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Abstract

In this work, we show how the design of one-, two- and three-dimensional materials can strongly benefit from the use of crystal
engineering techniques, which can give rise to structures of different shapes, and how these differences can give rise to different
properties. We will focus on the networks constructed by assembling malonate ligands and metal centres. The idea of using malonate
(dianion of propanedioic acid, Hymal) is that they can give rise to different coordination modes with the metal ions bind. Extended
magnetic networks of dimensionalities 1 (1D), 2 (2D) and 3 (3D) can be chemically constructed from malonato-bridged metallic
complexes. These coordination polymers behave as ferro-, ferri- or canted antiferromagnets. The control of the spatial arrangement
of the magnetic building blocks is of paramount importance in determining the strength of the magnetic interaction. It depends on
the coordination bond between the metal ion and the ligands, and on supramolecular interactions such as stacking interactions or

hydrogen bonds.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The design of synthetic pathways to obtain systems
with desired properties continues to be a challenge for
inorganic chemists. In this context, a great interest has
been devoted to the development of rational synthetic
routes to novel polynuclear compounds of tuneable
dimensionality which may have applications as molecu-

Abbreviations: Hpymal, malonic acid; bipym, 2,2’-bipyrimidine;
phen, phenantroline; Im, imidazole; Melm, methylimidazole; 2,4'-
bipy, 2,4’-bipyridine; 4,4’-bipy, 4,4’-bipyridine; bpy, 2,2’-bipyridine;
pyz, pyrazine; pym, pyrimidine.
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lar-based magnetic materials [1-3]. Focusing on the
approach of having transition metals as spin carriers, it
is the declared target to optimise the number of chemical
links between the magnetic centres in order to gain an
increased contribution from intramolecular interactions
and at the same time, to diminish the influence of the
weaker intermolecular contacts.

Along this line, many recent reports have focused on
the synthesis and structural characterisation of poly-
meric transition metal compounds using malonate (mal)
[4-9] as blocking and bridging ligand. The use of
malonate as bridging ligand in metal complexes has
shown the versatility of this ligand [4—9]. The structural
complexity diversity of the malonato complexes is due to
the versatility of this dicarboxylate ligand which can
adopt several chelating bidentate and/or different car-
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boxylato-bridging coordination modes. The ability of
the carboxylato bridge to mediate significant ferro- or
antiferromagnetic coupling [10—14] between the para-
magnetic centres enhances the interest in the malonate
ligand, aiming at designing extended magnetic systems.
Additionally, the carboxylate group provides an effi-
cient pathway that couples the magnetic centres either
ferro- or antiferromagnetically [10—14], the coupling
constant being influenced by structural aspects such as
the conformation of the bridge or the geometry of the
metal environment.

The malonate ligand is a dicarboxylic ligand with a
singular behaviour different from the other dicarboxylic
ligands. In our investigations, we have observed that
with 3D ions it can exhibit different coordination modes
such as (a) bidentate [n’-chelation], (b) bidentate [n°-
chelation]+unidentate and (c) bidentate [n’-
chelation] + bis(unidentate).

The malonate ligand occupies one or two coordina-
tion positions and neutralises two positive charges of the
metallic ion, allowing the inclusion of other ligands in
the coordination sphere of the metal. These comple-
mentary ligands can act as bridging or blocking ligands,
contributing to the interconnection or isolation of the
spin carriers. Thus, combining the malonate with other
bridging and/or blocking ligands we have been able to
prepare monomers, dimers, trimers, tetramers, infinite
chains, and 2D and 3D arrays.
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Another feature of the carboxylato bridge is the fact
that the magnitude of the exchange interaction depends
on the possible syn—syn, syn—anti and anti—anti brid-
ging modes that it can adopt. The nature (ferro- or
antiferromagnetic) of the interaction being dependent
on the nature of the magnetic orbitals of the spin
carriers connected by the bridging ligand. In our
compounds, these features are nicely in line with
theoretical models developed in molecular magnetism,
in particular as far as the symmetry rules involving the
magnetic orbitals. Thus, playing with the stoichiometry
and with the nature of other complementary ligands,
very smart several compounds with a controlled dimen-
sionality and with a nicely explained satisfactory ex-
planation of their magnetic properties have been
prepared.

Herein, we present an overview of our investigations
in the magneto-structural correlations of malonato

complexes. This study is organised attending to the
coordination modes of the malonate and how they
govern the dimensionality of the structure, then the
magnetic properties can be explained attending to the
bridging mode of the carboxylate and the nature of the
magnetic orbital of the paramagnetic centres.

2. Structural aspects and magnetic properties
2.1. Bidentate (no-bridging)

In this coordination mode two of the oxygens of the
malonate coordinate the metal ion, the ligand behaving
as n°-bidentate, the rest of the oxygens may act as
acceptors in hydrogen bonding. This mode is analogue
to the n*-bidentate chelate exhibited by the oxalate. The
malonate acts as blocking ligand leading to isolated
molecules that are interconnected through hydrogen
bonding, exhibiting weak or no magnetic coupling
among the metallic centres [15,16].

As examples, we have the bimetallic compounds
[M"(H,0)¢][Cu"(mal)>(H0),] (1) (M =Mn, Co, Ni,
Cu and Zn) [17] (Fig. la). In 1, the malonate fills
equatorial coordination positions of the Cu(Il) ions, the
rest of the positions being filled by water molecules. The
magnetic properties of the bimetallic compounds (1) in
the form ynT vs. T are shown in Fig. 1b and ¢, yum
being the molar magnetic susceptibility per each
Cu(IDM(II) couple. At room temperature, the values
of ymT are 4.78(MnCu), 2.98(CoCu), 1.59(NiCu),
0.80(CuCu) and 0.40(ZnCu) cm® mol ~! K, as expected
for magnetically isolated [Cu'(mal),(H,O),]*~ and
[M"(H,0)s]* " units. These values slightly decrease
upon cooling down except for the complex CoCu where
an abrupt decrease is observed. The magnetic behaviour
of complexes MnCu, CoCu, NiCu, CuCu and ZnCu is
typical of the coexistence of [Cu''(mal),(H,0),]*~ and
[M"(H,0)s]* " units with very weak antiferromagnetic
interactions mediated through hydrogen bonds, in
agreement with their structure. Consequently, their
magnetic properties were analysed through the Hamil-
tonian of Eq. (1) with the inclusion of a molecular field
correction (0) accounting for intramolecular interac-
tions. In compound NiCu, the inclusion of an additional
term accounting for the zero-field splitting (D) of the
Ni(II) ion was considered (Eq. (2)):

H=gc,fSc,H + guBfSuH (1)
H = gc,fSc,H + g Sy H + Sy DSy (2)

Compound CuZn is the first one we analysed, the
least-squares fitting to the experimental data through
Eq. (1) leads to gc,=2.032(1), ¢ = —0.317(1) K and
R=1.85x 10°. Given that the geometry of the anion
[Cu"(mal),(H,0),]*~ remains practically constant for
all the compounds, we keep the computed value of gc,
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Fig. 1. (a) The 2D anion—cation network of hydrogen bonding in complex [M"(H,0)][Cu"(mal),(H,0),] (M = Mn, Co, Ni, Cu and Zn). The six
water molecules coordinated to M(II) ion act as space filling to join the neighbouring 2D layers of [Cu(mal),(H,0),]*~ forming a 3D hydrogen
bonding network. (b) Thermal dependence of the yy T product (yy being the magnetic susceptibility per formula) for [M"(H,0)¢][Cu"(mal)>(H,0),]
(M =Mn (O) and Co (2)). The solid lines are the best-fit curve through Eq. (1) (blue line for Mn) and through Eq. (3) (green line for Co). (c)
Thermal dependence of the y7 product for the [M"(H,0)¢][Cu"(mal),(H,0),] (M = Ni (), Cu (O) and Zn (O)). The solid lines are the best-fit
curve through Eq. (1) (red line for Zn) and through Eq. (2) (black line for Ni).

for the remaining compounds. The best-fit parameters
for complexes MnCu and CuCu are gy =1.989(1)
(MnCu) and 2.075(1) (CuCu), 6 =0.22(1) (MnCu) and
—0.47(1) (CuCu) K with R=1.21 x 10~ ° (MnCu) and
2.15 x 107% (CuCu). The best-fit parameters for CuNi
are gn; =2.28(1), 6 = —1.31(1) K and R=9.92 x 10~*
and gn; =2.201(1), |[D| =5.81(4) cm ' and R=2.78 x
10—, respectively.

Concerning the magnetic behaviour of complex CoCu
(Fig. 1b), once of the contribution of the
[Cu(mal),(H,0),]*~ ion has been removed, the yuT

values continuously decrease on lowering the tempera-
ture (values ranging from 2.42 cm® mol~! K at room
temperature to 1.42 cm® mol ' K at 2 K). The mono-
nuclear compounds containing a high-spin Co(II) ion in
octahedral surrounding present magnetic properties
deviating substantially from a Curie—Weiss law. There
are several factors influencing the magnetic properties of
the Co(Il) in O, symmetry such as the spin-orbit
coupling (4), the orbital reduction factor (x), the axial
crystal field splitting and the Figgis Ti-term mixing
parameter. In a first approximation, we have considered
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the Co(Il) ion in a pure O, symmetry, but all our
attempts to fit the experimental data to that model
failed, probably due to the distortion around the Co(II)
octahedron. In a second approximation, only the two
lowest Kramer doublets arising from the *A, state are
thermally populated. Then the energy separation (D)
may be considered as a zero-field splitting within the
quartet state, the Hamiltonian (Eq. (3)) to consider
being then

H = D(S? —3) + fSgH (©)

Under such approximation (and adding a field
correction (0) to the susceptibility, in order to take
into account the intermolecular interactions), the fitting
parameters are 0= —0.22, g.=249(1), g. =g, =
2.30(1), D= —52(1) em ™' and R=1.55x10">. The
theoretical curve matching very well the experimental
data in all temperature range (see Fig. 1b).

Some ligands can bridge the metallic ions, but if the
malonate is kept as bidentate the molecules remain
isolated as in [Cuy(mal),(H,0),(bipym)] [15], here the
dimensionality and the magnetic coupling being gov-
erned by the complementary ligand.

2.2. n’-Bidentate +unidentate

In this coordination, mode two of the oxygens
coordinate the same metal and another one is bound
to an additional metal as unidentate, the ligand behav-
ing overall as tridentate. The remaining oxygen acts as
acceptor in hydrogen bonding blocking the polymerisa-
tion in this direction.

The simplest compound exhibiting this coordination
mode is the [(H,0),Cu(p-mal)Cu(mal)(H,O),] dimer (2)
[9,18] (Fig. 2a), in which Cu(l) and Cu(2) are in
octahedral and square-pyramidal environments, respec-
tively. The malonate-oxygens fill equatorial positions at
Cu(1), the Cu(1)—0O distances being shorter, whereas the
Cu(2)-0 distance is long, the malonate oxygen filling an
apical position with respect to Cu(2). We have observe
in this compound the copper(Il) ions to be ferromagne-
tically coupled. The magnetic coupling constant having
a value of J=1.8 cm ! (Fig. 2b). We can find in the
literature that 95% of copper(Il) dimers exhibit an
antiferromagnetic coupling, but as we will see in our
compounds the ferromagnetic behaviour is much more
frequent than the antiferromagnetic one.

In square-pyramidal and octahedral environments,
the magnetic orbital at each copper(Il) atom is defined
by the short equatorial (or basal) bonds, and it is of the
d. . type with possible some mixture of the d.
character in the axial position. In 2, the carboxylate
couples a d,2_,> magnetic orbital of Cu(1) with a d.: of
Cu(2), the latter being not-magnetic and orthogonal to
its magnetic d,>_>. This kind of coupling (basal-apical

or equatorial-axial) is repeated in many compounds and
it has been found to be ferromagnetic in all of our
copper(Il) compounds.

The trinuclear cation [Cus(mal),(H,O)o]* ™ (Fig. 2a)
present in {[Cu(H,O)4]5[Cu(mal),(H,O)]} [Cu(mal),-
(H20):J{[Cu(H20)4][Cu(mal)2(H20),]} (3) [9] is formed
by a central aquabis(malonate)copper(Il) entity that is
linked to two peripheral tetraaquacopper(Il) units
through carboxylato bridges which exhibit the anti—
syn configuration. The coordination around the two
crystallographically independent copper atoms (Cu(3)
and Cu(4)) is distorted square-pyramidal. Four coplanar
carboxylate oxygen atoms from two malonate ligands
with nearly identical bond lengths (1.938(4) and 1.941(2)
A for Cu(3)-0(9) and Cu(3)-0(10), respectively) build
the basal plane around Cu(3), whereas a weakly
coordinated water molecule (2.508(3) A for Cu(3)—
O(7w)) occupies the axial position. At Cu(4), four water
molecules build the basal plane and a malonate-oxygen
occupies the axial position. The magnetic behaviour is
shown in Fig. 2c. The copper(Il) ions being ferromag-
netically coupled (J = 1.2 cm ') by the same reasons as
previously mentioned for 2.

The compound {[Cu(H,0);3][Cu(mal),(H,O)]}, (4) [9]
(Fig. 3a) has a 1D polymeric structure. It consists of
zigzag chains of copper(Il) ions that exhibit a regular
alternation of aquabis(malonate)copper(IT) and triaquo-
copper(Il) units, the former being linked to the latter as
bis-monodentate ligands though two trans-malonate
oxygen atoms. The chains run parallel to the z-axis,
and they are interconnected trough hydrogen bonding.
The two crystallographically independent copper(Il)
ions (Cu(1) and Cu(2)) have distorted square-pyramidal
surroundings. The four coplanar carboxylate oxygen
atoms (O(1), O(3), O(5), and O(6)), which are coordi-
nated to Cu(1) define the basal plane, whereas the apical
positions is occupied by a weakly coordinated water
molecule O(1w). The three water molecules O(2w),
O(Bw) and O(4w) and the carboxylate oxygen O(7)
build the basal plane at Cu(2), whereas the other
carboxylate oxygen, O(2c) (¢ = —x,} — y, — + z), occu-

pies the axial position.

Each malonate simultaneously adopts bidentate (at
Cu(1)) and unidentate (at Cu(2)) coordination modes.
Two slightly different carboxylate bridges, that exhibit
the anti—syn conformation, alternate regularly within
each copper(Il) chain.

For this compound, the magnetic behaviour is shown
in Fig. 3b. The O(1)-C(1)-0O(2) carboxylate connects a
basal Cu(1)-O(1) bond with an apical O(2)-Cu(2b)
bond; this coupling being weak and ferromagnetic (J =
1.9 cm!) as observed in 2. The O(5)—C(5)-0(5)
carboxylate connects two equatorial bonds (Cu(l)—
O(5) and Cu(2)-0O(7)) but the carboxylato plane and
the equatorial plane at Cu(2) (O2w)O(4w)O(3w)O(7))
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Fig. 2. (a) Perspective view of the trinuclear copper(Il)
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of compound {[Cu(H,0)s],[Cu(mal)>(H>O)]}[Cu(mal)>(H,0),]-

{[Cu(H,0)4][Cu(mal),(H,0),]} along the b-axis. Contents of the unit cell of the complex: monomer (violet), dimer (green) and trimer (orange).
(b) Thermal dependence of the ;T product for compound [(H,0)4Cu(p-mal)Cu(mal)(H,0),] (2) (dimer). Solid line is the best-fit by the appropriate
expression through the Hamiltonian H=—JS,S; +gf(S, +Sp)H +S,DSg. (c) Thermal dependence of the ym7 product for compound
{[Cu(H;0)4)5[Cu(mal),(H,0)]} [Cu(mal)>,(H,0),] {[Cu(H,O),4][Cu(mal),(H>0),]}(3). Solid line is the best-fit derived through the Hamiltonian

H =—J(Scy3Scus +ScusScus) + Zi- 18cu,BScuH.

are nearly orthogonal (dihedral angle of 94.4°), this may
explain this interaction to be ferromagnetic (J=3.0
cm ).

Combining the malonate with blocking ligands, such
as imidazole or methylimidazole, 1D polymeric struc-

tures can be obtained as those observed in compounds
[Cu(Im),(mal)] (5) and [Cu(Melm),(mal)] (6) [19] (Fig.
4a and b). In these compounds, copper(I]) is in a square-
pyramidal surrounding. Two malonate-oxygens from a
bidentate malonate and two imidazole-nitrogens build
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Fig. 3. (a) Projection of the structure of 4 down the a-axis, showing the sheet-like nature. (b) Thermal dependence of the yy 7" product for compound
{[Cu(H,0)3][Cu(mal),)(H>O)]}, (4). Solid line is the best-fit derived through the Hamiltonian H=—JX[S,;S,;_| +aS,S,;,].

the basal plane. The same malonate ligand acts as
unidentate towards the neighbouring copper(Il) filling
an apical position with a longer Cu—O distance. The
magnetic behaviour is shown in Fig. 4c, both com-
pounds exhibit ferromagnetic coupling, J = 1.64(1) and
J=0.39(1) cm ' for 5 and 6, respectively, as expected
from the apical-equatorial connection.

With 2.4’-bipyridine, a tetrameric neutral unit
[Cus(mal)4(H»0)4(2,4'-bipy)s] (7) can be obtained, in-
volving a small planar-square with copper(Il) cations
and malonate anions at each corner [20] (Fig. 5a and b).
Each copper atom exhibits a slightly distorted square-
pyramidal surrounding. The 2,4’-bipy acts as blocking
ligand, since the location of the nitrogen in 2 does not
allow further polymerisation. The magnetic properties
of 7 are shown in Fig. 6 and correspond to those of
magnetically isolated squares of four ferromagnetically
coupled spin doublets, J=12.3(1) cm ~'. The magnetic
properties of 7 under the form of y 7T plot are shown in
Fig. 6. The ymT plot for 7 continuously increases as the
temperature is lowered reaching a plateau at 3.0 K
(rmT =3.24 cm® mol ~! K) which is as expected for a
magnetically isolated square of four spin doublets
interacting ferromagnetically (low-lying S =2 account-
ing for the plateau observed for yy 7).

[Cuys(mal)4(H,0)4(4,4'-bipy),]-2H,O (8) has similar
structure and magnetic properties to those observed
for 7. The main difference is the ability of the 4,4’-bipy
to act as bidentate ligand interconnecting the
Cuy(mal)4(H,0), tetramers leading to a 2D network
[21] (Fig. 7). This compound illustrates the increment of
the dimensionality by the introduction of other bridging

ligands. The four copper(Il) ions are ferromagnetically
coupled in the small square (J = 12.4(1) cm ') existing
weak antiferromagnetic interactions among the tetra-
mers trough the 4,4’-bipy (J/ = —0.05 cm ~ ') (see Fig. 6).
For compound 8, y\7 continuously increases reaching
a maximum of 2.93 cm® mol~' K at 5.5 K and further
decreases at lower temperatures (see Fig. 6). The
magnetic behaviour of 8 is satisfactorily interpreted
considering a quadratic layer of ferromagnetically
coupled tetranuclear copper(Il) units, which are anti-
ferromagnetically coupled through the bridging 4,4'-
bpy. The magnetic coupling within the tetramer is
strong and ferromagnetic (J = 12.4 cm '), whereas the
coupling through the bridging 4,4’-bpy is antiferromag-
netic and very weak (Joir= —0.052 cm ).

Also we obtained heterometallic structures, e.g.,
[Mn''Cu'(mal),(H,0);]-2H,O (9) [22], made up by
neutral bimetallic chains that linked with long weak
axial malonate oxygen to copper bonds, which leads to a
corrugated sheet-like structure (Fig. 8a). The magnetic
behaviour, shown in Fig. 8b, is characteristic of
ferrimagnetic chains without magnetic ordering in the
temperature range explored. Given the special alternat-
ing trend ...J1—J,—-Jo—Jo—J1—J;... where J; and J,
represent the intrachain Cu(II)-~Mn(II) isotropic mag-
netic coupling and the lack of a theoretical model to
treat it, we have assumed that the J; and J, values
should be very close and consequently, we have treated
the experimental data through a regular chain approach.
The least-square fitting of the data led to Jyncu = —4.5
em ! [11].
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Fig. 4. (a) Projection of compound [Cu(Im),(mal)] (5) down the a-axis showing the parallel arrangement of the chains. (b) Projection of compound
[Cu(Melm),(mal)] (6) down the b-axis. (c) Thermal dependence of the yy 7" product for compounds [Cu(Im),(mal)] (2 ) and [Cu(Melm),(mal)] (O).
Solid lines are the best-fit through the magnetic susceptibility expression derived from the Hamiltonian H=—JX.SS,

2.3. Bidentate + bis(unidentate)

Two polymorphic malonate-bridged copper(Il) com-
plexes of formula {[Cu(bpy)(H,O)][Cu(bpy)(mal)-
(H>0)]}(ClOy4)> (10) (Fig. 9) have been prepared [8].
The structures are made up of uncoordinated perchlo-
rate anions and malonate-bridged zigzag copper(Il)
chains running parallel to one of the crystallographic
axes. These chains are built by a [Cu(bpy)(mal)(H,0)]
unit acting as bis-unidentate ligand toward two [Cu(b-
py)(H,O)] adjacent units trough its OCCCO skeleton in

SN+

an anti—anti conformation, whereas the carboxylate
bridge exhibits the anti—syn conformation. These com-
pounds contain four crystallographically independent
copper(Il) atoms, but the environment of all of them is
distorted square-pyramidal: the axial position is occu-
pied by a water molecule, whereas the equatorial plane is
formed by a chelating bpy and ecither a bidentate
malonate or two unidentate carboxylate-oxygens from
two malonate ligands. Each malonate acts as bidentate
respect to a copper(Il) and as bis(unidentate) to other
two. The analysis of the magnetic data indicates the
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Fig. 5. (a) Perspective view of the tetramer unit of [Cuy(mal)4(H,0)4(2,4'-bipy)s]-2H>O (7). (b) Perspective view of the stacking of the compound
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Fig. 6. Thermal dependence of the y\7 product for compounds (7)
[Cuy(mal)4(H>0)4(2,4'-bipy)s]-2H-O (O), (8) [Cus(mal)y(H>0)4(4,4-
bipy),]-2H,0 (O) and (15) [Cuy(mal)4(pyz),]-4H,0 (A ), ym being the
magnetic susceptibility per four copper(Il) ions. Solid lines are the
best-fit by the Hamiltonian H=—J(S,S, +8S,S; +S;S,+S,S,).

occurrence of a ferro- (through the carboxylate, J =4.6
cm ') and antiferromagnetic (through the skeleton of
the malonate, /= —4.2 cm ") coupling.

A family of compounds exhibiting this coordination
mode are the isostructural [23,24] homo or hetero-
bimetallic malonates of the divalent Co, Ni and Zn:
[M(H,0),][M’(mal),»(H,0),] (M = Mn", Co™, Ni"', Zn";
M’ = Co", Ni", Zn") (11) (Fig. 10a and b). The simple
malonates of the divalent Co, Ni and Zn are isostruc-

tural, and their mixed bimetallic malonates behave as
solid solutions filling randomly the positions of M and
M’. Mn(II) can also be introduced in the network as M,
its concentration must be kept below 50% or the mixed
malonate is impurified with Mn(II) malonate remaining
malonate-oxygens act as unidentate filling equatorial
positions of four adjacent M cations. The magnetic
coupling, shown for the Ni(II) complex in Fig. 10c, is
very weak since the malonate exhibits the anti—syn
configuration, being ferromagnetic and antiferromag-
netic for Ni(II) and Co(Il), respectively. The mixed
malonates are ferrimagnetic, but magnetic ordering is
not obtained in any case.

The structure of the Mn(II) malonate (12) is made up
by the polymerisation of [Mn(mal)(H,O),] monomers
giving a 2D array (Fig. 11a and b) [25]. Mn(I]) is in an
octahedral environment, with the water molecules in the
axial positions. Each malonate chelates the metal as
bidentate, with the remaining two oxygens bridging to
two further adjacent metallic atoms as bis-unidentate.
This structure is very original since the two carboxylates
of the malonate exhibit two different conformations, the
anti—anti and the anti—syn, respectively. This feature
leads to a spin canting behaviour at low temperatures
(Fig. 11c¢).

[M(mal)(pyz)(H>O)], [M(mal)(pym)(H,O)] (M(II) =
Co, Zn) (13) [26], and [Co(mal)(4,4"-bipy),,»(H,0)] [21]
[Mn(mal)(4,4"-bipy)1»(H,O)] (14) [24] have related
structures in which layers of octahedrally coordinated
metallic atoms bridged by the malonate anions within
the layers are interconnected by 4,4’-bipy, pyz or pym
molecules leading to a 3D structure. Each malonate
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Fig. 7. (a) Perspective view of the tetramer unit of [Cuy(mal)4(H,0)4(4,4"-bipy),]-2H,0 (8) along the ¢-axis when only the odd layers are considered.

(b) View of the layers stacked along the tetragonal c-axis.

chelates the metal as bidentate, with the remaining two
oxygen atoms bridging to two further adjacent metallic
atoms as bis-unidentate, thus forming continuous cova-
lently bonded sheets. The metal is then coordinated by
three different malonate anions, the remaining two
trans-positions being filled by a terminal H,O molecule
and the nitrogen of the aromatic molecule. All these
compounds, except those of Zn, exhibit weak antiferro-
magnetic coupling.

The structure of [Cuy(mal)4(pyz),]-4H,O (15) [20]
(Fig. 12) is very similar to that of 8, in which 2D layers
were obtained by the assemblage of Cuy(mal), tetramers
by bidentate 4,4’-bipy ligands. In 15, the tetramers are
assembled by bidentate pyrazine ligands. Each copper
atom is in a quasi-perfect square-pyramidal surrounding
with three carboxylate-oxygen atoms from two malo-

Cu(2)

Fig. 9. View of compound {[Cu(bpy)(H,O)][Cu(bpy)(mal)-
(H,0)]}(ClOy), (10) showing the parallel arrangement of the chains
along the b-axis. 2,2"-Bipyridine ligands, water molecules and the
perchlorate anions have been omitted for clarity.
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Fig. 8. (a) Perspective drawing of a fragment of the chain of [Mn"Cu'(mal),(H,0);]-2H,O (9). (b) Thermal dependence of the yy7 product for

compound 9.
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Fig. 10. (a) Layer of [M(H,0),][M'(mal),(H,0),] (M =Co", Ni"!, zn"; M'=Co", Ni"', zn™) (11). (b) Sheet structure of compound
[Mn(mal)(H>0),] (12). (c) Thermal dependence of the yy7 product for [Ni(H,O),][Ni(mal),(H,O),].

nate groups and one nitrogen atom from a pyrazine
ligand building the equatorial plane. The main differ-
ence with the structure of 8 is the absence of a water
molecule filling the apical position of the square-
pyramidal surrounded copper(I). This position is
occupied by a malonate-oxygen of a tetramer of a
neighbouring layer. By this new link, the layers are
interconnected leading to a 3D structure. Each malonate
uses its four oxygen atoms to coordinate the copper
atoms: within each layer, the malonate adopts simulta-
neously the bidentate (at one copper atom) and uni-

dentate (at another copper atom) coordination modes,
the fourth carboxylate-oxygen acts also as unidentate
being bound to a further copper atom from a neigh-
bouring layer. The magnetic properties of 15 have been
investigated in the temperature range 1.9-300 K and
they look like an overall weak ferromagnetic behaviour
which would be the result of a competition between
ferro- (through the malonate bridge) and antiferromag-
netic (through the pyrazine bridge) interactions, the
former being somewhat stronger are consistent with the
occurrence of a competition between a ferromagnetic
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Fig. 11. (a) Parallel packing of the sheets showing the hydrogen interactions involved in the generation of the framework structure in compound 12.
(b) Thermal dependence of the yn for [Mn(mal)(H,O),]. Solid line is best-fit through the Hamiltonian H=—JX;S;S, ;.

coupling through the malonate bridge and an antiferro-
magnetic one through the pyrazine bridge. However,
there is no long-range antiferromagnetic ordering in the
temperature range studied (Fig. 6).

3. Conclusions

The bis-bidentate coordination mode dominant in the
oxalato complexes is sterically forbidden for the mal-
onate, this makes the bidentate+unidentate and the
bidentate + bis-unidentate coordination modes to dom-
inate in the chemistry of the malonate. This affects
dramatically to the structure and the properties of the
malonate complexes, being the ferromagnetic interac-
tions much more frequent than in general compounds.
The malonate is a dissymmetric ligand. By its bidentate
side, it is a strong complexing agent (due to the chelate
effect) and it will be usually filling equatorial or basal

positions displaying short M—O distances. By its other
side it acts as unidentate showing weaker interactions
and longer M’-0O distances. The metallic ion that is
chelated usually remains in the same plane of the
carboxylato groups with small deviations; on the other
hand, the unidentate coordinated metal can deviate
considerably from the carboxylate plane, reducing
notably the overlap between the magnetic orbitals of
the paramagnetic centres. This minimises the antiferro-
magnetism and interactions expected to be antiferro-
magnetic can be turned to ferromagnetic. Another
feature of the malonate is the fact that when these latter
M’-0 distances are long enough, this oxygen becomes
axial or apical. Then, as a consequence of the coupling
of orbitals of different symmetry, the magnetic interac-
tion is expected to be ferromagnetic in many copper(II)
complexes.

Consequently, we can conclude that the malonate is a
very versatile ligand that is able to generate high
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Fig. 12. (a) The Cu/malonate framework in compound [Cuy(mal)4(pyz),]-4H,0 (15) along the c-axis. (b) A view of the 3D structure where the square
grids layers are stacked along the c-axis showing the n—n overlap between pairs of pyrazine molecules.
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dimensionality networks coupling paramagnetic centres
ferromagnetically in much higher percentage than other
dicarboxylic ligands. The malonate itself cannot lead to
a 3D array, but combined with other ligands the 3D
networks can be obtained. We are now in the search of
ligands, suitable to be combined with the malonate,
capable to couple ferromagnetically the spin carriers in
the remaining dimensions.
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