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Abstract Cerium, praseodymium, and neodymium nitrate

complexes with hydrogen bonded hexamethylenetetramine

(HMTA) of the formula [Ce(NO3)2(H2O)5](HMTA)2

(NO3)(H2O)3, [Pr(NO3)2(H2O)6]2[Pr(H2O)9](HMTA)6(NO3)6

(H2O)4 and [Nd(NO3)2(H2O)5](HMTA)2(NO3)(H2O)3 have

been prepared and characterized by X-ray crystallography. All

the complexes belong to monoclinic crystal system. Ce and Nd

complexes have P21/n space group, whereas Pr complex has

C2/c. Thermal analyses of these complexes were carried out

using TG, DSC, which showed their multi-step decomposition.

Kinetics of thermolysis has been done by applying model

fitting as well as model free isoconversional method. In order to

see the response of rapid heating, ignition delay measurements

were carried out. The thermal decomposition pathways have

also been demonstrated. On the basis of thermal studies the

thermal stability of the complexes was found in the order;

Pr[ Ce[ Nd. In order to identify the end products of ther-

molyses, X-ray diffraction patterns of end product were carried

out which showed the formation of corresponding metal

oxides.

Keywords Hexamethylenetetramine � Ignition delay �
Isothermal TG � Kinetics � Lanthanoid metal nitrate �
X-ray crystallography

Introduction

The lanthanide (Ln) chemistry is a field of science, which has

perceived much attention in the recent years because of their

huge and versatile applications [1–5]. Their important feature

is a relatively steady variation of properties across the group,

which results from the ‘‘lanthanoid contraction.’’ This affects

the coordination numbers (CN) and the geometry of their

complexes. In few cases the CN of Lnn? ions have been seen

nine and ten in which nitrate acts as a bidentate ligand. The

most common ligands existing in lanthanide compounds are

those one containing oxygen atom. Hexamethylenetetramine

(HMTA) is a nitrogen-containing ligand that can coordinate

with various metal ions [6, 7]. HMTA is known as urotropine

in which four nitrogen atoms constitute a tetrahedron, is a

ligand of polycyclicpolydentate type. In many complexes, it

acts as a monodentate [8–10] or bidentate bridging ligands

[11, 12], and shows non-chelating behavior [13] (in low

valent organometallic complexes). Recent progress on the

construction of Ag(I)–HMTA networks, including the inter-

esting topologies, synthetic approaches and the important

factors that influence the structures, as well as some designed

assembly approaches was summarized by Zheng et al. [14].

As a very good hydrogen acceptor, HMTA forms a variety of

molecular adducts with hydrogen-donor groups via hydrogen

bonding with organic molecules [14]. On the other hand, as a

simple and potential tetradentate ligand, it exhibits different

coordination modes including the monodentate and ln-

bridging (n = 2–4) modes in ligating metal ions, hence

generating a large amount of metal–HMTA complexes.

It is a precursor for the production of various stuffs

like antibacterial agents, adhesives, coatings, dye fixatives,

anticorrosive agents as well as powerful explosives [15].

Very recently Cheng et al. [16] have reported that HMTA

acts both as a ligand and a reducing agent in AGET atom
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transfer radical batch emulsion polymerization. Thermal,

structural, and spectroscopic properties of magnesium

sulfate complexes with HMTA and 1,10-phenanthroline

were also investigated by another group [17]. Hence,

HMTA has been a versatile candidate for research and is a

target for different research groups. Konar et al. [18] have

reported the synthesis of two new 1D and 3D networks of

Cu(II) and Co(II) using malonate and HMTA as bridging

ligands. Simultaneous determination of Pt and Rh by cat-

alytic adsorptive stripping voltammetry, using HMTA as

complexing agent was investigated by Dalvi et al. [19].

In metal amine nitrate complexes, the presence of nitrate

(an oxidizing group) leads to their various applications

such as in explosives, propellants, and pyrotechnics

[20, 21] and display exothermic decompositions at elevated

temperatures. While decomposition, these explosives pro-

duce energy by a process called oxidation. During the

oxidation reaction, an explosive is detonated with sudden

release of energy or a fuel is burnt. The oxidation reaction

produces heat because the internal energy of reactant

molecule is higher than that of the end product.

Moreover, these complexes are being used as potential

burning rate modifier for HTPB-AP solid propellants

[22, 23]. In addition, these complexes are also used to

obtain ultrafine metal oxides.

Recently, we have undertaken thermal studies on some

transition metal nitrate and perchlorate complexeswith HMTA

in which it was attached to metal ion through H-bonding

[24, 25]. Similar other complexes with various ligands have

also been prepared by our group and subjected for similar

investigation [26–29]. Recently, Trzesowsk-Kruszynska et al.

[30] have investigated coordination sphere geometry changes

of lanthanoid (III) nitrate complexes with HMTA. Thermal

behavior of hydrogen bonded HMTA Lanthanoid metal nitrate

complexes has not been reported in literature. Based on the

above considerations, present investigation deals with prepa-

ration, X-ray crystallography, and kinetic of thermolysis of

Lanthanoid metal nitrate complexes with hydrogen bonded

HMTA. The reported complexes have CN nine and ten.

Experimental

Materials and methods

All the chemicals were obtained from different commercial

suppliers such as CDH (metal nitrates) and Lancaster

(HMTA) and used without further purification.

Preparation was carried out by following method at

room temperature. Solid HMTA was mixed with metal

nitrates hexa-hydrates (solid) followed by the addition of

water in 1:1 ratio (by mass). The reaction contents were

shaken well till the formation of homogeneous solution.

This homogeneous solution after filtration was kept for

crystal growth and crystallized complexes were further

recrystallized from water to get the single crystals.

The obtained crystals were characterized by X-ray

crystallography.

where M = Ce, Pr, and Nd.

Determination of crystal structure

The X-ray data collection were performed on a Bruker

Kappa Apex four circle-CCD diffractometer using graphite

monochromated Mo-Ka radiation (k = 0.71070 Å) at

296 K. In the reduction of data Lorentz and polarization

corrections, empirical absorption corrections were applied

[31]. Crystal structures were solved by direct methods.

Structure solution, refinement, and data output were carried

out with the SHELXTL program [32, 33]. Non-hydrogen

atoms were refined anisotropically. Hydrogen atoms were

placed in geometrically calculated positions by a riding

model. Images and Hydrogen bonding interactions were

created in the crystal lattice with DIAMOND and MER-

CURY software [34, 35]. Molecular structures, various

non-covalent interactions, and three-dimensional views of

these complexes have been shown in Figs. 1–9. The crys-

tallographic data, structure refinement parameters, bond

length, and bond angles are given in Tables 1 and 2.

Thermal analysis

Thermogravimetry and differential scanning calorimetry

(TG-DSC) (Fig. 10; Table 3) of studied complexes were

undertaken at 10 �C min-1 (sample mass = 2.8 mg,

100–200 mess) under nitrogen atmosphere at the flow rate of

200 mL min-1 on Perkin Elmer (Pyris Diamond) instrument

(Fig. 10). Corresponding metal oxides as end product of

thermolysis were revealed by their X-ray diffraction (XRD)

patterns (Fig. 11). Isothermal TG (sample mass = 20 mg,

100–200 mess) was performed to study the kinetics of their

isothermal decomposition at appropriate temperatures in

static air (mass *20 mg) with indigenously fabricated TG

M NO3ð Þ3�6H2O sð Þ þ HMTA sð Þ þ xH2O
���������!Room temperature

Corresponding metal complex
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apparatus [36]. Gold crucible was used as a sample holder

throughout the isothermal TG experiments.

Kinetic analysis of isothermal TG data

Following single step kinetic equation (Eq. 1) pertains the

kinetic analysis of thermal decomposition of a solid [37].

da=dt ¼ k Tð Þ � f að Þ ð1Þ

where t is the time, T is the temperature, a is the extent of

conversion (0\ a\ 1), k(T) is the rate constant, and f(a) is

the reaction model [37], which describes the dependence of

the reaction rate on the extent of reactions. The value of a is

experimentally derived from the mass loss in TG experiments.

The reaction model may take various forms. The temperature

dependence of k(T) could be described by the Arrhenius

equation which on substitution into Eq. (1) yields

da=dt ¼ A exp �E=RTð Þ � f ðaÞ ð2Þ

where A is pre-exponential factor, E activation energy, and

R the gas constant.

Model fitting method

If we rearrange and integrate Eq. (1) for isothermal con-

ditions then it turns out that
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gj að Þ ¼ kj Tð Þt ð3Þ

where g að Þ ¼
R a

0
f að Þ½ ��1

da denotes the integrated form of

the reaction model [29]. The subscript j has been used to

emphasize that on substituting a particular reaction model

in Eq. (3) results in evaluating the corresponding rate

constant, which is determined from the slope of a plot of

gj(a) versus t. In this method for each reaction model

selected, the rate constants are evaluated at several

temperatures Ti and Arrhenius parameters are determined

(Table 4) using the Arrhenius equation (4) in its

logarithmic form using isothermal TG experimental data.

ln kj Tið Þ ¼ ln Aj � Ej=RTi: ð4Þ

Isoconversional method

This method persist the calculation of activation energy

without making any assumptions about the reaction model.

In addition, this method evaluates the effective activation

energy as a function of the extent of conversion (Fig. 12)

which allows one to explore multistep kinetics.

In isoconversional method [38], it is assumed that the

reaction model as defined in Eq. (1) is not dependent on

temperature or heating rate. Under isothermal conditions,

on combining Eqs. (3) and (4) we get,

� ln ta;i ¼ ln Aa=gðaÞ½ � � Ea=RTi ð5Þ

where Ea could be evaluated from the slope of the plot of

-lnta,i against Ti
-1.

Ignition delay (Di) measurements

Their responses to sudden heating conditions were

observed by ignition delay (Di) measurements, recorded

using tube furnace technique [39] (sample mass *20 mg)

in the temperature range of 330–430 �C (Table 5). The

accuracy of the temperature of tube furnace was ±1 �C.

Furthermore, same aspect was used to study the correlation

of ignition time (Di or tid) with activation energy as

reported by Singh et al. [25, 26]. A plot which is the

indicative of variation of ignition time against 1/T (K) is

apparent in Fig. 13.

Fig. 3 Three-dimensional view in Ce complex
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Results and discussion

Structure description

The Ce complex has the monoclinic crystal system with space

group P21/n (Z = 4) and its molecular structure is shown in

Fig. 1. Cerium atom is nine coordinated, which is achieved by

nine oxygen atoms, i.e., four oxygen atoms (O1, O2, O3, and

O4) from two bidentate nitrate groups and five from five water

molecules (O7, O8, O9, O10, and O11). The structure also

contains one nitrate ion, three water molecules, and two

HMTA moieties in the lattice. Hence this complex could be

formulated as [Ce(NO3)2(H2O)5](HMTA)2(NO3)(H2O)3. The

Ce–O bond distances are in the range of 2.483(4)–2.738(6) Å.

The Ce1–O1 to Ce1–O4 bond distances are greater than Ce1–

O7 to Ce1–O11, due to the higher electronegativity of nitro-

gen atom of nitrates which pulls the electron itself and

increases the Ce1–O1 to Ce1–O4 bond distance. The crystal

packing shows the various non-covalent O���O [O5���O14,

2.637(16) Å; O6���O7, 2.850(8) Å; O6���O14, 2.784(12) Å;

O8���O13, 2.747(8) Å; O9���O12, 2.752(15) Å; O10���O16,

2.813(11) Å; O12���O14, 2.416(2) Å] and N���O [N3���O8,

2.858(7) Å; N5���O11, 2.784(5) Å; N6���O11, 2.871(5) Å;

N8���O7, 2.883(5) Å] interactions with each other to give a

three-dimensional dumble like view (Figs. 2, 3).

The Pr complex crystallizes in monoclinic system and

having the C2/c space group (Z = 4). As shown in Fig. 4,

it is clear that this complex contains two type of Pr atom,
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first one is ten coordinated and the other is nine coordi-

nated. The first Pr1 center is coordinated through ten

oxygen atoms, among those six are coming from water

molecules (O3, O4, O5, O8, O9, and O10) and four from

bidentate nitrate ion (O1, O2, O6, and O7), whereas

second Pr2 completes its coordination through nine oxy-

gen atoms, of water molecules. This structure also con-

tains six uncoordinated nitrate ions, six HMTA moieties,

and four water molecules. The molecule could be repre-

sented as; [Pr(NO3)2(H2O)6]2[Pr(H2O)9](HMTA)6(NO3)6

(H2O)4.

The crystal packing shows the various non-covalent O���O
[O4���O21, 2.989(9) Å; O5���O28, 2.741(6) Å; O11���O18,

2.888(6) Å; O12���O22, 2.849(8) Å; O14���O27, 2.751(8) Å;

O17���O27, 2.830(6) Å; O17���O28, 2.796(10) Å; O19���O27,

2.778(8) Å; O23���O28, 2.863(11) Å] and N���O [N1���O9,

2.894(8) Å; N2���O14, 2.858(10) Å; N3���O4, 2.921(9) Å;

N5���O5, 2.882(5) Å; N6���O11, 2.825(7) Å; N7���O15,

2.878(10) Å; N8���O13, 2.739(7) Å; N9���O9, 2.879(8) Å;

N10���O3, 2.865(7) Å; N11���O10, 2.775(6) Å; N12���O8,

2.903(10) Å] interactions with each other to give a three-

dimensional sheet like view (Figs. 5, 6).

The molecular structure of Nd complex is similar to Ce

complex (Fig. 7). This also crystallizes in the monoclinic

crystal system with space group P21/n (Z = 4). The formula-

tion of this molecule could be [Nd(NO3)2(H2O)5](HMTA)2(-

NO3)(H2O)3. The crystal packing gives three-dimensional

sheet like view through various non-covalent O���O [O3���O17,

2.820(1) Å; O4���O14, 2.999(10) Å; O5���O16, 2.749(8) Å;

O6���O14, 2.854(11) Å; O9���O17, 2.720(14) Å; O12���O16,

2.952(24) Å; O15���O17, 2.259(19) Å] and N���O [N1���O16,

2.921(7) Å; N2���O6, 2.811(9) Å; N4���O5, 2.863(10) Å;
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N6���O8, 2.898(5) Å; N7���O7, 2.873(7) Å] interactions

(Figs. 8, 9).

Thermal analysis

From the TG-DSC traces of characterized complexes it

turns out that these follow multi-step decomposition

pathways. The cerium complex decomposes in two steps

(Fig. 10). The TG-DSC traces show two regions of mass

loss: (i) around 15.5 % mass loss in the 55–140 �C region

(which is due to the loss of three non-coordinated water

molecules and one non-coordinated nitrate group), (ii)

around 62.0 % mass loss in 180–500 �C region (which is

due to the loss of two HMTA, five water and two nitrate
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groups) resulting the oxidation of metal and formation of

cerium oxide. These regions corresponds an endotherm and

an exotherm in the DSC traces (Table 3). In our previous

studies [25–29], we have found metal oxide as the end

product after thermal decomposition of the transition metal

amine nitrates. Similar case was also observed and cerium

oxide (CeO2) as end product was inferred by the (111)

peak of maximum intensity XRD patterns (Fig. 11). The

decomposition pathways for cerium complex may be

generalized as:

Praseodymium complex also follows the same pattern,

i.e., two steps decomposition. The first step decompo-

sition occurs in the temperature range of 70–140 �C

(*16.5 % mass loss), which is due to the loss of five

non-coordinated water molecules and four non-coordi-

nated nitrate groups. After this the residue remains no

longer stable and second step mass loss occurs in

the 190–500 �C region (*60.0 % mass loss) which is

due to the loss of twelve HMTA, twenty six water

molecules and nine nitrate groups resulting the oxidation

of metal and formation of praseodymium oxide (Pr6O11)

as a residue which is evident from (111) peak of max-

imum intensity in the XRD pattern (Fig. 11). Corre-

sponding to these regions an endotherm at 135 �C and

an exotherm at 268 �C were noticed in DSC traces

(Table 3).

Table 1 Crystallographic data and refinement details for nitrate complexes

Complex designation Ce Pr Nd

Formula C12H24N11O17Ce C36H72N34O55Pr3 C12H24N11O17Nd

Colors Colorless Green Purple

Molecular mass 734.54 2284.01 738.66

Temp/K 296/2 296/2 296/2

k/Å 0.71073 0.71073 0.71073

Crystal system Monoclinic Monoclinic Monoclinic

Space group P21/n C2/c P21/n

Unit dimensions a = 17.942/4 Å, a = 90.00� a = 51.342/5 Å, a = 90.00� a = 17.8745/17 Å, a = 90.00�
b = 9.4018/2 Å, b = 111.97/10� b = 10.423/5 Å, b = 103.98/5� b = 9.3981/8 Å, b = 111.77/4�
c = 18.5699/4 Å, c = 90.00� c = 16.970/5 Å, c = 90.00� c = 18.5010/17 Å, c = 90.00�

Volume 2904.85/11 A3 8812/5 A3 2886.1/5 A3

Molecules per unit cell, Z 4 4 4

Density/Dx 1.723 Mg m-3 1.723 Mg m-3 1.700 Mg m-3

Absorption coefficient 1.680 Mg m-3 1.753 mm-1 1.888 mm-1

Diffractometer used Bruker Kappa Apex Bruker Kappa Apex Bruker Kappa Apex

Crystal size 0.33 9 0.25 9 0.17 mm3 0.34 9 0.26 9 0.19 mm3 0.29 9 0.22 9 0.14 mm3

h range 2.00–33.12� 0.82–33.73� 1.35–32.80�
Refinement method Full matrix least-square on F2 Full matrix least-square on F2 Full matrix least-square on F2

Radiation Mo-Ka Mo-Ka Mo-Ka

Goodness-off-fit on F2 1.920 0.653 1.944

Final R indices [I [ 2r(I)] 0.0680 0.0377 0.0654

CCDC No. 840405 840404 840403

Ce NO3ð Þ2 H2Oð Þ5
� �

HMTAð Þ2 NO3ð Þ H2Oð Þ3 �����������!
� 3H2OþNO2þ1=2O2ð Þ

Ce NO3ð Þ2 H2Oð Þ5
� �

HMTAð Þ2
Ce NO3ð Þ2 H2Oð Þ5
� �

HMTAð Þ2 �������������!
� 2HMTAþ5H2Oþ2NO2ð Þ

CeO2:
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Table 2 Selected bond lengths and angles for nitrate complexes

Ce Pr Nd

Bond Length Bond Angle Bond Length Bond Angle Bond Length Bond Angle

Ce1–O11 2.483/4 O11–Ce1–O8 146.07/14 Pr1–O8 2.492/3 O8–Pr1–O10 72.01/9 Nd1–O7 2.456/4 O7–Nd1–O6 76.84/15

Ce1–O8 2.497/6 O11–Ce1–O10 76.66/14 Pr1–O1 2.503/8 O8–Pr1–O5 78.07/9 Nd1–O6 2.462/5 O7–Nd1–O5 146.10/15

Ce1–O10 2.503/5 O8–Ce1–O10 74.03/17 Pr1–O5 2.511/8 O10–Pr1–O5 145.39/9 Nd1–O5 2.461/7 O6–Nd1–O5 73.89/17

Ce1–O9 2.548/4 O11–Ce1–O9 76.50/15 Pr1–O3 2.528/6 O8–Pr1–O3 69.16/7 Nd1–O4 2.512/5 O7–Nd1–O4 141.41/13

Ce1–O7 2.564/4 O8–Ce1–O9 77.39/17 Pr1–O9 2.530/6 O10–Pr1–O3 76.64/9 Nd1–O8 2.530/5 O6–Nd1–O4 136.33/14

Ce1–O3 2.579/5 O10–Ce1–O9 69.15/17 Pr1–O4 2.532/8 O5–Pr1–O3 76.77/9 Nd1–O11 2.547/6 O5–Nd1–O4 72.41/16

Ce1–O1 2.644/3 O11–Ce1–O7 75.68/12 Pr1–O6 2.571/6 O8–Pr1–O9 124.83/9 Nd1–O1 2.604/8 O7–Nd1–O8 75.78/12

Ce1–O2 2.679/4 O8–Ce1–O7 137.71/15 Pr1–O1 2.576/7 O10–Pr1–O9 73.95/9 Nd1–O2 2.666/5 O6–Nd1–O8 132.03/15

Ce1–O4 2.736/6 O10–Ce1–O7 132.12/15 Pr1–O2 2.624/7 O5–Pr1–O9 139.47/9 Nd1–O10 2.735/6 O5–Nd1–O8 137.55/15

O9–Ce1–O7 137.91/13 Pr1–O7 2.785/7 O3–Pr1–O9 139.61/9 O4–Nd1–O8 66.70/12

O11–Ce1–O3 72.88/14 Pr2–O14i 2.486/7 O8–Pr1–O4 140.57/9 O7–Nd1–O11 73.72/14

O8–Ce1–O3 119.01/17 Pr2–O14 2.486/7 O10–Pr1–O4 142.51/10 O6–Nd1–O11 136.17/16

O10–Ce1–O3 135.83/17 Pr2–O13 2.501/6 O5–Pr1–O4 71.94/10 O5–Nd1–O11 118.05/17

O9–Ce1–O3 73.15/17 Pr2–O13i 2.501/6 O3–Pr1–O4 125.57/10 O4–Nd1–O11 84.86/15

O7–Ce1–O3 68.84/15 Pr2–O11 2.525/9 O9–Pr1–O4 70.66/10 O8–Nd1–O11 69.72/14

O11–Ce1–O1 114.15/11 Pr2–O11i 2.525/9 O10–Pr1–O6 118.43/9 O7–Nd1–O1 114.31/11

O8–Ce1–O1 76.28/14 Pr2–O12 2.532/7 O5–Pr1–O6 66.98/10 O6–Nd1–O1 78.35/15

O10–Ce1–O1 78.61/14 Pr2–O12i 2.532/7 O3–Pr1–O6 131.96/10 O5–Nd1–O1 76.01/14

O9–Ce1–O1 142.79/13 Pr2–O15 2.646/3 O9–Pr1–O6 86.85/11 O4–Nd1–O1 67.19/13

O7–Ce1–O1 78.16/12 O4–Pr1–O6 71.77/11 O8–Nd1–O1 78.14/12

O3–Ce1–O1 143.49/14 O8–Pr1–O1 131.71/9 O11–Nd1–O1 143.87/14

O11–Ce1–O2 66.56/12 O10–Pr1–O1 69.72/9 O7–Nd1–O2 66.26/12

O8–Ce1–O2 115.91/15 O5–Pr1–O1 122.68/9 O6–Nd1–O2 67.74/15

O10–Ce1–O2 67.74/14 O3–Pr1–O1 74.23/9 O5–Nd1–O2 116.13/16

O9–Ce1–O2 128.03/13 O4–Pr1–O1 86.72/10 O4–Nd1–O2 104.00/13

O7–Ce1–O2 65.61/12 O6–Pr1–O1 152.75/10 O8–Nd1–O2 65.38/14

O3–Ce1–O2 124.45/15 O10–Pr1–O2 113.14/9 O11–Nd1–O2 125.19/15

O1–Ce1–O2 47.59/11 O5–Pr1–O2 74.39/9 O1–Nd1–O2 48.05/13

O11–Ce1–O4 115.77/14 O3–Pr1–O2 65.26/8 O7–Nd1–O10 115.90/15

O8–Ce1–O4 70.75/16 O9–Pr1–O2 102.22/9 O6–Nd1–O10 127.17/18

O10–Ce1–O4 126.48/16 O4–Pr1–O2 64.03/10 O5–Nd1–O10 71.08/17

O9–Ce1–O4 64.79/16 O8–Pr1–O7 64.47/8 O4–Nd1–O10 64.54/16

O7–Ce1–O4 100.70/15 O10–Pr1–O7 72.74/9 O8–Nd1–O10 100.20/15

O3–Ce1–O4 48.50/17 O5–Pr1–O7 109.48/9 O11–Nd1–O10 47.28/17

O1–Ce1–O4 127.98/14 O9–Pr1–O7 64.66/9 O1–Nd1–O10 127.54/15

O2–Ce1–O4 165.65/14 O4–Pr1–O7 102.17/10 O2–Nd1–O10 164.97/17

O1–Pr1–O7 127.07/9

O2–Pr1–O7 164.36/9

O14i–Pr2–O14 133.33/9

O14i–Pr2–O13 74.06/11

O14–Pr2–O13 86.57/11

O14i–Pr2–O13i 86.57/11

O14–Pr2–O13i 74.06/11

O13–Pr2–O13i 130.07/10

O14i–Pr2–O11 69.06/10

O14–Pr2–O11 137.02/10

O13i–Pr2–O11 71.48/9i

O14i–Pr2–O11i 137.02/10

O14–Pr2–O11i 69.06/10

O13–Pr2–O11i 71.48/9

O13i–Pr2–O11i 135.75/10
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Thus, the decomposition pathways pertaining praseo-

dymium complex may be suggested as:

Similar behavior was also shown by the neodymium

complex and the neodymium oxide (Nd6O11) was observed

as the end product (Fig. 11). Therefore, its decomposition

pathways may also be proposed as:

In the model fitting method of kinetic analysis, all the 14

kinetic models [29] were applied to the isothermal TG data

taken in the temperature range 230–290 �C. Different

parameters such as slope, lnA, correlation coefficients etc.

were calculated by different models and with the help of

these parameters activation energy for thermal decompo-

sition were calculated. In this method, the kinetics is ana-

lyzed by choosing a ‘‘best fit’’ model based on the values of

correlation coefficient ‘r’ close to 1. Among the various

values of ‘r’, calculated for different models the higher

value of ‘r’ corresponds to model 5, 11 and 14 for Ce

complex (Table 4). Their corresponding values of Ea are

respectively 26.0, 27.0, and 26.7(±1) kJ mol-1. For Pr

complex models, 12 and 13 shows highest values of ‘r’

[24] and corresponding Ea values are 45.4 and

45.0 kJ mol-1. In the case of Nd complex model, 14 shows

Pr NO3ð Þ2 H2Oð Þ6
� �

2
Pr H2Oð Þ9
� �

HMTAð Þ6 NO3ð Þ6 H2Oð Þ4 �����������!
� 5NO2þ5=2O2þ4H2Oð Þ

Pr NO3ð Þ2 H2Oð Þ6
� �

2
Pr H2Oð Þ9
� �

HMTAð Þ6 NO3ð Þ

2 Pr NO3ð Þ2 H2Oð Þ6
� �

2
Pr H2Oð Þ9
� �

HMTAð Þ6 NO3ð Þ
��������������!� 12HMTAþ9NO2þ26H2Oð Þ

Pr6O11:

Nd NO3ð Þ2 H2Oð Þ5
� �

HMTAð Þ2 NO3ð Þ H2Oð Þ3 �����������!
� NO2þ1=2O2þ3H2Oð Þ

Nd NO3ð Þ2 H2Oð Þ5
� �

HMTAð Þ2
6 Nd NO3ð Þ2 H2Oð Þ5
� �

HMTAð Þ2 ��������������!
� 12HMTAþ12NO2þ30H2Oð Þ

Nd6O11:

Table 2 continued

Ce Pr Nd

Bond Length Bond Angle Bond Length Bond Angle Bond Length Bond Angle

O14i–Pr2–O12 79.55/10

O14–Pr2–O12 138.8/1

O13–Pr2–O12 79.71/10

O13i–Pr2–O12 141.92/10

O11–Pr2–O12 70.44/10

O11i–Pr2–O12 69.75/10

O14i–Pr2–O12i 138.8/1

O14–Pr2–O12i 79.55/10

O13–Pr2–O12i 141.92/10

O13i–Pr2–O12i 79.71/10i

O11–Pr2–O12i 69.75/10i

O11i–Pr2–O12i 70.44/10i

O12–Pr2–O12i 87.74/10

O14i–Pr2–O15 66.66/7

O14–Pr2–O15 66.66/7

O13–Pr2–O15 65.04/7

O13i–Pr2–O15 65.04/7

O11–Pr2–O15 118.18/7

O11i–Pr2–O15 118.18/7

O12–Pr2–O15 136.13/7

O12i–Pr2–O15 136.13/7
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the highest value of ‘r’, therefore this is the best fit model

for the thermal decomposition of this complex and the

corresponding activation energy value is 23.9 kJ mol-1.

This method generates different values of activation energy

values from each model. These average values are 24.8,

41.6, and 22.1 kJ mol-1 for respective complex.

Isoconversional method was applied to the isothermal

TG data which indicates that the decomposition of these

complexes is not simple, as indicated by model fitting

methods. Values of E for these complexes are found to vary

with a as we have just observed that the removal of
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Fig. 10 Non-isothermal TG and DSC traces of complexes in nitrogen

Table 3 TG-DSC data describing the percentage decomposition in different steps, peak position, and nature of peaks for the complexes

Complex Step TG DSC

Temperature range % Decomposition Peak position/�C Exo/endo

Ce I 55–140 15.5 124 Endo

II 180–500 62.0 230 Exo/sharp

Pr I 70–140 16.5 135 Endo

II 190–500 60.0 268 Exo/sharp

Nd I 90–144 15.7 132 Endo

II 170–500 62.5 291 Exo
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Fig. 11 X-ray diffraction pattern of metal oxides obtained after

thermal decomposition of the corresponding complexes
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different moieties accounted to different alpha values in

different steps. Figure 12 represents the dependencies of

activation energies. Kinetic analysis performed by iso-

conversional method on isothermal TG data is consistent

with the fact that thermal decomposition of these com-

plexes has initial overall activation energy of 24, 27, and

29 kJ mol-1, respectively. These values changes with the

extent of conversion to about 7, 11, and 6 kJ mol-1,

respectively, for cerium, praseodymium, and neodymium

complexes at the end of reactions. For these complexes,

variation of E is due to the predominance of exothermic

changes over endothermic changes. However, the variation

of activation energy with extent of conversion is changing

at every stage, which might be the result of many com-

peting effects and is very difficult to correlate particular

activation energy for a particular process in the thermolysis

of these big molecules.

Table 4 Various kinetic parameters for isothermal decomposition of nitrate complexes

Model Ce complex Pr complex Nd complex

Ea/kJ mol-1 lnA r Ea/kJ mol-1 lnA r Ea/kJ mol-1 lnA r

1 23.0 0.231 0.9886 39.2 -3.300 0.9474 20.1 1.116 0.9606

2 23.2 0.003 0.9888 39.6 -3.560 0.9488 24.7 -0.034 0.9606

3 22.2 -0.025 0.9472 40.2 -3.912 0.9516 20.7 0.612 0.9645

4 27.6 -1.279 0.9607 43.1 -4.689 0.9649 22.6 0.201 0.9752

5 26.2 -0.705 0.9901 44.2 -4.798 0.9698 23.3 0.230 0.9787

6 25.6 -1.38 0.9898 43.5 -5.434 0.9681 22.7 -0.462 0.9760

7 24.5 -0.529 0.9896 41.5 -4.333 0.9549 21.5 0.384 0.9692

8 23.9 -0.458 0.9891 40.9 -4.205 0.9562 20.3 0.582 0.8978

9 24.4 -0.815 0.9894 27.4 -1.271 0.7522 21.5 0.091 0.9696

10 25.3 -0.031 0.9898 41.6 -4.644 0.9595 22.4 0.889 0.9743

11 27.0 0.727 0.9900 42.9 -4.000 0.9651 23.0 1.873 0.9151

12 25.1 -0.313 0.9898 45.4 -3.560 0.9766 22.2 0.608 0.9734

13 23.4 -1.985 0.9887 45.0 -6.465 0.9763 20.5 -1.100 0.9640

14 26.7 0.994 0.9901 48.6 -7.637 0.9585 23.9 1.923 0.9810
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Fig. 12 Dependence of activation energies (obtained from isocon-

versional method, E*) on the extent of conversion (a) for the

complexes

Table 5 Ignition delay activation energy for thermal explosion (E*) and correlation coefficient (r) for the nitrate complexes (DNI-Do not ignite)

Complex Di/s at temperature/�C E*/kJ mol-1 r lnk

330 ± 1 350 ± 1 370 ± 1 390 ± 1 410 ± 1 430 ± 1

Ce DNI 107 101 96 88 84 11.5 0.9960 2.542

Pr DNI 116 110 103 97 90 11.2 0.9987 2.410

Nd DNI 97 91 86 80 76 11.3 0.9943 2.497

0.00140 0.00145 0.00150 0.00155 0.00160
4.3

4.4

4.5

4.6

4.7

Ce

Pr
Nd

1/T K–1

In
D

i

Fig. 13 Plot of log of time of ignition (lnDi) against the reciprocal of

the absolute temperature (1/T) for the complexes
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Moreover, these complexes have been found to be stable

at room temperature but, it has been found that when

subjected to sudden high temperature they ignite.

Following equation was used by Freeman and Gorden

[40] to evaluate the pre-ignition reactions:

dQH=dt ¼ dH=dt � dq=dt ð6Þ

where dQH/dt is the net rate of heat gain in the system, dH/dt

is the rate of heat produced by pre-ignition reactions, dq/dt is

the rate of heat dissipation. They used the above equation and

established the following equation which correlates ignition

delay i.e., tid, heat of activation and temperature [40]

tid ¼ AeDH�=RT ð7Þ

where DH* is the heat of activation and is approximately

equal to activation energy (E*). If the activities of the

reactants do not change significantly during pre-ignition

reactions, the log of the time of ignition should be a linear

function of the reciprocal of the absolute temperature and

the relation comes out to be as given in Eq. (7).

In addition evolution of gases takes place before ignition

and reddish brown (CeO2), dark reddish brown (Pr6O11), and

light blue color (Nd6O11) solid residues are left in the igni-

tion tubes. Values of ignition delay and activation energies

for ignition in the temperature range 350–430 �C are tabu-

lated in Table 5. Here, the values of energy of E* for Ce,

Pr, and Nd complexes are, respectively, 11.5, 11.2, and

11.3 kJ mol-1. Ignition becomes inconsistent (no flame

appears i.e., do not ignite) before 350 �C (Table 5). The

ignition delay depends exponentially on temperature (as

mentioned in Eq. 7). On the basis of these assumptions a plot

of ln tid against 1/T has been made which is depicted in

Fig. 13. The process of ignition [41] can never be treated as

steady-state, since it is a transient process before sustained

combustion. It is obvious that these values of activation

energies are almost equal and there is no any significant

difference among E* for all the complexes. But Ea values

obtained from the kinetic analysis in the temperature range

230–290 �C suggest that there could be thermal stability

order. Henceforth, on the basis of these activation energy

values (obtained from the kinetic analysis) the thermal sta-

bility of praseodymium complex is more than the cerium

complex and this in term is stable than neodymium complex.

For these complexes difference in the activation energies

(Ea) obtained from kinetic analysis is much greater than

those obtained from ignition delay (E*). This is due to the

differences in temperatures in both the studies.

Conclusions

Newly prepared cerium and neodymium complexes are nine

coordinated, whereas praseodymium complex contains two

type of Pr atom, first is ten coordinated and second is nine

coordinated. TG studies show that these follow multistep

decomposition to form CeO2, Pr6O11, and Nd6O11 as end

product which was confirmed by their XRD patterns.

Activation energies obtained from kinetic analysis (Ea for

isothermal decomposition) suggest that praseodymium

complex was found to be more stable than cerium and

neodymium.
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