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Two series of dicopper(II) complexes derived from bis(N-salicylidine)dicarboxylic acid dihydra-
zides (H4L

n) of general formula [Cu2(L
n) � xH2O] � yH2O and [Cu2(H2L

n)Cl2 � xH2O] � yH2O have
been synthesized and characterized, where n refers to the number of carbon atoms in the
aliphatic spacer between the two N-salicylideneacylhydrazine units. Magnetic susceptibility
measurements for neutral dicopper(II) complexes [Cu2(L

n) �xH2O] � yH2O indicate significant
antiferromagnetic coupling between copper(II) centers. The �2J values obtained from the
Bleany–Bowers equation are within the range 121–223 cm�1, suggesting association of the coor-
dinated copper(II) units Cu(ONO) via phenoxy bridges. This leads to a polynuclear structure in
which the dimeric units are connected with the aliphatic spacer. From the best-fit values of the
mole fraction of paramagnetic uncoupled copper(II) centers (�), the degree of association in
these polynuclear copper(II) complexes has been estimated. The chloro dicopper(II) complexes
[Cu2(H2L

n)Cl2 � xH2O] � yH2O with n¼ 0, 2 and 3 also show strong antiferromagnetic exchange
coupling (�2J¼ 215–423 cm�1), suggesting a polynuclear structure in which the copper(II) is in
a distorted square-pyramidal environment, bound in the equatorial plane with a monoanionic
ONO tridentate acylhydrazone unit and the �-phenoxy oxygen and the axial site occupied by a
chloride. The dicopper(II) complexes with n¼ 1 and 4 show weak antiferromagnetic exchange
coupling (�2J¼ 16–20 cm�1). In these complexes the chloride ion may occupy the fourth
equatorial site while the �-phenoxy is in the apical position.

Keywords: Bis(N-salicylidene)dicarboxylic acid dihydrazides; Polynuclear copper(II)
complexes; Infrared spectra; Ultraviolet–visible spectra; Magnetic properties

1. Introduction

Bis(N-salicylidene)dicarboxylic acid dihydrazides (figure 1a) react with copper(II) salts
to give the corresponding dicopper(II) complexes of the type [Cu2(H2L

n)X2] � yH2O or
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[Cu2(H2L
n) � xH2O]X2 � yH2O (X¼Cl, Br, I, NO3 or ClO4) and [Cu2(L

n) � xH2O] �
yH2O, where H2L

n and Ln refer respectively to the dinegative (figure 1b) and
tetranegative (figure 1c) bishydrazone ligands, while n refers to the number of the
carbon atoms in the aliphatic spacer joining the two ONO tridentate acylhydrazone
units [1–8]. The degree of ligand deprotonation depends on the copper(II) salt
used for the preparation of these dicopper(II) complexes. The X-ray structures of

Figure 1. Diagrammatic representations of (a) H4L, (b) H2L
2� and (c) L4�.
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[Cu2(H2L
1) (H2O)2] � (ClO4)2 � 3H2O and [{Cu2(H2L

4)(C2H5OH)2}m](ClO4)2m �

mC2H5OH have been reported [8]. The structure of [Cu2(H2L
1)(H2O)2] � (ClO4)2 �

3H2O consists of discrete dicopper molecules with nonsymmetry-related Cu(II) centers.
Each copper(II) atom is square-planar coordinated to a tridentate monoanionic ONO
acylhydrazone unit with the fourth coordination site occupied by water oxygen [8].
In [Cu2(H2L

1)(H2O)2] � (ClO4)2 � 3H2O, each of the symmetry-related copper atoms is
in a square-pyramidal environment and is bound in the equatorial plane with the
monoanionic ONO acylhydrazone unit and ethanol. The fifth coordination site is
occupied by the bridged phenoxy oxygen giving a polymeric structure [8].

At room temperature, most of the reported dicopper(II) complexes of H4L
n (n¼ 0–4)

show low magnetic moments, implying copper(II)–copper(II) antiferromagnetic inter-
actions. The nature and mechanism(s) of these interactions are still uncertain [7,8]. In
this paper we report the synthesis and characterization of a number of dicopper(II)
complexes of H4L

n (n¼ 0–4) where the ligands show different degrees of deprotonation.
The magnetic properties of these complexes have also been studied. The effect of
the length of the aliphatic spacer –(CH2)n– between the coordinated ONO tridentate
acylhydrazone units on the magnetic behavior of these complexes is discussed.

2. Results and discussion

2.1 Synthesis

The reaction of bis(N-salicylidene)dicarboxylic acid dihydrazides, H4L
n (figure 1a;

n¼ 0–4), with excess copper(II) acetate in the presence of sodium acetate afforded
the neutral dicopper(II) complexes [Cu2(L

n) � xH2O] � yH2O (n¼ 0–4), where Ln refers
to the quadruply deprotonated bishydrazone ligand. The isolated copper(II) complexes
were insoluble in common solvents but soluble in DMSO or DMF. The reaction of
copper(II) chloride, using (1H4L

n : 2 CuCl2) molar ratio, in ethanol gave the corre-
sponding binuclear chloro copper(II) complexes [Cu2(H2L

n)Cl2 � xH2O] � yH2O (n¼
0–4), where each acylhydrazone residue is bonded to Cu(II) as a mononegative ONO
tridentate ligand. The isolated chloro complexes were usually contaminated with pale
yellow organic crystals, which were readily extracted with benzene leaving the pure
copper(II) complexes. Evaporation of the benzene extracts gave pure crystals of
salicylaldehydeazine, which was identified by its mp (254�C), IR, UV–visible and
1HNMR spectra. The formation of this compound suggests partial oxidative hydrolysis
of the dihydrazone molecule catalyzed by copper(II). Thermogravimetric analyses
suggest that the neutral and chloro dicopper(II) complexes contain both lattice and
coordinated water molecules. The lattice water evolved at ca 100�C, while the loss of
the coordinated water started at ca 200�C with partial decomposition of the complex.
From the weight loss measured on heating the complex at 105�C for 24 h under atmo-
spheric pressure, the number of lattice water molecules was estimated. The isolated
dicopper(II) complexes together with their elemental analyses are listed in table 1.

2.2 Infrared spectra

The IR spectra of H4L
n (n¼ 0–4) show a series of bands at ca 3200� 10, 1665� 10,

1600� 10, 1568� 5, 1530� 20 and 1260� 10 cm�1, respectively, due to �(N–H),
amide I [�(C¼O)], �(C–N), amide II [�(N–H)] and amide III [�(C–N)] bands [1,8–11].
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The IR spectra of the corresponding dicopper(II) complexes, [Cu2(L
n) � xH2O] � yH2O

(figure 2) (n¼ 0–4), lack absorptions due to �(OH), �(N–H), amide I [�(C¼O)] and
amide II bands, but show a strong band at 1615 cm�1 due to �(C¼N–N¼C) and the
absorption due to the amide III band at 1300 cm�1. The IR data together with the
stoichiometry of these complexes suggest complete deprotonation of both phenolic
and enolimide groups.

Similar to other copper(II) complexes with dinegative ONO tridentate Schiff bases
[12–14], the coordination number 4 of the central copper(II) ion in the isolated
dicopper(II) complexes can be achieved either by coordination with one molecule of a
neutral monodentate Lewis base (e.g. H2O), to give [Cu2(L

n) � 2H2O] � yH2O (figure 2),
or by dimerization via phenolic oxygen bridges to give the polymeric homonuclear
metal complexes [Cu2(L

n) � xH2O]m � (yH2O)m, as shown in figure 3. The polymerization

Figure 2. Proposed structure of monomeric dicopper(II) complexes [Cu2(L
n) � 2H2O].

Table 1. Elemental analyses of the dicopper(II) complexes [Cu2(L
n) �xH2O] � yH2O and

[Cu2(H2L
n)Cl2 �xH2O] � yH2O.

Found (Calculated) (%)

Compound Yield (%) C H N Cu

[Cu2(L
n) �xH2O] � yH2O

[Cu2(L
0) � 1/2H2O] �H2O 87 40.22 (40.34) 2.60 (2.75) 10.90 (11.76) 26.50 (26.68)

[Cu2(L
1) �H2O] � 1/2H2O 82 41.96 (41.64) 2.58 (3.08) 11.43 (11.42) 26.10 (25.91)

[Cu2(L
2) � 1/2H2O] �H2O 74 43.11 (42.90) 3.09 (3.39) 11.05 (11.11) 25.20 (25.19)

[Cu2(L
3) � 1/2H2O] � 3/2H2O 75 43.81 (43.26) 3.43 (3.82) 10.83 (10.62) 25.70 (24.09)

[Cu2(L
4) � 1/2H2O] � 3/2H2O 72 44.36 (44.36) 3.76 (4.09) 10.27 (10.35) 22.80 (23.47)

Cu2(H2L
n)Cl2 �xH2O] � yH2O

[Cu2(H2L
0)Cl2 � 1/2H2O] � 3/2H2O 87 33.79 (34.42) 1.94 (2.89) 9.59 (10.03) 22.62 (22.76)

[Cu2(H2L
1)Cl2 �H2O] � 2H2O 71 34.64 (34.59) 2.69 (3.41) 9.38 (9.49) 22.70 (21.53)

[Cu2(H2L
2)Cl2 � 1/2H2O] � 3/2H2O 68 38.87 (38.04) 2.86 (3.19) 10.03 (9.86) 23.05 (22.36)

[Cu2(H2L
3)Cl2 �H2O] �H2O 68 38.09 (38.01) 3.17 (3.69) 9.10 (9.33) 21.40 (21.68)

[Cu2(H2L
4)Cl2 �H2O] � 2H2O 69 37.48 (37.98) 3.83 (4.14) 8.47 (8.86) 20.63 (20.10)
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(or oligomerization) in this type of polynuclear metal complex can be terminated by the
addition of any available neutral monodentate Lewis base (e.g. H2O) to the terminal
copper(II) ions as given in figure 3. Thus, either binuclear (figure 2) or polynuclear
(figure 3) structures may be found for these complexes.

The chloro dicopper(II) complexes [Cu2(H2L
n)Cl2 � xH2O] � yH2O display a set of

bands at 3200� 70, 1620� 5, 1600� 5 to 1570� 10, 1540� 10 and 1310� 20 cm�1,
respectively, due to �(N–H), amide I [�(C¼O)], [�(C¼C)þ �(C¼N)], amide II
[�(N–H)] and amide III [�(C–N)]. Both amide I �(C¼O)] and �(C¼N) are shifted
to lower frequencies, while the amide III band is shifted to higher frequency relative
to those of the corresponding free ligands. In these complexes each acylhydrazone
residue acts as a monoanionic ONO tridentate ligand and is bound to the copper(II)
via phenoxy oxygen, azomethine nitrogen and ketoamide oxygen, and the fourth
coordination site is occupied either by a chloride ion or a solvent molecule.
A similar coordination mode was reported for mononuclear copper(II) complexes
with N-salicylideneacylhydrazines [15,16] as well as the dicopper(II) complex
[Cu2(H2L

1)(H2O)2] � (ClO4)2 � 3H2O [8]. However, association via phenoxy oxygen of
the coordinated ONO mononegative acylhydrazone residue is also possible giving
a polynuclear structure as shown in figure 4. Similar coordination modes were also
found in dimeric copper(II) complexes with N-salicylideneacylhydrazines [17–19] as
well as polynuclear [{Cu2(H2L) (C2H5OH)2}m] � (ClO4)2m �m(C2H5OH) [8].

Figure 3. Proposed structure of polymeric copper(II) complexes [Cu2(L
n) �xH2O]m.
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2.3 Electronic spectra

Solution electronic absorption spectra of the free ligands H4L
n (n¼ 1–4) in DMF or

DMSO (table 2) are more or less similar. The spectra show two intense absorption
bands at ca 290 nm (usually as a split band) (band II) and 320 nm (band III) from
the �–�* transitions of the neutral ortho hydroxy azomethine chromophore [20–24].
The spectra also show a broad absorption at ca 380 nm (band IV) due to the partial
formation of the mononegative anion (H3L

n)1�. The disappearance of band IV on acid-
ification confirms this assignment. The spectrum of H4L

0 (n¼ 0) shows similar spectral
pattern, but the absorption bands II, III and VI undergo a red shift due to extended
electron delocalization in the two conjugated acylhydrazone residues.

The spectra of the neutral copper(II) complexes [Cu2(L
n) � xH2O] � yH2O (table 2)

show a series of bands within the range 260–330 nm due to different L–L* transitions
(bands II and III) of the coordinated ligands, besides a broad intense band at 380 nm
(band IV) due to intraligand charge transfer transition of the deprotonated acylhydra-
zone chromophore. The phenoxide to metal charge transfer band (LMCT transition),
which is expected to appear within 370–450 nm [25–28], may be hidden under the
intense intraligand charge transfer at ca 380 nm. The spectra also display a relatively
less intense band at 620–650 nm that arises from the different d–d transitions
of copper(II) [29]. The position and intensity of the d–d absorption bands suggest a
distorted square-planar or a distorted square-pyramidal environment around the

Figure 4. Proposed structure of polymeric chloro copper(II) complexes [Cu2(H2L
n)Cl2 �xH2O]m, where the

chloride ion is in the apical position.
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Cu(II) [29]. In DMSO solutions, the phenoxy bridges, if present, may be ruptured
and these copper(II) complexes exist as solvated monomeric species [Cu2(L

n)(DMSO)2]
and/or [Cu2(L

n)(DMSO)4] [30].
The spectra of the chloro dicopper(II) complexes [Cu2(H2L

n)Cl2 � xH2O] � yH2O, on
the other hand, are more or less similar and exhibit absorptions (bands II, III
and IV) due to different L–L* transitions. The phenoxide to metal LMCT transition
appears as a prominent shoulder (ca 400 nm) at the long wavelength tail of the
380 nm absorption band. The d–d transitions appear as a broad band centered
at ca 710 nm with a shoulder at ca 810 nm, characteristic of a distorted square pyramid
[29]. The observed shift to lower frequencies of the d–d bands in the spectra of the
chloro complexes relative to those of the neutral complexes suggests the persistence
of the copper–chloride bond in the solvated species [Cu2(H2L)Cl2(DMSO)2].

2.4 Magnetic measurements

At room temperature, the neutral dicopper(II) complexes [Cu2(L
n) � xH2O] � yH2O have

subnormal magnetic moments within the range 1.55–1.65��. Variable-temperature
magnetic susceptibility data for these complexes were collected over the temperature
range 3–300K, and plots of �m versus T for [Cu2(L

0) � 1/2H2O] �H2O and [Cu2(L
2) �

1/2H2O] �H2O are shown in figures 5 and 6, respectively. The data were fit to the
revised Bleaney–Bowers equation [31], using the isotropic exchange Hamiltonian
(H¼�2JS1S2) for two interacting S¼ 1/2 centers:

�m ¼ ð1� �Þ
2NL�

2
� g

2 exp ð2J=kTÞ

kðT � �Þð1þ 3 expð2J=kTÞ
þ �

2NL�
2
� g

2

4kT
þ 2N	 ð1Þ

Table 2. Electronic absorption spectra of H4L
n and their corresponding copper(II) complexes.

Absorption maxima (nm) (log ")

Compound L–La LMCT d–d

i) H4L
n

H4L
0 295 (426), 305 (4.26), 340 (4.29), 410 (3.30)

H4L
1 290 (430), 320 (4.18), 380 (3.05)

H4L
2 290 (4.11), 320 (3.75), 380 (3.10)

H4L
3 290 (4.23), 320 (4.02), 380 (3.25)

H4L
4 290 (4.44), 320 (4.23), 380 (3.31)

ii) [Cu2(L
n) � xH2O] � yH2O

[Cu2(L
1) �H2O] � 1/2H2O 298 (4.46), 313 (4.40), 383 (4.44) 662 (2.50)

[Cu2(L
2) � 1/2H2O] �H2O 300 (4.40), 315 (4.00), 380 sh 660 (2.5)

[Cu2(L
3) � 1/2H2O] � 3/2H2O

a 300, 313, 378 639
[Cu2(L

4) � 2H2O] � 3/2H2O 298 (4.41), 313 (4.36), 378 (4.36) 660 (2.40)

iii) [Cu2(H2L)Cl2 � xH2O] � yH2O
[Cu2(H2L

1)Cl2 �H2O] � 2H2O 281 (4.73), 313 sh, 384 (4.45) 400 sh 695 (2.54), 810 sh
[Cu2(H2L

2)Cl2 � 1/2H2O] 259 sh, 281 (4.75), 318 sh, 384 (4.18) 400 sh 708 (2.37), 810 sh

3/2H2O
[Cu2(H2L

3)Cl2 �H2O] �H2O 259 (4.68), 278 (4.69) 315 sh, 383 (4.35) 400 sh 711 (2.38), 810 sh
[Cu2(H2L

4)Cl2 �H2O] � 2H20 260 (4.77), 280 (4.67), 315 sh, 383 (4.37) 400 sh 706 (2.50), 810 sh

a Saturated solution.
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where �m is the magnetic susceptibility per two copper atoms, N	 is the temperature-
independent paramagnetism [60� 10�6 cm3mol�1 per Cu(II)], � is the mole fraction
of uncoupled copper(II) ions and � is the corrective term to account for interdimer
interactions [32,33]. A nonlinear regression analysis was carried out with g, �, � and
J as floating parameters. The best-fit magnetic parameters obtained are listed in
table 3.

Figure 5. Magnetic susceptibilities �m (�) and magnetic moments (o) vs temperature for [Cu2(L
0) �

1/2H2O] �H2O. Solid lines represent the best least-squares fit to Equation (1), with 2J¼�121, g¼ 2.06,
�¼�50 and �¼ 23%.

Figure 6. Magnetic susceptibilities �m (�) and magnetic moments (o) vs temperature for [Cu2(L
1) �H2O] �

1/2H2O. Solid lines represent the best least-squares fit to Equation (1), with 2J¼�322, g¼ 2.05, �¼�14
and �¼ 49%.
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The values of�2J (cm�1) obtained for the neutral dicopper(II) complexes (table 3) are
within the range reported for antiferromagnetic bis-�-phenoxy bridged dicopper(II)
complexes [12–14,34–40]. In these complexes association of the coordinated
copper(II) units Cu(ONO) via phenoxy bridges will lead to a polynuclear structure
(figure 3), where the dimeric units are connected by an aliphatic spacer of different
carbon chain lengths (n¼ 0–4). The propagation of the dimeric units is terminated by
coordination of solvent molecules (water) to the terminal copper(II) units. In each
dimer, the copper(II) is square planar, coordinated to the dinegative ONO tridentate
acylhydrazone unit, with the fourth coordination site occupied by the symmetry-related
phenoxy oxygen of another molecule. The antiferromagnetic exchange coupling is
mediated through these �-phenoxy oxygens. Magnetochemical studies [13,14] on
related dimeric complexes indicate that the magnitude of singlet–triplet separation
(�2J cm�1) in the Cu–O–Cu bridge depends mainly on the dihedral angle 
 between
the Cu2O2 plane and the plane of the remaining ligand and, to a lesser extent, the
Cu–O–Cu angle. The (�2J) values estimated for [Cu2(L

n) � xH2O] � yH2O complexes
suggest a more or less planar structure with small 
 angle, permitting efficient overlap
between the dx2�y2 copper(II) orbitals and sp2 hybridized orbitals of the phenoxy oxygen.
Moreover, the dimeric units in the polynuclear copper(II) complexes [Cu2(L

n) � xH2O] �
yH2O with n¼ 1–4 are magnetically isolated by the aliphatic spacer and no interdimer
exchange coupling is expected. In [Cu2(L

0)1/2H2O] �H2O, however, the two conjugated
acylhydrazone units can mediate interdimer interaction between the two copper(II)
ions. This is evident from the high � value of this polynuclear complex with n¼ 0
relative to those of the other complexes with n¼ 1–4.

The propagation of the antiferromagnetic dimeric units in [Cu2(L
n) � xH2O] � yH2O is

terminated by coordination of solvent molecules (water) to the two terminal paramag-
netic copper(II) units. The relatively high mole fraction of paramagnetic copper(II) (�)
relative to the mole fraction of antiferromagnetic copper(II) (1� �) is in agreement
with the presence of terminal paramagnetic copper(II). The extent of association in
the resulting polynuclear copper(II) complexes can be evaluated from the correspond-
ing best-fit value of � [mole fraction of the uncoupled copper(II) centers in
equation (1)]. Taking the number of the uncoupled copper(II) centers [terminal
copper(II) centers] as 2, the number of coupled copper(II) centers (Nc) can be estimated

Table 3. Magnetic parameters and number of dimeric units of [Cu2(L
n) �xH2O] � yH2O and

[Cu2(H2L
n)Cl2 � xH2O] � yH2O complexes.

Complex �eff (298K) g � � Nd �2J (cm�1)

[Cu2(L
n) �xH2O] � yH2O

[Cu2(L
0) � 1/2H2O] �H2O 1.64 2.06 �50 0.23 3 121

[Cu2(L
1) �H2O] � 1/2H2O 1.55 2.05 �14 0.49 1 322

[Cu2(L
2) � 1/2H2O] �H2O 1.59 2.05 �10 0.25 3 179

[Cu2(L
3) � 1/2H2O] � 3/2H2O 1.64 2.05 �12 0.34 2 209

[Cu2(L
4) � 1/2H2O] � 3/2H2O 1.59 2.05 �12 0.33 2 223

[Cu2(H2L
n)Cl2 �xH2O] � yH2O

[Cu2(H2L
0)Cl2 � 1/2H2O] � 3/2H2O 1.65 2.13 �28 0.32 2 215

[Cu2(H2L
1)Cl2 �H2O] � 2H2O 1.90 2.21 �4 0.47 1 20

[Cu2(H2L
2)Cl2 � 1/2H2O] � 3/2H2O 1.58 2.21 �10 0.35 2 382

[Cu2(H2L
3)Cl2 �H2O] �H2O 1.66 2.18 �8 0.57 1 423

[Cu2(H2L
4)Cl2 �H2O] � 2H2O 1.86 2.06 �5 0.32 2 16
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from equation (2):

Nc ¼ 2ð1� �Þ=� ð2Þ

and hence the number of dimeric units (Nd) in the polynuclear chain (Nd¼Nc/2) can be
obtained.

It is of interest to note that in this model, the number of dimeric units (Nd) is the

statistical average of the number of dimers in different polynuclear chains randomly

distributed in the bulk of the complex. Furthermore, from the Nd values estimated

for the different neutral complexes (table 3), there is no apparent correlation between

the extent of association and the number of carbon atoms in the spacer aliphatic chain.
The room temperature magnetic moments of the chloro dicopper(II) complexes

(table 3) were found to depend on the number of carbon atoms in the aliphatic

spacer. The magnetic moments of [Cu2(H2L
1)Cl2 �H2O] � 2H2O and [Cu2(H2L

4)Cl2 �

1/2H2O] � 5/2H2O are within the range reported for uncoupled copper(II) complexes;

the chloro complexes with n¼ 0, 2 and 3 exhibit low magnetic moments, suggesting

antiferromagnetic coupling between the copper(II) centers. The magnetic susceptibil-

ities of the chloro complexes were also measured within the temperature range

4.5–300K and the data obtained were fit to equation (1). The best-fit magnetic param-

eters are included in table 3. The variation of �m as a function of temperature

for [Cu2(H2L
0)Cl2 � 1/2H2O] � 3/2H2O (figure 7) shows an incipient maximum

at ca 125K followed by a sharp rise at 70K indicating antiferromagnetic exchange cou-

pling with a high mole fraction of paramagnetic uncoupled copper(II) centers. Similar

behavior was also observed for [Cu2(H2L
2)Cl2 � 1/2H2O] � 3/2H2O and [Cu2(H2L

3)

Cl2 �H2O] �H2O. The �2J values obtained for the chloro complexes with n¼ 0, 2 and 3

Figure 7. Magnetic susceptibilities �m (�) and magnetic moments (o) vs temperature for [Cu2(H2L
0)Cl2 �

1/2H2O] � 3/2H2O. Solid lines represent the best least-squares fit to equation (1), with 2J¼�215, g¼ 2.13,
�¼�28 and �¼ 32%.
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(table 3) suggest strong antiferromagnetic exchange coupling via phenoxy oxygens. The
high � value recorded for [Cu2(H2L

0)Cl2 � 1/2H2O] � 3/2H2O is in agreement
with interdimer exchange via the conjugated acylhydrazone residues. A polynuclear
structure (figure 4) can be tentatively assigned for these chloro complexes. The
Cu(II) in the dimeric units is a distorted square pyramid, bound in the equatorial
plane with the monoanionic ONO tridentate acylhydrazone unit and the �-phenoxy
oxygen. The fifth coordination site (axial) is occupied by a chloride ion. A similar
structure was also reported for dimeric copper(II) complexes with monoanionic
N-salicylideneacylhydrazone ligands [16–19].

Variable-temperature magnetic susceptibility data recorded for chloro complexes
[Cu2(H2L

1)Cl2 �H2O] � 2H2O and [Cu2(H2L
4)Cl2 �H2O] � 2H2O (figures 8 and 9) are

similar and reveal weak antiferromagnetic exchange coupling (�2J¼ 14–21 cm�1) as
compared to those recorded for other chloro complexes with n¼ 0, 2 and 3 (�2J¼
215–425 cm�1). To account for the weak antiferromagnetic exchange coupling in
chloro dicopper(II) complexes with n¼ 1 and 4, a different dimerization mode of the
coordinated Cu(ONO) units is proposed. In these complexes, the chloride ion may
occupy an equatorial site while the �-phenoxy oxygen is in the apical position as
shown in figure 10. This would effectively result in less or no spin exchange between
the dx2�y2 ground state of copper(II) centers via phenoxy oxygens and hence reduced
�2J values are expected. The X-ray structure of the perchlorate complex
[{Cu2(H2L

4)(C2H5OH)2}m] � (ClO4)2m shows a similar dimerization mode, where
the copper(II) is coordinated in the equatorial plane by the monoanionic tridentate
acylhydrazone residue and ethanol oxygen. The �-phenoxy oxygen occupies the fifth
axial coordination site [8].

The Nd values recorded for the polynuclear complexes shown in figure 4 (n¼ 0, 2
and 4) (table 3) reveal that this type of complex probably consists of two dimeric

Figure 8. Magnetic susceptibilities �m (�) and magnetic moments (o) vs temperature for [Cu2(H2L
1)Cl2 �

H2O] � 2H2O. Solid lines represent the best least-squares fit to equation (1), with 2J¼�20, g¼ 2.21, �¼�4
and �¼ 47%.
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Figure 10. Proposed structure of polymeric chloro copper(II) complexes [Cu2(H2L
n)Cl2 �xH2O]m, where the

chloride ion is in the equatorial plane.

Figure 9. Magnetic susceptibilities �m (�) and magnetic moments (o) vs temperature for [Cu2(H2L
4)Cl2 �

H2O] � 2H2O. Solid lines represent the best least-squares fit to equation (1), with 2J¼�16, g¼ 2.06, �¼�5
and �¼ 32%.

136 M.F. Iskander et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
4
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



units with two terminal copper(II) atoms coordinated to both chloride and water
oxygen. Accordingly, these complexes can be formulated as [Cu6(H2L

n)3Cl6 � 2H2O] �
yH2O (y¼ 1 or 2). The polynuclear copper(II) complexes (figure 10), on the other
hand, can be described best as [Cu4(H2L)2Cl4 � 2H2O] �H2O, where two terminal
{Cu(ONO)Cl �H2O} units attach to one dimeric unit. Formulations of the neutral
polynuclear copper(II) complexes are given in figure 3.

3. Experimental

3.1 Materials

Diethyl esters of oxalic, malonic, succinic, glutaric and adipic acids (Aldrich),
salicylaldehyde (Prolabo), hydrazine hydrate (99%) (BDH), copper(II) dichloride
dihydrate (Fluka) and copper(II) acetate dihydrate (Fluka) were used without further
purification. Dicarboxylic acid hydrazides were prepared from the reaction of the
dicarboxylic acid diethyl esters with hydrazine hydrate, as described previously [1].
Bis(N-salicylidene)dicarboxylic acid hydrazides (figure 1a) (n¼ 0–4) were prepared as
described previously [1], from the condensation of salicylaldehyde with dicarboxylic
acid dihydrazide in ethanol, and were crystallized from dimethylformamide/water
mixture. The purity of the isolated bisacylhydrazones was checked by elemental
analysis, EI mass spectrometry and 1HNMR spectroscopy.

3.2 Preparation of the neutral dicopper(II) complexes [Cu2(L
n) � xH2O] � yH2O

To a hot suspension of bis(N-salicylidene)dicarboxylic acid hydrazide H4L (n¼ 1, 2, 3
or 4) (0.01mol) in methanol (40ml), a hot solution of copper(II) acetate dihydrate
(0.022mol) in methanol (60ml) was added dropwise with constant stirring. The reac-
tion mixture was then boiled under reflux with constant stirring for 3 h. The neutral
dicopper complex formed was filtered while hot, washed successively with boiling
methanol and diethylether and then dried in air.

3.3 Preparation of chloro dicopper(II) complexes [Cu2(H2L
n)CI � xH2O] � yH2O

(n¼ 1–4)

A hot solution of copper(II) dichloride dihydrate (0.022mol) in methanol (30ml) was
added to a stirred suspension of H4L (n ¼ 1, 2, 3 or 4) (0.1mol) in methanol (40ml).
The resulting reaction mixture was boiled under reflux with constant stirring for 2 h,
then filtered while hot. The isolated chloro dicopper complex was usually contaminated
with yellow organic side product, which can be extracted by hot benzene. The pure
dicopper complex was filtered, washed successively with methanol and diethylether
and then dried in air. The benzene extract was concentrated by evaporation. The
salicylaldehydeazine that separated out on cooling was filtered and dried in vacuum
(mp¼ 254�C).

3.4 Physical measurements

Infrared spectra were recorded on a Perkin Elmer 1430 Data system and/or a Perkin
Elmer (FT-IR) Paragon 1000 PC spectrophotometer. Calibrations of frequency were
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made with polystyrene film. Solid samples were examined as KBr disks. Ultraviolet and
visible absorption spectra were recorded on double-beam ratio recording Lambda 4B
Perkin Elmer and/or Cary 17 spectrophotometers. Thermogravimetric analyses were
performed using a Shimadzu TGA-50H instrument.

Magnetic susceptibilities of powdered dried samples were recorded on a Faraday-
type magnetometer using a sensitive, computer-controlled D-200 Cahn RG micro-

balance in the temperature range 4.2–298K. The magnetic field applied was
1.5 T. Details of the apparatus have been described elsewhere [41,42]. Experimental
susceptibility data were corrected for the underlying diamagnetism using Pascal’s

constants [31].
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