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Abstract: In this study, we have focused on studying the heterogenous degradation kinetics of
regarding the decomposition of emergency contraceptive agent levonorgestrel (LNG), which is a
second-generation synthetic progestogen that is the active component of the racemic mixture of
norgestrel. The degradation processes of the active pharmaceutical ingredient (API) were compared
with the ones obtained from model system containing the API along with the excipients that are
found in a commercialized pharmaceutical formulation in a mass ratio of 1:1 (LNGMIX), in order to
observe if the excipients have a stabilizing or destabilizing effect for the degradation of this
progestogen. To achieve this, the following investigational methods were used: FTIR (Fourier
transform infrared) spectroscopy and thermal analysis (TG/DTG/DSC analysis). For the kinetic
analysis the data obtained from two main decomposition processes observed on the DTG curves
were used and processed with a preliminary method, namely ASTM E698 and two isoconversional
methods: Friedman and Flynn-Wall-Ozawa. The isoconversional study revealed that the
decomposition mechanism of both LNG and LNGMIX are complex, and the excipients have a
stabilizing effect over decomposition of APl in tablet.

Keywords: levonorgestrel; thermal analysis; kinetic study; decomposition; isoconversional methods

1. Introduction

Kinetic studies are, nowadays, of great importance in the characterization of pharmaceuticals,
including active pharmaceutical ingredients, excipients and even coating and packaging materials
[1-4]. The degradation processes that occur can be physical (crystallization of amorphous drugs,
transitions in crystalline states, moisture adsorption, formation and growth of crystals) or chemical
(hydrolysis, oxidation, photolysis, dehydration and racemization). The main role of the kinetic
analysis is in determining the shelf life and the storage conditions of the pharmaceutical formulations,
in order to maintain an optimal concentration and release profile of the active substances [5].

Levonorgestrel, namely 17alpha-ethynyl-18-methylestr-4-en-17beta-ol-3-one (Figure 1), is a
second-generation synthetic progestogen that is the active component of the racemic mixture of
norgestrel, primary used as an emergency contraceptive [6,7]. It is also used off-label for treating
endometrial hyperplasia, menorrhagia, endometriosis, and menopausal hormone therapy. The
therapeutic effect is the result of the interaction of levonorgestrel with the progesterone and androgen
receptors. Thus, postponing the releasing of gonadotropin-releasing hormone, furthermore
suppressing the secretion of the luteinizing hormone. These effects will delay or even inhibit the
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ovulation and will increase the thickness of the layer of the cervical mucus, which will block the
passage of the spermatozoon [6,8]. The pharmacokinetics of levonorgestrel are well known, the active
substance presenting a rapid absorption reaching the maximal serum concentration in 2 hours and a
half-time absorption of approximately 1 hour. However, when administered alongside with
estrogens, such as ethinylestradiol, the pharmacokinetic profile of levonorgestrel becomes
unpredictable disclosing a significant variation of the plasma concentrations [9,10]. Currently in the
pharmaceutical field there are various pharmaceutical formulations containing levonorgestrel, such
as: intrauterine devices, tablets and implants.
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Figure 1. Chemical structure of levonorgestrel.

A pharmaceutical formulation contains beside de APIs, numerous pharmaceutical excipients,
added both to increase the patient's compliance with the treatment and to facilitate the technological
process of obtaining the pharmaceutical form. Nowadays the biggest challenge for pharmaceutical
technology is to develop a drug formula, in which the interactions between the APIs and excipients
is reduced to minimum, in order to not interfere with the biopharmaceutical profile of the therapeutic
molecule. Those interactions can be observed in the preformulation state with the help of
thermoanalytical tools. The analysis method implies the heating of the sample in isothermal or non-
isothermal conditions and evaluating the mass loss, phase transitions and polymorphic
transformations [11]. Even more, thermal analysis offers valuable information about the thermal
stability of inclusion complexes of the APIs with cyclodextrins[12-14], binary or ternary adducts [15]
and cocrystals [16,17].

Due to the lack of information about the thermal stability and the decomposition process of
levonorgestrel, the main purpose of this paper is to elucidate the thermolysis mechanism of LNG by
using the kinetic analysis. This type of analysis uses the data obtained from the thermoanalytical
curves and isoconversional methods in order to calculate the activation energy (Ea). The main
advantage of the isoconversional methods is represented by the possibility of using them without
knowing or assuming an explicit model for the differential or integral conversion functions. The
kinetic analysis was performed by following the recommendations made by the International
Confederation for Thermal Analysis and Calorimetry (ICTAC) Kinetics Committee [18-22].

The Flynn-Wall-Ozawa isoconversional method (FWO) is a relatively easy method used for the
determination of the Eain function of the conversion degree, by employing the data from the thermal
gravimetric analysis curves, mass loss vs temperature [23]. The disadvantage of this method is the
using of various approximations for the temperature integral [24].

The Friedman isoconversional method (Fr) is a differential method in which no approximation
is used. Usually, the values obtained for the Ea are higher than the values calculated with the FWO
method due to the different way of calculation and the lack of approximations [24,25] .

In this study we aim to fully characterize the thermal stability of LNG, but also the
decomposition process that takes place when the sample is heated in oxidative atmosphere. The
results obtained for the pure API are going to be compared to those acquired for a pharmaceutical
formulation that contains 1.5 mg LNG/tablet and for an enriched mixture formed between the tablet
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and LNG in a mass ratio of 1:1. Firstly, for the kinetic studies, a preliminary method was implied,
namely ASTM E698, and then two isoconversional methods were used for the approximation of the
activation energy: Flynn-Wall-Ozawa and Friedman. To confirm the identity and the purity of the
LNG, FTIR analysis was performed, but also the same analytical method was used to confirm the
presence of LNG in the tablet and the mixture.

2. Materials and Methods

2.1. Samples and preparation

Levonorgestrel (LNG) was acquired from Sigma-Aldrich (St. Louis, MO, USA) and the purity
was according to British Pharmacopoeia (BP) Reference Standard. The sample was used in the studies
as received.

The pharmaceutical formulation (LNGTAB) that was investigated contained 1.5 mg LNG/tablet,
sold under the name Escapelle 1.5 mg (batch T2C001E), produced in Budapest, Hungary by Gedeon
Richter. In this study one tablet was used and the excipients, as presented on the summary of product
features, are: potato starch, anhydrous silicon dioxide, magnesium stearate, talc, corn starch and
lactose monohydrate. The mass of the tablet was 201.38 mg, which was crushed in an agate mortar
with pestle, triturated, sieved and then placed in a sealed brown vial at 25 °C, in absence of light.

For the preparation of mixture (LNGMIX), 75.2 mg of the powder obtained by triturating the
tablet in an agate mortar and an equivalent quantity of LNG was added to obtain a mass ratio of 1:1.
The LNGMIX was processed and stored identically as LNGTAB.

2.2. FTIR analysis

For obtaining the FTIR data, a Jasco FT/IR — 670 Plus instrument was used, without any further
purification of the samples, using the KBr dispersion and pelleting method. The selected spectral
domain was between 4000-400 cm-. The spectrum was built after 32 successive scans at 2 cm-1.

2.3. Thermal analysis

For the thermal analysis, the Setline TGA (SETARAM, Caluire, France) instrument was
employed, in order to obtain the TG (thermogravimetric/mass curve) and DTG data (derivative
thermogravimetric/mass derivative), using an open alumina crucible. The heating process was
conducted in dynamic air flow (100 mL-min') under non-isothermal conditions, employing five
different heating rates of 3 =2, 4, 6, 8 and 10 °C-min-!, from a temperature of 40 °C up to 500 °C. DSC
curve of LNG was recorded on a NETZSCH DSC 204F1 Phoenix (NETZSCH, Selb, Germany) using
sealed aluminum crucibles in inert nitrogen medium with a flow rate of 20 mL-min-'.

2.4. Kinetic analysis

The kinetic analysis was performed on the data obtained from the first decomposition process
observed on the DTG curves for LNG, tablet and mixture, using the AKTS—Thermokinetics Software
version 4.46 (AKTS AG TechnoArk, Siders, Switzerland). The abbreviations used respects the
recommendations of the International Confederation for Thermal Analysis and Calorimetry (ICTAC)
Kinetics Committee: a—conversion degree, t—time, f—linear heating rate (C-min™'), A—pre-
exponential factor according to kinetic model of Arrhenius (min), f(a) —the differential conversion
function, g(«)—the integral conversion function, E.—activation energy (kJ-mol-'), R—universal gas
constant (J-mol--K-1), T—absolute temperature (K), Am—mass loss on a certain temperature interval

3. Results and Discussion

3.1. FTIR analysis
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The FTIR spectra were determined for all three samples, namely levonorgestrel as pure active
pharmaceutical ingredient (LNG), the powder obtained from triturating the tablet containing 1.5 mg
of levonorgestrel (LNGTAB) and the mixture (LNGMIX), which contains in a mass ratio of 1:1 LNG
and LNGTAB. The spectra of LNGTAB and LNGMIX confirmed the presence of LNG in each sample.
The obtained FTIR spectra for all three samples are presented in Figure 2.

LNGTAB

Transmittance / a.u.

LNGMIX

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber / cm™

Figure 2. FTIR spectra for LNG, LNGTAB and LNGMIX.

The wavenumbers of each absorption band observed on the spectrum of LNG can be correlated
with the functional groups and chemical bonds of the API. The results correspond to the data
presented in the scientific literature [26,27], which demonstrates both the identity and the degree of
analytical purity of the analyzed substance. Firstly, it is observed a large absorption band with two
bands at 3430 cm™" and 3348 cm™, characteristic for the stretching vibrations of the dimeric hydroxyl
group. Also, for this functional group at 1066 cm™! it is revealed a strong absorption band caused by
the stretching vibration of the C-O bond. The in-plane bending vibrations of the -OH group are
found at 1363 cm™'. For the carbonyl group the absorption band is shifted to a lower wavenumber,
due to the conjugation of the double bond determining a delocalization of the m electrons of those
unsaturated groups, thus the stretching vibrations are observed at the wavenumber equal to 1653 cm-
1. The stretching and bending vibrations of C—-C(=0)-C group show a moderate absorption with two
medium intensity bands at 1210 cm~ and 1131 cm™' ,which results from the stretching of C—-C-C and
C-C(=0)-C bending in the C-C-C group. The C=C bond from the cycloalkene determine an
absorption band at 1653 cm-' due to the stretching vibrations of this group. The out-of-plane bending
vibrations of the C-H bond, made by the carbon atoms from the alkene, appears as two intense
absorption bands at 692 cm~! and 657 cm-!. For the monosubstituted terminal alkyne no absorption
band is observed in the spectral range of 2140-2100 cm™, but the stretching vibrations of the C-H
bond are detected as an intense band at 3267 cm-!. Also, the bending vibrations of the same bond are
highlighted by two strong bands at 692 cm and 657 cm-!, which are overtoned by a weak, broad
band with a maxim at 1233 cm-'. For the methyl group the FTIR spectra revealed an absorption band
at 2957 cm! characteristic for the symmetrical stretching vibrations and a band at 2868 cm-! associated
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with the asymmetrical stretching vibrations. The symmetrical bending vibrations for -CHs is
observed at the wavenumber 1389 cm' and the asymmetrical ones at 1446 cm™, usually it overlaps
the scissoring vibration of the methylene groups, but in this case, due to conjugation, the band for
this type of vibration is distinct at 1469 cm-. For the cycloalkanes, the stretching vibrations of C-H
bonds appear at 2979 cm and 2932 cm™, a slight shift is caused by the conjugation. The bending
vibrations of the same bond are observed at 1458 cm-.

The spectra for LNGTAB and LNGMIX are more complex due to the presence of excipients,
namely: potato starch, anhydrous silicon dioxide, magnesium stearate, talc, corn starch and lactose
monohydrate. Even so, the absorption bands which characterize each functional group and chemical
bond observed on the chemical structure of LNG can be distinguished, confirming the presence of
the API in each sample. The FTIR spectrum of LNGTAB shows more attenuated absorption bands
for LNG, due the presence of the excipients. For the excipients, the presence of lactose monohydrate
and starch is certified by the broader absorption band in the spectral region of 3715-2994 cm, with
two bands at 3383 cm! and 3562 cm-!, which is determined by the stretching vibrations of the
hydroxyl group. The ether group from the starch molecule revealed a strong absorption band at 1094
cm-!, caused by the asymmetrical stretching vibrations of the C-O—C bond. The enriched sample with
the API, namely LNGMIX, shows a FTIR spectrum with more accentuated absorption bands for LNG,
than the one of LNGTAB, confirming the addition of LNG and allowing a more accurate
identification of the absorption bands for the excipients.

3.2. Thermal analysis
The TG/DTG data obtained for LNG, LNGTAB and LNGMIX are presented in Figures 3-5.
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Figure 3. Thermoanalytical data (TG/DTG) recorded for LNG in dynamic air atmosphere at 3 = 10
°C-min.

Thermal profile of LNG (Figure 3) reveals a two-step degradation process, as seen in data
collected in Table 1. The small mass loss that takes place below 70 °C represents the release of
superficially adsorbed water, and after this process, LNG is thermally stable up to 192 °C. The mass
loss is accompanied by the melting of the API, which takes place at 243 °C (DSC curve shown on
Figure S1), in good agreement with the 232-239 °C temperature range mentioned in PubChem [28].

The two main decomposition processes that occur during thermolysis of LNG are well-
individualized in the TG/DTG curves, the mass loss becoming considerable with the increase of the
temperature. However, TG data indicate for this API a considerable thermal stability, which can be
explained by the presence of the nortestosterone moiety in the structure, grafted with functional
moieties that can form H-bonds in solid state (namely the 17(3-hydroxy and respectively 3-carbonyl

groups).
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Table 1. Decomposition steps observed during thermolysis of LNG, LNGTAB, LNGMIX and lactose
at 3 =10 °C-min! in dynamic air flow.

Decomposition Ti Tt Tmaxp16  TpeakDsc  Am
Sample

step (°C) (°C) (°C) (°C) (%)

I 192 355 306 243 28.3

LNG

II 355 483 433; 443 41.04

I 50 115 68 1.8

II 115 165 151 3.72

LNGTAB

III 165 267 242 19.9

v 267 384 306 45.4

I 51 110 71 0.48

II 110 178 151 1.88
LNGMIX III 178 263 233; 248 13.34
v 263 380 297 32.61
v 380 466 418; 427 17.17

I 100 171 146 4.99

Lactose
II 218 264 236 8.7
monohydrate

III 264 391 306 60.6

Thermal profile of LNGTAB (Figure 4) reveals a four-step degradation process, as seen in data
collected in Table 1. The more complex decomposition profile of the tablet was expected, since it
contains several excipients that are reactive under thermal treatment. The first decomposition process
that occurs up to 115 °C is associated with the water loss from the tablet, mainly contained in the
excipients, especially in lactose monohydrate. In order to get a clear view of the decomposition
process of LNGTAB, the thermal data for lactose monohydrate was recorded in same experimental
conditions (TG/DTG curve shown on Figure S2). As can be seen in Table 1, the additional processes
on the thermoanalytical profile of LNGTAB are due to the presence of excipients, mainly lactose.
However, the shifting of the additional processes in LNGTAB vs. Lactose monohydrate is due to the
presence of the other excipients, which were not investigated individually. Also, the presence of API
in this sample is hard to be evidenced due to overlapping effect of lactose decomposition, but as well
for the missing thermal events that take place in the 355-483 °C temperature range observed for LNG

and not for LNGTAB.
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Figure 4. Thermoanalytical data (TG/DTG) recorded for LNGTAB in dynamic air atmosphere at =
10 °C'min'.

In Figure 5 we present the thermal behavior of the LNGMIX sample, consisting in equal mass
amounts of tablet and API. The necessity of preparing such a mixture for the kinetic study is due to
the fact that in the commercialized formulation, the mass of API represents only approximately 0.75%
of the total mass of the tablet, so a clear revealing of the processes using thermal analysis would be
impossible. The preparation of an enriched mixture where the API represents 50% of the mass in the
mixture with excipients makes this system more appropriate for kinetic investigations. As can be seen
in data presented in Table 1, in corroboration with thermoanalytical data shown in Figure 4, the
profile of LNGMIX reveal all the processes of LNG and LNGTAB, making it the ideal system in
characterizing the behavior of API in the presence of excipients.
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Figure 5. Thermoanalytical data (TG/DTG) recorded for LNGMIX in dynamic air atmosphere at § =

10 °C-min-T.

3.3. Kinetic Investigations

Since thermal analysis did not reveal the second process of decomposition of the API in
LNGTAB, kinetic investigations were abandoned for this sample. In order to check the excipients
effect, we have prepared the LNGMIX sample, as described in Section 2.1.

Initially, we have investigated the kinetic of degradation “process 1” for both LNG (consisting
in process I from Table 1) and LNGMIX (consisting in processes III+IV from Table 1), on the DTG
ranges presented for each heating rate in Table 2, followed by the investigations of “process 2”.

Table 2. DTG temperature interval for “process 1” (°C) for kinetic analysis of both LNG and LNGTAB
at selected heating rates.

DTG temperature interval for “process 1” (°C) for kinetic

B analysis of samples
(°C:min™)
LNG LNGMIX
2 182-288 164-345
4 184-313 169-356
6 184-322 173-368
8 187-327 177-378

10 192-355 178-380
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First of all, using the selected DTG temperature intervals shown in Table 2, we have generated
the reaction progress vs. T (Figure 6), and as well the reaction rate vs. T curves for both samples
(Figure 7). For both samples, it can be seen that the increase of the heating rate determines the shift
of the investigated process to higher temperatures, in good agreement with the well-known fact that
mass/heat transfer is affected by a higher inertia at higher heating rates.

1

=) o )
3 [+ P

Reaction progress (-)

o
i

=y

200 250 300 350
180 200 220 240 260 280 300 320 340 o
Temperature (°C) Temperature (“C)

@) (b)

Figure 6. The reaction progress vs. temperature for “process 1” at selected heating rates for: (a) LNG
and (b) LNGMIX.

The analysis of the reaction rate vs. T reveal the increase of reaction rate for each sample, with
the increase of temperature, as well the shifting of the peak to higher temperatures. For LNG, the
reaction rate reveals single maxima, while for LNGMIX, the reaction rate reveal a multistep process,
as shown in Figure 7.

—p=2°Cmin-'
—p=4°Cmin-'
0,003 ==B=6°C:min-t
= p =8 °C-min-t
= =10 °C-min-!

1.5E-3-

0.002:

Reaction rate (-/s)
Reaction rate (-/s)

0.001

200 250 300 350
Temperature (C)

180 200 220 240 260 280 300 320 340 oo
Temperature (°C)

(a) (b)

Figure 7. The reaction rate vs. temperature for “process 1” at selected heating rates for: (a) LNG and
(b) LNGMIX.

Initially, the ASTM E698 method was employed as a preliminary investigational tool (Figure S3);
the linear plotting of ASTM E698 method indicate for both investigated samples two practically
identical apparent activation energies, namely: for LNG, E. is 92.5 k]-mol-, while for LNGMIX E. is
93.9 kJ-mol-!, which may suggest that the degradation process of this API is independent to the
presence of excipients in the analytical matrix.

In order to investigate in-depth the kinetics of degradation, with the effects of the excipients,
two isoconversional methods, namely the differential method of Friedman (FR) and integral method
of Flynn-Wall-Ozawa were used. The theoretical fundamentals of heterogeneous solid-state kinetics
was elsewhere reported [29], so here we present only the linearized equations that mathematically
correlate the physical quantities that describe the above-mentioned kinetic models.

The linearized model of differential FR method is shown in equation (1), while for the integral
FWO method is shown in equation (2), with the respect to the abbreviations presented in Section 2.4.

da E,
In (ﬁﬁ> =In[A-f(a)] — T (1)

The plotting of In (,8 j—:) vs. (1/T) generates the so-called Friedman family of linear dependencies,

and from their slopes the values of apparent activation energies can be obtained (Figure 8).
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The plotting of In 8 vs. (1/T) generates the FWO family of linear dependencies (Figure 9), and the

apparent activation energies can be obtained in a similar manner as for FR method, results which are

@)

summarized in Table 3.

—p=2°Cmin' &
—f=4°Cmint
=—p=6°Cmin'
B = 8 °C-min!
=g =10 °Comin-'

(5]

In(Reaction rate(-/s)) (-)
&
In(Reaction rate(-/s))
®

1.65 17 175 18 1.85 1.9 1.95 2 2.05 21 1000/T (1000/K)
1000/T (1000/K) e
(a) (b)

Figure 8. Linear plotting of FR differential isoconversional method of the analyzed “process 1” of
decomposition for: (a) LNG and (b) LNGMIX.
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Figure 9. Linear plot of FWO integral isoconversional method of the analyzed “process 1” of
decomposition process for: (a) LNG and (b) LNGMIX.

Table 3. Variation of Ea vs. a for both samples LNG and LNGMIX for “process 1” using the FR and
FWO isoconversional methods.

Variation of Ea (kJ-mol-?) vs. a for process 1 for

lod LNG LNGMIX

FR FWO FR FWO
0.05 99.1 153.8 145.1 175.6
0.1 82.7 122.1 124.9 152.1
0.15 80.8 110.9 119.7 141.1
0.2 82.3 105.3 115.1 133.9
0.25 84.8 102.2 112.3 128.4
0.3 87.3 100.4 111.9 124.5
0.35 89.5 99.4 111.5 121.7
0.4 91.1 98.8 110.8 119.7
0.45 91.9 98.5 112.7 118.6
0.5 91.9 98.2 115.6 118.4
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10
0.55 91.5 98.0 119.3 118.9
0.6 91.0 97.8 125.6 120.1
0.65 90.5 97.5 133.9 1224
0.7 90.1 97.3 144.9 126.2
0.75 89.9 97.0 158.7 132.1
0.8 89.9 96.7 1715 140.5
0.85 89.8 96.3 172.6 149.7
0.9 89.6 95.9 151.4 154.0
0.95 89.1 95.2 110.3 144.5
E./ kJ-mol- 89.1+1.0 103.2+£3.2 129.9+4.8 133.843.6

The analysis of variation of each individual Ea value vs. a allows an estimation of the complexity
of degradation of the heterogenous process, since it is generally known that the main cause of this
variation is due to the existence of parallel, consecutive or reversible reactions that accompany the
main transformation [30,31]. For the processes which consist in sequences of complex reactions, the
Ea vs. a can reveal minimum and/or maximum inflection points, and as well sequences where Ea is
independent of conversion degree. In order to get a clear view over the variation of Ea vs. a data
presented in Table 3, Figure 10 were drawn up.
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Figure 10. Variation of Ea vs. a according to FWO and FR isoconversional method of the analyzed
decomposition “process 1” for: (a) LNG and (b) LNGMIX.

As can be seen in Figure 10a, the decreasing dependence of Ea on a0 by the FWO method may
suggest that the “process 1” of degradation of LNH is a kinetic process that consist in an endothermic
reversible reaction followed by an irreversible one; for such processes, at low conversions (a < 0.3),
the beginning of the irreversible reaction is limited by the reversible reaction, while at high
conversions (a > 0.3), Ea is dictated solely by the irreversible degradative process [30]. For the
variation of Ea on a by the FR method, the tendency is similar at the beginning of the process (for a <
0.2, Ea decreases on at), while in the 0.2< a<0.95 range, the Ea is not a-dependent, remaining in the
variation range 0.9 E, < E,(a) < 1.1-E,, which confirm the complex mechanism of decomposition
of LNG, but which is independent on the heating rate of the samples.

In the case on LNGMIX (Figure 10b), a different mechanism of decomposition is evidenced: at
conversion degrees a < 0.4, the tendency is similar to pure LNG, but with increase of a, the
mechanism drastically changes. This can be simply explained by the fact that competitive processes
that degrade the excipients take place (especially lactose monohydrate, which has the main
decomposition process in this temperature, as seen in Figure S1). However, by comparing the values
of activation energies for degradation of these two samples at a < 0.4, we can conclude that excipients
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have a stabilizing role in formulation, leading to an increase of stability of approx. 30% in terms of
apparent activation energy.

In order to check the stabilizing effect of lactose and/or other excipients over decomposition of
LNG, we have investigated the second process of degradation of LNG and LNGMIX. The advantage
of investigating the kinetics of degradation of this process is due to the fact that lactose does not
longer exist in the analytical matrix, so the values of activation energies are no longer influenced by
it. All the iconography and data associated with this investigation is presented in Supplementary
materials (Figures S4-S8 and Table S1), except the variation of Ea vs. «, which is presented in Figure

11.
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Figure 11. Variation of Ea vs. a according to FWO and FR isoconversional method of the analyzed
decomposition “process 2” for: (a) LNG and (b) LNGMIX.

The variation of Ea values on « for the investigated “process 2” reveal a similar FWO profile for
LNG, suggesting that the decomposition mechanism is similar with the one the decompose LNG in
the inferior temperature range. Due to differential processing of kinetic data, the FR variation is more
scattered, confirming that this decomposition is also complex. For LNGMIX, a clear change of
mechanism is observed, in comparison with the tendencies observed for LNGMIX during process 1.

Taking into account that “process 2” takes place in the absence of lactose, we have checked the
stabilizing/destabilizing effect of this excipient over the first decomposition process, by calculation
the ration between the mean Ea values for LNGMIX and LNG for each isoconversional method, using
the values from Table 3 (“process 17, Ea,inGrrt = 89.1 kJ'mol; Ea,ingrwor = 103.2 KJ-mol-; Ea,incmixri
= 129.9 kJ-mol-; Ea,inomixrwor = 133.8 k]'mol-') and Table S1 (“process 2”, Ea,incrre = 142.9 k]-mol-;
Ea,inGFwoz = 178.9 kJ-mol-; Ea,inomixerz = 176.0 kJ-mol-; Ea,nomixewoz = 216.2 k]-mol-1).

The ratios obtained for process 1 were Eainowmixiri / Eaingeri = 1.46 for FR method and
Ea,incmixewor / Ea,ingewor = 1.30 for FWO method (in the presence of lactose) and for process 2 were
Ea,inamixerz / Eaingrrz = 1.23 for FR method and Ea,inamixewoz / Eaingrwoz = 1.21 (in the absence of
lactose). By analyzing the obtained ratios, we can conclude that the thermolysis of mixture require
more energy for process 1, where lactose is present (by at least 30% higher in terms of activation
energy), while in the second process, the stability is increased by approx. 20% by the remaining
auxiliaries from formulation.

4. Conclusions

In this study we deal with instrumental screening of the emergency contraceptive agent
levonorgestrel, both as a pure pharmaceutical ingredient and also in the presence of a complex
analytical matrix, containing the excipients from a commercialized pharmaceutical formulation,
prepared in our lab, in a mass ratio 1:1 LNG and mixture of excipients.

Initially, three samples were investigated by FTIR spectroscopy in order to confirm the
presence/identity of API: LNG, LNGTAB and LNGMIX; the results of spectral analysis confirmed the
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identity and purity of LNG, and as well the presence of this API in both commercialized tablet
(LNGTAB) and the enriched formulation LNGMIX. However, thermal analysis data failed to reveal
the presence of APl in LNGTAB (the second process of decomposition of the API in LNGTAB is not
evidenced in thermoanalytical curves), kinetic investigations were abandoned for this sample. In
order to check the excipients effect, we have compared the kinetics of decomposition of LNG versus
LNGMIX, for both process 1 of degradation and respectively, process 2 of degradation.

As first kinetic study, the ASTM E698 method was employed as a preliminary investigational
tool which indicate for both investigated samples two practically identical apparent activation
energies, namely: for LNG, E: is 92.5 k]-mol-!, while for LNGMIX E. is 93.9 kJ-mol-!, which may
suggest that the degradation process of this API is independent to the presence of excipients in the
analytical matrix. Obtaining these values that are independent of any particular model involves a
forced fitting to a first order reaction mechanism, which can lead up to eronated values for Ea.

In order to investigate in-depth the kinetics of degradation, with the effects of the excipients,
two isoconversional methods, namely the differential method of Friedman (FR) and integral method
of Flynn-Wall-Ozawa were used. A discussion regarding the complexity of the mechanism of
decomposition is carried out, emphasizing as well the stabilizing effects of excipients, especially the
one of lactose.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/xxx, Figure S1. The DSC curve recorded for LNG at 3 = 10 °C'min~' on 40-250 °C
temperature range; Figure S2. Thermoanalytical data (TG/DTG) recorded for Lactose monohydrate in dynamic
air atmosphere at 3 = 10 °C-min-'; Figure S3. The plot according to the ASTM E698 kinetic method with the
estimated activation energy of “process 1” for: (a) LNG and (b) LNGMIX; Figure S4. The reaction progress vs.
temperature for “process 2” at selected heating rates for: (a) LNG and (b) LNGMIX; Figure S5. The reaction rate
vs. temperature for “process 2” at selected heating rates for: (a) LNG and (b) LNGMIX; Figure S6. The plot
according to the ASTM E698 kinetic method with the estimated activation energy of “process 2” for: (a) LNG
and (b) LNGMIX; Figure S7. Linear plotting of FR differential isoconversional method of the analyzed “process
1”7 of decomposition for: (a) LNG and (b) LNGMIX; Figure S8. Linear plot of FWO integral isoconversional
method of the analyzed “process 2” of decomposition process for: (a) LNG and (b) LNGMIX; Table S1. Variation
of Ea vs. a for both samples LNG and LNGMIX for “process 2” using the FR and FWO isoconversional methods.
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