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THERMAL STUDIES ON ENERGETIC COMPOUNDS
Part 30. Kinetics and mechanism of bis(diethylenetri-
amine)metal nitrate complexes
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Abstract

The nitrate complexes of copper, nickel and zinc with diethylenetriamine (dien) i.e. [Cu(dien),](NO3),,
[Ni(dien),](NO;),-2H,0 and [Zn(dien),](NOs3), have been prepared and characterised. Thermal studies
were undertaken using TG-DTG, DSC, ignition delay (#,4) and ignition temperature (/7) measurements.
Impact sensitivity was measured using drop mass technique. The kinetic parameters for both non-
isothermal and isothermal decomposition of the complexes were evaluated by employing Coats—Red-
fern (C—R) method and Avrami—Erofeev (A—E) equations (n=2 and 3), respectively. The kinetic analy-
sis, using isothermal TG data, was also made on the basis of model free isoconversional method and
plausible mechanistic pathways for their decomposition are proposed. Rapid process was assessed by
ignition delay measurements. All these complexes were found to be insensitive towards impact of 2 kg
mass hammer up to the height limit (110 cm) of the instrument used. The heat of reaction (AH) for each
stage of decomposition was determined using DSC.
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Introduction

Nitrates [1-4] are powerful oxidizing agents and decompose exothermally at
elevated temperatures to give oxygen as one of the major products. Of the various
classes of high energetic compounds (HECs) available, transition metal complexes
find applications in explosives, propellant formulations and pyrotechnique
compositions. The explosivity of such type of HECs is reported to lie between those
of primary and secondary explosives [5]. Thermal characterisation of these
complexes helps in knowing the thermal stability, safety in handling and storage. The
kinetic analysis permits a deeper-insight into the mechanism of thermal
decomposition of new HECs. Earlier we have reported thermal characterisation and
explosion of various HECs [6—12]. Very recently, we have undertaken investigations
[13] on some bis(ethylenediamine)metal(II) nitrates. Kinetics and mechanistic
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aspects of thermal decomposition of bis(diethylenetriamine)metal(II) nitrates are not
reported yet. Thus, an attempt has been made in this paper to prepare, characterize
and investigate the mechanism for thermal decomposition of such type of complexes.

Experimental procedure

Materials

The following chemicals (obtained from the sources given in parentheses) were used as
received: Carbonates of copper (BDH), nickel and zinc (Thomas Baker), 70% HNO;
and methanol (Ranbaxy), ethanol (Hayman), diethylenetriamine (s.d. fine chemicals),
and silica gel TLC grade (Qualigens).

Preparation and characterizations of complexes

Firstly, the metal nitrates were prepared by a procedure similar to the one as reported
earlier [ 14] but with slight modification, by treating corresponding metal carbonates
(MCOs) with 70% nitric acid (HNOs) at room temperature (RT). The metal nitrates
thus obtained were washed with petroleum ether, recrystallised from distilled water
and dried over fused CaCl, in desiccator. The bis(diethylenetriamine)metal nitrate
complexes were prepared by reacting ethanolic solution of corresponding metal ni-
trates with diethylenetriamine in stoichiometric amount.

MCO;+HNO;(70%)—>M(NO3), %
[M(H,N-CH,CH,-NH-CH,CH,-NH,),](NO3),-nH,0
bis(diethylenetriamine)metal nitrate

where M=Cu, Ni, Zn and n=0, 2, respectively.

The crystalline complexes with different colours, were washed with methanol.
All these nitrates were recrystallised from their aqueous solution, dried over fused
CaCl, and their purity was checked by thin layer chromatography (TLC). These com-
plexes were characterised by gravimetric method [15], infrared [16, 17] (Impact 400)
and elemental analysis (Fission Instrument DP 200 series 2). TLC, IR and elemental
data are summarized in Table 1.

Thermal characterisation

The details of thermal characterisation of complexes are given below.

Simultaneous TG-DTG

TG-DTG curves were obtained on DuPont 2100 Thermal Analysis instrument in ni-
trogen atmosphere (flow rate 60 mL min ') at a heating rate of 10°C min ' and DSC
curves are given in Fig. 1. The temperature of inception T;, temperature of comple-
tion Ty, DTG peak temperature T, and percentage mass loss of each stage of decom-
position are presented in Table 2.
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Fig. 1 TG-DTG curves of bis(diethylenetriamine)metal complexes recorded at a heat-
ing rate of 10°C min™' in flowing nitrogen atmosphere (flow rate 60 mL min™")

DSC

This study was performed on V4.0B DuPont 2100 in an inert atmosphere (N,, flow
rate 60 mL min ') at a heating rate of 10°C min ' and DSC curves are reported in
Fig. 2. DSC peak temperatures and AH values are summarised in Table 2.

Non-isothermal TG

To determine the effect of atmosphere change on isothermal and non-isothermal TG on
these complexes (weighing~20 mg, 100200 mesh, heating rate 2°C min ') were under-
taken in static air using home made thermogravimetric analyser (TGA) [16] in our labora-
tory. As the complex of Ni metal was found to cause repeated explosion during TG studies,
it was thought of interest to perform TG on all of the present complexes by diluting the
samples with alumina (1:1 ratio) in same experimental conditions to have a comparison of
thermal behaviour of all the complexes. The kinetics of non-isothermal decomposition of
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Fig. 2 DSC curves of complexes obtained at a heating rate of 10°C min™" in flowing
nitrogen atmosphere (flow rate 60 mL min")

the complexes was estimated using this TG data by C-R equation [19-21]. The calculated
parameters such as activation energy (E,), order parameter (7), pre-exponential factor (4)
and correlation coefficient (r) are reported in Table 3.

Table 3 Kinetic parameters for non-isothermal decomposition of complexes obtained from
Coats—Redfern (C—R) method

Comp. No.  Decomposition stage n E,/kJ mol ™ 1gA r
I 0.0 105.3 3.6260 0.9957
1 I 0.0 123.2 4.2670 0.9969
11 0.0 79.5 2.6518 0.9954
I 0.0 88.6 3.3429 0.9976
2 II 0.0 72.8 2.0644 0.9898
11 0.0 55.3 1.9878 0.9995
3 I 0.0 127.9 1.9755 0.9897
I 0.0 120.2 1.5442 0.9981
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Isothermal TG

The isothermal TG on these complexes (sample mass=20 mg, 100-200 mesh) was
carried out in static air using above said apparatus [18]. The kinetics for isothermal
decomposition of these complexes were evaluated using isothermal TG data which
were fitted in nine mechanism based kinetic models [22, 23]. Avrami—Erofeev equa-
tions (1 and 2) were found to be the best-fit models leading to straight-line plots.

[In(l-o)]"> =kt (1)
[-In(l-o)]"’ =kt )

The correlation coefficient value () were also determined using the following rela-

tion,
LY )
V22

where x and y are values at abscissa and ordinates, respectively. The calculated val-
ues for rate constant (k), £, and r are reported in Table 4.

r=

Table 4 Kinetic parameters and correlation coefficients (7) for isothermal decomposition of com-

plexes
Comp. Avrami—Erofeev (n=2)
No. Rate constant (k-10>/min"") at (T/K) r E,/kJ mol ™

9.9 156 32,0 023 755

! 493)  (503)  (513)  (523)  (533) 09887 86.8
6.0 82 158 340 434

2 (478)  (483)  (488)  (493)  (498) 0989 723
75 152 284 492 650

3 (73)  (593)  (613)  (633) (653 0992 114.8
Avrami—Erofeev (n=3)
7.9 161 300 417 736

! 493)  (503)  (513)  (523) (533 09987 88.1
74 149 217 358 425

2 (478)  (483)  (488)  (493)  (d498) 09988 708

5 6.5 125 278 482666 [ g00 120

(573) (593)  (613) (633)  (653)

Model free isoconversional method [24] (Eq. (4)) was also employed to make
kinetic analysis for isothermal decomposition of these complexes.
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Fig. 3 Dependencies of £ on extent of conversion (a.) obtained from isoconversional
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where 7 is time, a is extent of conversion, A4 is pre-exponential factor, £, indicates ac-
tivation energy at various o, R represents gas constant and 7 is absolute temperature.
The values of E, were calculated from the slope of —Inz vs. 1/T plots and dependen-
cies of £, on the o values are demonstrated in Fig. 3.

Ignition delay (t,4) and ignition temperature (IT) measurements

The time interval between the insertion of the sample tube into the TF and the
appearence of smoky flame was taken to be the #4. t;y and IT were measured using tube
furnace (TF) [25] technique. The ignition tube (length=5 cm and diameter=0.4 cm)
containing sample (mass 20 mg, 100-200 mesh) clamped with a bent wire was inserted
manually into the TF. Each experiment was repeated three times and mean #4 values
are reported in Table 5. The accuracy of the temperature measurement of TF was +1°C.
The ignition delay data was fitted in following equation [26—-28] to obtain the value of
activation energy for thermal ignition (E*) reported in Table 5.

s

ty=Besp (5)

where B is constant, £* is the activation energy for ignition and 7 is the absolute tem-
perature.

Impact sensitivity measurement

An impact apparatus for high explosive was used to carry out this experiment. The
description of the device and experimental setup are reported elsewhere [7].

J. Therm. Anal. Cal., 76, 2004
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Results and discussion

The analytical data presented in Table 1, clearly indicate that there is a good agreement
between percentage of observed and calculated values of each element and hence con-
firming the metal complex formation. IR spectral data (Table 1), on the other hand, also
signalize the proposed molecular formulae of the complexes. The simultaneous
TG-DTG traces obtained in inert atmosphere of nitrogen (Fig. 1) and TG taken in static
air (with alumina) show multistage decomposition of the complexes. The nature of the
thermal curves for the complexes of copper and zinc metals were found to be same
both in nitrogen and air (diluted with alumina). The copper complex was decomposed
in three stages whilst zinc complex in two stages. However, different decomposition
patterns were observed for nickel complex in different experimental conditions. Two
step decomposition was seen in simultaneous TG-DTG analysis (Fig. 1). However,
three stages appear when TG is performed on this complex diluted with alumina in
static air (Table 2). It seems that a higher heating (10°C min ') applied in simultaneous
analysis is responsible for rapid decomposition and hence causing second and third
steps to occur simultaneously. The TG data given in Table 2 indicate that there is a
close agreement between the observed and calculated mass losses corresponding to dif-
ferent decomposition stages of all the complexes. This showed the assumed composi-
tion of expelled groups in corresponding stages to be reasonably correct. All these
complexes generally undergo decomposition processes; dehydration and/or partial
deammination and finally oxidative decomposition to yield corresponding metal ox-
ides as final decomposition product. A similar type of decomposition trend is observed
during the course of TG analysis of the complexes in air atmosphere.

From the thermal data reported in Table 2, the complexes appear to decompose
in following stages:

[Cu(dien),](NO;), — [Cu(dien); s](NOs), — [Cu(dien)](NO;), —
CuO+gaseous products

[Ni(dien),](NOs3),-2H,0 — [Ni(dien),](NO3), — [Ni(dien)](NO;), —
NiO+gaseous products

[Zn(dien),](NO;), O [Zn(dien)](NO;), — ZnO+gaseous products

Firstly, in the case of [Cu(dien),](NO;),, the first two stages of mass losses involve
the partial deammination, in which, out of the two ligand molecules (dien), one is expelled
out. In the first step only 0.5dien molecule is lost. The mass loss (75=181°C) between the
temperature range 170—183°C corresponds to removal of half ammine molecule leading to
appearance of first endothermic peak at 180°C in DSC curve (Fig. 2). In second stage, the
precursor [Cu(dien), sJ(NOs),, formed as intermediate during the course of thermolysis of
parent complex, undergoes further deammination (7:=208°C) to loss 0.5dien molecule
yielding monodien complex. This process can also be observed as endotherm in DSC at
187°C. The partial losses of such type of moieties were also observed by Prabhumirashi ez
al. [29] in the study of chloro complexes of copper with tetra-methylenediamine and
chloroanilines. The monodien species thus formed undergoes final stage of decomposition
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giving copper oxide as decomposition product. In this stage, simultaneous loss of second
dien molecule with counter anion (NO}, ) takes place and the process appears to be exother-
mic (238°C) in DSC trace. As the first two endothermic processes are overlapping in DSC
curve, AH value (Table 2) was calculated for the overall endothermic process.

TG data of [Ni(dien),](NOs3),-2H,0O (in static air) presented in Table 2 show that
the first stage of mass loss in temperature range 95—-110°C involves the complete de-
hydration of the complex, which is also evident from an endothermic peak at 103°C
in DSC curve. On further heating, the anhydrous [Ni(dien),](NO;), undergoes partial
deammination (160—190°C) and one dien molecule is lost. An endotherm with peak
temperature 211°C is also indicating the said process. In the third step, exothermic
decomposition takes place, which corresponds to removal of counter anion (de-
anionation) with second dien molecule as discussed above.

The first step of decomposition (7,=283°C) of [Zn(dien),](NOs), corresponds to
loss of one dien molecule and second step involves oxidative decomposition
(Ts=348°C) to ZnO and the process appeared as exotherm at 314°C in DSC.

Thus, from the TG-DTG and DSC analysis, the various decomposition pro-
cesses taking place are understood. In order to evaluate kinetic parameters, different
methods have been employed. The model fitting method was used to estimate kinet-
ics of non-isothermal as well as isothermal decomposition. The parameters obtained
for non-isothermal decomposition (Table 3) are quite comparable with those ob-
tained for isothermal decomposition (Table 4). The activation energy of these com-
plexes was found to be in order:

[Zn(dien),](NOs), > [Cu(dien),](NO3), > [Ni(dien),](NO3)>-2H,0

The lower activation energy value in the case of nickel complex may be due to
loosely held water of crystallisation at outer sphere and hence causing less thermal
stability. The model fitting method is for overall thermal decomposition process of
the complexes and this fails to explain the complexity of decomposition reactions.
Model free isoconversional method, on the other hand, permits the calculation of £,
pertaining to each value of o and thus one can examine the dependencies of £, on ex-
tent of conversion. As £ of the complexes are different, the mechanism of decompo-
sition is also different. It is clear from Fig. 3 that the initial and final £, values for de-
composition of copper and zinc complexes were found to be lower. However, nearly
constant values were obtained between these two stages. In the case of nickel com-
plex, E, value is decreasing initially which became constant in o. range 12 to 63 and
finally a gradual decrease is observed. Thus, it can be inferred that isoconversional
method explains the complexity of decomposition reaction.

Although, these complexes are stable at room temperature and insensitive to the
impact test applied, they get ignited when subjected to a sudden high temperature.
Therefore, it was found interesting to know kinetics of rapid analysis by means of ig-
nition delay measurements. It is observed that £* values are nearly one third of the £,
values. /T was measured to have a comparison of thermal stability of these com-
plexes. E* and IT of these complexes (Table 5) were found to decrease in order:
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[Zn(dien),](NOs), > [Cu(dien),](NO;), > Ni(dien),J(NOs),-2H,O

Thus, based on £* and IT, thermal sensitivity of zinc complex is less than that of
nickel and copper complexes.

Conclusions

Thermal analysis of these complexes occurs in multistages. Dehydration (of hydrated
complex) or deammination followed by exothermic decomposition at higher temper-
atures giving corresponding metal oxides seems to be the general mechanism of ther-
mal decomposition. Rate controlling process of thermolysis involves random nucle-
ation. Kinetic analysis made both by slow analysis (using TG data) and rapid one
(using ignition delay data) indicates the higher thermal stability of zinc complex
while nickel complex is very sensitive to heat. However, all these complexes were
found to be insensitive to the impact and thus are safe to handle and store.

* ok %
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