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Molecular dynamic simulations have been successfully utilised with molecular modelling to estimate the
glass transition temperature (T,) of polymers. In this paper, we use a similar approach to predict the Tg of
a small pharmaceutical molecule, beclomethasone dipropionate (BDP). Amorphous beclomethasone
dipropionate was prepared by spray-drying. The amorphous nature of the spray-dried material was con-
firmed with scanning electron microscopy, differential scanning calorimetry (DSC) and X-ray powder dif-
fraction (XRD). Molecular models for amorphous BDP were constructed using the amorphous cell module
in Discovery studio™. These models were used in a series of molecular dynamic simulations to predict
the glass transition temperature. The T, of BDP was determined by isothermal-isobaric molecular
dynamic simulations, and different thermodynamic parameters were obtained in the temperature range
of —150 to 400 °C. The discontinuity at a specific temperature in the plot of temperature versus amor-
phous cell volume (V) and density (p) was considered to be the simulated T, The predicted T, from four
different simulation runs was 63.8 °C + 2.7 °C. The thermal properties of amorphous BDP were experi-
mentally determined by DSC and the experimental Ty was found to be ~65 °C, in good agreement with
computational simulations.
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1. Introduction

One of the most important properties of an active pharmaceuti-
cal ingredient (API) is the polymorphic form, since it directly af-
fects both formulation and drug bioavailability (i.e. Young's
modulus, surface energy, heats of dissolution and solubility). Sub-
sequently, a fundamental understanding of long-range molecular
structure is required if we are to make informed decisions during
the drug development pipeline. While ‘polymorphic form’ gener-
ally relates to long-range crystal structures, amorphous materials
may also be included under this definition and are indeed defined
as such in ICH guideline Q6a. The term amorphous generally refers
to non-crystalline solids that are disordered (characterised by ran-
domness in their molecular conformation and lack of long-range
three-dimensional (3D) orientational symmetry). Interestingly,
amorphous solids retain some short-range molecular order which
can be similar to that found in crystalline materials [1]. In recent
years, amorphous materials have been used due to their substan-
tial solubility advantage and rapid dissolution rate when compared
with the corresponding crystalline material [2-4]. However, many
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concerns, primarily related to stability, arise when using amor-
phous materials; these include increased chemical instability often
as a result of greater hygroscopicity, altered mechanical properties
and the possibility of relaxation and/or crystallization during stor-
age [5,6].

The glass transition temperature (T) is a characteristic property
of amorphous materials [7]. The T is the temperature at which an
amorphous material changes from a super-cooled liquid with a rel-
atively high viscosity (glass) state to a lower density, lower viscos-
ity (rubbery) state [8]. The Ty is associated with extensive changes
in a material’s thermodynamic properties such as volume, enthal-
py, entropy and heat capacity, and it is characterised by a signifi-
cant change in molecular motion [8]. At low temperatures, below
the Tg, molecular motions are highly restricted to vibrational and
short-range rotational motion. As the temperature is increased
above the Tg, the molecules become more ‘flexible’ and mobile
resulting in large-scale configurational modification. Subsequently,
this increase in molecular mobility above the T, results in an in-
crease in the volume as a function of temperature [8]. In any par-
ticular phase, at equilibrium, the thermodynamic parameters
(volume (V), density (p), and heat capacity (Cp)) will change rela-
tive to temperature. However, as the substance transfers from
one phase equilibrium to another, a discontinuity is observed in
these parameters, resulting in a different parameter relationship
with respect to temperature. For amorphous materials, a plot of
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volume or density verses temperature will result in two distinct
curves with the intercept being equivalent to the T, [8,9]. It is
important to note, however, that this transition does not involve
discontinuous changes in any physical property and thus is not
classified as a true phase transition [9]. This phenomenon is illus-
trated in Fig. 1, where the T, value usually occurs at around 2/3 of
the melting point (T;,) in Kelvin [3,10].

Clearly, an understanding of molecular interaction and ‘phase
transitions’ in API molecules is of great importance to the pharma-
ceutical sector, since unpredictable changes in a particular solid
could result in serious medical implications (i.e. sudden change
in bioavailability and formulation failure). Previous studies and
theories have generally been empirical in nature; however, with
the advancement in high-end computing, the potential to predict
and model these phenomena using molecular dynamics (MD) sim-
ulation becomes possible. To the authors’ knowledge, the applica-
tion of MD to study phase transitions in small molecule APIs has
not been conducted to-date. However, utilising this concept, previ-
ous MD simulations have been used to study the T, of macromol-
ecule polymers with some degree of success [11-18].

This study used MD simulation to model the molecular interac-
tions between a model API, beclomethasone dipropionate, at a
range of temperatures. Furthermore, we evaluated the MD ap-
proach as a method for determining pharmaceutically relevant
physico-chemical parameters. Finally, this approach was corre-
lated with experimentally determined thermal responses using
differential scanning calorimetry (DSC) [19].

Beclomethasone dipropionate was chosen as a model drug,
since it is an anti-inflammatory corticosteroid for the treatment
of chronic asthma [20,21]. In inhalation formulations, the drug
must be manufactured with a size conducive to respiratory depo-
sition (i.e. <5 wm). At this scale, the polymorphic form and amor-
phous stability becomes critical, since small changes in phase
will result in highly unpredictable formulation outcomes [22-24].

2. Materials and methods
2.1. Material preparation

Crystalline beclomethasone dipropionate (BDP) was obtained
from JAI RADHE SALES (Ahmedabad, India), and analytical grade
ethanol was obtained from Biolab (Clayton, Victoria, Australia).
Amorphous BDP was obtained by spray drying the supplied BDP
from 20% w/v solution in ethanol using a BUCHI Mini B-290 spray
dryer (Flawil, Postfach, Switzerland). Spray drying was conducted
using the following settings: feed rate 10 mL min~!, aspiration rate
of 100 m3 h™, inlet temperatures 60 °C, outlet temperature 38 °C
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Fig. 1. The relationship between volume and temperature in the liquid, glassy and
crystalline states. Ty, is the melting temperature, and T, is the glass transition
temperatures.

and atomizing pressure 800 kPa. All samples were stored in sealed
containers containing silica for a minimum of 48 h prior to use.

2.2. Material characterisation

The morphology of the spray-dried amorphous BDP particles
was investigated using a scanning electron microscope (SEM) (JEOL
6000F, Japan) at 5 kV. The sample was mounted on adhesive black
carbon and sputter-coated with platinum (Sputter coater S150B,
Edwards High Vacuum, Sussex, UK) at 40 nm thickness prior to
imaging. Amorphous structure was characterised using X-ray pow-
der diffraction (XRD Siemens D5000 diffractometer, Siemens,
Karlsruhe, Germany) at a scan range of 5-65°20, with step size of
0.05°20 and a count time of 2s. The thermal response of the
spray-dried amorphous BDP was analysed using a DSC (DSC 823°,
METTLER TOLEDO International Inc.). Samples (ca. 5-8 mg) were
crimp-sealed in aluminium sample pans and the lids pierced (to
ensure all measurements were conducted under constant pres-
sure). Experiments were conducted at heating rates of 10 and
20°C min~! over a temperature ramp of 20-280 °C. All DSC mea-
surements were conducted in an inert environment under a nitro-
gen stream (25 cm® min~!). The instrument was calibrated for
heat-flow and temperature with a standard indium sample prior
to use.

2.3. Computational methodology

Amorphous cell structure prediction and molecular dynamics
simulations were performed using Material Studio™ 4.4 (Accelrys
Software Inc., San Diego, CA, USA) in a Windows environment.
Three-dimensional structural presentations were generated using
the Amorphous Cell Module by randomly repeating BDP molecules
to a set density within an imaginary cell volume. Initially, two mol-
ecules, with the same orientation found in the crystal structure
(Fig. 2) [25], were selected and were considered to be the constit-
uent unit for the construction of the amorphous structure. 10, 20
and 30 repeat units (of the two molecules) were used and the three
runs yielded amorphous structures containing 20, 40 and 60 BDP
molecules, respectively. In subsequent runs, only a single molecule
was used with 10, 20 and 30 repeat units (i.e. BPP molecules) being
packed into the constructed amorphous cells.

The 3D periodic amorphous cell structures were constructed
using an initial density of crystalline BDP (1.36 g cm~> at 298 K)
[25]. Twenty amorphous configurations were built during each
run using the default construction algorithms. The 3D periodic sys-
tem parameters were automatically calculated for each run from
the number of units used to construct the cell and the target den-
sity assuming a cubic cell. A cubic cell was used since previous
studies have suggested a cell with equal side lengths is believed
to be the optimum shape for calculation, since it would maximize
the distance between repeated units in a supercell [26].

Each configuration was minimized using the Discover simula-
tion program. The minimizations were performed under the
canonical, NVT, ensemble and were carried out using the Conjugate
Gradient method with 1000 dynamic steps and 100 minimization
steps. Convergence was set at 0.01 kcal mol~' A~'. The minimized
amorphous cell structures from the different runs were visually in-
spected, and the amorphous cell structures of the single molecule
with 30 repeat units were selected for subsequent steps. Of the
twenty structures generated from these runs, two with low and
medium solvent surface free volume were selected and further
optimized. Surface free volume and other properties were calcu-
lated with the Models table analysis dialog in Material studio.
The geometry of the two selected structures were further opti-
mized using the Forcite Geometry Optimization module with
the following settings: COMPASS (Condensed-phase Optimized



H. Abdel-Halim et al./European Journal of Pharmaceutics and Biopharmaceutics 78 (2011) 83-89 85

Fig. 2. The conformation of BDP molecules used in amorphous structure prediction, both extracted from the crystal structure and used in the same orientation found in the
crystal lattice. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Molecular Potentials for Atomistic Simulation Studies) [27] force-
field; Ewald summation for van der Waals forces; smart algorithm;
ultrafine convergence tolerance with 2 x 107> kcal mol~! energy
variance, 0.001 kcal mol~! A=! force variance and 1 x 10> A dis-
placement variance and unlimited maximum iterations.

The optimized amorphous cell structures and their un-
optimized counterparts were used for MD simulation. The MD
simulations were performed on the four structures using Forcite
Dynamics, employing the COMPASS force-field at ultrafine quality,
while the van der Waals forces were controlled by Ewald summa-
tion. The simulations were run under isothermal-isobaric molecu-
lar dynamic simulations (MD-NPT) at temperatures between —150
and 400 °C. Temperature was controlled by the Nose thermostat
(Q ratio=1.0). The pressure was maintained at zero with the
Berendsen barostat (decay constant=0.1ps). Each simulation
was run for 25 ps with a 1 fs time step for a total of 25,000 steps.

The simulations were carried out starting from 400 °C and the
temperature lowered for each subsequent run. The temperature
was initially lowered by 50 °C intervals; however, this was subse-
quently reduced to 25 °C and 10 °C intervals as the computational
temperature approached the theoretical T, range (based on the
known melting point of crystalline BDP). The final optimized amor-
phous cell structures obtained at each temperature were used as
the starting structure for the simulation at the next temperature
step.

The values of volume (V) and density (p) were obtained directly
from the results of each of the four amorphous cell structures sim-
ulations. Curves of volume (V) and density (p) versus temperature
were generated. The temperature at which an abrupt change in the
slope was considered to be the simulated glass transition temper-
ature T,. Curve inflection was calculated by multiple linear regres-
sions of each data set, where the optimum R? values above and
below theoretical T, were used and the intercept calculated.

3. Results and discussion
3.1. Physical characterisation

Physical characterisation of the spray-dried BDP was conducted
to evaluate particle morphology and molecular structure. Scanning
electron micrographs of the spray-dried BDP suggested that the
particles exhibited a spherical geometry with a smooth surface,
characteristic of amorphous particles (Fig. 3). Furthermore, the
particle diameter of the spray-dried BDP was of a suitable size
for respiratory drug delivery and thus relevant pharmaceutically.
The X-ray powder diffraction patterns of the raw and spray-dried
BPP are shown in Fig. 4. The sharp peaks observed in the raw
BPD diffractogram indicated a high degree of order, characteristic
of a crystalline state. In comparison, the single broad diffuse peak
of the spray-dried BDP suggested the material lacked any long-
range order (thus confirming its amorphous nature) [10].

The thermal response of the spray-dried BDP, measured by DSC,
is shown in Fig. 5. In general, four distinct events were observed
over the temperature range 20-280 °C; these corresponded to
glass-rubber, rubber-crystal, crystal-melt transitions and thermal
degradation, respectively. Furthermore, there was no indication of
an endothermic peak corresponding to residual solvent from the
spray-drying process (confirmed using thermal gravimetric analy-
sis; data not shown). The endothermic peak at 212 °C followed by
an exothermic result indicates the recrystallised BDP undergoes a
melt followed by chemical degradation. Furthermore, the spray-
dried BDP exhibited an exothermic crystallisation peak at 145
and 150 °C, at heating rates of 10 and 20 °C min~!, respectively.
Such observations agree with the previously determined melting
and re-crystallisation temperatures of BDP [28]. Crystallisation is
considered a kinetically driven transition and thus as the temper-
ature ramp rate increases, the T, would be expected to shift to a
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Fig. 3. Scanning electron microscopy of spray-dried BDP.
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Fig. 4. The X-ray powder diffraction patterns of A: raw (crystalline), and B: spray-
dried (amorphous) BDP.
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Fig. 5. DSC thermogram of spray-dried BDP at two heating rates of A: 10, and B:
20°C min . T, is indicated in the boxes (Exothermic: Up).

higher temperature. In comparison, the melting temperature will
remain constant, since it is a thermodynamically driven process
[29].

In addition to the crystallisation and melting exo/endotherms,
an endothermic shift was observed in the baseline between 40
and 80 °C. In general, the glass transition temperature of small
pharmaceutical molecules may be predicted from the melting tem-
perature, where the Ty is approximately ~0.7 the Tc (in K) [3,10].
Although such observations are empirical in nature, the T, for
BDP may be estimated as ~66 °C. Analysis of the endothermic
baseline shift (Fig. 5 insets) suggests that this estimated Ty value
is in good agreement with experimental observation, where analy-
sis of these baseline deflections indicated a T, of 64.8 and 65.7 °C at
10°C and 20 °C min~! heating rates, respectively. Again, as it is
considered a kinetically driven event, the increase in transition
temperature with heating rate is expected.

3.2. Computational modelling

Previous attempts to predict the amorphous structure using
random molecules or polymer repeat motifs to construct the amor-
phous unit cell structures have been conducted [11-15]; however,
to date, no such study has focused on pharmaceutically relevant
small molecules. Amorphous structure prediction at the molecular
level requires special considerations, as the molecular packing of
amorphous materials is not related to any crystalline unit cell.
Interestingly, it has been shown that the average H-bonding
strength in both the amorphous and crystalline forms are uniform,
and that a similar pattern of H-bonding may be expected to occur
between atoms throughout amorphous structures as observed in
their crystalline counterpart [30,31]. In addition, it may be hypoth-
esized that the disordered amorphous materials are expected to re-
tain the molecular packing motif of the corresponding crystalline
form but only over very short molecular distances [32]. Subse-
quently, initial attempts to construct an amorphous structure were
conducted with a 2-molecule repeat unit extracted from the crystal
lattice reported previously (retaining the different interactions be-
tween the molecules) [25]. This was repeated using 10, 20 and 30
units, however, after minimization, the virtual cell resulted in
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structures with very low density (i.e. <0.8 g cm~3). It is most likely
that the restraints imposed by the presence of two molecules as
build units may have affected the spacing of the different mole-
cules within the unit cell upon the amorphous structure construc-
tion. Consequently, a single BDP molecule was used for the
amorphous structure construction using 10, 20 and 30 molecules.
As with the first study, the conformation of BDP as found in the
crystal structure was used since, during crystallization molecules
tend to acquire low-energy conformations forming optimum H-
bonds between the most ‘appropriate’ H-bond donors and acceptor
groups [30]. Interestingly, the generated structure from all three
runs showed similar H-bonding patterns (same H-bond donors
and acceptor groups) to that observed in the BDP crystal structure;
however, the 10 and 20 molecule systems failed to produce com-
pact amorphous structures. It is envisaged that these models did
not contain a sufficient number of molecules to sustain an amor-
phous ‘network’ and thus the optimized system resulted in discrete
molecule clusters separated by void spaces (with densities signifi-
cantly less than 1 g cm™'). Subsequently, the amorphous cell struc-
tures generated from the single 30 unit runs were used in the
subsequent simulations.

The analysis of the properties of the twenty generated 30-unit
amorphous structures showed that the highest variation was ob-
served in the solvent surface free volume. Upon inspecting three
structures with low, medium and high solvent surface free volume,
the higher solvent surface free volume cell showed lower packing
and therefore was not used in the MD simulation steps.

In addition to the minimization in the amorphous cell construc-
tion step, a further optimization was performed on two selected
structures to further explore the physico-chemical properties.
Upon minimization, more compact structures with closer contacts
(H-bond distances and angles) were generated without any other

major differences; therefore, all four structures were used for the
MD simulations. An example of a minimized and optimized amor-
phous structure is shown in Fig. 6.

After proceeding with the MD simulations, the four structures
resulted in amorphous cells with cell densities above 1 g cm~> with
a consistent H-bond network. While an initial cell density of
1.36 g cm 3 (cell volume 19085.97 A%) was used for the amorphous
structure prediction (this is equivalent to the crystal density where
the free volume is minimized and hence the density is maximized)
[30], the optimized cell density was 1.193 + 0.007 g cm>. As dis-
cussed previously, H-bonds throughout the structure were similar
to that of the crystalline counterpart; however, the H-bond dis-
tances in the amorphous cell were broad. For example, the H-bond
lengths in the 30 unit amorphous models ranged from 1.65 to
2.47 A with H-bond angles between 108.30° and 178.14°. To put
this in perspective, the H-bond angle for crystalline BDP is 2.02 A
with an H-bond angle of 161.13° [25]. Such observations are to
be expected, since no long-range structure was observed in the
amorphous cell and thus the distance between H-donor and accep-
tor groups was not fixed.

3.3. Calculation of physico-chemical properties at specific
temperatures

In any phase, at equilibrium, the thermodynamic parameters
(such as volume, specific volume, density and heat capacity) will
change with respect to temperature. The transfer from one phase
to another is associated with a discontinuity in this relationship
and thus the abrupt change in a curve plotted for any of these
parameters versus temperature indicates a change in phase. For
amorphous materials, this theory may be utilised for the prediction
of the Tg [8,9].
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In MD simulations, the location and velocity vector for each
atom can be determined over time within any model structure un-
der a set of specified conditions. The state of the system can be pre-
dicted from these positions and velocities and accordingly the
system’s thermodynamic parameters can be calculated at those
conditions. In this study, the MD simulations at isothermal-
isobaric conditions were used to determine the different thermo-
dynamic parameters of the modelled systems at each temperature
in the range of —100 to 400 °C. The mechanical changes occurring
in the system as reflected in the change of volume and density of
the systems at different temperatures were monitored. Both
parameters showed a discontinuity at around 50-80 °C when plot-
ted versus temperature. A representative data set of the amor-
phous cell volume and density versus temperature from one of
the NPT-MD simulations plotted as a function of temperature are
shown in Figs. 7 and 8, respectively, where extrapolation of the
intercept resulted in a Ty of 65 °C. Analysis of the four simulations
studied here indicated an average T, of 63.8 = 2.7 °C. Such observa-
tions are in good agreement with the experimental T, values deter-
mined by DSC and theoretical T, value based on melting
temperature.

While this study shows the potential of molecular dynamic sim-
ulation for the prediction of the physical properties of amorphous
systems, it is important to consider the current limitations and fac-
tors which should be considered for further study. Firstly, the pro-
cess of glass transition is kinetic in nature and therefore variations
in Ty at high heating rates should be considered. Furthermore, the
current model is not capable of determining high-level phase
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Fig. 7. The change in amorphous cell volume with temperature for BDP amorphous
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Fig. 8. The change in amorphous cell density with temperature for BDP amorphous
cell structure as estimated from one of the MD simulations.

transitions (i.e. crystallisation), which is observed experimentally,
over the temperature range studies here. Finally, when considering
more hydrophilic pharmaceutical molecules, the presence of water
molecules in the amorphous structure should be considered, since
these have a significant effect on the molecular mobility and thus
T,. Ultimately, this approach may be used to determine advanced
physico-chemical properties of pharmaceutical systems relative
to their formulation (i.e. solubility parameters, surface energy
and Young’s modulus).

4. Conclusions

Molecular dynamic simulations have been successfully utilised
with molecular modelling to estimate the glass transition temper-
ature of polymers. In this work, a similar approach was used to pre-
dict the amorphous structure of small, pharmaceutically relevant,
molecules and predict their physico-chemical properties. The T,
of BDP was determined by running a series of MD-NPT simulations
in the temperature range of —100 to 400 °C. The high agreement
between the experimental and predicted T, values validates the
use of this approach to predict the T for small molecules. While
current solid-state experimental techniques allow rapid and accu-
rate determination of drug Tg, this validated computational ap-
proach opens up new avenues for investigating the physico-
chemical properties of these systems at the molecular level (for
example diffusion properties or the influence of impurities). It is
also important to note that this approach was limited to a hydro-
phobic small drug molecule where future studies should consider
amorphous hydrophilic drug systems, where water molecules
and, in the case of salts, ionic interactions should be included in
the simulation.
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