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Abstract Three transition metal perchlorate complexes of

general formula [M(dah)2)](ClO4)2 (where M = Zn, Cu, and

Ni; dah = 1,6-diaminohexane) have been prepared, and

characterized by elemental analysis, infrared spectroscopy

(IR), and gravimetric method. The thermal decomposition

has been studied by thermogravimetry (TG), differential

thermal analysis (DTA), and differential scanning calorim-

etry (DSC). Kinetics parameters of their thermolysis were

evaluated by model-fitting and isoconversional methods

using isothermal TG data. Model-fitting method has given

the single value of activation energy (E) whereas; isocon-

versional method yields a series of E values which vary with

the extent of conversion. Further ignition delay of these

complexes was measured to see the response toward rapid

heating with varying amounts. The thermal stability of the

complexes decreases in the order as: [Zn(dah)2)](ClO4)2

[ [Cu(dah)2)](ClO4)2 [ [Ni(dah)2)](ClO4)2

Keywords 1,6-diaminohexane � Metal perchlorate

complexes � Thermolysis � Kinetics � Ignition delay

Introduction

Metal nitrate and perchlorate complexes fall in the category

of energetic metal complexes because of the presence of

reducing and oxidizing group in the same molecule. Now a

day, keen interest has been increased to the thermolytic

studies of energetic metal amine complexes [1–4]. Explo-

sivity of such energetic compounds lies between those of

primary and secondary explosives [4]. These complexes

may find applications in pyrotechnics, explosives, and

propellants compositions. Nickel hydrazine nitrate has been

prepared and found insensitive to impact, friction, or elec-

trostatic charge, but more sensitive to flame [5]. Transition

metal complexes are also used to obtain nano size metal

oxides, which can have interesting electrical, magnetic, and

catalytic properties [6]. Recently, Singh et al. [7–11]

reported the use of energetic metal complexes and metal

salts as ballistic modifiers for ammonium perchlorate-based

composite solid propellants. Thermal characterization of

these complexes helps in knowing the thermal stability,

safety in handling, and storage. Kinetics of thermolysis

provides a good approach for the mechanism of thermal

decomposition of new high energetic compounds. Recently,

we have undertaken studies on thermolysis and kinetics of

some hexaammine metal perchlorates [10, 12], metal

nitrates of bis(propylenediamine) [10], bis(diethylenetria-

mine) [13], perchlorates of bis(propylenediamine) [14],

bis(1,4-diaminobutane) [15] and polymeric bis(4,40-bipyri-

dine) metal nitrates [16], hydrogen-bonded hexamethy-

lenetetramine nitrates [17] and perchlorates [18], piperidine

metal nitrates [19], and 2,20-bipyridyl perchlorates [20].

Thus, in the continuation of our earlier study, we report

here, the preparation, characterization, and thermolysis of

transition metal perchlorate complexes with 1,6-diamino-

hexane ligand. Kinetics of thermolysis has been evaluated

using isothermal TG by model-fitting and isoconversional

methods. These were found to ignite when subjected to

higher temperatures. The decomposition pathways of the

complexes have also been proposed.
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Experimental

Materials

Following AR grade commercially available Cupric car-

bonate (BDH), nickel carbonate, zinc carbonate (Thomas

Baker), perchloric acid, ethanol (Hayman), methanol

(Ranbaxy), and 1,6-diaminohexane and petroleum ether

(Merck) were used as received.

Preparation and characterization of the complexes

Various DAHP (diaminohexane perchlorate) complexes

were prepared following a two step procedure as reported

earlier [14]. Precipitated complexes were washed with

methanol and petroleum ether and dried. The complexes

were characterized by gravimetric estimation [21], infrared

[22, 23] (JASCO FT/IR-5300, KBr pellet), and elemental

analysis (C, H, N-Heraeus Carlo Erba 1108 instrument),

and data are presented in Table 1.

Thermal decomposition studies

TG in air

Non-isothermal TG (Fig. 1) was undertaken using an indige-

nously fabricated TG apparatus [24] in static air atmosphere

(sample mass 33 mg, heating rate 278 K min-1).

Simultaneous TG–DTG–DTA

Simultaneous TG–DTG–DTA curves of the complexes were

obtained on Pyris Diamond Star system in flowing nitrogen

atmosphere (flow rate 50 mL min-1, heating rate

283 K min-1, sample mass*4 mg) in open crucible (Fig. 2).

DSC

DSC curves were obtained on Mettler Tolledo Star system

in flowing nitrogen atmosphere (flow rate 50 mL min-1,

sample mass *4 mg) in a crimped crucible with a small

hole at a heating rate of 283 K min-1. DSC curves are

shown in Fig. 3. The thermoanalytical data on complexes

are presented in Table 2.

Isothermal TG

The isothermal TG on DAHP complexes (sample mass

33 mg, 100–200 mesh) was carried out in static air using

the same TG apparatus [24] as mentioned earlier at

appropriate temperature for early thermolysis (*30% mass

loss). The sample was diluted with alumina (1:1 by wt).

The isothermal TG curves are given in Fig. 4.

Kinetic analysis of isothermal TG data

Kinetics of thermolysis is evaluated from isothermal TG

data using model-fitting as well as model-free isoconver-

sional method [25]. The following equation was found to

be hold under isothermal condition:

�lnta;i ¼ ln A=gðaÞ½ � � E=RTi

where, a is the extent of conversion, E is the activation

energy at a particular a, R the gas constant, and Ti the

absolute temperature. E is evaluated from the slope of the

plot of -lnta,i against 1/Ti. Thus, E was evaluated at

Table 1 Physical, elemental, and spectral parameters of the complexes

Compound Color % observed/calculated IR/m cm-1

C H N M N–H

str.

N–H

bend.

C–H

str.

C–H

bend.

H2C–NH2 Cl=O Cl –O ClO4 M–N

[Zn(dah)2](ClO4)2 White 28.2/29.0 6.5/6.4 10.5/11.2 13.4/13.2 3325 1587 2928 1466 1089 1147 925 626 423

[Cu(dah)2](ClO4)2 Blue 28.8/29.1 6.2/6.4 10.8/11.3 13.2/12.8 3325 1585 2928 1473 1091 1132 928 627 457

[Ni(dah)2](ClO4)2 Sky blue 29.7/29.4 6.6/6.5 12.1/11.4 11.8/12.0 3319 1597 2924 1460 1086 1124 908 625 418
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Fig. 1 TG curves of complexes (air atmosphere)
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various extent of conversion a. The linear dependencies of

E on the extent of conversion are shown in Fig. 5.

Ignition delay measurements

Ignition delay (Di) at various temperatures was undertaken

with the tube furnace [26]. The sample (mass 20 and 7 mg,

100–200 mesh) was taken in an ignition tube

(length *5 cm and diameter *0.4 cm) clamped with a

bent wire and inserted manually into the tube furnace (TF).

The time interval between the insertion and the moment of

audible ignition gave the value of ignition delay in seconds

(s). The accuracy of temperature was ±274 K. Each run

was repeated four times, and mean Di values are reported in

Table 3.

The kinetics of fast decomposition [27, 28] is evaluated

from ignition delay data, Di. The Di data were found to fit

in equation

Di ¼ A eE�=RT

where E* is the activation energy for ignition, and T is the

absolute temperature. The value of E* was obtained from

the slope of lnDi versus 1/T.

Results and discussion

The analytical data presented in Table 1, clearly show that

there is a good agreement between observed and calculated

percentage of C, H, N, and metal which confirms the

proposed molecular formula of the complexes. The IR

spectral data (Table 1) also signalize the proposed molec-

ular/empirical formula. M–N stretching at 418–457 cm-1,

which confirms the metal to ligand bond formation.

TG curves, taken in static air show that all the three

complexes decompose in one step of which initial mass

loss is slow and later is rapid (Fig. 1). After a little weight

loss, the residue ignited giving a sharp weight loss. Initial

decomposition temperature is almost same for all the three

complexes, but the temperature of rapid thermolysis is the

highest for zinc complex and is the lowest for copper

complex. This shows the lower thermal stability of copper

complex than nickel and zinc complexes. Finally, the

corresponding metal oxide residue is left.

In flowing nitrogen atmosphere, the complex decom-

poses in two steps (Fig. 2). First step is rapid, and second

stage is gradual. In first step, 48.2, 40.0, and 43.6% mass

losses has been observed for zinc, copper, and nickel

complexes, respectively (Table 2). Corresponding to this

473

DTA

DTA

DTA

DTG

DTG

DTG
Zn

Cu

Ni

TG

TG

TG

373

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

–60

–40

–20

0

20

40

–60

–40

–20

0

0

20

40

–60

–40

–20

20

40

573 673 773 873 973

473373 573 673 773 873 973

473373 573 673 773 873 973

Temperature/K

Temperature/K

Temperature/K

M
as

s%
M

as
s%

M
as

s%

μV
μV

μV

Fig. 2 Simultaneous TG–DTG–DTA curves of complexes (N2

atmosphere)

473373 573 673 773

Temperature/K

H
ea

t f
lo

w
/m

W

Cu

Ni

Zn

0

–2

2

4

6

8

10

Fig. 3 DSC curves of complexes (N2 atmosphere)

Kinetics of transition metal perchlorate complexes 151

123



first step mass loss, DTG peaks are obtained. Although the

thermolysis is done up to the temperature of 893 K, the

residue left is more than the corresponding metal oxide,

indicates the incomplete decomposition. In second stage of

decomposition, the residue left after first step, ignites

slowly giving a gradual mass loss curve and have no clear

DTG peaks. Figure 2 clearly shows that the first step of

mass loss is exothermic as indicated by the exothermic

peak in DTA and DSC curves (Fig. 3). Second step

decomposition is also exothermic, but instead of exother-

mic peak an exothermic hump is obtained in DTA. This

may be due to the slow thermolysis in which exothermic

and endothermic processes may occur simultaneously.

However, in DSC curve (Fig. 3) only one exothermic peak

is obtained at 605, 512, and 500 K for zinc, copper, and

nickel complexes, respectively. In DTA, corresponding

peak occurs at 600, 521, and 515 K. In DSC, the second

exothermic hump is absent because DSC is run up to

823 K, whereas it is present since DTA was run up to

*873 K. Although the peak temperature of copper com-

plex is higher to that of nickel, the starting decomposition

temperature is lower. Comparison of inflection temperature

(Ti) of DTA peak and starting temperature of mass loss

(Table 2) reveals that it is higher for Zn and lower for Cu

complexes. Temperatures of rapid decomposition in air

atmosphere follow the same trend as in case of inert

atmosphere. Thus, the complexes may be arranged in the

order of decreasing thermal stability as [Zn(dah)2](ClO4)2

[ [Ni(dah)2](ClO4)2 [ [Cu(dah)2](ClO4)2.

Change of atmosphere may change the thermolysis

pattern of compounds. A perusal of decomposition shows
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Fig. 4 Isothermal TG curves of the complexes (air atmosphere)

Table 2 TG, DTA, and DSC phenomenological data of complexes

Complex Step TG DTA DSC

Trange/K % loss Ti/K Tp/K Te/K Nature Ti/K Tp/K Te/K Nature

[Zn(dah)2](ClO4)2 I 448–608 48.2 569 600 618 Exo 581 605 622 Exo

II 633–893 37.0 – – – – – – – –

[Cu(dah)2](ClO4)2 I 401–571 60.0 487 521 543 Exo 479 512 544 Exo

II 573–892 24.2 – – – – – – – –

[Ni(dah)2](ClO4)2 I 433–603 40.3 493 515 518 Exo 496 500 508 Exo

II 608–893 30.7 – – – – – – – –

Ti inflection temperature, Tp peak temperature, Te endset temperature
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Fig. 5 Dependencies of activation energy on extent of conversion (a)

for these complexes (each atomic symbol with a marker represents the

graph of metal complex)
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that the rate of thermolysis is high in air relative to inert

atmosphere. Also, in air, final decomposition residue cor-

responds to the metal oxides (*12%) at 873 K, whereas

under inert atmosphere up to 893 K the amount of residue

left is more than metal oxides formed at 873 K which could

be due to incomplete decomposition. This difference in

thermolysis pattern is due to the oxidative nature of air

atmosphere. A survey of literature shows that the metal

perchlorate with diamine ligand such as ethylenediamine

[25], propylenediamine [14], and 1,4-diaminobutane [15]

decomposes in single step in nitrogen atmosphere. The

change of one step decomposition to two steps may be

explained on the basis of oxidizing (ClO4
-) and reducing

(–CH2–) group ratio and oxygen balance of the complexes.

In the complexes with 1,6-diaminohexane ligand, the reduc-

ing group (–CH2–)6 is large in comparison to (–CH2–)2,

(–CH2–)3, and (–CH2–)4 of ethylenediamine, propylenedi-

amine, and 1,4-diaminobutane, respectively, whereas the

oxidizing group is same. The oxygen balance for metal

perchlorate complexes with 1,6-diaminohexane, 1,4-diam-

inobutane, propylenediamine, and ethylenediamine ligands

are approximately -106, -76, -58, and -39, respectively.

Thus, an increase of reducing group increases the oxygen

deficiency of the molecule. The fast decomposition is

attributed to a chain type explosive reaction due to simul-

taneous presence of reducing and oxidizing group in the

same molecule. It seems that an intramolecular solid phase

redox reaction occurring between reducing and oxidizing

group is responsible for rapid decomposition. However,

when reducing group becomes larger (oxygen deficiency

increases), the self-oxidizing nature, and so decomposition

becomes slow. Since, available oxygen in the molecule is

not sufficient to oxidize the reducing group, hence left

residue after first rapid step, decomposes slowly at elevated

temperatures in non-oxidative nitrogen atmosphere. How-

ever, in air atmosphere, oxygen supply to the thermolysis

may change two steps decomposition into single rapid step

and final residue obtained may correspond to metal oxide.

Though the mode of decomposition of these compounds

is a complex process, it may be speculated that first step of

decomposition process may be partial dissociation of the

compounds into ligand and metal perchlorate, M(ClO4)2.

However, such a dissociation occurring in these perchlo-

rates is difficult to detect by TG and DTA at atmospheric

pressure. The reason for this being the unstable nature of

the metal perchlorates at higher temperatures which may

decompose instantaneously by exothermic reactions. The

expected endotherm corresponding to partial dissociation

of ligands may thus be overshadowed by exothermic pro-

cess resulting in an overall exothermic effect. Thus, the

speculated mechanism of thermolysis may be given as

M dahð Þ2
� �

ClO4ð Þ2! dahþ M ClO4ð Þ2
dah þ M ClO4ð Þ2! Metal Oxide þ gaseous products

The kinetic analysis of early decomposition (a = 0.30) of

the complexes has been evaluated using isothermal TG data

taken in air atmosphere by applying model-fitting as well as

model-free isoconversional method [25]. Each model results

in approximately the same activation energy (E) irrespective

of the model used. The activation energy for zinc, copper,

and nickel complexes are 73.0, 35.0, and 45.8 kJ mol-1,

respectively. It is impossible to assign a single value of E to a

particular process in such a complex solid state decomposi-

tion. Isoconversional method allows the estimation of

apparent activation energy independent of the model. This

approach indicates that the decomposition of these com-

plexes is not as simple as indicated by model-fitting method.

As Fig. 5 shows that the E value changes with extent of con-

version, a. E is the highest for zinc complex whereas it is the

lowest for copper complex in all the a range. A single value

of activation energy derived from model-fitting method is the

highest and the lowest for Zn and Cu complexes, respec-

tively. Thus, on the basis of E value, the thermal stability of

complexes decreases in the order [Zn(dah)2](ClO4)2 [
[Ni(dah)2](ClO4)2 [ [Cu(dah)2](ClO4)2.

Di was measured to examine the response of the com-

plexes subjected to sudden high temperature. Table 3

shows that zinc complex does not ignite at 698 K (up to

*7 min) although their partial decomposition has been

observed. Copper and nickel complex ignite at lower

temperatures (after partial decomposition). At a particular

Table 3 Ignition delay/Di, activation energy for thermal ignition and correlation coefficient (r) for the complexes

Compound Mass/mg Di/s at various temperatures/K E*

kJ/mol

r

598 ± 1 623 ± 1 648 ± 1 673 ± 1 698 ± 1 713 ± 1 723 ± 1 733 ± 1 743 ± 1 753 ± 1

[Zn(dah)2](ClO4)2 20 – – – – – 155 124 99 86 73 83.7 0.9964

7 – – – – – 149 114 91 83 74 77.0 0.9787

[Cu(dah)2](ClO4)2 20 123 90 76 64 53 – – – – – 28.2 0.9952

7 116 73 66 60 47 – – – – – 28.0 0.9604

[Ni(dah)2](ClO4)2 20 – 141 112 79 72 – 60 – – – 32.4 0.9878

7 – 124 98 68 60 – 54 – – – 32.5 0.9813
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temperature, for the sample mass 20 or 7 mg, the time of

ignition for Ni is more than Cu complex. This shows the

greater thermal stability of Ni over Cu complex. Also, the

activation energy for ignition (E*) follows the decreas-

ing order as [Zn(dah)2](ClO4)2 [ [Ni(dah)2](ClO4)2 [
[Cu(dah)2](ClO4)2. Thus, the thermal stability decreases in

the same order. Similar thermal stability order has also

been observed during TG, DTA, and DSC analysis as

reported earlier. The higher stability of Zn complex may be

attributed to the filled d10 electronic configuration of Zn??

ion and higher ionization potential (9.39 eV). Comparison

of Di values for 20 or 7 mg indicates that it is lower for

7 mg for all the three complexes. This suggests that self-

propagative heating effect of sample particles is less than

the contact heating with the wall of ignition tube. Although

the Di is different for different sample masses, activation

energy for ignition is nearly same.

Conclusions

All these compounds gave a common exothermic peak in

DTA and DSC which may be due to ignition, giving a

sudden weight loss in TG. The rate of thermolysis is high in

air as compared to inert nitrogen atmosphere. A conven-

tional model-fitting approach fails to describe any change

in the mechanism of isothermal decomposition of these

complexes. The isoconversional method emphasizes that

mechanism of thermolysis changes as the reaction pro-

ceeds. Ignition delay measurement indicates the same

mechanism for thermal ignition of all the three complexes.

Thermal stability of the complexes decreases in the order

[Zn(dah)2](ClO4)2 [ [Ni(dah)2](ClO4)2 [ [Cu(dah)2](ClO4)2.
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