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Synthesis, characterization, and magnetic properties of a new series of dinuclear compounds
MIIM0IIL2(H2O)4 (where M

II, M0II¼Mn (1), Ni (2), Cu (3) and MII
¼Cu, M0II¼Co (4), Ni (5);

LH2¼ 2,5-bis(4-carboxyphenylamino)-3,6-dichloro-1,4-benzoquinone) are reported. These
complexes were characterized by elemental analyses, FAB mass spectra, thermogravimetric
analysis, spectroscopic techniques (infrared, NMR, UV-Vis), and powder XRD studies.
Magnetic properties investigated by SQUID magnetometer show antiferromagnetic coupling
between the metal centers connected by the extensive �-delocalized ligand. Magnetic coupling
constants (J) ranging from �1.01 to �3.01 cm�1 based on the Hamiltonian H ¼ �2JSiSj have
been obtained. The optimized geometry of the ligand derived from DFT is also reported.

Keywords: Bimetallic assemblies; Bicarboxylate ligand; SQUID; Magnetic properties;
�-Delocalized; Coupling constant; DFT

1. Introduction

Coordination chemistry has given attention to the design and synthesis of molecular
magnetic materials because of their applications as catalytic, luminescent, magnetic,
porous, conductive, chiral, or non-linear optical materials [1–4]. The chemistry of
coordination polymers containing paramagnetic metal ions and exhibiting fascinating
extended structures are of importance due to their potential applications in molecular
magnetism [3–9]. Considerable work has been dedicated to the properties of homo/
hetero polynuclear 3d-metal complexes, which are valuable models for biological
systems and molecular functional materials in magnetism [10, 11], optics [12, 13],
electronics [14], molecular adsorption, light conversion devices, and bimetallic catalysis
[15, 16]. The first step in preparation of molecular magnets is the synthesis and
characterization of bridging ligands [17–20] because these molecules can bridge metal
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ions, opening a way to extended magnetic structures. A good bridging ligand can
effectively and efficiently transmit the magnetic coupling between paramagnetic centers.
The bridging ligands like cyanide [21–25], dicyanamide [26], oxalate [27], azide [28–31],
and carboxylate [32] have been widely investigated and numerous compounds have
been reported. The design and synthesis of new metal organic frameworks have received
considerable interest owing to their potential applications [33, 34] as functional
materials in molecular magnetism. The molecular magnet is generated by the
combination of d/f block metal ions with polydentate ligands [35, 36]. The structure
and properties of such materials depend on (a) reaction condition, (b) coordination
ability of the ligand, (c) metal ion coordination geometry, (d) metal ligand ratio
[35, 37–41], etc. The various modes of bonding [42] of carboxylates have been used to
construct dimensionally extended metal complexes. Benzoquinones are interesting
systems for electron transfer reactions, which play an important role in biological
systems [43–46]. Hendrickson et al. [47] studied magnetic coupling in dinuclear
copper(II) compounds with internuclear separation in excess of 12 Å. The magnetic
exchange via bridging ligands with extensive �-delocalization was better than with
saturated carbons. To study the magnetic exchange via �-delocalized ligands, synthesis,
structure, and magnetic studies of homo- and hetero-bimetallic (3d) complexes of 2,
5-bis(4-carboxyphenylamino)-3,6-dichloro-1,4-benzoquinone are undertaken. In this
article studies on bimetallic complexes of 2,5-bis(4-carboxyphenylamino)-3,6-dichloro-1,
4-benzoquinone are reported.

2. Experimental materials

2.1. Physical measurements and materials

4-Aminobenzoic acid (Aldrich, USA), p-chloranil (2,3,5,6-tetrachloro-1,4-benzoqui-
none; Himedia, India), hydrated metal chlorides MnCl2 � 4H2O (Merck, India),
CoCl2 � 6H2O (BDH, India), NiCl2 � 6H2O (s.d. fine chem., India), and CuCl2 � 2H2O
(Merck, India) were used as obtained. Elemental analyses were performed on a CE-440
Exeter Analytical CHN analyzer. Infrared (IR) spectra were recorded on a Varian 300
FT-IR Excalibur spectrophotometer from 4000 to 400 cm�1 (KBr) and from 400 to
100 cm�1 (Nujol film). 1H and 13C NMR spectra in DMSO-d6 were obtained on a
JEOL FT NMR AL 300MHz spectrometer using tetramethylsilane (TMS) as the
internal standard. FAB-mass spectra (FAB-MS) were recorded on a Jeol SX 102/Da-
600 mass spectrometer/data system using Argon/Xenon (6 kv, 10mA as the FAB gas).
Solid state UV-Vis spectra were obtained on a UV-1700 Pharma spec. Shimadzu UV
spectrophotometer in Nujol mulls. X-ray diffraction (XRD) pattern was obtained on an
ID 3000 Rich Scifert X-Ray diffraction system using Cu-K� (�¼ 1.540598 Å) radiation.
Thermogravimetric analysis (TGA) thermograms were recorded on Diamond TG/DTA
Perkin Elmer equipment. Variable temperature DC magnetic susceptibilities of
polycrystalline samples were measured on a Quantum Design, MPMS-XL magnetom-
eter in a field of 1T from 2 to 300K. The data were corrected for experimentally
determined contribution of the sample holder. Magnetization versus field measurement
was performed with a PPMS-14T (Quantum Design, USA) magnetometer. Corrections
for the diamagnetic response of the compounds due to closed atomic shells as estimated
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D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

33
 1

3 
O

ct
ob

er
 2

01
3 



from Pascal’s constants [48] were applied. The program JulX [49] was used for
simulation and analysis of magnetic susceptibility data. JulX calculates magnetic
properties by using the spin Hamiltonian H¼�2JSiSj (where i and j make reference to
the different paramagnetic centers) to describe the interactions between the two
paramagnetic centers present in bimetallic complexes.

2.2. Synthesis of the complexes

2.2.1. Synthesis of 2,5-bis(4-carboxyphenylamino)-3,6-dichloro-1,4-benzoquinone (LH2).

In a suspension of p-chloranil (0.246 g, 1mmol) in ethanol (10mL), 4-aminobenzoic
acid (0.274 g, 2mmol) was added. The resulting mixture was stirred for 8 h at room
temperature. A dark brown precipitate was obtained which was filtered and washed
with acetone (4–5 times) to remove any trace of the unreacted reagent. The vacuum-
dried compound (brown, 68% based on p-chloranil, decomposing at �286�C) was
further characterized. The calculated values of vibration frequencies are within the
brackets. Anal. Calcd for C20H12N2O6Cl2 (%): C, 53.71; H, 2.70; N, 6.26. Found (%):
C, 53.75; H, 2.62; N, 6.20. 1H NMR (DMSO, TMS) �H (ppm): 12.792 (s, 2H, acidic),
9.774 (s, 2H, NH), 7.891–7.873 (d, 4H, ArH), 7.207–7.187 (d, 4H, ArH ). 13C NMR, �C
(ppm): 174.465 (s, 2 C, C¼O quinonic), 166.924 (s, 2C, C¼O acidic), 142.356–142.100
(d, 4C, C–N), 129.276, 126.103, 123.012, 122.081 (aromatic), 108.870 (s, 2C, C–Cl).
FAB-MS (m/z): 447 (Mþ). UV-Vis (nujol; �max, cm

�1): 25,706, 29,850, 34,013, and
42,553. FT-IR (cm�1): �(N–H) 3447 s [3473], �(C–H) 3261w [3212], �(C¼Oquinone)
1665m [1700], �(C–C) 1589 s [1607], �(N–H)þ �(C¼Cquinonic) 1496 s [1489], �(C–N)
1419w [1383], �quinoneþ �(C–N) 1292 s [1289], �(C–C)þ �(C–N) 1251w [1249],
�(C–H)þ �(O–H) 1174 s [1184], �ringþ �(C–O) 1113 s [1101], � 1011w [1018], �(C–Cl)
896w [901], !(C–H) 859w [850], �þ �ring 759w [754], � 701w [705], !(N–H) 609w [609],
!(O–H) 496w [488].

2.2.2. Synthesis of Mn2
IIL2(H2O)4 (1). LH2 (0.894 g, 2mmol) was dissolved in water

(15mL) by adding KOH (0.224 g, 4mmol, 3mL) solution. To the resulting dark brown
solution an aqueous solution of hydrated Mn(II) chloride (0.395 g, 2mmol) was added
dropwise. A microcrystalline precipitate started to appear after a few minutes. The
complex thus obtained was filtered off, washed repeatedly with water and water/ethanol
(1 : 1, v/v) mixture, and then dried under reduced pressure (brown, 53% based on
ligand, decomposes at �293�C). Anal. Calcd for Mn2C40H28N4O16Cl4 (%): C, 44.80; H,
2.63; N, 5.22. Found (%): C, 44.88; H, 2.56; N, 5.15. FT-IR (cm�1): �(N–H)þ �(O–Hw)
3397m, �(C–H) 3232w, �(C¼Oquinone) 1655m, �as(CO

�
2 ) 1572 s, �s(CO

�
2 ) 1482m,

�(C–N) 1401w, �quinoneþ �(C–N) 1298w, �(C–H)þ �(O–H) 1187w, �ringþ �(C–O)
1106w, � 1016m, �(C–Cl)þ �(H2O) 894m, �þ �(Mn–OH) 706w, �(H2O) 557m,
�(Mn–OH) 456w, �(Mn–O) 325w, 145w �(C–Cl)þ �(Mn–OH).

The Ni2
II (2) and Cu2

II (3) analogs were prepared by using similar procedure.

2.2.3. Ni2
IIL2(H2O)4 (2) (black, 50% based on ligand, decomposes at �300�C). Anal.

Calcd for Ni2C40H28N4O16Cl4 (%): C, 44.49; H, 2.61; N, 5.21. Found (%): C, 44.56; H,
2.66; N, 5.15. FAB-MS (m/z): 1078 (Mþ). UV-Vis (nujol; �max, cm

�1): 10,256, 14,285,
25,725, 29,775, 34,150, and 42,550. FT-IR (cm�1): �(N–H)þ �(O–Hw) 3373m, �(C–H)

Bimetallic assemblies 1413
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3219w, �(C¼Oquinone) 1662m, �as(CO
�
2 ) 1582 s, �s(CO

�
2 ) 1482m, �(C–N) 1395m,

�quinoneþ �(C–N) 1292m, �(C–H)þ �(O–H) 1170w, �ringþ �(C–O) 1104w, � 1016w,
�(C–Cl)þ �(H2O) 894m, � 697w, �(Ni–OH)þ �(H2O) 556w, �(Ni–OH) 355w, �(Ni–O)
290w, �(C–Cl)þ �(Ni–OH) 153w.

2.2.4. Cu2
IIL2(H2O)4 (3) (black, 58% based on ligand, decomposes at �295�C). Anal.

Calcd for Cu2C40H28N4O16Cl4 (%): C, 44.09; H, 2.59; N, 5.14. Found (%): C, 44.17; H,
2.67; N, 5.06. UV-Vis (nujol; �max, cm

�1): 15,455, 25,715, 29,870, 34,000, and 42,546.
FT-IR (cm�1): �(N–H) þ �(O–H) 3451m, �(C–H) 3257w, �(C¼Oquinone) 1666m,
�as(CO

�
2 ) 1595 s, �s(CO

�
2 ) 1482 s, �(C–N) 1401w, �quinoneþ �(C–N) 1285 s,

�(C–H)þ �(O–H) 1169w, �ringþ �(C–O) 1105w, � 1012w, �(C–Cl)þ �(H2O) 899w,
� 713w, �(Cu–O)þ �(H2O) 526w, �(Cu–O) 385w, �(C–Cl)þ �(Cu–OH) 158w.

2.2.5. Synthesis of CuIICoIIL2(H2O)4 (4). An aqueous solution (3mL) containing
hydrated Cu(II) chloride (0.170 g, 1mmol) and hydrated Co(II) chloride (0.237 g,
1mmol) was added dropwise to ligand solution prepared as above. A microcrystalline
precipitate started to appear after a few minutes. The complex thus precipitated was
filtered off, washed repeatedly with water and water/ethanol (1 : 1, v/v), and then dried
under reduced pressure (black, 72% based on ligand, decomposing at �285�C). Anal.
Calcd for CuCoC40H28N4O16Cl4 (%): C, 44.28; H, 2.60; N, 5.16. Found (%): C, 44.35;
H, 2.69; N, 5.12. FAB-MS (m/z): 1085 (Mþ). UV-Vis (nujol; �max, cm

�1): 9852, 18,315,
25,735, 29,859, 34,106, and 42,525. FT-IR (cm�1): �(N–H)þ �(O–Hw) 3377m, �(C–H)
3258w, �(C¼Oquinone) 1665m, �as(CO

�
2 ) 1593 s, �s(CO

�
2 ) 1485 s, �(C–N) 1372m,

�quinoneþ �(C–N) 1284w, �(C–H)þ �(O–H) 1168w, �ringþ �(C–O) 1104w, � 1013w,
�(C–Cl)þ �(H2O) 899m, �ringþ �(Cu–OH) 713w, �(Co–O)þ �(H2O) 548w,
�(Cu–OH)þ�(Co–OH) 489w, �(Cu–OH) 385w, �(Co–OH) 326w, �(C–Cl)þ
�(Co–OH) 150w.

The CuIINiII (5) analog was prepared following the above procedure.

2.2.6. CuIINiIIL2(H2O)4 (5) (black, 58% based on ligand, decomposes at �305�C). Anal.
Calcd for CuNiC40H28N4O16Cl4 (%): C, 44.29; H, 2.60; N, 5.19. Found (%): C, 44.37;
H, 2.68; N, 5.14. UV-Vis (nujol; �max, cm

�1): 10,504, 14,245, 25,775, 29,790, 34,006, and
42,678. FT-IR (cm�1): �(N–H)þ �(O–Hw) 3399m, �(C–H) 3257w, �(C¼Oquinone)
1660 s, �as(CO

�
2 ) 1594 s, �s(CO

�
2 ) 1493m, �(C–N) 1378m, �quinoneþ �(C–N) 1284m,

�(C–H)þ �(O–H) 1168m, �ringþ �(C–O) 1103w, � 1013w, �(C–Cl)þ �(H2O) 900w,
�ringþ �(Cu–OH) 713w, �(Ni–OH)þ �(H2O) 534w, �(Cu–OH) 486w, �(Cu–OH) 398w,
�(Ni–OH) 359w, �(Ni–O) 289w, �(C–Cl)þ �(Cu–OH) 153w.

2.3. Computational details

The optimized geometry of 2,5-bis(4-carboxyphenylamino)-3,6-dichloro-1,4-benzoqui-
none was obtained by RHF/6-31þG*, B3LYP/6-31þG*, and B3LYP/6-311þþG**
methods [50]. Calculations of structural parameters, atomic charges, and vibrational
frequencies (with intensity) of the ligand were carried out by Gaussian 03 [51]. The
calculated values of vibrational frequencies vary by 4.5% from the experimental values,

1414 K.R. Ranjan et al.
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with the expected range of agreement for B3LYP density functional theory [52]. The
experimentally observed vibrational frequencies are assigned with the help of G view.

3. Results and discussion

The compound 2,5-bis(4-carboxyphenylamino)-3,6-dichloro-1,4-benzoquinone (LH2;
figure 1) and its homo- and hetero-bimetallic complexes (1–5) have been prepared;
elemental data confirm the formation of the compounds. The complexes are insoluble
in common organic solvents such as chloroform, carbon tetrachloride, methanol,
ethanol, and DMF, but are slightly soluble in DMSO and hot water.

3.1. IR spectral studies

Absorption bands of the ligand are assigned with the help of vibrational output of
Gaussian (Supplementary material, table S1). Bands at 4000–2600 cm�1 comprise
stretching frequencies due to –OH, –NH, and C–H groups. Bands at 1665, 1589, 1496,
1292, and 896 cm�1 are attributed to �(C¼Oquinone), �(C–C), �(N–H)þ �(C¼Cquinonic),
�quinoneþ �(C–N), and �(C–Cl), respectively. The carboxylate may be bonded to a metal
unidentate, chelating, and bridging bidentate [53]. The magnitude of difference (D�)
between the �as(CO

�
2 ) and �s(CO

�
2 ) in spectra of 1–5 is used for distinction among the

three modes of bonding. The value of D�(CO�2 ) lying in the range 90–113 suggests
bidentate chelating bonding of the carboxylate ion [53]. Far IR spectra of the metal
complexes exhibit major bands at 390, 360, and 150, which are assigned to �(M–O),
�(M–OHw), and �(C–Cl)þ �(M–OHw), respectively.

Figure 1. Optimized molecular structure of LH2 (numbering is not as per IUPAC nomenclature).

Bimetallic assemblies 1415
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3.2. Mass spectral (FAB-MS) studies

FAB-MS (Supplementary material, figure S1) of the ligand, 2 and 4 exhibit molecular
ion peaks at m/z 447, 1078, and 1085, respectively. Chlorine has two isotopes: 35Cl
(75.8%) : 37Cl (24.2%) (3 : 1); the peak in the spectrum of ligand at m/z 447 corresponds
to the molecular weight of ligand based on 35Cl. The peak at m/z 451 corresponds to the
isotopic peak for 37Cl [54]. The intensity of the peaks at m/z 447 and 451 is almost in the
ratio of 3 : 1. Molecular ion peaks in the spectra of the metal complexes correspond to
molecular weights of the complexes based on the atomic weights of 58Ni (2), 63Cu, and
59Co (4) isotopes; among several molecular weights based on the isotope distribution of
the metal [55]. Molecular ion peaks of complexes have been used to confirm the
proposed formula. There are many peaks between m/z 1078 and 1082 because of
various combinations of Cl and Ni isotopes. The spectrum also showed isotope cluster
peaks at m/z 1006 and 1008, at 562 and 564, at 504 and 506, corresponding to the
molecular weights of the complex cations [Ni2L2]

þ (loss of four coordinated water
molecules), [Ni2L]

þ, and [NiL]þ, respectively. In the spectrum of CuCo complex the
isotopic patterns are clearly observed: 1085 ([M]þ, 63Cu); 1087 ([Mþ 2]þ, 65Cu). The
fragments of the ligand and complexes produced are given in Supplementary material,
table S2.

3.3. NMR spectral studies

1H and 13C NMR signals of the ligand are assigned with the help of Mulliken charge on
a particular atom. 1H NMR spectra (Supplementary material, figure S2a) display peaks
at 12.79, 9.77, 7.89, 7.87, 7.21, and 7.19, which are attributed to the pairs (H26,H40);
(H11,H12); (H22,H36); (H21,H35); (H17,H33); and (H19,H31), respectively. The 13C NMR
spectrum (Supplementary material, figure S2b) displays peaks at 174, 167, 142, 142,
129, 126, 123, 122, and 109, which are assigned to the pairs (C2,C5); (C23,C37); (C13,C27);
(C3,C6); (C20,C34); (C16,C18,C30,C32); (C14,C28); (C15,C29); and (C1,C4), respectively.

3.4. UV-Vis spectral studies

Absorption bands at 25,125, 26,315, 29,673, 34,723, and 41,667 cm�1 observed in the
spectrum of p-chloranil are assigned to n–�* and �–�* transitions. These transitions are
observed at 25,706, 29,850, 34,013, and 42,553 cm�1 in the spectrum of 2,5-bis(4-
carboxyphenylamino)-3,6-dichloro-1,4-benzoquinone. Two new bands at 10,256 and
14,285 cm�1 in the spectrum of the Ni2 complex, attributed to 3A2g(F)!

3T2g(F) and
3A2g(F)!

3T1g(F) transitions, respectively, show octahedral NiII. One absorption at
15,455 cm�1 in the spectrum of Cu2 complex is assigned to 2Eg!

2T2g(D) transition for
octahedral CuII. The spectrum of CuCo complex exhibits bands at 9852 and
18,315 cm�1, assigned to 4T1g(F)!

4T2g(F) and
4T1g(F)!

4T1g(P) transitions of CoII,
respectively, and a band at 14,430 cm�1 is attributed to 2Eg!

2T2g(D) of CuII. In the
spectrum of CuNi complex two bands appear at 10,504 and 14,245 cm�1, the first one is
assigned to 3A2g(F)!

3T2g(F) transition of NiII and another one is assigned to
2Eg!

2T2g(D) transition of CuII. These spectral features are characteristic of an
octahedral coordination around the metal ions.

1416 K.R. Ranjan et al.
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3.5. Thermal analysis

TGA of Mn2, Cu2, and CuNi were carried out by heating at 10�Cmin�1 the samples in
oxygen from 25�C to 800�C to study their robustness and decomposition pathways. The
thermograms show weight loss mainly in two steps. Compound Mn2 (figure 2a)
undergoes weight loss of � 12.62% at 129�C due to ejection of four waters and two CO2

molecules (Calcd �14.92%). Further decomposition continues to 435�C, and the
residue of 17.81% at 800�C corresponds to MnO (Calcd �13.23%). A loss of �16.31%
occurs for the Cu2 compound from 50�C to 273�C (figure 2b), corresponding to loss of
four waters and two CO2 molecules (Calcd �14.69%). On further heating, weight loss
occurs from 273�C to 447�C due to combustion of the organic components. The residue
�18.0% at 800�C corresponds to the formation of CuO (Calcd �14.6%). For the CuNi
compound (figure 2c) the weight loss (�20.36%) occurs at 211�C, which corresponds to
loss of four water molecules and three CO2 molecules (Calcd �18.81%). Further
heating causes decrease in weight of �14.10% in the temperature range 211–327�C due
to the escape of one CO2 and two Cl2 molecules (Calcd �17.13%). The decomposition
of the residue starts at 327�C showing loss of �44.37% between 327�C and 426�C,
followed by a further loss of �7.51% up to 800�C. The residue (�13.65%) corresponds
to the formation of CuOþNiO (�14.21%, Calcd).

3.6. Powder XRD studies

Powder XRD diffractograms of the ligand and the Ni2 complex are shown in
Supplementary material figures S3a and S3b, respectively. The observed diffraction
data such as d-values, relative intensities, and 2� are given in Supplementary material
tables S3a, S3b, and S3c. Ito’s method [56] of indexing of the pattern indicated triclinic
primitive lattice structure for the ligand and for the Ni2 and CuCo complexes, with the
cell parameters for LH2: a¼ 13.6124� 0.0311 Å, b¼ 10.6883� 0.0115 Å, c¼ 11.6057�
0.0163 Å, �¼ 83.87� 0.09�, 	¼ 88.99� 0.12� and 
¼ 86.06� 0.11�; for Ni2:
a¼ 12.8634� 0.0212 Å, b¼ 10.3538� 0.0132 Å, c¼ 8.8936� 0.0126 Å, �¼ 73.23�
0.12�, 	¼ 89.06� 0.17�, and 
¼ 86.07� 0.13�; for CuCo: a¼ 12.7017� 0.1431 Å,
b¼ 10.4013� 0.0929 Å, c¼ 8.7491� 0.0616 Å, �¼ 73.65� 0.47�, 	¼ 90.72� 0.41�, and

 ¼ 86.68� 0.71�. Both Ni2 and CuCo complexes have almost similar lattice parameters.
Using these unit cell parameters, calculated diffraction data and indices of LH2 and of
both the complexes are included in Supplementary material tables S3a, S3b, and S3c.
Because of the presence of carboxy groups at both ends of ligand, the ligand and
complexes have 1-D structure along the c-axis but in the ligand it is due to the hydrogen
bonding (Supplementary material, figure S3c) and in the metal complexes it is due to
coordination between the metal and the ligand. The stronger metal bonding in the
complexes results in contraction of the unit cell along the c-axis compared to the ligand.
Thus, the ligand and the complexes are isomorphic and 1-D along the c-axis.

3.7. Direct current magnetic susceptibility and magnetization studies

Complex 1. Solid-state variable temperature magnetic susceptibility measurements were
carried out on microcrystalline samples from 2 to 300K. The temperature variation of
�MT is shown in figure 3. The value of �MT at 300K is 7.51 cm3mol� 1K (7.75 mB) per
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Figure 2. TGA thermograms of (a) Compound Mn2, (b) Compound Cu2, and (c) Compound CuNi.
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two MnII ions, much lower than the spin-only value 8.85 cm3mol� 1K (8.41 mB)
expected for two uncoupled MnII ions (S¼ 5/2, g¼ 2). This suggests antiferromagnetic
interactions between the metal ions at room temperature. The �MT decreases slowly on
lowering the temperature to 70K giving a value 6.04 cm3mol�1K (6.95 mB), followed by
a rapid decrease attaining value 1.18 cm3mol�1K (3.07 mB) at 2K. The �MT at 2K is
close to the value for S¼ 1 (2.83 mB); such magnetic behavior is typical for
antiferromagnetic coupling between MnII ions in the chain. The magnetic susceptibility
of the polycrystalline sample obeys the Curie–Weiss law [�¼C/(T� �)] between 12 and
300K. The best linear fit of ��1M versus T (Supplementary material, figure S4a) data with
the Curie–Weiss law gives the Curie constant C¼ 8.03 cm3Kmol�1. The Curie constant
C is used to calculate �eff [�eff¼ (8C)1/2] [57]. The resulting �eff (from C)¼ 8.01�B is
very close to the experimental value of 7.75�B, and is in accord with a high spin (S¼ 5/2)
MnII. To investigate the magnitude of the magnetic interaction between MnII and MnII

ions, a satisfactory fit of the data was obtained with J12¼�1.44 cm
�1, gMn¼ 1.994,

TIP¼ 7� 10�6 cm3mol�1 [58], �¼�0.41K, and PI¼ 0.80%. The plot of M/N	 versus
H (figure 4) at 5K indicates that the magnetization at 14T achieves only 6.06N	
instead of 9.97N	, expected for two MnII (S¼ 5, geff¼ 1.994) ions. The field
dependence of the magnetization (M) at 5.0K exhibits a continuous increase with the
magnetic field and neither saturation nor hysteresis loop is observed. Most likely, the
lack of saturation of the magnetization at this temperature is due to the magnetic field
overcoming weak intrachain antiferromagnetic interactions.

The magnetic susceptibility results for polycrystalline 2, 3, 4, and 5 obey the Curie–
Weiss law from 16 to 300, 13 to 300, 36 to 300, and 70 to 300K, respectively. The best
fit values of the Curie (C) constants are 2.15, 1.21, 2.98, and 2.32 cm3Kmol�1,
respectively. The �eff values calculated from C are 4.15, 3.11, 4.88, and 4.31�B,
respectively, in good agreement with the experimental values of 4.09, 2.97, 4.65, and
4.07�B, respectively. The plots of ��1M versus T are shown in Supplementary material,
figure S4.

Figure 3. �MT vs. T plot for 1 at 1T: circle (experimental) and red line (calculated) with the parameters
reported in the text.
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Complex 2. At room temperature, �MT (figure 5) has a value of 2.09 cm3mol�1K
(4.09 mB), slightly higher than the spin-only value of 1.99 cm3mol�1K (3.99 mB) expected
for two uncoupled octahedral NiII ions (S¼ 1, g¼ 2), which may be attributed to the
spin-orbital coupling of the NiII ion. With a decrease in temperature, �MT decreases
gradually, reaching a minimum of 0.50 cm3mol�1K (2.01 mB) [meff¼ 2.828(�corrM T )1/2

(B.M.)] at 2K, indicating antiferromagnetic coupling between the NiII ions. To
investigate the magnitude of the magnetic interaction between NiII and NiII ions, a fit of
the data was made using a model for a chain of NiII. A satisfactory fit was obtained
with J12¼�1.01 cm

�1, gNi¼ 2.016, TIP¼ 5� 10�6 cm3mol�1 [59], �¼�0.16K, and
PI¼ 0.46%, showing antiferromagnetic behavior of the system. The magnetic suscep-
tibility, �M (Supplementary material, figure S5), shows a steady increase upon cooling,

Figure 5. �MT vs. T plot for 2 at 1T: circle (experimental) and red line (calculated) with the parameters
reported in the text.
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Figure 4. Magnetization vs. field (Oe) measurements for 1 (at 5K).
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which may be associated with magnetic ground state, low-lying magnetic excited states,
or paramagnetic impurities.

Complex 3. The complex has �MT of 1.11 cm3mol�1K (2.97 mB) at room temperature
(figure 6). On decreasing the temperature from 300 to 2K, a steady decrease is observed

in the value of �MT, which suggests intrachain antiferromagnetic interaction. The value

of �MT at 2K is 0.19 cm3mol�1K (1.22 mB), which is a signature of antiferromagnetic
coupling between the CuII ions. A satisfactory fit was obtained with J12¼�1.76 cm

�1,

gCu¼ 2.156, TIP¼ 5� 10�6 cm3mol�1[60], �¼�0.35K, and PI¼ 0.43%. The magne-
tization versusmagnetic field isotherm at 3K (figure 7) shows a monotonic increase that

recalls a Brillouin-like function characteristic of the paramagnetic state.

Figure 6. �MT vs. T plot for 3 at 1T: circle (experimental) and red line (calculated) with the parameters
reported in the text.
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Figure 7. Magnetization vs. field (Oe) measurements for 3 (at 3K).
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Saturation of the magnetization is not reached even at 10T and a maximum value of

0.57N	 is obtained at 3K. Assuming that the total magnetization comes from the

contribution of two CuII (S¼ 1, geff¼ 2.156), saturation magnetization should attain a
value of 2.15N	. The lack of saturation magnetization suggests antiferromagnetic

coupling. The intrachain antiferromagnetic coupling between the spins on two metal
ions occurs via the highly conjugated bridging ligand.

Complex 4. The �MT value (2.71 cm3mol�1K, 4.65 mB) at 300K for the CuII–CoII

complex (figure 8) is higher than the expected value of 2.25 cm3mol�1K (4.24 mB) for
non-interacting ions (SCu¼½, SCo¼ 3/2; gCu¼ gCo¼ 2). This is attributed to
unquenched orbital contributions (typical of the 4T1g ground state of octahedral CoII

complexes [61] and CuII ion). The �MT decreases on lowering the temperature to 2K,
characteristic of antiferromagnetic coupling between metal ions. A satisfactory fit is

obtained with J12¼�3.01 cm
�1, gCo¼ 2.287, gCu¼ 1.961, TIP¼ 10� 10�6cm3mol�1

[62], �¼�0.85K, and PI¼ 0.71%.

Complex 5. The �MT (figure 9) value at 300K is 2.07 cm3mol�1K (4.07 mB), higher than
the expected value of 1.37 cm3mol�1K (3.32 mB) for the magnetically non-coupled CuII–

NiII ions (SCu¼½, SNi¼ 1; gCu¼ gNi¼ 2). This is due to the significant orbital
contributions from octahedrally coordinated NiII and CuII. A monotonic decrease in

�MT from 300 to 2K attaining 0.37 cm3mol�1K (1.7244 mB) at 2K is observed.
A satisfactory fit was obtained with J12¼�1.96 cm

�1, gCu¼ 1.927, gNi¼ 2.041,

TIP¼ 6� 10�6cm3mol�1, �¼�0.62K and PI¼ 0.96%. The decrease in �MT and
negative � are indicative of antiferromagnetic interaction. The lack of saturation in the

magnetization versus magnetic field isotherm at 3K is direct evidence of antiferromag-
netic coupling. The saturation of the magnetization is not reached even at 10T

(Supplementary material, figure S6). A maximum value of 1.34N	 is obtained at 3K,
which is almost half of the value (3.00N	) expected for CuII (S¼½, geff¼ 1.927) andNiII

(S¼ 1, geff¼ 2.041).

Figure 8. �MT vs. T plot for 4 at 1T: circle (experimental) and red line (calculated) with the parameters
reported in the text.
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4. Conclusion

Some new homo- and hetero-bimetallic molecular assemblies, MIIM0IIL2(H2O)4 (where
MII, M0II¼Mn, Ni, Cu, and MII

¼Cu and M0II¼Co, Ni) have been prepared and
characterized. The 2,5-bis(4-carboxyphenylamino)-3,6-dichloro-1,4-benzoquinone
bridges two metal ions in uninegative bidentate chelating fashion. Octahedral
coordination around the 3d-metal ions is inferred from electronic spectra. The triclinic
primitive unit lattice for the ligand as well as for the metal complexes has been deduced
from powder XRD. All the coordination polymers display a 1-D chain with triclinic
primitive crystal lattice. In the complexes, although the two metal centers are separated
by the large ligand, an antiferromagnetic interaction (J¼�1.01 to �3.01 cm�1) has
been observed, due to the major role of the highly conjugated �-delocalized ligand in
propagating the magnetic coupling. This is commensurate with the magnetic interaction
(J¼�3.2 cm�1) reported by Hendrickson et al. [47] for [Cu2(trenz)2(BZD)](NO3)4,
where the two metal centers are separated by more than 12 Å. The stronger
antiferromagnetic coupling (J¼�12.65 cm�1) in [Ni2(2,2-bipy)2(pdc)(N3)(H2O)2] �
2H2O reported by Xie et al. [63] is due to small Ni–Ni separation (4.472 Å). Based
on the above studies structure deduced for the metal complex is shown in figure 10.

Figure 9. �MT vs. T plot for 5 at 1T: circle (experimental) and red line (calculated) with the parameters
reported in the text.

Figure 10. Schematic representation of MIIM0IIL2(H2O)4 [M
II, M0II¼Mn (1), Ni (2), Cu (3) and MII

¼Cu,
M0II¼Co (4), Ni (5)].
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