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The compound [Cu2(μ-pzdc)(phen)4](NO3)2·10H2O (1; pzdc =
pyrazine-2,5-dicarboxylato; phen = 1,10-phenanthroline) has
been structurally and magnetically characterised. Theoreti-
cal calculations have allowed us to establish a plausible mag-
neto-structural correlation for pyrazine-bridged complexes.

Introduction
A lot of work has been devoted to the study of the mag-

netic interactions between two paramagnetic centres
bridged by an aromatic ring.[1] The study of the spin de-
localisation and polarisation effects is helpful in order to
understand the nature of these magnetic interactions. The
spin-polarisation mechanism itself provides a key tool for
predicting the kind of magnetic interactions in high-spin
organic molecules, and therefore for designing molecule-
based magnets.[2] Nevertheless, the application of this strat-
egy to transition metal complexes, which provide a more
stable spin source than those based on organic radicals, is
more tricky, and the spin-delocalisation effect must also be
taken into account.[3] Metal complexes containing pyrazine-
2,5-dicarboxylate (pzdc) ligands have seldom been investi-
gated.[4] Until now, as far as we aware, a three-dimensional
MnII complex[5] and a binuclear VV complex[6] are the only
structurally characterised examples with this ligand.

We report here the synthesis,[7] crystal structure[8] and
magnetic properties of a complex with formula [Cu2(μ-
pzdc)(phen)4](NO3)2·10H2O (1). In addition, a plausible
magneto-structural correlation for pyrazine-bridged com-
plexes is analysed by DFT methods.

Results and Discussion
The structure of compound 1 consists of water molecules

of crystallisation, nitrate counterions and centrosymmetric
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[Cu2(μ-pzdc)(phen)4]2+ binuclear units (Figure 1) in which
a bidentate pzdc ligand bridges two copper atoms with an
M···M distance of 7.112 Å. The distorted octahedral envi-
ronment around each copper atom is completed by four
nitrogen atoms of two phen ligands (phen1 and phen2). We
can distinguish two long bonds in the trans position formed
by an oxygen of the carboxylate group and a nitrogen of
the phen2 ligand [Cu1–O41 2.271(3) Å, Cu1–N38
2.210(3) Å]. The four shortest bonds are nearly coplanar
and are to two N atoms from phen1 [Cu1–N11 2.115(3) Å,
Cu1–N18 2.011(2) Å], another one from phen2 [Cu1–N31
2.003(2) Å] and a one from the bridging ligand [Cu1–N1
2.184(2) Å]. This equatorial plane is almost perpendicular
to the mean plane of the pzdc ligand [dihedral angle
81.7(2)°]. Similar distorted octahedral environments have
been reported for other phen or 2,2�-bipyridine copper
complexes.[9] The deviation of the metal atom from the pyr-
azine ring is quite significant [0.209(1) Å], probably due to
the steric hindrance of the terminal ligands.

Figure 1. ORTEP view of the dimeric entity in compound 1.
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Figure 2. Crystal structure viewed along the [001] direction showing π–π interactions (dashed lines) within the cationic layers and hydro-
gen-bonded (dotted lines) chains of water molecules.

In the crystal structure (Figure 2), the cationic complexes
are held together by means of face-to-face and edge-to-face
π–π interactions between the aromatic phen ligands to form
corrugated layers parallel to the bc plane. The water mole-
cules are inserted in the interlayer space and are linked
themselves by Ow–H···Ow hydrogen bonds to form zig-zag
strips comprised of an alternating sequence of fused water
pentamers and tetramers running along the [001] direction.
The nitrate anions are attached to the edges of the pentago-
nal water ring by a hydrogen bond. There are no significant
interactions between adjacent strips, therefore the water
strips act as bridges between the cationic layers by means
of a highly complex network of non-covalent interactions.
Compound 1 shows a different crystal packing to those de-
scribed in a recent study[10] of the most common packings
of complexes based on phen ligands, and bears a very close
resemblance to the compound [{Cu(ox)(phen)2}·5H2O].[11]

Both compounds show a similar π–π interaction scheme
within the corrugated complex layers. Due to this confor-
mation, there is a similarity between the hydrophilic holes
in the interlayer space, which leads to a similar arrangement
of the solvated water molecules.

Variable-temperature magnetic-susceptibility measure-
ments (2–200 K) show the presence of weak antiferromag-
netic coupling, with values of J = –5.7 cm–1 and g = 2.14
obtained from the Bleaney–Bowers expression (H =
–JSA·SB) for a binuclear copper(ii) complex. This antiferro-
magnetic coupling is mainly attributed to the magnetic in-
teraction through the pyrazine ring. The contribution of the
carboxylate groups can be considered negligible due to the
long magnetic pathway involving these groups.

DFT methods have shown to give good estimates of the
magnetic interactions.[12] A detailed description of the com-
putational strategy adopted in this work is given else-
where.[13] For the evaluation of the coupling constant, two
separate DFT calculations were carried out, from which the
energy of the highest spin (EHS) and broken-symmetry sing-
let configuration (EBS) are obtained. The magnetic coupling
constant results from the energy difference between the trip-
let and singlet states (EHS – EBS = –J). The hybrid B3LYP
method, as implemented in Gaussian 03, was used in all
calculations.[14] The exact Hartree–Fock-type exchange was
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mixed with Becke’s expression for the exchange functional
and the Lang–Yong–Parr correlation functional was used.
A basis set of double-ζ quality (triple-ζ for the transition
metal atoms), proposed by Schäfer et al.,[15] was employed
throughout.

The calculations were performed for an isolated
[Cu2(phen)4(μ-pzdc)]2+ dimer with an experimental geome-
try of C1̄ symmetry, leading to a value of the magnetic in-
teraction (Jcalc = –8.4 cm–1) similar to the experimental one
(Jexp = –5.7 cm–1). Figure 3 illustrates the spin densities for
the ground state (S = 0) of the title compound. The spin-
density distribution around the metal centre resembles a
dx2–y2 orbital with a significant contribution of dz2. The co-
ordinated Cu1 and pzdc atoms (N1 and O41) carry spin
densities with the same sign due to the spin-delocalisation
effect. This situation is in sharp contrast to that of organic
high-spin materials bridged by m-phenylenes,[2] in which the
spin density alternates throughout the π-conjugated hydro-
carbon network, as predicted by the spin-polarisation
mechanism.

Most of the previously reported CuII complexes with
pyz-type (pyz = pyrazine) bridging ligands coordinated at

Figure 3. Calculated spin-density distribution for the ground state
(S = 0) of [Cu2(phen)4(μ-pzdc)]2+ with a surface threshold level of
0.001. Hydrogen atoms have been omitted for clarity. Spin densi-
ties: Cu1 0.667, N31 0.105, N11 0.057, N18 0.099, O41 0.025, N1
0.043, N38 0.020, C2 –0.006, C3a –0.008.
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the equatorial sites show very weak antiferromagnetic inter-
actions (|J| � 4 cm–1).[16] However, there are a handful of
pyz-bridged CuII complexes, specially with the tppz ligand
[1,3,5,6-tetra(2-pyridyl)pyrazine], that present unusually
large antiferromagnetic interactions,[17] with J values rang-
ing from –35 to –61 cm–1. A common structural feature of
the latter compounds is the large displacement of the metal
from the mean plane of the pyrazine bridge (0.34–0.56 Å)
and/or the distortion of the pyrazine ring (dihedral angles
between the two C–N–C planes of the pyz ring range be-
tween 8.8 and 11.0°). Due to the structural features of the
title compound, we have restricted the present work to the
analysis of the former structural parameter, which allows a
σ-overlap between the metal dx2–y2 orbital and the π-orbitals
of the pyrazine ring; in an ideal planar system this dσ–pπ

overlap is not allowed (part a in Scheme 1). Taking into
account these facts, the observed values of J could be attrib-
utable to an important contribution of the π-orbitals of the
pyz-type ligand through a dσ–pπ interaction, which is al-
lowed by the structural distortion (Scheme 1, part b). The
title compound represents an intermediate situation be-
tween the negligible values commonly observed and the
cited unusually high values.

Scheme 1. Orbital interaction diagram showing the interaction be-
tween the two Cu dx2–y2 orbitals and a) the σ-symmetry orbitals
and b) the σ- and π-orbitals.

In order to determine the contribution of the π-orbitals
of the bridging ligand to the magnetic behaviour, we carried
out DFT calculations on a pyrazine-bridged dimeric CuII

model for different values of the Cu–Npyz···Npyz angle (see
details in Figure 4). The values obtained for the magnetic
coupling constant indicate an exponential increase of the J
value with a decrease of the Cu–Npyz···Npyz angle. The J
value is –6.8 cm–1 at 180°, but reaches values as high as
–144 cm–1 for an angle of 130°.
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Figure 4. Calculated coupling constants for [Cu2(NH3)6(μ-pyz)]4+

as a function of the Cu–Npyz···Npyz angle. The inset graphics repre-
sent the spin-density distribution for the two extreme angles. Calcu-
lations have been performed in an idealised C2h symmetry using
the following bond lengths [Å] and angles [°]: Cu–N 2.00, C–N:
1.35, C–C 1.42, C–H 1.00, N–H 1.00, N–Cu–N 90.0, N–Cu–N–C
90.0, Cu–Npyz···Npyz 130.0–180.0.

As depicted in Scheme 1 (part a), when the Cu–
Npyz···Npyz angle is 180°, the two Cu dx2–y2 orbitals overlap
with the two symmetry-adapted σ-orbitals of the pyrazine.
The energy of these σ-orbitals is not equal, leading to a
substantial energy difference between the two singly occu-
pied orbitals of the dimer and, consequently, an antiferro-
magnetic coupling through the pyrazine is observed. If the
Cu–Npyz···Npyz angle is not linear the overlap of the two
Cu dx2–y2 orbitals involves the symmetry-adapted σ- and π-
orbitals of the bridge, and the energy difference between the
two SOMOs increases, leading to an increase of the antifer-
romagnetic interaction (part b in Scheme 1). No simple re-
lation between the spin density at the pyrazine bridge and
the magnetic coupling constant has been found.

The experimental J value (–5.7 cm–1) is comparable to
that obtained for the model compound with a similar Cu–
Npyz···Npyz angle (–9.8 cm–1) taking into account the small
singlet–triplet gap. In agreement with the trend shown in
Figure 4, the pyrazine-bridged complex with the highest J
value[16a] (–61.1 cm–1) shows the greatest deviation of the
metal from the mean plane of the pyrazine. However, the
values of other tppz-based complexes cannot be fitted eas-
ily, due to the high distortion that the pyrazine ring pres-
ents.

Other structural factors, such as the Cu–Npyz distance,
the dihedral angle between the CuII equatorial plane and
the pyrazine plane, the influence of the axial ligand, etc.
seem to have a less decisive role on the magnetic properties
(see Supporting Information).
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