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ABSTRACT: Structural dynamics in the glassy state of two
protic ionic liquids, carvedilol phosphate and procaine hydrochloride, were characterized from analysis of changes in the
conductivity relaxation times during physical aging. The obtained
relaxation times, having a magnitude exceeding feasible
experimental time scales and thus not directly measurable, are
consistent with published data from a method that relies on the
presence of a secondary relaxation. We also observe a narrowing
of the relaxation dispersion, speciﬁc to higher frequencies, that is a
consequence of the heterogeneous dynamics of deeply supercooled materials.
SECTION: Glasses, Colloids, Polymers, and Soft Matter
he irony of the ∼100 years of research on the glass
transition is that so little of it is concerned with glasses per
se. This is the case even though the vitreous state is associated
with distinct properties that may help solve the glass transition
problem, properties such as nonergodicity, an Arrhenius
temperature-dependence for the primary relaxation time, and
invariance to thermodynamic conditions of both the shape of
the relaxation function and the dynamic correlation volume.
The limited experimental data on glassy dynamics obviously
results from the inability of typical dynamic spectroscopy to
measure structural relaxation occurring over prolonged time
periods. Approaches to circumvent this diﬃculty include
addition to the sample of chromophores, whose motion can
be monitored without the need for motion of the host
molecules,1,2 and measurement of secondary relaxations, from
which inferences are drawn concerning the structural
dynamics.3−6
The principle material studied herein is carvedilol phosphate
(CP, structure in Figure 1), which is comprised of a racemic
mixture of two enantiomers and usually exists as the
hemihydrate. The substance ﬁnds application as an oral
medicine, used in the treatment of hypertension and certain
heart abnormalities. Our interest is the behavior of glassy CP
because the glassy state of pharmaceuticals is an attractive
means to control the solubility and bioavailability of drugs.
However, glasses are metastable, hence the possibility of
crystallization or other physical changes that may degrade
biological function. The tendency for such changes is related to
the molecular mobility of the glass, which makes pharmaceuticals an important class of materials for studies of glassy
dynamics.7−16 In this work, we describe a new approach, in
which the change in the diﬀusivity of ions due to physical aging
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Figure 1. Peak in the dielectric loss modulus due to conductivity
relaxation at various temperatures in the liquid and glassy states (the
interval between each spectrum is 5 K). The dashed line is the
Kohlrausch function with βKWW = 0.53 ﬁtted to the loss peak at 333 K.
The chemical structure of CP is shown.

is used to deﬁne a time constant that characterizes structural
relaxation of the glass. The idea underlying this method is that
physical aging is governed by the time constant measured in
suitable dielectric experiments (e.g., nonlinear spectroscopy17−20 and hole-burning experiments21); that is, subensembles
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within the glass proceed toward equilibrium at a rate reﬂected
in the rate of their local dynamics. We verify the method by
applying it to ion diﬀusion data in another drug, procaine
hydrochloride. In addition to extracting relaxation times for the
glassy state, we also observe in CP an asymmetric narrowing of
the dispersion of the conductivity relaxation. Such a result
implies a reduction in the distribution of relaxation times and
inferentially of the structural heterogeneity of the glass.22 The
behavior is consistent with the high-frequency modes having
shorter relaxation times and in turn a faster response to the
volume changes induced by physical aging.23
The dc conductivity relaxation spectra due to diﬀusion of the
dihydrogen phosphate anions (H2PO−4 ) in CP were measured
with a Novocontrol Alpha analyzer. To probe structural
relaxation directly, stochastic temperature-modulated diﬀerential scanning calorimetry (TMDSC) was carried out using a
Mettler-Toledo TOPEM. The carvedilol phosphate with a
chemical purity greater than 99.5% was obtained from
Polpharma Pharmaceutical Works (Poland) and used as
received.
Figure 1 displays the loss component of the complex electric
modulus, M″, measured over a 70° range encompassing the
glass transition temperature (calorimetric Tg = 351 K evaluated
from the temperature dependence of the quasi-static heat
capacity cp0).
The peak due to ion motion completely masks the primary
α-relaxation even above T g because of the high ion
concentration (CP is a protic ionic liquid24,25). As the
temperature decreases, the dispersion moves to lower
frequencies; however, the eﬀect of temperature is markedly
reduced below Tg. This is evident in the relaxation map in
Figure 2, showing the dc conductivity relaxation time, τσ,
deﬁned as the inverse of the frequency of the M″ peak.
Ion diﬀusion continues below Tg, but the cessation of
rotational motion of the CP molecule inhibits the migration,
increasing τσ and reducing its sensitivity to T. Such decoupling
of ion translation and host molecule reorientation has been
reported before in other glassy materials.26−28 For comparison,
included in Figure 2 are the α-relaxation times determined by
TMDSC from the temperature dependence of the real part of
the complex heat capacity, cp′(T), measured at diﬀerent
frequencies (see the inset to Figure 2). Although the
calorimetric relaxation times do not precisely correspond to
the values from dielectric spectroscopy, these τα are certainly
much longer, by ∼3 orders of magnitude, than the ion
relaxation times.
τσ(T) becomes Arrhenius below Tg, with an activation energy
equal to 115 ± 2 kJ/mol. Because the glass is metastable, the
density increases over time as the material slowly equilibrates
(physical aging). This imparts a time dependence to the
properties, and slowing of ion diﬀusion is evident in Figure 3 in
the shift of the M″ peak toward lower frequencies. However, the
eﬀect of physical aging is not limited to changing the mean
relaxation time; there is a systematic narrowing of the
dispersion on the high-frequency side, as seen in the inset to
Figure 3.
We quantify the change in the conductivity relaxation times
by ﬁtting the data for three temperatures, all below Tg, to an
empirical equation
τσ = A exp( −[t /τage]β ) + τσ , ∞

Figure 2. Conductivity relaxation times for CP (circles), showing the
weaker T dependence below Tg, and the structural relaxation times
measured by TMDSC (stars) and extracted from the change in τσ
during physical aging (diamonds). The lines are Arrhenius ﬁts to the
data below Tg (activation energies as indicated) and to the Vogel
equation for τσ of the liquid, log(τσ/s) = −14.82 + 910.4/(T − 277.2).
Tg, determined as the temperature at the midpoint of the step change
in cp0(T), is indicated by the vertical dashed line. The inset shows the
temperature dependences of the real part of complex speciﬁc heat
capacity cp′(T) measured at diﬀerent frequencies, along with the quasistatic speciﬁc heat capacity cp0(T).

Figure 3. Shift of the conductivity peak during physical aging at a
temperature 26 K below Tg. The inset panel presents the superposition
of ﬁrst and last (after 27 h) recorded M″ spectra.

in which A, β, and τσ,∞ are constants. This equation describes
the τσ(t) data well (Figure 4), with the ﬁt parameters given in
Table 1. It is worth noting that a similar equation has been
previously used by Lunkenheimer et al.29 for analysis of timedependent dielectric loss data of various glass formers below
the glass temperature.
The τage(T) from eq 1 are plotted in Figure 2, where
consistency with extrapolation of the α-relaxation times from
calorimetry is observed. This result supports our premise that
the aging rate is governed by the slow structural relaxation
dynamics of the glass, so that τage is a measure of τα in the glassy
state.
The selective narrowing on the high-frequency side of the
peaks during aging is illustrated in Figure 4, showing the
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Figure 5. Changes of τσ(t) (ﬁlled diamonds) and M″/M″(t=0)(t) (ﬁlled
circles), measured at 293 K for procaine HCl (chemical structure
depicted). Solid lines are ﬁts of eq 1 (blue line) and the equation of ref
3 (red line) to the experimental data. The evolution in time of the
conductivity relaxation process measured at T = 293 K is shown in the
inset.

Figure 4. Change during physical aging at the indicated temperatures
in (lower) the conductivity relaxation time, along with the ﬁts of eq 1,
and (upper) the shape parameter from eq 2.

Table 1. Fitting Parameters of Equation 1 to the τσ(t)
Experimental Dataa

a

T (K)

A (s)

log (τage/s)

τσ,∞ (s)

328
333
338

−0.69 ± 0.01
−0.25 ± 0.001
−0.056 ± 0.001

5.01 ± 0.02
4.63 ± 0.02
4.08 ± 0.02

0.89 ± 0.01
0.34 ± 0.005
0.10 ± 3.005

plotted in the ﬁgure is the intensity of the secondary relaxation
peak at 2.03 kHz, measured at the same temperature. The
reduction in the secondary (β) relaxation strength as the
material physically ages reﬂects the densiﬁcation caused by
structural relaxation. Thus, as shown in several recent
publications,3,30−32 the time constant characterizing the change
in amplitude of the β-peak, τβ,age, is essentially the structural
relaxation time. The values at 293 K from the two methods for
procaine HCl, τage = 7.6 × 103 s and τage,β = 6.0 × 103 s, diﬀer
by about 20%; this near equivalence veriﬁes the analysis
introduced in the present work.
In summary, we used the kinetics of the change in the ion
conductivity in glassy carvedilol phosphate to probe its
structural relaxation. The reliability of our approach is
conﬁrmed by agreement between structural relaxation times
for procaine hydrochloride determined in this manner with
results obtained from analysis of the secondary relaxation. The
stability of pharmaceuticals depends on the mobility in the
glassy state, and the present method oﬀers a facile means to
quantify the dynamics and thereby predict stability.

The exponent β was a temperature-independent 0.53.

asymmetry shape parameter, γHN, from the Havriliak−Negami
function, which for the dielectric modulus is given by
⎡
⎤−1
1
Δε
= ⎢ε∞ +
M* =
⎥
(1 + (iϖτ)αNH )γHN ⎦
ε* ⎣

(2)

where Δε, the dielectric strength, ε∞, and the two exponents
are constants. As γHN goes to unity, there is less skewing toward
higher frequencies, the peak becoming more symmetric. This
change in the shape of the dispersion is a reﬂection of the
heterogeneous dynamics, potentially arising from two eﬀects:
To the extent that ion motion is governed by the size and
distribution of vacancies, the densiﬁcation occasioned by
physical aging is presumably more eﬃcient for the more
open regions and thus would naturally aﬀect the faster moving
ions in such locales. An additional eﬀect, based on the idea of a
distribution of relaxation times in a dynamically heterogeneous
system, is that each species ages with a time constant identical
to its particular relaxation time value.23 Thus, species having
smaller τα contribute at higher frequencies and age more
rapidly. These two mechanisms are not unrelated, with the
former comprising a speciﬁc mechanism for the latter. The
consequence is less heterogeneous dynamics, seen in the
narrower and more symmetric conductivity relaxation peaks in
Figure 3.
To corroborate our interpretation of τage as the time scale for
structural relaxation in the glassy state, we apply the same
analysis to procaine HCl, another protic ionic liquid. In the
inset of Figure 5, the evolution over time of the conductivity
relaxation process is displayed.
Additionally, in the main panel of this plot, τσ for procaine
HCl is plotted versus the aging time at T = 293 K (Tg = 316 K),
along with the ﬁt to eq 1; the result is τage = 7.59 × 103 s. Also
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