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Abstract. The experimental techniques of differential scanning
calorimetry (DSC) and thermally stimulated depolarization currents
(TSDC) were used to study the thermal behavior of the pharmaceu-
tical drug (4)-methocarbamol and its slow molecular mobility (in the
1073-1072 Hz range) in the amorphous solid state. The possibility of
polymorphism was considered based on the DSC results. The glass
forming ability and the glass stability were investigated by DSC,
and the general kinetic features of the main relaxation, including the
fragility or steepness index, were studied by both experimental tech-
niques. The secondary relaxations detected by TSDC revealed fast and
slow (Johari-Goldstein) modes. These secondary relaxations of different
nature were assigned based on physical aging studies.

1 Introduction

The molecular structure of most modern active pharmaceutical ingredients (APIs)
is extremely complex, with the consequent low water-solubility of their crystalline
form. On the other hand, the drugs in the higher energy amorphous solid state show
a higher solubility and a faster dissolution rate, which leads to a higher bioavail-
ability. Therefore it has the greatest interest to take advantage of this behavior for
an effective formulation of poorly water-soluble drugs [1-3]. The use of drugs in the
amorphous state has however the disadvantage of the glass instability (its tendency
to crystallize), and this instability greatly varies from substance to substance, and de-
pends also on the amorphization method (freeze drying, ball milling, melt quenching,
cryo-milling) [4,5]. There seems no doubt that there is a close relationship between
the physical instability of the amorphous and its molecular mobility [6,7]. The
a-relaxation assists amorphous crystallization at temperatures below T, [7-9], and a
correlation was observed between the relaxation time of the Johari-Goldstein relax-
ation and the physical instability of the glass [6,10]. The local mobility also appears
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Fig. 1. The chemical structure of methocarbamol.

to have an important role at low temperatures, tens of degrees below Ty, where coop-
erative mobility and molecular diffusion are greatly reduced or nonexistent [11,12].

When the amorphous drug is unstable, stabilization of the glassy form is achieved
by obtaining a glassy mixture of the API in a polymer matrix (the amorphous solid
dispersion) [13,14] or through the so-called co-amorphous mixtures [15,16]. However,
understanding the molecular mobility in pure APIs remains important and useful to
find the best method of stabilization, and to design the most appropriate mixtures.

This work is a study by differential scanning calorimetry (DSC) and thermally
stimulated depolarization currents (TSDC) of the slow molecular mobility in the
amorphous solid state of (+)-methocarbamol, a muscle relaxant used to treat muscle
pain and stiffness [17], that is a racemic mixture, i.e. a mixture of two enantiomers of
the molecule depicted in Figure 1. It is a central nervous depressant with sedative and
musculoskeletal relaxant properties that works by blocking nerve impulses (or pain
sensations) that are sent to the brain. Methocarbamol is used together with rest and
physical therapy to relieve the discomfort caused by acute (short-term) muscle or bone
conditions such as pain or injury. It may also be used for other purposes. In our study
we will use DSC first to characterize the thermal behavior: polymorphism, melting,
crystallization, glass transition, glass forming ability, glass stability and tendency for
crystallization on cooling from the equilibrium melt. Then we will use this technique
to characterize the structural relaxation in amorphous methocarbamol. The TSDC
results, on the other hand, will allow analyzing the different relaxations, including
the cooperative and the local mobilities. The obtained results will be compared with
those reported in the literature.

2 Experimental
2.1 Materials

(£)-Methocarbamol, empirical formula C11H;5NO5, CAS number: 532-03-6, molar
weight M, = 241.24 ¢ mol !, was purchased from TCI (Lot ADHCA, purity > 99%)
and was used without further purification. The melting temperature, taken as the
endothermic peak’s maximum, was found to be T,s = 96.7°C (see dashed line in
Fig. 3, red in the online edition), and the melting enthalpy was determined as
AHy,s = 39.22kJmol ™!, in reasonable agreement with the published values (see
Tab. 1). The melting point of both the pure enantiomers is reported to be ~110°C
[17,18], with melting enthalpy AHy,s = 42.80kJmol~! [18]. The chemical structure
of methocarbamol is shown in Figure 1.

2.2 Techniques
2.2.1 Differential Scanning Calorimetry (DSC)

The calorimetric measurements were performed with a 2920 MDSC system from TA
Instruments Inc.. The samples of ~5-10mg were introduced in aluminium pans.



Phase Equilibria and Their Applications 891

Table 1. Thermodynamic properties of methocarbamol determined in the present work,
compared with values reported in the literature.

This work Literature
Tpus/°C 96.7 98.06'7; 95.4%0; 97.731; 93.818:32
AHyys / kJ mol™** 39.22 39.54'7; 38.6%; 40.06%'; 37.45'®
T,/°C 2.0* (DSC); —3.8(TSDC) | 3.25 (DSC)3%; —2.1 (DRS**)*°
AC, (JK tg™h) 0.859 + 0.035%**

* Onset on heating at 10°C/min.

** Dielectric relaxation spectroscopy (DRS).

*** Mean over 38 determinations using conventional DSC at different heating rates
(from 2 to 15°C/min).

The measuring cell was continuously purged with high purity helium gas at
30mL min~!. An empty aluminium pan, identical to that used for the sample, was
used as the reference. Details of the calibration procedures are given elsewhere [19].

2.2.2 Thermally Stimulated Depolarization Currents (TSDC)

Thermally Stimulated Depolarization Current experiments were carried out with a
TSC/RMA spectrometer (TherMold, Stamford, CT, USA) covering the range from
—150°C to +400°C. For TSDC measurements the sample (thickness of ~0.5mm)
was placed between the disc-shaped electrodes (7mm diameter) of a parallel plane
capacitor and immersed in an atmosphere of high purity helium (1.1 bar). Methocar-
bamol in the amorphous solid state was prepared by heating up to 10 to 15°C above
the melting temperature followed by fast cooling (20°C min~!) down to temperatures
well below T, (—50°C for instance).

TSDC has a low equivalent frequency (~ 2 x 1073 Hz) so that it has a high res-
olution power and is sensitive to slow molecular motions (from ~5 to 300 seconds).
Furthermore, the partial polarization (PP) experimental procedure (see below) al-
lows probing narrow regions of the TSDC spectrum, i.e. narrowly distributed motional
modes. The fact that the relaxation time of the motional processes is temperature de-
pendent, and becomes longer as temperature decreases, allows to make it exceedingly
long (freezing process) compared with the timescale of the experiment. As will be seen
next this is the very core of the TSDC technique, which relies on the possibility of
producing stable electrets at low temperatures by cooling down to those temperatures
in the presence of a polarizing electric field; a clear and concise explanation of the
experimental procedures provided by the techniques of thermally stimulated currents
is available [20] and may be useful for the reader unfamiliar with this technique. Two
important parameters in a TSDC experiment are the polarisation temperature, Tp,
at which the polarising electric field is turned on, and the temperature T < Tp at
which the field is turned off (see Fig. 2). The difference Tp — Ty is the width of the
polarization window of the experiment.

If it is wide, the retained polarization (and of course the current peak that is the
result of a TSDC experiment) will correspond to a complex set of energy distributed
motional modes. Oppositely, the PP experiment where the polarizing field is applied
in a narrow temperature interval, allows probing more narrowly distributed relaxation
modes. In the conceptual limit of a very narrow polarization window, the experimental
depolarisation current peak is supposed to correspond to a single mode of relaxation
[21]. In the present work and in most of our previous ones we use polarisation windows
two degrees wide (AT =T, — —T, = 2°C).
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Fig. 2. Schematic diagram of the experimental procedure for a TSDC experiment. The
width of the polarizing window is AT = Tp — T and it is typically between 0 and 5 degrees
in a narrow window partial polarization (PP) experiment. The electric field is on in steps
1 and 2 (thicker lines, red in the online version) and the depolarization current is recorded
during the constant rate heating process (step 6).

The physical foundations of the TSDC experimental technique are presented in
classical publications [22—-24], while more recent review articles indicate various ap-
plications [25-29].

3 Results and discussion
3.1 General thermal behaviour

The curve of the DSC heat flow taken on cooling from the equilibrium melt did
not show any crystallization signature for cooling rates between 2 and 20°C min~!,
indicating that methocarbamol has a strong glass forming ability. Furthermore, our
DSC thermograms on heating from the amorphous solid state exhibited an exothermic
signal of cold crystallization with an onset at ~55°C and a maximum rate at ~80°C
followed by the endothermic melting peak (see continuous line in Fig. 3, blue in the
online edition), confirming a previously reported observation [30]. Given that a glass
is said to have a poor stability when it has an open path for crystallization, directly
from the amorphous solid or by heating it above T'g (from the metastable liquid), the
previous observations allow concluding that racemic methocarbamol displays weak
glass stability. However, this instability did not prevent the study of the molecular
mobility in the amorphous solid state, since the metastable liquid does not crystallize
at temperatures below 40°C.

The insert of Figure 3 is part of the continuous line thermogram of the main fig-
ure and shows the signature of the glass transition (blue in the online edition). We
reported before that the crystalline fresh, as received sample (crystal 1) melted at
Tfyus = 96.7°C; moreover, we verified that the thermogram (dotted line in Fig. 3, red
in the on line edition) did not exhibit any exotherms, endotherms or signals other
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Fig. 3. DSC heat flow of methocarbamol obtained on heating (at 10°C min~!) the crystalline
as received sample (dotted line) and the amorphous solid sample (continuous line). The insert
shows the glass transition signal.

than that associated with the melt. On the other hand, the methocarbamol sam-
ple crystallized on heating from the metastable liquid (crystal 2) was obtained by
heating the amorphous solid from —50°C to 80 °C, at which temperature the rate of
cold crystallization is high, and leaving an hour at this temperature to ensure com-
plete crystallization. The sample was then cooled to —50°C before being subjected
to DSC fusion assays in the conventional and in the step by step modes. It was found
that this crystalline sample (crystal 2) showed a melting temperature T, = 93.4°C,
more than three degrees lower (see in Fig. 3 the melting peaks of the two pre-
sumed polymorphs), and a melting enthalpy AHf,s = 33.46kJmol™!, more than
5kJmol~! lower than that of the as received sample (crystal 1). In order to test
this possibility of the existence of two polymorphs of (£)-methocarbamol, we sub-
mitted the samples to an experimental protocol that causes the temperature to jump
a specified number of degrees at a specified time interval until a final temperature,
above the melting temperature, is reached. The experimental procedure, called step by
step scanning calorimetry, is thus a heating process composed by successive isother-
mal steps, allowing a better insight on the kinetics of the melting process [33]. The
two crystalline methocarbamol samples, the fresh as received one and that obtained
by cold crystallization, were submitted to the step by step scanning procedure, and
the results are presented in Figure 4, where the top line (red in the online edition)
shows the experimental result (heat flow as a function of time), while the lower thin-
ner line (blue in the online edition) schematically displays the experimental procedure
(temperature as a function of time).

Note that, far from the melting temperature region, the heat flow in the different
isothermal steps is nearly the same. In the melting temperature region of both sam-
ples, shown in Figure 4, one can identify two manifestations of the melting process:
1 — Melting on heating that occurs in the transition from one step to the next. This
appears as an endothermic spike, given that increasing the heating rate leads to an
amplification of the heat flow effects. 2 — Isothermal melting that occurs during the
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Fig. 4. Melting of (+)-methocarbamol obtained by step by step scanning calorimetry. The
top curve shows the experimental result of the experiment (heat flow as a function of time,
red in the online version), while the lower thinner line schematically displays the experimental
procedure (temperature as a function of time, blue in the online version). The temperature
jumps are AT = 2°C, and the duration of the isothermal steps is At = 10 minutes. Figure
(a) describes the behavior of the as received sample and the temperature at step 1 is 86°C
while (b) corresponds to the sample formed by cold crystallization from the metastable liquid
and the temperature at step 1 is 85°C.

isothermal steps, which is slow given the absence of the stimulating effect of the heat-
ing rate, and that only becomes apparent when large variations in the heat flow occur,
as is the case in the isothermal 5 of Figure 4a.
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Let us observe what happens when the melting temperature region is approached.
Looking at Figure 4a, the appearance of the endothermic small peak “a” between
steps 2 and 3 indicates the very beginning of the melting process, as the sample
is heated up from 88 to 90°C. The strong endothermic peak “c” in the heat flow
between steps 4 and 5 (as the sample is heated from 92 to 94°C) corresponds to
the melting of most of the sample. Note that the melting process extends through
the isothermal step 5 (at 94°C), in such a way that the heat flow decreases with
increasing time, so that the melting is complete at the end of this isotherm since
no thermal effect is observed at the next transition between the isotherms 5 and 6.
From Figure 4a we can conclude that the as received sample melts in a “narrow”
temperature interval between 90 and 94°C, the melting process being complete at
the end of the isothermal at 94°C. On the other hand, from Figure 4b we see that the
melting process of the sample obtained by cold crystallization (crystal 2) is slower,
occurring in a wider temperature range. In fact, the endothermic small peak “a” that
indicates the beginning of the melting process is now between steps 1 and 2, as the
sample is heated up from 85 to 87°C (although an incipient melting may already
be noted in the transition between the isotherms at 83 and 85°C). Furthermore, the
strong endothermic peak “d” in the heat flow between steps 4 and 5 (as the sample
is heated from 91 to 93°C) indicates the end of melting of the sample, this time not
extending through the isothermal 5. From Figure 4b we can conclude that the sample
obtained by cold crystallization melts in a wider temperature interval between 85 and
93°C.

We believe that the reported results on the melting process of the two samples,
namely the different temperature locations and enthalpies of the DSC endothermic
peak, as well as the different melting kinetics, allow us to conclude with reasonable
certainty that we are in the presence of two polymorphs of racemic methocarbamol.
Let us finally note that a third polymorph was also detected at Tf,s = 87.8°C, but
its appearance was unpredictable and in small quantities, so that it was not possible
to understand the conditions for its formation.

3.2 Dynamic analysis of the glass transition by DSC

We are interested here in analyzing the influence of the heating rate on the temper-
ature location of the glass transition signature, and we will consider two different
ways of defining this location. The first, more conventional, is the extrapolated onset
temperature (temperature at the intersection of the extrapolated baseline and the
tangent taken at the point of maximum slope), T,,, and the second, recently sug-
gested by Svodoba [34,35], is the temperature of the minimum heat flow (in the “exo
up” configuration) at the endothermic overshoot, T,,. We will calculate the activation
energy of the structural relaxation, F,(T},), from the heating rate, ¢, dependence of
Ton and Ty, using the relationship [36]:

d(lng) B (Ty)
d(1/T,) R (1)

where R is the gas constant and T, is the temperature (T,, or T,,) that defines
the position of the DSC glass transition signal. The cooling/heating cycles were such
that the ratio between the cooling and following heating rates, ¢~ /q™, is unity. The
results are plotted in Figure 5. The heating rate dependence of T,, is shown as
diamonds (blue in the online edition, left hand side of the figure, correlation coefficient
r? = 0.995) and leads to an activation energy E, = 396 kJ mol .

The heating rate dependence of T,,,, on the other hand, is shown as triangles (red
in the online edition, right hand side of the figure, correlation coefficient r? = 0.988)
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Fig. 5. “Arrhenius plots” of the logarithm of the heating rate, ¢*, as a function of 1000/ T,
(diamonds, blue in the online edition) and of 1000/T,, (triangles, red in the online edition)
where T,, is the temperature of the overshoot peak and Ty, is the temperature of the
extrapolated onset of the glass transition signal. The experiments where designed in such
a way that the ratio between the heating rate, ¢, and the previous cooling rate, ¢~ was
unity: ¢~ / ¢t = 1.

and leads to an activation energy E, = 425 kJ mol~!. The fragility index, m, quantifies
the steepness of the temperature dependence of the relaxation time close to Ty, and
is defined as [37,38]:

Eo (Ty)

_ 2
2.303RT, @

leading to mpgc = 75 from Ty, and mpgc = 81 from T,,.

The suspicion that the fragility (steepness index), a kinetic parameter, reflects
somehow certain thermodynamic properties, led to the proposal of different forms to
measure fragility based on thermodynamic quantities. One who had most success is
described by the relationship

~ 56.7,.AC, (Ty) 3
= P, 3)
with empirical origin [39,40], and which was later derived theoretically [41]. In (3)
AC, is the heat capacity jump at the glass transition temperature, and AHy,, is
the melting enthalpy. The thermodynamic fragility calculated from equation (3) the
thermodynamic quantities values in Table 1 is m = 81, in very good agreement with
the value reported before, obtained from the heating rate influence on the temperature
location of the DSC glass transition signature.

3.3 The molecular mobility studied by TSDC

In the following we will present the results of a series of narrow polarization window
partial polarisation (PP) experiments performed on amorphous methocarbamol in
the temperature region of the glass to metastable liquid transformation and below
it. The result of each of those experiments is a current peak, I(T'), that is supposed
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Fig. 6. Partial polarization (PP) peaks of the glass transition relaxation of methocarbamol
obtained with a polarizing electric field strength of E =400V mm ™' and polarization tem-
peratures, Tp, from —20°C to 10°C in steps of 2 degrees, and from —10°C to —3°C in steps
of 1 degree. The insert shows some PP peaks of a secondary mobility just below the glass
transition relaxation, obtained with a polarizing electric field strength of £ = 350 V mm ™ *
and polarization temperatures, Tp, from —40°C to —20°C in steps of 2 degrees. In all the
experiments t};e width of the polarization window was AT = 2°C, and the heating rate was
q=4°C min~".

to correspond to a narrow slice of mobility modes belonging to the wide continuous
distribution that characterises the whole relaxation (see Sect. 1 of Ref. [20]).

3.3.1 The different relaxations and the relaxation map

Figure 6 shows a series of such current peaks in the temperature region of the glass
to metastable liquid transformation that illustrate the features of the glass transfor-
mation as observed by TSDC. Let us first note that there is in the figure a partial
polarization peak having maximum intensity (or area) higher than the other.

The temperature of maximum intensity, or temperature location, of this singular
peak will be from now represented by T, while the temperature location of the other
peaks will be represented generically by 7T;,,. We find out from the figure that the PP
peaks with maximum intensity at 7;, < Tjs show increasing intensities, indicating
that the polarizing field is allowed to polarize an higher number of cooperative mo-
tional modes as the polarization temperature, Tp, rises. On the other hand, the PP
peaks with maximum intensity at T,,, > T/ (dashed lines, red in the online version)
show decreasing intensities because the freezing-in of the polarization becomes more
and more difficult as Tp increases through the glass to metastable liquid transforma-
tion region, indicating the rapid recovery of the non-equilibrium glass to the equilib-
rium state. The partial polarization peak with the largest maximum intensity (greater
area, higher polarization) in the glass transition region, which is located at Ty, is
the one where a higher extent of polarization was allowed to be “frozen-in,” and it
corresponds to a situation in which the electric field was allowed to polarize nearly all
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Fig. 7. Activation energy, Eo(Ty), of the PP motional modes in the TSDC spectrum of
methocarbamol as a function of the temperature of maximum intensity, T5,, of the corre-
sponding current peak. The points above ~—8°C (triangles, red in the online edition) refer
to the motional modes of the alfa relaxation. The points below ~—8°C (diamonds, blue in
the online edition) correspond to modes of motion of the secondary relaxations (see text).
The dashed line is the zero entropy line.

the higher activation energy motional modes associated with the glass transition re-
laxation. T, thus represents a well-defined temperature in the glass transition range
that can be considered as the glass transition temperature provided by the TSDC
technique at the heating rate of the experiment. For the same reasons, the peak with
maximum intensity at Th; was chosen for the determination of dynamic fragility of a
glass forming substance from TSDC data [42-44] (see below).

The insert of Figure 6 shows some PP peaks taken in the temperature region
near and below the glass to metastable liquid transformation. The sharp peak that
is observed at ~—3°C is a spontaneous discharge that is present in the baseline
(scanning of the non-polarized sample), and therefore has no meaning in the context
of the reorientational mobility. Apart from this detail, the peaks in this insert are
the manifestation of a local mobility that persists in the glassy state and coalesce, at
high temperatures, with the main relaxation modes.

The temperature dependent relaxation time, 7(T), associated to a given PP peak
as those shown in Figure 6 is obtained by a standard treatment briefly explained
in Section 2 of reference [20]. It contains all the kinetic information relative to the
corresponding motional mode, so that the relevant kinetic parameters can be obtained
by adjusting the 7(7") line to a suitable equation (Arrhenius, Vogel-Tammann-Fulcher
[VTF], Williams-Landel-Ferry [WLF], ...). We will use the activation energy at the
temperature of maximum intensity, E,(T},), as a parameter to kinetically characterize
each partial polarization mode. Figure 7 displays F,(T,,) of the motional modes (some
of them in Fig. 6) as a function of T,,.

This representation is one among other forms of presenting the relaxation map of
the studied system, where each point of coordinates [T, E,(T},)] corresponds to a
partial polarization peak, i.e. to a single or narrowly distributed mobility component.
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The dotted line in Figure 7 is the so-called zero activation entropy line that depicts the
behavior of the mobility modes with Arrhenius pre-factors close to the Debye value
To = 10713 s, typical of the local and non-cooperative thermally activated processes
[45-48]; mobility with these characteristics corresponds to what is currently called
secondary relaxations (see also Sect. 3 of Ref. [20]). The departure of E,(T,,) from
the zero entropy line is an important kinetic feature of each motional mode. Let
us note that —150°C is the lower limit of the temperature range accessible to the
common TSDC equipment (liquid nitrogen as the cold source); since the value of the
activation energy at this temperature in the zero entropy line is E, = 32 kJ mol~!,
most TSDC apparatus just can detect local motions with activation energies higher
than the mentioned value.

3.3.2 The a-relaxation and the dynamic fragility

The points at higher temperatures in Figure 7 (circles, blue in the online edition),
correspond to PP peaks taken in the glass transition region (see main Fig. 6), and
the activation energy of the corresponding motional modes strongly increases, away
from the zero entropy line, as the temperature increases (from the amorphous solid
to the metastable liquid state). The departure from the zero entropy line corresponds
to an increase of the activation entropy, which is equivalent to a decrease of the
Arrhenius pre-factor from its Debye value (79 =2 10713 s). The amplitude of this de-
parture is proportional to the dynamic fragility of the glass forming substance and
is the manifestation of the cooperativeness of the molecular motions of the glass
transition relaxation. In the framework of TSDC, the 7(T) line to be chosen to esti-
mate the dynamic fragility is that which corresponds to the partial polarization peak
with higher intensity in the glass transition region, located at Ty = T}, which leads
to [44]:

_ E,(Tm) T
m= = . (4)
2.303R.Ty  2.303R.7 (Tr)

Since the dynamic fragility is proportional to the amplitude of the departure from the
zero entropy line, we can alternatively calculate m from the coordinates of the point
in Figure 7 that shows a greater departure from that line. From the TSDC data we
estimated mprspc = 108 in reasonable agreement with the value m = 129 calculated
from the parameters of the Vogel equation reported in a study by dielectric relaxation
spectroscopy [30].

3.3.3 The secondary relaxations and aging

The points at lower temperatures in Figure 7, from ~—8°C down to ~—65°C (di-
amonds, red in the online edition), correspond to PP peaks taken below the glass
transition region. They obey to the zero entropy line, i.e. they refer to mobility modes
of the secondary relaxations. It is known that physical aging causes a loss of the co-
operative mobility in the amorphous solid, which is at the origin of a decrease in
the intensity of the TSDC depolarization peaks of the main relaxation. With regard
to the secondary relaxations, it is customary to consider two types of different natures:
the fast ones, with intramolecular nature (8-, v-, 6-relaxations) and the slow one, with
intermolecular nature (slow § or Johari-Goldstein (JG) relaxation). Those relaxations
are detected in TSDC below the glass transition temperature, both behave according
to the zero entropy line, and there is experimental evidence suggesting that they re-
spond differently to physical aging [49-52]. The nature of the secondary relaxations
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Fig. 8. Effect of aging on motional modes of methocarbamol probed by a wide polarization
window experiment with polarization temperature T, = —10°C and a freezing temperature
T, = —100°C, with a polarizing electric field of strength E, = 400 V/mm. The higher inten-
sity peak is the result of the experiment conducted with the fresh (non-aged) sample, while
the other continuous peak refers to the sample aged at T,y = T, = —10°C for ¢,y = 30 min.
The dashed curve (red in the online edition) is the difference between the two continuous
peaks and corresponds thus to the mobility lost as a result of physical aging.

observed by TSDC in methocarbamol was thus analysed by looking at the influence
of physical aging on the corresponding mobility modes, and Figure 8 displays relevant
results on this subject. The experiments had wide polarization windows between a
polarization temperature 7, = —10°C and a freezing temperature Tz/> = —100°C (see
Fig. 2), allowing exciting a large variety of secondary mobility modes and also some
few low temperature cooperative modes of the main relaxation. Figure 8 shows two
peaks drawn with a solid line: the highest intensity one is the result of an experi-
ment conducted on the fresh, non-aged sample, while that with lower intensity was
obtained performing the same experiment after aging the sample.

It is clear that the two continuous curves overlap for temperatures below —35°C,
indicating that the lower temperature (fast) secondary motional modes (see Fig. 7)
are not aging dependent. Rather, the mobility appearing in TSDC in the range be-
tween ~—8 and ~—35°C, which follows the zero entropy line (see Fig. 7), is sensitive
to physical aging. The dashed line in Figure 8 (red in the online edition) was obtained
by subtracting the continuous line curves, and represents the mobility lost as a result
of aging. It confirms the previously reported observations: the dashed curve values
are negligible (very close to zero) below —35°C indicating that the corresponding mo-
bility was not affected by aging; on the contrary, the secondary mobility appearing
in the temperature range between ~—35 and ~—8°C suffer a strong loss of mobil-
ity due to physical aging. We suggest therefore that the latter is a ;4 relaxation.
There is experimental evidence showing that (;4, detected by dielectric relaxation
spectroscopy above T}, persists in the glassy state, and that the temperature depen-
dence of the relaxation time 7;¢ above Ty is much stronger than below T, [53,54].
This mobility, we believe to have a Johari-Goldstein nature, is detected by TSDC in
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the glassy state (below T,) and has an activation energy E, ;¢ distributed between
~64 and ~71kJmol™! (see Fig. 7), which is characteristic of local movements which
exist in amorphous solid. The Coupling Model [55] allows predicting the activation
energy of the JG-relaxation, E, g, as [56];

Ea]G/RTg = 2303[28 — 137(1 — ﬂwa) =+ lOglO foo]; (5)

where Sxww is the exponent of the Kohlrausch-Williams-Watts decay function and
f 1s the pre-exponential factor of the Arrhenius equation written in terms of
frequency. Taking Brww = 0.49 [30] and log;y foo = 14.7 reported for the non-JG
secondary relaxations in methocarbamol [30], we calculated E,;c = 55kJmol~!.
Despite the fact that this value has been calculated based on the prefactor of the
non-JG secondary relaxation, it is not far from the energy interval reported before.
Let us say also that the value 14.7, introduced in the calculation from equation (5), is
in fact a lower limit of logiofoo for JG (also known as slow (-relaxation) given that,
unlike the local secondary mobility, the JG-relaxation has an intermolecular nature.
A more precise calculation, starting from a value of log;, foo > 14.7 easily lead to a
E,j¢ value in the range mentioned above. In conclusion from what has been argued,
we can say that the secondary relaxation observed by TSDC in (+)-methocarbamol,
in the temperature range between —35 and —8°C and obeying the zero entropy line,
corresponds to the 3¢ process seen at T' < T,;. The TSDC technique thus appears
as useful for the analysis of the T-dependence of 7 in the glassy state.

Finally, the lower temperature mobility, which is displayed at —65°C < T <
—35°C in Figure 7, has activation energy, F,g, distributed between ~55 and
~64kJmol~!, Arrhenius pre-factor fy = 1.6 x 1012 Hz (the Debye frequency), and
should correspond to the fast g-relaxation. These values seem reasonable given that:
1 — the activation energies are lower than those of the JG mobility; 2 — the pre-
exponential factors, relaxation time or frequency, are the Debye values correspond-
ing to zero activation entropy, typical of a non-cooperative local mobility. The ki-
netic parameters of this relaxation reported in the literature and obtained by DRS
[30] are however significantly different: E,3 = 40kJmol~! and Arrhenius pre-factor
fo = 10 Hz. This discrepancy is observed frequently when comparing TSDC and
DRS results for the fast J-relaxations, and was analysed before [48,50]. It arises from
the fact that DRS provides the variation with temperature of the mean frequency
(or relaxation time) of a continuous distribution, while TSDC provides the kinetic
parameters of the elementary components of the continuous distribution.

4 Conclusions

The thermal behavior of methocarbamol, particularly its crystallization tendency on
heating from the amorphous solid as well as on cooling from the equilibrium liquid,
was investigated by differential scanning calorimetry. It was found that it has a strong
glass forming ability and a week glass stability. The calorimetric results seem to in-
dicate the existence of at least two polymorphs of racemic methocarbamol, which
differ in their temperatures, enthalpies and kinetics of melting. The slow molecular
mobility in amorphous methocarbamol was studied by differential scanning calorime-
try and by thermally stimulated depolarization currents, allowing the determination
of the kinetic parameters of the different relaxations. The activation energy of the
structural relaxation was estimated from the heating rate dependence of the temper-
ature location of the DSC glass transition signal, leading to a fragility index mpsc =
81, in good agreement with the value calculated for the thermodynamic fragility.
The TSDC analysis of the a-relaxation led to a dynamic fragility mprspc = 108 that
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points to a fragile behavior of methocarbamol. The secondary relaxations appeared in
TSDC in a wide temperature interval below T, between —65 and —8°C, and the ag-
ing analysis suggests the existence of two mobilities, different in nature. At the higher
temperatures, preceding the a-relaxation, appears the Johari—-Goldstein relaxation,
with an activation energy E,;q = ~68kJ mol~!. At lower temperatures the fast
B-relaxation shows an activation energy E,3 = ~60kJmol~! and a Debye Arrhenius
prefactor.

This work was partially supported by Fundagao para a Ciéncia e a Tecnologia (FCT),
Portugal (Projects UID/NAN/50024/2013 and UID/QUI/00100/2013) and COST Action
CM1402 (from molecules to crystals — how do organic molecules from crystals).
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