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Two new �-oxamido-bridged heterobinuclear complexes have been synthesized and iden-

tified as [Cu(dmoxae)Cr(Ph2phen)2](ClO4)3 (1) and [Cu(dmoxae)Fe(Ph2phen)2](ClO 4)3

(2), where dmoxae denotes N,N�-bis[2-(dimethylamino)ethyl]oxamido dianion and

Ph2phen represents 4,7-diphenyl-1,10-phenanthroline. Based on elemental analyses, IR,

ESR and electronic spectra studies, and molar conductivity measurements, the com-
plexes are proposed to have an extended oxamido-bridged structure consisting of planar

copper(II) and octahedral chromium(III) or iron(III) ions. The two heterobinuclear com-

plexes were further characterized by variable-temperature magnetic susceptibility

(4.2~300 K) measurements and the magnetic data have been also used to deduce the indi-

cated heterobinuclear structure. The results derived from least-squares fit of the experi-

mental data have confirmed that the adjacent copper(II) and chromium(III) ions through

the oxamido-bridge in complex (1) are ferromagnetically coupled with the exchange in-

tegral J(Cu-Cr) = +13.6 cm
–1

, while an intramolecular antiferromagnetic coupling is de-

tected between the copper(II) and iron(III) ions through the oxamido-bridge in complex

(2) with the exchange integral J(Cu-Fe) = –17.5 cm
–1

, on the basis of the spin Hamiltonian

operator, � � �H JS SCu M�� �2 (M = Cr
3+

and Fe
3+

). The influence of electronic-structural

variation of the metal ions on the nature of spin-exchange interaction between the para-

magnetic centers is also discussed.
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The synthesis and magnetic investigations of transition-metal heterobinuclear

complexes propagated by multiatom bridges are of current interest [1–4], not only for

gaining some insight into the structural and electronic-structural factors causing

spin-exchange interaction between paramagnetic centers and the pathway of electron

transfer in biological systems, but also for obtaining information about designing and

synthesizing molecular-based ferromagnets and for investigating the spin-exchange

mechanism between paramagnetic metal ions. So far, much effort has been devoted to

the development of multiatom bridging ligands that can afford magnetic interactions.
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Among other more elaborate ligands employed in the study of magnetic interactions,

N,N�-bis(substituent)oxamides could be good candidates in supporting magnetic ex-

change interactions, because their coordinating ability toward transition-metal ions

can be modified and tuned by playing on the nature of the amide substituents, and the

remarkable efficiency of the oxamido bridge to transmit electronic effects between

the metal ions, and hence this family of ligands has played an important role in molec-

ular magnetism [5–7]. Many polynuclear complexes, containing oxamido bridges,

have been synthesized and their magnetic properties studied [5,8–10]. However, as

far as we are aware, there are few studies on the influence of the electronic-structural

variation of metal ions on magnetic interactions between the metal ions of this kind of

complexes. Taking into account the above facts, it is of considerable interest to syn-

thesize and study binuclear complexes with bridging oxamido in order to gain some

insight into the molecular magnetism of this kind of complexes.

In this paper two new heterobinuclear complexes bridged by N,N�-bis[2-(dimet-

hylamino)ethyl]oxamido dianion (dmoxae) and end-capped with 4,7-diphenyl-

1,10-phenanthroline (Ph2phen), namely [Cu(dmoxae)Cr(Ph2phen)2](ClO4)3 (1) and

[Cu(dmoxae)Fe(Ph2phen)2](ClO4)3 (2), have been synthesized and characterized.

The cryomagnetic properties of the two heterobinuclear complexes were measured

and studied in the temperature range 4.2~300 K to investigate the electronic-structu-

ral variation of the metal ions effects upon the nature of spin-exchange interaction be-

tween the paramagnetic centers. At present, the two heterobinuclear complexes have

not been obtained in crystalline form suitable for X-ray structure analysis. However,

the combination of magnetic studies and spectral data clearly demonstrates the pre-

sence of exchange coupling between the metal ions, reveals certain electronic proper-

ties of the heterobinuclear complexes, and allows predictions of structural features to

be made.

EXPERIMENTAL

Materials: All of the reagents used in the synthesis were of analytical grade. The hydrated metal ion

perchlorate salts and N,N�-bis[2-(dimethylamino)ethyl]oxamido (H2dmoxae) were prepared by the liter-

ature [11,12] methods. N,N�-dimethylethylenediamine, diethyl oxalate and the terminal ligand 4,7-di-

phenyl-1,10-phenanthroline (Ph2phen) were used as commercially obtained.

Synthesis of [Cu(dmoxae)Cr(Ph2phen)2](ClO4)3 (1): To a solution of H2dmoxae (0.230 g, 1 mmol)

stirred in absolute methanol (15 cm
3
) was added successively a solution of Cu(ClO4)2�6H2O (0.352 g,

0.95 mmol) in absolute methanol (10 cm
3
) and a solution of triethylamine (0.102 g, 2 mmol). The stirring

was continued at room temperature (about 20 minutes) until the mixture became limpid. It was then fil-

tered to eliminate impurities. To the filtrate was added an absolute methanol solution (20 cm
3
) of

Cr(ClO4)3�6H2O (0.458 g, 1 mmol) and a solution of Ph2phen (0.665 g, 2 mmol) in the same solvent (20

cm
3
). The color of the solution turned from blue to pale-brown immediately and a small amount of precip-

itate formed. The mixture was further refluxed for ca. 6 h, the brown microcrystals thus formed were fil-
tered off, washed several times with methanol, water and diethyl ether and dried over P2O5 under reduced

pressure. Recrystallization was carried out from a hot acetonitrile solution. Yield: 1.111 g (85%); m.p.

207.1�C.
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Synthesis of [Cu(dmoxae)Fe(Ph2phen)2](ClO4)3 (2): This complex was obtained as pale-violet

microcrystals by the same procedure as above but by using Fe(ClO4)3�6H2O instead of Cr(ClO4)3�6H2O.

It was recrystallized from a DMF/ethanol (1:3) mixture. Yield: 1.049 g (80%); m.p. 197.1�C. Analyses

confirmed the compositions.

Physical measurements: C, H and N elemental analyses were performed with a Perkin-Elmer ele-

mental analyzer Model 240. The metal contents were determined on an ICP-4300 isoionic emission

spectrophotometer. IR spectra were recorded with a NICOLET FT-IR 5DX spectrophotometer using KBr

pellets. The electronic spectra were measured on a Cary 300 spectrophotometer. Molar conductances

were measured with a Shanghai DDS-11A conductometer. ESR spectra were recorded with a JES-FEIXG

ESR apparatus using an X-band and Mn-reference. Magnetic susceptibility measurements at room tem-

perature were carried out by Gouy’s method using Hg[Co(SCN)4] as the calibrant. Variable temperature

magnetic susceptibilities (4.2~300 K) were measured using a Quantum Design MPMS SQUID-5 magne-

tometer. Diamagnetic corrections were made with Pascal’s constants for all the constituent atoms [13] and

effective magnetic moments were calculated by the equation �eff = 2.828(�MT)
1/2

, where �M is the molar

magnetic susceptibility corrected for diamagnetisms of the constituting atoms.

RESULTS AND DISCUSSION

Syntheses and coordination environment of the binuclear complexes: A pro-

mising method to design and synthesize heterobinuclear complexes is to use a hetero-

binucleating ligand, which offers either the coordination geometry or the ligand field

strength suitable for dissimilar metal ions [14]. In this study, we have adopted this

strategy to synthesize Cu(II)–Cr(III) and Cu(II)–Fe(III) heterobinuclear complexes.

For this purpose, heterobinucleating ligand N,N�-bis[2-(dimethylamino)ethyl]oxa-

mido (H2dmoxae) was chosen as bridging ligand. Simultaneously, 4,7-diphenyl-

1,10-phenanthroline (Ph2phen) was used as terminal ligand. In the course of prepa-

ring these heterobinuclear complexes the use of triethylamine as base makes the brid-

ging ligand coordinate to copper(II) ion through the deprotonated oxamido nitrogen

atoms. By adding Cu(ClO4)2�6H2O in less than stoichiometric amount, the formation

of the binuclear copper(II) complexes is avoided. Indeed, elemental analyses indicate

that the reaction of H2dmoxae with Cu(ClO4)2�6H2O, M(ClO4)3�6H2O (M = Cr
3+

and

Fe
3+

) and Ph2phen in ca. 1:1:1:2 mole ratio yielded the heterobinuclear complexes of

the general formula [Cu(dmoxae)M(Ph2phen)2](ClO4)3 (M = Cr
3+

and Fe
3+

), as

expected. Although crystal structures of the two heterobinuclear complexes are not

known, the magnetic and spectroscopic data are sufficient to deduce the occurrence

of a magnetically coupled heterobinuclear unit containing one copper(II) and one

chromium(III) or one iron(III) ions. On the basis of the physical and chemical eviden-

ce, the two binuclear complexes may be presumed to have the coordination environ-

ment as shown in Figure 1.

General properties of the heterobinuclear complexes: All the two heterobi-

nuclear complexes are sparingly soluble in water, ethanol, carbon tetrachloride, chlo-

roform and benzene; but are soluble in acetonitrile, DMF and DMSO to give stable

solutions at room temperature. In the solid state all of the complexes are fairly stable

in air so as to facilitate physical measurements. For the two heterobinuclear com-

plexes, the molar conductance values (1�10
–3

mol�L
–1

acetonitrile solution) fall in
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the expected range (405~409 	–1�cm
2�mol

–1
) for 1:3 electrolytes [15], indicating

that the three perchlorate anions are situated outside the metal coordination sphere.

This is consistent with the presumed structure of the complexes shown in Fig. 1. The

structure of the binuclear complexes was further supported by the spectroscopic cha-

racterization and magnetic studies.

Infrared spectra: The IR spectra taken in the region 4000~400 cm
–1

provide

some information regarding the mode of coordination in the complexes and were ana-

lyzed in a careful comparison with that of the free ligand (H2dmoxae). It is notewor-

thy that the IR spectrum of the free ligand (H2dmoxae) shows a sharp distinct band at

3280 cm
–1

, which is attributed to 
(N–H) stretching vibration band. However, in the

IR spectra of the heterobinuclear complexes, the band had disappeared, accompanied

by the appearance of a strong band in the 455~458 cm–1 range attributed to the


(Cu–N) stretching mode. These facts indicated that the free ligand (H2dmoxae) is

coordinated to copper(II) ion through the deprotonated oxamido group. On the other

hand, it is noted that the carbonyl (C=O) stretching vibration for the free ligand rema-

ins at ca. 1650 cm
–1

in the IR spectra of the two heterobinuclear complexes. This mi-

ght be due to the following reasons. In general, when the deprotonated amide nitrogen

is coordinated with the metal ion to form mononuclear complex, its amide I band shi-

fts considerably towards lower wave numbers. In the case of an oxamide dianions co-

ordinated to two metal ions as bridging ligands, the amide I band reverts to near its

original position (in the protonated species) [5,8]. Although the amide I band is the re-

sult of a composite N–C=O vibration, it can essentially be seen as 
(C=O). It is likely

that the bond order of C=O in binuclear complexes is higher than in its corresponding

mononuclear complex. This shift has often been used as definite proof of an oxami-

do-bridge [5]. Thus, the above observations mean that the carbonyl oxygen atoms of

the free ligand are coordinated with chromium(III) or iron(III) ion and are indicative

of the oxamido-bridged structures. The facts that the C=O deformation at 728 cm
–1

of

the free ligand had disappeared, and accompanied by the appearance of a new band at

ca. 490 cm–1 due to 
(Cr–O) or 
(Fe–O) further confirm the coordinated nature of the

carbonyl oxygens in these heterobinuclear complexes. Furthermore, the –N=C– stre-

tching vibration at ca. 1540 cm
–1

for the terminal ligand (Ph2phen) was found in the

two binuclear complexes, suggesting that the N atoms of the terminal ligand are coor-

dinated with the chromium(III) or iron(III) ion. The additional band observed at aro-
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Figure 1. Plausible coordination environments of the complexes (N N = Ph2phen; M = Cr3+ and Fe3+).



und 470 cm
–1

due to 
(Cr–N) or 
(Fe–N) further supports this view. In addition, a

broad and intense band centered at ca . 1100 cm–1, and a strong sharp band at ca. 630

cm–1, typical for a non-coordinated perchlorate group [16,17], were observed for all

the binuclear complexes, which coincides with the conductance data of the binuclear

complexes.

Electronic spectra: In order to obtain further structural information, the electro-

nic spectra of the binuclear complexes were measured in acetonitrile solution. For all

two binuclear complexes, a strong band at 540~545 nm may be attributed to the
2
B1g

� 2
Eg transition of copper(II) in a square-planar environment [18], while a stronger

absorption in the 260~265 nm range may be attributable to the charge-transfer ab-

sorption bands, which may be due to the spin-exchange interaction between the

copper(II) and chromium(III) or iron(III) ions through the �-path orbital set up by an

oxamido bridge [5]. Further investigations of these and similar systems are required

in order to obtain more detailed assignment for charge transfer. In addition, in the

spectrum of copper(II)–chromium(III) heterobinuclear complex, two weak bands

centred at 432 nm and 705 nm are due to the
4
A2 � 4

T1 and
4
A2 � 2

T2 +
2
E transitions of

chromium(III) and are characteristic of an octahedral configuration around chro-

mium(III) ion [18]. On the other hand, in the spectrum of the copper(II)–iron(III) he-

terobinuclear complex, failure to observe any (d-d) bands of iron(III) ion may be due

to the weakness of the absorption. The coordination environment of iron(III) ion in

copper(II)–iron(III) heterobinuclear complex is most likely a distorted octahedron

owing to the fact that two bidentate terminal ligands (Ph2phen) coordinate with

iron(III). Thus, according to ligand field theory, and assuming Oh symmetry, the gro-

und state of iron(III) is
6
A1g. Because the d-d transitions of iron(III) [

6
A1g � 4

T1g(G),
4
T2g(G),

4
Eg(G)…] are both Laporte and spin-forbidden, no characteristic iron(III)

band was found in the spectrum of the copper(II)–iron(III) heterobinuclear complex

[19].

ESR spectra: The X-band powder ESR spectra of the two heterobinuclear com-

plexes have been recorded at room temperature. It is noted that the ESR spectrum of

the copper(II)–chromium(III) binuclear complex exhibits a dissymmetric broad band

around g  2.0. Since there is a lack of structural data for the complex, it is difficult to

interpret quantitatively this broad band. In addition, to the best of our knowledge, no a

detailed assignment of ESR spectra for copper(II)–chromium(III) binuclear system

has so far been reported. Thus, at this stage, the dissymmetric broad band appeared for

the complex may be rationalized by the following reasons. According to Kambe’s

approach [20] in copper(II)–chromium(III) binuclear system two spins, SCu(II) = 1/2

and SCr(III) = 3/2, are coupled to yield the total spin states of S = 1 and S = 2. On the ba-

sis of the Boltzmann distribution, the two states are both populated at room temperature

owing to very weak interaction (J = +13.6 cm
–1

, vide infra). Thus, the dissymmetric

broad signals may be ascribed to the complex in these spin states [21]. On the other

hand, for the copper(II)–iron(III) binuclear complex the ESR spectrum at room tem-

perature showed no signals [22], indicating that the ground state of the binuclear com-

plexes is S = 2, in accord with the following magnetically deduced conclusion.
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Based on the composition of these complexes, their infrared spectra, electronic

spectra, ESR spectra, conductivity measurements and magnetic studies (vide infra),

these complexes are proposed to have an extended oxamido-bridged structure and to

contain a copper(II) and a chromium(III) or an iron(III) ions, in which the chro-

mium(III) or iron(III) ion has an octahedral environment and the copper(II) ion has a

square-planar environment, as shown in Figure 1. It should be pointed out that the

most direct and forceful evidence for the above assumption may come from X-ray

crystallographic studies. Unfortunately, all our efforts to grow crystals of these bi-

nuclear complexes, suitable for X-ray structure determination, so far have been

unsuccessful. However, the plausible binuclear structure is supported by the follo-

wing magnetic studies.

Magnetic studies: The observed effective magnetic moment (� eff) of complex (1)

is 4.32 B.M. at room temperature, which is slightly higher than the spin-only value

(4.24 M.B.) for a copper(II)–chromium(III) binuclear complex with two spin-system

(SCu, SCr) = (1/2, 3/2) in the absence of an exchange interaction. This result suggests

the presence of a weak ferromagnetic spin-exchange interaction in the complex. On

the other hand, the �eff value (5.57 B.M.) of complex (2) at room temperature is less

than the spin-only value (6.16 �B) of the magnetically non-interacting

copper(II)–iron(III) spin-system (SCu, S Fe) = (1/2, 5/2), indicating the presence of an

antiferromagnetic spin-exchange interaction in the copper(II)–iron(III) binuclear

complexes.

Being interested in the magnetic behavior of the two binuclear complexes, varia-

ble-temperature (4.2~300 K) magnetic susceptibility data were further collected for

complexes [Cu(dmoxae)Cr(Ph2phen)2 ](ClO4)3 (1) and [Cu(dmoxae)Fe-

(Ph2phen)2](ClO4)3 (2) in order to investigate the electronic-structural variation of

the metal ions effects upon the nature of spin-exchange interaction between the para-

magnetic centers of this kind of complexes, and the results are shown in Figures 2 and

3, respectively, in the forms plots of �M vs. T and �eff vs . T. As shown in Figure 2, when

the temperature is lowered, the curve of the effective magnetic moment (� eff) for com-

plex (1) increases gradually from 4.35 B.M. at 300 K, reach a maximum value of 4.85

B.M. at 17.5 K, and then sharply decrease to 4.38 B.M. at ca. 4 K. The maximum va-

lue (4.85 B.M.) is comparable to the spin-only value 4.90 B.M. for the spin-state S =

2, which should arise from a ferromagnetic spin-coupling of the spin system

Cu(II)–Cr(III) (SCu = 1/2, SCr = 3/2). The rapid decrease of the magnetic moment at

low temperature may be attributed to an intermolecular antiferromagnetic interac-

tion. On the other hand, as shown in Figure 3, the variation of �eff with temperature for

complex (2) decreases slightly on lowering of the temperature. This result suggested

that the operation of an antiferromagnetic spin-exchange occurred in the complex.

Thus, as noted above, the observed magnetic behavior for complex (1) both at

room-temperature and variable-temperature clearly demonstrates the operation of a

weak intramolecular ferromagnetic spin-exchange interactions between chro-

mium(III) and copper(II) ions through the oxamido-bridge within the binuclear unit
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[23], while the spin-coupling between the copper(II) and iron(III) ions within com-

plex (2) is antiferromagnetic.

In order to understand quantitatively the nature and magnitude of the spin-ex-

change interaction, the magnetic susceptibility data were analyzed for complex (1) on

the basis of equation (1) [24] which includes a parameter � to correct for the contribu-

tion from an intermolecular magnetic interaction based on the spin-Hamiltonian
� � �H JS SCu Cr�� �2 (SCu = 1/2, SCr = 3/2):

�
�

�
M

N g

k

J kT

J kT
�

�

� �

� �

�

�
�

�

�
��

2 2 10 2 4

5 3 4( )

/ )

/ )T

exp(

exp(
N� (1)

Where �M denotes the molecular susceptibility per binuclear complex, and the re-

maining symbols have their usual meanings. As shown in Figure 2, good least-square

fits to the experimental data were obtained with equation (1) for complex (1). The

magnetic parameters thus determined and the agreement factor F, defined here as F =

�[(�M)calc. – (�M)obs]
2
/�(�M)obs are J = +13.6 cm

–1
, g = 2.01, � = –0.13 K, N� =

100�10
–6

cm
3�mol

–1
, F = 6.9�10

–4
. The results indicate that the complex undergo

ferromagnetic spin-exchange interaction between the copper(II) and chromium(III)

ions.

The cryomagnetic property of complex (2) is showed in Figure 3. The magnetic

analysis was carried out with the susceptibility equation [25,26] based on a symmetri-

cal two-spin system derived from a spin-Hamiltonian operator � � �H JS SCu Fe�� �2 (SCu

= 1/2, SFe = 5/2).

�
�

�
M

N g

k

J kT

J kT
�

�

� �

� �

�

�
�

�

�
�

2 2 28 10 6

7 5 6( )

/ )

/ )T

exp(

exp(
(2)
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Figure 2. Temperature variation of �M (lower curve) and �eff (upper curve) for the complex [Cu(dmoxae)-

Cr(Ph2phen)2](ClO4)3 (1) . The curves are based on equation (1) using the parameters given in

the text. (�), experimental data; (–), calculation curves as described in the text.



where each symbol has its usual meaning. As shown by the trace in Figure 3, good fit-

ting to the experimental data is attained with equation (2) for complex (2) using mag-

netic parameters J = –17.5 cm–1, g = 2.02, � = –0.16 K, F = 8.8�10–4 . The results

(negative and small J value) have confirmed that the spin coupling between iron(III)

and copper(II) ions through an oxamido group in complex (2) is antiferromagnetic.

On the basis of the above discussion of magnetic properties of complexes (1) and

(2), it has shown that the two complexes (1) and (2) differ in magnetic properties from

each other. That is, ferromagnetic spin-coupling occurs in complex (1), whereas an

antiferromagnetic spin-coupling in complex (2). In fact, the present complexes

[Cu(dmoxae)Cr(Ph2phen)2](ClO4)3 (1) and [Cu(dmoxae)Fe(Ph2phen)2](ClO4)3 (2)

have the same skeleton of the oxamido bridging structure and the same terminal ligand,

thus, their IR and coordination environment are also similar. The only difference be-

tween [Cu(dmoxae)Cr(Ph2phen)2](ClO4)3 (1) and [Cu(dmoxae)Fe(Ph2phen)2](ClO4)3

(2) is that the metal ion is chromium(III) in the former case and iron(III) in the latter.

The essential difference between the sign of the exchange parameter J in the two com-

plexes indicates that the kinds of metal ions may affect the nature of the exchange in-

teraction. The magnetic behavior for the two complexes can be rationalized by

several models which have so far been proposed [27,28]. According to these models,

strict orbital orthogonality results in ferromagnetism (J > 0), otherwise antiferroma-

gnetic coupling (J < 0) should be involved in the system. On the basis of the crystal

structure of complex [9] that is analogous to the present complexes, if the whole mo-

lecular symmetry is considered to be C2v, the 3d metallic orbitals of copper(II) and

chromium(III) ions transform [29] as a1(d
z2 and d

x y2 2�
), a2(dyz), b1(dxy) and b2(dxz).

Around the copper(II) ion, there is just one unpaired electron which occupies the b1

orbital, and around the chromium(III) ion there are three unpaired electrons which

populate the a1, a2, b1 and b2 orbitals. According to the point group theory, because

there is no orbital interaction to be feasible between the magnetic orbitals of the metal

centers, namely, <b1(Cu)�a1(Cr)> = 0, <b1(Cu)�a2(Cr)> = 0, <b1(Cu)�b2(Cr)> = 0,

therefore, the ferromagnetic interaction between the copper(II) and chromium(III)

ions within the copper(II)–chromium(III) complex should be observed. On the other
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hand, for complex (2) the 3d metallic orbitals of copper(II) and iron(III) ions trans-

form as a1(d
z2 and d

x y2 2�
), a2(dyz), b1(dxy) and b2(dzx) [29]. Around the iron(III) ion

there are five unpaired electrons which populate the a1, a2, b1 and b2 orbitals. Accor-

ding to the point group theory, because there is no strict orthogonality of the magnetic

orbitals between copper(II) and iron(III) ions can be realized, that is, S =

<b1(Cu)�b1(Fe)> � 0. This may be the reason for an antiferromagnetic interaction

between the copper(II) and iron(III) ions within complex (2).

It is clear from the above discussion that in this system the nature of spin-exchan-

ge interactions may be tunable by choosing an appropriate combination of parama-

gnetic metal ions, and this strategy opens vast perspectives [27,6,30]. Indeed, further

investigations on this and similar systems are still required in order to get a deeper in-

sight into this exciting field of magnetic interactions and are in progress in our labora-

tory.
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