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Abstract A single crystal of heptaaqua-p-nitrophenolato-
strontium(I) nitrophenol (HNSN) was grown, and the
structure was confirmed by UV-Vis—NIR, FT-IR, FT-NMR,
and high-resolution X-ray diffraction (HRXRD) analyses.
The dielectric loss, dielectric constant, and the mechanical
strength of the crystal have already been reported. The
dynamic, non-isothermal thermal analysis was carried out at
different heating rates, and TG and DTG data were used for
the interpretation of the mechanisms and kinetics of
decomposition by means of a model fitting method, Coats—
Redfern equation, and a model-free method, Kissinger and
Flynn—Wall method. The values of activation energy
(E) and the pre-exponential factor (In A) of each stage of
thermal decomposition at various linear heating rates were
calculated.
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Introduction

Crystals with high hyper polarizability result in larger values
of second-order non-linear susceptibilities that have great
potential in the applications of constructing molecular
devices such as frequency converters, electro optic switch-
ing, etc. [1]. The lifetime of a crystal can be understood with
the knowledge of mechanical and thermal stability of the
crystal. Moreover, improvements of crystal quality also
depend on knowing the thermo dynamical properties and
thermal stabilities of the crystals and the information are
needed to avoid unwanted structural changes during storage
and formulation. The choice of crystalline phase depends
upon its thermodynamic stability and physical properties
such as hygroscopicity, solubility, and thermal stability. The
most stable crystalline phase, by definition, has the lowest
thermodynamic stability. The single crystalline nature of the
sample is the most ordered form of the sample and degra-
dation of the sample brings disorder in the sample [2].

Single crystal of heptaaqua-p-nitrophenolatostron-
tium(II) nitrophenol (HNSN) was grown with dimension
40 x 12 x 6 mm’ using slow evaporation solution growth
technique at constant temperature (313 K) and was char-
acterized [3]. In this study, thermal stability studies were
carried out. Dissociation mechanism and kinetic parameters
were done by employing physical model-dependent meth-
ods [4, 5] and model-free methods [6-9].

Experimental
Synthesis and characterization

The complex HNSN was synthesized from paranitro-
phenol and strontium hydroxide (octahydrate) in the
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stoichiometric ratio 1:1. The complex was recrystallized
using water as solvent. The purified compound was stirred
continuously resulting in a homogenous solution which was
then kept undisturbed at a constant temperature of 313 K. A
single crystal of the complex, HNSN of dimension
40 x 12 x 6 mm® was isolated from the supersaturated
solution. The structure of the complex was characterized by
UV-Vis—NIR, FT-IR, NMR, and XRD analyses. UV—Vis
spectral analysis was carried out using Varian Cary 5E in
the range 200-2,000 nm. FT-IR spectrum was recorded
using Bruker IFS 66v FT-IR spectrometer. '"H NMR spec-
trum of the complex was recorded by a Bruker Advance III
500 MHz FTNMR using D,0 as solvent. X-ray data of the
compound HNSN were collected at room temperature using
a Bruker Smart Apex CCD diffractometer with graphite
monochromated MoK, radiation (4 = 0.71073 A) with w-
scan method. Molecular graphics were computed using
DIAMOND program [10]. The conventional, non-isother-
mal, thermo gravimetric (TG), differential thermogravi-
metric (DTG), and differential thermal analysis (DTA) were
carried out using a Perkin-Elmer diamond model thermal
analyzer with different heating rates 1, 3, and 5 K/min
ranging from room temperature to 1,173 K using nitrogen
gas atmosphere. Model-free methods, Arrhenius, Kissinger,
and Flynn—wall methods and model fitting methods, Coats—
Redfern, were followed among the several methods avail-
able for the kinetics evaluation of TG mass loss data.

HNSN was characterized by UV, IR, NMR, and XRD
analyses. The crystal was found to be transparent between
500 and 2,000 nm (visible and near infrared region). FT-IR
spectrum was recorded between 450 and 4,000 cm™! with
the characteristic peaks (3,434 cm™! for Yon stretching,
1,648 cm™! for YH,0 bending, 1,312 cm™! for INO,
stretching, 1,811 cm™' for 1,4 disubstituted phenyl ring,
and 819 cm™" for ycn Vibration) [11].

Three non-overlapping peaks of FTNMR spectra in
which doublet (at 6 = 6.269 and 6.250 ppm, J = 9.5 Hz)
corresponds to deshielded hydrogen adjacent to NO, group,
doublet (at 6 = 4.742 and 4.723 ppm, J = 9.5 Hz) corre-
sponds to hydrogen adjacent to OH group, and a singlet (at
0 = 3.037 ppm) corresponds to H,O were assigned.

The structure was solved by direct methods using
SHELXS97 and refinement was carried out by full-matrix
least-squares technique using SHELXL.97 [12]. Molecular
graphics were computed [3] using DIAMOND [10] pro-
gram at 30% probability level.

Thermal properties of [Sr(CcH4NO3)(H>0);]CcH4NO5
The rates and other kinetic parameters of thermal decom-

position of compounds depend largely upon their struc-
tures. The conventional, non-isothermal, thermograms (TG
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Fig. 1 TG curves of HNSN in nitrogen atmosphere; heating rate of 1,
3, and 5 K/min
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Fig. 2 DTG curves in nitrogen atmosphere; heating rate of 1, 3, and
5 K/min

and DTG) for HNSN, at three different heating rates, 1, 3,
and 5 K/min are shown in Figs. 1 and 2, respectively.
Increase in heating rate leads to an increase in the char-
acteristic peak temperature (7p) which can be seen in the
thermograms (Figs. 1, 2). Decomposition occurred only by
two stages by increasing the heating rate also. In DTG
(Fig. 2), first step of decomposition is not seen clearly
due to the prominent peak of the second stage which is
discussed at the end of this article. The first mass loss
occurred between 298 and 423 K which corresponds to the
loss of seven molecules of water of crystallization and
appears as an endothermic peak in the DTA curve (Fig. 3).
There is a good agreement between the expected and
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Fig. 3 TG and DTA curves of HNSN in nitrogen atmosphere;
heating rate: 1 K/min

observed mass loss for the loss of seven moles of water as
shown in Table 1. The sharp mass loss at 700 K is assigned
to the degradation of paranitrophenolate group into frag-
ments and the subsequent volatilization. Two-stage
decompositions indicated the difference in the strength of
the bond, between water and nitrophenolic group attaching
with metal, which are proved by XRD analysis.

The kinetics of the thermal decomposition of HNSN at
different heating rates was studied by model-dependent and
model-free methods.

Determination of energy of activation, E,—model-free
methods

The transformation rate during a reaction is the product of two
functions, one depending solely on the temperature, T, and the
other depending solely on the fraction transformed, o:

dor/dr = f(o)k(T) (1)

where do/dt is the derivative of the fraction converted with
respect to time and it was calculated for every 10% mass
loss of the complex for both stage of decomposition in the
temperature range 313-381 and 673-713 K at different
heating rates. o is defined by the expression as

o = (%ow; — %owy) /(%ow; — %owr) (2)

where %w; is the mass percent at any time ¢ and %w; and
%w; are the initial and final mass percent sample [13],
respectively. A typical plot of o versus temperature for
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Fig. 4 Fraction reacted, a versus temperature for stage II at three
different heating rates
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Fig. 5 Fraction reacted, o versus temperature for stage I at three
different heating rates

stages I and II is shown in Figs. 4 and 5. The temperature-
dependent function is generally assumed to follow an
Arrhenius type dependency

Ink = InA — E,/RT (3)

Thus, to describe the progress of the reaction at all
temperatures and for all temperature—time programmes, the
function f{o), and the constants In A and E need to be
determined. For non-isothermal experiments, the reaction
rate at all times depends on both f(«) and k(T), and hence
on the determination of flz), In A and E (the so-called
kinetic triplet). The linear Arrhenius plots of In k versus

Table 1 Comparison of the expected and observed mass loss for the decomposition of HNSN at 3 K/min in nitrogen atmosphere

Assumed reactions Temperature/K Cumulative mass loss/%
Expected Observed

[Sr(CcH4NO3)(H,0),] C¢H4yNO; — [Sr(C¢HyNO3)] C¢H4NO; + 7H,0 381 25.71 25.83

[Sr(CcH4NO3)] CcH4NO;3 — volatile oxides 700 74.29 74.17

@ Springer



848

J. Rajendran et al.

—a— | K/min

—e— 3 K/min

444
i:% 1 —4— 5 K/min
3.8 ]
3.6
R
2 7 Stage Il
327 (b) stag
2.8 1 : : :
i 1.425 1.450 1.475
— 56-
gg 1 M o
4.8 1 :
44 —e— 3 K/min
4.0 4 —4— 5 K/min
3.6
3.2 1 (a) Stage |
2.8

275 280 285 290 295 3.00 305 310 3.15
1000/7/K!

Fig. 6 Arrhenius plot of In k versus temperature for non-isothermal
decomposition of HNSN in nitrogen atmosphere for a stage I and
b stage II

1/T for the two stage decompositions of HNSN at various
heating rates were plotted (Fig. 6a, b) from the non-iso-
thermal DTG data. From the slope, the activation energy
(E,) for the decomposition of the complex was calcu-
lated (Table 2). The activation energy values obtained
are 28 34,31 £42,39 + 4.6 kJ mol ™! for stage I, and
101 + 6.3, 96 £ 4.5, 72 + 3.9 kJ mol™"' for stage II,
respectively.

The activation energy for the non-isothermal decom-
position of the complex HNSN was calculated from the TG
data (Fig. 7 for stage II and similar plot for stage I is also
obtained) using Kissinger expression:

In(B/T%) = In(n(1 — am)" 'AR/E,) — Eo/RT (4)
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Fig. 7 Mass loss (%) versus temperature for stage I decomposition of
HNSN at three different heating rates

where f is the heating rate, A is the pre-exponential factor,
E, is the energy of activation, T}, and o, are the absolute
temperature and mass loss at the maximum mass loss rate
(do/df),, and R is gas constant. This method yielded a
value of 33 % 2.0 and 85 + 2.0 kJ mol™" for stage I and
I, respectively (Table 2) from the slope of In (ﬁ/Tﬁl) as a
function of /T, at the maximum mass loss rate.

The fraction reacted o, range of 0.10-0.8 and 0.10-0.9
were used for the kinetic analysis of the first and second
stages, respectively. The activation energy for each con-
version point (E,, o) was calculated using Flynn—Wall
method at different heating rate, f§ using the expression,

Inf = In(AE,/R) — In[F ()] — E,/RT (5)

The decomposition of the complex was carried out at
different heating rates (f) in this technique. The plot of the
different heating rates against the temperature at every
heating rate is shown in Figs. 8 and 9, and the straight lines
obtained are nearly parallel to each other showing the

Table 2 Kinetic parameters of non-isothermal decomposition of HNSN by various techniques

p Arrhenius Kissinger Flynn—Wall
Stage 1 Stage 11
E, In A E, In A o E, In A o E, In A
Stage 1 0.1 27.802 2.649 0.1 97.194 20.069
1 28.342 14.994 33.33 2.994 0.2 27.427 2.499 0.2 94.70 19.626
3 31.245 15.284 85.55 17.988 0.3 22.994 2.309 0.3 92.70 19.255
5 39.49 20.558 0.4 17.17 2.114 0.4 92.82 19.261
Stage 11 0.5 14.780 2.098 0.5 92.86 19.263
1 101.43 18.55 0.6 13.493 1.992 0.6 92.86 19.263
3 96.192 17.52 0.7 12.712 1.609 0.7 90.21 18.789
5 72.332 13.10 0.8 12.595 1.558 0.8 87.479 18.299
0.9 - - 0.9 85.557 17.969

p heating rate, o fraction converted
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Fig. 8 Flynn—Wall plot for stage I in nitrogen atmosphere for the
non-isothermal decomposition of HNSN using TG data
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Fig. 9 Flynn—Wall plot for stage II in nitrogen atmosphere for the
non-isothermal decomposition of HNSN using TG data

applicability of this method to metal-organic complexes.
The mean activation energy of 18 + 4and 91 + 4kJ mol '
for stages I and II was found for the mass loss range 10-80%,
and this value was found to be comparable with the result of
Kissinger method.

The non-isothermal, TG experimental data were also
used to study the apparent activation energy, E, as a
function of the extent of conversion, «. The activation
energy for each conversion point (E,, o) was calculated
from the slope of the linear plot of Flynn—Wall method at
different heating rate, 5. The plot, E, versus o, fraction
reacted for stage I (Fig. 10a) shows that E, decreases with
the extent of conversion (), 0.1 <a < 0.9 except at
o = 0.6, whereas three different regions exist in the
decomposition of stage II (Fig. 10b). That the activation
energy is high at the initial fraction reacted indicates that
the decomposed products are in equilibrium with the

Fraction reacted, o

Fig. 10 Dependence of the apparent value of E versus a, fraction
reacted by Flynn—Wall method for a stage I and b stage II

gaseous reactants. The results revealed that the dependence
of the apparent activation energy (E,) on the extent of
conversion helps not only to disclose the complexity of a
decomposition process, but to identify its kinetic scheme as
well. The E value is lower for stage I (27.444 kJ mol™ 1)
indicating that the rate of decomposition is fast compared
to the second stage (97.2555 kJ mol_l). In stage II, the
conversion range, 0.3 < o < 0.6, the apparent activation
energy is approximately independent of the extent of
conversion, which is indicative of the irreversible process
and more than one mechanism operates during the
decomposition process of compound.

Dissociation mechanism/model fitting method

Kinetic analysis by model fitting methods [14-16] was
carried out to predict the mechanism of dissociation pro-
cesses and to deduce the kinetic parameters. Kinetic anal-
ysis of thermoanalytical data where there is a linear
temperature rise (f§) has most often been based on the rate
equation

Bda/dr = AexpE/RDf (o) (6)

which states that the rate of the reaction is proportional to
the rate coefficient with Arrhenius temperature dependence
and a function of the degree of conversion, f(a).
Concentration of a solid is not usually a meaningful term
for solid-state reactions. Equation 6 can be represented by
its integral form as follows:

In[g(2)/T?] = In[(AR/BE)(1 — 2RT /E)] — —E/RT ~ (7)
where, A is the pre-exponential factor, E the activation
energy and R is the gas constant. The algebraic expression

of the integral g(o) functions for P1, E1, A2, A3, A4, Bl,
R2, R3, D1, D2, D3, and D4 model mechanisms are tested
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Table 3 Kinetic parameters and possible rate controlling processes
of decomposition of HNSN

Mech S/K/min TG data Correlation
— - coefficient (r)
E/kJ mol In A/min
Stage 1
A2 1 26.588 1.0799 0.9983
43.448 1.8949 0.9942
5 30.198 3.1723 0.9958
Stage II
A3 1 172.29 14.9567 0.9995
3 140.34 12.5808 0.9992
5 102.59 11.8012 0.9845

in this study [4, 5]. A plot of In g(a)/T* versus 1/T gives a
straight line when the correct g(a) function is used in the
equation. The g(«) function describes the mechanism of the
reaction. Straight lines with high-correlation coefficient
and low standard deviation were selected to represent the
possible controlling mechanism.

The kinetics of the two stages of the thermal decom-
position of HNSN was followed by employing the Coats—
Redfern approximation [4, 5]. Model fitting is performed
by linear fit method in the conversion region where the
apparent activation energy is approximately constant. The
non-isothermal kinetic data of compound in the limit of
0.1 <o <09 are fitted to each of the thirteen reaction
model. The values of activation energy (E,), pre-expo-
nential factor (In A) and the coefficient of linear correlation
(r) for various kinetic models at three different heating
rates are presented in Table 3. The Arrhenius parameters
(E,, In A) of decomposition are highly variable, exhibiting
a strong dependence on the reaction model chosen. On the
other hand, more than one model, namely, R2 and A2 for
stage I, and D3 and A3 for stage II gave fairly good
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Fig. 11 Plot of [g(«/T%)] versus 1/T for stage I using TG data,
g(@) = —In(1 — o'
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coefficient of linear equation lines. However, by comparing
the E, value with the model-free method, A2, two-dimen-
sional Avrami—Erofe’ev model (Fig. 11) which corre-
sponds to nucleation and growth mechanism and A3
mechanism, Avrami-Erofe’ev random nucleation, 3D
growth were accepted for stages I and II, respectively [15].
The activation energy obtained for the second step was
found to be much higher than the values obtained for the
dehydration step. Theoretically the activation energy of a
process is expected not to change with change in heating
rate. But the activation energy of stage I is found to
increase with the heating rate of 1-3 K/min and decrease
from 3 to 5 K/min and there is direct correlation with the
peak temperature of the corresponding DTG plot of stage |
(Fig. 12) and the activation energy for stage II is found to
decrease with increase in heating rate and this has been
reported in the literature [14]. Similarly pre-exponential
factor was also found to change with heating rate. The real
activation energy for each decomposition step would be the
one obtained under lowest heating rate.

Conclusions

The thermal decomposition of the complex HNSN
[Sr(CcH4NO3)(H,0)7]1CcH4NO3 occurs in two steps. The
first stage of dehydration occurs at 313—-383 K and the sec-
ond stage of decomposition of dehydrated complex
[Sr(C¢H4NO5]CcH4NO3 occurs at 674-745 K. The dehy-
dration is governed by A2 and the decomposition is gov-
erned by A3 mechanism. Kinetic parameters were deduced
at each stage under non-isothermal conditions by model-free
and model fitting methods and the values are comparable.
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