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In recent years, the field of coordination chemistry has experienced a surge in interest regarding the synthesis and characterization
of coordination complexes for diverse applications. This study is dedicated to investigating coordination compounds resulting from
the interaction of nonsteroidal anti-inflammatory drugs (NSAIDs) with metal ions. The study research places significant emphasis on
understanding the stability and thermal behavior of these coordination compounds. The utilization of thermoanalytical techniques is
crucial in achieving this goal. Thermal analysis and thermokinetics provide valuable insights into the underlying mechanisms, kinetics,
and energetics of these reactions, thereby facilitating the optimization of synthesis procedures. The research employs concurrent
techniques, namely thermogravimetric analysis (TG) and differential scanning calorimetry (DSC), to explore the thermal stability and
decomposition pathways of these coordination compounds. Thermokinetic models and optimization methodologies are subsequently
applied to identify key reaction parameters. The primary aim of this research is to unveil the thermal behavior, stability, and reaction
kinetics of aceclofenac coordination compounds, thus contributing significantly to the understanding of thermokinetics and thermal
analysis in the domain of coordination chemistry. Specifically, this study is focused on aceclofenac coordination complexes involving

lanthanum and gadolinium, with the ultimate goal of advancing the field of coordination chemistry.
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INTRODUCTION

The field of coordination chemistry has received substantial
progress in recent years, with a growing interest in the synthesis and
characterization of coordination complexes for diverse applications.
One area of interest within this field is the study of coordination
complexes formed between nonsteroidal anti-inflammatory drugs
(NSAIDs) with metal ions. These complexes have shown potential
as modulators of inflammatory and autoimmune responses. '~

Aceclofenac, a widely used NSAID, has been the subject of
extensive research due to its therapeutic properties and potential side
effects. Previous studies'*® have demonstrated that the complexation
of aceclofenac with zinc results in a zinc-aceclofenac complex
that exhibited reduced stomach ulceration in animal models while
maintaining comparable anti-inflammatory activity. This finding
suggests that coordination complexes formed by aceclofenac with
other metal ions may also possess unique properties and could be
explored for their potential therapeutic applications.

The application of thermokinetics and thermal analysis to solid-
state reactions plays a crucial role in understanding the thermal
behavior and stability of coordination complexes. These studies
offer valuable insights into the reaction mechanisms, kinetics, and
energetics involved in the formation and decomposition of these
complexes.'%!?

To achieve this goal, a combination of experimental techniques
and computational methods were employed. Thermogravimetric
analysis (TG) and differential scanning calorimetry (DSC) were used
to investigate the thermal stability and decomposition pathways of
the coordination complexes. The data obtained were analyzed using
state-of-the-art thermokinetic models and nonparametric variational

*e-mail: tiagocolman @ufgd.edu.br

optimization methods."* These approaches allow for the determination
of reaction coordinates and the optimization of reaction mechanisms
without the need for a priori assumptions about the functional form of
the reaction coordinate." In a related study, Souza et al.'* conducted a
comprehensive investigation involving the synthesis, characterization,
and thermoanalytical study of aceclofenac coordination complexes
with light lanthanides (La, Ce, Pr, and Nd) in the solid state. The
authors investigated the thermal behavior and stability of these
complexes using simultaneous thermogravimetric analysis (TG)
and differential scanning calorimetry (DSC). The findings from
their research provided valuable insights into the thermal properties
and decomposition pathways of these complexes, contributing
significantly to the understanding of their potential applications in
the field of coordination chemistry.

This study aims to elucidate the thermal behavior, stability,
and reaction kinetics of these coordination compounds, utilizing
a combination of experimental techniques and computational
calculations. The findings of this investigation have the potential to
contribute to the development of novel coordination compounds,
thereby paving the way for further investigations in the field of
coordination chemistry.

EXPERIMENTAL
Materials and synthesis of compounds

The materials used for the synthesis of the compounds included
lanthanum oxide (CAS number1312-81-8, Sigma-Aldrich,
purity > 99.5%), gadolinium oxide (CAS number 12064-62-9,
Sigma-Aldrich, purity > 99.5%), acelofenac (CAS number
89796-99-6, Sigma-Aldrich, purity > 98%), hydrochloric acid
(CAS number 7647-01-0, Merck, 37%), and ammonium hydroxide
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(CAS number 1336-21-6, BioUltra, 28%). The synthesis of the
compounds followed the methodology described in the literature
by Souza et al.'*

Spectroscopic characterization mid-infrared with Fourier
transform (FTIR)

The FTIR spectra were recorded at 16 scans per spectrum with
aresolution of 4 cm™ using a Nicolet iS 10 FTIR spectrophotometer
(Thermo Fisher Scientific, Waltham, USA) equipped with an
attenuated total reflectance (ATR) accessory featuring a Ge window.
Subsequently, FTIR spectra were re-recorded at a heightened precision
of 32 scans per spectrum, maintaining a resolution of 4 cm!.!41

Simultaneous thermogravimetric analysis-differential scanning
calorimetry (TG-DSC)

The TG curves were registered using a thermogravimetric
equipment, Netzsch STA449 F1 Jupiter® (Netzsch, Selb, Germany),
which was properly calibrated following the manufacturer’s
instructions and controlled by the Proteus® software. The analysis
of the samples was conducted under the conditions presented in
Table 1, utilizing a a-alumina crucible with a volume of 70 pL.!41¢-18
The experiments were carried out with a compressed air flow of
50 mL min' and heating in the range of 30-1000 °C, employing
heating rates of 2, 4, 6, 8, and 10 °C min'.

Table 1. Masses used in the different heating rates for each compound in
the kinetic studies

Heating ratio /

Mass of sample / mg

(°C min’") La compound Gd compound
2 2.9963 2.9678

4 2.9816 2.9874

6 2.9658 29318

8 2.9785 2.9538

10 2.9815 2.9843
La: lanthanum; Gd: gadolinium.

RESULTS AND DISCUSSION

Spectroscopic characterization

The FTIR spectra of all compounds share a striking similarity,
portrayed in Figure 1. The analyses were crafted by exploring potential
coordination sites and consulting pertinent literature.'*!>'® Guided by
methodology of Deacon and Philips," our focus is on bands considered
fundamental for unravel metal-ligand coordination, especially within
the carboxylate group: symmetric (v,,,COO") and asymmetric
(V4ymCOO") bands resonating between 1600 and 1300 cm™.

To comprehend the interaction between the lanthanides and the
ligand, we examined the assignment of symmetric and asymmetric
bands of the carboxylate group, drawing parallels to the sodium salt of

Table 2. FTIR assignments of the synthesized compounds
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Figure 1. FTIR spectra

aceclofenac. Interplay unfolds with a medium-intensity at 1600 cm!
and a robust resonance at 1450 cm’!, embodying the asymmetric
and symmetric bands of the carboxylate group. A comparative
analysis of A (v,,,COO™ — v,,,COO") between the sodium salt and
our synthesized compounds reveals a greater difference, hinting at a
coordination where the carboxylate group engages in bridging and/or
chelating interactions with the metal center.'*'* More relevant bands
are shown in Table 2.

Thermoanalytical characterization of the lanthanum and
gadolinium compounds

The simultaneous TG-DSC curves of the trivalent lanthanum
compound under an air atmosphere, obtained at a heating rate of
2 °C min!' are shown in Figure 2.

Functional group

Compound

VN-H, o maic VymCOO™ VmCOO~ vC-C vC-Cl AV (V,ynCOO™ - v,,,COO")
Na(L), 1600 1450 1070 780
[La(L);.4H,0] 3380 1590 1450 1080 770 140
[Gd(L),;.2.5H,0] 3370 1580 1450 1100 760 130
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Figure 2. (a) TG-DSC curves of lanthanum compound (m = 2.9963 mg) and
(b) gadolinium compound (m = 2.9678 mg)

The mass loss occurs in four steps on the TG curve, and
endothermic and exothermic events are observed in the DSC curve.
The results of these curves are presented in Table 3.

Table 3. TG-DSC results for the lanthanum compound

TG-DSC stages

Parameter . P pw "
6/°C 30-150 225-350 350-560 545-700
Tp/°C 1284 278 1 5137

Am/ % 5.89 45.06 34.41 123

Temperature range (0); peak temperature (Tp) and mass loss (Am) observed
in the TG-DSC curves. Exothermic event (T); endothermic event ({).

The first mass loss occurred between 30-140 °C, corresponding
to the endothermic peak at 128 °C attributed to dehydration of the
compound, resulting in a loss of 5.89% in mass associated with the
removal of 4 H,O molecules. This step is followed by the thermal
stability of the anhydrous compound, La(L),, up to 188 °C. Above
this temperature, the TG curve suggests 3 steps of consecutive binder
to lanthanum oxide formation. The second mass loss took place in
the range of 225-350 °C with a mass loss of 45.06%, corresponding
to a small exothermic peak at 300 °C.

The third stage occurred between 350 and 560 °C with a mass
loss of 34.41%, corresponding to a large exothermic peak at 513 °C,
indicative of the oxidation of organic matter and/or the release of
gaseous products during thermal decomposition. This process leads
to the formation of carbonaceous and/or carbonate-derived residues.
The first, second, and third stages of thermal decomposition of the
lanthanum compound are consistent with the findings reported by
Souza et al.'"* The fourth stage occurred between 545 and 700 °C,
showing an observed mass loss of 1.23%, which can be attributed
to the final oxidation temperature where organic matter and/or
gaseous products that evolve during the thermal decomposition of the
anhydrous compound. This process also coincides with the complete
formation of the corresponding lanthanide oxide, as confirmed by
X-ray diffractometry using the powder method.

The La,O, formed accounts for 13.41% of the mass of the
compound. It should be noted that the stoichiometry of compounds
will be discussed in more depth in “Stoichiometry of compounds”
sub-section. The DSC curve does not show any evidence of
endothermic (decomposition of carbonate derivatives) or exothermic
events (oxidation of carbonized waste) associated with this mass loss.
Probably the events occurred simultaneously, and the heat produced

Solid-state spectroscopic, thermokinetics and thermal analyses of aceclofenac coordination complexes 3

was not sufficient to be observed in the DSC curve, as has already
been observed in other lanthanide compounds.'*!8

Thermoanalytical characterization of gadolinium compound

The simultaneous TG-DSC curves of the trivalent gadolinium
compound under an air atmosphere, obtained at a heating rate of
2 °C min’', are shown in Figure 2.

Mass loss occurs in four steps in the TG curve, and the
endothermic and exothermic events are observed by the DSC curve.
The results of the curves are presented in Table 4. A certain degree of
similarity is observed between the curves of the La and Gd complexes,
as observed in other trivalent lanthanide compounds.?

Table 4. TG-DSC results for the gadolinium compound

TG-DSC stages

Parameter

ls( 2nd 3rd 4|h
0/°C 70-150 190-340 340-620 620-915
Tp/°C 95,1084 213,270 52571
Am/ % 3.30 46.12 33.63 1.77

Temperature range (0); peak temperature (Tp) and mass loss (Am) observed
in the TG-DSC curves. Exothermic event (T); endothermic event (J«).

The first mass loss occurred between 70-150 °C with a loss of
3.30% associated with the removal of 2.5 water molecules. This
is indicated by the endothermic peaks at temperatures of 95 and
108 °C, attributed to the dehydration of the compound, followed
by the thermal stability of the anhydrous compound Gd(L); up to
190 °C. Subsequently, the thermal decomposition of this compound
is observed in 3 consecutive steps, as was observed for another
anhydrous compound of Gd(III).?

The second stage of the thermal decomposition of the anhydrous
compound occurred in the range of 190-340 °C with a mass loss of
46.12%. This corresponds to a small endothermic peak at 213 and
270 °C, related to the thermal decomposition.The third stage occurred
between 340-620 °C with a mass loss of 33.63%, corresponding to
the broad and significant exothermic peak attributed to the oxidation
of organic matter and/or gaseous products that evolve during
thermal decomposition with the formation of carbonaceous and/or
carbonate-derived residues. Finally, the fourth step occurred between
620-915 °C, attributed as the final temperature of the oxidation of
organic matter and/or gaseous products evolved during thermal
decomposition, resulting in the complete formation of the respective
gadolinium oxide (Gd,O;). This step involves a mass loss of 1.77%,
with a thermal event occurring between 800-850 °C associated with
the decomposition of the carbonaceous residue.

The TG-DSC curves of the studied complexes showed that the
thermal stability and the final temperature of thermal decomposition
depend on the nature of the metal ions. It was observed that, for the
studied compounds, the gadolinium compound exhibited greated
stability than the lanthanum compound.

Stoichiometry of compounds

The data presented in Tables 3 and 4 were used to calculate
the stoichiometry of the complexes, considering the percentages
associated with hydration waters, the loss of mass of the ligand, and
the percentage of residue (oxide). The stoichiometry was determined
by calculating the minimum formula. As an example, the calculation
for the lanthanum complex (La,(L,)nH,0) is provided below as a
representative illustration:'’
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(7) Divide the loss of mass or residue (TG) by the corresponding
molar mass (1 calculation step);

(i1) The smallest value found in the first step will be the common
divisor (2" calculation step).

1% calculation step

H,0: 5.89/18.02 (H,0) = 0.327
Aligand: 80.70/353.18 (Acec — 1 hydrogen) = 0.228
Residue: 13.41/162.90 (1/2 La,0;) = 0.082

2" calculation step

H,0:0.0,327/0.082 =39 = 4
Aligand: 0.229/0.082 =2.8 = 3
Residue (1/2 La,05) = 0.082/0.082 = 1.0

The following stoichiometry was found to the lanthanum
complex: [La(L);.4H,0], and gadolinium complex: [Gd(L),.2.5H,0],
where L represents the aceclofenac ligand. The total mass loss was
calculated theoretically for both complexes and the values obtained
are summarized in Table 5 together with the values calculated from
the thermogravimetric data. From these data, it was also possible to
estimate the purity level of these complexes (Table 5).

Table 5. Results of total mass loss and purity of the compounds

Mass loss (Am) / %
Compound Purity / %
Calculated TG
La(L),.4H,0 84.22 86.59 97.26
Gd(L),.2.5H,0 86.44 84.82 98.13

The total mass losses correlated with the formation of the
respective oxides, with 13.41% for La,0; and 15.18% for Gd,0;.
By analyzing the percentages of mass loss, the amount in milligrams
of the lost mass was determined. This information was then used to
assess the purity of the complexes. The determined purities were
satisfactory, as they meet the minimum purity requirement of 95%
established by the Brazilian Pharmacopoeia.?!

Kinetic study

Through the bibliographic review, the optimal experimental
conditions for conducting the kinetic analysis were determined based
on the most used parameters in kinetic characterization, along with
recommendations of the International Confederation for Thermal
Analysis and Calorimetry (ICTAC) experiments.?>> The amount of
sample used was approximately 3.00 mg for both compounds, acommon
practice in the literature®>?**" that ensures the TG equipment can achieve
accurate analysis measurements, with as homogeneous heating as
possible in the sample. The thermogravimetric analysis was conducted
under non-isothermal conditions to obtain a temperature range capable
of detecting the reaction profile in a single run, enabling faster analysis.
The non-isothermal condition generated temperature-dependent
results, and heating rates of 2, 4, 6, 8, and 10 °C min™! were employed.
The thermokinetic treatment was performed using the Thinks,” a
free open-source thermokinetic software. The chosen methods were
isoconversional analysis®*? and model fitting (linear regression).*3*

One of the ICTAC recommendations that is commonly used in
the literature,” as the articles selected in the bibliographic survey
point out, is that the kinetic analysis method chosen to determine
the kinetic parameters shall include the step where the greatest mass
loss occurs. Additionally, it allows determining the step to be studied

Quim. Nova

or the analytical signal used. As the thermal decomposition of the
studied compounds occurs in consecutive and/or overlapping steps,
it was decided to calculate the kinetic parameters considering the
entire thermal decomposition of the compounds.

Isoconversional analysis

The kinetic parameters for the studied coordination compounds
were calculated by the Kissinger method (Equation 1).23

In ﬁ :hlﬁ—& (1)
b E, RT,;

where [3: heating rate; T: temperature; A: pre-exponential constant;
R: gas constant, equal to 8.3144 J mol™ K'; E: activation energy.
The apparent activation energies were determined by
analyzing the dependence on the degree of conversion for each
heating rate (B) versus the inverse of the temperature at each
specific degree of conversion. All calculations and adjustments of
the respective values of o for each [ incorporated all steps of mass
loss. The Kissinger plot, isoconversional plot of activation energy,
and isoconvertional results are shown in Figure 3 for the lanthanum
compound and in Figure 4 for the gadolinium compound.
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Figure 3. Kissinger plot (a), isoconversional plot of activation energy (b),
and isoconvertional results (c) for the lanthanum compound

It is observed that the higher the heating rate, the greater the
displacement of the curves and the lower the resolution of the
steps. Therefore, one should work with heating rates as small as
possible, thus avoiding highly displaced curves that lead to higher
decomposition temperatures. Furthermore, the values of activation
energy are significantly influenced by the fact that the decomposition
of the compounds takes place in several overlapping stages. Table
6 presents the values of the activation energies calculated by the
Kissinger method for each degree of conversion.

The activation energy values for the thermal decomposition
of the compounds, obtained through the Kissinger method,
were 40.51 + 21.28 kJ mol™! for the lanthanum compound and
35.45 + 15.84 kJ mol! for the gadolinium compound.

Model fitting (linear regression)

The kinetic parameters estimated for the synthesized compounds
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Table 6. Thermokinetics results obtained by the Kissinger method

Compound
Conversion (a) La(L),.4H,0 Gd(L),.2.5H,0
E, / (kJ mol) E, / (kJ mol)
0.05 19.06 60.24
0.10 41.55 41.74
0.15 49.41 46.79
0.20 49.06 43.82
0.25 46.87 52.06
0.30 49.50 47.63
0.35 54.11 50.96
0.40 50.60 56.22
0.45 50.96 58.14
0.50 54.32 55.22
0.55 50.76 50.97
0.60 62.98 51.83
0.65 75.20 65.25
0.70 82.21 76.38
0.75 87.07 68.95
0.80 92.01 67.22
0.85 90.48 64.20
0.90 97.88 63.66
0.95 87.94 68.32

E,: activation energy.

by the model fitting method (linear regression) were calculated based
on Equation 2.3

1n[%‘:j_ tnf (1-af @™ |~ 1In(cA)- ET

(@)

where o.: reaction fraction; A: pre-exponential constant; Ea: activation
energy; R: gas constant, equal to 8.3144 J mol™! K-!; T: temperature.
The correlation between f(a)/f(0.5) and the conversion estimated
by the fitting model (linear regression) is shown in Figure 5.
The model adopted for the analysis of the obtained data is based
on the mechanisms of the type unimolecular decay law (instantaneous

nucleation and unidimensional growth), where f(o) corresponds to
1 —o.. Using the method adopted to calculate the kinetic parameters, an
activation energy of 29.9 + 2.7 kJ mol"! was found for the lanthanum
compound, and 37.2 + 1.3 kJ mol™! for the gadolinium compound.

CONCLUSIONS

The thermal behavior results of lanthanum and gadolinium
complexes exhibited a certain similarity, with stoichiometry
determined by TG-DSC results corresponding to La(L);.4H,0 and
Gd(L);.2.5H,0. Both complexes displayed four mass losses, including
three stages of decomposition for the anhydrous compound. The
gadolinium compound proved to be more stable and exhibited higher
purity when compared to the lanthanum compound.

The experimental data demonstrated a good quality, making them
suitable for application in kinetic analysis and the determination of
the apparent activation energy for each coordination compound.
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