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Three new binuclear chromium(III) complexes bridged by tris(oxalato)chromate(III),

[Cr(ox)3]
3–

and end-capped with 2,2�-bipyridine (bpy); 4,4�-dimethyl-2,2�-bipyridine

(Me2bpy) or 5-methyl-1,10-phenanthroline (Mephen), have been synthesized and char-
ac te r i zed , namely [Cr 2 (ox)3 (bpy)2 ] (1 ) , [Cr2 (ox)3 (Me2 bpy)2 ] (2 ) and

[Cr2(ox)3(Mephen)2] (3) . At present, the three complexes have not yet been isolated in

crystalline form, suitable for X-ray structure analysis, but based on elemental analyses,

molar conductance and magnetic moments of room-temperature measurements, and

spectroscopic studies, extended ox-bridged structures consisting of two chromium(III)

ions, each in an octahedral environment are proposed for these complexes. The com-

plexes [Cr2(ox)3(bpy)2] (1) and [Cr2(ox)3(Me2bpy) 2] (2) were further characterized by

variable temperature magnetic susceptibility (4.2~300 K) measurements and the ob-
served data were successfully simulated by the equation based on the spin Hamiltonian

operator, � � �H JS S�� �2 1 2, giving the exchange integrals J = –9.73 cm
–1

for (1) and J =

–5.29 cm
–1

for (2). This result indicates the presence of weak antiferromagnetic spin-ex-
change interaction between the metal ions within each molecule. The influence of the

methyl substituents in the terminal ligand on magnetic interactions between the metals is

also discussed.

Key words: �-oxalato-bridge, binuclear chromium(III) complexes, antiferromagnetic

interaction, synthesis

The synthesis and magnetic investigations of exchange-coupled transition metal

complexes, in which the spin coupling between the paramagnetic metals is propagat-

ed by multiatom bridges, have been an active field of research with the aim of under-

standing fundamental factors, governing the magnetic properties of transition-metal

complexes and to obtain some useful information about designing molecule-based

magnets and to mimic the active sites and function of biological substances [1–10].

Owing to their fundamental importance in the magnetic studies, much effort has

been devoted to the development of multiatom bridging ligands, that can afford ma-

gnetic interactions. Among other more elaborate ligands employed in the study of

magnetic interactions, the oxalato group, due to both its versatile bonding mode with
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metal ions and its remarkable ability to transmit electronic effects, when acting as

bridges between paramagnetic centers, has been shown to be an excellent multiatom

bridging ligand in supporting magnetic exchange interactions. Several kinds of poly-

nuclear complexes, bridged by the oxalato groups, have been synthesized and their

magnetic properties studied [11–15]. However, to the best of our knowledge, no oxala-

to-bridged chromium(III)–chromium(III) binuclear complexes have so far been re-

ported. Taking into account the above facts, it is of considerable interest to synthesize

and study chromium(III)–chromium(III) binuclear complexes with bridging oxalato,

in order to gain some insight into the molecular magnetism of this kind of complexes.

In this paper, three new �-oxalato-bridged binuclear chromium(III) complexes,

which have the general formula [Cr2(ox)3(L)2] (ox = oxalato dianions, L = bpy, Me2bpy,

Mephen), have been synthesized and characterized by using tris(oxalato)chroma-

te(III), [Cr(ox)3]
3–

, as polyatomic bridging ligand. The cryomagnetic properties of

the [Cr2(ox)3(bpy)2] (1) and [Cr2(ox)3(Me2bpy)2] (2) complexes were measured and

studied in the temperature range 4.2~300 K. At present, the three binuclear com-

plexes have not been obtained in crystalline form, suitable for X-ray structure analy-

sis. However, the combination of magnetic susceptibility and spectral data clearly

demonstrates the presence of exchange coupling between the metal ions, reveals cer-

tain electronic properties of the binuclear complexes, and allows predictions of struc-

tural features to be made.

EXPERIMENTAL

Materials: All the reagents used in the synthesis were of analytical grade. Potassium tris-

(oxalato)chromium(III) trihydrate (K3[Cr(ox)3]�3H2O)and Cr(ClO4)3�6H2Owere synthesized according

to the literature methods [16,17]. The terminal ligands 2,2�-bipyridine (bpy); 4,4�-dimethyl-2,2�-bi-

pyridine (Me2bpy) or 5-methyl-1,10-phenanthroline (Mephen), were used as commercially obtained.

Synthesis of [Cr2(ox)3(bpy)2] (1): A methanol solution (10 mL) of K3[Cr(ox)3]�3H2O (1.0 mmol,

491mg) was added successively dropwise to a solution of Cr(ClO4)3�6H2O (1.1 mmol, 504 mg) stirred in

methanol (15 mL). The vigorous stirring was continued at room temperature until the mixture became

limpid (about 10 minutes). It was then filtered to eliminate impurities. Amethanol solution (15mL) of bpy

(2.0 mmol, 312 mg) was added to the filtrate. The solution changed colour immediately and a small amo-

unt of brown precipitate was formed. After stirring the mixture for ca. 8 h the brown microcrystals, thus

formed were filtered, washed with methanol, water and diethyl ether several times and dried over P2O5 un-
der reduced pressure. It was recrystallized from an acetonitrile solution and the brown needle crystals

were obtained. Yield, 422 mg (62%), m.p. 288.7�C. Anal. Calc. for Cr2C26H16N4O12 (m.w. 680.42): C,

45.90; H, 2.37; N, 8.23; Cr, 15.28%. Found: C, 45.72; H, 2.13; N, 8.01; Cr, 15.16%.

Synthesis of [Cr2(ox)3(Me2bpy)2] (2): This complex was obtained as red-brown microcrystals by

the same procedure as above but by using Me2bpy (368 mg, 2 mmol) instead of bpy. It was recrystallized

from a DMF/ethanol (1:3) mixture and the needle crystals were collected. Yield, 552 mg (75%), m.p.

301.3�C. Anal. Calc. for Cr2C30H24N4O12 (m.w. 736.53): C, 48.92; H, 3.28; N, 7.61; Cr, 14.12%. Found:

C, 48.69; H, 3.12; N, 7.35; Cr, 14.37%.

Synthesis of [Cr2(ox)3(Mephen)2] (3): This complex was obtained as pale-violet powder by the

same procedure as described for complex(1) ,except that Mephen(388.5mg, 2 mmol) was used instead of

bpy. Yield, 613 mg (81%); m.p. 337.�C. Anal. Calc. for Cr2C32H20N4O12 (m.w. 756.52): C, 50.81; H, 2.66;

N, 7.41; Cr, 13.75%. Found: C, 50.67; H, 2.51; N, 7.23; Cr, 13.51%.
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Physical measurements: Carbon, hydrogen and nitrogen elemental analyses were performed with a

Perkin-Elmer elemental analyzer Model 240. The melting points of the complexes were determined by a

Model XT 7-1 micromelting point meter. The metal contents were determined using an ICP-4300 isoionic

emission spectrophotometer. The infrared spectra wererecorded with a Nicolet FT-IR spectrophotometer

model 470 in KBr pellets. The electronic spectra (DMF solution) were measured on a Cary 300

spectrophotometer. Molar conductances were measured with a DDS-11A conductometer. Magnetic sus-

ceptibility measurements at room temperature were carried out by Gouy’s method, using Hg[Co(SCN)4]

as the calibrant. Variable temperature magnetic susceptibilities were measured, using a Quantum Design

MPMS SQUID magnetometer. Diamagnetic corrections were made with Pascal’s constants [18] for all

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

, where �M

is the molar magnetic susceptibility, corrected for diamagnetisms of the constituting atoms.

RESULTS AND DISCUSSION

Synthesis and general properties of the binuclear complexes: One of the best

strategies to design and synthesize discrete polynuclear species is the “complex as li-

gand”approach, i.e., using mononuclear complexes, that contain potential donor gro-

ups, capable of coordinating to another metal ion [19,20]. In this study, our aim was to

obtain binuclear chromium(III) complexes, therefore, this synthetic strategy was ad-

opted. As the ligand complex we have selected tris(oxalato)chromate(III),

[Cr(ox)3]
3−

, as polyatomic bridging ligand, because it can coordinate to another metal

ion through oxalate oxygens to produce polynuclear complexes [15]. Simultaneo-

usly, 2,2�-bipyridine (bpy); 4,4�-dimethyl-2,2�-bipyridine (Me2bpy) or 5-methyl-

1,10-phenanthroline (Mephen) were used as the terminal ligands. On the basis of ele-

mental analyses and physical data, shown in Tables 1 and 2, respectively, it is reason-

-able to assume, that the reaction of potassium tris(oxalato)chromium(III) trihydrate

(K3[Cr(ox)3]�3H2O) with Cr(ClO4)3�6H2O and the terminal ligand L (L = bpy, Me2bpy,

Mephen) in ca. 1:1:2 mole ratio yielded binuclear complexes of general formula

[Cr2(ox)3L2], as expected. The general synthetic pathway for the complexation reac-

tion taking place, may be represented as follows.

[Cr(ox)3]
3– + Cr3+ + 2L [Cr2(ox)3L2] (L = bpy, Me2bpy, Mephen)

These complexes are the first examples of binuclear chromium(III) complexes,

bridged by tris(oxalato)chromate(III). For the three binuclear complexes, the molar

conductance values in DMF solution (see Table 1) fall in the expected range for

non-electrolytes [21]. This is consistent with the IR data and presumed structure of

the complexes, shown in Figure 1. All the solid complexes are fairly stable in air and

are soluble in some organic solvents, such as DMF, DMSO, acetonitrile and acetone,

but attempts to obtain single crystals, suitable for X-ray structure determination, have

so far been unsuccessful. However, the binuclear complexes were further characteriz-

ed on the basis of the following results.
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Infrared spectra: In order to clarify the mode of bonding, the IR spectrum of the

mononuclear fragment K3[Cr(ox)3]�3H2O was compared with the spectra of the three

binuclear complexes. Since the IR spectra of all the three binuclear complexes are si-

milar, the discussion is confined to the most important vibration in 400~4000 cm
−1

re-

gion in relation to the structure. The most relevant IR absorption bands of the

binuclear complexes, together with their assignments are given in Table 1. It is note-

worthy that the spectrum of the mononuclear complex K3[Cr(ox)3]�3H2O only show

typical of a bidentate coordination mode of the oxalato groups. However, the IR spec-

tra of the three binuclear complexes exhibit bands corresponding to the bidentate oxa-

lato ligand (ca. 1700, 1680, 1640 cm−1 [�as(CO)]; 790 cm−1 [	(CO)]) and also the

bridging oxalato ligand (ca. 1620 cm−1[�as(CO)]; 1370, 1330 cm−1 [�s(CO)]) [11,13], su-

ggesting that the oxalato groups of the mononuclear fragment K3[Cr(ox)3]�3H2O coor-

dinate with chromium(III) ions to form binuclear complexes. This is in accord with

the presumed structure shown in Figure 1. On the other hand, the C–H deformation

bands [	(C–H)] of aromatic ring of the end-capping ligands (bpy, Me2bpy, Mephen)

are found in corresponding binuclear complexes (see Table 1), suggesting that the N

atoms of the terminal ligands coordinate with the chromium(III) ions. The additional

band observed at around 480 cm
−1

due to �(Cr–N) further supports this view. In addi-

tion, the band centered at ca. 1100 cm−1, typical for �(Cl–O) stretching of the perchlora-

te group [22], were not found for all the binuclear complexes.

Electronic spectra: In order to obtain further structural information of these bi-

nuclear complexes, the electronic spectra of the mononuclear fragment

K3[Cr(ox)3]�3H2O and the binuclear chromium(III) complexes were studied and as-

signed on the basis of a careful comparison of the latter with the former. As shown in

Table 2, the electronic absorption spectra of the three binuclear complexes in DMF

solution are quite similar. For all three binuclearcomplexes, a strong absorption at ca.

32
103 cm−1 found for all the complexes may be attributed to the charge-transfer ab-

sorption band [23]. Further investigation of these and similar systems is still required,

in order to obtain a detailed assignment for charge transfer. In addition, three weaker

bands (Table 2), which appear in the 16200~16250, 23410~23440 and 32790~32860

cm
−1

regions, may be reasonably assigned to
4
A2g(F) � 4

T2g(�1),
4
A2g(F) � 4

T1g(F)

(�2)and
4
A2g(F) � 4

T1g(P) (�3) transitions in the order of increasing energy, consistent

with the presence of an octahedral coordination geometry [24] around the chro-

mium(III) ion. According to the literature methods [24,25], some ligand field para-

meters, such as the interelectronic repulsion (Racah) parameters (B), crystal field

splitting energy (10 Dq), nephelauxetic ratio (
) and the ligand field stabilization

energy (LFSE) of these binuclear complexes may be evaluated from the observed

bands (�1, �2, �3), and the calculated results are summarized in Table 2. As shown in

this Table, the ligand field parameters are commensurate with octahedral geometry

for the complexes, the values of 
 < 1 show strong covalent bonding of chromium(III)

in these binuclear complexes [25].
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Table 1. Physical data of the oxalato-bridged binuclear chromium(III) complexes.

Com-
plexes

�M �eff �(ox) (bidentate) �(ox) (bridging)

(S�cm
2�mol

–1
) (�B) �as(CO) 	(CO) �as(CO) �s(CO) �(Cr–N) 	(C–H)

(1) 8.2 5.39 1710, 1680, 1642 765 1629 1370, 1333 485 855, 723

(2) 7.8 5.41 1712, 1687, 1644 794 1625 1371, 1335 488 853, 721

(3) 8.0 5.36 1716, 1684, 1640 790 1623 1375, 1330 483 856, 728

(1) = [Cr2(ox)3(bpy)2], (2) = [Cr2(ox)3(Me2bpy)2], (3) = [Cr2(ox)3(Mephen)2]

Table 2. Electronic spectral bands (cm
–1

) and some coordination field parameters of the binuclear

complexes.

Com-
plexes

Assignments Dq B 
 LFSE

�1
4
A2g�

4
T2g

�2
4
A2g�

4
T1g(F)

�3
4
A2g�

4
T1g(P)

CT

(10
3
cm

–1
)

(cm–1) (cm–1) (kJ/mol)

(1) 16230 23410 32790 32.1 1623 501 0.546 231.9

(2) 16200 23440 32810 32.8 1620 510 0.556 231.5

(3) 16250 23420 32860 32.5 1625 502 0.547 232.2

Based on the composition of these complexes, their infrared spectra, electronic

spectra, conductivity measurements and magnetic characterization (vide infra), these

complexes are proposed to have an extended oxalato-bridged structure and to contain

two chromium(III) ions bridged by the oxalato group, and each chromium(III) ion is

in a six-coordinated octahedral environment, as shown in Figure 1. The plausible

structure is further characterized by the following magnetic studies.

Magnetic studies: The observed magnetic moment per binuclear complex at

room temperature, shown in Table 1, is slightly less than the spin-only value (5.48

B.M.) for binuclear chromium(III) (S = 3/2) complexes in the absence of an exchange

interaction. This result reflects, that both chromium(III) ions of the binuclear com-

plexes are in the S = 3/2 ground state and suggests the presence of a weakantiferroma-
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gnetic spin-exchange interaction in these complexes [20,27]. Being interested in the

magnetic behavior of these binuclear complexes, magnetic susceptibility data on

polycrystalline samples for [Cr2(ox)3(bpy)2] (1) and [Cr2(ox)3(Me2bpy)2] (2) com-

plexes were collected between 4.2~300 K. The results are shown in Figure 2 in the

form of plots of �M vs. T and �eff vs. T, where �M, �eff and T denote the magnetic su-

sceptibility per molecule, the effective magnetic moment per molecule, and the abso-

lute temperature, respectively. From Figure 2 it can be seen, that the magnetic

behavior of the two complexes is similar. In the 30~300 K region, the curves of the

effective magnetic moments (�eff) decrease steadily with decreasing temperature,but

sharply decrease below ca. 30 K. This behavior is characteristic for a weak antiferro-

magnetic interaction between the two chromium(III) ions through the ox-bridge wi-

thin each molecule [20,27]. This is consistent with the room-temperature magnetic

moments of the complexes. Thus, as noted above, the observed magnetic behavior for

complexes (1) and (2), both at room-temperature and variable-temperature, clearly

demonstrates the operation of an intramolecular antiferromagnetic spin-exchange inte-

ractions between the two chromium(III) ions through the ox-bridge within each mole-

cule.

In order to understand quantitatively the magnitudes of spin-exchange interac-

tion, the magnetic susceptibility data were analysed by the spin Hamiltonian for iso-

tropic binuclear magnetic exchange interaction, � � �H JS S�� �2 1 2 , where the exchange

integral J is negative for an antiferromagnetic interaction and positive for a ferroma-

gnetic. For the chromium(III)–chromium(III) (S1 = S2 = 3/2) system, the molar ma-

gnetic susceptibility is given by equation (1).

�M =
2N g

KT

exp( 6J/KT) + exp( 10J/KT)

7 + 5exp( 6J/KT)

2 2
 14 5� � �

� + 3exp( 10J/KT) + exp( 12J/KT� �

�

��
�

��
(1)

Where �M is the molecular susceptibility per binuclear complex and the remaining

symbols have their usual meaning. As shown in Figure 2, good least-squares fit to the

experimental data were obtained with equation (1) for complexes (1) and (2). The

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

�[(�M)obs.− (�Μ)calc.]
2
/�(�Μ)obs. are: J= −9.73 cm

−1
, g = 2.04, F = 2.6
10

−4
for (1); and

J = −5.29 cm
−1

, g = 2.01, F = 5.6
10
−4

for (2). The results indicate, that these com-

plexes are essentially binuclear and undergo weak antiferromagnetic spin-exchange

interaction between the chromium(III) ions within each molecule.

The complexes (1) and (2) have the same extended oxalato-bridge structures and

their IR and electronic spectra are also similar. The only difference between (1) and

(2) is that there are four methyl (-CH3) substituents in the terminal ligands in the latter.

However, their presence led to an exchange parameter J for (1) that is larger (absolute

value) than that for complex (2). This result suggests, that the methyl substituents in

terminal ligands reduce antiferromagnetic spin-exchange interactions between me-

tals ions. The influence of substituents in the terminal ligands on magnetic interac-
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tions between the metal ions may be explained as follows. The substituent (-CH3) in

the terminal ligand (Me2bpy) molecule is electron-supplying, which may affect both

the electronic and molecular structure [28]. However, the terminal ligands are rela-

tively rigid, and the structural influence of the methyl substituents on their J value is,

therefore, relatively small and less important. However, the electron-supplying effect

of the methyl group will increase the electron density on the metal ions. This will in-

crease the electron-electron repulsion, thus, raising the metal orbital levels. This, in

turn, will lead to a larger energy gap between the metal and the bridge orbitals and lo-

wer the delocalization of the metals orbitals towards the oxygen atoms of the bridge,

so as to decrease the antiferromagnetic interactions. Indeed, further investigations on

this and similar systems are still required, in order to get a deeper insight into the in-

fluence of the substituents in terminal ligands on magnetic interactions.
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Figure 2. Plots of molar magnetic susceptibility (�M) and effective magnetic moment (�eff) vs. T for

[Cr2(ox)3(bpy)2] (1) and [Cr2(ox)3(Me2bpy)2] (2) complexes. The points denote the experi-

mental data, the solid line represents the best least-squares fit to the experimental data using

the parameters given in the text.



If we compare the present magnetic data with those previously reported for the

analogous oxalato-bridged binuclear complexes [11,29,30], we found that the ma-

gnetic behavior of the present complexes is similar to those of other relevant oxala-

to-bridged binuclear complexes. It is known that the exchange interaction between

the transition metal ions, propagated by the oxalate bridge, is strongly dependent on

the geometry around the metal ions and the bridging mode of the oxalato anion. The

geometry of the metal ion exerts a marked influence on the magnetic exchange inte-

raction. Therefore, these small J values of complexes (1) and (2) may be brought out,

mainly by the geometry structures of the complexes and the properties of the brid-

ged-ligand [23].
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