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The heterobimetallic complexes [MMoO2(L)(H2O)2] (where M = Zn2+ (1), Cu2+ (2), and Co2+ 
(4)) and [{MMoO3(H2L)(H2O)2}2] (where M = Ni2+ (3) and Mn2+ (5)) are synthesized from 
bis(2-hydroxy-1-naphthaldehyde)malonoyldihydrazone (H4L) using the monometallic precur-
sor complex [MoO2(H2L)] �H2O in ethanol. The composition of the complexes is established 
based on the data obtained from the elemental analysis and molecular weight determinations. 
The structure of the complexes is discussed in the light of data obtained from molar conduc-
tance, magnetic moment, electronic, EPR and IR spectroscopic studies.  
 
K e y w o r d s: bis(2-hydroxy-1-naphthaldehyde)malonoyldihydrazone, heterobimetallic, dioxo-
molybdenum, dioxouranium, magnetic moment, spectroscopic studies. 

INTRODUCTION 

Molybdenum occurs in nature in combination with copper in the unique heterobimetallic enzyme 
carbon monoxide dehydrogenase [ 1 ]. This enzyme catalyzes the oxidation of CO to CO2, thereby 
providing both carbon source and energy to the organism for growth and maintaining a sub-toxic level 
of CO in the atmosphere. The molybdenum ion shows an antagonistic function with regard to copper 
in humans and animals [ 2 ]. Molybdenum-copper complexes or tungsten-copper complexes combi-
ning polyfunctional ligands constitute an interesting system for research due to their diverse structural 
chemistry and relevance to biological systems [ 3 ]. Molybdenum is present in the heterobimetallic 
enzyme nitrogenase along with iron which is present in free living and symbiotic microorganisms ca-
talyses the reduction of atmospheric dinitrogen to ammonia [ 4 ]. The chemistry of molybdenum at-
tracts attention not only in view of its role in the biosphere as an essential element, but also due to im-
portance in catalysis [ 6—8 ]. In catalysis, a heterobimetallic complex containing an electron deficient 
metal atom and an electron rich metal atom presents the possibility of Lewis acid activation of a sub-
strate molecule bound to the electron rich metal centre due to the electronic interaction between metals 
and cooperative activation of the substrate [ 9, 10 ]. These complexes might be helpful in investigating 
the mutual influence of the two metal centres on the electronic, magnetic, and redox properties of such 
systems [ 11, 12 ]. A cobalt or nickel promoted molybdenum catalyst is important in industrial cataly-
sis, particularly in the hydrosulfurization process [ 13, 14 ] whereby organosulfur compounds in petro-
leum feed stocks are heterogeneously desulfurized with dihydrogen.  

The dihydrazone ligand is a multifunctional ligand with as many as eight bonding sites, naph-
tholic —OH, azomethine, secondary —NH, and carbonyl oxygen in duplicate in its molecular skeleton 
capable of giving rise to mononuclear and polynuclear homo- and heterometal complexes [ 15, 16 ].  
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Fig. 1. Structure of bis(2-hydroxy-1-naphthaldehyde)malonoyldihydra- 
                                            zone (H4L) ligands 

 
A survey of the literature reveals that although works on metal 
complexes of monohydrazide based ligands and their Schiff bases 
have been carried out in some details [ 17—19 ], but those on 
metal complexes of dihydrazones containing active methylene 
functions are quite meagre. It further reveals that the work on he-

terobimetallic complexes of such dihydrazones is virtually absent. In view of the above importance of 
the heterobimetallic complexes of molybdenum and the virtual absence of work on heterometallic 
complexes of dihydrazones, the present paper aims to describe the synthesis of some heterobimetallic 
complexes of molybdenum in its 6+ oxidation state, derived from the polyfunctional dihydrazone 
(H4L) ligand (Fig. 1). Accordingly, the paper describes the synthesis of heterobimetallic complexes of 
molybdenum and some first row transition metal ions derived from the title ligand. The complexes 
were mainly characterized based on the elemental analyses and molecular weight determinations. The 
structure of the complexes has been discussed in the light of molar conductivity, 1H NMR, IR spectra, 
magnetic moment, EPR, and electronic spectral data. 

EXPERIMENTAL 

Ammonium molybdate (NH4)6Mo6O24 �4H2O, metal acetates, ethyl malonate, hydrazine hydrate, 
2-hydroxy-1-naphthaldehyde, acetylacetone were of Aldrich or equivalent grade. Malonoyldihydra-
zine (MDH), H4L ligand, and MoO2(acac) were prepared by the literature methods [ 15, 20 ]. The 
monometallic dioxomolybdenum complex [MoO2(H2L)] �H2O was prepared by the reaction of molyb-
denyl acetylacetone with the H4L ligand in the 1:1 molar ratio in ethanol [ 15 ]. The determination of 
molybdenum and other transition metal ions was performed following the standard literature proce-
dures [ 21 ]. The magnetic susceptibility measurements were carried out on a Model 155 BAR vibra-
ting sample magnetometer fitted with a Walker Scientific L75BAL magnet. The molar conductance of 
the complexes was measured on a Direct Reading Conductivity meter-303 with a dip type conductivity 
cell at room temperature in DMSO (10�3 M). Molecular weights were determined in a DMSO solution 
by the freezing point depression method. Infrared spectra were recorded on a Paragon 500-model in-
frared spectrophotometer in the range 4000—350 cm–1 in KBr discs. 1H NMR spectra of dihydrazone 
and metal complexes were recorded on an EM-390, 90 MHz spectrophotometer in DMSO-d6. The 
electronic spectra of the complexes were recorded on a Milton Roy Spectronic-21 spectrometer. The 
EPR spectra of the complexes were recorded at an X-band frequency on a Varian E-112 E X1Q-band 
spectrometer using DPPH (g = 2.0036) as an internal field marker. 

Preparation of the complexes [MMoO2(L)(H2O)2] (where M = Zn2+ (1), Cu2+ (2), Co2+ (4)) 
and [{MMoO3(H2L)(H2O)2}2] (where M = Ni2+ (3), Mn2+ (5)). In order to prepare the 
[ZnMoO2(L)(H2O)2] complex (1), the [MoO2(H2L)] �H2O complex (0.584 g, 1.0 mmol) was taken in 
ethanol (50 ml) and stirred gently over a period of 10—15 min to make the suspension homogeneous. 
This was added to a solution of Cu(OAc)2 �2H2O (1.20 mmol) in ethanol (50 ml), maintaining the mo-
lar ratio at 1:1.2. The reaction mixture was further stirred for about 30 min, and refluxed for 3 h, which 
produced a yellow precipitate. The precipitate was filtered, washed with ethanol, ether and dried under 
vacuo over anhydrous CaCl2. Yield: 0.59 g (60 %). 

Complexes (2) to (5) were also prepared by adopting the procedure given above and using the re-
spective metal acetates (M = Cu(II), Ni(II), Co(II), Mn(II)) instead of copper (II) acetate. Yield: (60—
65) %. 

RESULTS AND DISCUSSION 

The heterobimetallic complexes of MoO2(VI) were synthesized by adopting the strategies develo-
ped by Lintvedt et al. [ 22 ] and Davies et al. [ 23 ]. The monometallic dioxomolybdenum (VI) com-
plex [MoO2(H2L)] �H2O was allowed to react with Zn(OAc)2 �2H2O or other metal acetates (M = 
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T a b l e  1  

Complex, color, analytical, molar conductance, magnetic moment and electronic spectral data for  
heterobimetallic dioxomolybdenum(VI) complexes 

Elemental analyses: Found (calcd.), % 
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 H4L — — — — 68.45 
(68.18)

4.62 
(4.55)

13.00 
(12.73)

— — 320 (9500), 
390 (15700),
340 (11225)

1 [ZnMoO2(L)(H2O)2] 
(Yellow) 

 
65 

750�35 
(665.38) 

14.03 
(14.43)

9.43 
(9.83)

40.60 
(40.09)

2.98 
(3.01)

8.11 
(8.42)

7.0 — 400 (12980),
430 (9890), 
475 (5760) 

2 [CuMoO2(L)(H2O)2] 
(Brown) 

 
64 

770�40 
(663.55) 

15.02 
(14.47)

9.15 
(9.58)

45.91 
(45.21)

2.95 
(3.01)

8.82 
(8.44)

5.3 2.05 335 (9870), 
420 (12750),
740 (210), 
830 (250) 

3 [NiMoO3(H2L)(H2O)2]2 
(Greenish-yellow) 

 
62 

1520�60 
(1353.38) 

13.75 
(14.19)

8.25 
(8.68)

45.10 
(44.33)

3.19 
(3.25)

8.05 
(8.28)

3.8 2.94 405 (12570),
620 (45), 
960 (37) 

4 [CoMoO2(L)(H2O)2] 
(Yellow) 

 
63 

750�40 
(658.93) 

14.11 
(14.57)

8.79 
(8.94)

46.13 
(45.53)

3.09 
(3.04)

8.35 
(8.50)

2.5 4.53 400 (10580),
460 (5760), 
530 (810), 
630 (630), 
640 (545) 

5 [MnMoO3(H2L)(H2O)2]2

(Orangish-yellow) 
60 
 

1550�70 
(1345.88) 

13.97 
(14.27)

8.55 
(8.17)

45.20 
(49.08)

3.22 
(3.27)

8.61 
(8.32)

3.0 6.48 400 (12570),
510 (6740) 

 
= Cu(II), Ni(II), Co(II), Mn(II)) in a 1:1.2 molar ratio in absolute ethanol under reflux. All the com-
plexes with their color, analytical, magnetic moment, molar conductance and absorption data are given 
in the Table 1. These complexes are air-stable and decompose above 300 �C. The complexes are in-
soluble in water and common organic solvents such as ethanol, methanol, ether, chloroform, dichlo-
romethane, acetone, etc. but are soluble in DMSO and DMF. The molar conductance value of the com-
plexes in a DMSO solution at a 10–3 M concentration falls in the range 2.5—7.0 Ohm–1 cm2 mol–1, sug-
gesting that they are non-electrolyte in this solvent [ 24 ]. All of the complexes were heated at 110 �C 
and 180 �C and the weight loss was determined. None of the complexes showed weight loss at 110 �C, 
ruling out the possibility of the presence of water molecules in their lattice structure. On the other 
hand, the complexes showed weight loss corresponding to two water molecules at 180 �C suggesting 
that they are coordinated to the metal centre [ 25 ]. The vapour evolved at 180 �C was passed through  
a trap containing anhydrous CuSO4 which turned blue indicating that it originates from water mole-
cules. 

Molecular weight. The molecular weight data for the complexes (Table 1) have been determined 
in spectral grade DMSO by the freezing point depression method. The experimental values of molecu-
lar weights for complexes (1), (2), and (4) are very close to the values calculated based on their 
monomer formulation confirms the monomeric character. On the other hand, the experimental values 
of the molecular weights for complexes (3) and (5) agree with their dimeric character. However, the 
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experimental values of the molecular weights are slightly higher than those calculated on the basis of 
the suggested monomer or dimer formulation. Such higher values of the molecular weights strongly 
suggest that the structure of the complexes is altered in the strong coordinating solvent as compared to 
that in the solid state. Most probably, the coordinated water molecules are substituted by DMSO 
molecules, which accounts for the higher molecular weights of the complexes. 

Magnetic moment. The observed zero magnetic moment values of complex (1) indicates its 
diamagnetic character. The diamagnetic character of this complex is consistent with the d10, d0, and f 0 
configuration of zinc and molybdenum in this complex indicating their presence in +2 and +6 oxida-
tion states respectively. The �eff  magnetic moment values for heterobimetallic Cu—MoO2 complex (3) 
is 2.05 B.M., which rules out the possibility of any appreciable spin-spin coupling between the un-
paired electrons belonging to copper. The �eff  value of the complex suggests that the copper(II) centre 
has a pseudotetrahedral geometry as supported by the electronic and ESR spectral studies discussed 
below. The observed magnetic moment values of heterobimetallic Ni—MoO3 (3) and Mn—MoO3 (5) 
complexes are 2.94 B.M. and 6.08 B.M., respectively. These values are characteristic of octahedral 
Ni(II) and high-spin octahedral Mn(II) complexes. The magnetic moment value of heterobimetallic 
Co—MoO2 complex (4) is 4.53 B.M. The magnetic moment values for octahedral and tetrahedral co-
balt(II) complexes lie in the rage of 4.70—5.60 B.M. and 4.20—4.80 B.M., respectively [ 27 ]. Thus, 
the observed �eff  value of 4.53 B.M. corresponds to the tetrahedral complex, which is consistent with 
the occurrence of a very strong absorption band around 610 nm with a multiple-structure in the elec-
tronic spectrum of the complex. The �eff  value for the complex also rules out the possibility of any 
metal-metal interaction in the structural unit of the complex. 

Electronic spectra. The electronic spectral bands together with molar extinction coefficients for 
the complexes have been set out in Table 1. The free H4L ligand shows two bands at 320 nm (�max, 
9500 dm3 �mol–1 �cm–1) and 390 nm (�max, 15700 dm3 �mol–1 �cm–1) in the region 300—400 nm. The 
band at 320 nm is assigned as an intra-ligand 	
	* transition, while the band at 390 nm is assigned to 
an n
	* transition. The band at 390 nm is characteristic of the naphthaldimine part of the ligand, as 
has been reported for several monoacylhydrazones [ 15, 28, 29 ]. The electronic spectra of the com-
plexes also show two bands in the region 300—450 nm, which is indicative of their discrete molecu-
larity [ 20, 25 ]. The ligand bands at 320 nm and 390 nm showed a red shift on complexation to metal. 
The band appearing in the region 340—390 nm is attributed to a 	
	* transition corresponding to the 
ligand band at 320 nm. On the other hand, the band appearing in the region 410—430 nm may be as-
signed to arise due to the ligand band at 390 nm and could be attributed to the n
	* transition. The 
red shift of ligand bands by 20—70 nm and 20—40 nm gives good evidence of chelation of dihydra-
zone to the metal centre. The magnitude of the shift of ligand bands on complexation indicates strong 
bonding between the ligand and the metal centre. Heterobimetallic Zn—MoO2 complex (1) also shows 
a weak band at 475 nm (� = 5740 dm3 �mol–1 �cm–1) which is assigned to be originating from the 
ligand-to-metal charge transfer [ 31 ]. Heterobimetallic Cu—MoO2 complex (2) shows two bands at 
740 nm and 830 nm, which are assigned to the ligand field transition. The position of these bands is 
consistent with distorted tetrahedral stereochemistry of copper(II) complexes tending towards plana-
rity [ 32, 33 ]. Heterobimetallic Ni—MoO3 complex (3) shows two bands at 960 nm and 620 nm in the 
region 500—1000 nm, which indicates that the complex has distorted octahedral stereochemistry.  
A comparison of the position of the absorption bands in the spectrum of complex (4) with that of 
[Ni(H2O)6]2+ at 1175 nm and 749 nm and that of [Ni(NH3)6]2+ at 935 nm and 570 nm suggests that the 
first band bears similarity with nitrogen donor ligands, while the second band has the position close to 
the average position of the corresponding band in the oxygen donor ligands and nitrogen donor ligands 
[ 34 ]. This, in turn, suggests that the nickel atom occupies the N2O2 coordination sphere, i.e., it has 
displaced molybdenum from the N2O2 coordination sphere. The various ligand field parameters listed 
in the table below for this complex have been calculated using the equations given by Lever [ 35 ]. 
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Complex 
3A2 
 3T2g(F)

�1, cm–1 

3A2 
 3T2g(F)
�2, cm–1 B � �0 �2 /�1 LFSE, kcal/mol 

[NiMoO3(CH2LH2)(H2O)2] 10416 16130 683 0.631 36.9 1.55 9.67 
 

Heterobimetallic Co—MoO2 complex (4) shows a multiple-structured band at ca. 610 nm with 
absorption bands in the region 640—580 nm (� = 810–545 dm3 �mol–1 �cm–1). The tetrahedral cobalt(II) 
complexes show three absorption bands corresponding to the transitions 4A2 
 4T2(F) (2000—
3300 nm, �1), 4A2 
 4T1(F) (1250—2500 nm, �2) and 4A2 
 4T1(P) (500—650 nm, �3) [ 36 ]. The first 
band �1, owing to its position in the spectrum has been obscured and is orbitally forbidden as well. 
However, the second band corresponding to the �2 transition is usually broad and appears in the near 
infrared region, and the third transition �3 is intense, broad and usually exhibits a great deal of struc-
ture [ 37 ]. The extinction coefficient of the absorption band in complex (4) is much higher as com-
pared to those generally observed for octahedral cobalt complexes, therefore, it is suggested that the 
cobalt (II) centre has a tetrahedral geometry in this complex. Heterobimetallic Mn—MoO3 complex 
(5) shows only one band at 400 nm and a non-ligand band at 510 nm. The very high molar extinction 
coefficient for this band indicates that it has a charge-transfer character. The d—d transition occurring 
in this region due to the Mn(II) centre in this complex is masked by a strong charge-transfer band.  

Electron paramagnetic resonance (EPR). The various EPR parameters for complexes (2), (3) 
and (5) have been set out in Table 2. The EPR spectrum of complex (2) is shown in Fig. 2. The mag-
netic moment value for heterobimetallic Cu—MoO2 complex (2) suggests that the complex has a dis-
crete molecularity. The complex at RT in the solid state shows the isotropic spectrum with the gav 
value of 2.102. The ESR spectrum of the complex is rhombically distorted at LNT in CH3CN-DMSO 
glass and the spectral feature of the complex can be explained by assuming C2v symmetry [ 38 ]. In this 
symmetry three possible mechanisms can split gx and gy, which are: 

i)  differences in Exz and Eyz values; 
ii)  differences in reduction factors (excited state delocalization); and  
iii)  magnitude of dz2 mixing into the ground state wave functions. 

 
T a b l e  2  

EPR parameters for Cu—MoO2 (3), Ni—MoO3 (4) and Mn—MoO2 (6) heterobimetallic complexes 

Complexes Temp  
(state) gav g1/g|| g2 g3/g Aav 

A1/A|| 
(G) A2 (G) A3/A

(G) 

RT  
(Solid) 

2.102 — — — — — — — [CuMoO2(L)(H2O)2] (2) 

LNT 
(CH3CN-DMSO)

2.102 2.358(gz) 2.047(gy) 2.000 (gx) 72 180(Az) 18(Ay) — 

RT 
(Solid) 

2.005 — — — — — — — [NiMoO3(H2L)(H2O)2] (3) 

LNT 
(CH3CN-DMSO)

2.005 — — — — — — — 

RT 
(Solid) 

1.988 — — — — — — — [MnMoO3(H2L)(H2O)2] (5)

LNT 
(CH3CN-DMSO)

2.021 — — — 94 — — — 

 
 
 
 



A. KUMAR, O.B. CHANU, A. KOCH, R.A. LAL  662 

Fig. 2. EPR spectrum of [CuMoO2(L)(H2O)2] complex (2) at 293 K  
                                          in the solid state 

 
It has been reported that for a difference of about 125 nm 

between Exz and Eyz values, the difference (gx – gy) can be as 
much as 0.004 [ 38 ]. In the present case, two ligand field tran-
sitions have been observed, which differ by �90 nm while the 
difference between gx and gy is 0.047. Therefore, the above 
point (i) cannot account for such a large splitting in g-para-
meters. The major contributing factor(s) towards the rhombic 

splitting for the complex should be either due to dz2 mixing into the ground state wave function or ex-
tensive excited state delocalisation or both. 

In probing the ESR spectral characteristics of plastocyanin, a copper containing protein, it has 
been argued in favour of an anisotropic declocalization over the cysteine sulfur p	-orbital [ 39 ]. Howe-
ver, the extent of g-splitting in plastocyanin cannot be explained by considering orbital reduction fac-
tors alone due to their small effects. On the other hand, this splitting is quite sensitive to the amount of 
dz2 mixing into the ground state wave function. A mixing of about 3 % of the dz2 orbital into the 
ground state could satisfactorily explain the observed g-splitting in the case of stellocyanin. The dif-
ference between Ax and Ay values could also be explained with this amount of mixing of the dz2 orbital 
into the ground state. Belford et al. [ 40 ] defined a parameter Rg in order to evaluate the extent of dz2 
orbital mixing into the ground state by ignoring the orbital reduction factor. 

Rg = (gx – gy)/{0.5(gx + gy) – 2.0023}. 
Rg is thus a measure of the degree of rhombic splitting in the g-values, which is a steep function of the 
extent of dz2 mixing. The Rg value for this complex is 2.2, therefore, a mixing of the order of 6.0—
7.5 % can satisfactorily account for the g-split observed. For 4—5 % mixing, the difference Ax – Ay, 
should be about 60�10–4 cm–1. However, the difference Ax – Ay could not be calculated in the present 
case since the spectrum did not show a metal-hyperfine splitting in the gx region. 

The EPR spectrum of complex (3) at 9.1 GHz shows a single signal at g = 2.005 in the polycrys-
talline form both at RT and LNT. This signal is attributed to arise from the double quantum transition 
[ 41 ]. In the Ni (II) complex, the zero-field splitting (ZFS) ranges from a few to some tens of the wave 
number [ 42—44 ]. Consequently the conventional X-band and g-band EPR spectroscopy arsing elec-
tromagnetic quanta around 0.3 cm–1 and 1.5 cm–1 respectively find it difficult to excite transitions be-
tween the states of the spin-triplet manifold [ 44 ]. The square planar complexes are EPR silent while 
four-coordinated tetrahedral and six coordinate octahedral complexes are EPR active. The complex 
shows an intense signal with g = 2.005, which suggests that nickel has either an octahedral or tetrahe-
dral geometry. Further, the g-value for nickel complexes depends on the donor set as well as on the 
coordination geometry of the complex. Nickel(II) complexes with oxygen donors (donor set NiO6) 
have a g-value greater than 2.2, whereas those with nitrogen donors (donor NiN6) generally have a  
g-value either of 2.2 or less. The value g = 2.005 in complex (3) is less than 2.2, as is expected for the 
NiN2O4 donor set [ 42, 45 ]. The intensity of the signal at g = 2.005 remains unchanged at RT as com-
pared to LNT, ruling out the possibility of impurity [ 46 ]. 

Heterobimetallic Mn—MoO3 complex (5) shows an isotropic signal at RT in the solid state with 
g � 2.0, while in a CH3CN-DMSO solution at LNT it shows a six-line spectrum with a 55Mn hyperfine 
splitting of 94 G. This hyperfine splitting constant is characteristic of Mn(II) complexes rather than of 
Mn(IV) complexes [ 47 ]. At LNT between every pair of the six hyperfine lines at g � 2.0 resonance, 
there is a pair of relatively weak forbidden transitions.  

1H NMR spectra. Heterobimetallic complex (1) has been characterized by 1HNMR spectroscopy 
as well. However, the 13C NMR spectra of the complexes in DMSO-d6 were featureless due to their 
poor solubility. Hence, these complexes could not be characterized by 13C NMR spectroscopy. The 1H 
NMR spectral data for free dihydrazone, the precursor monometallic [MoO2(H2L)] �H2O complex, and 
the heterobimetallic complexes and the assignment of the signals are given in Table 3. 
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T a b l e  3  
1HNMR spectral data (in ppm) for heterobimetallic complexes containing dioxouranium(VI),  

dioxomolybdenum(VI) and zinc(II) 

Complex �(—CH2—) �(naphthyl) �(—CH=N—)
(J, Hz) 

�(OH)+�(NH) 
(J, Hz) 

LH4 3.90 
3.60 

8.30—7.03 (m) 9.31 (d, 32.9) 
9.60 (d, 32.9) 

12.65 (d, 63.0) 
11.50 (d, 63.0) 

[MoO2(H2L)] �H2O 3.58 8.72—7.15 (m) 9.80(d, 45.0) 
8.96 (d, 45.0) 

12.56 (d, 45.0) 
11.49 (d, 45.0) 

[ZnMoO2(L)(H2O)2] (1) 3.63 8.57—7.05 (m) 9.72 (d, 34.2) 
8.84 (d, 34.2) 

— 

 
The 1H NMR spectrum of the heterobimetallic complex (1) shows different features as compared 

to those of free dihydrazone and the precursor monometallic molybdenum complex. The doublets ob-
served at � 12.65 ppm and 11.50 ppm in uncoordinated dihydrazone and at � 12.46 ppm and 
11.49 ppm in the precursor monometallic complex disappear on the heterobimetallic complex forma-
tion. This indicates the collapse of the amide structure of the ligand in the heterobimetallic complexes. 
The signals corresponding to azomethine protons appear as doublets similar to those in uncoordinated 
dihydrazone and the precursor monometallic complex. The �-CH=N— signals are shifted upfield by 
0.18 ppm and 0.11 ppm as compared to those in the precursor complex. However, these signals are 
still shifted downfield by 0.24 ppm and 0.32 ppm as compared to those in uncoordinated dihydrazone. 
Such features associated with the shifts of �-CH=N— proton signals may arise due to the flow of the 
electron density of the second metal centre through enolate oxygen atoms, suggesting the bonding 
through enolate oxygen atoms to the second metal centre. This, in turn, may reduce the amount of 
charge flowing to the original metal centre through the azomethine nitrogen atom, indicating that the 
metal-nitrogen bond is weaker in these complexes than that in the precursor monometallic molybde-
num complex [ 48, 49 ]. The appearance of �-CH=N— proton resonances in the form of doublets con-
firms that dihydrazone is coordinated to the metal centres in the anti-cis configuration just as in the 
precursor monometallic complex [ 49 ]. 

Infrared spectra. Structurally significant IR spectral bands for H4L, the precursor monometallic 
dioxomolybdenum complex, and heterobimetallic MoO2 complexes are summarized in Table 4.  
A comparison of the IR spectra of the heterobimetallic complexes with those of the ligand and the pre-
cursor complex suggests that dihydrazone is present in the enol form in heterobimetallic complexes 
(1), (2), and (4), whereas it is present in the keto form in heterobimetallic complexes (3) and (5) [ 49 ]. 
The present ligand shows strong broad bands centred at 3450 cm–1, 3200 cm–1, and 3047 cm–1. These 
bands are assigned to arise from the stretching vibrations of naphtholic OH and secondary NH groups 
respectively [ 30 ]. Complexes (5) and (6) show a strong broad band in the range 3550—3000 cm–1 
with peaks in 3420—3400 cm–1 and 3220—3186 cm–1 regions respectively. On the other hand, the 
remaining complexes show only a single strong broad band in the 3550—3000 cm–1 region with a 
peak in the 3420—3400 cm–1 region. In all the complexes, the essential feature of the peak in the 
3420—3400 cm–1 region resembles in shape and position those commonly observed for water or etha-
nol and has been, accordingly, assigned to the �(OH) mode. From the position and intensity of the 
�(OH) mode of water and ethanol it is not possible to distinguish whether they are coordinated to the 
metal centre or present as uncoordinated in the lattice. However, the presence of a band in the 670—
644 cm–1 region in the complexes assigned to the �r mode of coordinated water suggests unambigu-
ously that these are water molecules present in the first coordination sphere around the metal centre in 
the complexes, rather than the ethanol molecules [ 50 ]. All complexes show a weight loss at 180 �C 
corresponding to two water molecules, lending credence to the suggested number of coordinated water 
molecules in the complexes. The fact that the weight loss occurs due to the water molecules only was 
confirmed by passing the ensuing vapour through a trap containing anhydrous copper sulphate that  
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T a b l e  4  

Infrared spectral data for heterobimetallic dioxomolybdenum (VI) complexes 
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turned blue. This further ruled out the possibility of the presence of ethanol molecules in the com-
plexes. On the other hand, the essential feature of the band at �3190 cm–1 in complexes (3) and (5) 
suggests that it most likely to arise from the stretching vibration of the secondary NH group of hydra-
zine. 

The �C=O bands present at 1699 cm–1 and 1661 cm–1 in free dihydrazone are absent in all the 
heterobimetallic complexes except for complexes (3) and (5), which indicates the collapse of the ami-
de structure of dihydrazone as a result of enolization on introduction of the second metal centre as a 
consequence of the heterometallic complex formation. The �C=O band present at 1669 cm–1 in the 
monometallic precursor [MoO2(H2L)] �H2O complex shifts to higher frequencies on average by 
�10 cm–1 and splits into two bands at �1694 cm–1 and �1665 cm–1, similarly to that in uncoordinated 
dihydrazone in complexes (3) and (5) [ 15, 16 ]. Thus in complexes (3) and (5) the possibility of enoli-
zation of the >C=O group is ruled out and also the position of the �C=O band in complexes (3) and (5) 
dismisses the possibility of coordination of the >C=O group to the metal centres. The �(C=N) band 
appears in these complexes as a couple of bands similar to those in free dihydrazone. This suggests 
that the two >C=N groups are not equivalent in the complexes. Such non-equivalency in >C=N groups 
indicates the coordination of dihydrazone to the metal centre in the anti-cis configuration, where the 
molecule is bent in such a manner that half hydrazone part is out-of-plane of the molecule and another 
half remains in the plane [ 49 ]. An interesting observation is that the �(C=N) band shifts to higher fre-
quencies by 1—3 cm–1 in all complexes except for complexes (3) and (5), in which this band shifts to 
lower frequencies by ca. 2 cm–1 as compared to that in the monometallic precursor complex. The shift  
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of the �(C=N) band to higher frequencies in complexes (1), (2), and (4) indicates an increase in the 
>C=N bond order, whereas a lower shift indicates a decrease in the >C=N bond order in complexes (3) 
and (5). Such an increase in the bond order of the >C=N group in complexes (1), (2), and (4) indicates 
the flow of the electron density from the naphthyl ring to the metal centre through the azomethine ni-
trogen atom. This gives rise to a stronger azomethine nitrogen-to-metal bond, which may be related to 
the nature of the metal ion bonded to the azomethine nitrogen atom. The lowering in the >C=N bond 
order in complexes (3) and (5) is a result of a greater flow of the electron density from the azomethine 
nitrogen atom to the metal centre, giving rise to a stronger azomethine nitrogen-to-metal bond than 
that in the precursor complex. It is suggested that in all complexes, the parent metal ion, i.e., the 

2
2MoO �  ion retains the N2O2 coordination sphere in all complexes, while in complexes (3) and (5) it is 

displaced by Ni2+ and Mn2+ from the N2O2 coordination sphere respectively. The Ni2+ and Mn2+ ions 
occupying the N2O2 coordination chamber draw greater electron density from the azomethine group 
than the 2

2MoO �  group in the precursor monometallic complex. This assumption regarding the occu-
pancy of the N2O2 coordination chamber by nickel and manganese ion rests entirely on the IR spectro-
scopic evidences and is purely tentative. This could not be confirmed by X-ray crystallographic stu-
dies because all our efforts to crystallize the compounds under different experimental conditions led to 
the precipitation of amorphous species. 

Complex (1) shows a new band at 1510 cm–1 which is a characteristic of a newly created NCO– 
group produced as a result of the enolization of dihydrazone [ 48, 49 ]. All the complexes show a 
strong to very strong band in the 1544—1531 cm–1 region. This band is assigned to have its origin in 
the �(C—O)(naphtholate) vibration. The position of this band is consistent with the coordination of 
the naphtholate oxygen atom. However, in complexes (1), (2), and (4), the intensity is very high as 
compared to those in complexes (3) and (5). Hence, this band in complexes (1), (2), and (4), is sug-
gested to have a contribution due to the stretching vibration of the NCO– group produced as a result of 
the enolization of dihydrazone. The �(C—O) band appears in the 1292—1272 cm–1 region in the com-
plexes. The �(N—N) band appears in the 1095—1030 cm–1 region, similarly to that in the precursor 
monometallic complexes, indicating the coordination of only one hydrazinic nitrogen atom to the 
metal centre [ 51 ]. 

Heterobimetallic complexes Ni—MoO3 (3) and Mn—MoO3 (5) show three bands in the 968—
873 cm–1 region, while heterobimetallic complexes Zn—MoO2 (1), Cu—MoO2 (2), and Co—MoO2 
(4) show only two bands in the 947—906 cm–1 region. The two bands present in the 947—904 cm–1 
region in complexes (1), (2), and (4) are assigned to arise from the cis- 2

2MoO �  unit [ 51 ]. However, in 
complexes (3) and (5), the three bands in the 968—873 cm–1 region are characteristic of the presence 
of the MoO3 unit [ 52 ]. An unusual increase in the intensity of the band at 747 cm–1 in these com-

plexes is attributed to arise due to a contribution of the �3(
O

M M
O

� � ) vibration band [ 53 ]. A new band 

observed at 875 cm–1 in complexes (3) and (5) indicates that it has originated from the tetra-atomic 

species 
O

M M
O

� �  resulted from the involvement of the naphtholate oxygen atom in the bridge forma-

tion. The presence of this band indicates that nickel(II)/manganese(II) and molybdenum(VI) are held 
together through naphthoxo-bridging. 

On examining the spectra of the ligand and the metal complexes below 600 cm–1, the bands ap-
pearing in the 595—525 cm–1 and 474—433 cm–1 regions in complexes (1), (2), and (4) are tentatively 
assigned to �(M—O)(naphtholic) and �(M—O)(carbonyl) [ 15, 49, 54 ] respectively. The presence of 
new medium intensity bands at 554 cm–1, 527 cm–1 and 540 cm–1, 514 cm–1 in complexes (3) and (5) 
indicates that naphtholate oxygen atoms are bonded to the nickel and manganese atoms. On the other 
hand, the absence of bands at �450 cm–1 in the complexes rules out the possibility of coordination of 
the carbonyl oxygen atom to the metal centre. 
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Fig. 3. Tentative structures of the complexes: (a) [MMoO2(L)(H2O)2] (M = Zn2+ (1), Cu2+ (2),  
Co2+ (4)) and (b) [{MMoO3(H2L)(H2O)2}2] (M = Ni2+(3), Mn2+ (5)) 

CONCLUSIONS 

In the present study, five heterobimetallic complexes containing a molybdenyl ion as one compo-
nent and some first row transition metal ions as another component from the monometallic precursor 
molybdenyl complexes [MoO2(H2L)] �H2O of polyfunctional bis(2-hydroxy-1-naphthaldehyde)malo-
nyldihydrazone have been isolated in the solid state and characterized. All complexes are non-
electrolyte. Nickel and manganese heterometallic complexes are dimeric while the remaining com-
plexes are monomeric. Dihydrazone is present in the keto as well as the enol form. Nickel(II) and 
manganese(II) ions displace the molybdenyl ion originally present in the NNOO coordination chamber 
while the remaining metal ions fail to do so and remain bonded to enolate oxygen atoms. 2

2MoO ,�  
Ni(II), and Mn(II) ions have octahedral stereochemistry while Zn(II), Cu(II), and Co(II) have pseu-
dotetrahedral stereochemistry in the heterobimetallic complexes.  

The tentative structures of the complexes are given in Fig. 3. 
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