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Abstract Thermal behaviour of hexaamminenickel(I)
nitrate and tris(ethylenediamine)nickel(I) nitrate have
been investigated by means of simultaneous thermogravi-
metry/DTA coupled online with mass spectral (MS) studies
and temperature resolved X-ray diffraction (TR-XRD)
techniques under inert atmospheric condition. Both the
complexes produce highly exothermic reactions during
heating due to the oxidation of the evolved ammonia or
ethylenediamine by the decomposition products of
Ni(NO3),. Evolved gas analysis by MS studies detected
fragments like NH, and NH ions with weak intensity. The
decomposition of nitrate group generates N, N, NO, O,
and N,O species. Ethylenediamine (m/z 60) is fragmented
to Hy (m/z 2), N (m/z 14), NH; (m/z 17) and CH,=CH,/N,
(m/z 28) species. The formation of the intermediates was
monitored by in situ TR-XRD. The residue of thermal
decomposition for both the complexes was found to be
crystalline NiO in the nano range.
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Introduction

Thermal decomposition studies of transition metal amine
complexes have been a subject of interest for many decades
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due to their structural simplicity [1, 2]. Even though, many
literature reports are available on the thermal decomposi-
tion of transition metal amine complexes, not many studies
has been reported to date with regard to the evolved gas
analysis (EGA) during thermal decomposition and also in
detecting the transient intermediates formed during pyro-
lysis of the amine complexes [2]. To evolve an unambig-
uous picture on the decomposition, techniques like
thermogravimetry (TG)-mass spectral (MS) and TR-XRD
can be of immense use.

Conventional thermoanalytical techniques like TG,
DTA and DSC do not tell the nature of the gaseous prod-
ucts. EGA offers a useful tool to identify the fragments
which are not detected by other analytical techniques [3—
5]. Temperature resolved X-ray diffractometry (TR-XRD)
is a powerful tool to study the structural/phase changes
occurring during a solid state reaction as well as in iden-
tifying the reaction intermediates in situ during pyrolysis.
These methods enable the recording of a series of patterns,
while the samples are heated continuously, stepwise, or
isothermally during the reaction. These series contain
information on the lattice of solids and on the structural
changes as a function of temperature [6].

In this investigation, we have attempted to exploit these
two in situ analytical techniques for a detailed study on the
thermal decomposition behaviour of hexaamminenickel(Il)
nitrate and tris(ethylenediamine)nickel(Il) nitrate. Thermal
decomposition studies of nitrate containing transition metal
amine complexes are of significance because of its exother-
mic decomposition and can be used in propellants, explosives
and pyrotechniques [7-9]. The explosive decomposition of
these complexes is attributed to the simultaneous presence of
both oxidising (nitrate) and reducing (en or ammonia) groups
in the same compound [2]. Among the amine nitrate com-
plexes, bis(ethylenediamine)metal(Il) nitrate is being
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employed as a burn rate modifier in the combustion of
HTPB-AP based composite solid propellants [9].

Experimental

The complexes were synthesized as per the procedure
reported in the literature [10]. Nickel content in the com-
plexes was determined by means of gravimetry [11]. The
complexes were further characterized by spectral and
chemical analyses.

Instrumentations

Thermogravimetry—MS studies were carried out in a ther-
mogravimetric apparatus (TG; Rigaku, TG8120) combined
with quadruple mass spectroscopy (Anelva, M-QA200TS)
under high-purity He gas flow (99.9999%) at a heating rate
of 10 °C min~"'. The mass spectrometer with high vacuum
is connected to furnace with 3 bar He flow by a capillary
with 1 m length and the m/z ranges 1-100.

The elemental analyses were carried out using Vario
Elemental III instrument. X-ray powder patterns were
recorded on a Bruker D8 Advance diffractometer attached
with a programmable temperature device from Anton Paar
(TTK 450) up to 300 °C (using Cu Ko radiation, 4 =
1.542 A). The measurements were performed by placing the
sample on a flat sample holder, while the samples were
heated by a programmable temperature controller. A series
of diffraction patterns were recorded at every 20 °C rise of
temperature. Crystallite size was calculated using Scherrer
equation:

t = 0.91/fcos0,
where ¢ is the thickness of the particle, 4 is the wave length,

p is full width at half maximum and cos 0 is the corre-
sponding angle.

Results and discussion
TG-MS studies
Hexaamminenickel(Il) nitrate

Simultaneous TG/DTA coupled online with MS plot of
hexaamminenickel(Il) nitrate is shown in Fig. la, b. From
TG, it can be seen that hexaamminenickel(II) nitrate
undergoes a three stage thermal decomposition. The dif-
ferent stages of thermal decomposition are as follows

[Ni(NH;)4|(NOs), — Ni(NH3)5(NO;), + NH; (Stage I)
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Ni(NH;)5(NOs), — Ni(NH;),(NO;3), + NH; (Stage II)

Ni(NH3),(NO3), — NiO + 4NH3 + NO;
+ NO; (Stage III)

The complex starts to lose mass at 78 °C with the lib-
eration of one molecule of ammonia. The second stage at
116 °C is also a deamination stage in which one molecule
of ammonia is liberated to give an intermediate tetraam-
mine complex. Third stage involves (164-300 °C) the
simultaneous deamination and decomposition of the tetra-
ammine complex to give NiO as the final residue.

The first two endotherms in the DTA correspond to the
liberation of one molecule of ammonia each to form tet-
raammine complex. The third small endotherm is imme-
diately followed by a sharp exotherm and is due to the
initial decomposition of the tetraammine complex.

The sharp exothermic peak can be explained on the
basis of the decomposition of Ni(NOj3),, overlapping the
deamination reaction. Nickel nitrate on decomposition
gives rise to oxides of nitrogen and oxygen as detected by
TG-MS (Scheme 1) which in turn would oxidize the lib-
erated ammonia [2]. In TG curve, simultaneous deamina-
tion and decomposition appear as a single stage whereas in
DTA trace the initial deamination appears as an endotherm.

TG-MS plot reveals the presence of ion peak with mass
number 17 in the temperature range 78—164 °C, indicating
the evolution of ammonia. Along with the peaks of
ammonia, ion peaks with mass numbers 15 and 16 were
also observed during this temperature range. This could be
due to the presence of NH and NH, ion species. The peaks
corresponding to m/z values 14, 16, 28, 30, 32 and 44
indicate the presence of ions like N, O, N,, NO, O, and
N,O formed by the fragmentation of NOj; group. The
possible fragmentation pattern for NOj3 is shown below.

The oxidation of ammonia also generates gaseous species
like NO and N,O. The presence of ion peak with m/z value 18
can be attributed to the formation of water. The formation
and evolution of water has been reported during the thermal
decomposition of Co(NH3)s(NO3),, PA(NH3),(NO,), and
Pt(NH3),(NO,), complexes [12, 13]. The formation of water
due to the reaction between the evolved gaseous products is
shown below [14].

2 NH3; +3 O, + N, — 2 NO 4+ N,O + 3 H,O
or

2 NH; +2.50, — 2NO + 3 H;0

Tris(ethylenediamine)nickel(Il) nitrate

Figure 2 shows the simultaneous TG/DTA coupled online
with MS spectra for tris(ethylenediamine)nickel(Il) nitrate.
The complex decomposes at 220 °C in a single step to give
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Fig. 1 TG/DTA (a) and MS (a) (b)
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Scheme 1 Fragmentation of NO3

nickel oxide as the final residue. The decomposition pattern
of the complex is as follows

[Ni(en);](NO3), — NiO + 3 en + NO; + NO,

The DTA curve in Fig. 2 shows a small endotherm at
228 °C followed by a sharp exothermic (262 °C) peak. The
small endotherm is due to the initial deamination of the
ethylenediamine in the tris(ethylenediamine)complex and
the exotherm is due to the simultaneous deamination coupled
with the in situ oxidation of the liberated ethylenediamine.
The thermal stability of tris(ethylenediamine)nickel(IT)
complex is high compared to that of nickel hexaammine
complex and is due to the chelating effect.

In the mass spectra, the ion peaks with mass numbers 2,
14, 16, 17, 18, 28, 30 and 44 were observed during the
thermal decomposition of this complex. These peaks
appear in the temperature range 260-290 °C and a mass
loss of 75.3% is shown in the TG analysis corresponding to
the formation of nickel oxide as final residue. The peaks
with m/z values 2, 14, 17 and 28 indicate the presence of
H,, N, NH3 and N, or C,Hy. These species are formed by

Fig. 2 TG/DTA (a) and MS (a)
(b) plot for the decomposition

Mass numbers 16, 30 and 44 correspond to the presence
of O, NO and N,O formed by the fragmentation of NO3™
as shown in Scheme 1. Detection of water (m/z 18) pos-
sibly formed by the reaction between the gaseous products
was also observed in the MS analysis.

Temperature resolved X-ray diffraction studies
Hexaamminenickel(Il) nitrate

In order to complement the TG-MS results, in situ TR-XRD
were done for the first time to probe the structure/stability of
the phases formed during the deamination stages of these
amine complexes. A typical non isothermal diffraction ser-
ies with a step wise heating of 20 °C per patterns from 40 to
300 °C for [Ni(NH3)6](NOj3), are shown in Fig. 3. X-ray
diffraction patterns recorded for [Ni(NHj3)¢] (NO3), in the
temperature range 40—-80 °C contain peaks corresponding to
(111), (220), (222), (311), (400) and (511) planes and can be
indexed to the cubic lattice of the complex (JCPDS no.
45-0027). The temperature resolved XRD patterns in the
temperature range 100-140 °C show the structural changes
due to the deamination resulting in the formation of nickel
nitrate at 160 °C. The peak corresponding to (400) plane of
hexaammine complex appears with very low intensity at this
temperature range (100-140 °C), indicating that this plane
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CH, - CH, 4 NH;(17) + 3 CH,=CH, (28) + N, (28) or 2 N

E——
3NH, NH,

2N, (28) or4 N+ 6 H, (2)

Scheme 2 Fragmentation of ethylenendiamine

forms part of the lattice plane of the intermediate structures
formed due to the deamination. The intermediate complex
decomposes to give Ni(NOj3), at 160 °C and is stable up to
280 °C and the peaks at 42.68 and 49.92 20 are indexed as
(222) and (400) planes of Ni(NOj3), (JCPDS no. 74-2261).
At 300 °C, NiO is formed as the residue by the decompo-
sition of Ni(NOj3), and the peaks at 37.39 and 43.44 20
correspond to the (111) and (200) planes of NiO (JCPDS no.
78-0429). Average crystallite size of NiO was calculated
from the peak broadening value using Sherrer equation and
was found to be 25.5 nm.

Tris(ethylenediamine)nickel(Il) nitrate

The temperature resolved X-ray diffractograms for the ther-
mal decomposition of [Ni(en);](NOs3), are shown in Fig. 4. At
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Fig. 3 TR-XRD patterns for the thermal decomposition of hexaam-
minenickel(II) nitrate
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40 °C, the pattern corresponds to the trisethylenediamine
complex and the peaks at 11.74, 15.76, 20.39 and 26.24 20
indicate the different planes. In the temperature range
60-200 °C, the complex undergoes decomposition and con-
sequent to that the intensity of the peaks decreases. At 220 °C,
the deamination (release of three ethylenediamine molecules)
process was completed resulting in the formation of Ni(NOs),
as intermediate in the temperature range 240-280 °C. The
peaks at 42.91 and 49.97 20 correspond to (222) and (400)
planes of Ni(NO3), (JCPDS no. 74-2261). It is to be noted that
the detection of Ni(NOj3), phase in the TR-XRD in this tem-
perature range (240-280 °C) as an intermediate during the
thermal decomposition was not detected in the TG, DTA or
DSC (Fig. 3) and TG result shows that this trisethylenedi-
amine complex decomposes in a single step to give nickel
oxide as the final product. This shows the advantage of tem-
perature resolved X-ray measurements over DTA/DSC and
TG in detecting intermediate phases during thermal
decomposition.

Till 280 °C, the intermediate Ni(NOs3), phase is stable
and on further heating decomposes to NiO as the final
residue. The peaks at 37.29 and 43.43 20 correspond to the
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Fig. 4 TR-XRD patterns for the thermal decomposition of tris(eth-
ylenediamine)nickel(Il) nitrate
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Fig. 5 SEM images of
a hexaamminenickel(II) nitrate
and b NiO

10kV X2,500

Fig. 6 SEM images of
a tris(etylenediamine)nickel(1I)
nitrate and b NiO

(111) and (200) planes of NiO. MS spectra complement the
observed TR-XRD results and the spectra show the evo-
lution of NO, N,0O, N,, N and O at the temperature range
260-290 °C as the decomposition products of (NOs3);
group. Average crystallite size of NiO was calculated from
the peak broadening value using Sherrer equation and was
found to be 23 nm.

SEM analysis

The SEM images of hexaamminenickel(Il) nitrate and the
residue are shown in Figs. 5a, b. NiO formed from hexa-
amminenickel(Il) nitrate is porous in nature. From the
XRD measurement it is found that NiO formed is in the
nano range.

The SEM images of tris(ethylenediamine)nickel(II)
nitrate and the residue NiO are given in Figs. 6a, b. The
SEM image shows that nano NiO formed is highly porous
in nature. The porosity of the residues may be due to the
escape of gaseous product during pyrolysis.

Conclusions

Investigations on the thermal behaviour of hexaammine-
nickel(Il) nitrate and tris(ethylenediamine)nickel(Il) nitrate
have been carried out by means of simultaneous TG/DTA
coupled online with MS and TR-XRD techniques.
Decomposition reactions involve highly exothermic oxi-
dation reactions. EGA by MS detected NH, and NH ions
along with ammonia. The decomposition of nickel nitrate

10pm 10kV

X22,000 Apm

X3,700  5pm

generates ions like N, N,, NO, O, and N,O. Oxidation of
NH; generates N,O, NO and water and these species are
evolved during pyrolysis. Ethylenediamine produces vari-
ous ions like NH;, CH,=CH,, N5, N and H,. The formation
of the intermediates was monitored by in situ TR-XRD.
The final residue of the decomposition is highly crystalline
NiO nanoparticles for both complexes.
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