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Abstract: Aceclofenac (ACF), a non-steroidal anti-inflammatory drug, was obtained in
its amorphous state by cooling from melt. The glass transition was investigated using
dielectric and calorimetric techniques, namely, dielectric relaxation spectroscopy (DRS),
thermally stimulated depolarization currents (TSDC), and conventional and temperature-
modulated differential scanning calorimetry (DSC and TM-DSC). The dynamic behavior
in both the glassy and supercooled liquid states revealed multiple relaxation processes.
Well below the glass transition, DRS was able to resolve two secondary relaxations, γ
and β, the latter of which was also detectable by TSDC. The kinetic parameters indicated
that both processes are associated with localized motions within the molecule. The main
(α) relaxation was clearly observed by DRS and TSDC, and results from both techniques
confirmed a non-Arrhenian temperature dependence of the relaxation times. However, the
glass transition temperature (Tg) extrapolated from DRS data significantly differed from
that obtained via TSDC, which in turn showed reasonable agreement with the calorimetric
Tg (Tg-DSC = 9.2 ◦C). The values of the fragility index calculated by the three experimental
techniques converged in attributing the character of a moderately fragile glass former to
ACF. Above the α relaxation, TSDC showed a well-defined peak. In DRS, after “remov-
ing” the high-conductivity contribution using ε’ derivative analysis, a peak with shape
parameters αHN = βHN = 1 was also detected. The origin of these peaks, found in the
full supercooled liquid state, has been discussed in the context of structural and dynamic
heterogeneity. This is supported by significant differences observed between the FTIR
spectra of the amorphous and crystalline samples, which are likely related to aggregation
differences resulting from variations in the hydrogen bonds between the two phases. Addi-
tionally, the pronounced decoupling between translational and relaxational motions, as
deduced from the low value of the fractional exponent x = 0.72, derived from the fractional
Debye–Stokes–Einstein (FDSE) relationship, further supports this interpretation.

Keywords: aceclofenac; amorphous; glass transition; dipolar relaxations; conductivity

1. Introduction
Aceclofenac (ACF), chemical name 2-[(2,6-dichlorophenyl)amine] phenylacetoxyacetic

acid, is a nonsteroidal anti-inflammatory drug (NSAID) commonly used to treat rheumatoid
arthritis, osteoarthritis, and various inflammatory disorders, including odontalgia [1–3].
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ACF was approved by the European Medicines Agency in the crystalline form I in
1990 [4]. It belongs to class II of the biopharmaceutics classification system, mainly due
to its poor water solubility of 0.0035 mg·mL−1 [5] and 58.67 µg·mL−1 [6]. To improve
solubility and the dissolution rate, a wide variety of formulations have been developed
to date. Given its good absorption by the gastrointestinal tract, the oral route has been
the most widely used method for administering ACF for several decades. Consequently,
many formulations have been developed based on this, such as cocrystals [7], inclusion
complexes [5], and salts [8]. However, due to various factors, including low solubility
(which leads to inadequate absorption), chemical instability (since ACF can degrade into
diclofenac), and the side effects associated with long-term administration, the topical route
is currently being explored as a relevant alternative or complementary approach. In this
context, many of the formulations under investigation involve the design of nanometer-
scale transport systems, which offer advantages in terms of their ability to cross transdermal
barriers and provide faster and more localized action. Examples of these approaches include
oil-in-water nano-emulsions [9] and nano-suspensions [10].

In many of these formulations, the physical state of ACF can be different from the crys-
talline state. This is, for instance, the case of the amorphous form obtained in polymeric [11–13]
and silica nanoparticles [14] or in solid dispersions [15] just to refer a few examples.

The lack of 3D order at long distances, characteristic of the amorphous state, re-
sults in an excess of Gibbs energy, which may contribute to higher solubility than that
of the corresponding ordered crystalline structure [16,17]. The underlying instability is
due to the fact that it is a non-equilibrium thermodynamic state, which can be modified
through interaction with the surrounding matrix and/or by the confinement effect in
nanometric dimensions.

To accelerate the optimization process of any of these amorphous ACF formulations,
including, for instance, binary mixtures [18], solid formulations [19,20], or nanofibers [21],
it seems essential to have thorough knowledge of the physicochemical characteristics of
this state.

In this context, the main aim of this work was to assess the complex behavior of
the amorphous form of ACF by evaluating its molecular mobility over a wide range of
frequencies (from ~10−3 to 106 Hz) and temperatures, covering both the glassy and the
supercooled liquid states. To this end, dielectric relaxation spectroscopy (DRS) and ther-
mally stimulated depolarization (TSDC) techniques were extensively used. The obtained
information has been combined to gain a deeper understanding of the features of the
amorphous bulk material, along with data provided by calorimetric and FTIR analyses,
conventional techniques that are part of the portfolio used to characterize pharmaceuticals.

In future research, DRS and TSDC can be used as thermoanalytical techniques to
investigate more complex systems, such as binary mixtures. By analyzing changes in the
dynamic behavior of the bulk active pharmaceutical ingredient (API) compared to the
behavior in a mixture, it may be possible to establish a correlation with the corresponding
dissolution kinetics. Based on this knowledge, the manipulation of molecular mobility
could allow optimized dissolution while also forecasting the physical stability and shelf
life of drugs through dynamic insights provided by these techniques.

2. Results
2.1. Differential Scanning Calorimetry

Upon heating at 5 ◦C·min−1 from ~−20 up to 170 ◦C (see Figure S1 in the Supple-
mentary Information), the melting peak was observed at 152.6 ◦C, with melting enthalpy
∆Hm = 128.2 J·g−1, which is in good agreement with data reported in literature for poly-
morph I [22] (see Figure S1 in the Supplementary Information). On cooling and subsequent
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heating at 10 ◦C·min−1, only the glass transition signal was observed, evidencing the full
amorphization of this compound and the good glass-forming ability. The glass transi-
tion temperature (onset) determined on heating was 12.6 ◦C; it should be stressed that
the value of the glass transition temperature is sensitive to small modifications of the
amorphization procedure.

The experiments were programmed in such a way that the cooling rate of a given
experiment was equal in absolute value to the rate of heating in the experiment that
followed it, that is, |q−/q+| = 1.

A not yet described polymorph of ACF, obtained by cold crystallization and with a
melting temperature lower than that of the original, was detected under conditions that are
not completely reproducible; more details are given in the Supplementary Information (SI).

The activation energy characterizing the dynamic glass transition can be determined
from the cooling/heating rate temperature dependence. Considering the thermograms
collected on heating from the glassy to the supercooled liquid state, the shift to higher
temperatures of the glass transition can be related to the activation energy as:

d(lnq+)
d(1/Tx)

= −
Ea
(
Tg
)

R
, (1)

where q+ is the heating rate and Tx (onset) the glass transition temperature. Then, a set of
cooling/heating cycles was carried out at different rates such that for each cycle, we had
|q−/q+| = 1. In these conditions, the Tool–Narayanaswamy–Moynihan phenomenological
model could be applied [23–25]. Some representative heating thermograms obtained for
heating rates varying from 2 to 14 ◦C·min−1 are displayed in Figure 1; the inset shows
ln|q| as a function of the values obtained for the onset of the glass transition temperature
peak, Tx, for all the heating rates. The activation energy estimated from these results was
349.4 kJ·mol−1 (correlation coefficient R2 = 0.986), and the average of the ∆Cp values was
0.46 ± 0.02 J·(g·◦C)−1.
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right-hand-side inset of Figure 2. As it can be seen, at c.a. tag ~90 min, ΔHr reaches a con-
stant value. 

Figure 1. Thermograms obtained for amorphous ACF at heating rates (q+) varying from 2 (blue line)
to 14 (red line) ◦C·min−1 (see more details in Table S1 of the Supplementary Information). Inset: lo
garithm of the heating rate, q+, plotted as a function 1000/Tx, where Tx is the onset temperature of
the glass transition signal obtained from heating (cooling/heating cycles were programmed keeping
the same rate, i.e., |q−/q+| = 1).
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The fragility index [26,27], which indicates a measure of the degree of deviation from
the Arrhenius-type temperature dependence at Tg, can be estimated as:

m =
Ea
(
Tg
)

2.303RTg
, (2)

which leads to m = 64, allowing aceclofenac to be classified as a moderately fragile glass
former comparable to indapamide (m = 66) [28].

To evaluate the sensitivity of ACF to physical aging, a set of experiments involving
different aging times was performed at Tag = 5 ◦C (see the inset on the left-hand-side of
Figure 2 schematically showing the experimental protocol used). The heating thermograms
obtained for the aged sample are shown in Figure 2. As predicted, the endothermic peak
associated the enthalpy relaxation increased with aging time.
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Figure 2. Thermograms obtained on heating at 5 ◦C·min−1 under modulated conditions
(amplitude = 0.66 ◦C, period = 50 s) for unaged sample and aged at different times: 10, 20, 40,
60, 90, 120, 180 and 210 min; the left-hand-side inset is a schematic representation of the experimental
procedure used to induce physical aging of the sample. The right-hand-side inset displays the ∆Hr as
a function of the aging time; the line represents the best-fitted line obtained using Equation (3).

The enthalpy recovery (∆Hr) was determined by the integration of the total heat flow
signal after subtracting the enthalpy calculated from an experiment without aging (under
identical modulated conditions); ∆Hr is represented as a function of the aging time in the
right-hand-side inset of Figure 2. As it can be seen, at c.a. tag ~90 min, ∆Hr reaches a
constant value.

The kinetics of physical aging processes can be described using the Kohlrausch–
Williams–Watts (KWW) empirical equation [29]:

∆Hr(t) = ∆H∞
r

[
1 − exp

(
−
(

t
τKWW

)β
)]

, (3)

where ∆Hr and ∆H∞
r are respectively the enthalpy of relaxation and the equilibrium

enthalpy relaxation, t is the aging time, τKWW is the relaxation time, and β is the coefficient
describing the distribution of the relaxation times. The line included in the inset of Figure 2
with parameters ∆H∞

r = 1.67 J·g−1, τKWW = 1550 s and β = 0.8 represents a good fitting of
the data, which corresponds to a broad distribution of the relaxation times attributable to
some heterogeneity.

It is commonly accepted that by keeping the temperature under control and below
certain limits, usually around 40 ◦C below the glass transition temperature, pharmaceutical



Molecules 2025, 30, 681 5 of 24

manufacturers can consider that the drug remains efficient for the expected shelf life, often
set at two years.

Proper packaging and humidity control are also critical factors for maintaining stability.
In this study, the aging temperature selected, 5 ◦C, was chosen with the understanding
that it is a typical operational temperature for storage conditions. Based on our results, it is
recommended to store amorphous ACF at lower temperatures to minimize the impact of
physical aging.

Apart from these results, it must be emphasized that at the end of the aging ex-
periments, the sample was heated up to 170 ◦C and no melting signal was detected,
demonstrating the high stability of amorphous ACF against crystallization.

2.2. FTIR Results

Since vibrational modes are sensitive to intermolecular interactions, FTIR analysis was
used to gain deeper insights into how these interactions are influenced by modifications
in the physical state. The FTIR spectrum of the ACF crystal phase sample showed well-
defined bands associated with the specific vibrational modes of the crystal lattice. On
the other hand, the infrared spectrum obtained from the designated amorphous phase,
though it should be noted that the sample might not have been entirely amorphous, clearly
indicated the absence of the long-range organization typical of a crystalline phase, as
observed in the other sample. This is evident from the broad and less defined bands, which
are characteristic of a more disordered molecular arrangement in this phase (see Figure S5
in the Supplementary Information).

As reported by Jelsch et al. [30], stabilization of the ACF tridimensional structure is
achieved through the formation of several hydrogen bonds. Specifically, the carboxylic acid
group interacts with two similar groups from two neighboring molecules, forming two
strong C=O···H-O bonds. Additionally, the C=O of the ester groups of two molecules partic-
ipate in the dimer formation, and, at the same time, they are involved in the intramolecular
interactions with the secondary amine group. The geometry of these directional inter-
molecular interactions is surely modified when the tridimensional long-term order of the
crystalline state is destroyed during amorphization. Consequently, the infrared spectra
were expected to reflect these changes, particularly in the vibrational modes associated with
the carboxylic acid, ester and amine groups normally involved in this type of interaction.

The complete FTIR spectra of both the crystalline and amorphous phases of ACF are
presented in Figure S4 of the Supplementary Information. For clarity, two distinct regions
of the spectra (3800–2400 cm−1 and 1900–1400 cm−1) are shown in Figure 3.

The 3800–2400 cm−1 region (Figure 3a) is dominated by the bands associated with the
stretching modes of the -OH and -NH bonds, often presenting partial or total overlap. The
crystalline ACF displays a sharp band of the amino group corresponding to the -NH stretching
mode at 3319 cm−1 [1,8,11,18,21,31,32] and a lower intensity band, which may be attributed
to the -OH stretching mode, at 3274 cm−1. The latter can be influenced by the presence of
crystallization water as confirmed by the small intensity band at ~1603 cm−1 [33].

In the amorphous sample, the stretching -NH band shifted to higher wavenumbers
and visibly broadened, as expected. These changes suggest that, in addition to the in-
tramolecular –NH···OH– bonds, which are dominant in the crystalline form, a variety
of hydrogen bonds involving the amine and hydroxyl groups occur in the disordered
amorphous state. Additionally, the shift of the maximum to higher wavenumbers also
suggests a possible weaker interaction.
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At approximately 2937 cm−1, several narrow, low-intensity bands were observed,
which were attributed to the -OH stretching mode [11,34]. However, their position and
shape were comparable to those expected for the stretching modes of the -CH, -CH2 and
-CH3 groups [33] and were possibly better assigned to these vibrational modes.

In the region between 1900 and 1500 cm−1 of the infrared spectrum of aceclofenac
(Figure 3b), it was expected that the following bands corresponding to various vibra-
tions would be observed: carbonyl stretching (1700–1750 cm−1), aromatic ring stretching
(~1600 cm−1), amine -NH bending (1600–1500 cm−1), and also the symmetric bending of the
entrapped water in the solid structure (1650–1600 cm−1) [33].

The crystalline ACF spectrum was dominated by the higher intensity C=O stretching
bands at 1717 cm−1 and 1771 cm−1, which can be associated respectively to the ester and the
carboxylic acid groups. The presence of a shoulder around 1730 cm−1 in the C=O stretching
mode of the ester group may indicate that this group probably participates concomitantly
in intra- and intermolecular interactions (dimer formation) [30]; those with two hydrogen
bonds may appear at lower wavenumbers (1717 cm−1), while those with C=O participating
only in one would contribute to the band at a higher wavenumber (1730 cm−1).

The infrared spectrum of the ACF form, on the other hand, presented significant
changes in the carbonyl stretching region. The carbonyl stretching band of the ester group
overlapped with that of the acid group, giving rise to a very broad band. The apparent
shift observed cannot be directly attributed to a band shift of the carbonyl modes, since
a concomitant and opposite trend could result in a global shift to 1733 cm−1. In addition,



Molecules 2025, 30, 681 7 of 24

the significant increase in the intensity of the C=O band below 1700 cm−1 can be linked to
higher diversity and weaker strength of the hydrogen bonding interactions in the molecule.

In addition, the comparison of the spectra of the crystalline and amorphous phases
suggests a few more observations, as follows:

(a) the C=C stretching modes (aromatic) located at 1589, 1508 and 1452 cm−1 did not shift
significantly and remained well resolved;

(b) at 1604 cm−1, the FTIR spectrum of crystalline ACF showed a small shift that can
be associated with vibrational modes related to the vibrational modes of carbon-
carbon involved in multiple bonds (νCC + νCCC) [35]. In contrast, for amorphous
ACF, a distinct band appeared at 1615 cm−1, which may correspond to the same band
shifted and with increased relative intensity. Notably, changes in this band were
accompanied by variations in the OH stretching region. This correlation suggests the
incorporation of water into the solid structure, consistent with the higher hydration
capacity of the amorphous phase, which is thermodynamically less stable than its
crystalline counterpart.

Taking into account that the intramolecular hydrogen bond between the amine and
the oxygen in the ester group [30] was significantly weakened by amorphization (as also
suggested by variations of the –OH band), the following two conclusions can be tentatively
drawn: (i) in the crystalline phase, it can be made the assignment of dimeric interactions
involving intramolecular hydrogen bonds to those centered at 1732 cm−1 and 1717 cm−1

(the latter according to the attribution made by Goud et al. [8]); and (ii) in the amorphous
phase, we can rule out the existence of long-range interactions. These results show that
some kind of short-distance organization remained in the amorphous state, which (as we
will show later) can have a significant impact on molecular dynamics.

2.3. DRS Results

By heating the as-received crystalline ACF sample up to 170 ◦C in the dielectric sample
cell, melting was detected close to 150 ◦C by a sharp increase, independent of the frequency,
in the ε’(T) trace (Figure 4a). Upon cooling from the liquid state (Figure 4b), ε’(T) increased
until reaching a maximum that depends on frequency, and then it showed a pronounced
decrease corresponding to the transition from the supercooled liquid to the glassy state.
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Figure 4. (a) (1) Blue and black lines (ε’ in the left axis): ε’(T) measured on heating the fresh sample at
5 ◦C·min−1 up to 165 ◦C at different frequencies; (2) red line (heat flow on the right): DSC heating
thermogram obtained under similar conditions. (b) ε’(T) measured on cooling; the correspondence
between the color of the experiment and the frequency is the same as in (a).
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According to the Kirkwood–Fröhlich model, which describes permanent dipoles
immersed in a pure liquid considered as a continuous medium of dielectric constant ε∞,
the initial increase in ε’(T) upon cooling can be described by the following relationship:

∆ε = (εs − ε∞) =
1

3ε0
gkF

µ2
0

kBT
N
V

, (4)

where ε0 is the vacuum permittivity, µ0 is the dipole moment of the moving unit in vacuum,
T is the temperature, kB is the Boltzmann constant, N/V is the number of dipoles per unit
of volume, gk is the Kirkwood correlation factor, F is the Onsager factor of the reaction
field model, which takes values very close to unity, and εs and ε∞ are the limits of the real
part of the dielectric permittivity at low and high frequencies, respectively. The gk value
reflects intermolecular dipole-dipole interactions, where gk > 1 indicates a predominant
parallel correlation, 0 < gk < 1 suggests an antiparallel correlation, and gk = 1 represents a
random orientation.

Assuming gk as a constant, the prediction for ACF from Equation (4) is 12.5%, while
the value obtained from the data is 8.8% (for f = 104 Hz, T1 = 119.3 ◦C, and T2 = 71.3 ◦C; the
temperatures provided are solely intended to exemplify the estimated calculation), which
corresponds to gk < 1. This difference cannot be ascribed to recrystallization of the sample
given that any signal associated with this phase transition was detected in ε*. The “loss”
of the dipolar moment could be associated with the existence of some kind of association
between ACF molecules, resulting in an overall reduction in the dipolar moment due to a
dominant antiparallel configuration.

The isothermal ε
′′
(f) spectra, collected on heating from the glassy state, displayed a

broad and asymmetric peak at the lowest temperatures (Figure 5a). With further heating,
the ionic conductivity became visible with the continuous increase in the low frequency side
of the ε

′′
spectra, and, at higher temperatures, a narrow and intense peak became resolved

from the conductivity tail (see Figure 5b). Considering that ACF is a non-ionic compound,
the way conductivity and α relaxation appear in the frequency window, as well as how
they behave with increasing temperature, suggests: (i) the dc conductivity is activated
at temperatures close to or even below Tg, i.e., it does not require total devitrification of
the sample to activate long-term diffusion of charges, and (ii) above Tg, the relaxational
motions become faster as temperature increases and faster than the charge translation.
These points are further discussed in the text.
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Figure 5. ε
′′
(f) spectra collected on heating from the glassy state represented in different colors:

(a) from −100 to −30 ◦C every 10 degrees and (b) from −20 to 68 ◦C every 4 degrees; for isothermal
spectra collected at −50 ◦C (a) and 12 ◦C (b), individual and overall fitting functions are included
as examples.

From the ε
′′
(f) spectra analysis, two secondary processes (identified as γ and β) were

well resolved from the broad peak at lowest temperatures (see the spectrum at −50 ◦C in
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Figure 5a in which individual Havriliak–Negami fitting functions have been included).
Above −30 ◦C, the β relaxation was overlapped by γ, resulting in an asymmetric broad
peak. To achieve a good fit of the experimental results, it was necessary to consider
the presence of a weak-intensity relaxation in the region between the β process and the
conductivity tail.

To better resolve the α relaxation, spectra above −6 ◦C were analyzed in both ε
′′

and (ε′′der = (−π/2)dε′/dlnω) representations [36,37]; the latter was used to validate the
resolution and to extend the information about the α peak to lower temperatures since
this procedure resulted in the elimination from the spectra of the pure dc contribution (see
Figure S5 in the Supplementary Information as a an example of the proposed method).
During the fitting procedure of ε

′′
der, the existence of an additional peak at higher tempera-

tures and lower frequencies than the α one became clear; the corresponding shape fitting
parameters (αHN = βHN = 1) indicated that it is a Debye peak, i.e., that it describes a narrow
and symmetric distribution of relaxation times.

In addition to the shape parameters of the different mobilities (shown in Table 1), it is
important to analyze their characteristic relaxation times, which are represented in Figure 6.
For the sub-Tg β and γ secondary relaxations, the −logτ vs. 1/T plot followed a linear
trend that can be well-described by the Arrhenius equation, τ(T) = τ0exp(Ea/RT), where
τ0 is pre-exponential factor, Ea is the activation energy, and R is the gas constant. The
resultant fit parameters are included in Table 2. The low values of Ea obtained for the β

and γ relaxations lead us to consider that the underlying motions have an intramolecular
nature. As noted from the direct observation of the spectra and also from the relaxation
map, the tendency of both processes to merge with each other at higher temperatures seems
very clear.

Table 1. Shape Havriliak–Negami fitting parameters.

Relaxation αHN βHN T Range (◦C)

γ 0.27 ± 0.03 1 [−100, 8]

β 0.46 ± 0.06 1 [−90, −35]

βJG 0.50 ± 0.11 1 [−50, 6]

α 0.46 at 8 ◦C, to 0.77 at 70 ◦C 1 [8, 60]

Debye 1 1 [20, 40]

Table 2. Fitting parameters of the Arrhenius and VFT equations for secondary and α relaxations
detected in amorphous ACF.

Relaxation −log (τ0 (s)) Ea (kJ·mol−1)

γ 13.6 ± 0.2 40.3

β 16.5 ± 0.5 63.9

βJG 12.3 ± 1 61.4

Debye 43.0 ± 1.4 236.1

−log (τ0 (s)) B (K) T0 (K)

α * 14.0 ± 0.5 1946 ± 189 219 ± 4
(*) VFTH parameters considering only τα(T) taken from the ε

′′
(f) analysis.

As the temperature increased, approaching Tg, the dynamic behavior became more
complex; the low-intensity process immediately after β (green triangles), although difficult
to define clearly by fit analysis, undoubtedly underwent a change in the τ(T) trace. From the
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Arrhenius fitting, the activation energy obtained was 61.4 kJ·mol−1, increasing significantly
to higher values above ~−4 ◦C (see the open green triangles in Figure 6).
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Regarding the main α process, the temperature dependence of the relaxation time
(−logτ vs. 1/T) followed a non-linear trend. Considering only the τ(T) extracted from the
analysis of ε

′′
(f) (dark blue symbols in Figure 6), this behavior can be described by a VFTH

equation [38–40]:

τ(T) = τ0exp
(

B
T − T0

)
, (5)

where τ0 and B are parameters and T0 is the Vogel temperature. The fitting parameters
obtained are shown in Table 2. The value of Tg extracted from dielectric data can be
estimated from the extrapolation of this fitting function to τ = 100 s [27], which corresponds
to −0.6 ◦C for ACF (discrepancies are discussed in the Discussion Section). This Tg-DRS

value is close to the temperature at which a change in the Ea value was observed for the
slower secondary process, which may suggest a correlation between these relaxations.
On the other hand, while τα(T) obtained from the ε

′′
der( f ) analysis (light blue symbols in

Figure 6) coincided with that taken from ε
′′
(f) at high temperatures, a clear deviation was

observed at lower temperatures to a more linear trend. In this temperature region, the
Debye peak whose relaxation times were almost equal to τα(T) on approaching Tg became
visible, indicating that the underlying mechanisms became active at the same temperatures.
However, it seems important to note that unlike τα(T), τDebye(T) followed an Arrhenius
tempe -rature dependence; the low value of the pre-exponential factor (τ0 = 10−43 s) points
to a cross temperature with the τα(T) trace at high temperatures. As was carried out for
the DSC results, the activation energy can be estimated from τ(T):

Ea
(
Tg
)
=

∂lnτ(T)

∂
(

1
T

)


T=Tg

, (6)

as well as the fragility index (Equation (2)), resulting in Ea(Tg) = 431 kJ·mol−1 and m = 83, respectively.
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Conductivity

At lower temperatures, the real part of complex conductivity, σ’(f) (the inset of
Figure 7a) showed a frequency-dependent regime, which changed as the temperature
increased and approaches ~14 ◦C to the plateau corresponding to the direct current conduc-
tivity (σdc) related to the random motion of the charge carriers. With further heating, a slight
decrease was observed at lower frequencies, indicating the onset of electrode polarization.
This effect, which involves charge accumulation at the electrode surface, was also seen as
an increase in ε’ and a slope in log (ε

′′
) lower than unity.
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The σ’(f) spectra from 10 to 110 ◦C were normalized using ”Summerfield scaling” [41].
As observed in Figure 7, apart from the plateau corresponding to the σdc, the sub diffusive
regime (frequency dependent) does not collapse into a single master curve. The lack of a
full overlap of the normalized spectra may be the result of the different contributions of
more than one underlying relaxation. In fact, in this temperature range from 10 to 70 ◦C,
the emergence of the intense α relaxation followed by a Debye peak was detected.

The values of σdc taken directly from the plateau in the σ’(f) spectra are plotted as
a function of inverse temperature in Figure 7b, where the non-Arrhenius temperature
dependence is clear. The σdc values obtained from the fitting with the term σdc/(2π f ε0)

n

in Equation (8) has been also included as black symbols, showing very good agreement
with the data taken from the σ’(f) representation. The solid line in Figure 7b represents the
best-fitted curve of dc conductivity temperature variation using a VFTH-like equation. The
obtained fitting parameters were logσ0 = −2.26 S·cm−1, B = 1718 K and T0 = 212 K.

To evaluate the degree of coupling/decoupling of the translation of charges with the
dynamics associated with the glass transition, in the temperature range in which α was
also detected, the corresponding relaxation times, τα, were represented in the log-log scale
as a function of σdc (log-log scale), evidencing a linear relation between both parameters
(see inset in Figure 7b). When orientational relaxation (of the amorphous molecules) and
translational motions (of charge carriers) are fully coupled, the slope expected in this
representation is equal to unity, meaning that the relation σdc(T) ∝ 1/τα(T) is satisfied;
otherwise, when both dynamics are decoupled, the description can be carried out by
σdc(T) ∝ 1/τα(T)

x, with the exponent 0 < x < 1 (see for instance ref. [42] and references
therein). These two expressions are known as the Debye−Stokes−Einstein (DSE) and
fractional DSE (FDSE) equations, respectively. For ACF, the value x = 0.72 was found,
which is much lower than the values reported in the literature for other low-molecular-
weight organic compounds (see Table 3). This fractional exponent was interpreted by
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Psurek et al. [43] in terms of the ratio between the activation volume required for each of
the motions, x = ∆Vσ/∆Vα. A lower value of x indicates a more pronounced difference
between the volume involved in the translation of small charges and that needed for the
cooperative motion. Additionally, it was shown [43] that a larger molecule size enhances
the decoupling between σ and τα. However, from a comparison of the x values for several
compounds with different molecular weights (see Table 3) and consequently their different
molecular volumes, it seems clear that there must be other factors to explain the low value
of x observed in ACF.

Table 3. The values of the exponent in the FSDE equation for some examples amorphous pharmaceuticals.

Compound x Exponent Mw (g·mol−1) Reference

Aceclofenac 0.72 354.2

1PODGE 0.75 456.6 [43]

S-Flurbiprofen 0.76 244.3 [44]

Telmisartan 0.82 514.6 [45]

Prilocaine 0.92 220.3 [46]

Brucine 0.93 394.4 [47]

Fenofibrate 1 360.8 [48]

2.4. TSDC Results
2.4.1. The α-Relaxation and Mobility Above Tg

After ACF was amorphized in the TSDC sample cell (see the experimental section for
details), four experiments were carried out in a global model using polarization tempera-
tures of 22, 25, 29, and 33 ◦C (see Figure 8). The low temperature peak, with a maximum
intensity at 19.6 ◦C, corresponds to the depolarization of the α mode. The fact that these
peaks had identical intensity and shape at different polarization temperatures clearly
indicates that all components of this mobility were activated at the lowest polarization
temperature (i.e., at Tp = 20 ◦C). In contrast, the peak located at higher temperatures
(Tmax ~ 30.7 ◦C), hereafter referred to as the liquid-liquid (LL), showed an intensity that
depends on Tp, passing through a maximum for Tp = 29 ◦C. This behavior suggests that at
a specific temperature (in this case, 29 ◦C) in the supercooled liquid regime, the polarization
induced by the electric field was no longer retained. In other words, the thermal energy
became sufficient to counteract the effect of the polarizing field, Ep.

The partial polarization method was applied to access the elementary (or partial)
components of these global peaks. As shown in Figure 9, although the two maxima are
close to each other, this procedure, with a polarization window of 2 degrees (∆T = 2 ◦C),
allows us to distinguish between the two modes. Note that the conductivity tail at higher
temperatures does not significantly interfere with the polarization peaks, allowing a proper
mathematical analysis of them.

From two sets of PP windows analyzed with Tp varying from −2 to 30 ◦C, the glass
transition temperature estimated from the position of the maximum intensity of the PP
peak was 14.5 ± 0.2 ◦C. This value is close to the onset determined by DSC (Tg-on = 12.6 ◦C)
but is clearly different from that estimated by DRS (Tg (τ = 100 s) = −0.6 ◦C). Considering
the sample cell configuration of DRS, one might suspect the possibility of some water
absorption during the measurements. However, this was ruled out due to the pre-heating
up to 170 ◦C (for ACF melting) and the fact that the values of the dielectric properties did
not suggest the presence of water. Based on the good agreement obtained between the
results of the three techniques for other materials (see for instance [49], where Tg values
for more than twenty low-molecular-weight compounds were compared), the differences
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observed here, mainly between Tg from DRS and Tg by TSDC or DSC, lead us to assume
that this is an intrinsic feature of ACF, which is discussed in next section.

Molecules 2025, 30, x FOR PEER REVIEW 13 of 25 
 

 

temperature (in this case, 29 °C) in the supercooled liquid regime, the polarization in-
duced by the electric field was no longer retained. In other words, the thermal energy 
became sufficient to counteract the effect of the polarizing field, Ep. 

 

Figure 8. TSDC global results showing the α-relaxation and the relaxation above Tg. The polarization 
temperatures were Tp = 22, 25, 29 and 33 °C; with the electric field applied, the freezing temperature 
and the heating rate were respectively 250 V·mm−1, T0 = −40 °C, and 8 °C·min−1. Inset: schematic 
representation of the global TSDC experiment; the electric field is active in the shaded area. 

The partial polarization method was applied to access the elementary (or partial) 
components of these global peaks. As shown in Figure 9, although the two maxima are 
close to each other, this procedure, with a polarization window of 2 degrees (ΔT = 2 °C), 
allows us to distinguish between the two modes. Note that the conductivity tail at higher 
temperatures does not significantly interfere with the polarization peaks, allowing a 
proper mathematical analysis of them. 

From two sets of PP windows analyzed with Tp varying from −2 to 30 °C, the glass 
transition temperature estimated from the position of the maximum intensity of the PP 
peak was 14.5 ± 0.2 °C. This value is close to the onset determined by DSC (Tg-on = 12.6 °C) 
but is clearly different from that estimated by DRS (Tg (τ = 100 s) = −0.6 °C). Considering 
the sample cell configuration of DRS, one might suspect the possibility of some water ab-
sorption during the measurements. However, this was ruled out due to the pre-heating 
up to 170 °C (for ACF melting) and the fact that the values of the dielectric properties did 
not suggest the presence of water. Based on the good agreement obtained between the 
results of the three techniques for other materials (see for instance [49], where Tg values 
for more than twenty low-molecular-weight compounds were compared), the differences 
observed here, mainly between Tg from DRS and Tg by TSDC or DSC, lead us to assume 
that this is an intrinsic feature of ACF, which is discussed in next section. 

Regarding the relaxation times (estimated as described in the experimental section; 
an example can be found in the Supplementary Information), the α components exhibited 
a slight curvature, as shown in Figure 9. These components tended to merge as the tem-
perature approached Tg, a behavior commonly observed in many glass-forming materials. 
This behavior can be described by the William–Landel–Ferry equation [50]: 𝜏(𝑇) = 𝜏଴௩𝑒𝑥𝑝 ቆ 1𝛼௙(𝑇 − 𝑇ஶ)ቇ , (7)

where T∞ is a temperature whose determination allows a linearization of 𝑙𝑜𝑔(𝑇) =𝑓(1000 (𝑇 − 𝑇ஶ)⁄ ) , αf is the free volume dilatation coefficient, and τ0v is the pre-

Figure 8. TSDC global results showing the α-relaxation and the relaxation above Tg. The polarization
temperatures were Tp = 22, 25, 29 and 33 ◦C; with the electric field applied, the freezing temperature
and the heating rate were respectively 250 V·mm−1, T0 = −40 ◦C, and 8 ◦C·min−1. Inset: schematic
representation of the global TSDC experiment; the electric field is active in the shaded area.

Molecules 2025, 30, x FOR PEER REVIEW 14 of 25 
 

 

exponential factor. The fragility index estimated by TSDC from the partial polarization 
peak of higher intensity was 54. 

Figure 9. Partial polarization peaks displayed in different colors for: (a) Tp = [−2, 18] °C every 2 
degrees with Ep = 250 V·mm−1, and (c) Tp = [−130, −20] °C every 5 degrees with Ep = 350 V·mm−1 (due 
to the low signal intensity, some smoothing was introduced). The other parameters are heating rate 
r = 6 °C·min−1, ΔT = 2 °C. In (b,d), the logarithm of the relaxation times vs. the reciprocal of temper-
ature for the peaks presented in the corresponding upper panels is displayed; the colors help to 
identify the relaxation times with the corresponding peaks in b and c figures. 

On the other hand, by analyzing the mobility above the glass transition temperature, 
we found Tmax = 23.6 °C for the elemental peak with the highest intensity, which was ob-
tained in the partial polarization experiment with Tp = 22 °C. Note that the dependence on 
the inverse of the temperature of relaxation times is linear in the relaxation map (Figure 
9b). From the fitting using an Arrhenius-type function, the corresponding activation en-
ergies were estimated. These values are represented as a function of the temperature of 
the maximum intensity in Figure 10. The black line in this figure is the so-called zero acti-
vation entropy line (ZEL), which depicts the behavior of the mobility modes with Arrhe-
nius pre-factors close to the Debye value τ0 ∼10−13 s, representative of the local and non-
cooperative thermally activated processes. For a more detailed explanation of how to ob-
tain the ZEL, see [51]. 

As shown in Figure 10, the Ea values for both the α and LL components are clearly 
higher than those predicted by the ZEL, confirming the cooperative/non-local nature of 
both mechanisms. 

 

Figure 9. Partial polarization peaks displayed in different colors for: (a) Tp = [−2, 18] ◦C every
2 degrees with Ep = 250 V·mm−1, and (c) Tp = [−130, −20] ◦C every 5 degrees with Ep = 350 V·mm−1

(due to the low signal intensity, some smoothing was introduced). The other parameters are heating
rate r = 6 ◦C·min−1, ∆T = 2 ◦C. In (b,d), the logarithm of the relaxation times vs. the reciprocal of
temperature for the peaks presented in the corresponding upper panels is displayed; the colors help
to identify the relaxation times with the corresponding peaks in b and c figures.

Regarding the relaxation times (estimated as described in the experimental section; an
example can be found in the Supplementary Information), the α components exhibited a
slight curvature, as shown in Figure 9. These components tended to merge as the tempera-
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ture approached Tg, a behavior commonly observed in many glass-forming materials. This
behavior can be described by the William–Landel–Ferry equation [50]:

τ(T) = τ0vexp

(
1

α f (T − T∞)

)
, (7)

where T∞ is a temperature whose determination allows a linearization of log(T) =

f (1000/(T − T∞)), αf is the free volume dilatation coefficient, and τ0v is the pre-exponential
factor. The fragility index estimated by TSDC from the partial polarization peak of higher
intensity was 54.

On the other hand, by analyzing the mobility above the glass transition temperature,
we found Tmax = 23.6 ◦C for the elemental peak with the highest intensity, which was
obtained in the partial polarization experiment with Tp = 22 ◦C. Note that the depen-
dence on the inverse of the temperature of relaxation times is linear in the relaxation map
(Figure 9b). From the fitting using an Arrhenius-type function, the corresponding activa-
tion energies were estimated. These values are represented as a function of the temperature
of the maximum intensity in Figure 10. The black line in this figure is the so-called zero
activation entropy line (ZEL), which depicts the behavior of the mobility modes with
Arrhenius pre-factors close to the Debye value τ0 ∼10−13 s, representative of the local and
non-cooperative thermally activated processes. For a more detailed explanation of how to
obtain the ZEL, see [51].
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Figure 10. Relaxation map of ACF displaying the activation energy, Ea, of the partial polarization
components of the TSDC spectrum as a function of the temperature of maximum intensity, TM, of the
corresponding current peak. Results from three series of partial polarization peaks with TP varying
from −130 to 30 ◦C are displayed (each series is identified with a symbol and color). Ea obtained for
the PP peak corresponding to the Tg-TSDC is represented by a red star. The black line corresponds to
the zero-entropy line (ZEL).

As shown in Figure 10, the Ea values for both the α and LL components are clearly
higher than those predicted by the ZEL, confirming the cooperative/non-local nature of
both mechanisms.

To better understand the nature of this mobility above Tg, a set of experiments were
conducted by varying the intensity of the polarizing electric field, Ep, with other experi-
mental parameters kept constant (see also the TSDC section in Suplementary Information).
As shown in Figure 11a, the intensity of the peaks increased as Ep increased, while the
temperature of the maximum remained nearly constant, 30.8 ± 0.2 ◦C (for Ep > 50 V·mm−1,
Tmax = 30.7 ± 0.1 ◦C). Additionally, the polarization calculated for each peak varied linearly
with Ep (Figure 11b), as expected for a purely dipolar response. The activation energy, esti-
mated from the temperature dependence of the relaxation times (Arrhenius type) remained
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nearly constant, suggesting that the molecular motions involved did not change with the
intensity of the electric field; in other words, no additional mechanisms were activated by
the action of the electric field, Ep. This conclusion is further supported by the normalized
curves (inset in Figure 11a), which show that despite the proximity to the conductivity tail,
the shape of the curves remains almost unchanged.
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Figure 11. (a) Effect of the electric field strength on the polarization of the partial polarization compo-
nent of the liquid-liquid mode obtained with Tp = 29 ◦C, T0 = −20 ◦C, Tend = 45 ◦C, r = 6 ◦C·min−1,
∆T = 2 ◦C; Ep = 25, 50, 100, 150, 200, 250, and 300 V·mm−1, each of TSDC curves identified with a
color. Inset: I/Imax vs. T (curve normalization). (b) Polarization of each depolarization peaks in (a) vs.
the corresponding applied electric field (Ep); the solid line describes the linear correlation between
the two quantities.

The origin of the depolarization peaks observed above the α relaxation has not yet been
rigorously identified, although they are commonly observed. In polymers, for example,
peaks above Tg are often attributed to charge detrapping (ρ peak) [52,53]. A similar
phenomenon could occur in a low-molecular-weight organic compound like aceclofenac,
which is non-ionic in nature. However, the high reproducibility of this occurrence makes it
difficult to attribute the peaks solely to impurities.

On the other hand, in addition to the high molecular mobility resulting from the
decrease in viscosity above Tg, which makes it difficult to retain polarization, the presence
of dipolar relaxations should also be considered. Returning to the case of polymers, if
the dipole moment is located in the main chain, the corresponding peaks are associated
with the normal mode [52,54]. In other cases, the occurrence of a liquid-to-liquid transition
has been suggested [53,55]. In liquid crystals for instance [56], the peaks above Tg have
been attributed to “molecular reorientations around the short axis of the molecule”, while
in alcohols [57], they have been linked to the formation of supramolecular structures via
hydrogen bonds [58]. In amorphous aceclofenac (like in other organic compounds such as
brucine [47]), the well-defined shape and reproducibility of the peaks above Tg lead us to
hypothesize that without completely discarding the ionic species motion, some genuine
type of dipolar rearrangements must be involved, pointing to a liquid-liquid (LL) transition.

2.4.2. Relaxation in the Sub-Tg Region

The resolution by DRS of several relaxations below Tg also led us to analyze the
depolarization thermo-currents in this temperature region in more detail. For this purpose,
the partial polarization (PP) window procedure was extended to polarization temperatures
as low as −120 ◦C (Figure 9c).

The plot of the maximum intensity (Imax) vs. polarization temperature (Tp) showed
a maximum at Tp = −90 ◦C (Tmax = −86.8 ◦C), suggesting that more than one relaxation
mode was covered by this large temperature window. The corresponding relaxation times
are shown in the lower panel of Figure 9d, where we can clearly see a temperature depen-
dence that follows Arrhenius’ law.
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The pre-exponential factors estimated for Tp value’s down to −15 ◦C took values of
the order of 10−12 s, and the activation energies fell very close to the zero-entropy line
(ZEL) (see Figure 10), meaning that they are representative of local relaxations for which
the activation enthalpy (or activation energy) depends slightly on Tm in an approximately
li near way [59]. On the other hand, for Tp values varying from −10 to 5 ◦C inclusively,
although the Ea remained at the ZEL, the τ0 values estimated started to decrease, pointing
to a change in the underlying molecular motions, as also suggested by Imax temperature
variation. On the other hand, for Tp values between −10 and 5 ◦C (inclusive), although
Ea remained at the zero-entropy line, the estimated values for τ0 began to decrease. This
suggests a change in the underlying molecular motions, which is further supported by the
variation of Imax with temperature.

With regard to the origin of secondary relaxations, it is customary to classify them
into two distinct groups, as follows: (a) those that correspond to rotations of a small part
of the molecule, and (b) those that involve the movement of the molecule as a whole;
these mobilities are usually referred to as Johari–Goldstein (JG) relaxations in honor of the
authors who first suggested this distinction [60,61].

In TSDC, the sensitivity of different secondary relaxations to physical aging has been
used as a probe to identify the JG components [62]. In this context, an aging experiment
was performed in which the sample was kept at 10 ◦C for various periods of time, followed
by polarization at Tp = −8 ◦C (the remaining experimental parameters are those used in
the series of the partial polarization window in the sub-vitreous region). This experimental
protocol is schematized in the inset of Figure 12. As shown in the main figure, a signifi-
cant decrease in peak intensity was observed with aging, suggesting that this relaxation
corresponds to a JG relaxation.
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Figure 12. Partial polarization experiments conducted at Tp = −8 ◦C (Ep = 300 V·mm−1, ∆T = 2 ◦C,
r = 6 ◦C·min−1, T0 = −40 ◦C, Tend = 40 ◦C) for unaged (black line) and aged samples at Taging = 10 ◦C
(dark blue line) over 40 and 90 min (light blue line). The inset represents the experimental
procedure followed.

3. Discussion
The dynamic behavior associated with the glass transition of ACF can be studied using

DRS, TSDC, and TMDSC due to the high stability of its amorphous form, which is obtained
by cooling from melt. Good agreement was found for the fragility index, indicating that
ACF is a moderately fragile glass former. However, significant differences were observed
between the values of the glass transition temperature (Tg) found through the different
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techniques—those obtained by TMDSC and TSDC were reasonably in agreement with each
other but differed from those obtained by DRS.

The two following factors may explain the discrepancies in the Tg values: (a) the dc
conductivity, which appeared to be active just below the devitrification temperature of the
sample when heated from the glassy state, and (b) the presence of a post-Tg depolarization
peak, which was clearly observed in TSDC.

The activation of the charge translation just below the dielectric Tg suggests that
dc conductivity is not initially related to the main relaxation process but is more likely
associated with secondary relaxations. In a vitrified matrix, where, as we will explain later,
zones of different densities can coexist as a result of the amorphization process, charge
translation can occur across the boundaries between regions, which resemble channels.
This translation may be assisted by small (localized) rotations of molecules in adjacent
regions, potentially aiding in the ‘anticipation’ of sample devitrification. These hypotheses
would need further experimentation and likely the application of various techniques
for validation.

With further heating above Tg, as the supercooled liquid became less viscous, the
dynamics associated with the glass transition accelerated, leading to a clear decoupling
from charge motions. This was confirmed by the exponent value of the DSE relation, x = 0.72.
Given that charge motions became active just below Tg, one might expect a pronounced
accumulation of charge at the electrode surface. However, at higher temperatures, far from
the glass transition, it is interesting to note that the magnitude and extent of electrode
polarization were relatively small (as seen on the low-frequency side in Figure 7a). Two
possible explanations for this observation are: (i) a reduced number of charges reaching
the electrode surface or (ii) the rate of charge arrival at the electrode surface allowing
continuous discharging.

Additionally, the pronounced decoupling between relaxation and translation motion
may be due to the presence of heterogeneity in the supercooled liquid [63].

As a consequence of this heterogeneity, an additional process may arise on the low-
frequency side of the α relaxation, which is masked by conductivity in the DRS ε

′′
(f) spectra.

However, this process can be resolved in the TSDC signal as a post-Tg peak. In the case
of ACF, shown in Figure 8, the separation between the peak associated with the main
relaxation and the post-Tg signal is clearly visible in contrast to observations in other low-
molecular-weight compounds such as carvedilol or salsalate [64,65], where the peaks are
partially overlapped. Furthermore, the linear response of this peak to the polarizing electric
field indicates a high stability of the heterogeneity “promoted” during the formation of the
amorphous form. In other words, the degree of heterogeneity did not vary significantly
once the liquid is supercooled.

Heterogeneity might be caused by the presence of larger or smaller aggregates, as seen
in other compounds like mannitol [66,67] in which two different glass transitions have been
observed or ibuprofen [68], which also contains a carboxylic acid group. This group has
been linked to the formation of dimers and trimers held together by hydrogen bonds. In
fact, the decrease in ∆ε(T) compared to the Frohlich-Kirkwood model prediction suggests
a preferential antiparallel alignment, which supports this idea. Additionally, differences
in FTIR spectra between the amorphous and crystalline samples show that the broadness
of several bands points to a variety of hydrogen bonds in the amorphous sample, likely
helping to stabilize these aggregates.

Regarding the mobility of ACF in the deep glassy state, TSDC experiments showed that
the PP peaks, even with kinetic parameters above the zero-entropy line (i.e., not involving
entropy changes, as seen in Figure 12 for Tp = −8 ◦C), were sensitive to physical aging. This
characteristic has previously been used to identify JG relaxation [69–73]. In DRS, a poorly
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resolved peak may be associated with this relaxation, but only a noticeable change in the
activation energy near the dielectric Tg supports this possibility. No significant changes in
∆ε or the estimated relaxation time from the CM model contribute to this identification.

At lower temperatures, a broad relaxation observed in the global TSDC data was
deconvoluted into multiple components, showing a wide distribution of activation ener-
gies and pre-exponential factors. Using the equivalent frequency technique from TSDC
(f ≈ 10−3 Hz, τ = 1.59 × 10−2 s), the Arrhenius fit for the β relaxation determined by DRS
(Ea(β) = 64 kJ·mol−1 and τ0(β) = 3.04 × 10−17 s) estimates a temperature near −95 ◦C,
which matches well with values obtained from TSDC and falls within the ZEL, as shown in
Figure 9c.

For the γ relaxation, the same calculations placed the TSDC peak temperature near
−140 ◦C, which is not accessible with the available equipment and cooling agent.

Even though dielectric techniques cannot directly pinpoint the molecular cause of
any secondary relaxation, we can still make some informed guesses. The γ relaxation,
based on ACF’s chemical structure, might be linked to ‘molecular fluctuations of carboxylic
groups’ just like with ibuprofen [68], where the γ mode shows similar activation parameters
(Ea = 30.5 kJ·mol−1 and τ0 = (6 ± 4) × 10−16 s). Similarly, gemfibrozil, which has the same
functional group, also shows a quick secondary relaxation [74], which could be compatible
with this assignment. It is also important to mention that in both compounds, stable dimers
(or even trimers, etc.) involving the carbonyl groups have been observed.

Concerning the β relaxation, we can guess that the motion involves a part of the
molecule indicated in Figure 13. To validate this assumption, data from ss-NMR analysis
and MD simulations would be very valuable.
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Figure 13. Chemical structure of aceclofenac emphasizing the groups acid and amine.

4. Experimental
4.1. Materials

Aceclofenac, molecular weight of 354.2 g·mol−1, whose chemical structure is presented
in Figure 13, was supplied by TCI (CAS 89796-99-6, purity (HPLC) 99.5%; batch 70S5F).

4.2. Differential Scanning Calorimetry (DSC)

DSC analyses were carried out using DSC2920 and DSC Q2000 from TA Instruments (New
Castle, DE, USA) under helium or nitrogen gas flows of 30 and 50 mL·min−1, respectively.

Standard indium was used to calibrate the DSC apparatus, ensuring accurate mea-
surements of the melting temperature and melting enthalpy.

Samples of ACF with masses from 3 to 8 mg were introduced in aluminum pans
with pinholes to facilitate the evaporation of any residual water. For conventional
DSC measurements, the sample was equilibrated at 20 ◦C before starting the heating at
5 ◦C·min−1 up to 170 ◦C to induce the melting of ACF. Next, the sample was cooled down
to −50 ◦C at 10 ◦C·min−1 and heated up again to 170 ◦C at 5 ◦C·min−1.
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To investigate the kinetics of physical aging, the melted sample was cooled down to
−50 ◦C, heated up to 5 ◦C (both steps at 20 ◦C·min−1), and isothermally held for a specific
aging time before cooling again. Next, it was heated under modulated DSC to 80 ◦C at
5 ◦C·min−1, with an amplitude of 0.66 ◦C and a period of 60 s. The DSC data were analyzed
using TA Universal Analysis Q2000.

4.3. Fourier Transform Infrared Spectroscopy (FTIR)

For infrared analysis, the samples were appropriately diluted with KBr to form thin,
transparent pellets. The transmission infrared Fourier transform spectra were recorded
using a Bruker Alpha T spectrometer (Universal Sampling Module). The spectra were
scanned over the 4000–400 cm−1 range, with a resolution of 4 cm−1, based on 32 scans and
using pure KBr as the background. The raw data file was imported into OPUS Spectroscopy
software, version 7.5, for viewing, smoothing, and trimming of the spectra.

4.4. Dielectric Relaxation Spectroscopy (DRS)

The Alpha-N impedance analyzer from Novocontrol Technologies GmbH was used,
covering the frequency range from 10−1 Hz to 1 MHz. Approximately 10 mg of sample
was slightly compressed between two gold-plated electrodes (upper electrode, 10 mm
diameter) joined to two silica spacers to maintain a constant distance between electrodes
after melting. The sample capacitor was inserted in the BDS 1200 sample holder and
mounted on a BDS 1100 cryostat, and the sample temperature (±0.5 ◦C) was controlled by
a Quatro Cryosystem from Novocontrol.

Isothermal ε*(f) spectra were measured by increasing the sample temperature from
−100 ◦C to 160 ◦C in a stepwise manner, with steps of 5 or 2 ◦C (depending on the
temperature range: from −100 ◦C to −20 ◦C and from 100 ◦C to 160 ◦C every 5 degrees
and between −20 and 100 ◦C every 2 degrees).

DRS Data Analysis

The imaginary component of the ε*(ω) isothermal spectra was analyzed by using a
sum of several Havriliak–Negami (HN) [75] functions that read:

ε∗(ω) = ϵ∞ + ∑
j

∆ε j[
1 +

(
iωτHNj

)αHNj
]βHNj

− i
σ

ε0(2π f )n , (8)

where j is the index over which the relaxation processes are summed, ∆ε = εs − ε∞ is
the dielectric strength (the difference between the real permittivity values at the low and
high frequency limits), τHN is the characteristic HN relaxation time, and αHN and βHN are
fractional parameters (0 < αHN < 1 and 0 < αHN βHN < 1) describing a model-independent
rela-xation time, τmax = (2πf max)−1, which was calculated according to

τmax = τHN

 sin
(

αHN βHN π
2+2βHN

)
sin
(

αHN π
2+2βHN

)
1/αHN

. (9)

The term −iσ/
(
(2π f )nε0

)
was included in Equation (8) to take into account the direct

current (dc) conductivity contribution on the low frequency side—σ is related to the dc
conductivity, and n describes the broadening of the relaxation time distribution for dc
conductivity (See chapter 3 in ref. [76] for more details).
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4.5. Thermostimulated Depolarization Currents (TSDC)

TSDC has a low equivalent frequency (~2 × 10-3 Hz), offering high resolution and
sensitivity to slow molecular motions (1–3000 s). Since relaxation times depend on tem-
perature and increase as it decreases, cooling the sample can extend the relaxation time
beyond the experiment’s timescale (freezing the process). In addition, TSDC measurements
allow a high degree of flexibility in the analysis of relaxations since it is possible to examine
specific fragments of the relaxation by optimizing the polarization step. Furthermore, if the
sample is physically aged before the polarization step, it is possible to study the material in
different structural states [77].

Two types of experiments are typically used in TSDC, including global experiments
with a wide polarization window and partial polarization (PP) experiments with a nar-
row window. The PP procedure, also known as fractional polarization, is employed to
examine specific regions of the TSDC spectrum. Two key parameters are the polarization
temperature, TP, when the electric field is applied and Tp’ (<TP) when the field is turned
off, with the difference, ∆T = Tp’ − TP, defining the polarization window width. A wide
window results in a complex set of motional modes, while a narrow window probes more
closely distributed relaxation modes. In the limit of an extremely narrow window, the
depolarization current peak corresponds to a single relaxation mode. In this work, we used
a two-degree wide polarization window assuming that it would isolate single relaxation
processes, as similar results were observed with windows ranging from 0.5 to 2 degrees.

The analysis of TSDC data, specifically the partial polarization current peaks, entailed
calculating the temperature-dependent relaxation time, τ(T), for the corresponding mo-
tional mode [78]. The mathematical methodology for analyzing partial polarization peaks
is outlined in the appendix of reference [79].

5. Conclusions
In this work, the molecular mobility of amorphous aceclofenac obtained by cooling

after melting was investigated. Although the glass transition temperature determined by
DRS was considerably lower than that estimated by DSC or TSDC (from Tg-DRS = −0.6 ◦C
to Tg-DSC = 12.6 ◦C and Tg-TSDC = 14.5 ◦C), the fragility index obtained by three techniques
allows classification of ACF as moderately fragile (in the window mTSDC = 54, mDSC = 64
and mDRS = 83).

In the deep glassy state, two secondary relaxations, γ and β, were resolved from the
DRS spectra. The β relaxation is consistent with a mode also detected by TSDC at lower
temperatures (~−95 ◦C). The activation parameters suggest that both relaxations corres-
pond to localized motions within the ACF molecule without involving entropy changes.

Aging experiments conducted by TSDC, selecting a partial polarization peak with
Tp just below Tg (where the activation energy lies on the zero-entropy line), show a clear
reduction in intensity. This suggests a non-local nature of the relaxation, consistent with
a JG assignment. Additionally, aging tests conducted at Tag = 5 ◦C (approximately seven
degrees below Tg) showed a marked increase in the enthalpy of recovery when measured by
TM-DSC. This indicates that the temperature is insufficient to stabilize the amorphous state.

In the supercooled liquid state, just above the α relaxation, TSDC revealed a peak
whose intensity responds linearly to the intensity of the applied electric field. In this
temperature range, the DRS spectra were characterized by high conductivity; the dc
conductivity values correlated with the alpha relaxation times using the fractional Debye–
Stokes–Einstein (FSDE) equation with the exponent x = 0.72. When the derivative analysis
of ε’ was performed, an additional Debye peak was resolved. This peak in the supercooled
liquid is attributed to the formation of aggregates due to intermolecular hydrogen bonding.
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This finding is consistent with the differences observed in the FTIR spectra of both the
crystalline and amorphous phases.

In summary, this study shows that the dynamic behavior of amorphous aceclofenac is
quite complex. This complexity could provide valuable insights for the development of
ongoing and future pharmaceutical formulations.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules30030681/s1: Figure S1. Melting and subsequent cooling
thermograms of ACF; Figure S2. Heating thermogram of amorphous ACF; Figure S3. Microstructure
of ACF formed during heating amorphous ACF; Figure S4. FTIR spectra of crystalline and amorphous
ACF samples; Figure S5. Isothermal spectrum at 28 ◦C of amorphous ACF representing ε

′′
and ε′der,

and including the individual HN fitting functions and the overall fitted curve; Figure S6. TSDC global
results of amorphous ACF obtained varying T0; Table S1. Real heating rates and the temperature
onset of the glass transition of thermograms depicted in Figure 2.
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74. Kamińska, E.; Minecka, A.; Tarnacka, M.; Hachuła, B.; Kamiński, K.; Paluch, M. Influence of annealing in the close vicinity of Tg
on the reorganization within dimers and its impact on the crystallization kinetics of gemfibrozil. Mol. Pharm. 2020, 17, 990–1000.
[CrossRef] [PubMed]

75. Havriliak, S.; Negami, S. A complex plane representation of dielectric and mechanical relaxation processes in some polymers.
Polymer 1967, 8, 161–210. [CrossRef]

76. Kremer, F.; Schönhals, A. Broadband Dielectric Spectroscopy; Springer: Berlin /Heidelberg, Germany, 2003.
77. Chen, R.; Kirsh, Y. Analysis of Thermally Stimulated Processes; Pergamon Press: Oxford, UK, 1981.
78. Teyssedre, G.; Lacabanne, C. Some considerations about the analysis of thermostimulated depolarization peaks. J. Phys. D Appl.

Phys. 1995, 28, 1478–1487. [CrossRef]
79. Ramos, J.J.M.; Viciosa, M.T.; Diogo, H.P. Thermal behaviour of two anti-inflammatory drugs (celecoxib and rofecoxib) and

slow relaxation dynamics in their amorphous solid state. Comparison between the dynamic fragility obtained by dielectric
spectroscopy and by thermostimulated currents. Mol. Phys. 2019, 117, 644–660. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1088/0953-8984/17/27/L01
https://doi.org/10.1063/5.0097865
https://www.ncbi.nlm.nih.gov/pubmed/35987598
https://doi.org/10.1021/jp8040428
https://doi.org/10.1063/1.2197494
https://doi.org/10.1016/j.jnoncrysol.2010.07.067
https://doi.org/10.1063/1.1646375
https://doi.org/10.1063/1.2171195
https://doi.org/10.1063/1.1630295
https://www.ncbi.nlm.nih.gov/pubmed/15267922
https://doi.org/10.1021/acs.molpharmaceut.9b01244
https://www.ncbi.nlm.nih.gov/pubmed/31961694
https://doi.org/10.1016/0032-3861(67)90021-3
https://doi.org/10.1088/0022-3727/28/7/029
https://doi.org/10.1080/00268976.2018.1533146

	Introduction 
	Results 
	Differential Scanning Calorimetry 
	FTIR Results 
	DRS Results 
	TSDC Results 
	The -Relaxation and Mobility Above Tg 
	Relaxation in the Sub-Tg Region 


	Discussion 
	Experimental 
	Materials 
	Differential Scanning Calorimetry (DSC) 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Dielectric Relaxation Spectroscopy (DRS) 
	Thermostimulated Depolarization Currents (TSDC) 

	Conclusions 
	References

