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Abstract: The formation of coamorphous mixtures of pharmaceuticals is an interesting strategy to
improve the solubility and bioavailability of drugs, while at the same time enhancing the kinetic
stability of the resulting binary glass and allowing the simultaneous administration of two active
principles. In this contribution, we describe kinetically stable amorphous binary mixtures of two
commercial active pharmaceutical ingredients, diazepam and nordazepam, of which the latter, be-
sides being administered as a drug on its own, is also the main active metabolite of the other in the
human body. We report the eutectic equilibrium-phase diagram of the binary mixture, which is
found to be characterized by an experimental eutectic composition of 0.18 molar fraction of nordaze-
pam, with a eutectic melting point of Te =395.4 + 1.2 K. The two compounds are barely miscible in
the crystalline phase. The mechanically obtained mixtures were melted and supercooled to study
the glass-transition and molecular-relaxation dynamics of amorphous mixtures at the correspond-
ing concentration. The glass-transition temperature was always higher than room temperature and
varied linearly with composition. The T. was lower than the onset of thermal decomposition of ei-
ther compound (pure nordazepam decomposes upon melting and pure diazepam well above its
melting point), thus implying that the eutectic liquid and glass can be obtained without any degra-
dation of the drugs. The eutectic glass was kinetically stable against crystallization for at least a few
months. The relaxation processes of the amorphous mixtures were studied by dielectric spectros-
copy, which provided evidence for a single structural (o) relaxation, a single Johari-Goldstein ()
relaxation, and a ring-inversion conformational relaxation of the diazepinic ring, occurring on the
same timescale in both drugs. We further characterized both the binary mixtures and pure com-
pounds by FTIR spectroscopy and first-principles density functional theory (DFT) simulations to
analyze intermolecular interactions. The DFT calculations confirm the presence of strong attractive
forces within the heteromolecular dimer, leading to large dimer interaction energies of the order of
-0.1eV.

Keywords: valium; coamorphous formulations; dielectric spectroscopy; glass transition;
ring-inversion; physical stability of glasses; heteromolecular interactions

1. Introduction

Glassy active pharmaceutical ingredients (APIs) have higher solubility and bioavail-
ability than their crystalline counterparts, but they are in unstable states that are prone to
transform into the more stable crystal phase. Binary or multicomponent amorphous sys-
tems of compounds that do not form cocrystals are, in some cases, less prone to recrystal-
lize due to the kinetic barrier to diffusion preventing phase separation. This effect is ex-
ploited in amorphous polymer dispersions, for example, which have, however, the draw-
back that the drug content is relatively low and that, in the presence of macromolecules,
the control of sample morphology and heterogeneity is less straightforward [1-4].
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A recent study has shown that several amorphous binary API mixtures display the
largest kinetic stability against recrystallization when the composition of the mixture is
close to the eutectic one [5]; however, this result might not be general to all binary glass-
forming liquid mixtures [6]. Here, we describe a strategy to obtain a kinetically stable
amorphous binary system of two APIs in which one is the main active metabolite of the
other in the human body. The two drugs under scrutiny are diazepam (commercially
known under trademarks such as Valium) and the closely related nordazepam derivative
(commercialized as Nordaz, Stilny, Madar, Vegesan, and Calmday).

The choice of APIs is further motivated by the fact that benzodiazepines constitute a
large family of psychoactive drugs that are largely prescribed worldwide for their relative
safety within therapeutic dosages, but that are generally only poorly soluble in water. The
most known diazepam derivative, in fact, displays a solubility of 0.015 mmol L-! at room
temperature [7,8] and is classified either as a class I or class II drug of the biopharmaceu-
tical classification system (BCS) depending on the dosage [9]. For improving the bioavail-
ability of these related APIs, high dissolution and absorption rates (as achievable via an
amorphous formulation) are important to achieve, in the case of diazepam, because they
are mandatory, e.g., when it is used for rapid termination of febrile convulsions and epi-
leptic seizures [10,11].

We established the extended (equilibrium and nonequilibrium) binary phase dia-
gram of the system. The equilibrium-phase diagram is characterized by eutectic composi-
tion at a nordazepam molar fraction of 0.18 and eutectic melting point at 395 K, while the
glass-transition temperature of the amorphous mixtures is found to scale linearly with
composition. The amorphous eutectic mixture is shown to have much better kinetic sta-
bility than the pure compounds. The amorphous binary system is further characterized
by dielectric spectroscopy to extract information about the characteristic time of the struc-
tural and secondary relaxation dynamics, as well as about the dielectric constant and ionic
conductivity of the mixtures. Finally, we carried out first-principles density functional
theory (DFT) calculations and FTIR spectroscopy measurements to analyze intermolecu-
lar interactions in the binary glass. The FTIR spectra suggest a predominance of ring-ring
interactions compared to H-bonding. The DFT calculations confirm the presence of strong
attractive forces without H-bonding within the heteromolecular dimer, rendering large
formation energies of the order of —0.1 eV.

The formation of kinetically stable amorphous mixtures of two related compounds
in which one is the metabolite of the other, as presented here, may allow researchers to
obtain formulations with better dissolution profiles in water and, at the same time, with
the same safety of the initial drug. Such a strategy can be potentially generalized to other
drug-metabolite and prodrug-drug systems with low solubility.

2. Materials and Methods

Samples of medicinal-grade nordazepam were kindly provided by Bouchara-Re-
cordati (Puteaux, France), while medicinal-grade diazepam was kindly supplied by Neu-
raxpharm (Sant Joan Despi, Spain). These two benzodiazepine compounds, with purities
higher than 99.5%, were used as received, without further purification. Mechanical binary
mixtures at different compositions were prepared by placing the crystalline powders to-
gether in a mortar and gently crushing the mixture for a few minutes. The concentration
of the so-prepared mechanical binary mixtures varied from 0.05 molar fraction of nordaze-
pam (xn) to 0.95. The mechanically mixed powder samples were heated above their melt-
ing points and subsequently cooled directly inside the experimental equipment for calo-
rimetric or dielectric characterization to the lowest characterization temperatures, as de-
tailed below, to obtain amorphous glassy mixtures.

Differential scanning calorimetry (DSC) experiments were carried out at a heat-
ing/cooling rate of 10 K min-! on both crystalline and amorphous samples, by means of a
Q100 thermal analyzer from TA Instruments (New Castle, DE, USA), equipped with an
intracooler system that allows it to work in a controlled nitrogen atmosphere, with a flow
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rate of 25 mL/min, and reaching temperatures as low as 183 K. The experimental temper-
ature range for DSC measurements on the studied samples was between 273 and 493 K.
Samples had typical masses of ca. 5 mg and were loaded in pierced aluminum pans. De-
tails of the temperature and enthalpy calibration of the device are available in an earlier
publication [12]. The transition temperatures were determined either from the low-tem-
perature onset of the calorimetric features (for pure compounds and for the eutectic point)
or from the high-temperature onsets (for the liquidus line). In the latter case, the typical
width of melting features (onset-to-onset) was subtracted to allow for direct comparison
[13]. Enthalpies of transitions were determined from the area under the thermograms.

Thermogravimetry analysis (TGA) scans were performed while heating the sample
under N2 flow between room temperature (300 K) and 600 K, at a rate of 10 K min™, by
means of a Q50 thermobalance from TA-Instruments. Fourier-transform infrared (FTIR)
spectra were acquired at room temperature, in the mid-infrared range (4000-400 cm™), by
means of a Nicolet 6700 spectrophotometer equipped with a He/Ne laser source and
DTGS-Csl detector and controlled by the Omnic software. Each spectrum was the average
of 512 scans collected with 1 cm™ in attenuated total reflection (ATR) mode on samples
placed on the surface of a Ge crystal. The baseline of the resulting spectra was corrected,
and an automatic smoothing was applied.

Complex permittivity and conductivity spectra of the amorphous binary mixtures
were recorded by means of broadband dielectric spectroscopy (BDS), using a Novocontrol
analyzer (102 to 107 Hz) equipped with a Quatro temperature controller with an error
better than 0.3 K. The powder samples were placed in a stainless-steel parallel-plate ca-
pacitor designed especially for liquids, with the electrodes kept at a fixed distance by cy-
lindrical silica spacers of 50 um in diameter. The crystalline powders were melted directly
inside the capacitor. Isothermal dielectric spectra were acquired in a routine where the
temperature was increased between spectra in steps of either 2 or 5 K.

We employed the Grafity® software to fit the dielectric spectra as the sum of a power
law representing the dc conductivity contribution and several components each repre-
senting a dielectric relaxation process. The complex permittivity was thus modeled as fol-
lows:

Ag,
(lw)s (1 + (l(l)THN a) ) Z 1+ (lek)a" Eeo D

£'(w) =

where w = 2ntv is the angular frequency, and e~ is the permittivity in the high-frequency
limit. The first term on the right-hand side is the dc conductivity contribution, which was
characterized by an exponent s close to unity. The second term is a Havriliak—-Negami
(HN) function [14] representing the so-called structural (a) relaxation of the sample,
whose kinetic slowdown marks the glass-transition temperature. In this function, Aea is
the dielectric intensity (or relaxation strength) of the « relaxation, a« and b« are parameters
describing the shape of the structural loss curves (imaginary part of the permittivity), and
THN,« is @ time parameter from which the characteristic relaxation time (t«) where the struc-
tural relaxation loss is maximum is as follows:
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The last term in Equation (1) is a sum of several Cole-Cole functions [15], one for
each secondary relaxation process, where A is the dielectric intensity of the k-th second-
ary relaxation, ax is the corresponding Cole—Cole exponents, and 1« is the loss maximum.
The shape parameters a., bs, and ax were free to vary between 0 and 1. Most dielectric
spectra displayed only two or, at the most, three relaxations in the accessible frequency
window.
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First-principles calculations based on density functional theory (DFT) [16] were per-
formed based on the PBE functional [17] with the VASP software [18]. Long-ranged dis-
persion interactions were captured by using three different van der Waals DFT ap-
proaches, namely Grimme’s DFT-D3[19], many-body dispersion energy (MBD) [20], and
Tkatchenko-Scheffler with iterative Hirshfeld partitioning (TS-HP) [21]. The following
electronic states were considered to be valence: Cl s%? O sp* N s C s?p?, and H s'.
Periodic boundary conditions were applied along the three Cartesian directions, and to
avoid spurious interactions between neighboring images, large-size supercells of 40 A x
40 A x 40 A were employed in the simulations. Wave functions were represented in a
plane-wave basis truncated at 650 eV, and a I'-centered k-point grid of 2 x 2 x 2 was em-
ployed for integrations within the Brillouin zone. Geometry relaxations were performed
to optimize the positions of the atoms, considering an atomic force threshold of 0.005
eV/A. We started from several different initial arrangements of the diazepam-nordaze-
pam dimer and relaxed them, thereby identifying five different dimer conformations cor-
responding to local energy minima. In order to estimate the density of vibrational states
at the center of the Brillouin zone (i.e., I reciprocal space point), we employed the density
functional perturbation theory as it is implemented in the VASP code. The interaction en-
ergy of the heteromolecular dimer, Ein, was straightforwardly estimated with the follow-
ing formula:

Eint = Edimer — Ediazepam - Enordazepam, (3)

where Edimer is the total energy of the relaxed dimer, and Ediazepam and Enordazepam are the
energies of the corresponding relaxed molecular species (isolated molecule).

3. Results and Discussion
3.1. Calorimetric Assessment of the Binary Phase Diagram

The result of the mechanical mixing process can be characterized by analyzing the
DSC traces, a selection of which is shown in Figure 1a. The full series of thermograms is
available in the Supplementary Material file, Figures S1-513. The bottom and top thermo-
grams shown in Figure 1a correspond, respectively, to pure crystalline nordazepam (here-
after, NOR), which displays a melting point at 487 K, and pure crystalline diazepam (here-
after DIA), which melts at 404 K. In most DSC traces of the mechanically obtained crystal-
line mixtures, two melting peaks are observed, namely the eutectic peak at lower temper-
ature, corresponding to the melting of the eutectic crystalline mixture (see below), and the
so-called liquidus peak at higher temperature, corresponding to the melting of the NOR-
or DIA-rich solid phase.

The resulting equilibrium-phase diagram (see Section 2 for technical details) is de-
picted in Figure 1b, where both melting peaks are displayed as a function of concentration.
The shape of the diagram is the typical one for eutectic mixtures of immiscible crystalline
components, with the coexistence of solid and liquid phases between the eutectic line
(common eutectic temperature, stars) and the liquidus line (final melting point, filled
squares) [22]. The first melting peak at lower temperature is, in fact, virtually independent
of temperature and corresponds to the eutectic melting point. Averaging the melting onset
for the different concentrations studied yields a eutectic point of Te =395.4 + 1.2 K, which
is lower than the melting temperatures of either of the pure solids. The liquidus line, with
a final melting point that decreases as one moves away from the pure compounds, indi-
cates the typical melting-point depression that occurs when impurities are added to a pure
substance or when, as in this case, the entropic contribution to the free energy of the liquid
mixture enlarges its temperature range of stability compared to the pure crystalline solids.

As visible in Figure 1a, the eutectic composition has a single melting peak. In fact, the
eutectic composition has the unique property that it remains unchanged also when the
eutectic binary mixture is melted or crystallized (in contrast, the compositions of the two
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phases coexisting between the eutectic and liquidus line, especially the liquid phase, vary
with temperature in the same interval).

We found no experimental evidence for a tendency of the two drugs to mix in the
crystalline state. The two involved molecules differ by the substitution of a methyl group
linked to a nitrogen atom of the diazepinic ring in DIA by a single hydrogen atom in NOR,
thus forming a primary amine. As reported in a previous study by some of us, this modi-
fication leads to the presence of H-bond interactions in crystalline NOR (while they are
fundamentally absent in DIA) and thus to a higher melting point in NOR and in signifi-
cant differences between the two crystal structures [23], thus rationalizing the lack of mis-
cibility in the crystalline state. On the other hand, it is shown in the following sections that
the extent of hydrogen bonding in the liquid phases is comparatively small, and that the
main interaction arises from dispersion forces. Therefore, it is possible that the similar
chemical structure of DIA and NOR leads to similar dispersion interactions, and that this
facilitates the formation of a liquid eutectic mixture, in the sense that there is no large
enthalpic contribution to oppose mixing in the liquid state.
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Figure 1. (a) First heating DSC traces of DIA, NOR, and their binary mixtures at distinct molar frac-
tions, where the eutectic peak, as well as melting peaks corresponding to the phase separated com-
ponents, can be observed. (b) Equilibrium-phase diagram, as a function of NOR molar fraction, for
the binary system composed of DIA and NOR. The panel shows experimental data from DSC meas-
urements (solid markers), the predicted liquidus temperatures with the Schroder—van Laar-Le Cha-
telier Equation (4) (dashed lines), and guides to eye which are fits of the experimental points with
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an equation linear in 1/T (continuous line). (c) Eutectic melting enthalpy as a function of NOR molar
fraction (Tammann diagram). The arrow indicates the eutectic concentration. Lines are a guide to
the eye. Inset: Comparison of melting peaks for the mixtures with NOR molar fraction x = 0.15, x =
0.18, and x = 0.20. (d) TGA curves of pure NOR and DIA, and of the equimolar mixture. Arrows
indicate the onset melting point of all three samples. Inset: DSC (continuous line) and TGA (dashed
line) traces of the eutectic mechanical mixture.

The final phase-transition temperatures (liquidus lines) can be theoretically calcu-
lated for every mixture by assuming the simplified Schroeder—van Laar-Le Chatelier
equation [24], which describes the behavior of binary systems that are immiscible in the
crystalline state and show ideal mixing in the liquid state:

AH® [ 1 1
In(x) = ——~ <m - ﬁ) 4)
) m

J

where x; is the molar fraction of the j component (where either j = DIA or j = NOR); AH;°
and Ty, ;° are the melting enthalpy (measured in ] mol) and the melting temperature (in
K) of the pure compounds, respectively; and Ty, yor and Ty, p;4 are the melting temper-
atures of nordazepam- and diazepam-rich phases of the binary mixture (for completely
immiscible solids, these are basically pure crystalline NOR domains and pure crystalline
DIA domains, respectively). The dashed lines in Figure 1b correspond to the predictions
of the Schroeder—van Laar-Le Chatelier Equation (4). Although the latter do not coincide
perfectly with the experimentally measured temperatures, the difference at concentra-
tions close to either of the pure compounds is compatible with the experimental uncer-
tainty in the determination of the melting enthalpies of the pure components in the mix-
tures. As guides to the eye, we also show fits of the experimental data points with func-
tions of the form a + b/T, i.e., linear in the inverse temperature (continuous lines).

The experimental determination of the eutectic composition is obtained by consider-
ing the variation with sample composition of eutectic enthalpy, i.e., the experimental tran-
sition enthalpy at Te (area under the DSC trace in the region of the lower-temperature
transition) as a function of composition. The eutectic enthalpy of the mechanically ob-
tained binary samples as a function of concentration (Tammann diagram) is displayed in
Figure 1c. It can be observed that it reaches a maximum for xnor = 0.18, which coincides
with the intercept of two straight-line fits (dashed lines in Figure 1c). As visible in the inset
to Figure 1c, where we compare the line shape of the xnor = 0.18 sample with those of the
xnor = 0.15 and 0.20 mixtures, the eutectic composition displays the smallest width of melt-
ing feature, as expected from the coincidence of eutectic and liquidus lines for this sample.
The experimental eutectic molar fraction of xxor = 0.18 implies that the eutectic composi-
tion corresponds to a ratio of DIA to NOR molecules between 4:1 and 5:1.

The sample at the eutectic composition obviously exhibits the lower melting point of
all binary mixtures. This aspect is important because NOR decomposes upon melting, as
is visible in the thermogravimetry scans displayed in Figure 1d, which compares the
curves measured on the pure compounds and the equimolar mixture (xnor = xpia = 50%).
The onset of intense mass loss in pure NOR is above 500 K, but a (weaker) onset of mass
loss is detected already at the melting point of this compound. Degradation of pure NOR
in the liquid phase is confirmed by the fact that the compound acquires color (see below).
On the other hand, the TGA trace of pure DIA displays a constant mass in a relatively
large temperature range near the melting point of this compound. This shows that the
vapor pressure of DIA is negligible at Tm. The TGA curve of pure DIA and of the equimo-
lar mixture both display an onset of the mass loss at yet a lower temperature (470 K) than
NOR. This temperature is well above the melting point of pure DIA, which, in fact, is
known to be chemically stable upon melting and beyond and to degrade only at a much
higher temperature.

The most important observation is that the eutectic melting temperature (T.=395.4 +
1.2 K) lies more than 100 K below the melting point of pure NOR and more than 70 K
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below the onset of mass loss of either of the pure compounds and of the mixtures. This is
visible experimentally in the inset to Figure 1d, where we showed, in the same graph, the
DSC trace and the derivative of the TGA trace of the eutectic sample, which confirms vis-
ually that the eutectic melting endotherm takes place at significantly lower temperature
than any mass loss that might be related to sublimation or decomposition of the sample
(in the main panel, the position of the liquidus line is shown for the equimolar mixture in
order to allow for a comparison with the TGA derivative). This indicates that the liquid
eutectic NOR-DIA mixture can be obtained by simple annealing without any degradation
of the two drugs, as further discussed below.

In order to obtain liquid mixtures and supercool them to study the nonequilibrium-
phase diagram, all the samples presented in Figure 1 were heated above their correspond-
ing liquidus lines and then rapidly cooled to below room temperature at a rate of 10 K/min
to reach the glass state. Selected DSC thermograms acquired upon heating the resulting
glassy mixtures are displayed in Figure 2a (the whole series of traces is available in the
Supplementary Information file). All curves display a single step-like feature, signaling
the discontinuity in specific heat across the glass-transition temperature (Tg), which is
unique for a given concentration. In the case of the pure NOR sample, the Tg obtained
with our procedure is indicative of the true glass transition of these samples, despite the
possible presence of impurities caused by thermal degradation, since the latter does not
alter the Ty value much [25]. The glass transition was accompanied in all cases by a small
enthalpy recovery peak due to the ageing of the glassy mixtures. The onset Ty tempera-
tures are shown as a function of NOR molar fraction in Figure 2b, where it may be ob-
served that the T; varies linearly with composition. The linear dependence of T upon the
composition confirms the ideal behavior of the DIA-NOR mixtures.

Heat Flow (a.u.)

350
Diazepam -
Nordazepam
—— 80% NOR .
———70% NOR ]
50% NOR 340 u
30% NOR .
20% NOR :\C/ .
=330
320 m=="
. (b)
423 00 02 04 06 08 10
XNOR
(c) (d)

Figure 2. (a) Second heating DSC traces of DIA, NOR, and their binary mixtures at different molar
fractions: only the glass-transition step is visible. (b) Glass-transition temperatures of DIA and NOR
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binary mixtures as a function of NOR molar fraction. (¢,d) Room-temperature photographs of a
droplet of glassy NOR melted just above Tmn (c), and of an eutectic droplet obtained by melting the
xnor = 0.18 mechanical mixtures to the eutectic melting point Te (d). The powders were melted di-
rectly on a glass slide.

As discussed above, the melting temperature of the eutectic concentration is lower
than any onset of mass loss in TGA and more than 100 K below the melting point of NOR,
which suggests that, while pure NOR degrades upon melting, this effect is absent in our
mixtures. The effect of thermal degradation of NOR upon melting is visible in Figure 2c,
where it can be observed that pure NOR acquires a yellowish color upon melting in air
(we observed, instead, a dark blue color for the degradation product when NOR was
heated in a sealed heat-resistant glass vessel (not shown)). In contrast, the eutectic mixture
is colorless above the eutectic point, as is visible in Figure 2d. This further proves the ther-
mal stability of the amorphous eutectic NOR-DIA mixture and confirms that glassy NOR-
DIA samples can be obtained by a simple heating procedure.

No melting or cold-crystallization peak is observed for any of the concentrations
studied in subsequent DSC experiments below or above T, thus indicating that the amor-
phous binary samples did not show a strong tendency toward recrystallization. In fact,
we obtained amorphous binary mixtures which were kinetically stable against recrystal-
lization for long periods of time (at least weeks) for all molar fractions, which is impressive
since even molar concentrations as low as 5% appeared to be sufficient to kinetically sta-
bilize the amorphous binary mixture. In particular, the eutectic glass mixture was found
to be kinetically stable for at least 2 months at room temperature. The nature of intermo-
lecular interactions and their possible role for both the miscibility and kinetic stability of
the amorphous mixtures are investigated in Section 3.3.

3.2. Dielectric Characterization of Amorphous Mixtures

We employed dielectric spectroscopy to characterize the electric properties and mo-
lecular dynamics of the pure amorphous compounds, as well as two amorphous binary
mixtures with different molar fractions, namely the eutectic concentration (taken to be
xnor = 0.18 based on our enthalpy measurements) and the equimolar mixture (x~nor = 0.50).
This second concentration was chosen to better study the effect of heteromolecular (NOR-
DIA) interactions.

Typical imaginary permittivity spectra of the two studied mixtures are displayed in
Figure 3 a,c for the mixtures with xxor = 0.18 and xnor = 0.50, respectively. The most intense
relaxation in the spectra acquired above the T; of the samples is the primary a relaxation,
while secondary relaxations (which are labeled as {3, v, and v’ in order of increasing relax-
ation frequencies) can be observed as shoulders to the latter peak or as broad low-intensity
features below T;. The a relaxation followed the expected behavior with sample compo-
sition at fixed temperature, being peaked at a frequency intermediate between that of the
pure compounds, in agreement with our calorimetric Ty measurements. In correspond-
ence with the a relaxation peak of the imaginary permittivity, the real permittivity dis-
plays a step-like decrease from its static value (&s, the zero-frequency limit of the real part
of the dielectric function) to its high-frequency value (where “high frequency” is defined
based on the available experimental range in dielectric spectroscopy).

Figure 3b,d display the comparison between the real and imaginary permittivity
spectra of the four studied samples, at different temperatures chosen, so that the a relax-
ation was peaked at roughly the same frequency in all spectra. It can be observed in Figure
3d that the dielectric strength of the a relaxation is similar for both mixtures and is, in both
cases, intermediate between those of the pure DIA and NOR liquids. Nevertheless, the
static permittivity is different, as is visible in Figure 3b, with the & of the xxor =0.18 sample
being lower than that of the xnor = 0.50 sample and closer to the static permittivity of pure
liquid NOR. As visible in the plot, such a higher value of the static dielectric permittivity
is actually associated with a higher value of the high-frequency dielectric function, rather
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than with an increase of the orientational polarization contribution. The origin of such an
increase in the high-frequency response is beyond the scope of this contribution.
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Figure 3. (a,c) Dielectric loss spectra of the equimolar (a) and eutectic (c) amorphous mixtures at
selected temperatures. Markers are experimental points, continuous lines are fits, and dashed or
dotted lines are fit components (each color represents a different temperature). (b,d) Real and im-
aginary part, respectively, of the dielectric permittivity of DIA, NOR, and binary mixtures at se-
lected temperatures (see legend), chosen so that the relaxation time of the primary relaxation was
the same in all spectra.

All spectra were fitted by using the procedure detailed in Section 2. The obtained
relaxation times for both the primary and secondary relaxations are plotted as Arrhenius
and Angell relaxation maps in Figure 4a,b, respectively. It may be observed that both the
a (filled markers) and (3 relaxations (open markers) are well superposed in the Angell
representation. The first finding indicates that the so-called kinetic fragility (which is a
measure of the curvature of the Angell plot at T/T; = 1) of both amorphous compounds,
as well as their binary mixtures, is very similar (see below). The superposition of 3 relax-
ation times indicates that such a relaxation process is the subdiffusive Johari-Goldstein
relaxation, which represents the local single-molecule analogue of the cooperative o re-
laxation [26-28].
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By convention, the temperature at which the o relaxation time reaches a characteristic
time of 100 s is defined as the dynamic Ts. The dynamic Ty values for the 18% and 50%
amorphous mixtures were 317 and 328 K, respectively, values that are very close to the
calorimetric glass-transition temperatures (see Table 1) of the same samples. The temper-
ature dependence of the a relaxation could be well described by the Vogel-Fulcher-Tam-
man function [29-31], which is typical of cooperative structural relaxations [32]:

™ = ( DTyp ) 5

w(T) =Toexp (77~ ©)

The fit parameters appearing in Equation (5) are reported in Table 1 for the four sam-

ples investigated. From these parameters, the so-called kinetic fragility, m, [33,34], is de-
termined as follows:

e _ DTyT,

™ = a8 | T @ =T o (©6)

As is visible in the table, the fragility of all studied samples was virtually the same

and roughly equal to 71 (average value). This value is in agreement with previously found

values for the pure compounds [23,35], and its constancy is in line with the ideal behavior

of the DIA-NOR liquid mixture (see [36] for an example of non-ideal behavior of the fra-

gility index).

T=Ty

Table 1. Glass transition and fit parameters of selected samples.

NOR Molar Fraction Tg and Fragility VFT Parameters Ea [k] mol-]
DSC:317.8+0.4 K Log(to/[s]) =—21.8+0.4 B:(1.9 +0.1)-102
BDS:312.6 +0.2K
0 =737 D=243+14 v:72+9
To=214+3K Y':37+7
DSC:323.1+04K Log(to/[s]) =—22.0+0.6 B: (1.9 £0.2)-102
0.18 BDS: 317.4+ 0.3 K D=278+22 v:58+4
my=70+9 To=211+3K Y':24+3
DSC: 332.7 £0.7 K Log(zo/[s]) =—21.7+0.4 B: (2.0 £0.1)-102
0.50 BDS: 328.0 02K D=282+1.6 v:73+3
my=69+7 To=216+2K Y:24+4
DSC: 346.8 +1.2K Log(to/[s]) =—21.0+1.0 B: (1.8 +0.1)-10?
1 BDS: 3472 02K D=23.6+19 v:58+5
mp="73+9 To=239+4K Y-

The secondary processes displayed, instead, a simply activated (Arrhenius) behavior.
The corresponding activation energies are reported in Table 1. The order of magnitude of
the activation energies for the mixtures is in line with previous dielectric spectroscopy
studies on the pure compounds. They are all a factor of two larger than the activation
energy reported in a recent study of the pure compounds by means of thermally stimu-
lated currents’ characterization [35].
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Figure 4. Relaxation times of DIA, NOR, and the 18% and 50 % binary mixtures (see legend) plot-
ted against the reciprocal of the temperature (Arrhenius plot, (a)) and of the reduced temperature
T/Tg (Angell plot, (b)). All relaxations are shown: a (solid points), 3 (open points), y (half points),
and Y’ (crossed points).

Only one Johari-Goldstein relaxation was detected, as may be expected for a homo-
geneous liquid mixture. In fact, the other relaxations visible in Figure 4 were previously
observed in the pure compounds, where they were assigned to intramolecular relaxation
modes. In particular, the y process (half-filled markers) is present in both pure DIA and
NOR, where it was unambiguously identified as the inter-conformational relaxation pro-
cess corresponding to the ring inversion dynamics of the seven-membered diazepinic ring
[23]. As visible in the Arrhenius plot of Figure 4a, such inter-conformer relaxation dynam-
ics takes place at basically the same rate in all four studied samples; that is, its character-
istic time is basically independent of composition for a fixed temperature.

Moreover, the fastest process (crossed markers) was detected previously in the pure
compounds [23]. The fastest relaxation of DIA is shown here to be visible also in the eu-
tectic DIA-NOR mixture, while the fastest relaxation of NOR is detected also in the
equimolar mixture. These fast relaxations were tentatively assigned to rigid small-angle
rotations of the (fused-ring) benzodiazepinic structure about its bond with the phenyl
ring. This interpretation may hold in the case of pure DIA, where this process is signifi-
cantly slower and displays a higher activation energy compared to NOR (Figure 4a). In
the latter compound, instead, the very short relaxation time, the low activation energy,
and the low spectral intensity of this feature all suggest that the origin of this relaxation
might be associated with the rotation of the benzene ring itself. In fact, although such a
conjugated ring possesses per se no dipole moment, a change in its orientation might af-
fect the electron distribution in the fused benzodiazepinic ring, which could lead to a small
change in the molecular dipole moment and/or hydrogen bonding motif upon rotation of
the benzene ring, which would lead to a small but detectable signal in the BDS spectra.

Figure 5a shows typical high-temperature AC conductivity spectra (vs. frequency)
for each supercooled liquid sample, at temperatures chosen such that the ratio T/Ty was
roughly constant and equal to 1.75 + 1.78 for all four samples. The AC spectra display a
plateau at low frequency, corresponding to the DC electric conductivity, opc, of the liquid
phases. It can be seen that the opc value is very similar for all samples at this rescaled
temperature. In Figure 5b, we plot the logarithm of opc against the logarithm of the struc-
tural relaxation time, ta. A linear correlation is observed in all three compounds, with
slopes of 0.93 + 0.06 for DIA and 0.93 + 0.02 for NOR. Such values are virtually identical
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for the two pharmaceuticals studied and very close to the value of 1 expected from the
Stokes—Einstein relation [37,38]. This result indicates that the diffusion of charged species
is coupled to the a relaxation, rather than to the intramolecular y and v’ conformational
dynamics, implying that the DC electric conductivity of the amorphous drugs is due to
the viscosity-limited diffusion of ionic impurities [39-42]. The ionic character of the charge
conduction is also confirmed by the curvature of the Angell plot of opc shown in the inset
to Figure 5b. The fact that the DC conductivity is basically the same for both compounds
under isochronal conditions. (Figure 5b shows that the microscopic mechanism for ion
diffusion is similar in both liquid benzodiazepine derivatives.)

108
DIA - 333 K J 16
10-9_ 180A)‘337K 15_ DIA =
———50% - 349 K ~ 12 18% 2
——NOR - 368 K b7 ] 50%
10-10‘ E A =5
. 5 13- NOR
O 4n-11 &
o - » 1o
3 1° \012 a3
© 102] g11] %
\6')10— A 12| ¥
1013 ] _? A 10j§ i
1000/ g of & .0 T
10714+ : . . "122 24 2f6w28 30_ 32 8'(b) ® 575 0.80 0.85 050 0.65 1.00
102 10° 40° 10' 102 107 10* 10° q0° -8 -6 -4 -2 0 2
v (Hz) log(t,/ s)
(a) (b)

Figure 5. (a) Real part of the complex conductivity function against the frequency, at a selected tem-
perature for pure liquid NOR and DIA and for the eutectic and equimolar liquid mixtures. Temper-
atures are indicated in the legend. Inset: Arrhenius plot of the temperature dependence of the DC
conductivity (opc) of the same samples. (b) Logarithm of opc of the same samples against their struc-
tural (a) relaxation time. Inset: Angell plot of opc.

3.3. FTIR and DFT Study

We employed FTIR spectroscopy and DFT simulations to obtain information on the
interactions between the two pure APIs in the amorphous mixture. Figure 6 shows the
room-temperature FTIR spectra of the pure DIA and NOR powders and of the 50% glassy
binary mixture acquired in reflection geometry (ATR). Overall, the spectrum of the 50%
mixture appears rather similar to both pure components, and in particular to that of NOR.
This is confirmed by the frequencies of the assigned bands, when compared to the bands
of the pure APIs (we followed the assignment provided by Neville et al. [43]).
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Figure 6. (a) Global FTIR spectra of the poly-crystalline DIA and NOR powders and their 50% binary
mixture in the glass (amorphous solid) state. (b,c,d) Zoom of the spectra of panel (a) in the spectral
region of the C=0 vibration (carbonyl group, b), C-N modes, and C-H vibrations of the chloroben-
zene ring, respectively. Inset to (b): detail of the spectra in the region of the (hydrogen-bonded) N-
H stretching.

Table 2 lists some selected bands and their corresponding assignments. In the amor-
phous 50% mixture, the most intense feature of the spectrum is the carbonyl stretch at
1680 cm'. This wavenumber is very similar to that of the same vibrational mode in NOR
and slightly lower than that of DIA (1683 cm™). Neville et al. [43] suggested that the
change in frequency between NOR and DIA, and the larger width of the peak in NOR, are
both due to the hydrogen bonding between the carbonyl and the amide group of NOR in
the crystalline compound (hydrogen bonds are obviously absent in crystalline DIA). The
presence of such H-bonds in crystalline NOR was confirmed experimentally [23]. It is pos-
sible that a similar interaction is present also in a fraction of the molecules in the equimolar
mixture, where it arguably also involves the carbonyl group of DIA molecules. The C=0O
band is rather broad in all samples, and this does not allow us to rule out the presence of
distinct spectral components (for example, in the binary mixture at the frequency of the
non-hydrogen-bonded C=0O stretch of pure DIA).
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Table 2. Wavenumbers (cm™) of selected bands in the IR spectra of DIA, NOR, and their equimo-
lar amorphous binary mixture. The assignment of bands is based on Ref. [43].

Description DIA NOR 507
P (cm™) (cm™) (cm™)
701 s
CH (v, monosubst) 707 s 702's 710 m
CH (y, monosubst) 740 s 739 s 740 s
815s
C-N-C str. 815 s 818 vs 821 sh
867 w
N-C-C str. 887 m 867 m 887 v
CH (y) - 893 s 896 m
CHs twist. 985 m - 985 m
C=C str. 1604 vs 1606 vs 1606 vs
C=0 str. 1683 vvs 1681 vvs 1680 vvs
N-H str. - 3174 w 3176 m

v = very, s =strong, m = medium, w = weak, sh =shoulder.

The amidic nitrogen of NOR is the only H-bond donor group in either molecule, and
both of the dilutions of NOR species in the amorphous binary mixtures and their intrinsic
disordered nature indicate that H-bonding interactions are necessarily weaker in the
amorphous mixtures than in pure crystalline NOR. Pure NOR displays a weak band cor-
responding to the stretching of the N-H bond at 3174 cm™' (inset to Figure 5b), which is
typical of amides. The same band is also observed, but with a higher intensity and slightly
shifted, in the glassy 50% mixture (3176 cm™), while it is absent (as expected) in DIA. It is
possible that the shift of the N-H vibration in the liquid binary sample is due to a lower
impact of hydrogen bonding, as may be expected from the intrinsic disorder of an amor-
phous phase. Correspondingly, non-directional (e.g., van der Waals) interactions are ex-
pected to play an important role in the liquid mixture.

The N-C-C stretching bands of the pristine compounds (observed at 887 cm- in DIA
and 867 cm! in NOR, respectively), appear at the same frequency in the binary mixture.
The band attributed to the CHs twisting in DIA is also preserved, even though it is found
to be less intense, likely due to the lower amount of DIA. On the other hand, the 50%
mixture displays two bands at 815 and 821 cm! in the region of the C-N-C stretching,
which are observed, respectively, at 815 cm! in pure DIA and 818 cm! in NOR. The
change in C-N-C stretching between pure NOR and the 50% mixture suggests that inter-
molecular interactions in the equimolar DIA-NOR mixture may involve also the diaze-
pinic skeletal nitrogen (which is characterized by an excess local negative charge due to
the presence of a lone electron pair, which may be involved in hydrogen bonding but also
in ring-ring interactions involving diazepinic moieties and/or the electron-rich 7 orbital
of the conjugated benzene rings). In the spectra of the 50% mixture, the two strong IR
bands near 700 cm-! and the weaker band at 896 cm-' were observed to be significantly
shifted with respect to the corresponding features in the two pure crystalline compounds.
These bands are assigned to out-of-plane CH bending modes characteristic of monosub-
stituted benzene derivatives, and their shift with respect to the pure compounds provides
support for the occurrence of interactions involving 7 benzene electrons in the binary
amorphous mixture.

First-principles simulations based on van der Waals—corrected density functional
theory (vdW-DFT) calculations were performed to theoretically characterize the interac-
tions and vibrational modes of the heteromolecular dimer (see Section 2 for technical de-
tails). Since the FTIR results, as well as the chemical structure of the molecules, suggest
the possible existence of important dispersion interactions between ring moieties, we
started from arrangements of a NOR-DIA dimer with a rough coplanarity of at least some
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rings. After allowing these arrangements to relax into local energy minima, we identified
five distinct molecular dimer arrangements of minimal energy (Figure 7), in which the
nordazepam amidic nitrogen (N-H) either faced (Configurations 1, 2, and 4) or opposed
(Configurations 3 and 5) the diazepam framework. In all the analyzed cases, the calculated
(relaxed) heteromolecular dimer interaction energy, Eint (see Equation (3) in Section 2),
was of negative sign and equal to several tenths of an eV in absolute value. For instance,
with the TS-HP van der Waals approach, we estimated an Eint of =0.629 and —0.407 eV for
Configurations 1 and 5, respectively. The origin of such large and negative interaction
energies in our vdW-DFT simulations is purely electrostatic (see below). Our computa-
tional results clearly indicate the presence of relatively strong attractive forces among the
ring moieties of NOR and DIA molecules. The five heteromolecular dimer configurations
shown in Figure 7 are ordered according to their zero-temperature energy: “Configuration
1”7 was systematically found to be the most stable, and “Configuration 5” the least stable,
with the dimer energy of the latter being about 0.2 eV larger than that of the former. In the
two energetically most favorable dimer configurations, the amidic nitrogen of NOR faces
the DIA molecule (“Configuration 1 and 2”), thus giving plausibility to the formation H
bonds between the two molecules; on the other hand, in the energetically less favorable
dimer configuration (“Configuration 5”), the amidic nitrogen opposes the DIA moiety,
hence precluding the formation of H bonds among the two molecules. Our simulations
do not provide explicit evidence for H bonding in the heteromolecular dimer; in particu-
lar, in the relaxed geometries, the Nordazepam amidic nitrogen always was located at
distances larger than 3-4 A from the diazepam carbonyl oxygen and skeletal nitrogen.
This might be due to the well-known limitations of DFT methods in accurately describing
H-bonding interactions in small molecules [44,45], but it could also indicate that direc-
tional H-bonds are not the dominant interactions between the benzodiazepine moieties in
the liquid phase. In either case, the formation of (dynamic) heteromolecular dimers as
those reported by our DFT study confirms the chemical affinity of the two benzodiazepine
derivatives, which is likely partially responsible for the observed physical stability of the
amorphous DIA-NOR mixtures.

m(% - o3 ﬁ’ a£=
\ - o o Nordazepam
- - Y
45 O
Ij ﬁr% ﬁ% "’;}’ Diazepam

Configuration2  Configuration 3  Configuration 4 Configuration 5

i

-0.449 eV -0.420 eV -0.385 eV -0.340 eV DFT-D3
-0.434 eV -0.419 eV -0.377 eV -0.342 eV MBD
-0.556 eV -0.517 eV -0.451 eV -0.407 eV TS-HP
+0.062 eV +0.091 eV +0.126 eV +0.171eV  DFT-D3
+0.059 eV +0.074 eV +0.116 eV +0.152 eV MBD
+0.073 eV +0.112 eV +0.178 eV +0.222 eV TS-HP

Figure 7. DFT interaction energies, Ein, estimated for several heteromolecular dimer configurations.
Results were obtained with three different van der Waals DFT functionals, namely DFT-D3, MBD,
and TS-HP. The dimer energies are referred to as “Configuration 1”7, the most stable molecular ar-
rangement systematically found in our vdW-DFT simulations, AEdimer = Econfiguration x = EConfiguration 1.
The positions of the Nordazepam amidic nitrogen are indicated with black arrows.

The full vibrational density of states, VDOS, of the energetically most favorable het-
eromolecular dimer was also computed with theoretical vdW-DFT methods, as shown in
Figure 8. We were able to determine the relative contribution of each atomic species to the
molecular vibrations by inspecting the corresponding eigenmodes and making use of
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their orthonormal relations [46]. The same calculations were repeated for the heteromo-
lecular dimer in the “Configuration 2” arrangement, obtaining identical results (not
shown here); therefore, the theoretical conclusions explained in what follows do not ap-
pear to be critically dependent on the relative molecular orientation of NOR and DIA mol-
ecules. As depicted in Figure 8, five clearly differentiable regions appear in the estimated
dimer vibrational spectrum at frequencies higher than 500 cm-! (below this threshold fre-
quency, the vibrational modes are mostly governed by Cl and C atoms). The first region
encompasses the frequency range 500 cm < w < 800 cm, in which a large concentration
of molecular vibrations dominated by C and N atoms and, thus, related to C-N-C stretch-
ing modes are observed. Next, in the frequency interval 800 cm-! < w <1500 cm™, the total
VDOS is moderately large and uniform with the hydrogen atoms taking on a leading vi-
brational role along with the carbon atoms. Then three narrow VDOS domains emerge
around the frequencies 1700, 3100, and 3500 cm-1, which are dominated by O-H, C-H, and
N-H atoms, respectively. The first of these peaks can be identified with carbonyl C=O
stretching modes within each of the two molecules conforming the dimer, while the latter
can be identified with intramolecular N-H stretching modes of NOR species. As regards
the agreement with the experimental measurements, while the vdW-DFT calculations fail
to reproduce N-H stretching frequency experimentally determined at 3175 cm-, possibly
due to the abovementioned limitations to reproduce features directly related to H-bond-
ing interactions, intramolecular vibrations such as the carbonyl stretching mode around
1700 cm are well reproduced.

Total =— C = N - —
Cl O = H m—

VDOS (a.u.)

Frequency (cm‘1)

Figure 8. Vibrational density of states, VDOS, calculated with vdW-DFT methods for the energeti-
cally most favorable heteromolecular dimer (“Configuration 17, sketched in the figure). Total and
atomic partial VDOS are represented in the figure. Different regions of the vibrational spectrum are
highlighted in terms of the atomic species that dominate the corresponding dimer vibrations (that
is, they present the largest partial VDOS).

4. Conclusions

We employed scanning calorimetry and dielectric spectroscopy to establish the equi-
librium- and nonequilibrium-phase diagram of the diazepam-nordazepam system. The
equilibrium-phase diagram is characterized by eutectic composition corresponding to a
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molar fraction of nordazepam of 0.18, with eutectic melting point at 395 K. The two com-
pounds are basically immiscible in the crystalline state, as also confirmed by the compar-
ison with the predictions of the Schroder—van Laar—Le Chatelier equation. Concerning the
nonequilibrium diagram, the glass-transition temperature of the amorphous mixtures is
found to scale linearly with composition. The kinetic stability of the amorphous eutectic
mixture was assessed, and it was shown that the amorphous binary diazepam-nordaze-
pam mixture has better chemical and physical stability than pure amorphous nordaze-
pam.

All amorphous mixtures display a structural relaxation time and a Johari—Goldstein
relaxation time that are intermediate between those of the pure compounds and scale with
composition. They also display a concentration-independent conformational relaxation
process corresponding to the ring inversion of the aliphatic diazepinic ring. The DC elec-
trical conductivity of the amorphous samples is ionic and scales with the structural relax-
ation time (cooperative mobility) and glass-transition temperature, as typically found in
glass-forming electrolytes, and obeyed a fractional Walden rule, with a slope slightly
lower than one.

The FTIR-spectroscopy characterization of the binary equimolar amorphous mixture
indicates the presence of H-bonding, as well as of interactions involving skeletal carbon
and nitrogen atoms, which suggest an important contribution of dispersion interactions
between ring moieties. Our DFT calculations provide large formation energies of the
nordazepam-diazepam dimer, of the order of several tenths of eV, and confirm that ring-
ring interactions are the dominant intermolecular forces. It is likely that such coupling
leads to the observed miscibility in the liquid state and contributes to enhance the kinetic
stability of the binary glassy mixtures against crystallization.

The achievement of kinetically stable amorphous mixtures of an API with one of its
metabolites in the human body is an interesting strategy to obtain formulations with bet-
ter dissolution profiles and, at the same time, the same safety of the initial drug. We pro-
pose that such a strategy may be generalized to other drugs and prodrugs with very low
bioavailability, for which the kinetic stabilization of amorphous mixtures of drug + me-
tabolite, or even drug + prodrug, may allow for the oral intake of active pharmaceutical
ingredients that would not be otherwise commercialized or that would otherwise require
a more expensive delivery strategy.

Supplementary Materials: A supporting Information file can be downloaded at
https://www.mdpi.com/article/10.3390/pharmaceutics15010196/s1, containing the full set of DSC
traces (heat—cool-heat cycle) measured for each studied concentration of the binary diazepam-—
nordazepam system. Figure S1.: DSC traces of pure diazepam (DIA), Figure S2: DSC traces of DIA
with 5% nordazepam (NOR), Figure S3: DSC traces of DIA with 8% NOR, Figure S4: DSC traces of
DIA with 10% NOR, Figure S5. DSC traces of DIA with 12.5% NOR, Figure S6. DSC traces of DIA
with 15% NOR, Figure S7. DSC traces of DIA with 18% NOR, Figure S8. DSC traces of DIA with
20% NOR, Figure S9. DSC traces of DIA with 30% NOR, Figure S10. DSC traces of DIA with 50%
NOR, Figure S11. DSC traces of DIA with 70% NOR, Figure S12. DSC traces of DIA with 80% NOR,
and Figure S13. DSC traces of NOR.
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