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� Akadémiai Kiadó, Budapest, Hungary 2011

Abstract Thermal decomposition of manganese malonate

dihydrate single crystals grown by gel method has been

studied using the TG-DTA and DSC techniques. The pres-

ence of water molecules and the dehydration stages are

discussed. Dielectric constant, dielectric loss, and AC con-

ductivity have been estimated as a function of temperature

in the range of 40–120 �C for four different frequencies.

Thermal studies reveal that the material is thermally stable

up to123 �C. The dielectric measurements indicate that the

dielectric parameters increase with the increase in temper-

ature. Also, the dielectric constant and dielectric loss fac-

tor values decrease whereas the electrical conductivities

increase with the increase in frequency of the AC applied.
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Introduction

Dicarboxylate ligands such as oxalate, malonate, and tere-

phthalate are widely used in the construction of a variety of

metal complexes with interesting compositions and topol-

ogies offering potential applications in electrical conduc-

tivity, magnetism, host–guest chemistry, ion exchange,

catalysis, nonlinear optics, etc. Among these, malonate (the

dianion of 1,3 propanedioic acid) can function as a versatile

ligand with the simultaneous adoption of chelating biden-

tate and different carboxylate binding coordination modes

like syn-syn, syn-anti, and anti-anti. Its ability to mediate

ferromagnetic interactions between the metal ions that it

bridges, is reported [1, 2]. Manganese complexes remain a

center of interest because of a variety of their properties. As

a dopant in crystalline matrix manganese influences the

physical properties of the crystal. The Mn2? d-electron

states act as efficient luminescent centers. Manganese ions

in organometallic compounds can be easily ordered into

short- and long- order magnetic states [3, 4].

Synthesis and characterization of manganese malonate

complexes were reported and the orthorhombic structure of

manganese malonate dihydrate (MnC3H2O4�2H2O) was

confirmed [5, 6]. But reports on the crystallization of the

material by gel method are scanty in literature. The gel

growth technique is quite appealing on account of its

unique advantages in terms of the quality of the crystals

produced and the simplicity of the process [7]. In this

investigation, manganese malonate dihydrate crystals have

been grown in silica gel and characterized by thermal and

dielectric studies. Herein the authors report the results

obtained.

Materials and methods

Manganese malonate dihydrate crystals, Mn(C3H2O4)

2H2O were grown by the hydrosilica gel method. The

growth was accomplished by the controlled diffusion of
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manganese ions through silica gel impregnated with ma-

lonic acid. The gel was prepared by mixing sodium

metasilicate of density 1.033 g/cc with 1 M malonic acid.

The gel was allowed to set and 0.3 M manganese chloride

solution was carefully poured on the top of the gel. The

outer electrolyte diffuses into the gel and manganese ions

react with malonate ions, resulting in the crystallization of

manganese malonate. Pink crystals of manganese malonate

were grown after a period of 5 weeks. The growth and

spectroscopic characterization of the crystal have been

reported elsewhere [8].

The thermogravimetric (TG) analysis and differential

thermal analysis (DTA) of the title crystal were carried out

using a Perkin Elmer Diamond TG/DTA instrument under

nitrogen atmosphere from room temperature to 800 �C at a

heating rate of 10 K/min. Differential scanning calorimet-

ric (DSC) measurements were made using a Mettler Toledo

DSC 822e instrument in the temperature range of

40–600 �C.

Dielectric (capacitance and dielectric loss, tand) mea-

surements on manganese malonate dihydrate crystals were

carried out by the parallel plate capacitor method as a

function of temperature for four different frequencies

(1, 10, 100 kHz and 1 MHz) using a precision LCR meter

(AGILENT 4284 A model) [9, 10]. The sample crystals

were powdered and pelletized into a dia 13 mm. The

opposite flat faces of the pellet were coated with fine

graphite powder. The sample was placed between the

electrodes and heated from room temperature to 120 �C

using a thermostat. The maximum temperature for the

dielectric measurement was considered to be 120 �C as it

was understood from the TG measurement that the crystal

is thermally stable up to 123 �C. The observations were

made while cooling the sample. The dielectric constant of

the crystal was calculated using the relation. er = Ccrys/Cair,

where Ccrys is the capacitance of the crystal and Cair is the

capacitance of the same dimension of air. From the

dielectric constant er and the loss factor (tand), the AC

conductivity (rac) of the sample can be evaluated using the

relation. rac = 2pf e0 er tand where f is the frequency of the

applied field and e0 is the permittivity of free space.

Results and discussion

Thermal studies

Thermoanalytical studies are powerful tools with a wide

range of applications from basic research to several

industries in the development and characterization of a

variety of products [11, 12]. Thermal studies of metal

malonates have been reported by many authors [13–15].

But the investigations on gel-grown metal malonate crys-

tals are very few [16–18]. The TG, DTA, DSC studies of

the title compound were carried out and the corresponding

plots are depicted in Fig. 1a–c, respectively.

The TG curve exhibits mass losses in two stages which

indicate that the decomposition takes place continuously. It

is seen that the TG curve shows a plateau up to 123 �C

suggesting that the compound is thermally stable up to a
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Fig. 1 TG, DTA, DSC patterns

of manganese malonate crystals.

a TG Pattern. b DTA Pattern.

c DSC Pattern
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temperature of 123 �C. After this temperature, the curve

describes a mass loss of 19% in the temperature range of

123–209 �C. This mass loss is attributed to the dehydration

of the sample by eliminating two water molecules from the

structure of the compound. The calculated mass loss for the

same is 18.67%.

The anhydrous malonate formed after dehydration

remains stable up to 287 �C. In the temperature range of

287–398 �C, the TG curve shows a mass loss of 42%. This

stage indicates the thermal decomposition of the anhydrous

malonate to manganese oxide (MnO). The observed mass

loss of 41% is in close agreement with the formation of

MnO as the final product. The details are given below.

Molecular weight of the crystal MnC3H2O4�2H2O =

192.954

Molecular weight of MnC3H2O4 = 156.922

Weight of 2 molecules of H2O = 36.032

Amount of MnC3H2O4 in the crystal = 81.33%

Water of crystallization = 18.67mass%

Weight loss observed in the first temperature region =

19%

The calculation shows that the molecular formula of the

grown crystal can be written as MnC3H2O4 2H2O.

The DTA curve of the sample shows a smooth endo-

therm with a peak at 190.58 �C. Area under the peak is

6416.46 mJ and heat of transition DH = 0.73373 kJ/g.

This reveals that two water molecules in the structure are

eliminated in a single step. The curve shows multiple

indistinguishable peaks between 280 and 385 �C. This

indicates that the intermediate products undergo multiple

oxidative decomposition process.

In the DSC study, two endothermic stages are observed.

But at 474.8 �C, an exothermic phase transition process is

noticed. The thermal effect is 0.00516 kJ/g. The result of

DSC measurements is presented in Table 1.

The DSC curve comprises of three steps:-

Step 1 The initiation temperature is 179.93 �C and

equilibrium temperature is 233.11 �C. At 179.93 �C,

initiation of phase change starts and completed at the

peak endotherm temperature of 213.76 �C. The temper-

ature at which the sample and reference come to

equilibrium by thermal diffusion appears to be at

233.11 �C. (i) Area under the curve is 3646.145 mJ

and (ii) heat of transition, i.e., enthalpy change of

transition is 589.61 J/g.

Step 2 At 287.67 �C initiation of phase change starts and

the phase change ends at peak endo-down temperature of

311.96 �C. The temperature at which the sample and

reference come to thermal equilibrium by thermal

diffusion appears to be at 331.34 �C. (i) Area under

the curve is 511.5 mJ and (ii) heat of transition DH, i.e.,

enthalpy change of transition is 82.71 J/g.

Step 3 At 463.98 �C, initiation of phase change starts

and the transition ends at the peak exo-up temperature of

474.80 �C. The temperature at which the sample and

reference come to thermal equilibrium by thermal

diffusion appears to be at 475.48 �C. (i) Area under

the curve is -31.89 mJ and (ii) heat of transition DH,

i.e., enthalpy change of transition is -5.16 J/g.

The TG/DTA/DSC results obtained are fairly in agree-

ment with those in the literature [19–21].

Dielectric studies

The dielectric properties of solid give us a good insight into

the electric field distribution within them. By the study of

dielectric constant er, dielectric loss (tand) and AC con-

ductivity (rac) as a function of frequency and temperature,

the various polarization mechanisms in the material can

be understood. Figure 2 shows the variation of dielectric

properties of manganese malonate dihydrate crystals

with temperature at four different frequencies, viz. 1, 10,

100 kHz and 1 MHz. The dielectric parameters—er, tand,

and rac are observed to increase with rise in temperature.

The variation with temperature of dielectric parameters is

more pronounced at lower frequencies than at higher fre-

quencies. Moreover, when the frequency is 1 MHz, no

significant variation of dielectric constant, dielectric loss

and AC electrical conductivity versus temperature could be

observed. The values of er and tand decrease with the

increase in frequency. The rac value increases with the

increase in frequency. This is considered to be a normal

dielectric behavior.

The results indicate that the er values observed at lower

temperatures are significantly less (\4.0 up to 80 �C for

1 kHz frequency) (see Fig. 2a). The microelectronics

industry needs to replace the dielectric materials in multi-

level interconnect structures with low dielectric constant

materials as an inter layer dielectric (ILD) which surrounds

and insulates interconnect wiring. Silica has the er value

&4.0, in part as a result of Si–O bonds. Several innovative

developments have been made for the development of new

low er value materials to replace silica. However, there is

still a need for new er value dielectric materials [22]. In

addition, materials in the single crystal form would be very

Table 1 Values of DH and Ti (Transition temperature) from DSC

measurements

Sample Mass of sample DH (kJ/g) Ti (�C)

MnC3H2O4�2H2O 6.184 g 0.58961 213.76

0.08271 311.96

0.00516 474.8
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much interesting. Meena and Mahadevan [22] have found

that L-arginine acetate and L-arginine oxalate are promising

low er value dielectric materials. Also, Mahadevan and his

co-workers have observed significant reduction in er value

of potassium dihydrogen orthophosphate (KDP) single

crystal when doped with urea [23] and with L-arginine [24]

which makes KDP as a low er value dielectric material.

Considering the above factor, the title compound crystal

can also be considered as a promising low er value

dielectric material.

The dielectric behavior of the title compound crystal can

be understood on the basis that the mechanism of polari-

zation is similar to the conduction process. For this type of

single crystals, the electrical conductivity can be deter-

mined by the proton transport within the frame work of

hydrogen bonds because of the presence of water mole-

cules [24]. Also, the conductivity observed in this study

increases smoothly through the temperature range

(40–120 �C) considered; there is no sharp increase that

would be characteristic of a superprotonic phase transition

[24]. So, two mechanisms can be considered. The first

mechanism is identical to the conductivity mechanism in

ice also containing hydrogen bonds. According to the

second mechanism, conductivity is associated with the

incorporation in the crystal lattice of impurities having

different valences and the formation of corresponding

defects in ionic crystals. The conductivity of ice is deter-

mined by the simultaneous presence of positive and neg-

ative ions and orientational defects-vacant hydrogen bonds

(L-defects) and doubly occupied hydrogen bonds (D-

defects). Other possible defects are vacancies and defect

associates. The temperature dependence of conductivity

observed in this study for the title compound allows us to

mention that the conductivity of manganese malonate

dihydrate crystal is determined by both thermally generated

L-defects and the foreign (natural) impurities incorporated

with the lattice and generating L-defects there. So, the

proton transport in the crystal depends on the generation of

L-defects. Hence, the increase of conductivity with the

increase in temperature observed for the manganese mal-

onate dihydrate crystal can be explained as due to the

temperature dependence of the proton transport.

Conclusions

The growth of manganese malonate dihydrate single crystals

was achieved using gel technique by the process of diffu-

sion. The TG/DTA/DSC thermograms reveal the different

stages of decomposition for the grown crystals and the

presence of two water molecules in the title compound. The

sample reduces to the metal oxide at around 370 �C as in the

case of many metal organic compounds. The low er values

observed (\4.0) at low temperatures indicate that the title

compound crystal is a promising low er value dielectric

material useful in microelectronics industry. The conduc-

tivity behavior could be understood as because of the proton

transport within the framework of hydrogen bonds.
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