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Abstract This paper describes the thermal investigations
and kinetic analysis regarding the solid-state degradation of
three compounds used as mental disorder therapeutic
agents (antidepressants), namely amitriptyline, desipramine
and imipramine. The study was carried according to
ICTAC 2000 recommendations, by using three isoconver-
sional methods, namely Flynn—Wall-Ozawa, Kissinger—
Akahira—Sunose and Friedman. The differential method of
Friedman indicated multistep degradation, which was later
confirmed by the nonparametric kinetic method (NPK).
NPK method showed that all three tricyclic antidepressants
are degraded by two processes. In terms of apparent acti-
vation energies for decomposition, the NPK method indi-
cated 123.4 kJ mol ™" for imipramine, 112.3 kJ mol~" for
desipramine and 82.9 kJ mol ™' for amitriptyline, and the
results are in good agreement with the ones suggested by
isoconversional methods.
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fle) Differential conversion function

g(a) Integral conversion function

R Universal gas constant

B Heating rate and f = d7/dt (where ¢ is time)

k(T) A temperature dependence

A Pre-exponential factor

E, Activation energy given by the Arrhenius equation

Introduction

Considering the alarmingly increasing numbers of cases of
psychological disorders nowadays, the bioactive substances
used in the treatment schemes of these diseases have
become a central point in the research field.

Among these substances, tricyclic antidepressants
(TCAs) are used since their discovery in 1951, when the
first molecule of this class—imipramine—was synthesized
[1]. Since then, a number of molecules were discovered
and used not only to treat major endogenous depression,
but also in the treatment of anxiety states, obsession syn-
dromes [2], neuropathic chronic pain and nocturnal
enuresis in children [3].

In order to avoid the decreased levels of neurotrans-
mitters in the synaptic gap, the main cause of depression
syndromes, TCAs inhibit the reuptake of serotonin, dopa-
mine or norepinephrine leading to an increase in their
levels [2]. In order for the therapeutic effect to appear, a
few weeks of treatment are required, despite the fact
that the actual absorption of the substances takes about
30 min [4].

Although TCAs have been used a long time, their
presence in depression treatment is somewhat controversial
mainly because of their severe side effects that appear
above the therapeutic range, such as cardiovascular
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disease, hypotension or even death [5]. However, there are
quite a few molecules, such as amitriptyline, imipramine
and desipramine, used frequently in therapy at this time.

Amitriptyline (AMI) is a dibenzocycloheptene deriva-
tive that has a tricyclic ring system and a short hydrocarbon
chain linked to the azepine middle ring with a terminal
nitrogen atom dimethyl substituted [6]. The molecule has
an amphiphilic nature, the tricyclic portion having a
hydrophobic character while the tertiary amine is the
hydrophilic part. This last one depending on the pH value
can become cationic (protonated) at acid pH values and
neutral (deprotonated) at basic pH values [7]. Because of
these structural characteristics, amitriptyline forms aggre-
gates in solution containing roughly 6—12 monomers [6].
AMI is mainly used as hydrochloride (pK, 9.4). It is a
white or almost white crystalline powder, with a melting
point of 187-189.5 °C, odorless or with a very delicate
smell that has slight anesthetic properties. AMI has good
solubility in water (9.71 mg L_l), alcohol, methanol and
chloroform, but it is practically insoluble in ether [8].

Imipramine (IMI) belongs to the dibenzazepine class. It
has two benzene rings connected by a seven-member
heterocycle in which one nitrogen atom replaces a carbon
atom. The alkylamine side chain due to its hydrophilicity is
responsible for the surfactant-like behavior of this chemical
bioactive compound. As a result, at different pH values,
IMI can acquire a positive or a neutral charge alike with
AMI and in water 8—10 monomers can interact forming
aggregates [9]. Due to its structural attributes, the unwan-
ted side effects of IMI can be diminished significantly
when the side chain of the active substance is encapsulated
within a f-cyclodextrin cavity [10]. IMI is a white or slight
yellow, sensitive to light, microcrystalline powder that is
soluble in water (18.2 mg L") and alcohol but is basi-
cally insoluble in ether. It has a melting point of
174-175 °C [11].

Desipramine (DES) is the active metabolite of IMI, thus
belonging in the same organic compound class, diben-
zazepine, the only structural difference being the lack of
one methyl group at the nitrogen atom from the side chain.
Regarding its physicochemical properties, DES comes in
the form of white crystals that have a melting point of
214-218 °C, water soluble (58.6 mg L™") [12].

Structural formulas of investigated compounds are pre-
sented in Fig. 1.

The importance of carrying kinetic analysis in the class
of bioactive molecules or other compounds used in scien-
tific technology is of great importance nowadays, since it
can predict lifetime, stability and the behavior of sample
during thermal treatment [13-18]. Particular, in pharma-
ceutical technology, the solid-state stability is crucial in the
design and preparation of new pharmaceutical formulation.
During processing, a decreased stability of bioactive
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Fig. 1 Structural formulas of amitriptyline (AMI), imipramine (IMI)
and desipramine (DES)

compounds can lead to decreased biodisponibility or shelf
life of the formulation.

Recently, numerous isoconversional kinetic studies were
published [13-18], but to our knowledge, these three
compounds used as antidepressants were not investigated
up to the date regarding the kinetic of solid-state
decomposition.

According to these considerations and continuing our
previous studies on thermal analysis [19-28], in this paper
we present a comparative thermal stability of three similar-
structure compounds by kinetic analysis. The strategy is
that according to ICTAC 2000 protocol, DTG data
obtained at five heating rates (f =5, 7, 10, 12 and
15 °C min™") in air were used for the main decomposition
process of AMI, IMI and DES. As kinetic methods, Kis-
singer—Akahira—Sunose, Flynn—Wall-Ozawa, Friedman
and NPK were used.

Materials and methods

Samples

Amitriptyline (AMI), imipramine (IMI) and desipramine
(DES) were commercial products of Sigma and received as

hydrochlorides, with purity as follows: AMI and DES,
purity >98%, IMI purity >99%. The samples were used
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Fig. 2 ATR-FTIR spectra of tricyclic antidepressants: AMI, IMI and
DES

without any a priori purification and kept as requested by
the supplier before investigations.

ATR-FTIR spectroscopy

The ATR-FTIR spectra of samples were drawn using a
PerkinElmer SPECTRUM 100 device using the UATR
technique. The samples were collected after 32 acquisi-
tions, with a resolution of 4 cm_l, on the spectral domain
4000-600 cm ™"

Thermal analysis and Kinetic study
Thermoanalytical data TG/DTG/HF were determined using

a PerkinElmer DIAMOND TG/DTA instrument. The
measurements were carried out in synthetic air atmosphere

at a flow rate of 100 mL min~', using about 7 mg of

sample, which were weighted into open aluminum cru-
cibles. The temperature program was chosen to increase
linearly from ambient up to 400 °C, at heating rates § = 5,
7, 10, 12 and 15 °C min~!. The kinetic analysis was car-
ried out for the decomposition step that took place between
170 and 330 °C (AMI), 170-310 °C (IMI) and 210-330 °C
(DES), which is the main decomposition process of the
compound, as suggested by DTG curves.

As kinetic methods, Friedman, Kissinger—Akahira—
Sunose, Flynn—Wall-Ozawa and NPK methods were
employed. After using linear forms of each isoconversional
method, the estimation of E, values was realized for con-
version degrees 5% < o < 95%, with a variation step for «
of 5%.

Results and discussion
ATR-FTIR analysis

The identity and purity of the compounds were determined
by ATR-FTIR spectroscopy. Since all of the compounds
have similar structure (Fig. 2), possessing the tricyclic ring
and as well similar functional moieties, the FTIR spectra
show good resemblance.

The obtained data are in good correlation with the lit-
erature [29-31], where FTIR band positions (in cm_l) are
assigned as presented in Table 1.

Thermal stability study

Thermoanalytical curves are presented for analyzed com-
pounds as follows: the superimposed mass curves (Fig. 3),
derivative mass curves (Fig.4) and heat flow curves
(Fig. 5) at selected heating rates. It is clearly visible the
effect of modifying the heating rate over the shifting of
curves, due to thermal inertia of samples. TG and DTG
curves are represented solely on the temperature range
150-350 °C for a better perspective over thermal events.
Thermal decomposition of the studied compounds in air
atmosphere begins around 200 °C with DTGy, between

Table 1 ATR-FTIR bands positions and assignments for AMI, IMI and DES (in cm™")

Spectral Assignment Wavenumber/cm ™
range/cm ™"
AMI IMI DES

3100-3000 Aromatic CH stretch 3064, 3017 3062, 3011 3052, 3027
3000-2800 Asymmetric and symmetric CH stretch 2929, 2898, 2828 2927, 2854 2950, 2925, 2835

from CH,/CHj; groups
2600-2400 Protonated amines as hydrochloride salts 2548, 2507, 2428 2567, 2511, 2466 2508, 2439, 2357
800-700 Benzene ring substitution 767, 751 770, 762, 743 763, 740
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Fig. 3 Mass versus temperature curves (TG) at five heating rates for a AMI, b IMI and ¢ DES

230 and 290 °C for AMI, 250-290 °C for IMI and
270-310 °C for DES. An increased thermal stability was
observed for all compounds, which was expected due to the
presence of the tricyclic moiety in the molecular structure.
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The literature data mention the melting of these compounds
as hydrochlorides at well-defined temperatures, but does
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Fig. 4 Derivative mass versus temperature curves (DTG) at five heating rates for a AMI, b IMI and ¢ DES
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Fig. 5 Heat flow versus temperature curves (HF) at five heating rates for a AMI, b IMI and ¢ DES

chemical structure and by the events indicated by the
thermoanalytical curves, it is not expected to observe a
classical melting—i.e., a solid—liquid transition, but rather
two overlapped events: dehydrochlorination (loss of HCI
from the salts and the formation of free bases), followed by
the decomposition/thermooxidations of free bases). These
events are inseparable during thermolysis of samples and
are in good agreement with the melting temperature values
reported in the literature that were previously indicated
[8, 11, 12].

Each compound exhibits one decomposition stage
immediately after melting, with a significant mass loss up
to 350 °C (up to 100%).

Even if the thermal behavior is similar, a complete char-
acterization of their stability can be objectively reported
solely after performing a complete kinetic analysis.

Table 2 Mathematical forms of selected kinetic methods

Kinetic study

As a crucial step in characterization of solid-state stability
of compounds under thermal stress and the evaluation of
decomposition mechanism, isoconversional kinetic meth-
ods offer reliable results [32-34].

Isoconversional kinetic methods allow the determination
of apparent activation energy without knowing the explicit
form of the integral or differential conversion function, but
fails in direct revealing of the reaction order (n) and pre-
exponential factor (A); however, these methods allow an
estimation for the effect of heating rate over the change in
decomposition mechanism.

The thermoanalytical data were processed using three
well-known and frequently employed isoconversional meth-
ods, in agreement with ICTAC 2000 recommendations—the

Method Abbreviation Mathematical model Plotting References
Kissinger—Akahira—Sunose KAS ln% =1In EHA; Xg'f@ — % In (/3/T2) versus (1/7) [36, 37]
Flynn—-Wall-Ozawa FWO Inf = m#fm — 5331 — % In f§ versus (1/7) [38, 39, 43]
Friedman Fr 1n<lgd_;> =1n[A x f(«)] — RE;T ln([id—;) versus (1/7) (35]
Nonparametric kinetics (NPK) NPK % = k(T) x f () 3D [40-42]

T .
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Fig. 6 Plotting of isoconversional methods of AMI: a FWO, b KAS, ¢ Fr; IMI, d FWO, e KAS, f Fr and DES, g FWO, h KAS, i Fr

integral methods of Flynn—Wall-Ozawa (FWO) and Kis-
singer—Akahira—Sunose (KAS) and differential method of
Friedman (Fr). For these methods, the theoretical basis and
mathematical data were extensively reported in the literature,
starting with their first publications [35-39].

@ Springer

The data obtained by isoconversional study were cor-
related with estimation of kinetic triplet for each compound
using the nonparametric kinetics method (NPK), which
allowed a concrete separation of parallel steps occurring in
thermolysis of compounds, and even attribution to physical
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Fig. 6 continued

versus chemical thermal events. The theoretical aspects
regarding the elaboration of NPK method [40, 41] and its
modification [42] were previously published.

Since the aim of the paper is to determine the kinetics
decomposition for the selected TCAs, and not the theoretical
basis of the selected kinetic methods, we briefly present in
Table 2 the equations that allow the estimation of E,.

The linear data plotting of data according to the math-
ematical models presented in Table 2 allowed the estima-
tion of apparent E, values was from the slopes of those
lines (Fig. 6), and the results are presented in Table 3.

The analysis of obtained apparent E, at each conversion
degree by Friedman method suggests a separation of values
into two different groups. According to this, in the case of
IMI, the E, values oscillate between 127.4 and
132.3 kJ mol™' while the conversion degree was below
45%; then, a shifting in the 139.4-159.2 kJ mol ™! range
was observed with the advance of conversion up to 95%.
These patterns were also revealed by the analysis of values

determined for AMI and DES, where irregularities were
observed at low conversion degrees versus high conversion
degrees. These observations might suggest a modification
of degradative mechanism with the modification of tem-
perature, so more than one process of degradation in solid
state. In the case of analyzed TCAs, this supposition is
pertinent and sustained by the aspect of thermoanalytical
curves, where dehydrochlorination is accompanied by
thermolysis of organic molecular structure.

In order to determine whether these suppositions are
plausible, the NPK method was used as a fourth kinetic
method.

As previously mentioned by our research group
[20, 25, 26, 33], the NPK method use as starting point the
validity of Arrhenius equation, and that the reaction rate
can be represented as the product of two functions, f{o) and
k(T), which are non-dependant one to another. After cre-
ating the reaction rate matrix [20, 33] and its decomposi-
tion into a product of two matrixes using the singular value
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Table 3 Apparent activation energies (E,) versus « by the three applied isoconversional methods

Conversion E,/kJ mol™!
degree o/%

IMI AMI DES

Fr KAS FWO Fr KAS FWO Fr KAS FWO
5 127.4 131.3 132.5 120.4 108.4 110.7 117.6 124.1 126.1
10 128.6 127.7 129.3 111.9 115.9 117.9 1159 117.9 120.3
15 131.6 125.9 127.7 106.7 108.6 111.0 115.5 121.1 123.5
20 130.0 122.2 124.3 114.5 106.3 109.0 117.9 121.5 124.0
25 128.6 122.1 124.3 115.0 105.1 107.9 116.7 123.1 125.6
30 130.2 125.4 127.5 104.8 98.2 101.4 121.1 125.5 127.8
35 126.2 123.4 125.6 104.6 99.0 102.2 122.5 124.0 126.6
40 128.5 122.5 124.8 100.1 95.9 99.3 126.5 129.2 131.5
45 132.3 123.8 126.1 98.5 95.6 99.1 123.0 124.2 126.8
50 139.4 127.1 129.2 94.9 93.9 97.5 124.3 128.4 130.8
55 144.9 129.7 131.8 94.4 95.1 98.7 130.2 130.2 132.6
60 147.6 130.7 132.7 90.1 92.3 96.1 130.8 129.3 131.7
65 151.7 132.5 134.5 88.8 93.4 97.2 129.9 128.3 130.8
70 152.7 132.7 134.7 90.5 94.8 98.5 130.6 130.5 132.9
75 153.0 135.7 137.6 85.7 91.2 95.1 132.7 132.4 134.8
80 153.1 135.7 137.6 87.2 89.4 93.5 129.0 128.3 130.9
85 157.7 136.2 138.1 82.9 80.5 85.1 130.1 126.2 128.9
90 159.2 133.0 135.1 89.4 84.2 88.7 126.3 126.7 129.4
95 158.2 130.3 132.6 83.4 82.1 86.7 122.7 121.3 124.4
E, K mol™' 141.1 £ 124 1288 £48 1308 £47 981+ 11.6 963 +94 998 + 86 1244 +57 1259+39 1284+ 3.8

decomposition algorithm [43], and applying a kinetic
model suggested by Sestak and Berggren [44], the 3D
transformation rate surfaces (Fig. 7) and results presented
in Table 4 were obtained.

For IMI, NPK method indicate that the thermal degra-
dation occurs by two processes, the main process having an
explained variance A = 77.0% with both chemical (n = 4/
5) and physical contributions (m = 1/4) and the prepon-
derant energetic contribution to the total apparent activa-
tion energy (90.73 kJ mol™"). The secondary process has
the same reaction orders as main process, but the explained
variance is much smaller, i.e., 4 = 22.7% and an energetic
contribution to the total apparent activation energy of
32.64 kJ mol .

In the case of AMI, similar processes are observed, in terms
of reaction order. The predominant process has an explained
variance 4 = 89.8% with both chemical (n = 4/5) and physi-
cal contributions (m = 1/4) and an energetic contribution to the
total apparent activation energy of 75.97 kJ mol~". The sec-
ondary process has different chemical reaction order as main

@ Springer

process (n = 3/2), and an explained variance is considerably
smaller (A = 7.0%), but not negligible, since its contribution to
the total apparent activation energy is 6.94 kJ mol ™', which is
almost 9% of the medium value.

DES is thermally degraded by two parallel processes,
the main contributing process having an explained variance
A =76.5% with both chemical (n = 4/5) and physical
contributions (m = 1/4) as in the case of IMI and AMI.
This process has the greatest energetic contribution to the
total apparent activation energy (86.29 kJ mol™'). The
secondary process is only a chemical decomposition since
n =2 and m = 0 with an explained variance A = 19.2%
and an energetic contribution to the total apparent activa-
tion energy of 24.25 kJ mol™', which is 21.6% of the
medium value.

Even if some previous papers, values for explained
variance were considered insignificant if 1 < 10% and
were not taken into account, in the case of AMI were
considered, since the medium value for activation energy is
not very high (Table 4).
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Fig. 7 NPK 3D transformation
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Table 4 NPK method results for the analysis of IMI, AMI and DES decomposition

TCA Process M% E/kJ mol™! Als™! n m Sestak—Berggren eq. E /kJ mol™!
IMI 1 77.0 117.9 + 8.3 1.998 x 102 4/5 1/4 (1-)*> x o' 1234 + 15.1
2 22.7 1438 £ 6.7 2724 x 101 4/5 1/4 1-a)*® x ol
AMI 1 89.8 84.6 + 5.3 8.479 x 108 4/5 1/4 (1-)*3 x o' 829 + 6.9
2 7.0 99.1 £+ 2.6 1.149 x 10° 3R 1/4 1-0)*? x o'
DES 1 76.5 112.8 £ 8.5 1.614 x 10'! 4/5 1/4 (1-)* x o' 112.3 £ 8.9
2 19.2 1263 + 34 7.518 x 10" 2 - (1-00)?
Conclusions

Our study reported the results obtained after investigating
the thermal stability and decomposition in solid state of
three tricyclic antidepressants, namely amitriptyline, imi-
pramine and desipramine.

The preliminary thermal analysis carried out in oxida-
tive media suggested that the thermal stability of com-
pounds varies in the order IMI < AMI < DES, IMI being

stable up to 174 °C, AMI up to 188 °C and DES up to
211 °C.

Isoconversional integral methods suggested single-step
degradation by the homogeneity of values E, versus con-
version degree, fact that was not confirmed by differential
method of Friedman, which suggested a complex route of
thermolysis by the variation of E, versus conversion
degree. The results indicated by Friedman were later con-

firmed by the NPK method, which revealed significant
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differences in the thermal behavior of the three samples:
All the compounds are thermodegraded by a process with
two significant parallel steps. Concerning the mean values
of E, (O_)-E,), it was observed that IMI and DES show
similar stabilities, which were expected due to great
structural resemblance, while AMI is less stable, probably
due to the presence of C=C bond, more susceptible to
oxidations.
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