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Dinuclear Copper(II) Complex, Super-exchange Interactions, Antiferromagnetic Coupling
[Cu2(L)(02CMe)] H20 (L = l,3-Bis(2-Hydroxy-l-napthylideneamino)propan-2-ol) was
synthesized and its crystal structure determined. (C27H i3N->0 5 Cu2).H->0 , monoclinic, space
group P2i/c, a = 11.795(3), b = 17.988(5), c = 12.005(6) A, 0 = 109.99(3)°, V = 2393(2) A3,
Z = 4. Two copper(II) ions in a square-planar coordination are bridged by alkoxide and acetate
oxygen atoms to form a dinuclear unit. The metal coordination sphere is four-coordinate, planar
with an NO3 donor set. The dihedral angle between the two coordination planes is 6.34(9)°.
The copper(II) centers are separated by 3.492(2) A and weakly antiferromagnetically cou
pled (-2 7 = 163.6 cm-1 ), which follows from temperature-dependent magnetic susceptibility
measurements in the temperature range 4.6 to 310 K. The Cu-O-Cu angle is 133.5(1)° in the
super-exchange pathway. The weak antiferromagnetic coupling of the complex is interpreted
in terms of countercomplementary effects of the different bridging ligands which participate in
the super-exchange interaction. The magnetic moment at 310 K is ca. 2.7 B. M., but 0.2 B. M.
at 4.6 K. The magnetic susceptibility is at a maximum near 140 K and decreases rapidly as the
temperature is lowered to liquid helium temperature.

Introduction
There has been considerable interest in the prop
erties of binuclear copper(II) complexes, particu
larly in understanding the factors that are responsi
ble for the magnetic-exchange interactions that oc
cur between two local doublet states of copper(II)
ions. In different kinds of binuclear copper(II) com
plexes, the influence of geometric parameters and
bridging ligands on the super-exchange coupling
shows great variations. For binuclear copper(II)
halide complexes with pyridine N-oxides, a linear
relationship between -2 J and the Cu-O-Cu bridging
angle 0 [°] was found (eq. ( 1)) [1, 2].
2J(cm ~1) = -7 4 .5 3 0 + 7270

(1)

For binuclear copper(II) complexes of bidentate
Schiff bases, Chiari etal. [3] have derived a linear re
lationship between r (the dihedral angle [° ] between
the Cu-O-Cu-O bridging plane) and 2J (eq. (2)).
2 J(c m -1) = 29.7r - 1473.4

(2)

In carboxylate complexes, the main factor which
determines the strength of the spin exchange in
teraction is the 2px orbital population of the
carboxylate carbon atom. The -2 J value dif
fers between copper(II) trichloroacetates {ca.
200 cm -1 ) [4], copper(II) benzoates (ca. 300 cm -1 )
[5] and triorganosilanecarboxylate dimers {ca.
1000 cm “ 1) [6],
For bis(/i-hydroxo) and bis(/L<-alkoxo)-bridged
binuclear copper(II) complexes, Hatfield and Hodg
son [7] have observed an increase in the strength
of antiferromagnetic coupling with increasing CuO-Cu bridge angle in the range 90° - 105°. More
recently, the crystal structures of binuclear com
plexes in which two copper(II) ions are bridged
by a single alkoxide oxygen with larger Cu-O-Cu
bridge angles (120 - 135.5°) have been reported
[8 - 10]. These complexes show strong antiferro
magnetic exchange coupling and this coupling is
reasonably well explained by using theories devel
oped by Hodgson [1]. The magneto-structural prop
erties of binuclear copper(II) complexes which con-
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tain second bridging ligands such as azide or ace
tate ions have also received considerable attention.
N ishidaand co-workers [11, 12] reported the prepa
ration and structural characterisation of binuclear
copper(II) complexes in which the copper ions are
linked by alkoxide and acetate oxygen atoms. Al
though these complexes have large Cu-O-Cu angles,
they show weak antiferromagnetic super-exchange
interactions. This may show that the presence of
a carboxylate bridge reduces the antiferromagnetic
coupling. This result seemed to be inconsistent with
Hodgson’s rule.
Me

Table 1. Crystallographic data for the investigated com
pound.
Sum formula
fw [g-mol-1 ]
Space group
a [A]
b [A]
c [A]

ß°

03

Vol [A3]
Z
—3n
Dcalc [g-cm
/x [cm *]
F(000)
Index ranges
Reflections collected
Independent reflections
Data / restraints / params
Goodness-of-fit on F2
Final R indices [I > 2cr(I)]
Largest diff. peak and hole

C 27H 23N 2O 5C U 2H 2O

600.57
P2,/c
11.795(3)
17.988(5)
12.005(6)
109.99(3)
2393.6(15)
4
1.667
18.2
1228
-1 4 < h < 13,0 < £ < 2 2 ,
0 < I < 14
2564
2352 [R{int) = 0.021]
2351 / 0 / 3 4 5
1.256
R = 0.0411, w/? = 0.1007
1.070 and-0.421 e-A -3

In this study, we have synthesized a fi.-acetatoN,N'-bridged dicopper(II) complex of l,3-bis(2hydroxy-l-napthylideneamino)propan-2-ol and de
termined its crystal structure by X-ray diffraction.
We have measured magnetic susceptibilities in the
temperature range 4.6 - 310 K using the Faraday
method to investigate the relationship between the
magnetic properties and the molecular structure.
Experimental
Preparation
The Schiff base ligand was synthesized by reaction
of l,3-diamino-2-propanol and 2-hydroxy-1-naphthaldehyde in 1:2 molar ratio at room temperature. The product
was obtained as pale yellow crystals. For the preparation
of the complex, 0.1 mmol ligand and 0.3 mmol triethylamine were dissolved in a methanol-water mixture (5:1,
50 ml) and a solution of 0.2 mmol Cu(CH3COO)2-H20
in 20 ml methanol was added. The solution was allowed
to evaporate at room temperature to give green crystals,
which were collected and washed with ethanol.
X-ray structure determination
X-ray data collection was carried out on an EnrafNonius CAD-4 diffractometer [13] using a single crys
tal with dimensions 1.00x0.15x0.10 mm with graphite
monochromatized Mo-KQ radiation (A = 0.71093 A). Ex
perimental conditions are summarized in Table 1. Precise
unit cell dimensions were determined by least-squares

Fig. 1. View of the molecule (numbering of atoms corre
sponds to Table 2). Displacement ellipsoids are plotted at
the 50% probability level and H atoms are presented as
spheres of arbitrary radii. All disordered atoms are shown.
refinement on the setting angles of 25 reflections (2.90° <
6 < 14.17°) carefully centered on the diffractometer. The
standard reflections (040, 151,574) were measured every
7200 s and the orientation of the crystal was checked after
every 600 reflections. These measurements (298 K) did
not indicate any variations in the experimental conditions,
but a decrease of 0.5% in the intensity of the standard re
flections indicated a decay of the crystal. Data reduction
and corrections for absorption and decomposition were
achieved using the Nonius Diffractometer Control Soft
ware [13]. The structure was solved by SHELXS-97 [14]
and refined with SHELXL-97 [15]. The relatively high
residuals in the difference Fourier map can be attributed
to the disorder of C13 in the molecule. The C13 atom
was split into C l3a and C l3b with site occupation fac
tors 0.47(2) and 0.53(2). C13a and C13b were refined
anisotropically. The positions of the H atoms bonded to C
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Table 2. Atomic coordinates (x IO4) and equivalent
isotropic displacement parameters (A2 x 103). Equiva
lent isotropic U(eq) is defined as one third of the trace of
the orthogonalized Uy tensor.
Atom

X

y

z

U(eq)

Cl
C2
C3
C4
C5
C6
C7
C8
C9
CIO
C ll
C12
C13A
C13B
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
N1
N2
Ol
02
03
04
05
06
Cul
Cu2

1063(2)
497(2)
93(3)
141(2)
-302(3)
-229(3)
295(4)
740(3)
705(2)
1197(2)
1809(2)
2977(3)
3774(10)
3195(6)
4263(3)
3121(2)
2984(3)
5671(2)
6221(3)
6938(3)
7148(2)
7838(3)
8062(3)
7590(3)
6882(3)
6632(2)
5881(2)
5366(2)
2308(2)
4677(2)
3416(2)
1473(2)
2647(2)
3746(2)
4987(2)
3894(3)
2446(1)
4211(1)

2006(1)
2196(2)
1666(2)
902(2)
375(2)
-377(2)
-592(2)
-87(2)
684(1)
1240(1)
1019(1)
1135(1)
1697(3)
1699(2)
1551(1)
4066(1)
4862(1)
3579(1)
4183(1)
4067(2)
3350(1)
3257(2)
2573(2)
1959(2)
2025(2)
2730(1)
2849(1)
2222( 1)
1459(1)
2241(1)
2413(1)
2558(1)
3585(1)
3961(1)
3755(1)
5220(2)
2518(1)
3101(1)

1565(2)
2400(3)
2974(3)
2743(2)
3343(3)
3134(3)
2303(3)
1733(3)
1930(2)
1361(2)
575(2)
-688(3)
-916(10)
-1482(6)
-1829(2)
-140(2)
140(3)
-2880(2)
-3275(3)
-3932(3)
—4295(2)
-5039(3)
-5357(4)
-5007(3)
-4296(3)
-3912(2)
-3193(2)
-2829(2)
38(2)
- 2201(2)
-835(2)
1116(2)
289(1)
-809(2)
-2259(2)
-2544(4)
139(1)
-1514(1)

51(1)
65(1)
74(1)
60(1)
75(1)
77(1)
89(1)
76(1)
56(1)
50(1)
56(1)
64(1)
55(2)
44(1)
61(1)
51(1)
68( 1)
51(1)
67(1)
75(1)
55(1)
74(1)
81(1)
74(1)
61(1)
48(1)
45(1)
50(1)
57(1)
47(1)
51(1)
57(1)
58(1)
66( 1)
58(1)
132(1)
49(1)
50(1)

atoms were calculated (C-H distance 0.96 A), and refined
using a riding model, and H atom displacement param
eters were restricted to be 1.2 Ueq of the parent atom.
The hydrogen atoms of the water molecule were located
in a difference electron density map and their positions
were not refined. The final positional parameters are pre
sented in Table 2. A perspective drawing of the molecule
is shown in Fig. 1 [16], Selected bond lengths and angles
are summarized in Table 3. Crystallographic data (ex
cluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge Crystal-
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Table 3. Selected bond lengths [A] and angles [°] char
acterizing the inner coordination sphere of the copper(II)
centre (see Fig. 1 for labelling scheme adopted.)
C u l-N l
C ul-O l
C u l-0 3
Cu2-04

1.912(2)
1.905(2)
1.934(2)
1.931(2)

Cu2-01-Cul
0 2 -C u l-N l
0 2 -C u l-0 3
N l-C u l-0 3
05-Cu2-N2
05-C u 2-04
N2-C u2-04

133.5(1)
91.2(1)
89.2(1)
177.7(1)
92.4(1)
88.0( 1)
179.5(1)

Cu2-N2
C u l-0 2
Cu2-01
Cu2-05
0 2 -C u l-0 1
O l-C u l-N l
0 1 -C u l-0 3
05-C u2-01
01-Cu2-N2
0 1 -C u 2 -0 4

1.919(2)
1.902(2)
1.896(2)
1.893(2)
176.5(1)
85.3(1)
94.3(1)
177.1(1)
85.1(1)
94.5(1)

lographic Data Centre as supplementary publication no.
C CDC- 142386 [17],
Susceptibility measurements
Magnetic susceptibility measurements of the powdered
sample were performed on a Faraday-type magnetometer
consisting of a CAHN D-200 microbalance, a Leybold
Heraeus VNK 300 helium flux cryostat and a Bruker BE
25 magnet connected with a Bruker B-Mn 200/60 power
supply in the temperature range 4.6 - 310 K. Details of the
apparatus have already been described [18]. Diamagnetic
corrections of the molar magnetic susceptibility of the
compound were applied using Pascal’s constants [19].
The applied field was « 1.2 T. Magnetic moments were
obtained from the relation yueff = 2 .8 2 8 (\T )1/2.

Discussion
X -ra y crysta l structure

The complex consists of binuclear molecules in
which two copper atoms are linked by the alkoxide
oxygen atom of the pentafunctional chelate ligand
and oxygen atoms of acetato ligand. Each copper ion
is in a square planar coordination and surrounded
by one N and three O atoms. The Cu-N and Cu-O
bond distances are in the range of those of conven
tional Schiff base and alkoxide-bridged copper(II)
complexes of square planar coordination [11, 12].
The distance between the two copper(II) centers is
3.492(2) A which is in the range of similar binuclear
copper(II) complexes [20, 21]. The Cu-O-Cu bridg
ing angle is 133.5(1)° and in good agreement with
data of similar compounds [11, 12, 20, 21], The di
hedral angle formed by the two coordination planes
is 6.34(9)°, i. e. the whole molecule is nearly planar.
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The sum of the bond angles around the bridging
01 atom is 356.89°. The title compound contains
weak bifurcated intermolecular ( 0 - H ... O) hydro
gen bonds between 0 6 - H .. .0 4 [3.121(4) A] and
06-H . . 0 5 [2.903(3) A].
M agn etic p ro p e rtie s

Magnetic susceptibility measurements for a pow
dered sample of the complex were performed by
the Faraday method in the temperature range 4.6 310 K. The magnetic susceptibilities of the complex
are shown as a function of temperature in Fig. 2a,
and the magnetic moments are shown as a function

of temperature in Fig. 2b. The data were fitted using
the Bleaney-Bowers equation [22] (eq. (3))
X=

NLg2A'i
l + ie x p ( - 2 J /k T )
3kT
NLg2/ 4 xp + N q
4kT

(1 - xp)

(3)

and the isotropic (Heisenberg) exchange Hamilto
nian
H = —2JS i S2
where -2 J corresponds to the energy separation
between spin-singlet and -triplet states, for two
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Table 4. Structural and magnetic data of reference compounds.
Compound

Cu...Cu [A]

Cu-O-Cu [°]

(C u -0)f [A]

0 g [°]

-2J [cm 1]

a
b
c
d
e
This work

3.502(2)
3.495(3)
3.482(2)
3.384(9)
3.642
3.492(2)

133.3(3)
134.5(5)
132.7(3)
132.2(4)
143.7(2)
133.5(8)

1.908
1.895
1.900
1.850
1.916
2.020

5.4
18.7
8.2

165
170
160
820
1000
163.6

-

6.3

a [Cu2(L‘) ( 0 2CMe)] H20 (Nishida and Kida [12]); b [Cu2(L5) ( 0 2C M e)]M e0H (Nishida and Kida [12]); c [Cu2(L5) ( 0 2C Ph)]H 20 (Nishida and Kida [12]); d [(Cu(II)... (O H )... Cu(II))](BF4)3 (Burk, Osborn and Youinou [10]);
e [Cu2(0 H)-(C104)CA ](C 104)2 CHCl3 (Coughlin, Lippard [9 ]);f (Cu-O) is the average distance between the copper
and the bridging O atom s;g dihedral angle between coordination planes.

interacting S = 1/2 centers. NQ is the tempe
rature-independent paramagnetism and its value is
6-10- 5cm3/mol for each copper atom. xp is the mo
lar fraction of a monomeric impurity. Least squares
fitting of the data leads to J = -81.8 cm - 1, g = 2.40,
xp = 3.1%. Magnetic moments were obtained from
the relation ^ eff = 2.828 ( \ T ) '/ 2. The magnetic mo
ment at 310 K is about 2.7 B.M ., and 0.2 B.M . at
4.6 K.
In general, binuclear copper(II) complexes have
several structural features to affect the strength of
exchange coupling interactions, such as the dihe
dral angle between the two coordination planes, the
planarity of the bonds around the bridging oxy
gen atom, the length of the copper-oxygen bridg
ing bond, and the Cu-O-Cu bridging angle. The
most widely accepted factor correlating structure
and magnetism is the Cu-O-Cu bridging angle. Ac
cording to Hatfield, the antiferromagnetic interac
tion becomes stronger with increasing Cu-O-Cu
angle in bis(/i-hydroxo) and bis(^-alkoxo)-bridged
copper(II) complexes [7], Although the Cu-O-Cu
angle of the title compound is almost identical with
that of complex (d) in which copper(II) ions are
linked by a single alkoxide oxygen atom [ 10] (see
Table 4), the antiferromagnetic super-exchange in
teraction is weaker. It is thus clear that the Cu-O-Cu
bridge angle by itself does not accurately determine
the value of -2 J.
Planarity of the bonds around the bridging oxy
gen atom also has been cited as a factor affecting the
nature of the super-exchange interaction [23]. In the
title compound the sum of the bond angles around
the 01 atom is 356.89° indicating almost complete
planarity. Although the value is almost identical
with that of pyrazolate-bridged binuclear copper(II)

p x(oxygen)
(A)

0*

& ....... « ■

(B)

■ m

...............

Fig. 3. Symmetric and antisymmetric combinations of
metal and ligand orbitals.

complexes [23], the strength of the super-exchange
interaction (-2J) is completely different. This indi
cates that this factor does not affect the strength of
the exchange interaction by itself. The Cu-O bridg
ing distance may also be a structural feature which
determines the magnetic orbital overlaps leading to
the size of the singlet-triplet separation, -2 J [24].
The average Cu-O distances of dinuclear copper(II)
complexes in Table 4 are quite similar (« 1.9 A),
but the -2 J values show significant differences. This
factor thus also fails to account for the variation in
-2 J values in the compounds (a) and (e), and similar
conclusions are valid for the dihedral angle between
the two coordination planes (Table 4.).
Clearly, the variation of the strength of the super
exchange interaction cannot be explained com
pletely by considering the structural features of bi
nuclear copper(II) complexes. A different approach
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must be employed in order to clarify the origin of
the super-exchange mechanism of this system. Ac
cording to Hoffman [25] in bimetallic complexes
strong antiferromagnetism is observed if the energy
separation of the symmetric ( 0 s ) and antisymmet
ric ( 0 a ) combination of the two magnetic orbitals is
large (Fig. 3), irrespective of the fact which combi
nation is lower in energy. Spin exchange interaction
in binuclear copper(II) complexes in which two copper(II) ions are linked by alkoxide and acetate oxy
gens thus can be explained in the following manner.
The px orbital of the alkoxide oxygen atom interacts
with the 0a orbital to raise its energy. In the case
of an acetate bridge the energy of the 0s orbital is
raised, because the highest occupied molecular or
bital (HOMO) of an acetate ion has mainly oxygen
2p character and this orbital interacts with the 0s
orbital. Consequently, the presence of the acetate
bridge reduces the energy separation between 0a
and 0s orbitals caused by the interaction through
the alkoxide bridge only, and decreases the strength
of the antiferromagnetic interaction. If both bridg
ing ligands interact with the same combination of
magnetic orbitals to raise the orbital energy, the
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