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Abstract A series of hydrazinated complexes of mixed

nickel manganese zinc ferrous fumarates were synthesized

from aqueous metal chlorides solution and sodium fumarate–

hydrazine hydrate mixture. These complexes were character-

ized by chemical analysis, infrared spectroscopy, thermo-

gravimetry-differential scanning calorimetry and isothermal

mass loss studies. The hydrazine ligand in these complexes

shows bidentate bridging nature while, carboxylate ion dis-

plays monodentate behaviour. Thermal decomposition studies

indicate 3-step decomposition, involving 2-step dehydrazin-

ation and 1-step decarboxylation. The thermal decomposition

residues were characterized by X-ray diffractometry, trans-

mission electron microscopy and infrared spectroscopy.

Keywords Hydrazinated mixed metal fumarates �
Thermal analysis � Nano-particle � Ferrites

Introduction

Metal carboxylates and dicarboxylates have been exten-

sively investigated for their thermal behaviour as well as

their use as precursors for ultrafine particle metal oxides of

technological importance [1–3]. The synthesis and charac-

terization of many such complexes have been reported with

aliphatic carboxylates and dicarboxylates such as formate

[2, 4], acetate [5], oxalate [6–8], malonate [9], succinate

[3, 10], malate [11], citrate [12], tartrate [13], maleate and

fumarate [14–16]. Among the dicarboxylates, the transition

metal fumarate complexes usually exhibit versatile and

interesting coordination modes and framework topologies;

since the dicarboxylate group of fumaric acid can act as both

monodentate and multidentate ligand [17–21]. More

importantly, the thermal decomposition residue obtained

after decomposition finds extensive applications. With the

advent of nanotechnology the search for the new and better

synthetic techniques has gained momentum due to the

interesting magnetic and optical properties displayed by

metal as well as metal oxide nanoparticles which are sig-

nificantly different from their bulk counterpart. One such

approach is the use of hydrazinated carboxylate and dicar-

boxylate complexes as precursors, since these complexes

decompose at lower temperature providing easy access to

obtain the nanoparticles. The synthesis and thermal studies

on many hydrazinated metal carboxylates and dicarboxyl-

ates, such as formate [22], acetate [23, 24], oxalate [25–27],

malonates and succinates [24, 28–30], malate [31], maleate

and fumarate [32] have been reported. Our group has used

hydrazinated metal/mixed metal fumarate complexes as

precursors to prepare nanocrystalline ceramic oxides like

NiMn2O4 [33], NiFe2O4 [34], Ni–Zn ferrites [35], Mn–Zn

ferrites [36], Co–Zn ferrites [37–40] and Co–Ni ferrites

[41, 42]. Recently, we have used this method to prepare

multi-substituted ferrites viz. Ni–Mn–Zn-ferrites [43–45].

In continuation of this study, the preparation of

MnxNi0.6-xZn0.4Fe2O4 (x = 0.2, 0.4 and 0.5) ferrites from

their hydrazinated mixed nickel manganese zinc ferrous

fumarate complexes, MnxNi0.6-xZn0.4Fe2(C4H2O4)3�6N2H4

(x = 0.2, 0.4 and 0.5) has been undertaken.

Experimental

All reagents used were of analytical grade supplied

by s.d. Fine-Chem Ltd., India except iron powder. The
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stoichiometric quantities of metal chloride of manganese,

zinc and nickel were dissolved in distilled water to achieve

the mole ratio of one. The ferrous chloride solution was

freshly prepared by dissolving iron metal powder (Merck,

Germany) in concentrated hydrochloric acid under CO2

atmosphere.

Preparation of hydrazinated mixed nickel manganese

zinc ferrous fumarate complexes

The synthesis of hydrazinated mixed manganese nickel

zinc ferrous fumarates was carried out using fumarato

hydrazinate precursor method [43–45]. The stoichiometric

mixture of sodium fumarate and hydrazine hydrate was

prepared by mixing aqueous sodium fumarate (3 M) and

hydrazine hydrate (6 M) in 1:2 molar ratios and stirred

continuously for 2 h under nitrogen atmosphere in a 3-neck

flask. The mixed metal chlorides (1 M) solution containing

zinc chloride, nickel chloride and manganese chloride was

mixed with freshly prepared ferrous chloride solution

(2 M) and the solution was added dropwise, to the sodium

fumarate and hydrazine hydrate mixture under nitrogen

atmosphere. The yellow-coloured precipitate of hydrazi-

nated mixed nickel manganese zinc ferrous fumarate

complex obtained was filtered, washed thoroughly with

ethanol for complete removal of chloride impurities, dried

with diethyl ether on suction and stored in vacuum desic-

cator. The reaction may be represented as follows:

xMnCl2ðaqÞ þ 0:6� xð ÞNiCl2ðaqÞ þ 0:4ZnCl2ðaqÞ

þ 2FeCl2ðaqÞ þ 3C4H2O4Na2ðaqÞ þ 6N2H4 � H2OðaqÞ

! MnxNi0:6�xZn0:4Fe2 C4H2O4ð Þ3�6N2H4ðsÞ þ 6NaClðaqÞ

þ 6H2OðlÞ x ¼ 0:2; 0:4 and 0:1; M ¼ Ni2þ;Mn2þ;Zn2þ� �

Characterization

The molecular compositions of hydrazinated mixed nickel

manganese zinc ferrous fumarate complexes were fixed

based on the chemical analyses results. The hydrazine

content in the complexes was determined by titrimetric

analysis using standard 0.025 M KIO3 solution under

Andrew’s conditions [46]. The metal contents in the

complexes were determined by chemical analyses after

decomposing the known amount of precursors with con-

centrated nitric acid using standard procedures [46]. The

iron and nickel content was determined gravimetrically as

ferric oxide and nickel-dimethylglyoximato complex,

respectively, while manganese and zinc were estimated

together by complexometric titration using suitable mask-

ing agent [46]. The simultaneous thermogravimetry-dif-

ferential scanning calorimetry (TG-DSC) measurements

were performed using NETZSCH DSC-DTA-TG STA

409PC setup equipped with control and data acquisition

system. The analyses were carried out in air

(100 mL min-1) at a heating rate of 10 �C min-1 using

15–20 mg sample in an alumina crucible with another

alumina crucible as the reference material. The thermal

analysis was carried out from room temperature to 800 �C.

The isothermal mass loss studies of the complexes were

carried out along with hydrazine analysis from room tem-

perature to 125 �C by placing the accurately weighed

complex (0.5 g) in silica crucible in the programmable

electric oven with the heating rate of 2 �C min-1. The total

mass loss was determined by placing the accurately

weighed quantity (1 g) of complex in silica crucible in

muffle furnace maintained at 500 �C for 30 min. The

infrared spectra of the complexes and thermal decompo-

sition residues were recorded from 4,000–300 cm-1 in

diffuse reflectance mode using FTIR Shimadzu IR pres-

tige21 series spectrophotometer. The thermal decomposi-

tion residues were analysed for structure and phase purity

using Philips X-ray diffractometer model PW 1710 with

CuKa radiations and Ni filter at room temperature. The

TEM studies were carried out on Philips-CM20 electron

microscope.

Results and discussion

The analytical data of the complexes (Table 1) obtained from

chemical and thermal analyses were found to be in good

agreement with the values calculated considering the molec-

ular stoichiometric composition as MnxNi0.6-xZn0.4Fe2

(C4H2O4)3�6N2H4 (x = 0.2, 0.4 and 0.5) for hydrazinated

mixed nickel manganese zinc ferrous fumarate complexes.

The infrared spectra (Fig. 1) of all the complexes are

similar and display four bands in the region

3,307–3,163 cm-1 characteristic of N–H stretching fre-

quency. The observed N–N stretching frequencies in the

region 979–972 cm-1 for all the hydrazinated complexes

clearly indicate the bidentate bridging coordination of

hydrazine ligands to the central metal ion [47, 48]. The

infrared frequencies characteristic of C=C stretching are

observed in the region 1,646–1,630 cm-1 in all the com-

plexes [15]. The dicarboxylate ions in the complexes

coordinate with the metal ions as a bidentate ligand via

both the carboxylate groups. In all the complexes the

asymmetric stretching (mas) vibrations of the carboxylate

ions are observed in the region 1,586–1,583 cm-1 and the

symmetric stretching (ms) vibrations are seen in the region

1,382–1,374 cm-1 with the separation Dm (mas–ms) of

201–212 cm-1. This wide separation between mas (COO-)

and ms (COO-) clearly indicates the monodentate coordi-

nation of the fumarate dianions [15, 32, 49]. Thus, the

infrared spectroscopic result confirms the bidentate
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bridging behaviour of neutral hydrazine ligands and

monodentate linkage of fumarate dianion and hence the

polymeric nature of the hydrazinated mixed nickel man-

ganese zinc ferrous fumarate complexes with octahedral

geometry around the metal ions [32]. Based on the chem-

ical analyses results (Table 1) and infrared spectroscopic

data the molecular composition assigned to these com-

plexes is given in Table 2.

Thermal studies

The thermal decomposition of all the hydrazinated mixed

nickel manganese zinc ferrous fumarate complexes was

found to be self-propagating autocatalytic. For this auto-

catalytic decomposition, the complex was spread uniformly

over a ceramic tile and ignited with a burning splinter at

one of the corners. It catches fire and burns without flame

forming a red glow which spreads over the entire bulk,

completing the total decomposition in ordinary atmo-

sphere. The thermal decomposition residues were found to

be stoichiometrically pure and nanocrystalline MnxNi0.6-x

Zn0.4Fe2O4 (x = 0.2, 0.4 and 0.5) ferrites.

TG-DSC and isothermal mass loss studies

Figures 2, 3 and 4 represent the simultaneous thermal (TG-

DSC) curves of the hydrazinated mixed nickel manganese

zinc ferrous fumarate complexes from room temperature to

800 �C at a heating rate 10 �C min-1. All the hydrazinated

mixed nickel manganese zinc ferrous fumarate complexes

exhibit similar decomposition behaviour. The first step is

the dehydrazination followed by oxidative decarboxyl-

ation. The dehydrazination occurs in two steps in com-

plexes with, x = 0.2 (Fig. 2) and x = 0.4 (Fig. 3), while

the complex with x = 0.5 (Fig. 4) shows three steps de-

hydrazination. The decarboxylation occurs in one step in

all the complexes resulting into nanocrystalline MnxNi0.6-x

Zn0.4Fe2O4 (x = 0.2, 0.4 and 0.5) ferrites as thermal

decomposition residue. The initial mass loss of

1.45–2.45 % in TG curve of all the complexes from room

temperature to 75 �C is due to desorption of the adsorbed

species including moisture. The major mass loss of 22.94

and 24.57 %, respectively, in the region 75–110 �C in the

Table 1 Chemical and thermal analysis results of hydrazinated mixed nickel manganese zinc ferrous fumarate complexes, MnxNi0.6-x

Zn0.4Fe2(C4H2O4)3�6N2H4 (x = 0.2, 0.4 and 0.5)

Complex

compo.

(x)

Metal content/% Hydrazine

content/%

Total mass

loss/%

Isothermal mass loss/hydrazine/%

Fe Mn Ni Zn RT–

75 �C

75–100 �C 100–125 �C

Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc.

0.2 15.78 15.80 1.54 1.56 3.31 3.32 3.68 3.70 27.21 27.21 67.08 66.56 2.12/

27.24

54.34/– –

0.4 15.80 15.82 3.09 3.11 1.62 1.66 3.66 3.71 27.49 27.23 66.67 66.64 1.47/

27.50

56.46/– –

0.5 15.81 15.83 3.83 3.89 0.824 0.832 3.69 3.71 27.29 27.25 66.72 66.67 2.03/

27.20

2.35/25.4 56.75/–
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Fig. 1 FTIR spectra of MnxNi0.6-xZn0.4Fe2(C4H2O4)3�6N2H4 com-

plexes, a x = 0.2, b x = 0.4 and c x = 0.5

Table 2 Proposed molecular formulae of hydrazinated mixed nickel manganese zinc ferrous fumarate complexes and their thermal decom-

position residue

Proposed molecular formula Molecular mass Thermal decomposition residue Molecular mass

Mn0.2Ni0.4Zn0.4Fe2(C4H2O4)3�6N2H4 706.8 Mn0.2Ni0.4Zn0.4Fe2O4 236.11

Mn0.4Ni0.2Zn0.4Fe2(C4H2O4)3�6N2H4 706 Mn0.4Ni0.2Zn0.4Fe2O4 235.56

Mn0.5Ni0.1Zn0.4Fe2(C4H2O4)3�6N2H4 705.6 Mn0.5Ni0.1Zn0.4Fe2O4 235.18
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complexes with x = 0.2 and 0.4 corresponds to the loss of

five hydrazine molecules. This dehydrazination is highly

exothermic as indicated by strong exothermic peak at

91.9 �C (Fig. 2) and 91 �C (Fig. 3), respectively, in DSC

curve. The complex with x = 0.5 shows mass loss of 1.9 %

in region 75–110 �C with weak exothermic peak at 85.9 �C

in DSC curve, which is an indication of beginning of the

dehydrazination. The major mass loss of 22.98 % observed

in complex with x = 0.5 from 110 to 150 �C is in agree-

ment with the theoretically calculated value corresponding

to the loss of five hydrazine molecules. The DSC curve

shows strong exothermic peak at 139 �C corresponding to

this hydrazine loss. The next region in the TG curve of all

the complexes with mass loss of 4.53–7.56 % (Table 3)

from 150 to 230 �C is due to the loss of a hydrazine

molecule and simultaneous beginning of decarboxylation.

The major mass loss region of 28.17–35.38 % in TG curve

from 230 to 330 �C results from the oxidative decarbox-

ylation of dehydrazinated complexes. This decarboxylation

is marked by strong exothermic peak at 289, 307 and

286 �C in the DSC curve of complexes with x = 0.2,

x = 0.5 and x = 0.4, respectively. The mass loss of

4.5–6.38 % in TG curve of complexes from 330 to 440 �C

is due to the oxidation of residual carbon formed during the

decarboxylation. The DSC curve shows broad exothermic

hump in this temperature region.

The thermal behaviour of these complexes was also

investigated by isothermal mass loss studies at tempera-

tures derived from TG curve wherein the thermal changes

in the complexes were observed. The isothermal mass loss

studies in air of complexes with x = 0.2 and 0.4 shows

mass loss of 2.2 and 1.47 % (Table 1), respectively, from

room temperature to 75 �C, but the hydrazine analysis

shows increase in its value which indicates that the mass

loss is not due to hydrazine loss but due to the adsorbed

species including moisture. In these complexes the dehy-

drazination begins above 75 �C followed by the self-

propagating autocatalytic decomposition behaviour in the

temperature range 75–100 �C. The complex with x = 0.5

shows continuous mass loss from room temperature to

100 �C which corresponds to the loss of hydrazine as

observed from analysis of hydrazine which shows contin-

uous decrease in its value up to 100 �C. For this complex

the self-propagating autocatalytic decomposition behaviour

is observed in the temperature region 100–125 �C.

The total mass loss (Table 1) obtained from TG curve

and that obtained independently from the pyrolysis in

air matches well with the calculated values consider-

ing the molecular composition of the complexes as

200 400 600 800
0

20

20 Exo

DSC/(mW/mg) TG/mass/%

Temperature/°C

15

10

5

0

40

60

80

100

Fig. 2 TG-DSC curves of Mn0.2Ni0.4Zn0.4Fe2(C4H2O4)3�6N2H4

complex
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Fig. 3 TG-DSC curves of Mn0.4Ni0.2Zn0.4Fe2(C4H2O4)3�6N2H4

complex
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Fig. 4 TG-DSC curves of Mn0.5Ni0.1Zn0.4Fe2(C4H2O4)3�6N2H4

complex
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Table 3 TG-DSC data of hydrazinated mixed nickel manganese zinc ferrous fumarate complexes, MnxNi0.6-xZn0.4Fe2(C4H2O4)3�6N2H4

(x = 0.2, 0.4 and 0.5)

Complex compo. (x) Temperature range/�C, mass loss (TG)/%, DSC/�C

RT–75 75–110 110–150 150–230 230–330 330–440 RT–440

0.2 1.45 22.94/91.9 (exo) – 4.53/170 (exo) 35.38/289 (exo) 4.50/345-390

(broad exo hump)

68.80

0.4 2.45 24.57/91 (exo) – 7.56/177 (exo) 28.17/307(exo) 3.42/340-37

(broad exo hump)

68.66

0.5 2.40 1.9/85.9 (exo) 22.98/139 (exo) 5.84/179 (exo) 28.32/286 (exo) 6.38/335-360

(broad exo hump)

66.18
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20

220
222

400

422
333

440

311

(c)

(b)

(a)

In
te

ns
ity

/c
ps

(a
. u

.)

30 40 50 60 70 80

2θ/°

Fig. 5 X-ray diffraction patterns of MnxNi0.6-xZn0.4Fe2O4 ferrites,

a x = 0.2, b x = 0.4 and c x = 0.5
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Fig. 6 FTIR spectra of MnxNi0.6-xZn0.4Fe2O4 ferrites, a x = 0.2,

b x = 0.4 and c x = 0.5
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Fig. 7 TG-DSC curves of MnxNi0.6-xZn0.4Fe2O4 ferrites, a x = 0.2,

b x = 0.4 and c x = 0.5

Fig. 8 TEM of Mn0.5Ni0.1Zn0.4Fe2O4 ferrite
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MnxNi0.6-xZn0.4Fe2(C4H2O4)3�6N2H4 (x = 0.2, 0.4 and

0.5) and the thermal decomposition residue as MnxNi0.6-x

Zn0.4Fe2O4 (x = 0.2, 0.4 and 0.5).

The thermal decomposition residues obtained after the

self-propagating autocatalytic decomposition of the com-

plexes were analysed for their phase purity and ultrafine

nature. The X-ray diffraction patterns of all the thermal

decomposition residues (Fig. 5) were identical and display

all the peaks characteristics of cubic spinel ferrite without

any noticeable impurity peak [50]. The broadening of

peaks indicates their nanocrystalline nature. The average

crystallite size calculated using Scherrer formula lies in the

range 14–21 nm. The infrared spectra of the thermal

decomposition residues (Fig. 6) show two bands in the

region 586–572 and 410–380 cm-1 which are character-

istic of metal–oxygen stretching vibrational frequencies in

tetrahedral (A) and octahedral (B) sites in cubic spinel

lattice [51, 52], thus supporting the formation of

MnxNi0.6-xZn0.4Fe2O4 (x = 0.2, 0.4 and 0.5) ferrites. The

monophasic nature of thermal decomposition residues were

also established from TG-DSC measurements. The TG

curves (Fig. 7) show two mass loss regions, the mass loss

region up to 100 �C is due to the loss of physisorbed

moisture and the region from 300 to 440 �C corresponds to

the oxidation of residual carbon formed during decarbox-

ylation. A weak endothermic peak corresponding to

desorption and the broad exothermic humps which corre-

spond to oxidation of residual carbon was observed in the

DSC curves of the thermal decomposition residues.

Besides these two mass loss regions the TG-DSC curves

are very stable up to 800 �C, which confirms the absence of

any metastable phase like c-Fe2O3 which could not be

otherwise detected in the X-ray diffraction pattern. The

nanosize nature of MnxNi0.6-xZn0.4Fe2O4 (x = 0.2, 0.4 and

0.5) ferrites suggested from the broadening of X-ray dif-

fraction peaks was confirmed by carrying out TEM mea-

surements. The representative TEM image (Fig. 8) shows

the uniform distribution of nanosize particles with particle

size in the range 8–23 nm which is in tune with that

obtained from X-ray diffraction studies.

Conclusions

The hydrazinated mixed nickel manganese zinc ferrous

fumarate complexes were synthesized from sodium fuma-

rate, metal chloride and hydrazine hydrate at room temper-

ature. The chemical analyses, total mass loss and infrared

spectroscopic studies of the complexes confirm the forma-

tion with stoichiometric composition viz. MnxNi0.6-x

Zn0.4Fe2(C4H2O4)3�6N2H4 (x = 0.2, 0.4 and 0.5). The TG-

DSC studies of the complexes show two-step dehydrazin-

ation followed by one-step oxidative decarboxylation. The

complexes display self-propagating autocatalytic decom-

position behaviour once ignited, to give nanocrystalline

MnxNi0.6-xZn0.4Fe2O4 (x = 0.2, 0.4 and 0.5) ferrites as the

thermal decomposition residue. The X-ray diffraction pat-

terns of thermal decomposition residue indicates the for-

mation of the monophasic MnxNi0.6-xZn0.4Fe2O4 (x = 0.2,

0.4 and 0.5) ferrites. The broadening of X-ray diffraction

peaks indicates nanosize nature of MnxNi0.6-xZn0.4Fe2O4

(x = 0.2, 0.4 and 0.5) ferrite particles which is confirmed by

TEM analysis with the particle size in the range 8–23 nm.
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