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ABSTRACT: Thermal decomposition of imipramine hydrochloride and trimipramine maleate
has been investigated isothermally and nonisothermally. The kinetic parameters, namely the
activation energy Ea and the Arrhenius preexponential term A, were calculated. Applying the
theory of activated complex to the process of decomposition one calculated �S�=, �H�=, and
�G �= for the reaction. The values of Ea as well as the thermodynamic functions did not vary
significantly with temperature of the reaction whereas the preexponential term showed a sig-
nificant dependence on the reaction temperature. Both imipramine hydrochloride and trim-
ipramine maleate showed two main steps of decomposition. Each step proved to be a first-
order reaction. The rate constant was calculated for each step, and the results were analyzed
statistically. C© 2003 Wiley Periodicals, Inc. Int J Chem Kinet 35: 166–179, 2003

INTRODUCTION

Imipramine hydrochloride and trimipramine maleate
are two of the main drugs classified as tricyclic
antidepressants [1,2]. These drugs elevate mood,
increase physical activity and mental alertness, im-
prove appetite and sleep patterns, and reduce morbid
preoccupation in 60–70% of patient with major
depression.
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The osmotic and activity coefficients and excess
free energy have been derived as functions of concen-
tration from vapor pressure measurements on aque-
ous solutions of chlorpromazine, promethazine, and
imipramine at 308 and 313 K. The osmotic coefficient
is dependent on the concentration and is described by
a mass action model of association. A temperature in-
crease increased the critical micelle concentration but
had no measurable influence on the aggregation num-
ber [3].

The thermal properties of imipramine hydrochlo-
ride and trimipramine maleate were studied compara-
tively by two methods: the TSA (thermomicrotransfer,
separation, and the charge treatment) and with a
derivatograph [4]. The substances decompose in the
60–100◦C range below their melting points. The TSA
method was capable of following the decomposi-
tions. During studies with the derivatograph, enthalpy
changes could not be detected at temperatures be-
low melting ranges of the substances. The compounds
are sensitive to oxidizing heat treatment and the fu-
sion products formed are identical to those of thermal
decomposition.

Polymorphism of imipramine hydrochloride and
other imipramines was studied by thermomicroscopy,
thermogravimetry, and differential scanning calorime-
try [5]. Heat of fusion and entropy of fusion of
imipramine hydrochloride are given. Polymorphism af-
fected the melting points, which are used as criteria of
purity of these substances.

The thermal properties of some imipramines includ-
ing imipramine hydrochloride were studied by differ-
ential scanning calorimetry and thermomicroscopy [6].
Melting points, heats of melting, and crystal struc-
ture were studied with successive melting and re-
crystallization. Polymorphism was observed only with
some imipramines. Thermomicroscopic data were de-
termined for 44 psychotherapeutic drugs and were
tabulated [7].

Thermal analysis is one of the tools that assesses the
stability of the compound. It has been recently applied
to investigate the decomposition kinetics of Zn(II)–
pyrazine polymers [8], where the activation energy
Ea of the conversion [ZnBr2(pyz)2] to [ZnBr2(pyz)]
is calculated. The aspects and directions of ther-
mal study are many. An important one is thermal
study of metal ion complexes of biological impor-
tance. The thermal study of theophyllinatoCu(II) com-
plexes of ethanolamine and diethanolamine, a model
of metal–guanine interaction, has been investigated
[9]. Thermal change takes place in different steps,
one of which consists of several slow continous
processes and a rapid but overlapping mass loss
process.

In this work, the kinetic parameters of activation for
decomposition, namely the activation energy Ea and
the Arrhenius preexponential factor A, as well as the ac-
tivation functions �S �=, �H �=, and �G �=, were calcu-
lated for imipramine hydrochloride and trimipramine
maleate. The results were analyzed statistically. It
turned out that Ea, �H �=, and �G �= are independent
of the heating rate. The values of the above functions
calculated for an isothermal analysis correlated nicely
with those calculated for nonisothermal analysis. On
the other hand the parameters A and �S �= are temper-
ature dependent.

EXPERIMENTAL

Materials

Impramine hydrochloride and trimipramine maleate
were supplied by Sigma (St. Louis, MO).

Apparatus

Shimadzu, DTA, and TGA-50 machines were used.
The weight of the sample was 10 mg and a platinum cell
was used for thermal analysis in nitrogen atmosphere
at a rate of flow of 5–20 ml/min.

Mass spectra were run on a GCMS-QP1000EX
(Shimadzu) quadropole mass spectrometer. The sam-
ples were heated on the direct insert probe for solid
materials at a heating rate of 20◦C/min, ionization en-
ergy of 70 eV, ionization current of 60 mA, and vacuum
of 10−6 torr.

RESULTS AND DISCUSSION

Imipramine Hydrochloride

Mass Spectrometry. Table I gives the relative inten-
sity of the different fragments in the mass spectrum
of imipramine hydrochloride. The most intense peak
is due to the fragmentation of N -dimethylamine, the
terminal group of the side chain. The results show that
the tricyclic system is not broken but is fragmented as
one unit.

Nonisothermal Decomposition. Figure 1 shows the
TGA and DTG curves for nonisothermal decomposi-
tion of imipramine hydrochloride at a heating rate of
5◦C/min. The process was repeated at different heat-
ing rates, namely 10, 15, 20◦C/min and the curves
obtained were of the same type as in Fig. 1. In the
temperature range 133 < T < 311◦C, the TGA curve
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Table I The Relative Intensity of Each Fragment in the
Mass Spectrum of Imipramine Hydrochloride

Mass Intensity Fragment

36 20.0 HCl

58 100.0

85 54.8

195 22.8

208 20.0

234 56.8

280 20.8

Figure 1 TGA and DTG curves of imipramine hydrochloride at a heating rate of 5◦C/min.

shows an immense decomposition step leading to a
weight loss of the order of 70%. The second major step
of thermal decomposition is in the temperature range
475 < T < 565◦C. Figure 2 shows the DTA curves for
imipramine hydrochloride and trimipramine maleate
at a heating rate of 10◦C/min under N2 atmosphere.
Two decomposition steps are apparent from the figure.
In the light of these results a possible decomposition
route of the free base is proposed. In the first step the
bond joining the tricyclic ring and the side chain is
broken whereas in the second step the side chain is
fragmented thus,

The thermal decomposition of solids is a very com-
plex process. It takes place in several stages as bond
breaking; destruction of the initial crystal lattice; for-
mation of the crystal lattice of the solid product;
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Figure 2 DTA curves of imipramine hydrochloride (a) and
trimipramine maleate (b) at a heating rate of 10◦C/min.

adsorption–desorption of the gaseous products; and
heat transfer. The rate of the thermal decomposition is
determined by the rate of one or more of these stages.
Other factors, such as particle size, weight of the sample
as well as the heating rate, have decisive effect on the
rate of pyrolysis. The complexity of the thermal decom-
position makes it difficult to find a general equation to
describe the kinetics of all the thermal decomposition
reactions.

Different computational methods are well estab-
lished and currently used for investigating the ki-
netic parameters of thermal decomposition processes.
Freeman–Caroll [10], Coats–Redfern [11], Horowitz–
Metzger [12], Zsako [13], Satava–Škvarã [14] methods
are well established and were used by many authors
[15–17].

For solid-state reactions, the rate of a reaction is
taken as the change in the fraction reacted, α, with
time, i.e. rate = dα/dt and is commonly expressed
as

Rate = dα/dt = kT f (α) (1)

where kT is the rate constant at temperature T and
f (α) is a mathematical function of α [different forms of
f (α) has been suggested [10–13]]. In a nonisothermal
experiment the temperature of the reaction is controlled
to fit a linear programmed rise β(K/min), i.e., Tt =
T0 + βt . The dependence of the rate constant kT on the
temperature is given by the Arrhenius equation

kT = A exp(−Ea/RT)

The rate equation is then

dα/dT = A exp(−Ea/RT) f (α) (2)

But

dα/dt = (dα/dT )(dT/dt) = (dα/dT ) β (3)

Combining Eqs. (2) and (3) gives

dα/dT =
(

A
β

)
exp(−Ea/RT) f (α) (4)

Rearranging and integrating

∫
dα

f (α)
≡ g(α) =

(
A
β

) ∫ (
exp

(
− Ea

RT

))
dT

(5)
Two difficulties are encountered: the analytical form

of f (α) is generally unknown and the right-hand side
of Eq. (5) cannot be integrated in finite form. Coats and
Redfern [11] used a general form of Eq. (5) to evaluate
the kinetic data from TGA curves as

α∫
0

(1 − α)−n dα =
(

A
β

) T∫
0

exp

(−Ea

RT

)
dT (6)

where β is the heating rate, T is the absolute temper-
ature at time t , n is the order of the reaction. The nth-
order kinetic model has been used as it is the model
recommended to evaluate the order of the simple py-
rolysis of solids [18,19].

Equation (6) has two solutions, which after taking
the logarithm of each side are

For n = 1

log

(− log(1 − α)

T 2

)
= log

(
AR
βEa

)(
1 − 2RT

Ea

)

− Ea

2.303RT
(7)

For n �= 1

log

(
1 − (1 − α)1−n

T 2(1 − n2)

)
= log

(
AR
βEa

)(
1 − 2RT

Ea

)

− Ea

2.303RT
(8)

For ordinary thermal decomposition reactions, the rate-
determining stage at the beginning of the pyrolysis
is the same as at the end of the pyrolysis and the
process is expressed by the stoichiometric equation
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A (s) = B (s) + C (g). The term log(AR/βEa)(1 −
2RT/Ea) is practically constant and the value of
1 − 2RT/Ea ≈ 1.

Hence

for n = 1 a plot of log[− log(1 − α)/T 2] versus
1/T gives a straight line with a slope −(Ea/2.303R)
and an intercept log(AR/βEa).

for n �= 1, a plot of log[(1 − (1 − α)1−n)/(T 2(1 −
n))] versus 1/T gives a straight line with a slope
−Ea/2.303R and an intercept log(AR/βEa).

Figure 3 shows the variation of α (fraction decom-
posed) with T , wherein two steps of decomposition
are clear. Application of Eqs. (7) and (8) to the
decomposition data is shown in Fig. 4, where one gets
two segments of straight lines; best straight lines are
obtained for n = 1 (Q ≡ left-hand side of Eq. (6)). Ap-
plication of Eq. (6) to each segment is shown in Figs.
5 and 6, whereby distinct straight lines are obtained;
the square of the correlation coefficients are 0.998 and
0.978. The fit of Eq. (6) for the first step of decompo-
sition is satisfactory. For step II experimental points
appear as if they are sinusoidally distributed along
the straight line. This appearance could be a result of
the small range of temperature change for step II but

Figure 3 The variation of the fraction decomposed (α)
with temperature for imipramine hydrochloride (a) and trim-
ipramine maleate (b).

Figure 4 Application of Coats–Redfern relation (n =
1, 2, 3) for nonisothermal decomposition of imipramine
hydrochloride.

the application of Eq. (7) is still valid. The values of the
activation energy Ea and the preexponential term A are
calculated from the slope and the intercept and are given
in Table II.

The activated complex theory gives a rate equa-
tion, which although simple, provides a framework
in terms of which even quite complicated reactions
can be understood in a qualitative way, and wherein
various assumptions and approximations are involved
[20]. The theory has the great advantage of taking
into consideration, at least in principle, all the inter-
nal motions of the reacting (decomposing) molecule.
The potential energy of the molecule, at the time of
decomposition, is taken as a function of the relative
positions of the various atoms of the molecule. There
will be a configuration of atoms of minimum poten-
tial energy, related to the activation energy, through
which or near which the system (molecule) is ex-
pected to pass while going to the products. This re-
gion of configuration space is the transition state and
the system in the transition state is the activated com-
plex. The transition state theory treats the activated
complex formally as a molecule (species) inspite of
its ill-defined nature and transitory existence. In this
work, the geometry of the decomposing molecule,
imipramine or trimipramine bases, is a decisive factor
in the rate and mechanism of decomposition. Hence,
the application of activation complex theory to the ther-
mal decomposition of the studied molecules is quite
adequate.
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Figure 5 Application of Coats–Redfern relation to the thermal decomposition of imipramine hydrochloride, step I.

The activated complex theory [21] gives the rate
constant for a reaction of order n

k = ν �=K �=(c◦)1−n (9)

where ν �= is the decomposition frequency for the ac-
tivated complex, K �= is the dimensionless equilibrium
constant for the formation of the activated complex,
and c◦ is the standard state concentration. After some
mathematical manipulations Eq. (9) becomes

k = en(c◦)1−n RT
NAh

e�S �=/R e−Ea/RT (10)

which leads to a preexponential factor A in the Arrhe-
nius equation as

A = en(c◦)1−n RT
NAh

e�S �=/R (11)

The term c◦ is the standard state concentration (1 mol/l
at pressure of 1 bar and temperature of 298.15 K) and
is added in case of bimolecular reactions so as to keep
K �= dimensionless. In case of unimolecular thermal
decomposition reactions, c◦ is unity.

The different terms have their conventional mean-
ings. For n = 1 rearrangement of Eq. (11) gives:

�S �= = 2.303R log Ah/kTI (12)

where k is Boltzmann constant and TI is the peak tem-
perature in the DTG curve. The thermodynamic pa-

Figure 6 Application of Coats–Redfern relation to the thermal decomposition of imipramine hydrochloride, step II.

rameters of activation, formation of active complex just
prior to decomposition, were calculated from [18,21]

Ea = �H �= + nRT (13)

where n is the order of the reaction. Knowing �S �=,
�H �=, and Ea, the values of �G �=, free energy of acti-
vation, are calculated. Results are given in Table II.

Some important conclusions are obtained from the
results in Table II. The values of Ea and �G �= did
not vary significantly with the heating rate (not signifi-
cantly dependent on the reaction temperature) whereas
the preexponential term A is significantly temperature
dependent. The results of this work show that the val-
ues of Ea, �H �=, and �G �= are not the largest for the
first step of the thermal reaction inspite of the fact that
the largest mass loss is obtained in this step. This result
goes along with the fact that the values of Ea, �H �=, and
�G �= depend on the type (strength) of the bond being
stretched to arrive at the activated complex (compound
just prior to decomposition). The results of this kinetic
study indicate that the degrees of freedom of rotation
as well as of vibration in the activated compound, a
rigid one, are less than they are in the nonactivated
compound and this leads to a negative value of �S �=.

Ozawa [22] proposed a method of obtaining the ki-
netic parameters of a thermal decomposition reaction
from TGA curves. He showed that the activation energy
can be graphically obtained by following thermogravi-
metrically the decomposition at different heating rates.
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Table II Kinetic and Equilibrium Parameters for the Thermal Decomposition of Imipramine Hydrochloride at
Different Heating Rates

Step β (◦C/min) Ea (kJ/mol) A (s−1) �S∗ (J/(K mol)) �G∗ (kJ/mol) �H∗ (kJ/mol)

I 5 132 7.90 × 1011 −22.01 144 128
10 144 6.90 × 1012 −4.35 147 140
15 137 1.16 × 1012 −19.33 148 132
20 133 4.88 × 1011 −26.59 148 202

II 5 194 1.67 × 1011 −38.25 224 187
10 205 1.15 × 1013 −2.73 207 199
15 208 5.17 × 1012 −9.75 216 202
20 194 6.75 × 1011 −26.50 214 187

The TGA graphs of imipramine hydrochloride at dif-
ferent heating rates are shown in Fig. 7.

According to Ozawa procedures the rate of decom-
position is given by

−dW
dt

= A exp

(
− Ea

RT

)
W n (14)

where W is the fractional residual weight of the sample,
T is the absolute temperature, R is the gas constant,

Figure 7 TGA curves of imipramine hydrochloride at different heating rates.

t is the time, A is the preexponential factor, Ea is the
activation energy, and n is the order of the reaction.

The fraction weight W of a reacting material is ex-
pressed as a function of x , i.e., W = f (x), where x is
a structural quantity (such as a group, a constituent, or
a broken bond) and changes according to

−dx
dt

= A exp

(
− Ea

RT

)
g(x) (15)
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Integration of (15) gives

−
x∫

x0

dx
g(x)

= A

t∫
t0

exp

(
− Ea

RT

)
dt (16)

If the heating rate β is constant, Eq. (16) becomes

−
x∫

x0

dx
g(x)

= A
β

T∫
T0

exp

(
− Ea

RT

)
dT (17)

where T0 is the value of T at t = t0.
The rate of the reaction is very low at low tempera-

tures and the following approximation is valid:

T∫
T0

exp

(
− Ea

RT

)
dT =

T∫
0

exp

(
− Ea

RT

)
dT (18)

The right-hand side of (18) is expressed and tabulated
by Doyle [23] as the following function of p:

Ea

R
p
(

Ea

RT

)
=

T∫
0

exp

(
− Ea

RT

)
dT

If the value of Ea/RT is larger than 20, p(Ea/RT) is
approximated by

log p
(

Ea

RT

)
= −2.315 − 0.4567

Ea

RT
(19)

Figure 8 The relation between the logarithm of the heating rate and 1/T for different residual weight percents for imipramine
hydrochloride.

For a given value of W and a single value of x , the left
side of Eq. (18) is a constant, which does not depend on
the heating rate. Therefore if the weight decreases to a
given fraction at the temperature T1 for the heating rate
of β1, at T2 for β2, and so on, the following equations
are obtained:

AEa

β1 R
p
(

Ea

RT1

)
= AEa

β2 R
p
(

Ea

RT2

)
= · · · (20)

Using Eq. (19), one gets

− log β1 − 0.4567
Ea

RT1
= − log β2 − 0.4567

Ea

RT2

= · · · (21)

Thus, the plots of log β versus the reciprocal of ab-
solute temperature for a given value of W must give
a straight line, the slope of which gives the activation
energy Ea. Figure 8 shows the relation between log β
and 1/T at different residual weight percents (58–86
wt%) in the thermal decomposition of imipramine hy-
drochloride. The values of Ea at each residual weight
percent are given in Table III. These values are expected
to be more accurate than the average value obtained
from Table I in the Coats–Redfern approximation.

Isothermal Decomposition. When pyrolysis takes
place under the conditions of TGA, K does not re-
main constant and depends on temperature. Arrhenius
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Table III Activation Energy of the Thermal
Decomposition of Imipramine Hydrochloride (A) and
Trimipramine Maleate (B) at Different Percents Weight
Loss, Step (I)

A B

Residual Residual
Weight (wt%) Ea (kJ/mol) Weight (wt%) Ea (kJ/mol)

86.74 71.90 90.47 128.72
83.62 75.75 82.03 123.02
80.50 78.36 72.59 123.58
77.38 81.13 65.15 118.10
74.26 83.71 56.70 114.20
71.13 85.63 48.21 111.29
68.01 87.06 39.82 110.42
64.89 88.51 31.38 110.71
61.77 89.89 22.93 110.48
58.65 91.02 14.49 111.30

Average 83.29 ± 6.38 116.19 ± 6.74

relation is persumed for this dependence and it is
preferred to treat the process of thermal decom-
position isothermally. Ozawa [22] has suggested a
method of conversion of the data to apply to con-
ditions of constant temperature changes. According
to the Ozawa treatment, the preexponential term is
given by

A = β(Ea/RT2) exp(Ea/RT ) (22)

The reduced time θ is defined as

θ =
t∫

0

exp

(
− Ea

RT

)
dt

which at constant temperature becomes

θ = t exp

(
− Ea

RT

)
(23)

and Eq. (15) becomes

G(x) = Aθ (24)

This is the rate equation used by Ozawa, where A is
the frequency factor, the preexponential term in the
Arrhenius equation. The function G(x) is related to the
reaction quantity and a plot of G(x) against θ gives a
straight line passing through the origin, with a slope
equal to A. However, in a TGA curve where the reac-
tion is of the nth order, the fraction weight loss C is
equivalent to the reaction percent x . The relations be-
tween the fraction weight loss C and G(x) is expressed

as follows:

• For nth-order reaction

G(x) = 1

n − 1
[(1 − C)1−n − 1] C = x (25)

• For first-order reaction

G(x) = − log(1 − C) (26)

Figure 9 shows the relation between G(x) and the
reduced time θ. Linear regression is used to draw the
best straight line passing through the origin. The slope
is 1.98 × 107 min−1 and is equal to the preexponential
factor A.

Horowitz and Metzger [12] have made an asymp-
totic expansion of 1/T at a conventionally chosen tem-
perature in order to have an integrable form of Eq. (17).
They found a linear relation between log of right-hand
side of Eq. (17) with temperature and calculated Ea

from the slope. This approximation has been criticized
[13] based on the fact that a thermal decomposition
step takes place frequently over a temperature range of
60–80◦C, i.e., the asymptotic approach is not quite jus-
tifiable. It has been shown that the slope of the above-
mentioned plot shows a variation of about 25–30%,
which introduces a large error in the activation energy
data.

The rate constant (rate factor) is calculated from

k = A exp

(
− Ea

RT

)
(27)

Results are given in Table IV.
Figure 10 shows the rate diagram of isothermal de-

composition of imipramine hydrochloride at 280, 290,
300, 310, 320, and 326◦C. The variation of the reaction
percent and time at each specific temperature is given.

Table IV Specific Rate Constant of the Thermal
Decomposition of Imipramine Hydrochloride (A) and
Trimipramine Maleate (B), Step (I)

A B

Rate Constant Rate Constant
T (◦C) (10−5 min−1) T (◦C) (10−8 min−1)

280 2.51 160 0.46
290 2.71 190 0.76
300 2.92 220 1.18
310 3.14 250 1.74
320 3.36 280 2.45
326 3.50 300 3.03
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Figure 9 The relation between G(x) and the reduced time θ for imipramine hydrochloride, step I.

Trimipramine Maleate

Mass Spectrometry. Table V shows the relative inten-
sity of each fragment in the mass spectrum of trim-
ipramine maleate. Thermal analysis does not show a

Figure 10 Isothermal decomposition of imipramine hydrochloride at different temperatures, step I.

number of steps equal to the number of fragments ob-
tained in the mass spectrum. Hence, a stage or a step in
the thermal analysis process corresponds to the pro-
duction of a number of fragments and not just one
fragment.
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Table V The Relative Intensity of Each Fragment in the
Mass Spectrum of Triimipramine Maleate

Mass Intensity Fragment

294 7.6

249 48.4

234 8.0

208 22.8

193 14.8

99 17.2

84 10.8

58 100

Nonisothermal Decomposition. Figure 11 shows the
TGA and DTG diagrams of trimipramine maleate at a
heating rate of 5◦C/min. Similar results were obtained
when the heating rates were 10, 15, and 20◦C/min.
The TGA curve shows two main thermal decompo-
sition steps, but the DTGA curve indicates that the
first main step of decomposition (step I) include two
substeps. These results are confirmed by studying the
DTA of trimipramine maleate, which is shown in
Fig. 1. A sharp melting of the compound is observed at
144.8◦C.

Figure 3 shows the relation between α (the frac-
tion reacted) and T , where one observes different steps
of the reaction. The kinetics of each step of decom-
position is investigated separately. Figure 12 shows
the relation between Q (where Q is the left-hand side
of Eq. (7)) and 1/T for the decomposition substep,
which is called Ia, that covers the 160–250◦C range. The
best straight line is obtained for a first-order reaction.

On plotting the same relation but assuming other
than first-order reactions, straight line relations are not
obtained.

Figure 13 shows the relation between Q and 1/T
for substep Ib in the temperature range 240–300◦C.
A value of R2 = 0.962 indicating the best straight
line relation is obtained, when considering a first-
order reaction. The order of the reaction is confirmed
by subsequent results. From the slope and intercept
of the lines one calculates the activation energy Ea

and the preexponential term A. Results are given in
Table VI.

The average values of Ea are very comparable for Ia

and Ib individual thermal decomposition substeps, a re-
sult which indicates the similarity in the type of bonds
being broken, extent of fragmentation, and mechanism
of the decomposition involved in the two substeps Ia

and Ib. The TGA curve shows the clear overlap, con-
tinuation, of the two substeps. This is not the case with
step II (400–500◦C) where one gets much higher values
for Ea, almost three times.

Figure 14 shows the relation between Q and 1/T for
step II of the thermal decomposition of trimipramine
maleate. The values of the activation energy Ea and
the preexponential term A are given in Table VI. It is
seen that the values of Ea are not primarily dependent
on the heating rate contrary to the values of A, which
are temperature dependent. Both Ea and A are higher
for the second step of decomposition than for the first
step.

Free activation energy �G �= (the activated complex
is the configuration just before decomposition), activa-
tion enthalpy �H �=, and activation entropy �S �= for the
thermal decomposition of trimipramine maleate were
calculated and the results are shown in Table VI. The
values of these thermodynamic parameters differ sig-
nificantly for step I than for step II. This indicates that
stronger bonds are broken in step II than in step I. A
positive value of �S �= indicates a loosely bound tran-
sition state just before decomposition, which leads to
a larger number of degrees of freedom for both the ro-
tation and the vibration. On the other hand, a negative
�S �= indicates a rigid activated complex and this leads
to a lower number of the degree of freedom for both
rotation and vibration.

Isothermal Decomposition. The TGA diagrams for
trimipramine maleate at different heating rates were
studied. For a specified weight loss the plots between
the logarithm of the heating rate and 1/T for differ-
ent residual weight percents (14.49–90.47 wt%) were
drawn and nice straight line relations were obtained, a
confirmation of a first-order reaction. The slope gives
the activation energy Ea. Results are shown in Table III.
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Figure 11 TGA and DTG curves of trimipramine maleate at a heating rate of 5◦/min.

Figure 12 Application of Coats–Redfern relation to the thermal decomposition of trimipramine maleate, step Ia.

Figure 13 Application of Coats–Redfern relation to the thermal decomposition of trimipramine maleate, step Ib.
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Table VI Kinetic Parameters and Thermodynamic Functions of Activation of the Thermal Decomposition of
Trimipramine Maleate at Different Heating Rates

Step β (◦C/min) �G∗ (kJ/mol) �H∗ (kJ/mol) −�S∗ (J/(K mol)) Ea (kJ/mol) A (s−1)

Ia 5 133.72 119.54 20.81 123.59 8.31 × 1011

10 130.96 124.71 4.32 128.81 6.07 × 1012

15 129.62 128.53 6.15 132.68 2.17 × 1013

20 129.62 129.20 8.25 133.39 2.85 × 1013

Ib 5 141.03 119.22 33.39 123.57 1.96 × 1011

10 140.65 120.18 29.93 124.63 3.05 × 1011

15 141.53 120.59 30.38 125.09 2.92 × 1011

20 142.63 118.49 35.34 123.09 1.64 × 1011

II 5 200.61 380.09 −252.49 386.19 2.35 × 1026

10 209.79 330.19 −163.66 336.64 5.69 × 1021

15 209.57 362.87 −202.12 369.44 5.92 × 1023

20 207.02 343.67 −178.06 380.36 3.34 × 1022

The values of Ea at different percent weight losses are
given in Table III and agree quite satisfactory with those
obtained by applying Coats–Redfern treatment.

The order of the reaction, n = 1, is confirmed by
the straight line relations obtained on plotting Log β
versus 1/T . Hence, the extent of the reaction function
G(x) is calculated based on a first-order reaction. A
plot of G(x) against the reduced time θ gave a good
straight line relation and the slope gives A = 1.02 ×
1011 min−1. Using the average value of Ea = 116.00 ±
6.52 kJ/mol and the value of A = 1.02 × 1011 min−1,
one calculates the extent or percentage of the reaction,
C , as a function of time at constant temperature, namely
160, 190, 220, 250, 280, 300◦C. The specific rate con-
stants are calculated using the Arrhenius equation. Re-
sults are given in Table IV.

Step I of the thermal decomposition of trimipramine
maleate was pretreated as to consist of substeps Ia (160–
240◦C), residual weight percent (66.52–99.29 wt%),
and substep Ib (240–300◦C), residual weight percent
(13.91–65.92 wt%), with Ozawa analysis being applied
to each substep. Results are given in Tables VII and
VIII.

Figure 14 Application of Coats–Redfern relation to the thermal decomposition of trimipramine maleate, step II.

CONCLUSIONS

Mass spectrometry of the studied compounds leads to a
large number of fragments with different intensities. On
the other hand, thermal analysis indicates that only two
main steps are involved in the thermal decomposition
reaction. Hence, each step observed in the thermal de-
composition possibly includes a number of fragmen-
tations. The first step results in a large weight loss of
the order of 70%, and can be divided into two substeps.
The kinetics of isothermal as well as nonisothermal de-
compositions proved that each of the individual steps
is a first-order reaction. The calculated kinetic parame-
ters Ea and A, as well as the thermodynamic functions
of activation, �S �=, �H �=, and �G �=, have different
values for the different steps of thermal decomposi-
tion. Generally, the values of these functions are much
lower for step I than the corresponding values for step
II. This result indicates that bonds broken in step II are
much stronger than in step I.

A comparison of Tables II and VI shows that the
numerical values of the activation energy Ea and the
free activation energy �G# are comparable for each
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Table VII Activation Energy of the Thermal
Decomposition of Trimipramine Maleate for the Two
Substeps Ia (160–240◦C) and Ib (240–300◦C) at Different
Percents Weight Loss

Step Ia Step Ib

Residual Residual
Weight (wt%) Ea (kJ/mol) Weight (wt%) Ea (kJ/mol)

96.29 130.68 65.92 118.39
92.99 128.01 60.15 115.55
89.68 128.11 54.37 113.09
68.37 125.63 48.59 111.09
83.06 123.65 42.01 109.76
79.75 124.18 37.03 111.51
76.45 123.92 31.25 110.86
73.14 123.69 25.47 109.33
69.83 124.60 19.69 107.18
66.52 118.86 13.91 111.85

Average 125.13 ± 3.24 111.82 ± 3.20

step of the thermal decomposition of imipramine hy-
drochloride and of trimipramine maleate. This is to be
expected on the basis of the fact that the main structural
unit is the same in the two compounds.

The thermal decomposition of the studied com-
pounds has been carried out at different heating rates.
The calculated values of Ea, �S �=, �H �=, and �G �=

showed some dependence on the reaction temperature.
This result indicates that the rate-determining process
(bond breaking, crystal lattice breaking, etc.) is the
same at the beginning and at the end of the specific
step of thermal decomposition. Also the kinetics of
the reaction (thermal decomposition) does not change

Table VIII Specific Rate Constant of Thermal
Decomposition of Trimipramine Maleate at Different
Temperatures for Substeps Ia and Ib

Step Ia Step Ib

Rate Constant Rate Constant
T (◦C) (10−9 min−1) T (◦C) (10−9 min−1)

160 0.67 250 0.78
180 2.41 260 0.87
190 3.37 270 0.97
220 4.50 290 1.09
230 6.09 280 1.20
240 6.96 300 1.33

through the specific step. In other words the thermal
decomposition reaction of the studied compounds is
a simple one. On the other hand the Arrhenius preex-
ponential factor A is highly dependent on the reaction
temperatures. A positive value of �S �= is an indication
of a loosely bound transition state that leads to a large
number of degrees of freedom for both rotation and
vibration. On the other hand a negative value of �S �=

is an indication of a stiff transition state that leads to a
small number of degrees of freedom for both rotation
and vibration.
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