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Abstract
In the present research, thermal investigation of amorphous solid dispersions (ASDs) was performed in order to compare their 
relaxation transitions. Two different active pharmaceutical ingredients (APIs), namely naproxen (NAP) and spironolactone 
(SPIR), were used as model drugs and combined with polyvinylpyrrolidone vinyl acetate (PVPVA64) copolymer to form 
stable ASDs. The reason for the API selection was their different interacting potentials based on the presence (in the case of 
NAP) and the lack of H-bond donor group (in the case of SPIR). Determination of both Tg and sub-Tg transitions suggested 
that ASDs containing NAP and PVPVA64 are ‘interacting’ systems with respect to the H-bonding. Besides, temperature-
dependent Raman spectroscopic experiments confirmed that the naphthalene ring of the NAP has a significant role in the 
sub-Tg relaxations. In contrast, SPIR-PVPVA64 systems proved to be ‘non-interacting’ ASDs according to the MDSC, 
TSDC, and Raman measurements. This study highlights that the combination of the results of different thermoanalytical 
investigations with spectroscopic methods helps to understand the molecular background of the relaxations in ASDs and 
thus contributes to the conscious design of stable amorphous pharmaceuticals in the early stage of development.

Keywords Amorphous solid dispersion · Molecular mobility · Relaxation transitions · Stability · Intermolecular hydrogen 
bond

Introduction

Pharmaceutical amorphous solid dispersions (ASDs) have 
great potential in the field of formulation development as 
the dissolution and the bioavailability of poorly water-solu-
ble active pharmaceutical ingredients (APIs) are enhanced 
using these systems [1]. Although the number of approved 
ASD-loaded medicines is increasing year by year, their 

development and authorization are more challenging due 
to their complex physical behavior [2]. For their regulatory 
approval, it must be proven that the ASD remains not only 
chemically but also physically stable until the expiration 
date, meaning that the API's crystallization begins neither 
during the manufacturing nor during the storage and usage 
[3]. Therefore, understanding the correlations between the 
measurable properties and physical stability of ASDs is 
essential to the conscious design of this kind of formula-
tions [4].

Among the physical descriptors of ASDs, the glass tran-
sition temperature (Tg) is one of the most decisive param-
eters in terms of stability [5]. Above the Tg, the amorphous 
parts behave elastically and viscously, and greater move-
ments between the molecules can be observed [6]. In an 
amorphous state, intensive segment motions in different 
ways can lead to crystallization [7, 8] which can result in 
decreased dissolution and bioavailability [3]. It is often 
observed that ASD systems characterized by a lower Tg 
are generally more unstable [9]. A usually mentioned rule 
is that the Tg of the given ASD must be 50 °C above the 
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maximum storage temperature to be able to ensure the stable 
form of the amorphous system [10]. However, it is important 
to note that different excipients (polymers) or the prepara-
tion methods can result in variations in molecular mobility, 
intermolecular interactions, and physical structure, which 
can in turn affect the Tg of the material [11]. Furthermore, 
it is essential to consider that there can be substantial dif-
ferences between the Tg values of the APIs and polymers 
used in ASDs. Amorphous APIs have low Tg in general and 
thus usually poor stability in the amorphous state at room 
temperature [12], while the widely used polymers can be 
characterized with higher Tg values [13]. Tg of the resulting 
ASD is located between the Tg values of the components, 
depending on the percentage composition by mass, the pos-
sible secondary interactions [14]. Based on this, a polymer 
with a high Tg is worth choosing, which can ‘antiplasticize’ 
the API and stabilize the ASD system [15]. Furthermore, 
with regard to polymer selection, the drug-polymer interac-
tions also need to be kept in mind. Interactions of different 
strengths can change the Tg and the molecular mobility of 
the ASD, thereby affecting the stability of the developed 
system [16, 17]. It could be expected that ASD systems with 
stronger second-order interactions between the API and the 
polymer forming will have greater physical stability [18].

In addition to the Tg (usually called α-relaxation in 
the case of amorphous materials), it is worth discussing 
the relaxation processes at lower temperatures (gener-
ally mentioned as sub-Tg transitions). Closest to  Tg is the 
β-relaxation, above which the movement of certain bonds 
can be observed, but below this, even these parts behave 
more rigidly [19]. At an even lower temperature, other sub-
Tg processes can be observed, where only molecular move-
ments can happen [20]. Although sub-Tg relaxations mean 
only very small molecular motions, this mobility can also 
affect the stability of the amorphous form. This was investi-
gated by Kissi et al. [21], who found that a better correlation 
can be observed between the stability of pure amorphous 
drugs and β-relaxation temperature (Tβ) than with the Tg. 
The APIs with higher  Tβ were more stable while the neat 
amorphous drugs with lower Tβ recrystallized in a shorter 
time. Sibik et al. made similar observations; in their work, 
amorphous indomethacin with higher Tβ was stable at 298 

K for 7 days, while paracetamol and flufenamic acid char-
acterized by lower Tβ values were stable only for 1 day [22]. 
Sub-Tg relaxations show a correlation with the stability not 
only in pure amorphous APIs but also in ASDs as well. 
Grzybowska et al. found that different drug-polymer inter-
actions in celecoxib-loaded ASDs resulted in differences in 
the sub-Tg relaxations, which indicated a clear correlation 
with the stability of the investigated systems [23].

As both Tg and sub-Tg transitions can have a decisive role 
in the stability of amorphous pharmaceuticals, measuring 
these properties of ASDs is essential during the development 
and manufacturing of this kind of medicines. Determination 
of the Tg is already a common practice in the pharmaceutical 
industry for characterizing amorphous materials, and usu-
ally, different thermoanalytical methods are used for this 
purpose [24]. The most widely used technique for measur-
ing the Tg is the differential scanning calorimetry (DSC) or 
its upgraded version, the modulated DSC (mDSC) [25, 26]. 
However, there are many other methods for the determina-
tion of Tg, such as dielectric relaxation spectroscopy (DRS), 
thermally stimulated depolarization current (TSDC), micro 
thermal analysis, and dynamic mechanical analysis (DMA) 
[27–30]. These techniques are applicable for determining 
sub-Tg transitions as well. For example, in the work of Kissi 
et al. [21], DMA was used for determining the β-relaxation 
temperature while terahertz spectroscopy [22], DRS [31], 
and TSDC method [32] proved to be also suitable for detect-
ing sub-Tg transitions of amorphous drugs. Detecting sub-Tg 
transitions is challenging as the minor molecular movements 
give only very weak signals [21]. Therefore, it can be useful 
to perform comprehensive thermoanalytical investigations to 
better understand the stability-related behavior of complex 
amorphous pharmaceuticals [27].

Proceeding on the track of the previous studies, this 
research aims to examine the relaxation temperatures of 
two different API-polymer systems with different meth-
ods such as DSC and TSDC. The two APIs used for this 
purpose were naproxen (NAP) and spironolactone (SPIR), 
while poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA64) 
served as the polymer matrix in both cases (Fig. 1). The 
reason for the selection of these model systems was to inves-
tigate the molecular mobility of ‘strongly interacting’ and 

Fig. 1  Chemical structures of 
NAP (a), PVPVA64 (b), and 
SPIR (c). Red circles represent 
the hydrogen-bond acceptor 
parts, while the blue frame 
shows the molecule’s hydrogen-
bond donor parts
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‘less interacting’ or possibly ‘non-interacting’ ASDs. In 
other words, the effect of a strong secondary interaction, 
the hydrogen bond (H-bond), was explored in the context of 
the Tg and sub-Tg relaxations. The ASDs containing NAP 
and PVPVA64 demonstrated the ‘strongly interacting’ sys-
tems because this API has a H-bond donor hydroxyl group, 
which allows the formation of intermolecular H-bond with 
the polymer. In contrast, no H-bonding, just weaker van der 
Waals interactions, can occur in the case of ASDs containing 
SPIR and PVPVA64 (‘less interacting’ or ‘non-interacting’ 
systems) since both materials only have H-bond acceptor 
groups.

Besides, the comparison of the relaxation behavior of 
‘strongly interacting’ and ‘less interacting’ or ‘non-inter-
acting’ ASDs, another goal was to investigate the molecular 
units that are involved in the relaxations. For this purpose, 
Raman spectroscopy was already used in the case of certain 
polymers for examining their relaxation temperatures [33, 
34]. To the best of the authors’ knowledge, no publication 
can be found in the literature, in which Raman spectroscopic 
method and TSDC analysis were applied for investigating 
sub-Tg transitions of pharmaceutical ASDs. However, simul-
taneous application of these techniques can help the in-depth 
understanding of the molecular mobility of these complex 
systems, as the critical parts of the molecules might be vis-
ible. Consequently, temperature-dependent Raman spectro-
scopic and TSDC measurements can support the design of 
stable ASDs in the pharmaceutical industry.

Materials and methods

Materials

NAP (Fig. 1a) was obtained from J&K Scientific Ltd. (Lom-
mel, Belgium), while micronized SPIR Form II (Fig. 1c) was 
received from Gedeon Richter Plc. (Budapest, Hungary). 
PVPVA64  (Kollidon® VA64) (Fig. 1b) was purchased from 
BASF (Ludwigshafen, Germany). Dichloromethane (DCM) 
and absolute ethanol (EtOH) were supplied from Merck Ltd.

Methods

Preparation of amorphous solid dispersions

Single-needle electrospinning (SNES) method with an 
NT-35 high-voltage direct current supply (MA2000; Uni-
tronik Ltd., Nagykanizsa, Hungary) and a 0.5-mm inner 
diameter nozzle was used for the preparation of the ASDs 
of PVPVA64 and NAP or SPIR. A voltage of 20 kV was 
applied to the needle while a grounded collector was placed 
opposite to that. The nozzle-collector distance was set to 
15 cm during all experiments. A SEP-10S Plus type syringe 

pump (Aitecs, Vilnius, Lithuania) was applied for dosing 
the solutions to the tip of the needle, and the feeding rates 
were set to 10 mL  h−1 and 8 mL  h−1 in the case of NAP-
loaded and SPIR-loaded solvents, respectively. All ASD 
systems were produced at room temperature (25 °C) and 
about 45 ± 5% relative humidity. Samples containing 10, 
20, 30, 40, and 50% API were prepared using a 1:1 mixture 
of DCM and EtOH. The amount of the polymer was fixed 
to 2000 mg/8 mL and 2500 mg/8 mL in the case of NAP-
loaded and SPIR-loaded samples, respectively.

Modulated differential scanning calorimetry (MDSC)

The MDSC examinations were performed with a Mettler 
Toledo DSC3 + device (Mettler Toledo AG, Zürich, Swit-
zerland) in  TOPEM® (stochastic temperature-modulated) 
mode. The temperature was increased from 0 to 250 °C with 
2 °C  min−1 total heating rate, meanwhile the modulation 
was ± 0.5 °C and the modulation frequency changed ran-
domly between 15 and 30 s. Dry nitrogen with a flow rate 
of 50 mL  h−1 was used for purging the chamber. For each 
measurement, approximately 8–10 mg sample was weighed 
into a 40-µL aluminum pan with a pierced lid. For measuring 
the  Tg of the amorphous SPIR, the starting temperature was 
adjusted to − 20 °C, and the sample was prepared in situ in 
the equipment via quench cooling. After that, the tempera-
ture was increased to 250 °C while the same heating rate 
and modulation were used as in the case of the electrospun 
samples. The upper temperature limit allowed identifying 
the possible melting and decomposition of the samples.

The theoretical Tg values of the ASDs (Tg,mix) were deter-
mined based on the Gordon–Taylor method (Eq. 1) and the 
Tg of the pure components measured by MDSC. In Eq. (1), 
Tg,d and Tg,p indicate the Tg of the drug and the polymer, 
respectively. The w character in Eq. (1) refers to the mass 
fraction of the components, while ρ in Eq. (2) means the 
density of the drug and the polymer.

Thermally stimulated depolarization current (TSDC)

The TSDC experiments were performed with a TSCII-type 
thermally stimulated current equipment (Setaram, Calure, 
France) connected with a Norhof 910 LN2 pump (Ede, The 
Nederlands), which controlled the coolant. The device was 
cooled by liquid nitrogen thus not only the Tg, but the sub-Tg 
relaxations were possible to be investigated as well. Before 
each measurement, the measuring chamber was purged 

(1)Tg,mix = (wdTg,d + KwpTg,p)∕(wd + Kwp)

(2)K ≈ �dTg,d∕�pTg,p
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with helium three times to get an inert atmosphere to avoid 
noises.

For Tg determination, approximately 20 mg fibrous ASD 
sample was measured into a copper sample holder bounded 
by a Teflon ring (Fig. 2a). After compressing the meas-
ured sample manually, a stainless-steel disk was put on the 
smooth surface of the ASD (Fig. 2b). With this process, sam-
ples with a thickness of ca. 0.5 mm were prepared. During 
the experiments, the same measuring method and process 
parameters (annealing temperature, Ta = 20 °C, annealing 
time, ta = 1 min, polarization temperatures, Tp = approxi-
mately 10–20 °C higher than the Tg of the given sample 
determined by DSC, polarization time, tp = 5 min, field 
strength, E = 300 V  mm−1, temperature range between 0 (T0) 
and 150 °C (Tf) cooling rate, rc = 10 °C  min−1, and heating 
rate, rh = 5 °C  min−1) were used, which were described in 
details in one of our previous studies [28].

The sub-Tg relaxations were tried to investigate 
similarly to the Tg. However, the signal of the molecu-
lar mobilities at lower temperatures was too small and 
noisy, and no reproducible results were achieved. For 
this reason, another experimental setup was tested for 
determining sub-Tg values (Fig. 2c). During the sample 
preparation, round pastilles were prepared with a Camilla 
OL95-type press using 100 bar pressure. The thickness 
and diameter of the pastilles were ca. 0.5 mm and 12 mm, 
respectively. Approximately 60 mg of electrospun sample 
was measured into the press device to reach the 0.5-mm 
thickness after the pressing. The pressed samples were 
sized to fit into the copper sample holder of the TSC 
device, which functioned as the bottom electrode. The 
upper electrode was the same stainless-steel disk as in 
the case of Tg determination. Besides, the process param-
eters were also changed. The Tp was set to well below 

the Tg (50 °C, 35 °C, 25 °C, 15 °C, 5 °C, and 0 °C in the 
case of 0%, 10%, 20%, 30%, 40%, and 50% drug loading, 
respectively). In this way, the contamination of the elec-
trodes was able to avoid. Besides, the examined sample 
showed no deformation thus noises originating from the 
rough surface resulting from volume change disappeared. 
With this in line, the Ta was also modified to 0 °C in 
the case of the 40% and 50% samples. For investigating 
sub-Tg relaxations, T0 was set to − 150 °C, and Tf was 
30 °C. In addition, the E was changed to 600 V  mm−1 
to increase the intensity of the depolarization current 
signal; thus, 300 V polarization voltage (Up) hit the 0.5-
mm sample. All other parameters (ta, tp, t0, rc, rh) were 
not changed.

Raman micro‑spectroscopy

For the examination of the molecular segments tak-
ing part in relaxation processes, a Horiba Jobin Yvon 
LabRam system (Horiba France SAS, Longjumeau, 
France) was applied combined with a Linkam THMS600 
heating/cooling stage (Linkam Scientific Instruments 
Ltd., Salfords, United Kingdom). The laser source was 
a 785-nm diode laser (~ 3 µm laser spot size), and an 
Olympus BX-40 optical microscope (Olympus, Tokyo, 
Japan) was connected to the spectrometer. To improve 
the resolution, a confocal system was used (100-µm con-
focal slit and 1000-µm confocal hole). Before reaching 
the CCD detector, a 950 groove/mm grating monochro-
mator was adapted for dispersing photons by wavelength. 
The spectrograph position was tuned to the charac-
teristic peaks of the API-s. For NAP samples, it was 
adjusted to 1150  cm−1 to measure the spectral range of 
500–1730  cm−1, and for SPIR samples, it was 1200  cm−1 
to make measurements in a 550–1775   cm−1 spectral 
range. The resolution of substance spectra was 16  cm−1 
in both cases. The measurements were implemented with 
a 20 × magnification objective. The used acquisition time 
was 60 s with 2 as an accumulation number. The applied 
temperature program contained linear heating between 
− 150 and 150 °C with a heating rate of 2 °C  min−1. 
Pastilles were formed with approximately 18–20 mg of 
electrospun sample to eliminate the negative effect of 
laser light scattering. Manual compression was used to 
produce the flat-surfaced pastilles with a thickness of 
around 0.5 mm. The compression was executed in copper 
TSDC sample holders surrounded by a Teflon ring. The 
recorded Raman spectra were evaluated in LabSpec 5.41 
(Horiba Jobin Yvon S.A.S., Villeneuve d'Ascq, France). 
As the preparation of the spectra, smoothing, baseline 
correction, and normalization were used and peak fit-
ting was performed for the peaks showing significant 
changes. The information obtained from the evaluation 

Fig. 2  Photos of the TSDC measuring setup. The measured sample 
after compression (a); measuring cell for Tg determination (b); sam-
ple and upper electrode inlayed into the TSCII device for sub-Tg 
measurements (c)
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was full width at half maximum (FWHM), Raman shift, 
Raman intensity, and area under the curve. The values 
were plotted as a function of temperature.

Results and discussion

Comparison of Tg changes of the ‘strongly 
interacting’ and ‘less interacting’ ASDs

In one of our previous studies, the Tg of the NAP-loaded 
samples containing 10, 20, 30, 40, and 50% API was already 
investigated with both MDSC and TSDC (Fig. 3, Table 1) 
[28]. According to those MDSC results, a slight increase in 
the Tg was observed from 20% drug loading compared to the 
Tg calculated by the Gordon–Taylor equation (Eq. 1). The 
results suggested that intermolecular interactions can form 
between the API and the polymer above 20% drug content 
as the positive deviation from the theoretically calculated 
values refers to strong molecular forces [35]. In addition, 
the tendency of the Tg values was similar in the case of the 
TSDC measurements. The greater variation from the calcu-
lated values and Tg-s measured by TSDC can be explained 
with that the Tg of the pure component used in the Gor-
don–Taylor equation was determined by MDSC.

As the changes in the Tg values of ‘strongly interacting’ 
drug-polymer systems were known from our previous study, 
the analysis of the Tg of ‘less interacting’ ASDs was in the 
focus of the present work. Both MDSC and TSDC results of 
SPIR-loaded samples showed single Tg suggesting molecu-
larly dispersed ASDs. Besides, the plasticization effect of the 
API was also visible as the increasing SPIR content led to 
decreased Tg values, similarly to the case of the NAP-loaded 
samples (Fig. 4, Table 2). It means from another point of 
view that the polymer has an ‘antiplasticization’ effect on the 
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Fig. 3  Measured and calculated Tg values of NAP-loaded samples 
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Table 1  Measured and calculated Tg values of NAP-loaded samples 
as shown in Fig. 3

NAP con-
tent/%

Tg by Gordon–Taylor 
equation/°C

Tg by MDSC/°C Tg by 
TSDC/°C

0 106 107 92
10 91 92 75
20 77 79 65
30 64 63 55
40 51 54 47
50 40 40 38
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Fig. 4  Tg values of the different compositions measured by MDSC (a) and TSDC (b) methods
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amorphous APIs [36]. However, the tendency was less vis-
ible in the case of the SPIR-loaded ASDs. For better under-
standing, theoretical calculations were also performed for 
the samples containing SPIR.

To calculate the theoretical Tg values of SPIR-loaded 
samples with the Gordon–Taylor equation (see in the ‘Mate-
rials and methods’ section), the Tg-s of the pure components 
were determined by MDSC (Fig. 5). The measured Tg of the 
amorphous SPIR was closer to the  Tg of the PVPVA64 than 
in the case of the NAP [28], which explains that the Tg of 
SPIR-loaded ASDs also varies within a narrower range. The 
determined Tg values of the pure component were similar to 
other publications (despite the different parameters of the 
amorphization or the MDSC measurement) [12, 37]. The 
densities of the pure components, that is also needed for 
the calculations of the Gordon–Taylor equation, were taken 
from references [37] and [38].

Comparison of the Tg-s of the SPIR-loaded samples 
determined by MDSC, TSDC, and theoretical calculation 
is summarized in Fig. 6 and Table 3. The Tg-s measured by 
MDSC were a bit lower than that of the calculated values. 

Table 2  Tg values of the 
different compositions measured 
by MDSC a and TSDC b as 
shown in Fig. 4

MDSC/% NAP Tg/°C SPIR Tg/°C

0 107 107
10 91 105
20 82 101
30 64 98
40 53 98
50 39 97

TSDC/% NAP Tg/°C SPIR Tg/°C

0 92 92
10 75 95
20 65 89
30 55 87
40 47 87
50 38 87
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samples in the function of the temperature
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Fig. 6  The measured and calculated Tg values of SPIR-loaded sam-
ples

Table 3  The measured and calculated Tg values of SPIR-loaded sam-
ples as shown in Fig. 6

SPIR con-
tent/%

Tg by Gordon–Taylor 
equation/°C

Tg by MDSC/°C Tg by 
TSDC/°C

0 – 107 92
10 105 105 94
20 104 101 89
30 103 98 87
40 101 98 87
50 100 97 86
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The negative deviation from the Tg-s calculated by the Gor-
don–Taylor equations indicates that the interactions between 
the drug and the polymer are weaker than interactions within 
the individual components [35]. Although the calculations 
are based on MDSC data and the principle of TSDC meas-
urement is different, the observed Tg trends were similar, 
aligning with the theory according to which deviations from 
the Tg calculated by the Gordon–Taylor equation depend on 
the intermolecular interaction. Strong drug-polymer interac-
tions, like H-bonding in the case of NAP-PVPVA systems, 
lead to positive deviations between the measured and the 
calculated values. In contrast, the absence of strong inter-
molecular interactions, such as lack of H-bond between the 
API and the polymer as seen in SPIR-PVPVA64 systems, 
results in negative deviation compared to the calculated data. 
Furthermore, the results of the present research highlight 
that the API-loading affects the deviation between the meas-
ured and theoretical Tg values. As the intramolecular and 
intermolecular interactions can influence the stability and 
the dissolution of the ASDs, it could be useful to search for 
a correlation between these findings and the stability in a 
future work. In addition, a special ASD preparation method, 
the electrospinning was used during our experiments, which 
can also influence the changes of the Tg. Therefore, it could 
be interesting in a next study to compare the physical behav-
ior of ‘strongly interacting’ and ‘less interacting’, which are 
prepared by different techniques.

Examination of the sub‑Tg relaxations by TSDC 
measurements

To investigate the sub-Tg relaxations of ‘strongly interact-
ing’ and ‘less interacting’ or possibly ‘non-interacting’ 
ASDs, TSDC measurements were performed as small 
molecular motions can be detected with this method [39]. 

The obtained results are illustrated in Fig. 7. Although the 
sample thickness and the fiber morphology influenced 
the intensity and width of the TSDC curves, all depolari-
zation current curves show a peak around -130 °C that 
indicates the β-relaxation of the ASDs. The sub-Tg values 
were determined as the temperature corresponding to the 
peak maximum.

Based on the results, a clear correlation can be found 
between the sub-Tg and the NAP content (Fig.  8). By 
increasing API content in the ‘strongly interacting’ sys-
tem, the sub-Tg is increasing as well. However, it means 
that the sub-Tg changes in an opposite way compared to the 
Tg with increasing drug loading. According to the results 
of Thayumanasundaram et al. [27], a similar phenomenon 
was observed in the case of indomethacin and PVPVA64 
spray-dried samples. The shift in the sub-Tg values can be 
explained by the H-bond interactions between the API and 
the polymer. Below the glass transition (α-relaxation), the 
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ASD system is characterized by molecular mobility, which 
corresponds to the side groups or the movement of a smaller 
number of carbon atoms (not to the movement of the seg-
ments). If the ASD contains a smaller amount of H-bond 
donor molecule (in this case NAP molecule), then fewer 
groups participate in the intermolecular H-bond interac-
tion and the remaining ‘free' groups can move easily. In this 
way, sub-Tg relaxations can start at lower temperatures in the 
case of lower API content. With the increasing amount of 
H-bond donor molecule (NAP with hydroxyl group), more 
groups of the polymer can take part in the intermolecular 
H-bond interaction, and more H-bond can form resulting 
in a stronger ‘interacting’ system. Therefore, a higher tem-
perature is needed to initiate molecular motions (sub-Tg 
relaxations).

In contrast, the sub-Tg of SPIR-loaded ASDs decreased 
slightly compared to the pure polymer. The lower sub-Tg 
values suggest that there is no interaction between the API 
and the polymer, what is more, the presence of the API 
inhibits the polymer–polymer interactions. Therefore, the 
molecular mobility will increase, and sub-Tg transition can 
occur at lower temperatures. The small increase of sub-Tg in 
the function of SPIR content suggests segregations within 
the ASDs, possibly indicating the onset of nanoscale phase 
separations in these systems. However, the sub-Tg changes 
were quite small; thus, investigation of other ‘less interact-
ing’ or ‘non-interacting’ ASDs might be useful in the future 
to confirm this assumption.

Investigation of the relaxations’ molecular 
background by Raman spectroscopy

Examination of the glass transition

The MDSC and the TSDC results showed that the Tg and 
sub-Tg values are influenced by the API content, especially 
in the case of the ‘strongly interacting’ systems. However, it 
is unknown, which part of the molecules affects the different 
relaxations exactly. To investigate the molecular background 
of the relaxations, measurements were made with Raman 
spectroscopy in the function of temperature since this vibra-
tional spectroscopic method is suitable for examining differ-
ent bond environments.

In-depth examination of Tg by Raman spectroscopy 
proved to be quite challenging in the case of the prepared 
drug-loaded ASDs. Due to the temperature rise, the sam-
ples turned to be transparent and showed a glassy structure. 
For this reason, the autofocus mode of the equipment was 
not able to find the correct position in all cases resulting in 
wrong signal, for example in the case of 10% NAP load-
ing (Fig. 9a). However, the temperature at which the last 
clear and intensive spectrum was measured (at 94 °C) is 
almost the same as the Tg measured by MDSC (92 °C). With 

increasing API content, the change of the sample became 
less intense, allowing for the recording of appropriate spec-
tra through the autofocus mode. In spite of this, a decrease 
in the intensity was observed from 74 °C, which tempera-
ture was above the Tg measured by MDSC (63 °C). After 
few measuring points, the autofocus was able to follow the 
changes in the sample, and spectra with higher intensities 
were recorded again (Fig. 9b).

Similar observations were made in the case of SPIR-
loaded samples that the intensity of the Raman spectra 
decreased above the Tg determined by MDSC (Fig. 10). In 
addition, the ASDs containing SPIR also became transparent 
above the Tg suggesting that the API and the polymer form 
a miscible system [40], which explains the single Tg meas-
ured by MDSC and TSDC. This assumes that even if there 
is no interaction between SPIR and PVPVA64, dissolving 
the components in the solvents resulted in a molecularly 
dispersed solution, which remained as amorphous solid solu-
tion after the extremely quick solvent evaporation during the 
electrospinning.

Although Raman spectroscopy coupled with the Linkam 
heating/cooling stage did not allow as precise determina-
tion of the Tg as the MDSC, the changes in the intensity and 
temporary loss of focus indicated well the glass transition 
during the Raman measurements. It confirmed that the seg-
ment movement started at those temperatures.

Investigation of the sub‑Tg transitions in the case 
of the polymer and the 10% NAP‑loaded sample

In contrast with the glass transition, no change was observed 
in the macroscopic structure of the samples at lower temper-
atures suggesting a better chance to investigate the molecular 
background of the sub-Tg relaxations measured by TSDC.

During the evaluation of the spectra below the Tg, the 
data range was reduced at first to avoid the noise from the 
wrong spectra around the Tg. Then, preprocessing steps 
(smoothing, baseline correction, and normalization) were 
performed for all spectra (Fig. 11a). In the next phase of data 
analysis, the spectrum recorded at the starting temperature 
(at − 150 °C) was subtracted from all the other spectra to 
explore the Raman bands, which changed in the function of 
the temperature (Fig. 11b). After that, only the peaks, that 
showed significant change, were evaluated by peak fitting 
(Fig. 11c). In this way, the Raman shift, the Raman intensity, 
the full width at half maximum (FWHM), and the area under 
the curve were determined and depicted in the function of 
temperature.

Comparing the results after the subtraction in the case of 
the polymer and the sample containing 10%NAP, similari-
ties can be seen (Fig. 12). Characteristic Raman bands of 
PVPVA64 are also noticeable during the evaluation of 10% 
NAP-loaded sample.
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Two peaks, at 744  cm−1 and 933  cm−1, are especially 
interesting as showing the most evident changes in the 
function of temperature. Both peaks are associated with the 
pyrrolidone ring. The peak around 743–744  cm−1 relates to 
the C–C stretching in the pyrrolidone part of the PVPVA64 
while the peak around 933  cm−1 corresponds to the C–C ring 
breathing [41, 42]. The prominence of these peaks suggests 
that at low API content, the polymer, more precisely the 
pyrrolidone ring of the PVPVA64, determines the sub-Tg 
relaxation. After the peak fitting, the Raman intensity and 
the peak area showed maxima in the function of temperature 
at − 122 °C (Fig. 13), indicating the sub- Tg transition of 
the polymer.

Investigating the changes of these peaks in the 10% NAP-
loaded sample, a maximum of peak intensity and peak area 
is visible in the function of temperature at around -130 °C 
suggesting that the pyrrolidone ring has a sub-Tg relaxa-
tion at this temperature range (Fig. 14). The sub-Tg values 
determined from the Raman spectroscopic measurements 
are close to the results of the TSDC method. Therefore, the 

temperature-dependent Raman experiments proved to be 
suitable for detecting sub-Tg transitions in the case of the 
10%NAP-loaded ASD. The slight differences between the 
results of the peaks at 744  cm−1 and 933  cm−1 suggest that 
Raman spectroscopy enables us to distinguish the steps and 
molecular background of the sub-Tg transitions.

Investigation of the sub‑Tg transitions in the case of higher 
NAP‑loaded samples

With increasing API-loading, evident changes can be seen 
at 522–524   cm−1, 741–743   cm−1, and 1391–1393   cm−1 
(Fig. 15), which are all associated to the naphthalene ring 
of the NAP [43–45].

The peak at 522–524  cm−1 corresponds to the in-plane 
ring deformation [43], the peak at 741–743  cm−1 is related 
to the ring vibration, and the peak at 1391–1393  cm−1 is 
associated to C-H ring bending and C–C ring stretching 
[45]. As the change of the peak at 524  cm−1 was less than 
that of the other two highlighted peaks, only the latter two 
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were evaluated in-depth. Depiction of the key parameters 
in the function of temperature showed interesting tenden-
cies (Figs. 16 and 17). The Raman intensity of the peak at 
741–743  cm−1 reached a maximum at different temperatures 
in the case of the 30%, 40%, and 50% NAP-loaded sam-
ples (Fig. 16). The place of the maximum might indicate 
those temperatures, where the sub-Tg transitions occur [32]. 
Although these temperature values differ from the sub-Tg 
values measured by TSDC, some of the maxima are close to 
those temperatures. The multiple sub-Tg values by temper-
ature-dependent Raman measurements assume that sub-Tg 
relaxations take place in more steps, which is a characteristic 
feature of small molecules. Considering the peak intensity 
in the function of temperature, similar maximums were vis-
ible in the case of the peak at 1388–1392  cm−1 (Fig. 17). 
However, a peak shift was also visible in this region. With 
an increasing API content, the peak in question was char-
acterized by a higher Raman shift, which can be explained 
by the intermolecular interaction between the NAP and the 
PVPVA64. In addition, the Raman shift decreased in the 

function of temperature indicating the temperature-depend-
ent volume expansion of the ASDs [33]. The outstanding 
changes of these investigated peaks versus temperature sug-
gest that the aromatic ring of NAP influences significantly 
the sub-Tg relaxations at higher drug loading in the ‘strongly 
interacting’ system; thus, it can be a crucial part of ASD 
with regard to the stability.

Examination of the sub‑Tg transitions of SPIR‑loaded 
samples

In contrast with the NAP-loaded samples, subtracting 
results of the ASDs containing SPIR did not show clear 
outstanding peaks (Fig. 18). The graph of the 10% SPIR-
loaded sample was similar to the subtraction results of 
the pure PVPVA64 while with increasing API content, 
the changes of the characteristic peak of the polymer 
decreased. However, no evident changes were observed 
in the case of the ‘less interacting’ system indicating the 
lack of interaction between the SPIR and the PVPVA64. 
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The Raman spectra recorded at different temperatures 
confirmed the TSDC results and proved that the SPIR-
PVPVA64 system is a ‘non-interacting’ ASD. While the 
characteristic peaks of NAP have changed in the function 
of temperature in the sub-Tg region, the characteristic peak 
of the SPIR did not show changes, suggesting that the 
relaxation of the polymer dominates in the ASDs contain-
ing SPIR and PVPVA64.

Conclusions

In this study, a comprehensive thermal analysis of the 
relaxations was performed in the case of an ‘interacting’ 
and a ‘non-interacting’ ASD system. The plasticization 
effect of the APIs was visible based on the measured Tg 
values of the ASDs containing NAP or SPIR. The decrease 
of the Tg in the function of API content was significantly 
larger in the case of NAP-loaded samples, which can be 
explained by the lower Tg of the pure amorphous API. 
From this context, preparation of ASDs with increased 
NAP content is not recommended as instability issues can 
occur more easily at the storage temperature. However, it 
is worth noting that Tg is not the only property of ASDs 
that can influence stability. Different intramolecular or 
intermolecular interactions or sub-Tg relaxations may also 
affect the stability, and thus, the applicability of the ASDs 
in final dosage forms. The comparison of the measured Tg 
values with the theoretical values assumed that intermo-
lecular interactions can form between NAP and PVPVA64 
as the measured results showed positive deviation from 
the calculated ones. In contrast, negative deviation was 
observed in the case of SPIR-loaded samples suggesting 
no intermolecular interaction between the API and the 
polymer. In terms of sub-Tg relaxations, TSDC results also 
confirmed the possibility of intermolecular H-bond inter-
action between the polymer and the NAP as the opposite 
tendency was observed compared to the Tg values. Con-
sidering that the sub-Tg relaxations are related to molecu-
lar movements, the ‘free’/’less interacting’ parts of the 
molecules can be relaxed at lower temperatures. In other 
words, it means that in the case of ‘interacting’ systems, 
the increasing amount of H-bond donor molecule (in this 
case NAP) can make difficult the molecular movements 
resulting in higher sub-Tg values. Furthermore, TSDC 
results assumed the lack of intermolecular interactions in 
the case of ASDs containing SPIR and PVPVA because 
the sub-Tg decreased compared to the pure polymer.

The temperature-dependent Raman experiments 
strengthened the results of the TSDC measurements as 
the peak of the NAP relating to the C-H ring bending and 
C–C ring stretching showed a shift in the function of API 
content suggesting the intermolecular interactions in the 

ASD. In addition, the depiction of intensity and peak area 
of NAP-loaded samples in the function of temperature 
showed maximum values at different temperatures indi-
cating the sub-Tg relaxations of the systems. In contrast, no 
changes were observed in the SPIR-loaded samples, which 
proved the ‘non-interacting’ behavior of ASDs containing 
SPIR and PVPVA64.

The results highlighted that the simultaneous applica-
tion of different methods, such as DSC and Raman spec-
troscopy or TSDC and Raman spectroscopy, can open up 
new ways in the understanding of relaxations of ASDs. 
Thereby, the stability of the amorphous pharmaceuticals 
can become more consciously planned, which greatly 
helps the early stages of development.
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