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ABSTRACT

Amorphous dispersions of the Biclotymol antiseptic are obtained in polyvinylpyrrolidone (PVP),
for different drug loadings, by co-milling at temperature below the glass transition of both
components. Characterization of the dispersions by scanning differential calorimetry and
temperature-dependent broadband dielectric spectroscopy shows them to be homogeneous
amorphous molecular mixtures. A single glass transition with pronounced enthalpy recovery
peak is observed, indicative of the formation of a homogeneous glass state characterized by
substantial ageing. The polymer has a considerable antiplasticizing effect on the drug, increasing
its glass transition temperature (Tg) to well above room temperature. The Tg of the mixture
increases linearly with the macromolecular mass fraction. Three (macro)molecular relaxations
are identified in the isothermal dielectric spectra of the mixtures. The slowest process
corresponds to the cooperative (α relaxation) dynamics of the polymer chains and drug
molecules simultaneously, and its relaxation time becomes longer the higher the polymer
content. The fastest one is an intramolecular relaxation mode of Biclotymol, and is virtually
unaffected by the presence of the polymer. Finally, the intermediate relaxation, which is also
observed in pure PVP, is assigned to the motion of the polymer side groups. Its activation barrier
increases with increasing drug content, indicative of a direct interaction of the drug with the
pyrrolidone moieties, likely via hydrogen bonding to the carbonyl oxygen. Contrary to pure PVP,
the mixtures are not hygroscopic. Mechanical amorphization by cryomilling yields thus glassy
molecular mixtures at arbitrary drug concentration, with enhanced physical stability against
crystallization and enhanced chemical stability against hydrolysis reactions.
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Introduction
A large number of drugs and of newly developed compounds with potential pharmacological
activity display low solubility in aqueous environments. The low solubility and/or poor temporal
dissolution profile hinder the bioavailability and thus the implementation of these drugs in
pharmaceutical formulations.1 One of the ways to improve the dissolution profile of a lowsolubility drug is mixing it with an excipient (for example, a polymer) with higher water
solubility.2-5 Formation of binary mixtures with an excipient may also offer the further advantage
of enhancing the metastability of the amorphous state6 of the drug, which is advantageous
because the latter state exhibits in general a better dissolution profile than the crystalline drug.7,8
It has been shown recently9 that the dissolution profile and apparent solubility of poorly watersoluble drugs can be dramatically enhanced if the drug is mixed with a polymeric excipient such
as polyvinylpyrrolidone (PVP), with enhancements of two orders of magnitude with respect to
both the crystalline and amorphous states of the pure drug. Dispersion of active pharmaceutical
ingredients in polymer matrices can also allow controlled drug release or even targeted
delivery.10,11
The most versatile way to produce amorphous binary mixtures is the employment of a
mechanical method such as roller- or ball-milling.12 Simultaneous co-milling of pharmaceutical
ingredients with a polymer excipient such as PVP has been shown to enhance drug solubility
profiles by a factor similar to that obtained with other techniques that yield homogeneous
amorphous dispersions, such as spray drying.13 Mechanical methods offer in principle the
advantage that binary mixtures of any two organic materials can be obtained, at any desired
relative concentration. Methods based instead on cooling from the melt or on solventevaporation from solutions rely instead on the possibility of heating the materials to their melting
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point without their decomposition, or on the existence of a suitable, nontoxic common solvent.
Their range of applicability and success rate are, moreover, limited by the inherent miscibility
limit of the components.14,15 On the drawbacks side, however, mechanical amorphization does
not guarantee that the samples remain amorphous also after the milling process. It may also be
wondered if mechanical milling applied to an asymmetric mixture such as a active
pharmaceutical principle and a polymeric excipient is always able to produce a truly amorphous
mixture at the molecular level, or if instead mechanically induced disorder and mixing are only
partial.16
In this contribution, we employ differential scanning calorimetry and temperature-dependent
dielectric spectroscopy to experimentally investigate the molecular and macromolecular
dynamics of amorphous mixtures of PVP with an antiseptic drug, Biclotymol, obtained by a
mechanical method. The solid dispersions were achieved by simultaneous cryogenic ball-milling
of both components, at polymer mass fractions of 20, 40 and 60%. Some of us have shown
recently that cryomilling of Biclotymol with PVP at 4 ºC yielded samples that appeared
amorphous in X-ray diffraction experiments, and whose diffraction pattern remained unchanged
also after several months of storage at room temperature.17 We show here that our co-milling
procedure results in homogeneous mixing at the molecular level, and study the effect of
intermolecular interactions on the glass transition temperature and microscopic dynamics of the
amorphous mixtures. We observe the antiplasticizing effect of the polymer excipient on the drug,
both on the calorimetric glass transition temperature Tg and on the relaxation time of the
associated cooperative structural relaxation (α process). The local relaxation mode of the
polymer (γ process), which likely stems from the reorientational motion of the polar pyrrolidone
side group,18 is slightly modified by the presence of the Biclotymol molecules, with an increase
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of the activation energy when the drug load increases. On the other hand, we find that the
relaxation time of the intramolecular secondary relaxation process19 of Biclotymol is unaffected
by its dispersion in the polymer matrix.
Experimental Methods
Crystalline

Biclotymol

powder

(2,2’-methylenebis(4-chloro-3-methylisopropylphenol,

C21H26Cl2O2, Mw = 381.32 g mol-1) was supplied by Pharmasynthese (Inabata group) and used
without further purification. Commercial amorphous Poly-vinylpyrrolidone (PVP, (C6H9NO)n,
Mw = 40.000 g mol-1) was purchased from Fisher Bioreagents and used as received. Milling
experiments were performed in a high energy planetary mill “Pulverisette 7” from Fritsch. Ball
milling of PVP and co-milling of PVP with Biclotymol were carried out with two 80 mL milling
jars made of zirconium oxide (ZrO2) containing three balls (Ø = 20 mm) of the same material. A
milling temperature of 277 K (4 oC) was chosen, not only because it is lower by 16 K than the
glass transition temperature of Biclotymol and it was shown in previous studies that amorphous
Biclotymol is metastable (during at least few months) at these conditions,20 but especially
because mixed Biclotymol-PVP samples obtained by co-milling at this temperature were found
to remain amorphous during at least five months (even when stored at room temperature).17 An
effective 10 h milling experiment (milling periods of 5 min alternated with pauses of the same
duration) was conducted with 1 g of material. The vial rotation speed was set to 400 rotations per
minute, and the rotation of the solar disk was performed in the opposite direction compared to
the vials, with the same absolute value of rotational speed.
The powders obtained by milling were characterized by means of differential scanning
calorimetry (DSC), thermogravimetry analysis (TGA) and broadband dielectric spectroscopy
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(BDS). Three different binary mixtures were analyzed, with PVP mass fractions of 20, 40, and
60%, respectively. For comparison purposes we also characterized a cryomilled PVP sample.
DSC measurements were carried out under N2 atmosphere using a Q100 calorimeter from TAInstruments. The samples were placed in open pans and characterized between room temperature
and 500 K with heating/cooling rates of 10 K min−1. In the case of the cryomilled PVP sample,
which was hygroscopic, we also carried out a DSC measurement in a sealed pan to be able to
distinguish different contributions from water loss processes. The mass of the samples was
determined with a microbalance sensitive to 0.01 mg. TGA scans were acquired while heating
the sample in an open vessel under N2 flow between room temperature (300 K) and 600 K at a
rate of 10 K min–1, by means of a Q50 thermobalance from TA-Instruments.
For BDS experiments, the powders obtained by milling were mechanically pressed between
stainless steel disks into pellets of submillimeter thickness, and isothermal spectra were acquired
in parallel-plate capacitor configuration in the temperature range between 167 and 473 K (with a
temperature stability of ± 0.1 K). Measurements were carried out while increasing the
temperature to avoid any temperature-induced effect prior to measurement. The spectra were
acquired using a Novocontrol Alpha analyzer in the frequency range between 10–2 and 5∙106 Hz.
Dielectric measurements yield the complex impedance of the sample, from which the complex
relative permittivity ε*(ω) = ε’(ω) – i ε”(ω) of the material can be retrieved.
The imaginary permittivity spectra ε”(ω) (the so-called “loss spectra”) were fitted as the sum
of separate spectral components, each representing a different dipolar relaxation dynamics, plus a
conductivity background at high temperature. Each relaxation loss was modeled as the imaginary
part of a Havriliak-Negami function, whose analytical expression is:21,22
∆𝜀

(Eq. 1) 𝜀𝐻𝑁 ∗ (𝜔) = (1+(𝑖𝜔𝜏

𝐻𝑁 )
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Here, Δε is the so-called dielectric strength (intensity) of the relaxation process, the exponents
c and d are shape parameters related to the low- and high-frequency tails of the imaginary
permittivity (loss) spectrum, and τHN is a fitting parameter from which the characteristic time τ at
which the imaginary part of the permittivity is maximum is obtained as:
−1⁄𝑐

𝑐𝜋

(Eq. 2) 𝜏 = 𝜏𝐻𝑁 �sin 2+2𝑑�

𝑐𝑑𝜋

1⁄𝑐

�sin 2+2𝑑�

.

By fitting the data using Eq. 1 we found that most relaxation losses could be best described as

the imaginary part of a Cole-Cole function,23,24 which is a special case of the Havriliak-Negami
function (Eq. 1) with d = 1 and c ≠ 1:
∆𝜀

(Eq. 3) 𝜀𝐶𝐶 ∗ (𝜔) = 1+(𝑖𝜔𝜏)𝑐

While the imaginary part HN is an asymmetric peak, that of the Cole-Cole function is

symmetric, and for this model function the parameter τ coincides with the time at which the
imaginary permittivity is maximum. Of all the relaxations identified in the loss spectra, only a
water-induced relaxation in cryomilled PVP was found to be described by Eq. 1, while all other
ones had the symmetric line shape of the imaginary part of the Cole-Cole function.
The loss spectra at high temperature were characterized by a conductivity background which in
some cases masked the presence of the relaxation features (especially the cooperative relaxation
associated with the glass transition). In such cases, the frequency position of the relaxation
process was obtained from the plot of the derivative of the real permittivity versus the logarithm
of the frequency:25
π 𝜕𝜀′(𝜔)

(Eq. 4) 𝜀′′𝑑𝑒𝑟 (𝜔) = − 2

𝜕𝑙𝑛𝜔

For relatively broad peaks such as those of primary and secondary relaxations in glass formers,

this expression is approximately equal to the ohmic-conduction-free dielectric loss ε”(ω) and
thus allows displaying the dielectric loss stemming only from relaxation phenomena, without the
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conductivity contribution.25,26 The spectral position of the maxima in the plot of the derivative of
ε’(ω) were taken as initial guesses to perform the fit of the corresponding loss spectrum ε”(ω).
Although the Cole-Cole or Havriliak-Negami functions do not account correctly for the spectral
lineshape at frequencies far from the loss maximum, it has been shown numerically27 that these
model functions are basically equivalent, under certain conditions, to a time-domain modeling by
means of a stretched exponential distribution.
Finally, the contribution of free charge carriers was not a pure conductivity term; their motion
was accompanied by polarization effects, visible as an increase in the real part of the permittivity
ε’(ω) at low frequency. For this reason, the contribution of free charge carriers to the complex
permittivity was modeled with a phenomenological term given by s0/[ε0(iω)n], where n and s0 are
constants.
Results and Discussion.
1. Cryomilled PVP
Figure 1 shows selected isothermal dielectric loss spectra (ε”(f), where f = ω/2π) of a polymer
pellet made with cryomilled PVP. The various panels of Figure 1 display different temperature
intervals. The interpretation of the relaxation features visible in the spectra can be carried out in a
straightforward way based on the comparison with the dielectric spectroscopy results on
amorphous PVP obtained from the melt and on aqueous PVP solutions.18 Between 150 and 260
K (panel (a)), the polymer spectrum is dominated by a dielectric relaxation (labeled as w1 in the
spectra) which is also observed in aqueous solutions, both at low (1% in weight) and high water
concentration, and which is absent in pure PVP.18 PVP is soluble in water and hygroscopic, so
that a certain amount of humidity is unavoidably retained by the samples during storage of the
amorphized material and preparation of the pellet for dielectric experiments. The presence of
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physisorbed water in the pure PVP samples was confirmed by scanning calorimetry (see Figure
2(a)) and by thermogravimetry analysis (not shown).

Figure 1. Selected isothermal dielectric loss spectra ε”(f) of cryomilled PVP, in different
temperature intervals: 167.2-257.2 K, every 10 K (a), where process w1 is visible; 267.2-347.2 K,
every 10 K (b), where process w2 and γ are observed (together with the low-frequency tail of
process w1); 351.2-383.2 K, every 4 K (c), where the effect of the loss of water is observed as a
decrease of the conductivity background, which in turn enhances the visibility of process γ;
393.2-473.2 K, every 10 K (d), where the γ and βJG processes contribute to the spectra. The solid
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lines through the data are fits, and dotted lines represent spectral components. Inset to panel (d):
logarithmic derivative spectra (eq. 4) of selected high-temperature spectra (425.2-461.2 K, every
12 K) to highlight the presence of both the γ and βJG relaxations.
In the range between 270 and 350 K (Figure 1(b)), another relaxation feature becomes visible,
labeled as w2 in the spectra, while the low-frequency background increases. The w2 relaxation
shows an anomalous temperature behavior, namely, it shifts to lower frequency as the
temperature is raised. Water-induced dielectric relaxations with anomalous temperature
dependence are typical of hydrated porous or nanostructured materials.28-34 Such “anomalous”
relaxations are generally ascribed to confined water, and the anomalous temperature dependence
is rationalized in terms of a reduction of free volume (or equivalently, an increase in the effective
pressure) of water molecules (or more in general, hydrogen-bond forming moieties) under
confinement.35-39 Confinement effects are likely to arise in the PVP sample if water molecules
are trapped in the inner free volume of the polymer matrix. To the best of our knowledge, the w2
relaxation was never reported previously in PVP samples. It would appear that its presence is
related to the complex porous morphology obtained in the cryomilling process.
Between 350 and 375 K (panel (c)), the typical temperature range where physisorbed water
molecules sublimate from hydrated samples, the low frequency background is observed to
decrease when the temperature increases. This is a common behavior observed in hydrated
organic materials, which most likely reflects the loss of proton conductivity induced by the
sublimation of water molecules.40,41 As the conductivity decreases, a broad relaxation feature
becomes visible, labeled as γ, which at lower temperatures was partially buried under the waterinduced conductivity contribution. The γ process corresponds to a secondary relaxation dynamics
of the polymer.
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Finally, panel (d) shows the high-temperature spectra (T > 380 K). While between 370 and 410
K the loss spectrum is characterized by the presence of a single feature (γ relaxation) with
roughly constant intensity, above 415 K a significant increase of the loss intensity is observed.
This loss enhancement marks the onset of a new relaxation mode of the polymer chains, which is
hidden in the low-frequency conductivity background of the spectra of panel (d). To best
visualize the presence of two separate relaxations in the high-temperature spectra,25 in the inset
to panel (d) we plot the derivative of the real part of the permittivity (eq. 4) for four
representative temperatures. The fact that the lower-frequency feature hidden in the conductivity
background is also detected below the calorimetric glass transition temperature of PVP (447 K,
see Figure 2(a)) indicates that this relaxation is not the structural α relaxation associated with the
glass transition. In fact, a similar relaxation was observed in pure supercooled PVP,¡Error!
Marcador no definido. where it was assigned to a Johari-Goldstein-like (βJG) relaxation.
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Figure 2. Differential scanning calorimetry thermograms of cryomilled PVP in an initially
sealed vessel (a) and of the PVP-Biclotymol mixture with 40% mass content of PVP (b) (endo
up). In each panel, the upper curve (continuous line, (1)) corresponds to the first heating scan
acquired on the as-stored sample, and the lower curve (open circles, (2)) to the second heating
scan measured on the same sample. The glass transition temperatures were determined as
indicated. Inset to (a): first-heat DSC (continuous line) and TGA (filled markers) thermograms of
cryomilled PVP using an open vessel. The red open markers are the derivative of the TGA trace.
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To analyze the temperature dependence of the characteristic relaxation frequency of each loss
feature, and allow a better comparison with the data of Cerveny et al.,18 we display in Figure 3
the Arrhenius plot of the relaxation times of the various features identified in the loss spectra of
Figure 1. The relaxation times were obtained by fitting each loss peak as the imaginary part of a
Cole-Cole function (eq. 3), except for the water-induced w1 relaxation which was modeled with a
Havriliak-Negami function (eq. 1). For the βJG relaxation, since it is not clearly distinguishable in
the loss spectra, the fit was performed by setting as initial guess for the relaxation time that
obtained from the derivative spectra (eq. 4, see the inset in Figure 1(d)). The presence of two
relaxations in this temperature interval (γ and βJG processes) was required to properly model the
data and account for the increase of the loss intensity above 415 K; the spectra could not be
correctly reproduced with a single spectral component.
For comparison purposes, we show in the plot also the relaxation times of the βJG and γ
relaxations of pure supercooled PVP and those of the most prominent water-induced relaxation
in a supercooled aqueous solution of PVP with 1% water, after Ref. 18. It may be observed that
both the w1 relaxation and the γ relaxation match approximately the corresponding relaxation
times of Ref. 18, which confirms their interpretation in terms respectively of a water-induced
relaxation and of a local relaxation mode of the polymer involving the motion of the pyrrolidone
side groups. Both relaxations follow the Arrhenius equation:
(Eq. 5) 𝜏 = 𝜏∞ exp(𝐸A ⁄𝑘B 𝑇).

Here kB is Boltzmann’s constant, τ∞ is the high-temperature limit of the relaxation time, and EA

is the activation energy for the process. The activation energies are 1.1 and 0.5 eV for the γ and
w1 relaxation, respectively. These values are similar to those reported in Ref. 18. Given that the
w1 relaxation is observed both in the hygroscopic PVP powder and in water solutions of the
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polymer, we ascribe this feature to interfacial (surface) water molecules hydrating the polymer
chains, but not confined within the polymer bulk. On the basis of its anomalous temperature
dependence, we assign instead the w2 relaxation to water molecules confined in the interstices of
the polymer matrix.
The anomalous temperature dependence of water relaxations has been often associated, in
recent studies, with the reduction of free volume upon increasing the temperature under
confinement. According to a model proposed by Ryabov and coworkers,36 the increase of
temperature in a confined volume has two effects: an increased thermal energy, which speeds up
the relaxation dynamics, but also a decrease in the effective free volume available for molecular
motions, which is equivalent to an increase in pressure and thus leads to a slowing down of the
dynamics. Other theories have been proposed to explain these anomalous water-related
relaxations, namely, that they are due to the changes induced in interfacial relaxations upon loss
of water. The interfacial relaxation responsible for the anomalous relaxation has been proposed
to be a Maxwell-Wagner-Sillar relaxation,30 or else protonic space-charge polarization.41 Both
mechanisms require the loss of water; however, in the case of cryomilled PVP the anomalous
temperature dependence is observed already at temperatures lower than the freezing point of
pure water (see Figure 1(b)), which makes it unlikely that it can be an effect of the loss of water
molecules. Indeed, the loss of protonic conductivity takes place at significantly higher
temperature (Figure 1(c)) than those where the anomalous behavior of the w2 relaxation is
observed. On the other hand, it is likely that our cryomilling process can lead to a mesoporous
sample morphology where confinement effects on trapped water molecules may be important.
Both water-induced relaxations are significantly slower than the structural relaxation of
supercooled bulk-like water, which makes it clear that interfacial water molecules are involved in
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both processes;39 these water-induced relaxations may arise from the relaxation of the molecular
dipole moment of strongly bound water molecules, or else from the dynamics of interfacial
hydrogen bonds.41
It is interesting to note that the calorimetry thermogram of as-stored cryomilled PVP acquired
in a sealed vessel (curve labeled (1) in Figure 2(a)) shows the presence of distinct water-induced
endothermic peaks, which likely reflect the desorption/evaporation of different types of water
molecules (such as physisorbed secondary water, at lower temperature, and confined water, at
higher temperature). On the other hand, the DSC and TGA thermograms acquired in open
vessels at ambient pressure (see inset to Figure 2(a)) display a very broad water loss in the
temperature interval between 320 and 400 K, followed by a mass loss just below the glass
transition temperature. The latter may be assigned to the desorption of very-tightly bound water,
likely involved in H-bonds with the carbonyl oxygen of the pyrrolidone sidegroups.

Figure 3. Arrhenius plot of the relaxation times of the four relaxations in cryomilled PVP
observed in Figure 1 (processes labeled as w1, w2, γ and βJG). For comparison, the relaxation
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times of pure PVP obtained by supercooling the melt and PVP aqueous solutions with 1% weight
of water are also shown (gray stars, after Ref. 18). Inset: temperature dependence of the
dielectric strength Δε of the (polymer-related) βJG and γ relaxations in cryomilled PVP.
The Johari-Goldstein relaxation of glass-formers is closely related with the structural (α)
relaxation of these systems, and it usually displays a dynamic crossover at the glass transition
temperature (Tg).42-45 A crossover is observed in both sets of data for the βJG relaxation of PVP
(our data and those of Ref. ¡Error! Marcador no definido.). In our cryomilled PVP sample, the
activation energy of the βJG relaxation changes from a high-T value of 3.7 eV to a low-T value of
1.7 eV. The crossover is observed at 442 K, in rough agreement with the calorimetric Tg (Figure
2(a)), and at virtually the same temperature as the crossover reported in pure supercooled PVP.18
Small differences in Tg between different PVP samples may be expected due to a different water
content and average molecular weight.18,46
The inset to Figure 3 displays the dielectric strength (Δε) of the polymer-related relaxations βJG
and γ, as a function of temperature. At lower temperatures, the strength of the γ relaxation
decreases with increasing temperature, as normally observed in systems with a fixed density of
relaxing units (e.g., in the structural relaxation of small-molecule glass formers); the decrease is
due to the fact that the effective polarizability of local dipoles is lower the higher the thermal
disorder.47 Starting from ca. 380 K, temperature at which the βJG relaxation enters our
experimental frequency window, the strength of the γ process increases with increasing
temperature. This is in agreement with the results reported in Ref. 18, and is indicative of the fact
that the onset of βJG relaxation has an impact on the local relaxation process. The temperature
dependence of the dielectric strength of the βJG relaxation displays a crossover at roughly at the
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glass transition temperature, just as the relaxation time does; this effect is in line with the JohariGoldstein character of this relaxation.45
2. PVP-Biclotymol Binary Dispersions
Figure 2(b) shows the DSC thermograms of a representative polymer-drug mixture, namely the
one with 40% weight of polymer. In the first heating scan (1) a single glass transition peak with a
pronounced enthalpy recovery peak (endothermic overshoot) is visible, indicating that this glassy
polymer dispersion has undergone significant ageing during storage.48 In the subsequent coolheat cycle (2), a step-like increase in the specific heat was observed at roughly the same
temperature as the onset of the glass transition in the first heat up ramp (as-stored sample).
Similar results were obtained also at the other polymer concentrations studied: the glass
transition temperature was unique, with a significant endothermic overshoot in the first heat-up
ramp. The calorimetric glass transition temperature Tg of the samples (as determined from the
second heat-up ramp) is reported in Table 1. Tg is found to decrease with increasing drug
loading, as it may be expected for a homogeneous mixture where the small-molecule component
acts as a polymer plasticizer.
Figure 4 displays the dielectric loss spectra of the same polymer-drug mixture (40% weight of
PVP) in two different temperature intervals. The relaxation visible at high frequency in the
spectra at lower temperature (panel (a)) matches the spectral position of the secondary relaxation
(sb, where the subscript “b” stands for Biclotymol) reported in the pure drug.19 We observed that
the intensity of this feature was higher the larger the Biclotymol content in the mixture. Only this
drug-related relaxation was observed in the isothermal spectra at low temperature, while no
water-related signal was detected (both the w1 and w2 relaxations were absent). Similarly, the
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mixture did not exhibit any conductivity anomaly upon warming it through the temperature
range of desorption of secondary water. This indicates that no appreciable amount of water is
present in the sample, and therefore that the relaxation features observed are exclusively due to
the drug and/or to the polymeric excipient. These results show moreover that mixing PVP with
Biclotymol effectively reduces the hygroscopic character of the polymer, which is beneficial for
the chemical stability of the drug, as it avoids water-induced hydrolysis reactions. We argue that
this is due to the direct interaction between the drug molecules and the hydrogen-bond forming
group of the macromolecule, namely, the carbonyl group of the pyrrolidone moieties (see also
below).
The lowest Biclotymol mass fraction in the mixture is 40%; considering that each Biclotymol
molecule has 2 hydroxyl groups, such a high drug content is sufficient to allow most of the
carbonyl groups, which in pure PVP are responsible for H-bonding to water molecules, to bind to
Biclotymol molecules instead. The loss of hygroscopicity of the mixtures compared to pure PVP
indicates that the interaction between the pyrrolidone sidegroups and the drug molecules is
stronger than the hydrogen-bond interaction of water to the same group (and to Biclotymol):
since water has to compete with Biclotymol to bind to the carbonyl groups, if the interaction with
the drug is more favorable than with water, this would effectively remove the adsorption sites for
water, rendering the sample less hygroscopic. This interpretation is also consistent with the
observed physical stability of the solid-state dispersions, since it is known that amorphous
dispersions of drugs in polymers are less prone to crystallize if there is a strong interaction
between polymer and drug such as a H-bond interaction.49,50
Besides the secondary relaxation, the loss spectra of Figure 4(a) also exhibit a more intense
feature, visible in the central portion of the spectra. As will be shown in what follows, this
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feature corresponds to the local relaxation mode (γ) of the polymer, which as mentioned is likely
related to the reorientational motion of the pyrrolidone side groups. This relaxation is slightly
affected by the presence of the Biclotymol molecules, as detailed below.

Figure 4. Selected dielectric loss spectra of the cryomilled mixture with 40% weight of PVP, in
two different temperature ranges: 293.2-339.2 K (a), and 347.2-403.2 K (b). Markers are
experimental data, continuous lines are fits, and dotted lines represent dielectric relaxation or
conductivity components. Real permittivity spectra (c) and their derivative as defined in eq. 4 (d)
for selected temperatures between 375.2 and 405.2 K. In (c), continuous lines represent the real
part of the fit function used to model the imaginary permittivity data, and dotted lines represent
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fit components. The inset depicts in detail one of the components, corresponding to the γ
relaxation.
At higher temperature (Figure 4(b)) the loss intensity increased significantly due to the onset
of a new relaxation feature, which is labeled as α in the spectra. Figure 4(c) shows the real
permittivity spectra (ε’) at high temperature, for selected temperatures. The other PVPBiclotymol mixtures studied displayed the same three relaxations, although the secondary
relaxation of Biclotymol (sb) was only barely visible in the sample with 60% mass of PVP. To
highlight the presence of two separate relaxations (α, γ) in the loss spectra at higher temperature,
in Figure 4(d) we show the derivative plots of the real permittivity (eq. 4) for the same
temperatures as in panel (c). The presence of two spectral components, with a predominant α
relaxation and a shoulder on the high-frequency flank due to the γ process, can be clearly
discerned in this conductivity-free representation. Interestingly, the strength of both relaxations
undergoes a sudden increase at about 400 K. A similar sudden increase, even more pronounced
than the one observed in Figure 4(d), was also observed in the sample with 20% weight of PVP
(not shown). The possible origin of this sudden increase is discussed later.
Figure 5 shows the Arrhenius plot of the relaxation times of all three relaxations observed in
the PVP-Biclotymol mixtures. For comparison purposes, the data for the primary (αb) and
secondary (sb) relaxations of pure amorphous Biclotymol, published in Ref. 19, have also been
added to in the graph. It can be observed that the sb relaxation time is virtually unchanged from
one concentration to another, and that it matches that of the pure Biclotymol glass. This, together
with the fact that the dielectric strength of this process decreases with decreasing Biclotymol
concentration, allows a straightforward interpretation of this relaxation feature in the mixtures as
the secondary (non-cooperative) relaxation of the Biclotymol component. Our data furthermore
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confirm that the origin of such relaxation is an intramolecular dynamics of the isolated drug
molecule, as suggested in Ref. 19, and not a Johari-Goldstein relaxation of the drug.45
The other two relaxations in the Arrhenius plot display variations between the samples, which
are very significant in the case of the α relaxation. The temperature dependence of the γ
relaxation time of the mixtures is simply activated. It can be observed in Figure 5 that the γ
relaxation times of both pure PVP and the mixtures appear to converge at room temperature to a
value close to Log(τ) = 2. In other words, the temperature at which the relaxation time of this
polymer-related dynamics reaches 100 s is the same regardless of the drug loading. The
coincidence of the γ relaxation times at low temperatures for all samples including pure PVP
indicates that this relaxation dynamics has the same origin in all samples, namely, that they stem
from local polymer motions involving the pyrrolidone side groups. The fact that the γ process
attains relaxations times longer than 100 s close to the glass transition temperature of
Biclotymol, and that therefore the γ relaxation lines cross the primary relaxation line of pure
Biclotymol (αb) near the Tg of the pure drug, is instead purely accidental.
As visible in Figure 5, the γ relaxation times at high temperature are slightly different for
different the drug loading. The slope of the γ process in the Arrhenius plot, or equivalently the
activation energy EA, listed in Table 1, increase systematically with increasing drug content. This
indicates that the barrier against rotation/tilting of the pyrrolidone moieties increases due to
direct interaction of the Biclotymol molecules with the polymer side groups, most likely via
hydrogen bonding to the carbonyl oxygen of the pyrrolidone ring. Such direct interaction is
responsible for the loss of hygroscopicity of the macromolecules, as the drug molecules cap the
hydrogen-bonding group of the PVP moieties. Moreover, it is likely that this relatively strong
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drug-excipient interaction contributes substantially to the metastabilization of the amorphous
mixtures,49,50 by preventing the formation of H-bonded homocomponent clusters.

Figure 5. Arrhenius plot of the relaxation times of the Biclotymol intramolecular secondary
(empty markers), pyrrolidone side group (semifilled markers), and structural primary (filled
markers) relaxation of the PVP-Biclotymol mixtures (20%, 40% and 60% PVP mass fraction).
For comparison, the secondary (sb) and primary (αb) relaxations of pure Biclotymol are also
shown (after Ref. 19). The horizontal dotted line indicates the vitrification time (Log(τ) = 2),
while dashed lines are fits with the Arrhenius eq. 5 or with the VFT eq. 6. Inset: plot of the Tg
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values extrapolated from dielectric data for binary PVP-Biclotymol samples, as a function of the
mass fraction of PVP.
While the γ process follows the Arrhenius law (eq. 5) in all mixtures, the temperaturedependence of the α relaxation time was non-Arrhenius, and was modeled with a Vogel-FulcherTamman (VFT) equation, whose analytical expression is:51
(Eq. 6) 𝜏𝑚𝑎𝑥 = 𝜏∞ exp[𝐷 𝑇VF ⁄(𝑇 − 𝑇VF )].

The prefactor τ∞, the so-called fragility parameter D, and the Vogel-Fulcher temperature TVF

are phenomenological parameters. The values obtained by fitting the experimental α relaxation
times with eq. 6 are listed in Table 1.
% mass
PVP

Log(τ∞/[ps])

D

TVF [K]

m

Tg [K]
(BDS)

Tg [K]
(DSC) (± 2)

EA γ relax
[eV]

60

–19

15.5

286.7

85

378.4

377

1.48

40

–16.8

18.2

247.1

64

350.6

346

1.66

20

–35.4

955

26.4

41

319.5

321

1.85

0

–19.2

16.2

216.2

85

288.0

292

-

Table 1. VFT parameters of the α relaxation, fragility m, and glass transition temperature Tg of
PVP-Biclotymol mixtures and Biclotymol. The activation energy (EA) of the γ relaxation is also
listed.
A VFT behavior is typical of cooperative structural relaxations in glass forming systems, and it
is obeyed for example by the structural relaxation of pure supercooled Biclotymol.19 The nonArrhenius temperature dependence of the process, and the systematic variation of relaxation time
and vitrification temperature with polymer weight fraction, allow identifying the hightemperature relaxation process as the structural relaxation of the PVP-Biclotymol mixtures. The
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value of the dielectric glass transition temperature Tg for each sample was obtained from the
𝐷

VFT parameters as 𝑇g = 𝑇VF �1 + Ln(100)−Ln(τ �. The dielectric Tg values, listed in Table 1, are
)
∞

in agreement with the calorimetric glass transition temperatures, and both shift to lower values

with increasing drug content. As visible in the inset in Figure 5, the dielectric Tg scales with the
mass percentage of the polymer in the mixture, increasing by roughly 1.5 K for every percent
unit of PVP.
The agreement with the calorimetric Tg and the systematic shift to shorter relaxation times with
increasing drug loading confirm that the high temperature relaxation of the mixtures is indeed the
structural (α) relaxation. The fact that this relaxation is observed in the mixtures but not in pure
PVP might be partially due to the fact that the Biclotymol molecules act as dipolar “markers”
that enhance the overall dipole moment of the mixture and thus increase the polarization
fluctuations associated with the joint cooperative dynamics. The dielectric strengths ∆ε of the α
relaxations are displayed as a function of temperature in Figure 6(a) for all three mixtures (20,
40, and 60% weight of PVP). The strength of the 40% PVP sample exhibits a continuous
increase above Tg (319 K), and then a sudden jump at 400 K, as already noted when discussing
Figure 4(c). Similarly, the 20% PVP sample exhibits a sudden increase in strength at 377 K,
about 30 K above the glass transition temperature of this mixture.
The increase in strength is opposite to what might be expected from simple thermal arguments,
according to which the polarizability of a sample should decrease with increasing temperature
due to enhanced thermal fluctuations. We observed similar increases also in pure polymer
samples, and their origin is not yet clear. Instead, the relatively sharp changes in dielectric
strength were observed only in the mixtures. We consider it unlikely that these changes in
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strength reflect a variation of the number of dipolar moieties participating in this dynamic
process, as such a variation would have an impact also on the characteristic time of the
cooperative motions, which is not observed (Figure 5). Especially in the case of a mixture, the
dielectric strength depends not only on the number of cooperatively relaxing units, but also on
the relative orientation of the individual neighboring dipoles, which is described by the so-called
Kirkwood correlation factor.47 In a polymer sample, moreover, the strength of the dielectric
relaxation depends on whether the monomer dipole is oriented parallel to the chain, or
orthogonal to it, or in between. It is likely that the sudden jump in dielectric strength of the α
relaxation reflects a different relative orientation of the local dipole moments of the pyrrolidone
moieties and Biclotymol molecules, although it cannot be excluded that it is associated with the
peculiar character of the amorphous mixtures obtained by the milling procedure. Further
independent investigations are needed to clarify this point.
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Figure 6. (a) Dielectric strength of the α relaxation of the PVP-Biclotymol mixtures as a
function of temperature. (b) Angell plot of the α and γ relaxation times of the mixtures. The data
of the γ relaxation of cryomilled PVP and of the α relaxation of pure supercooled Biclotymol are
also shown for comparison. Inset: fragility index (m) of the mixtures vs PVP mass fraction.
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The observation of a cooperative dynamics whose relaxation time scales with the amount of
Biclotymol is clear evidence that our cryogenic milling procedure yields truly molecular
mixtures, with the drug molecules in direct contact with the polymer chains. The results of our
analysis also rule out a possible presence of an amorphous pure Biclotymol fraction. It is worth
mentioning that no crystallization of the Biclotymol component is observed in the experimental
runs, despite the fact that the samples were heated up to 455 K, that is, more than 100 K higher
than the onset of the recrystallization process of pure supercooled Biclotymol.19
While the structural relaxation time and thus the viscosity of the sample decrease significantly
with increasing Biclotymol content, the γ relaxation time appears to be only slightly affected by
this change in the macroscopic properties of the mixture and by the enhancement of the
cooperative segmental motions (see Figure 5). This entails that the frequency separation between
the α and γ decreases with increasing drug loading. To best visualize this, Figure 6(b) shows the
Angell plot (Log(τ) vs Tg/T) of both polymer-related relaxations for all studies samples (for the
case of pure PVP, the definition of the normalized temperature scale was done taking the
calorimetric glass transition temperature of 447 K). The γ relaxation does not scale with Tg,
which confirms that it does not have a Johari-Goldstein character, since Johari-Goldstein
relaxations maintain a fixed frequency separation with respect to the cooperative α
relaxation.45,52
The most important parameter of the α relaxation in the Angell plot is the so-called kinetic
fragility,53,54 defined as the slope at Tg /T = 1. In the case of structural relaxations following a
𝐷

VFT behavior, it can be computed as 𝑚 = Ln(10)

𝑇VF ⁄𝑇g

�1−𝑇VF ⁄𝑇g �

2

. The fragility is observed in the

main panel and inset of Figure 6(b) to be a function of the composition of the mixtures, in
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particular, it is lower the lower the PVP mass fraction. The obtained fragility values are listed in
Table I. The mixture with 20% mass fraction of PVP (80% mass fraction of Biclotymol) behaves
as a relatively strong glass former, which is surprising given that pure Biclotymol has a fragility
value of about 85 ± 10.
Concerning again the γ relaxation, it may be seen in the Angell plot that the relaxation time of
the local relaxation mode of the polymer at Tg (that is, for a fixed value of the viscosity) is not
constant, but it is instead lower the higher the drug loading. The same is true also at temperatures
other than Tg: for a fixed value of the normalized temperature T/Tg, the γ relaxation becomes
slower the higher the drug content. The results of Figure 5 and Figure 6(b) can be rationalized as
follows. The presence of the Biclotymol molecules, whose linear dimensions are small compared
to the gyration radius of the polymer, increases the free volume available for cooperative
segmental motions of the polymer, resulting in a plasticizing effect of the drug on the α
dynamics. On the other hand, the direct interaction of the Biclotymol molecules with the polymer
side groups increases the “effective mass” of the pyrrolidone moieties and enhances their steric
interactions, slowing down their rotation/tilting motion with respect to the chain and resulting in
an effective relative antiplasticizing effect on the γ dynamics. The side group relaxation cannot
obviously be independent of the chain dynamics; the rough coincidence of γ relaxation times
between the samples at low temperature would then stem from the compensation of plasticizing
and antiplasticizing effects.
Our results show that obtaining binary mixtures is not only a valuable tool to metastabilize the
thermodynamically unstable glassy phases of the pure components,55,56 but that it also allows to
unambiguously identify secondary relaxations, a task that is not always trivial.57,58 They further
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show that cryogenic co-milling leads to the establishment of relatively strong H-bond
interactions that boost both the physical stability of the mixed samples, by preventing the
nucleation of separate phases of the two components, and the chemical stability during storage,
by preventing the capture of water vapor by the hydrophilic water-soluble polymer carrier. It is
possible that the formation of stable H-bonds is at least partially due to the application of the
milling method at temperatures below the glass transition of either component, where
cooperative motions are quenched; this might induce the formation of more stable local
interactions by bringing the two components close together by mechanical (pressure-like) forces,
at a temperature where the system has not enough thermal energy to overcome the hydrogen
bond network to promote a cooperative structural relaxation.
Conclusion.
We have employed differential scanning calorimetry and broadband dielectric spectroscopy to
characterize cryomilled polyvinylpirrolidone (PVP) and amorphous solid dispersions of the
Biclotymol antiseptic in PVP obtained by cryogenic co-milling. Cryomilling of PVP results in an
amorphous matrix with similar glass transition temperature than supercooled PVP. The as-stored
PVP sample is observed to contain a minority fraction of water; the dielectric spectra exhibit four
relaxation processes, two of which are due to water, and two to the polymer. On the contrary, no
evidence of water is found in the binary drug-polymer mixtures. The glass transition temperature
of the dispersion scales linearly with the polymer content, and no crystallization of the drug is
also observed at high temperature, contrary to the case of pure Biclotymol which crystallizes at
temperatures just above its glass transition temperature. Hence, mixing the drug with PVP boosts
the metastability of the amorphous formulation. The dielectric spectra of the mixtures show the
existence of three dielectric relaxations, one of which is the cooperative structural relaxation of
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the mixture, and the other two correspond to the local relaxation mode of each component,
respectively. The local relaxation mode of the polymer, associated with a reorientational motion
of the pyrrolidone sidegroup, is affected by the presence of the drug, which not only acts as a
“marker” to enhance the visibility of reorientational motions, but also increases the energy
barrier for these local reorientational processes.
Our work shows that cryogenic ball milling is able to produce a molecular mixture also in the
case of an asymmetric binary system composed of a small-molecule drug and a macromolecular
excipient. The local interactions between drug and polymer effectively enhance the physical and
chemical stability of the mechanically obtained mixtures.
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