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Abstract

A novel trinuclear Ni(II)�/Cu(II)�/Ni(II) complex (3) and three Cu(II)�/Cu(II) (4), Ni(II)�/Cu(II) (5), and Mn(II)�/Cu(II) (6)

alternating chain complexes were synthesized using the complexed ligand [Cu(bptap)2] (1) which acts as a bis-mer- tridentate ligand

(bptap��/2,4-bis(2-pyridyl)-1,3,5-triazapentanedienate). In all complexes, two adjoining metal ions are connected by bptap� in a

k2N :k3N bridging fashion with local C2 symmetry. The bridging geometry forces the two ds orbitals directed towards the ligating

atoms to orthogonal to each other. Ferromagnetic interaction occurs between Cu(II)�/Cu(II), Cu(II)�/Ni(II), and Cu(II)�/Mn(II)

due to the orthogonality of the magnetic orbitals with the magnitudes of J�/1.1 cm�1 for 3 (H�/�/2J (SNi1 �/SCu�/SCu �/SNi2)), J�/

1.4 cm�1 for 4 (H�/�/2JSi SCui SCui�1), and u�/7.5 K for 5 and 1.1 K for 6 (Curie�/Weiss model), respectively.
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1. Introduction

The chemistry of multi-metal-centered complexes or

metal complex assemblies involving ferromagnetic inter-

actions has attracted much attention [1]. In such

chemistry, the ‘metal containing ligands’ can facilitate

the formation of the multi-metal structures and can help

to control the magnetic interactions between the metal

ions. Several mechanisms have been proposed to pro-

duce ferromagnetic interactions between metal centers

[2] such as magnetic orbital orthogonality [3], spin

polarization [4], double exchange [5], and so on. The

orbital orthogonality can be introduced carefully by

designing the bridging geometry of the ligand. Our

strategy in the synthesis of multimetal complexes is to

employ a complexed ligand [6�/9] in which the bridging

sites have a geometry to force the two ds orbitals to

orthogonal and to mediate a ferromagnetic interaction

in several combinations of transition metal ions. Re-

cently, we reported a novel monocopper(II) complex,

[Cu(bptap)2] (1), which acts as a bis-tridentate bridging

ligand (bptap��/2,4-bis(2-pyridyl)-1,3,5-triazapentane-

dienate) [6].

The bptap� moiety in 1 acts as a pentaaza ligand with

a peculiar bridging geometry of k2N :k3N mode and has

local C2 symmetry. As a result, the two dx2�/y2 orbitals of

adjoining copper(II) ions are orthogonally arranged

causing ferromagnetic coupling in the tricopper(II)

complex catena -[Cu3(bptap)2(OAc)2](ClO4)2 (2) (Fig.

1) with 1 as a bis-tridentate ligand. Similar orthogon-

ality is expected between the ds spin of the Cu(II) ion in

1 and ds spin(s) of Cu(II), Ni(II), and Mn(II) ions in the

Oh formalism, respectively.
In this report, a mixed metal trinuclear complex

[{Ni(paphy)}2(1)](PF6)4 (3) (paphy�/pyridine-2-alde-

hyde 2?pyridylhydrazone) and three alternate chain

complexes composed of 1 and Cu(II), Ni(II), and

Mn(II) ions, catena -[Cu(1)](NO3)2 (4), catena -

[Ni(1)](ClO4)2 (5), and catena -[Mn(1)](NO3)2 (6), are

presented. All of these complexes show ferromagnetic

behavior between the metal ion pairs (Cu(II)/Cu(II),

Cu(II)/Ni(II), and Cu(II)/Mn(II)) through bptap�.
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2. Experimental

2.1. Materials and measurements

All solvents and chemicals were purchased as reagent
grade and used without further purification. [Cu(bp-

tap)2] (1) [6] and [NiCl2(paphy)] [11] were prepared as

described previously. Fourier transform infrared spec-

troscopy was performed on a JASCO FT/IR-620

instrument as KBr pellets. Variable-temperature mag-

netic susceptibility measurements were made using a

SQUID magnetometer MPMS 5S (Quantum Design) at

0.5 T field. Diamagnetic correction for each sample was
determined from Pascal’s constants.

2.2. Preparation of complexes

2.2.1. [{Ni(paphy)}2(1)](PF6)4 (3)

A solution of 1 (10 mg, 0.02 mmol) in chloroform (4

cm3) was added to a solution of [NiCl2(paphy)] (13 mg,
0.04 mmol) in methanol (2 cm3). To the resulting orange

solution, a solution of NH4PF6 (13 mg, 0.08 mmol) in

methanol (0.8 cm3) was added. A yellow precipitate was

obtained immediately, which was filtered and dried in

the air (22.3 mg, 69%). Found: C, 34.23; H, 3.30; N,

15.17. Calc. for Ni2CuC48H48N18O2P4F24 (3 �/2MeOH):

C, 34.53; H, 2.90; N, 15.10%. IR (cm�1): n(CNbptap)

1616 (s),n(CNpaphy) 1613 (sh), n (PF6
�) 842 (s).

2.2.2. catena-[Cu(1)](NO3)2 (4)

A solution of 1 (10 mg, 0.02 mmol) in chloroform (4

cm3) was added to a solution of Cu(NO3)2 �/3H2O (4.8

mg, 0.02 mmol) in methanol (2 cm3). A yellow pre-

cipitate was obtained immediately, which was filtered

and dried in the air (14.7 mg, 95%). Found: C, 36.70; H,
3.53; N, 21.63. Calc. for Cu2C24H29N12O10.5 (4 �/
4.5H2O): C, 36.93; H, 3.74; N, 21.53%. IR (cm�1):

n (CN) 1612 (s), n (NO3
�) 1351 (s).

2.2.3. catena-[Ni(1)](ClO4)2 (5)

A solution of 1 (10 mg, 0.02 mmol) in chloroform (4

cm3) was added to a solution of Ni(ClO4)2 �/6H2O (7.3

mg, 0.02 mmol) in methanol (2 cm3). A pale orange
precipitate was obtained immediately, which was filtered

and dried in the air (15.5 mg, 95%). Found: C, 33.40; H,

3.00; N, 15.95. Calc. for NiCuC24.5H26.5N10O11Cl3.5 (5 �/

3H2O �/0.5CHCl3): C, 33.31; H, 3.02; N, 15.86%. IR

(cm�1): n(CN) 1616 (s), n(ClO4
�) 1091 (s).

2.2.4. catena-[Mn(1)](NO3)2 (6)

A solution of 1 (10 mg, 0.02 mmol) in chloroform (4

cm3) was added to a solution of Mn(NO3)2 �/6H2O (5.7

mg, 0.02 mmol) in methanol (2 cm3). A pale orange

precipitate was obtained immediately, which was filtered

and dried in the air (13 mg, 95%). Found: C, 37.16; H,
3.43; N, 21.66. Calc. for MnCuC24H29N12O10.5 (6 �/
4.5H2O): C, 37.34; H, 3.79; N, 21.77%. IR (cm�1):

n (CN) 1610 (s), n (NO3
�) 1349 (s).

3. Results and discussion

3.1. Structures of the complexes

Although crystals of 3�/6 could not be obtained, we

can discuss the structures of these complexes with the

aid of spectral data. The analytical composition for each

compound is acceptable for trinuclear 3 and alternating

4�/6, respectively. The IR spectrum of 1 changes when it
coordinates to other metal ions, reflecting a change of

the electronic structure of 1 shown in Scheme 1 [6].

In 1, the negative charge of bptap� is delocalized over

the N�/C�/N�/C�/N moiety and the double bond char-

acter of ligating �/C�/NH group is diminished (C�/N�/

1.305(3)�/1.314(3) Å; n(CN)�/1574 cm�1). Upon form-

ing the tricopper(II) complex 2, the negative charge is

trapped on the central nitrogen of the N�/C�/N�/C�/N
moiety to form coordination bond with the second

Cu(II) ion, and as a result, the double bond character of

�/C�/NH is increased (C�/N�/1.279(5) Å and 1.281(5)

Å; n (CN)�/1631 cm�1). For 3�/6, the NC stretching

peak for bptap� was observed in the range of 1610�/

1616 cm�1 suggesting that both of the N3 sites in 1 are

coordinated to metal ions.

The structure of bptap� is very close to the di-keto
ligand bpca� (Hbpca�/bis(2-pyridylcarbonyl)amine) of

Fig. 1. The structures of the complexed ligand [Cu(bptap)2] (1) and the tricopper(II) complex, catena -[Cu3(bptap)2(OAc)2](ClO4)2 (2).

Scheme 1.

T. Kajiwara et al. / Polyhedron 22 (2003) 1789�/17931790



which the crystal structures of mononuclear complexes

involving almost all the first-row transition metal ions

have been reported [12]. In all complexes, bpca� acts as

a mer -N3 ligand coordinating in a manner similar to
terpyridine, and it is expected that the each N3 site in 1

coordinates to metal ion in the tridentate mer -fashion.

For 3, two CN stretching bands were observed at 1616

and 1613 cm�1. The latter is similar to [Ni(paphy)Cl2] in

which the paphy ligand coordinates to Ni(II) ion in a

mer -manner. The spectral data suggest that the coordi-

nation of paphy is unchanged and the structure of 3 can

be depicted as Fig. 2.
For 4�/6, the structures of insoluble products are

inferred as alternating one-dimensional chain polymers

shown in Fig. 3 which agrees with the analytical

composition.

In these compounds, the coordination sites of the

second metal ions M are occupied by six nitrogen atoms

from two complexed ligands in a tridentate mer -fashion,

being similar to [Cu(bpca)2], [Ni(bpca)2], and
[Mn(bpca)2], respectively. The IR signals for the counter

anions (NO3
� for 4 and 6 and ClO4

� for 5, respectively)

indicate that they are free from coordination in spite of

their coordination abilities, and this also suggests that

the coordination around M is completed by the nitrogen

donor sets from two complexed ligands 1.

3.2. Magnetic properties

Temperature dependent magnetic susceptibilities of

complexes 3�/6 were measured down to 2.0 K shown in

Figs. 4�/7, respectively. The temperature dependence of

xM
�1 for chain complexes 5 and 6 are shown as insets in

Figs. 6 and 7. The susceptibility value for complex 3 was

calculated for three spin centers, whereas the values for
the one-dimensional 4�/6 were calculated for repeating

units including two adjoining metal ions. In all com-

plexes, the xMT value increases as the temperature is

lowered, which suggests the presence of ferromagnetic

interaction between adjoining metal ions.

The xMT for 3 is constant with the value of

approximately 2.8 emu K mol�1 down to 40 K and

shows an increase on further lowering of the tempera-
ture, reaching a maximum value of 3.77 emu K mol�1 at

3 K. The values around room temperature are consistent

with the spin only value for (SNi1, SCu, SNi2)�/(1, 1/2, 1)

if an averaged g of 2.16 is used. The temperature

Fig. 2. The proposed structure of the trinuclear complex 3.

Fig. 3. The proposed structure of cationic part of chain complexes 4�/6

(M�/Cu(II) for 4, Ni(II) for 5, and Mn(II) for 6).

Fig. 4. The temperature dependence of xMT for 3. The Solid line is the

theoretical curve for which parameters are given in the text.

Fig. 5. The temperature dependence of xMT for 4. The solid line is the

theoretical curve based on the Heisenberg chain expression for which

parameters are given in the text.

Fig. 6. The temperature dependence of xMT for 5. The inset shows a

plot of xM
�1 vs. T , in which the solid line corresponds to the theoretical

line based on the Curie�/Weiss model.
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dependence of xMT was analyzed by an isolated three-

spin model (H�/�/2J (SNi1 �/SCu�/SCu �/SNi2)) [2]. The

best fit parameter was estimated as J�/1.1(1) cm�1

with an averaged g value of 2.16(1).

The xMT value for 4 at room temperature, 0.86 emu

K mol�1, is slightly larger than the expected spin only

value for two Cu(II) ions, 0.75 emu K mol�1. The xMT

value is almost constant down to 50 K and it shows

abrupt increase at lower temperatures. The temperature

dependence of the xMT value for 4 was analyzed by a

Heisenberg model,

xT �
Nb2g2

4k
�2�

�
N

D

�2

3

where D�1�2:798x�7:009x2�8:654x3�4:574x4;

N�1�5:798x�16:903x2�29:377x3�29:833x4

�14:037x5;

and x�
J

kT

with the Hamiltonian H�/�/2JSi �/SCui �/SCui�1 [2]. The

J value was estimated to be 2.8(1) cm�1 with a g value

of 2.13.

For 5, the xMT value at 300 K, 1.50 emu K mol�1, is

slightly larger than the spin only value of 1.38 emu K

mol�1 expected for the dilute two magnetic centers
(Ni(II) with S�/1 and Cu(II) with S�/1/2) with an

average g value of 2.00. On lowering the temperature,

the xMT value gradually increases down to 50 K, and

below 30 K, it increases rapidly to reach the maximum

value of 2.90 emu K mol�1 at 6 K. The decrease of xMT

value at lower temperature is mainly due to the zero-

field splitting of Ni(II) ions. The magnitude of the

interaction was estimated in the temperature range of
20�/300 K as u�/7.5(2) K on the basis of the Curie�/

Weiss model. The xMT value for 6 at 300 K, 4.92 emu K

mol�1, is slightly larger than the sum of the spin only

values of 0.375 and 4.370 emu K mol�1 for the two spin

carriers (Cu(II) with S�/1/2 and Mn(II) with S�/5/2)

with an average g value of 2.00, which is almost

constant down to 50 K. Below 20 K, it increase rapidly
to reach 8.29 emu K mol�1 at 2 K. The magnetic

behavior was analyzed by the Curie�/Weiss model in the

temperature range of 20�/250 K to give the value of u�/

1.0(1) K.

As we expected, ferromagnetic coupling was observed

in all of the multinuclear complexes, and the propaga-

tion of the ferromagnetic interaction can be understood

by the spin orbital orthogonality which is similar to the
VO(dxy)�/Cu(dx2�/y2) system [3]. In the complexes, the

magnetic interactions are mediated by bptap� which

bridges Cu(II) and metal ion M (Ni(II) for 3 and 5,

Cu(II) for 4, and Mn(II) for 6) in a k2N :k3N mode with

local C2 symmetry along the Cu�/M axis. The Cu(II) ion

has a ds spin in the dx2�/y2 orbital directed towards the

donor N-atoms from the bridging ligand. As well, both

Ni(II) and Mn(II) ions have two ds spins in the dx2�/y2

and dz2 orbitals in the Oh formalism both directed

towards the N3 donor set from bptap� (Fig. 8).

Two different configurations of magnetic orbitals are

expected depending on the coordination formalisms

around M. However, two neighboring magnetic orbitals

in both cases have different symmetry about a twofold

rotation axis, i.e. the Cucentral is antisymmetric whereas

the M is symmetric, and hence the magnetic orbitals in
each pair are orthogonal to each other. This orthogon-

ality is advantageous to ferromagnetic coupling.

The ferromagnetic interaction in 4 is weaker than in 2

for which the J value has been estimated as 7.5 cm�1 [6].

The different strength of the interaction between 2 and 4

might be due to the differences in coordination environ-

ments around the Cu(II) ions in the N3 sites. In 2, the

magnetic orbitals of Cu(II) ions are coplanar and
directly connected by the N�/C�/N�/C�/N moiety of the

bptap� ligand (Fig. 8(a)). In 4, it is expected that the

Cu(II) ion in the N3 site is in a slightly distorted

octahedral environment as found in [Cu(bpca)2] [12a].

The two eg orbitals of this site exist in different

arrangements: one is perpendicular to and the other is

coplanar with the Cu(II) ion in 1 (Fig. 8(b) left and

right, respectively). In the former case, the two magnetic
orbitals are not directly connected by the N�/C�/N�/C�/

N moiety and the contribution of this configuration

diminishes the interaction in 4 compared with 2.

J�/1.1 cm�1 for 3 and u�/7.5 K (5.2 cm�1) for 5 are

roughly consistent, taking into consideration that u is

correlated to zJ ? in the molecular field approximation

[2].

The magnetic interaction in 6 is much weaker than
those for the Cu(II)/Cu(II) and Cu(II)/Ni(II) systems.

As it found in [Mn(bpca)2], the averaged Mn�/N

distance is longer than the averaged Ni�/N and Cu�/N

distances in [Ni(bpca)2] and [Cu(bpca)2] [12], and this

Fig. 7. The temperature dependence of xMT for 6. The inset shows a

plot of xM
�1 vs. T , in which the solid line corresponds to the theoretical

line based on the Curie�/Weiss model.
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feature is mainly reflected in the weaker ferromagnetic

interaction. As well, the Mn(II) ion in 6 has both dp
spins in t2g orbitals and ds spins in eg orbitals in the Oh

formalism, in contrast to the Cu(II) and Ni(II) ions in 4

and 5. The t2g orbitals of Mn(II) and the eg orbital of

Cu(II) ion in 1 have the same symmetry with respect to

the rotation around the twofold axis superimposed on

the Mn�/Cu axis and have a non-zero overlap integral.

The non-zero overlap integral causes antiferromagnetic

coupling as we reported for a high-spin Fe(II)/Cr(III)
system [10]. This overlap also makes the ferromagnetic

interaction weaker in 6.

4. Conclusions

In this study, we have reported the syntheses and the

magnetic behavior of a trinuclear complex and one-
dimensional complexes involving an alternating ar-

rangement of the complexed ligand 1 and divalent

copper, nickel, and manganese ions. All of the com-

plexes have ferromagnetic interaction due to the brid-

ging geometry controlled by the bptap� ligand.

Orthogonality is generally expected for all combinations

of metal ions containing ds spin(s), and we have shown

that the complexed ligand 1 is a useful ferromagnetic
coupler.
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