are
represented by triangles where the dotted line is an eye guide. The solid line
in the insert ofFig. 7for complex3 is the best-fit curve down to 12 K through
the De Neef equation (see text). The insert ofFig. 7of complex4 is included
only for comparison purposes, Ref.[42].
hiocyanate bridged Ni, Co , Fe and Cr [40] and thio-
yanatecobalt(II) complexes[41] with imidazole derivative
nd the influence of their steric properties both on the
hiometry as well as on the stereochemistry of the compl
he results show that bridging by an NCS− group is possibl

f the steric conditions of the neutral ligand permit it, a
n the case of the polymeric isomorphous complexes o
ormula [Ni(NCS)2(HIm)2] (3) and [Co(NCS)2(HIm)2] (4)
HIm = imidazole). Both complexes are the first example
erromagnetically coupled one-dimensional polymeric c
ounds with a double end-to-end thiocyanate bridge[42].
he crystal structure of [Ni(NCS)2(HIm)2] (Fig. 6) consists
f a one-dimensional polymeric chain in which nickel

ons are bridged by two thiocyanate groups bonding i
nd-to-end fashion in atrans arrangement. The Ni· · ·Ni dis-

ance is 5.557(1)̊A. The crystal packing is determined by

ig. 6. Molecular structure of [Ni(NCS)2(HIm)2] showing the atomic num
ering. The Ni· · ·Ni distance is 5.557(1)̊A, Ref. [42].
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As shown in the insert ofFig. 7 for 3, the calculated
curve matches the magnetic data very well from room
temperature to temperatures nearTc. At lower temperatures,
long-range magnetic ordering accounts for the deviation
from one-dimensional magnetic behavior of3. The absence
of a model for anS = 3/2 chain system precludes theoretical
analysis of the magnetic data for complex4. Complex3 is
the first example of a ferromagnetically coupled nickel(II)
chain with end-to-end thiocyanate bridges which exhibits
long-range magnetic ordering (Tc = 5.0 K). Most likely, it
is the hydrogen bonds which link the chains to each other
and the ring-stacking interactions that provide an exchange
pathway for this magnetic ordering.

The decrease ofχMT in the very low temperature range
is due to the saturation of magnetization as shown by the
field cooled (FC) curves for3 and 4 in Fig. 8. Both com-
pounds exhibit a three-dimensional magnetic ordering with
values ofTc equal to 5.0 (3) and 5.5 K (4), these values being
determined from the field cooled magnetization (FCM) and
zero field cooled magnetization (ZFCM) (seeFig. 8), as well
as ac measurements (seeFig. 8, inserts). Neither frequency
nor amplitude dependence was observed for in-phase and
out-of-phase signals. Finally, the field dependence of the
magnetization at 1.9 K for3 and 4 (Fig. 9) provides addi-
tional evidence for the occurrence of ferromagnetic coupling
in both compounds although no saturation of magnetization
w -
t f
t BM
a

der
o
m study
a ng-
r
a

data
o l(II)
c )
t ii) it
i very
c ity
o tic

Fig. 8. Temperature dependence of the field cooled (FC,�) and zero field
cooled (ZFC,©) of theM/H quotient for complexes3 and4. The insert shows
the temperature dependence of both the in-phase (χ′

M) and out-of-phase (χ′′
M)

components of the ac molar magnetization at 1 G for both complexes, Ref.
[42].

T
S bridged nickel(II) complexes

C i–S–C (◦) Ni–N (Å) Ni–S (Å) J (cm−1) D (cm−1) db (Å) Ref.

[ 100.0 2.04 2.61 4.5 −3.3 0.05 [35]
[ 00 2.04 2.61 2.4 −0.4 0.05 [37]
[ 100.0 2.04 2.62 4.9 −4.3 0.56 [38]
[ 100.7 2.06 2.55 4.3 −2.0 0.84 [39]

05.8 2.10 2.64 0.42
[ 96.2 1.93 2.83 6.3 −2.0 0.16 [39]
[ 99.5 2.03 2.59 4.0 0.2 0.61 [42]

yridine, 2-mepn: 1,2-diamino-2-methylpropane and HIm: imidazole.
as reached up to 5 T. At 1.9 K, complex4 exhibits a hys
eresis loop of a soft magnet (Fig. 9, insert4), the values o
he remanent magnetization and coercive field being 1.0
nd 110 G, respectively.

In the case of complex3, no hysteresis was detected un
ur experimental conditions (seeFig. 9, insert3). The ferro-
agnetic exchange was confirmed by a magnetization
s a function of field at 1.9 K. The compounds exhibit lo
ange magnetic ordering withTc equal to 5.0 and 5.5 K for3
nd4, respectively.

In any case, an inspection of the magneto-structural
f the double end-to-end thiocyanate-bridged nicke
omplexes studied, which are listed inTable 1, shows that (i
he magnetic coupling is always weakly ferromagnetic; (
s not necessary to have the Ni–N–C and Ni–S–C angles
lose to 180◦ and 90◦, respectively, for quasi-orthogonal
f the molecular orbitals; (iii) the value of the magne

able 1
elected magneto-structural data for double end-to-end thiocyanato-

ompounda Nuclearity Ni–N–C (◦) N

Ni2(en)4(�-NCS)2]I2 Dimmer 167.0
Ni2(tren)2(�-NCS)2](BPh4)2 Dimmer 167 1
Ni2(terpy)2(NCS)2(�-NCS)2]·2H2O Dimmer 159.0
Ni2(2-mepn)3(NCS)2(�-NCS)2] Dimmer 165.2

142.4 1
Ni2(2-mepn)4(NCS)2(�-NCS)2](PF6)2 Dimmer 166.7
Ni(Him)2(�-NCS)2] (1) Chain 158.2

a en: ethylenediamine, tren: tris(2-aminoethyl)amine, terpy: 2,2′:6′2′′-terp
b d = Ni-mean (NCS)2 plane distance.
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Fig. 9. Field dependence of the dc molar magnetization (©) for 3 and4 at
1.9 K. The insert shows the magnetic hysteresis loop at 1.9 K. The solid line
is an eye quide, Ref.[42].

coupling of 3 correlates well with those observed in the
parent complexes in spite of presenting the greatest deviation
from planarity.

2.4. Superexchange magnetic interaction in
heterometallic copper(II)–rhenium(IV) compounds with
macrocyclic ligands

The search for new materials showing useful magnetic
and magneto-optical properties is one of the main goals
of molecular magnetism[44]. They can also be built
with molecular precursors, specially chosen to achieve
a three-dimensional covalent bonding network between
spin–bearing species[9]. However, until now, study of the

interaction between magnetic centers has been generally
restricted to metal ions belonging to the first transition series.

The magnetic properties of related complexes containing
second and third series transition elements, which induce
larger spin–orbit coupling effects and a greater degree of
covalence, are much less known. This is the case for the
rhenium(IV) complexes, where the 5d3 ion usually forms
octahedral compounds. Numerous types of hexachloro-,
hexabromo- and hexaiodorhenate complexes have previously
been investigated in great detail[45–49]. The study of mag-
netic properties of mononuclear hexahalogeno complexes
revealed the occurrence of an intermolecular antiferromag-
netic interaction, whose magnitude depends on the size of the
organic cation (bulk effect). The exchange of the two chloride
ions by an oxalato ligand in the rhenium coordination sphere
allows the synthesis of new heterodinuclear ReIV−CuII

complexes. The analysis of literature data[50–52]suggests
that quite strong coupling should be obtained if the ligand
is coordinated in a symmetric bidentate way with two
short CuII O bonds. For this reason, it seemed interest-
ing to examine macrocyclic copper(II) complexes CuL�

and CuL� (where L� = N-dl-5,7,7,12,14,14-hexamethyl-
1,4,8,11-tetraazacyclotetradeca-4,11-diene and L� = N-dl-
5,7,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-
4,14-diene) in order to obtain heterometallic systems bridged
by oxalato groups. The square planar macrocyclic complexes
w the
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ith two vacant coordination sites at the metal atom play
ole of the so–called “building blocks”.

The two rhenium(IV)–copper(II) heterometallic co
lexes [CuL�] [ReCl4(ox)] DMF (5) and [(CuL�)2Cl]

ReCl4(ox)] Cl (6) were synthesized and the crystal str
ures of both compounds were determined at 173(2) K[53].
he CuL� macrocycle cation is approximately planar a
oordinated from above and below by [ReCl4(ox)]2− units
ia the bis(bidentate) oxalato ligands. It features an oxa
ridged heterometallic ReIV –CuII zigzag chain, the shorte

ntrachain metal–metal distances being Re· · ·Cu = 5.568(2
nd 5.870(2)̊A in direction of theb-axis (Fig. 10).

The crystal structure of6 consists of dinuclear compl
ations [(CuL�)2Cl]3+ with [ReCl4ox]2− and isolated Cl− as
ounter anions. Cu atoms in CuL� are only five-fold coor
inated in a square pyramidal surrounding and the ca

CuL�]2+ are connected in pairs by chloride. The intramo
lar Cu· · ·Cu separation is 4.885(3)Å, the shortest Re· · ·Cu
istance is 7.612(3)̊A (Fig. 11).

Our results show, that the magnitude of magnetic
ling between ReIV and CuII in these compounds can

uned by changing the coordination geometry around
opper(II) ions. This coordination depends on the pos
f the methyl groups around the equatorial nitrogen a
f the ligands. In the case of the nearly square planar
inated [CuL�]2+, a one-dimensional ferrimagnetic ch
ompound was obtained. Each [ReCl4(ox)]2− ion is bound
y the two long CuII O bonds to the two macrocyclic fra
ents. Magnetic measurements indicate weak antiferro
etic interactions between the ReIV and CuII metal ions
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Fig. 10. Crystal structure of5 (view axisa; H atoms bound to C have been
omitted for clarity), Ref.[49].

within the chains. The magnetization temperature depen-
dency reveals a transition from a one-dimensional ferrimag-
netic system to three–dimensional magnetic ordering. In the
case of a non-planar coordination sphere around CuII , the
complex cation is open for coordination only on one side.
This position is then occupied by a bridging chloro ligand,
which connects two CuII macrocycle units and the isolated
anion [ReCl4(ox)]2− and is responsible for the charge bal-
ance. Strong antiferromagnetic interaction is not expected in
the bimetallic ReIV –CuII macrocyclic compounds5 and 6
because of the poor overlap of the magnetic orbitals.

F itted
f

Fig. 12. Crystal structure of [5CuCuL][ReCl4(ox)]2·2DMF (view axisa, H
atoms have been omitted for clarity), Ref.[54].

During the next step of our work we used the Cu(II)
bis-macrocyclic complex to obtain new heterometallic sys-
tems. In a previous paper[53] we reported the study of
magnetic and electrochemical properties of a new type of
highly unsaturated bis-macrocyclic face-to-face transition
metal complexes interacting with a guest molecule via strong
�–� interactions. As a result one observes an increased com-
munication between the metal centers reflected in the values
of the conproportionation constants higher than in the parent
bis-macrocyclic complexes.

Reaction of the rhenium(IV) compound, [Bu4N]2
[ReCl4(ox)] with the unsaturated tetraazabis-macrocyclic
copper(II) complex cation [5CuCuL]4+ (L = 6,13-bis
(dodecylaminomethylidene)-1,4,8,11-tetrazacyclotetradeca-
4,7,11,14-tetraene) produced a new kind of binuclear
compound: [5CuCuL][ReCl4(ox)]2·2DMF in which
[ReCl4(ox)]2− [54] anions and [5CuCuL]4+ cations are held
united by electrostatic forces. The crystal structures of this
compound were determined at 173(2) K (Fig. 12).

The complex behaves as a ferrimagnetic CuII –ReIV

bimetallic, pseudo-one-dimensional chain with two weak
intrachain antiferromagnetic magnetic coupling parameters
through the chlorine atom (J =−21 cm−1) and through the
oxalate-oxygen atom (j ≈ −9 cm−1). over the temperature
range 1.7–300 K.

Summing up the molecular magnet research carried
o etic
m ized
[ res
w ties,
a ffect
o rro-,
f sed.
T u
t
i tate
ig. 11. Unit cell of6 (C and H atoms of the macrocycle have been om
or clarity), Ref.[49].
ut in recent years; many new antiferro and ferromagn
olecular materials of d-electron metals were synthes

55–64]. Their crystalline, electron and molecular structu
ere identified, as well as their physicochemical proper
nd especially their low-temperature magnetism. The e
f structural factors on the possible existence of antife

erri- and ferromagnetic compounds was also discus
his was proven with the example of the group of CII

ricyanomethanide complexes of the type M{C(CN)3}2L2,
n which the metallic centres are bonded by biden
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pseudohalogenic ligandsC(CN)3. The magnetic centres
displayed both ferro- and antiferromagnetic coupling in the
crystalline lattice[65–73]. Many new linear ferri- and ferro-
magnets coupled together through the effect of antiferromag-
netic exchange were synthesized and investigated[74–78].

An important accomplishment is also the realization of
new single molecule magnets (SMM) using polymeric or
tetrameric complexes of d- and f-electron metals[79]. The
idea of single molecule magnets synthesis belongs to the most
current research trends.

3. Inorganic Materials Research Group (M. Nicolaus
Copernicus University, Toruń)

Magnetochemistry originated in Nicolaus Copernicus
University in Torún with the first seed sown by Prof. Antoni
Grodzicki and his collaborator M.Sc. Michał Chrząszcz.
Inspiration came from University of Wrocław and now diver-
sified research is being pursued in the many fields of coordi-
nation chemistry and magnetochemistry.

3.1. Magnetism of d-electron metal coordination
compounds

The research topics are related to synthesis, structure
s new
t cop-
p ero-
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An X-ray crystal structure of [Ni(en)3]n[{Ni(en)2
Cr(NCS)6}2n] has shown the one-dimensional structure
of the anionic heterobimetallic unit with the thiocyanato
bridges, –NCS–Ni–SCN–Cr–NCS–Ni–Cr–[89]. To the
best of our knowledge, [Ni(en)3]n[{Ni(en)2Cr(NCS)6}2n]
represents is not only the first structurally characterized
nickel(II)–chromium(III) system exhibiting intermetallic
connections through thiocyanato bridges, but also one of
the few examples of a thiocyanato bridged one-dimensional
heterobimetallic compound. The magnetic behavior of
this complex has been explained as a sum of cationic and
anionic parts. The former shows simple Curie behavior of
the nickel(II) ion, whereas the latter was treated as a Heisen-
berg linear chain with spin alternation. The intrachained
nickel(II) and chromium(III) ions are antiferromagnetically
coupled (J ∼ 20 cm−1). The structural features related to
thiocyanato-bridged units being incis positions at both metal-
lic centers are responsible for moderate antiferromagnetic
interactions.

We have also studied copper(II) complexes with ter-
tiary phosphites and perfluorinated carboxylates as potential
precursors for chemical vapor deposition (CVD) of metal
or oxide layers[93–95]. The spectroscopic, magnetic and
EPR data indicate the formation of polymeric species via
carboxylic and hydroxyl bridges with the rarely reported
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pectroscopy, thermal and magnetic properties of
ransition-metal complexes, especially homobimetallic
er(II) complexes with carboxylato bridges and het
imetallic complexes with thiocyanato bridges[80–84].

The spectroscopic, magnetic and thermal propertie
large number of heteropolynuclear complexes w

nvestigated[85–92]. In particular, properties of copper(II
hromium(III) bimetallic complexes [85,86,89,90–92,
ickel(II)–chromium(III) [87,89,90,92] and cobalt(II)–
hromium(III) [90] systems have been studied. Hexaisot
yanatochromate(III), which can form bridges with differ
etal ions via the sulfur atoms, was used in these comp
s the anionic building block. Coordinatively unsatura
opper(II), nickel(II) and cobalt(II) complexes, mainly w
arious diamines and imidazoles, served as cationic u
ost of the complexes synthesized have the follow

omposition, [ML2]3[Cr(NCS)6]2·nH2O.

.2. Antiferro- and ferromagnetic heteropolynuclear
ompounds

In the these heterpolynuclear complexes the met
nd chromium(III) ions are antiferromagnetically coup
ometimes the overall magnetic interactions are negli
ue to the balance between antiferro- and ferromag
athways. Thiocyanato bridges transmit antiferromag

nteractions more efficiently in the nickel(II)–chromium(I
eterocomplexes than in copper(II)–chromium(III) het
omplexes, probably as a result of a longerM–S distance
nd also because for electronic reasons.
,

f

s

.

c

Cu(II) P(III) bond.
Some research has been carried out through collab

tion with Dr. Zden̆ek Sḿekal and Dr. Pavel Kopel from th
Department of Inorganic and Physical Chemistry, Palaý
University, Olomouc, Czech Republic. The structure
magnetic properties of dimeric oxalato bridged coppe
complexes with chelating diamines were established[96,97].
Copper(II) ions in these compounds are antiferromagn
cally coupled withJ =−157 to−175 cm−1 (H =−2JS1S2).
Copper(II), cobalt(II) and nickel(II) complexes of trithiocy
nuric acid were also characterized[98].

In addition, the magnetic properties of copper
diantipyrylmethane complexes[99,100] have been invest
gated. Both weak antiferromagnetic and ferromagnetic in
actions, between the copper(II) ions were noted dependin
the anion used. Spectroscopic, magnetic, EPR and stru
data have been reported for dimeric copper(II) chloro
etate complexes with 5,7-dimethyl- and 5,7-diphenyl-1,
triazolo-[1,5-�]-pyrimidine [101]. A strong antiferromag
netic interaction was observed, compared and discussed
the literature data for similar copper(II) chloroacetate co
pounds with different N-donor axial ligands.

Furthermore, the isomerism of iron(III)-complexed dy
based on 1,5-diaryl-3-cyanoformazanes was investig
with the use of IR, UV–vis, FAB-MS and magnetic metho
[102]. A strong antiferromagnetic interaction was found
the brown form of the dyes studied and the authors prop
a dimeric structure with double oxygen bridges. The v
let form showed magnetic behavior typical for a monom
low-spin iron(III) species which had been observed for o
Fe(III) compounds with formazane derivatives.
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Fig. 13. The{[Mn(bpy)2]4[Mo(CN)8]2}·8H2O compound: (a) the molec-
ular structure of hexamer Mn4Mo2; (b) photomagnetic properties of
Mn4

II M2
IV clusters: (a)χMT vs. f(T) before and after (©) irradiation at

336–356 nm (�), and after irradiation followed by thermal heating at 300 K
(�) for Mn4

II Mo2
IV , Ref.[103].

A strong antiferromagnetic interaction was found in the
brown dimeric form of the dyes studied, whereas the violet
form showed typical low-spin iron(III) magnetic behavior.

The elucidation of the magneto-structural correlations for
heteropolymetallic complexes is still an important goal of
modern magnetochemistry.

4. Inorganic Molecular Materials Group
(Jagiellonian University, Kraków)

The challenge of the Inorganic Molecular Materials
Group is the construction of efficient crystalline materials
with spin bistability, which can act as switches, detectors,

Fig. 14. The{[MnII (bpy)2][MnII (bpy)2(H2O)]2[WV(CN)8]2}·7H2O com-
pound: (a) the molecular structure of pentamer Mn3W2; (b) M(H) atT = 2 K:
experimental (line), calculated Brillouin function for spinS = 13/2 (squares),
the sum of Brillouin functions calculated for two independent spinsS = 1/2
and three independent spinsS = 5/2 (circles), Ref.[104].

or memory devices. Supramolecular heterobimetallic coor-
dination networks based on electronically active cationic
3d-metal complexes and Mo and W octacyanometalate
building blocks are especially suitable for these functions.
The labile electronic configurations of the metal centers
may be switched reversibly involving magnetic, optical
and structural changes, usually stimulated by variation of
temperature and/or pressure and by light irradiation.

Their interplay is illustrated by a wide range of
architectures including zero-dimensional molecules, one-
dimensional chains and two-dimensional layers based on
[M(CN)8]3−/4− (M = Mo, W) molecular building blocks and
pre-organized 3d metal complexes[103].

4.1. New molecular magnets of molybdenium(IV, V) and
tungsten(IV, V)

Zero-dimensional structures, resulting from the metal-
directed self-assembly ofcis-protected [Mn(bpy)2(H2O)2]2+

octahedral tecton and octacyanometalates and the synthesis
of hexanuclear clusters{[MnII (bpy)2]4[MIV (CN)8]2}·8H2O
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(M = Mo, W) and pentanuclear high-spin{[MnII (bpy)2]
[MnII (bpy)2(H2O)]2[WV(CN)8]2}·7H2O [103,105] are
among the most important achievements of this research
group.

In the case of the [MIV (CN)8]4− building block, the hex-
anuclear cluster{[MnII (bpy)2]4[MoIV (CN)8]2}·8H2O has
octahedral geometry (Fig. 13a)[103]. The molecule is formed
from two, mutually perpendicular, Mn2

II Mo2
IV squares shar-

ing the Mo corners.
Photomagnetic measurements of solid{[Mn(bpy)2]4

[M(CN)8]2}·8H2O (Fig. 13b) indicate that these clusters dis-
play irreversible photo-induced magnetic modifications.

Irradiation (λ = 337–357 nm) at 5 K in the SQUID results
in formation of a Mn2IMn2

II M2
V photoproduct[104], while

under ambient conditions, in the presence of O2, pho-
todecomposition of the cluster into [MnII (bpy)2(CN)2] and
[MVI (CN)4(O2)] takes place.

The self-assembly ofcis-[MnII (bpy)2(H2O)2]2+ and [WV

(CN)8]3− precursors results in the formation of the

pentanucleark{[MnII (bpy)2][MnII (bpy)2(H2O)]2[WV(CN)8]
2}·7H2O [105]. The pentanuclear molecule has a slightly
distorted V-shape with two tungsten(V) atoms linked
by single cyano bridges to three manganese(II) centers
in alternating sequence Mn–W–Mn–W–Mn (Fig. 14a).
The complex exhibits intramolecular antiferromagnetic
coupling between Mn(II) and W(V) centers consistent with
a ground state spin ofS = 13/2 (Fig. 14b) and a ferromag-
netic long range transition at 0.66 K. The supramolecular
architectures of Mn4II Mo2

IV and Mn3II W2
V lattices are

controlled by CN-bridging, intra- and inter-molecular
�–� stacking (face-to-face and edge-to-face) interactions
and an extensive network of hydrogen bonds between
terminal cyano ligands and the water molecules. The
preference for the formation of zero-dimensional molecules
in the self-assembly ofcis-[MnII (bpy)2(H2O)2]2+ and
[W(CN)8]3−/4− is enforced by the electroneutrality of the
resulting {[MnII (bpy)2]4[MIV (CN)8]2}·8H2O and {[MnII

(bpy)2][MnII (bpy)2(H2O)]2[WV(CN)8]2}·7H2O products as

F
b

ig. 15. The [MnIII (salen)H2O]3[WV(CN)8]·H2O compound: (a) molecular stru
ility of a single crystal; (c) field-dependent magnetization of a single crystalT =
cture of tetramer Mn3
II WV; (b) thermal dependence of the magnetic suscepti-

at1.9 K, Ref.[109].
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well as by the�–� stacking of bpy ligands, which seems
to prevent the growth of the larger structures. The reaction
between [MnIII (salen)(H2O)]+ [salen = theN,N′-ethylene-
bis(salicylideneaminato dianion)] and [WV(CN)8]3− in
methanol resulted in the formation of [MnIII (salen)

H2O]3[WV(CN)8]·H2O [106–109]. The structure consists
of the asymmetric V-shape Mn–NC–W–NC–Mn–Ophenolate
–Mn molecules, where the W(V) coordinates [Mn(salen)
H2O] and singly phenolate-bridged [Mn(salen)H2O]2 moi-
eties through the neighboring cyano bridges (Fig. 15a). The

F
a
o

ig. 16. Crystal structure of{(LHn)Cun
II [MV(CN)8]n·xH2O}∞: (a) the projectio

nd layers of LHnn+ cations and water molecules (yellow); (b) the view show
ut-of-phaseχ′′ components of ac susceptibility vs.T (f = 140 Hz,Hac= 5 Oe,Hdc =
n showing alternatively stacked anionic double-layers{CuII [MV(CN)8]−}n

ing the square grid patterns in double layer; (c) example of in-phaseχ′ and
0), Refs.[110,111].
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magnetic studies reveal antiferromagnetic intramolecular
interactions through the CN and phenolate bridges and
relatively weak intermolecular interactions.

The material becomes antiferromagnetically ordered
below TN = 4.6 K. The presence of the magnetic anisotropy
is documented with theM(H) measurements carried out both
for polycrystalline and single-crystal (Fig. 15b and c). At
T = 1.9 K a spin-flop transition is observed when a field of
18 kOe is applied to the sample (in parallel to thebc plane,
which is the easy plane of magnetization). The field depen-
dence of magnetization shows field-induced metamagnetic
behavior from the antiferromagnetic ground state ofST = 3/2
to the state ofST = 5/2.

The construction of a higher dimensional network requires
the use of weakly bonded metal-solvent complexes. The
example of this strategy is the self-assembly of [M(CN)8]3−
and [CuL]2+ in acidic aqueous solution to generate the
two-dimensional family{(LHn)Cun

II [MV(CN)8]n·xH2O}∞
(M = Mo, W; L = tetren,n = 5, x = 9 or L = dien,n = 3, x = 4)
compounds[110,111]. The [CuL]2+ complex ion provides
the pre-programmed bare Cu(II) centers formed by the
release of the fully protonated polyamine ligand. The
{(LHn)Cun

II [MV(CN)8]n·xH2O}∞ consist of alternatively
stacked anionic double-layers{CuII [MV(CN)8]−}n and lay-
ers of LHn

n+ cations and water molecules, ensuring the charge
balance of the network (Fig. 16a and b).
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Fig. 17. The crystal structure and magnetic properties of [Cu(�-4,4′-
bpy)(DMF)2][Cu(�-4,4′-bpy)(DMF)]2[WV(CN)8]2·2DMF·2H2O: (a) side
view of two-dimensional layer; (b) the exchange interactions represented by
J (solid lines) andJ′ (dotted lines), Refs.[112,113].

octacyanotungstate units. The CuII –NC–WV–CN–CuII

linkage exhibits the topology of 3,2-chain. The magnetic
properties correspond to a dominant ferromagnetic coupling
within the Cu3II W2

V pentamer units (J = +35(4) cm−1)
and much weaker effective AF inter-unit coupling which
includes both intra- and inter-3,2-chain interactions between
pentamers (J′ =−0.05(1) cm−1) (Fig. 17b).
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Acta 342 (2001) 286.
[41] A. Maslejova, S. Uhrinova, J. Mroziński, B. Żurowska, M.C.
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[52] R. Chiozzone, R. González, C. Kremer, G. De Munno, D. Armen-
tano, F. Lloret, M. Julve, J. Faus, Inorg. Chem. 42 (2003) 1064.
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Trans. Met. Chem. 21 (1996) 287.

[62] B. Cergvera, R. Ruiz, F. Floret, M. Julve, J. Cano, J. Faus, C.
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Mroziński, Z. Anorg. Allg. Chem. 624 (1998) 349.

[72] M. Hvastijov́a, J. Kohout, J. Mroziński, L. J̈ager, Polish J. Chem.
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Mol. Struct. 570 (2001) 161.

[74] J. Legendziewicz, M. Borzechowska, G. Oczko, J. Mroziński, Spec-
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J. Am. Chem. Soc. 126 (2004) 420.

[80] A. Grodzicki, M. Chrz̨aszcz, K. Krajewski, E. Szłyk, J. Kontek,
Trans. Met. Chem. 16 (1991) 413.

[81] A. Grodzicki, M. Chrz̨aszcz, E. Szłyk, R. Ciechanowski, Polish J.
Chem. 65 (1991) 35.

[82] M. Chrz̨aszcz, A. Grodzicki, Polish J. Chem. 66 (1992) 923.
[83] A. Grodzicki, M. Chrz̨aszcz, E. Kachniarz, P. Piszczek, F.

Rozpłoch, Polish J. Chem. 68 (1994) 445.
[84] K. Krajewski, A. Grodzicki, E. Szłyk, Polish J. Chem. 66 (1992)

239.
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T. Wasiutýnski, B. Sieklucka, Polyhedron 22 (2003) 2183.

[112] R. Podgajny, T. Korzeniak, K. Stadnicka, Y. Dromzee, N
Alcock, W. Errington, K. Kruczała, M. Bałanda, T.J. Kemp,
Verdaguer, B. Sieklucka, Dalton Trans. (2003) 3458.

[113] T. Korzeniak, K. Stadnicka, M. Rams, B. Sieklucka, Inorg. Ch
43 (2004) 4811.


	New trends of molecular magnetism
	Introduction
	Molecular magnetism and new materials group (University of Wrocaw, Wrocaw)
	Magnetism of dimeric copper(II) carboxylates
	Exchange interaction in polymeric copper(II) ferromagnets
	Di-and polynuclear compounds as new magnetic materials
	Superexchange magnetic interaction in heterometallic copper(II)-rhenium(IV) compounds with macrocyclic ligands

	Inorganic Materials Research Group (M. Nicolaus Copernicus University, Toru)
	Magnetism of d-electron metal coordination compounds
	Antiferro- and ferromagnetic heteropolynuclear compounds

	Inorganic Molecular Materials Group (Jagiellonian University, Krakw)
	New molecular magnets of molybdenium(IV, V) and tungsten(IV, V)

	Acknowledgments
	References


