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Molecular insights into kinetic stabilization of
amorphous solid dispersion of pharmaceuticalst

Vladislav Aulich, @ Jan Ludik, ©@ Michal Fulem @ and Ctirad Cervinka {2 *

Poor aqueous solubility of crystalline active pharmaceutical ingredients (APIs) restricts their bioavail-
ability. Amorphous solid dispersions with biocompatible polymer excipients offer a solution to overcome
this problem, potentially enabling a broader use of many drug candidate molecules. This work addresses
various aspects of the in silico design of a suitable combination of an APl and a polymer to form such a
binary solid dispersion. Molecular interactions in such bulk systems are tracked at full atomic resolution
within molecular-dynamics (MD) simulations, enabling to identify API-polymer pairs that exhibit the
most beneficial interactions. Importance of these interactions is manifold: increasing the mutual miscibil-
ity, kinetic stabilization of their amorphous dispersions and impedance of the spurious recrystallization of
the API component. MD tools are used to investigate the structural and cohesive properties of pure
compounds and mixtures, with a special emphasis on molecular interactions, microscopic structures
and internal dynamics. This analysis is then accompanied by a macroscopic image of the energetic com-
patibility and vitrification tendency of the mixtures in terms of their excess enthalpies and glass transition
temperatures. Density-functional theory (DFT) and non-covalent interaction (NCI) analysis fortify our
computational conclusions and enable us to map the intensities of particular NCI among the individual
target materials and relevant molecular sites therein. Three archetypal polymer excipients and four API
molecules are included in this study. The results of our computational analysis of molecular interactions
in bulk systems agree with the experimentally observed trends of solubility of the given API in polymers.
Our calculations confirm PVP as the most potent acceptor of hydrogen bonding among the three
considered polymer excipients, whereas ibuprofen molecules are predicted to be the most efficient
hydrogen bond donors among our four target APIs. Our simulations also suggest that carbamazepine
does not exhibit particularly strong interactions with the considered polymer excipients. Although
current MD cannot offer quantitative accuracy of many of the discussed descriptors, current
computational models focusing on NCI of APIs with polymer excipients contribute to understanding of
the behavior of these materials at the molecular level, and thus also to the rational design of novel
efficient drug formulations.

bioavailability, dissolution, and distribution of such APIs
through the treated organism. This fact impedes potential

Crystalline forms of active pharmaceutical ingredients are
advantageous because of their better stability during long-
term storage, reproducibility of the crystallization procedure
and more reliable predictions of material properties at the
molecular level under defined conditions." Concurrently, a vast
majority of newly proposed API candidate molecules have a
predominant hydrophobic character, imparting a poor solubi-
lity of their crystals in water,> which adversely limits the
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wider use of numerous API candidates as solid drugs in
medical treatment. Improving the efficiency of oral adminis-
tration of poorly soluble APIs has become one of the biggest
challenges in the pharmaceutical industry.® Strategies for ren-
dering the otherwise promising API candidates more soluble
have to be searched for to overcome these limitations. These
rely on a suitable chemical functionalization, conversion of an
API to its salts,” formulation of cocrystals,” or preparation of
amorphous forms of APIs.>® The latter option seems very
beneficial as any amorphous phase inherently exhibits a larger
solubility than respective crystals due to its thermodynamic
metastable nature. However, kinetic aspects of stabilization of
the amorphous API forms with respect to its crystallization over
sufficient periods of time need to be also considered.”® During
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processing, storage, and after contact with water or humidity,
the thermodynamically metastable amorphous forms tend to
recrystallize, which is a price to be paid for exploiting the
higher solubility of a metastable API formulation.® Formulation
of amorphous solid dispersions of API in various matrices that
stabilize the amorphous API form relies predominantly on
biocompatible polymers which seems very promising in this
context."’

Half a century ago, the earliest account of the so-called first-
generation solid dispersion was provided by exploring eutectic
mixtures that exhibit an enhanced rate of API release and
bioavailability.'" First-generation solid dispersions were built
from crystalline carriers such as urea or sugars, forming crystal-
line solid dispersions. The second generation of solid disper-
sions was then based on replacing crystalline carriers with
amorphous carriers such as polymers, forming an amorphous
product in which APIs are dissolved. There is also a third
generation of solid dispersions using a surfactant carrier or a
combination of amorphous polymers and surfactants.® The
motivation of the latter strategy is to kinetically stabilize the
amorphous solid phases of APIs by beneficial molecular inter-
actions between the API and its excipient, which averts the
rearrangement of API molecules into a crystal lattice even at
supersaturated API concentrations.””® This spurious process
may even begin with an amorphous-amorphous separation,
followed by a separate recrystallization of the API from its pure
phase."

Combinatorial chemistry techniques and high-throughput
screening have led to an immense increase in the quantity of
proposed poorly soluble candidate API molecules. Concur-
rently, there are vast numbers of known polymer materials that
can be considered biocompatible and that exhibit the potential
for acting as an excipient for an API. There are accurate and
reliable calorimetric pathways to systematically characterize
such complex multi-component systems."* These purely experi-
mental approaches become, however, very tedious when
high-throughput screening is due. To rationalize the design
of viable amorphous formulation for a particular API, in silico
approaches are inevitable to avoid the laborious trial and
error scheme throughout the experimental stages of drug
development.'* Molecular simulations enable to focus on indi-
vidual molecular interactions and mechanistic degrees of free-
dom in bulk materials at an all atom resolution."® Such insights
are invaluable for identifying the most important molecular
interactions that a real API molecule can exhibit and preselect-
ing a short list of potential excipients that are capable of
forming beneficial interactions and spatial packing to stabilize
the amorphous API dispersion.

The glass-transition temperature (T,) of a bulk amorphous
system is a key parameter governed by its inner dynamics and
molecular interactions. Robust approaches for T, predictions
from MD simulations have been developed and validated
recently.'®™"® These approaches rely on analysis of the simu-
lated density as a function of temperature which can be
extracted from molecular simulations with a fairly low uncer-
tainty. Resulting predictions of the glass transition do not
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Fig.1 Monomer units of target polymers (top row: PLA, PEG, and PVP)
and APl molecules (middle row: carbamazepine, ibuprofen, and bottom
row: indomethacin, naproxen) considered in this work.

exhibit quantitative accuracy,"® but represent a valuable macro-
scopic descriptor of the internal dynamics of complex amor-
phous materials. As such, analysis of the simulated molecular
interactions at the microscopic level and the glass transition
temperatures at the macroscopic scale go hand in hand when
designing suitable API-excipient pairs and assessing their
kinetic stability."

In this work, we select three archetypal biocompatible poly-
mers, namely polyethylene glycol (PEG),>° polylactic acid
(PLA),>*** and polyvinyl pyrrolidone (PVP)**>' that all have (at
least as building blocks of the true polymer) a real significance to
be used as excipients in API formulations. Monomer units of all
these materials are depicted in Fig. 1. To enable validation of the
simulated results, we select common API molecules, the amor-
phous solid dispersions of which have been prepared and
experimentally characterized recently.'****%*' Namely, we con-
sider carbamazepine (CBZ),” ibuprofen (IBU),>""** indomethacin
(IND),?>*5%° and naproxen (NAP)."*** Molecular formulae of the
target API are given in Fig. 1.

Among these materials, there are recent experimental data
on equilibrium solubilities of APIs in the PLA based polymers,
which range to low units of weight percent at 298.15 K (how-
ever, corresponding to dozens of molar percent due to signifi-
cant differences in molecular weights of the components).
Experimental literature data reveal that mixtures with composi-
tion around molar fraction x,p; = 0.85 represent slightly over-
saturated mixtures in terms of the API concentration.>® Several
attempts at preparation of even more oversaturated mixtures
with x,p; exceeding 0.90 have been exerted, leading in some
cases to two-component systems that remain homogenous over
limited time periods before the phase separation occurs.>*"°

Solubility of the current target API in PLA based polymers
was found to increase in a row: IND < NAP < IBU,*'"233!
assuming that PLA and its copolymer PLGA exhibit very similar
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behavior. Additionally, the solubility of IBU, IND, and NAP was
experimentally found to vary significantly among the polymers
studied, with PVP exhibiting a notably higher solubilizing
capacity compared to PLA and PEG.'*?072%2%27:31.32 Thege
hierarchies indicate some variance in the molecular and ther-
modynamic compatibility of the components or of the extent of
kinetic stabilization of such oversaturated mixtures with
respect to recrystallization of the APL.>*> A comparison of the
rankings of thermodynamic and kinetic factors with the
observed long-term stabilities points to the importance of
looking at these aspects simultaneously. For instance, IBU
was proved to be more soluble in PLA while IND experiences
a large kinetic stability of its oversaturated dispersions in that
polymer.>® At this point, the path of atomistic simulations is
adopted to provide a detailed interpretation of the observed
phenomena.

Classical equilibrium MD simulations with a full resolution
of atoms are performed in this work to investigate the micro-
scopic structure, spatial packing, energetics and prevalence of
individual molecular contacts and interactions and compare all
these characteristics between pure amorphous materials and
their binary mixtures. In addition, non-equilibrium simula-
tions of rapid quenching of liquid mixtures to amorphous
glassy phases are performed to assess the macroscopic kinetic
stability of the amorphous mixtures and to interpret its trends
among various target materials at the level of individual mole-
cular interactions. Despite the inner dynamics of bulk amor-
phous materials can be captured more accurately with explicitly
polarizable simulations,"®** we limit the scope of this work to
non-polarizable simulations which impart a fair compromise
between the accuracy of results and associated computational
costs and a DFT analysis of non-covalent interactions within
representative molecular clusters.

On purpose, we selected for our simulations systems with
compositions of the two-component mixtures that slightly
exceed the experimentally observed solubility of the target API
in the given polymers. We aim at an atomistic interpretation of
the experimentally observed solubility trends and diverse
kinetic stabilities of various oversaturated mixtures that are
prone to a phase separation from the thermodynamic point of
view. Simulations of the local structure, inner dynamics and
molecular interactions within the two-component mixtures are
performed for this purpose. Note that the goals of this work do
not include in silico predictions of the equilibrium solubility of
the APL

2. Computational methods

2.1. General simulation setup

Polymer chains were created from dimer units by their replica-
tion on a one-dimensional lattice as described in our previous
work.>* Such a procedure leads to extended linear chains in all-
trans conformation that need to be folded before packing in a
simulation box. PLA chains were prepared from 200 monomer
units of p-lactic acid so that the weight of a single PLA chain
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exceeds 14400 g mol . PEG chains were prepared from 239
monomer units of ethylene glycol, corresponding to a molecu-
lar weight over 10500 g mol '. Both PLA and PEG backbone
chains were terminated with hydroxyl moieties at both ends.
PVP chains were created from 90 vinyl pyrrolidone units,
corresponding to a molecular weight over 10000 g mol .
Methyl groups were selected to terminate the PVP backbone.
To simplify the computational setup, all polymer samples were
simulated as monodisperse systems with the given chain
lengths, since the current level of MD simulations was demon-
strated not to distinguish® the differences of thermodynamic
properties that occur in reality among various polymer samples
differing in their molecular mass or polydispersity.? Literature
OPLS force field models for PLA,** PEG,***® and pvp3**°
which had been united to the OPLS format*' and validated
previously in another our study,> were used to describe the
behavior of the polymer molecules.

For the sake of compatibility with polymer treatment, OPLS
force fields were adopted to describe the behavior of API
molecules as well. Namely, literature parameter sets were used
for CBZ," IBU,** IND,** and NAP.* If needed, these force-field
models have been also unified to the OPLS format and subse-
quently tested in our earlier work.'®> Note that we selected the
OPLS force field*" as a simple non-polarizable, yet versatile all-
atom model that has been previously tested to provide a fairly
accurate description of both crystal and liquid phases of many
molecular materials****” and their mixtures.**>° In the
context of the all-atom OPLS model for pure API and polymer
materials that are targeted in this work, our previous studies
evaluated the mean errors of the MD-simulated bulk liquid
densities of the API to range to 4-6% at 400 K,'® and of the bulk
monodisperse polymers with molar mass around 10 kg mol "
to be 7-15%.'° Fusion enthalpies of the pure API were
captured within 10-50% of the experiment.'® Typical errors in
simulated glass-transition temperatures amount to 60-80 K
for the pure API™® and to 40-80 K for pure polymers®*
when the given non-polarizable model is used. Such perfor-
mance of the model, however, predetermines that quantitative
predictions of subtle thermodynamic properties cannot be
targeted by the current simulations. Instead, this work focuses
on a qualitative interpretation of the previously observed
phenomena.

LAMMPS software package® (version 5 May 2020) was used
for all MD simulations. At first, a single isolated linear polymer
chain in its all-trans conformation was simulated at 300 K for
2 ns. This procedure was important to bend the linear extended
chain conformations to a more reasonable (but rather random)
globular conformation to be packed later in simulation boxes
mimicking bulk mixtures.** Subsequently, simulation boxes for
amorphous binary mixtures of APIs with polymers were pre-
pared using the Packmol code,** which places a user-defined
number of molecules at random non-overlapping positions
within a cubic box. Molecular topology and input files for the
simulations in LAMMPS were then generated using the fftool
script.>> Compositions of the simulation boxes used in this
work are summarized in Table 1.
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Table 1 Composition of simulation boxes (x and w being the molar and
mass fractions, respectively) mimicking amorphous dispersions of APl and
PLA considered in this work

PLA-API systems

Napr 100 200 300
Npia 17 17 17
Xap1 0.85 0.92 0.95
Wenz 0.09 0.16 0.22
Winy 0.08 0.14 0.20
Winp 0.13 0.23 0.30
Wnap 0.09 0.16 0.22
POLY-IBU systems

POLY PEG PVP

NroLy 18 20

Nigy 100 100

XBU 0.85 0.83

Wiy 0.10 0.09

A single pre-folded globular conformation, described above,
was always packed in a simulation box to facilitate building up
the simulation boxes mimicking the bulk mixtures. In our
previous work,** we found that equilibration of bulk polymer
at a sufficiently high temperature (e.g. 500 K for PLA and PEG
and 800 K for PVP) leads to a complete erasing of the con-
formational memory of individual chains in our simulations.
Properties such as the density, total energy or even the mean
square end-to-end distance of a polymer chain proved to be
insensitive to the imposed initial conformation when this high-
temperature equilibration phase was included in the simula-
tion protocol.

Equilibrium simulations of bulk systems were always simu-
lated with isotropic periodic boundary conditions within the
isothermal-isobaric NpT ensemble, adopting the Nosé-Hoover
thermostat and barostat® and the velocity Verlet integrator as
implemented in LAMMPS.>" A 12 A cut-off distance was
imposed for the short-range interactions, being accompanied
by integral tail corrections for interactions beyond this thresh-
old. A long-range PPPM solver was employed to sum the
Coulombic interactions of atomic point charges.’> The SHAKE
algorithm®® was applied to constrain the lengths of covalent
bonds terminating in hydrogen atoms, which enabled us
to perform the simulations with a constant time integration
step 1 fs.

Following our search for an efficient computational treat-
ment of polymer samples,*® equilibration simulation runs of
bulk systems were initiated from randomly packed simulation
boxes and were equilibrated at the temperature of 500 K and
pressure of 1 bar over 2 ns. Subsequently, these pre-
equilibrated systems were adjusted to additional two target
temperatures, 300 K and 800 K, by an additional 2 ns equili-
bration period at both temperatures. Finally, production runs
spanning 10 ns at both 300 K and 500 K were performed to
sample the equilibrium properties of the pure compounds and
their binary mixtures. Enthalpic, structural (radial distribution
functions, RDFs) and dynamic (mean square displacement,
MSD) characteristics of the simulated ensembles were sampled
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every 1 ps. Block-averaging scheme was employed to estimate
the statistical sampling uncertainty of the observed properties,
such as equilibrium density and enthalpy.”” Static structure
factors corresponding to small-angle neutron scattering
(SANS) were calculated for all the considered mixtures. For
this purpose, the simulated trajectories (10 ns period) were
post-processed by the diffraction utility,”® using coherent scat-
tering lengths for elements from ref. 59. Such computational
setup was previously validated for bulk nano-structured
materials.">®°

MD results for pure amorphous APIs'> and pure polymer
systems* were taken from our recent studies validating the
computational setup of atomistic MD simulations of structure
and glass transitions in these materials. The computational
setup adopted to treat pure materials in the MD simulations in
these studies was identical to that adopted in this work.

2.2. Localization of glass transition temperatures

To determine the glass transition temperature of the mixtures,
rapid non-equilibrium quenching of the bulk was simulated.**
A cooling rate of 30 K ns™ ' was imposed to cool the system from
800 K down to 200 K. To minimize the hazards associated with
random freezing of the simulated amorphous system in an
anomalous glassy state and to gain an insight on the actual
computational uncertainty of this quenching procedure, it was
repeated five times for each system.'” Initial configurations of
the simulation boxes for these five simulation replicas were
selected from mutually distant time steps from the previous
trajectory at 800 K, randomizing also the initial atomic velo-
cities for each of these cooling runs to maximize the indepen-
dent character of these replicas.**

Density as a function of the instantaneous temperature was
sampled every 1 ps during these non-equilibrium quenching
runs. Further data processing was then limited to the tempera-
ture interval from 600 K to 200 K. Hyperbola-fit method was
applied to determine the glass transition temperature of all
simulated bulk mixtures.®" We adopted the following equation
to fit the obtained density-temperature data:

p(T) = py — a(T — Tp)

1

where a, b, and ¢ are adjustable parameters, p, is a reference
density and Ty is the actual glass transition temperature. This
procedure has been demonstrated to minimize human inter-
vention in the analysis of the simulated density trend shift
and can be efficiently automated.'®®" It can be used also
in situations where the glass transition is not accompanied
by an abrupt trend shift of the density with respect to tempera-
ture. Note that eqn (1) provides a smooth curve when the
parameter ¢ amounts to finite numbers (with T, corresponding
to the hyperbola center), whereas it becomes a broken line for
¢ = —oo (with the break at T;). Both settings (finite or infinite ¢
values) typically produce very similar T, results when the
density trend shift is clearly visible.®" The latter setting proves
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to be more useful for cases with a more indistinct density trend
shift due to glass transition.** For most bulk simulated systems
and proper simulation protocols, it holds that both T, values
are very similar so that one can assume that it holds T, = T.

2.3. Identifying important non-covalent interactions

To localize and quantify the non-covalent intermolecular inter-
actions (NCIs) between the API and its polymer carrier, addi-
tional analyses were performed within the framework of
quantum theory or atoms in molecules.®> We focused on the
critical points of the reduced density gradient (RDG) versus the
sign of the second-density Hessian eigenvalue (/,). Note that
the RDG critical points correspond to positions around the
interacting molecules, where the RDG reaches or at least
sharply approaches the zero value, and concurrently these sites
match regions where most intense non-covalent interactions
among individual atoms occur.®®

For this purpose, a cluster of a single API molecule and an
oligomer containing four to six monomer units (so that the
chain covers the key carboxyl or amide moiety in the API
molecule) were prepared. A simulated annealing protocol, cool-
ing slowly this cluster from 400 K to 0.01 K over 1000 ns, was
performed at the level of non-polarizable MD to find a reason-
able stable cluster conformation.®® Geometry of such an
annealed cluster was then reoptimized within the DFT frame-
work using the B3LYP-D3(B])/6-311+G(d,p) level of theory®>°® in
Gaussian, version 16 (RevB.01).®” The MultiWFN package®® was
used to perform all manipulation of the quantum-chemically
computed electron structure properties.

To analyze optimum molecular contacts due to the hydrogen
bonding of API molecules and fragments of the polymer chains,
clusters containing a single API molecule and a capped chain
monomer or a tetramer were prepared. Geometries of
these clusters were obtained from a classical-MD simulated
annealing procedure followed by a density-functional theory
B3LYP-D3/6-311+G(d,p) optimization. Finally, scaled zeroth
order symmetry-adapted perturbation theory sSAPT0®® along
with the calendar jun-cc-pVDZ basis set’® were used for
calculations®®”° of their pair interaction energies. There calcu-
lations were performed in PSI4”! to dissect individual mecha-
nistic components of the interaction and to estimate the
hydrogen-bonding strength by subtracting the dispersion inter-
action from the total SAPT pair interaction energy. Note that the
SAPT approach was selected for calculations of the pair inter-
actions as it is inherently free of the basis-set superposition
error.”

3. Results and discussion

This section is organized as follows. First, excess molar volumes
and enthalpies of the API-polymer mixtures are discussed to
present an initial macroscopic picture of the character of the
mixtures. Interactions and internal dynamics are then analyzed
in more detail at the microscopic level. Finally, simulated glass
transition temperatures are presented to unite the microscopic
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and macroscopic characterization of the mixtures and their
kinetic stability.

3.1. Excess properties of mixtures

Excess quantities express deviations of thermodynamic proper-
ties of real mixtures from ideal mixtures, ie. the extent of
asymmetry of heteromolecular interactions with respect to the
situation in pure compounds. In the current case of amorphous
mixtures of molecules with dramatic differences in molecular
size and capability to interact via hydrogen bonding, appreci-
able non-zero excess quantities can be expected.

First, excess molar volumes V* of API-PLA mixtures are
negative for all considered API at 300 K as depicted in Fig. 2
and listed in Table S1 (ESIt). This indicates a good steric
compatibility of API molecules with PLA chains. The spatial
packing of their mixtures is then slightly more efficient than
that of pure compounds. Particular V* values in Fig. 2 and
Fig. S1 (ESIY) correspond to less than 1% of the actual molar
volumes of the mixtures with PLA and up to 2% of those with
PVP in the absolute value at 300 K. Naturally, the magnitude of
this effect increases as the API molar fraction decreases from
unity. The most important negative deviation from ideality is
exhibited by ibuprofen mixed with PLA, whereas the analogous
value for naproxen is lower by a factor of two.

At 500 K, V¥ values are higher for all considered mixtures
than at 300 K. The only API-PLA mixture that retains at least
slightly negative V* at 500 K is IND-PLA. Otherwise, simulated
VE values are effectively zero as their magnitudes in the vicinity
of the zero level are comparable with their statistical sampling
uncertainties. V* is convincingly positive at 500 K for the NAP-
PLA mixture. Such results indicate that the higher temperature
significantly disrupts the beneficial packing that the API mole-
cules can exhibit within the PLA matrix. From the perspective of
the spatial packing of the bulk, carbamazepine and ibuprofene
form near-to-ideal mixtures with PLA at 500 K. Notably, IBU-
PLA mixtures, exhibiting the most negative V* at 300 K among
the considered API, exhibit also the largest increase of their V*
upon heating to 500 K (by almost 10 cm® mol ™" at x,p; = 0.85),
which may be an indication for limited thermal stability of the
respective beneficial ibuprofen-PLA interactions. Predicted V*

4F [ API-PLA300K | 1 4 £ 1
& CBz ¢ BU <
- & IND @ NAP g ﬁ ?
g’ 5o
o * ‘ g ¢ ¢
Sl $ 1 Eat -
W [ *]°
> * & e API-PLA 500 K
8k . -8F | © CBz & IBU| A
3 O IND O NAP
0.84 088 092 096 0.84 0.88 092 0.96
XapI Xap

Fig. 2 Excess molar volumes VE (in cm® mol™) of simulated mixtures of
target APl and selected polymers at various compositions and tempera-
tures 300 K (left box, full symbols) and 500 K (right box, empty symbols).
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Fig. 3 Excess molar enthalpies H (in kJ mol™) of simulated mixtures of
target APl and selected polymers at various compositions and tempera-
tures 300 K (left box, full symbols) and 500 K (right box, empty symbols).

values decrease less significantly for the other systems (6 to
8 cm® mol " at x,p; = 0.85).

Despite the beneficial packing features of the discussed API-
PLA mixtures under ambient conditions, their excess enthal-
pies H® are rarely negative, as depicted in Fig. 3. It is only
ibuprofen that appears to form significant beneficial interac-
tions with PLA above the level of an ideal mixture. Whereas the
computed H® values are nearly zero for CBZ-PLA mixtures,
analogous values are appreciably positive when PLA is mixed
with naproxen and indomethacin, indicating certain deficien-
cies of these mixtures from the perspective of molecular inter-
actions. Interestingly, the predicted H® values are higher at
500 K, exhibiting positive values for all the systems. This may
be an impact of the loss of the spatial packing advantage that
manifests at 300 K and that can partly compensate for the
disruption of strongly attractive API — API interactions that
occur in bulk preferentially at high API concentrations. The
presence of polymers in a bulk mixture attenuates the API — API
interactions, which are not fully compensated by creating new
intermolecular interactions between API and PLA in the mix-
tures, there is minimum to no enthalpic driving force for
mixing of the given APIs with PLA. Should such a mixing
leading to homogenous two-component phases occur, it would
have to rather rely on entropic factors.

The trends of calculated H®, which are appreciably higher
for mixtures with lower API fractions, support this hypothesis
further. Notably, trends of H* simulated among individual APIs
qualitatively match the ranking of their experimental solubili-
ties in PLA based polymers: IND < NAP < IBU. This is an
encouraging finding, calling for additional structural analyses
at the microscopic scale.

An explanation for the small magnitudes of H* for CBZ-PLA
mixtures at ambient temperature is rooted in compensation of
two effects: (i) an endothermic impact of the partial disruption
of the homo-molecular CBZ-CBZ hydrogen bonds due to the
polymer presence in the mixture which will be analyzed below;
and (ii) an exothermic effect due to the improvement of the
spatial packing efficiency of the bulk mixture leading to more
intense dispersion cohesive interactions which is supported by
the negative excess volume shown in Fig. 2 for the CBZ-PLA
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mixture at 300 K. Larger (positive) H® values for CBZ-PLA
mixtures at 500 K are then an imprint of the loss of the packing
efficiency benefits which propagate to the endothermic mixing.

Excess properties of mixtures of IBU with individual target
polymorphs are depicted in Fig. S1 (ESIt). Both excess molar
volumes and enthalpies of systems containing PVP are signifi-
cantly more negative than for the remaining two polymers,
which indicates that strong attractive IBU-PVP interactions are
established upon mixing which further stabilizes that mixture.
On the other hand, the IBU-PEG system exhibits excess proper-
ties very close to zero or even positive already at 300 K,
indicating only weak hetero-molecular interactions in that
system. PLA remains in the middle of the current polymer
hierarchy with respect to the excess properties. Such a trend
again agrees with the experimental hierarchy of IBU solubilities
in individual polymers which was established above.

3.2. Equilibrium structure and interactions

Recently, super-saturated mixtures of some of the target API
and polymers have been experimentally prepared and demon-
strated to remain homogenous for various macroscopic time
periods, ranging from minutes (e.g. for IBU-PLA) to months
(e.g. IND-PLA).>® To validate the structural homogeneity of our
simulated samples at the microscopic level, we characterized
our samples from the perspective of their nano-structuration
via simulations of their SANS diffraction patterns. Fig. S2 (ESIY)
depicts static structure factors S(g) mimicking SANS outputs.
The only one convincing broad Bragg peak near the reciprocal
coordinate g = 1 A~ value in all such plots can be attributed to
the adjacency of individual molecules in the amorphous bulk
phase. The position of this signal corresponds then to an
efficient radius of the API molecules or blobs in the polymer
chain which amounts to around 2n/g ~ 6 A. Naturally, S(q)
signals are smooth at 500 K as all the samples are fluid at these
conditions, whereas S(q) signals are relatively noisy at 300 K,
corresponding to the loss of fluidity of the glassy systems. Since
there are no significant pre-peaks on the S(g) signals that would
correspond to a regular formation of larger domains, one can
rule out immediate nano-segregation of the API molecules from
the polymer carrier over the simulated ten-nanosecond time
horizon. Simulated samples can thus be assumed to be fairly
homogenous over the time scale of the generated MS
trajectories.

Comparison of simulated SANS profiles for mixtures of IBU
with individual polymers, depicted in Fig. S3 (ESIY), reveals a
qualitative similarity of the mixtures regardless of the present
polymer. The position of the main broad peak of those SANS
profiles varies among the present polymers. It is shifted to the
largest g values for the IBU-PEG mixture which can be attrib-
uted to the simplest chain structure of PEG, and thus to the
smallest size of its chain molecules. There is a very weak
shoulder near 0.8 A™' for the IBU-PVP mixture, possibly
indicating some weak medium-range ordering of that amor-
phous mixture with a characteristic length of roughly 7.9 A.
Interestingly, experimental X-ray diffraction on a similar IBU-
PVP amorphous mixture revealed a broad shoulder of the
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diffraction starting at roughly 0.7 A™%.73
predict that there are no such S(gq) pre-peak features for the
IBU-PEG or IBU-PLA mixtures that would exceed the
computational noise.

To investigate how the ordering of the amorphous mixtures
differs from what can be observed for pure amorphous API, Fig.
S4 (ESIT) depicts simulated SANS profiles for pure amorphous
API at 300 K. Pure amorphous IBU exhibits two distinct pre-
peaks at 0.35 A~ and 0.51 A™" (corresponding to characteristic
lengths of 18.0 A and 12.3 A, respectively) that can be inter-
preted as imprints of an alternation of hydrogen-bonded layers
where the polar and non-polar segments of IBU molecules tend
to segregate in the bulk. Note that the linear dimension of the
closest carboxyl-dimer of IBU molecules (depicted in Fig. S5,
ESIt) amounts to roughly 18 A which reasonably agrees with the
position of the pre-peak in the simulated SANS profiles. Note
that a significant S(g) shoulder has been also observed experi-
mentally for amorphous IBU under ambient conditions,”* con-
firming our simulated results. Since such significant pre-peaks
are missing in the simulated SANS profiles of mixtures of IBU
with any of the polymers in Fig. S2 (ESIt), one can conclude
that formulation of these API-polymer dispersions is a success-
ful strategy to disrupt the most important cohesive features that
occur in neat API phases.

There is also experimental evidence of similar structural
features of amorphous IND, the diffraction pattern of which
exhibits a shoulder at 0.82 A™* (corresponding to a character-
istic length 7.8 A),”>”® which can be also attributed to some
medium-range ordering of the hydrogen-bonded IND dimers in
the bulk. Fig. S5 (ESIt) depicts the scale of the closest carboxyl-
dimer of IND molecules that agrees with this characteristic
length. Our simulations also indicate a very weak shoulder in
that S(gq) region. Simulated S(q) profiles for pure amorphous
NAP are qualitatively similar to those of IND. Finally, there is
also an experimental report of a diffraction experiment on an
amorphous pure CBZ phase, that lacks any pre-peaks,”” which
is in agreement with our simulations predicting a smooth decay
of the S(g) in the low-q region.

RDF represents a suitable structural quantity for interpreta-
tion of the observed behavior of excess quantities of the
mixtures and to identify important close atomic contacts and
related non-covalent interactions that have the highest impact
on material cohesion. Since all considered API molecules are
capable of the formation of strong hydrogen bonds in both
their condensed phases, and all the target polymers contain
oxygen atoms that behave as acceptors of hydrogen bonds, this
type of non-covalent interaction naturally needs to be analyzed.

At first, homo-molecular API-API interactions in the mix-
tures will be discussed and their occurrence will be compared
to what occurs in neat amorphous API.

Fig. 4 depicts homo-molecular RDF simulated for pure API
and their mixtures with PLA. Large amplitudes and narrow
shapes of the first RDF peak indicate that strong hydrogen
bonding dominates the cohesive interaction in the pure amor-
phous API phases. Current RDF data suggest that CBZ-CBZ
hydrogen bonding is the weakest in bulk amorphous CBZ at

Our simulations
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Fig. 4 Radial distribution functions g(r) for homo-molecular contacts of
the API carboxyl/amide hydrogen atom (Ho/Hy) with the API carbonyl
oxygen atom (O¢) in pure amorphous APl and API-PLA mixtures simulated
at 300 K. Signals from the mixtures are renormalized so that the unity value
always corresponds to the average contact counts in neat bulk API. Inset
molecular fragments serve as tentative illustrations of the possible close
contacts in bulk API.

300 K among the target API, whereas IND-IND interactions are
the strongest. This can be glimpsed also from the positions of
the first RDF peaks, which are located at 0.5 A shorter mole-
cular separations for IND than for CBZ. The second RDF peak
that is exhibited by CBZ systems at around 3.5 A corresponds
only to the stoichiometry of the NH, moiety, not to formation of
an immediate second solvation shell.

For the mixtures, all RDF signals are normalized so that the
g =1 value always corresponds to the average particle density in
neat amorphous API. Thanks to this normalization, one can
directly observe how the dilution of the API by dispersing it in
the polymer excipient affects the hydrogen bonding structure.
For CBZ, IBU and NAP, there is a significant decrease in the
RDF peak amplitudes upon API dilution with PLA (by a factor
from 4 to 8 for x,p; = 0.85), whereas this amplitude drop is less
pronounced for the IND-PLA mixtures (by a factor of 1.5). Such
data indicate that molecules of the former three APIs can be
considered as fairly dispersed in the PLA matrix and that their
homo-molecular interactions that impart the strong cohesion
of their pure crystals are largely suppressed in the mixture. On
the other hand, IND molecules remain significantly bound
among themselves even in the mixture with PLA. This strong
hydrogen bonding among IND molecules still leaves some
potential for their aggregation in the bulk mixtures, possibly
leading to structural inhomogeneity on longer time scales.
Results presented in Fig. 4 itself cannot distinguish between
formation of dimers or catemer chains among API molecules in
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Fig. 5 Coordination numbers for intermolecular contacts of the API
carboxyl/amide hydrogen atom (Ho/Hy) with the API carbonyl oxygen
atom (Oc¢) in pure amorphous APl and API-PLA mixtures simulated at
300 K (full columns) and 500 K (empty columns).

the bulk. Therefore, an additional analysis of this phenomenon
will be included below.

Analogous API-API RDF
extracted from our MD simulations at 500 K are depicted in
Fig. S6 (ESIT). Amplitudes of all RDF peaks naturally diminish
as the system becomes more chaotic. Ratios of the first-peak
amplitudes at 500 K and 300 K range from 0.28 (IBU) over
0.45 (CBZ) and 0.50 (NAP) to 0.93 (IND) at xap; = 0.85.

Such observation of the RDF can be naturally supported by
evaluation of the integral coordination numbers over the first
coordination shell in the simulated bulk systems, this time
normalized always with respect to the actual average density of
each simulated system. Fig. 5 confirms the dramatic losses of
homo-molecular API-API hydrogen bonding upon mixing with
PLA for all considered APIs except IND. Notably, relevant
carboxyl moieties are saturated with hydrogen bonding from
two-thirds (for CBZ and NAP) over roughly 80% (for IND) up to
nearly 90% (for IBU) at 300 K in API glasses. Data in Fig. 5
depict that this homo-molecular saturation drops to near 10%
at xapr = 0.85 and 300 K for all API except IND, which retains
almost 60% of its carboxyls hydrogen-bonded with other IND
molecules at these conditions. Interestingly, PLA mixtures with
IND and NAP exhibit an almost linear relationship of the API-
API coordination number with the API concentration in the
considered range at 300 K, but the coordination number
decreases more steeply for the CBZ and IBU containing
mixtures.

Fig. 5 also compares how these coordination numbers
change upon heating all bulk phases to 500 K. This significant
heating has no visible impact on all IND systems, confirming
the resistance of the homo-molecular IND-IND hydrogen bond-
ing to the temperature-induced decay, which is a sign of its
massive strength.*®>® A slight decrease in the API-API hydro-
gen bonding can be glimpsed for NAP systems at 500 K,
whereas this heating leads to a drop to 60% of the intensity
at 300 K for CBZ and IBU and similarly for their mixtures
with PLA.

homo-molecular functions
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To assess the character of hydrogen-bonded homo-
molecular clusters of API molecules in the bulk, one can
consider the dominant cohesive features that occur in pure
crystalline API as a reference. These represent the closest
carboxyl dimers, bound by two short hydrogen bonds, in pure
ibuprofen’® and indomethacin” (with the He---Ho contact
distance around 2.2 A as depicted in Fig. S7, ESIt) whereas
enantiopure naproxen molecules are packed in hydrogen-
bonded catemer chains in their crystals (with the Ho---Ho
contact distance above 3.1 A).®° Carbamazepine molecules then
form amide dimers in their pure crystals.®'

To gain an insight on these packing motifs in our target
amorphous systems, we analyzed RDF that correspond to
mutual contacts of two hydroxyl or amide hydrogen atoms in
adjacent API molecules at 300 K, which are depicted in Fig. S8
(ESIY). These results indicate that both carboxyl packing motifs
are present in all considered systems, but their occurrence
varies. The closest carboxyl dimer with Ho- - -Hp contact dis-
tances below 2.5 A is dominant only in systems with high NAP
concentrations and its relative abundance wanes upon dilution
with PLA. Both the closest dimer and the chained dimer are
similarly populated in IBU and CBZ systems, with the dimer
populations being significantly lower for CBZ in general. Inter-
estingly, IND is predicted to form predominantly the catemers
with Ho---Hp contact distances covering a wide range from
roughly 3.0 to 4.5 A which indicates also a variety of conforma-
tions of these chained IND clusters. Coordination numbers
corresponding to these Ho---Hp contacts reveal that up to
tetramers are formed in pure amorphous IBU as there are 2.7
Ho atoms within 5 A from a reference Ho, atom on average. Pure
IND and NAP are predicted to form rather trimers (Ho---Ho
coordination number 2.1). Bulk CBZ is modelled to contain
dimers and trimers of the amide moieties as the respective
Hy- - -Hy coordination number within 5 A is 3.0, which corre-
sponds to 1.5 coordinated amide group for each reference Hy
atom. These coordination numbers drop down to 0.3-0.4 when
RDF for analogous He- - -‘Hp contacts in mixtures are analyzed.
The only exception is the INC-PLA mixtures, where significant
IND-IND clustering persists even in the mixtures (coordination
number 1.4).

To conclude this discussion of the simulation results on
homo-molecular API-API hydrogen bonding, it appears to be
fairly resistant to both temperature- and dilution-induced decay
in IND-containing amorphous systems. NAP systems are rela-
tively resistant to temperature-induced decay but are prone to
dilution-induced decay, whereas CBZ and IBU-containing sys-
tems are prone to both effects. Analysis of the IBU-IBU coordi-
nation numbers related to their homo-molecular hydrogen
bonding among the mixtures of IBU with individual polymers
revealed a trend increasing in a: PVP (0.006) < PEG (0.020) <
PLA (0.107) at 300 K. This high capability of PVP to disperse IBU
in its bulk and to minimize the homo-molecular IBU contacts
seems to be consistent with the relatively largest solubility of
IBU therein.

Next, it is also important to analyze the hetero-molecular
interactions API-PLA that form in bulk mixtures. Within a PLA
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molecule, the most active acceptors of hydrogen bonds are
presumably its carbonyl oxygen atoms. Fig. 6 depicts RDF
corresponding to the O/N-Hupy - -Oppa hydrogen bonds in the
given mixtures at 300 K. Clearly, large amplitudes of the first
RDF peak that are significantly larger than one indicate impor-
tant interactions. These occur in PLA mixtures with NAP and
IBU, as amplitudes of the respective RDF peaks exceed values of
three or four, respectively, already at very low PLA molar
fractions. Interactions of PLA with IND augment higher PLA
concentrations, whereas CBZ-PLA hydrogen bonding remains
relatively unimportant regardless of the PLA concentrations.

For any of the considered systems, there is no such specific
O/N-Hppr - -Opra contacts beyond the first coordination shell,
as the respective RDF signal only gradually monotonously
converges to one after it reaches its minimum around 2.7 A.
Note that the doublet character of the RDF for the CBZ systems
corresponds to the stoichiometry of the NH, group where the
mutual distance of the considered hydrogen atoms is always
constrained.

It is interesting to compare the ratios of the first hetero-
molecular RDF peak amplitudes at 500 K and at 300 K, which
gives an account of the thermal decay of hydrogen bonding in
the material.’® These ratios range here from 0.42 (for IND-PLA)
over 0.51 (NAP-PLA) and 0.55 (IBU-PLA) to 0.63 (CBZ-PLA),
which are all significantly lower values than the analogous
ratios observed for API-API interactions. It is, however, only
ibuprofen for which the given RDF peak exceeds the value of
two at 500 K, indicating that the specific Hox- - ‘O contacts
prevail to a relevant extent in the IBU-PLA mixture even at
500 K. Respective RDFs for Hoy- - -Op* contacts at 500 K are
shown in Fig. S9 (ESIt). The vulnerability of such API-PLA
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hydrogen bonds to temperature-induced decay suggests that
the interaction energies associated with these bonds are lower
in absolute value than those of the API-API hydrogen bonds.
Results on RDFs for Ho - - -OR™ contacts with the ester oxygen
atom from the polymer indicate that these interactions are even
less important as depicted in Fig. S10 (ESIT). This fact naturally
restrains the affinity of all hydrogen-bond donors to PEG
containing only the ether oxygen atoms. Still, Fig. S11 (ESIf)
shows that the simulated structural impact of this IBU-POLY
hydrogen bonding is similar for both PEG and PLA.
Equimolar mixtures of IBU with the three target polymers
exhibit very similar coordination numbers of key oxygen atoms
from the polymer chain that surround a reference IBU hydroxyl
hydrogen atom. These values vary between 1.00 and 1.01
indicating that the spatial packing of the bulk mixture and
the high numbers of oxygen atoms within the polymer chains
always enforce a Ho- - -O¢g coordination in the bulk. The sole
information on the coordination numbers without information
about the energetics of those interactions does not suffice to
rank the mutual affinity of an API with individual excipients.
To support the discussion on how the hydrogen bonds
between the API molecules and polymer chains wane upon
heating, Fig. 7 compares coordination numbers that denote
how many PLA carbonyl oxygen atoms can be found on average
around a hydrogen atom (amide from CBZ or hydroxyl else-
where) in the first solvation shell. For mixtures containing IBU
and NAP, these hetero-molecular contacts are predicted to be
significantly more frequent in the first coordination shell than
the homo-molecular API-API hydrogen bonds in the bulk.
Especially for IBU, the coordination numbers exceeding the
value of 1.0 indicate that more than a single carbonyl oxygen
atom from PLA can be in the vicinity of IBU hydroxyl moiety.
Both homo-molecular and hetero-molecular hydrogen bonds
occur to a similar extent in systems containing CBZ, whereas
the hetero-molecular bonds are significantly less common in
systems with IND despite the general high concentration of the
PLA carbonyl oxygen atoms in all systems. For comparison,
analogous coordination numbers concerning the hydrogen
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Fig. 7 Coordination numbers for intermolecular contacts of the API
carboxyl/amide hydrogen atom (Ho/Hy) with the PLA carbonyl oxygen
atom (O¢) in API-PLA mixtures simulated at 300 K (full columns) and 500 K
(empty columns).
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bonds of API molecules to the ester oxygen atoms of PLA are
depicted in Fig. S12 (ESIt).

Importantly, trends of the calculated API-PLA coordination
numbers depicted in Fig. 7 match the hierarchy of experimental
solubility of the target API in PLA based excipients. The most
soluble API (IBU) forms the highest number of hydrogen bonds
to PLA, whereas the lowest soluble IND forms the fewest
hydrogen bonds with that polymer.

For the sake of completeness, we also identified the most
frequent contacts between two polymer moieties, which proved
to occur between the carbonyl oxygen (when present) and
hydrogen atom bound to the a-carbon atom next to the carboxyl
group. Addition of API molecules into the PLA bulk does not
alter the shape of the PLA-PLA RDF and the position of its first
peak as shown in Fig. S13 (ESIY). Variation of the RDF ampli-
tudes corresponds then only to changes in the API concen-
tration. Fig. S14 (ESIt) depicts that RDF corresponding to these
contacts are sharp for PLA and PVP systems where the carbonyl
group is present, but relatively uniform for PEG (where only the
ether oxygen could be considered).

Apart from the contact distances, it is relevant to analyze
also the spatial distribution of coordinating molecules in the
first shell around a reference API molecule. Fig. 8 depicts
spatial distribution functions (SDF) simulated at 300 K for pure
amorphous IBU and its mixtures with PLA at x,p; = 0.85.
Notably, isosurfaces corresponding to the local particle density
that is 30 times larger than the bulk average are depicted in
Fig. 8. This analysis shows that the IBU-IBU hydrogen bonding
is more localized in space around the reference carboxyl moiety
in pure IBU than in the IBU-PLA mixture as the isosurfaces for
the former case cover smaller areas. The closest carboxyl
dimers are not that common in pure IBU as the isosurface for
the O¢ distribution spans the region typically rather than for
IBU catemer clusters. Lowering the SDF isovalue from 30 in
pure IBU would enlarge the O¢ isosurfaces which would then
cover also the regions typical for the closest carboxyl dimer,

Fig. 8 Spatial distribution functions around a fixed carboxyl frame of IBU
molecules simulated at 300 K. Image legend: (a) pure amorphous IBU —
dark red, light red, and white surfaces depict distribution of O¢, Oy, and Ho
atoms from neighboring IBU molecules, respectively, all isovalues equal to
30; (b) IBU-PLA mixture with xap = 0.85 — same coloring and atom types
as in (a); (c) the same IBU-PLA mixture — dark red and light red surfaces
depict the distribution of Oc and Og atoms from neighboring PLA mole-
cules, respectively, all isovalues equal to 3; (d) the same IBU-PLA mixture —
dark red and light red surfaces depict distribution of Oc atoms from
neighboring PLA and IBU molecules, respectively, all isovalues equal to 10.
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which is not completely ruled out in bulk IBU by the above
discussed shapes of the RDF for Ho---Ho contacts that are
depicted in Fig. S8 (ESIY).

Notably, imprints of both the IBU-IBU chains and closest
dimers can be found in the shapes of the IBU- - -IBU contacts in
IBU-PLA mixture, which is generally less localized. This is a
logical consequence of the dilution by the polymer. SDF shapes
for the contacts of IBU with the carbonyl O¢ atoms in PLA
indicate that the same spatial regions around a reference IBU
carboxyl are occupied by both neighboring IBU and PLA mole-
cules which thus inevitably compete for the hydrogen bonding
with other IBU molecules. These SDFs also confirm that the
ester Or atoms from PLA are significantly less active in
approaching the IBU carboxyl moieties. Finally, Fig. 8 shows
that the heteromolecular IBU---PLA hydrogen bonds in the
mixture are significantly more spatially restricted, whereas
the homomolecular IBU---IBU hydrogen bonds in the same
system can exhibit more spatial orientations from the reference
IBU carboxyl. Small API molecules can fit more easily into
interstitial spaces and can possibly form important interactions
with a larger directional flexibility. Very similar observations
can be made from SDF simulated for the remaining target API
which are depicted in Fig. S15-S17 (ESIt). The only exception is
that those SDFs admit formation of the closest carboxyl or
amide dimers in pure amorphous API even at high isosurface
values for those materials.

The cohesion of a bulk material is not affected only by the
number of individual interactions, but also by their strength.
First, lengths of the respective non-covalent O---H or N---H
contacts extracted from MD simulations of the bulk can be
analyzed as a tentative indicator of the strength of any site-
specific interactions. A balance between the attractive compo-
nents of a hydrogen bond with the exchange repulsion leads to
an optimum length of the hydrogen bond. One can thus
assume that the stronger the attractive components, the closer
the O---H atoms can approach a hydrogen bond. Fig. 9 shows
that the most probable observed non-covalent O---H contact
distances span an interval from 1.5 to 2.1 A. These contact
distances are appreciably shorter (thus assumedly more intense
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Fig. 9 The most probable contact distances due to hydrogen bonding
API---API and API- - -PLA in bulk amorphous mixtures at 300 K and xap, =
0.85 obtained from MD simulations. Left — homo-molecular API---API
contacts; right — hetero-molecular API- - -PLA contacts.
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due to stronger attraction) for homo-molecular hydrogen bonds
of CBZ, IND and NAP molecules than the lengths of hydrogen
bonds of these molecules to the PLA chain. Contact distances of
API-API and API-PLA interaction types are comparable in
systems containing IBU.

Furthermore, one can also compare the radii of the first
solvation shells, which correspond to the distance coordinate of
the first minimum on the RDF signals. While these radii range
from 2.3 to 3.0 A for the homo-molecular hydrogen bonds at
300 K, the radii for the hetero-molecular interactions amount to
2.4-3.3 A for the Ho- - -O5F contacts or even to 4.1-4.6 A for
the Hoox- - -OE™ contacts. The latter can be then hardly taken
for significant hydrogen bonds due to those too large intera-
tomic separations.

To deepen the analysis of the key pair interaction for the
cohesion of the target dispersions, we compared the most
probable contact distances due to hydrogen bonding in bulk
amorphous mixtures at 300 K and x,p; = 0.85 extracted from
MD simulations with their analogues obtained by quantum-
chemical optimizations of isolated clusters of a single API
molecule with a chain fragment representing a methyl-capped
monomer or a tetramer.

The results of this quantum-chemical analysis are listed in
Table 2. Since MD provides results for a densely packed bulk
phase at a finite temperature, thermal effects and steric con-
straints are expected to propagate to somewhat longer contact
distances than those obtained from a static DFT calculation for
an isolated B3LYP-optimized cluster of an API with a monomer
or oligomer without any vibrational effects. This trend is indeed
visible for CBZ-PLA, NAP-PLA and IBU-PVP interactions (con-
cerning carbonyl oxygen atoms in polymers). Since the current
MD predicts shorter contacts due to IND-PLA interactions in
the bulk than what the DFT-optimized clusters yield, one can
conclude that the current force field overestimates these attrac-
tive IND-PLA interactions. Note that SAPT typically predicts an
optimum contact of a hydrogen bond at 1.8 to 2.0 A.%?

The predicted too close contact distances of hydrogen
bonded IND molecules are probably a computational artifact
of the underlying force field that overestimates the electrostatic
attractive and/or underestimates the repulsive components of
this atomic contact. Among the force-field models for the target
API, atomic charges of the hydroxyl hydrogen atoms are rela-
tively similar (ranging from 0.42 to 0.46 ¢.) but the amino
hydrogen atoms in CBZ are outlying with an atomic charge of
0.31 g.. The most active acceptor of hydrogen bonds in the API
molecules, being their carbonyl oxygen atom from their car-
boxyl/amide moiety, possesses an atomic charge ranging from
—0.44 to —0.60 g. (IND molecule contains the most negative
oxygen). This particular parametrization contributes to the
trends of hydrogen hierarchy modeled for individual API
systems.

DFT-based geometry optimizations for API clusters with
longer oligomer chains were supposed to partly mimic the
steric constraints that may impede the hydrogen-bonding con-
tact distance in bulk. These distances were predominantly
longer (by up to 0.40 A) than those in the clusters with the
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chain monomers. In addition, DFT calculations admit that the
hydrogen bonding to the ether/ester oxygen atoms in polymer
chains should be relatively strong, yet somewhat weaker (longer
by 0.1-0.2 A) than those related to the carbonyl oxygen atoms in
the optimum isolated clusters.

Despite this relatively small DFT-predicted difference in the
hydrogen-bond lengths, MD predicts that the Hfx- - -O5* con-
tact distances are larger by a factor of 2-3 in the bulk,
indicating the importance of the competition of individual
molecular interactions in densely packed materials. Unlike in
a small isolated cluster, only the most beneficial interactions
(being HYMy- - -O¢) prevail in a densely packed bulk environ-
ment. Still, given this difference in the assessment of the

Hon - ‘O contacts by MD and DFT, one can assume that

the current MD model overstates the API---O¢°"" hydrogen
bonds at the expense of their API- - -O:°"Y competitors.

SAPT calculations offer another metric of the hydrogen-
bonding strength that is based on analysis of the dispersion-
less interaction energies as listed in Table 2. These sums of
electrostatic, exchange and induction contributions suggest
that the IBU-PLA hydrogen bonds are the strongest among
individual API-PLA systems, and the IBU-PVP hydrogen bonds
are the strongest among the considered IBU-polymer systems.

In complex molecular clusters or in bulk environments,
however, where too many atoms get in close contacts, calcula-

tions of total pair interactions, or even their purely electrostatic

Table 2 Calculated contact distances (d, in A) corresponding to hydrogen
bonds between the target APl molecules (Ho atom) with individual poly-
mers (Oc and Og atoms), corresponding interaction energies (in kJ mol™)
and signed electron density (pg. in atomic units) coordinate of the
reduced density gradient that is important for the classification of non-
covalent interactions

System dud ¢ dper®? AR esarr”  epif sign(4,) per!
Polymer site Ho- - -O¢ contact

PLA-CBZ 2.09 1.96 2.38 -70.9 -17.7 -—-0.019
PLA-1IBU 1.77 1.77 1.76 -64.5 -20.3 —0.035
PLA-IND 1.50 1.78 1.88 -51.2 -16.6 —0.027
PLA-NAP 1.81 1.78 1.81 -51.5 -12.2 —0.032
PVP-1BU 2.09 1.96 2.38 -69.3 -23.6 —0.050
Polymer site  Ho- - -Og contact

PLA-CBZ 5.31 2.11 2.06 -27.0 0.0 —0.020
PLA-IBU 3.90 1.85 1.97 -39.3 -9.8 —0.021
PLA-IND 3.74 1.88 2.12 -41.2 -3.5 —0.020
PLA-NAP 3.92 1.80 1.89 -34.9 -16.9 —0.028
PEG-IBU 5.31 2.11 2.06 -48.3 -16.0 —0.029

¢ Position of the first RDF peak due to He,n - -O contacts based on MD
simulations of bulk amorphous mixtures at 300 K. ? Atomic distance of
the Ho/n- - ‘O contact in an isolated cluster of API and chain monomer
optimized using B3LYP-D3(BJ)/6-311+G(d,p). © Distance of Hq---O
atoms in an isolated cluster of API and chain oligomer optimized using
B3LYP-D3(BJ)/6-311+G(d,p). ¢ Pair interaction energy within an isolated
cluster of API and chain monomer calculated using sSAPTO/jun-cc-
pVDZ. ¢ Dispersion-less interaction energy within an isolated cluster of
API and chain monomer calculated using sSAPTO/jun-cc-pVDZ as: &p;=
esapr — eprsp according to the definition in ref. 82. s Output of the NCI
analysis® - electron density in atomic units multiplied with the sign of
the second eigenvalue of the electron-density Hessian matrix, which
corresponds to a critical point of the reduced-density gradient due to
the API-polymer hydrogen bond.
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or dispersion-less components can be misleading to assess the
strength of a hydrogen bond.*> On the basis of the quantum-
chemical analysis of non-covalent interactions (NCIs), molecu-
lar sites corresponding to the most intense interactions
between the API and polymer molecules, such as hydrogen
bonding, can be identified and their strength compared among
various conformers even when there are numerous other
degrees of freedom that can blur comparison of total inter-
action energies of large molecules.®® Fig. $18-S21 (ESIt) depict
the so-called RDG plots for clusters of PLA oligomers with
individual target APIL. Critical RDG points (sharp spikes
approaching zero RDG values) are mapped in NCI plots to
isosurfaces in particular intermolecular regions, also compar-
ing the intensities of hydrogen bonds accepted by the carbonyl
or ester oxygen atoms in PLA chains. Signed electron-density
coordinates of the relevant RDG critical points are listed in
Table 2. It is obvious that the hydrogen bonds from the API
hydroxyl groups to the PLA carbonyl oxygen atom are appreci-
ably stronger in such isolated optimum clusters as the RDG
critical points lie at more negative signed electron densities (far
more to the left in the RDG plots in Fig. S18-S21, ESIY) than to
what occurs for the hydrogen bonds to the ester oxygen atom.
On the other hand, both hydrogen-bond oxygen acceptors in
PLA are predicted to behave very similarly when the amide
moiety of CBZ donates the hydrogen bond, which is, however,
predicted to be weak. Comparing these positions of RDG
critical points for individual API, the hydrogen bonding
strength with PLA increases in a row: CBZ < IND < NAP <
IBU, which again agrees with the experimental hierarchy of API
solubilities in PLA based polymers.

These findings from NCI are in agreement with the shapes
of simulated RDF and corresponding coordination numbers,
indicating that the interactions in bulk liquid and an isolated
cluster are very similar. Furthermore, one can locate vast
isosurfaces in the NCI plots that correspond to attractive
dispersion interactions between the aromatic cores of the target
API molecules with the planar carbonyl moieties of the PLA
chain. Current calculations thus suggest that polymer carriers
containing some segments capable of m-n stacking in their
structure can attain more beneficial spatial packing and dis-
persion interactions with the dispersed API if that contains
some aromatic moieties.

Fig. S19, S22 and S23 (ESIt) then compare interactions of
IBU molecules with individual considered polymers. The
hydrogen-bonding strength of IBU to the polymers increases
in the row: PEG < PLA < PVP. Since PEG contains no carbonyl
groups, it can accept only weaker hydrogen bonds with its ether
oxygen atoms. Carbonyl moiety from PVP is then predicted to
accept very strong hydrogen bonds from IBU with the corres-
ponding RDG critical point located below —0.050 a.u., being an
imprint of the presence of the electron-rich side-chain pyrroli-
done moieties in its structure.

Such findings about the relative strength of the hydrogen
bonding between API and PLA molecules are in agreement with
the observed positive excess enthalpies of the mixing for
these systems, which can be interpreted as if the former strong
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API-API interactions are partially replaced by somewhat weaker
API-PLA interactions which is unfavorable in terms of enthalpy.

Notably, experimentally determined the solubility of the
target API within PLA based polymers at 298.15 K matches this
trend of the modelled hydrogen-bonding strength, as well as
the trend of solubility of IBU in various polymers that were
mentioned in the Introduction section.

3.3. Internal dynamics of mixtures

The ability of molecules to diffuse at the microscopic level can
affect the macroscopic phase behavior of materials. In the
current context, more mobile molecules may impart a facile
route towards the spurious recrystallization of amorphous solid
dispersions. Molecular dynamics enables us to analyze the
time-dependence of mean-square displacements (MSD) of
molecules and to derive their diffusivities in various environ-
ments via the Einstein theory. First, there are significant
differences in self-diffusivities of the API molecules in their
neat amorphous state at 500 K when all systems are convin-
cingly liquid. Fig. S24 (ESIt) depicts that the Einstein diffusive
regime with a steady linear increase of the MSD over time is
established.®® These differences among the diffusivities remain
visible in the simulated data even at 300 K, although the
behavior of such MSD data corresponds rather to the glassy
state or to a sluggish liquid due to the very low MSD values
reached after 10 ns and frequent difficulties with reaching the
steady linear diffusive regime as depicted in Fig. S25 (ESIT).

Converting the MSD into diffusivities of individual API,
Fig. 10 reveals that IND molecules are the least mobile in their
neat bulk phase, which agrees with the above explored stron-
gest hydrogen bonding between its molecules in MD simula-
tions which, together with the largest molecular size among the
target API, possibly imposes hindrance to diffusion of hydrogen
bonded IND associates through the bulk. Interestingly, IBU
molecules are more mobile by nearly an order of magnitude
than the remaining target API, which correlates well with the
lowest experimental melting and glass-transition temperatures
among the considered APL.**
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Fig. 10 Diffusivities of APl molecules as functions of time in various bulk
systems simulated at 500 K.
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Fig. 10 also compares how the diffusivity of the API mole-
cules varies in the mixtures with PLA within the considered
concentration range. The most significant simulated feature is
the massively attenuated diffusivity of IBU molecules in their
mixtures with PLA. The respective MSD is lower in the mixture
by a factor of up to six (regardless of API concertation in this
range) than what was found for the pure API at both 300 K and
500 K. To explain this behavior, one should consider first that
IBU molecules were shown to be very mobile in their neat
phase, and concurrently, the diffusivity of neat PLA was simu-
lated to be two orders of magnitude lower as depicted in Fig. 10.
Furthermore, the existence of site-specific PLA-IBU interac-
tions that bind the small API molecules to the long chain,
which does not usually exhibit any significant translation
movement as a whole molecule, can contribute to an explana-
tion of this sluggish behavior of IBU molecules in its mixtures
with PLA. The observed decrease of IBU diffusivity upon low-
ering its concentration in the mixture seems to be in agreement
with this interpretation.

In this context, Fig. 10 also confirms that D values for PLA
remain very low in the mixtures with all considered API, with a
weak decreasing tendency as API concentration rises. Fig. S26-
S29 (ESIT) then compare the MSD of the centers of mass of PLA
chains with MSD evaluated only for the chain termini. Espe-
cially at 300 K, the end groups are somewhat more mobile in
the bulk due to the conformational flexibility of polymer
chains, but still, the chain termini remain significantly less
mobile in the bulk mixtures than the API molecules themselves.

Both neat CBZ and NAP are predicted to exhibit diffusivities
that are roughly five-fold lower than IBU, but still two orders of
magnitude larger than those of neat PLA, as shown in Fig. 10.
Diffusivity of both APIs is then predicted to drop down only very
little in the mixtures as their concentration decreases. While
CBZ was shown not to interact with PLA any importantly, the
observed slight decrease of its diffusivity can be attributed to a
mechanistic hindrance imposed by the presence of the large
polymer molecules.

In contrast, diffusion of IND molecules is predicted to be
appreciably augmented by the presence of PLA at elevated
temperatures, but IND diffusivity is rather indifferent to the
PLA’s presence at ambient temperatures. To explain this beha-
vior, one should consider that current simulations yield similar
(very low) diffusivity values for both neat PLA and IND. Elevated
temperature promotes large conformational variability of the
PLA chain which augments at least the mobility of individual
chain segments if not the whole large polymer molecules. Fig.
$26-529 (ESIT) show that PLA termini reach similar diffusivities
to the API molecules in their mixtures at 300 K. One can thus
assume that the IND molecules that are dispersed around PLA
chains simply follow the conformational chaos of those chains,
which in turn speeds up their diffusion in the bulk. Notably,
IND diffusivity is here predicted to increase as the PLA concen-
tration rises, which supports the hypothesis that the polymer
dynamics affect the IND molecules.

Since the conformational flexibility of the polymers can
significantly contribute to the transport behavior in the bulk,
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we analyzed whether the simulated polymer chains can visit
various conformation states in the bulk mixture with IBU. We
selected the instantaneous end-to-end distance L of individual
chains as an easily accessible metric to be derived from the MD
simulations. We also assume that L is correlated with the
effective radius of the polymer molecule. Conformations of
the initially pre-folded globules constituting the bulk were let
to evolve independently in the simulation, as much as the
environment and the conformational preferences of the poly-
mer enabled.

For our production trajectories of the mixtures at 300 K and
at 500 K, we constructed histograms of the instantaneous L
values of the three polymer chains that are depicted in Fig. S32
(ESIt). At both temperatures, the observed distribution of the
end-to-end distances is relatively broad, indicating that indivi-
dual chains have high chances of visiting conformations that
are largely distinct from the initial pre-folded chain structures,
including both more unfolded or collapsed states (the latter not
for PVP). Obviously, the systems are more fluid at the higher
temperature, resulting also in a better sampling of the phase
space, which in turn propagates to smoother histograms of the
instantaneous end-to-end distances of individual chains over
the production MD simulations. Importantly, the end-to-end
distances are longer at the higher temperature, which indicates
a larger extent of chain unfolding at 500 K. Notably, a principal
constraint limiting the chain unfolding to some extent is the
finite size of the simulation box, which is closely connected
with the numbers of atoms included in the box. We observed
this finite-size effect in the given simulations in our recent
paper,** having found, however, that densities or enthalpies of
the bulk are insensitive to the conformation-constraints
imposed due to simulation-box size limited to the current
60 A or larger size.

Comparing the diffusivities of IBU in its mixtures with
individual polymers, it increases in a row: PVP « PLA < PEG
(denoting the other component) at 500 K as depicted in Fig.
S27, S30 and S31 (ESIt). This ranking is governed by the very
slow diffusivity of the PVP in the current simulations, which
anchor also the small IBU molecules in the bulk mixture to a
large extent. Under ambient conditions, the MSD of IBU across
individual polymers does not differ that largely, but the PVP
system is still the least diffusive one.

Finally, the simulated diffusivities of API molecules in the
bulk can contribute to the interpretation of the extent of the
kinetic stabilization of super-saturated API-POLY mixtures. The
trend of rates of the observed phase separation of super-
saturated mixtures that increase in a row: IND < NAP <
IBU** matches the hierarchy of the simulated diffusivities of
API molecules in the bulk systems. The larger mobility of small
API molecules in the mixture naturally facilitates any phase
transitions and structural rearrangements of super-saturated
systems.

The current hierarchy of diffusivities at 500 K does not,
nevertheless, explain the varying glass forming tendencies of
the target API. Both the API with the highest and lowest
simulated diffusivities belong to very potent glass formers

Phys. Chem. Chem. Phys., 2025, 27,1567-1584 | 1579


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp03557g

Open Access Article. Published on 09 December 2024. Downloaded on 4/4/2026 1:32:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(class III according to the established classification®*). On the
other hand, it is very difficult to prepare an amorphous form of
NAP (class I*), the diffusivity of which is predicted to be
between those of IBU and IND.

3.4. Glass transition temperatures

Computational analysis of T, represents a link between the
microscopic interpretation and macroscopic behavior of the
target systems. Illustrative data sets that were also used for
determination of T, with the hyperbola fits are displayed in
Fig. 9 for each API-PLA system.

Note that the hyperbola fit of the volumetric data from non-
equilibrium MD was employed to minimize any arbitrariness
due to human intervention within analyses of the density vs.
temperature data.'® For systems with a clearly visible p(T) trend
shift, which corresponds to a sudden glass transition, the
determination of T, is more reliable and has a lower
uncertainty.'® If the transition between the liquid and the
glassy state appears to be rather gradual, computational deter-
mination of T, becomes more sensitive to any noise and the
associated uncertainty of the resulting value is higher. It
becomes important to repeat the simulated cooling runs multi-
ple times especially for such stiff systems to rationalize the
computational uncertainty of the predicted T,.** While IBU
systems represent the first case with a sudden trend shift and
low computational uncertainties, IND systems are representa-
tives of the latter scenario exhibiting a rather gradual p(T) trend
shift. As a metric of how the trend shift obvious is, one can
perform the hyperbola fit with its ¢ parameter constrained to ¢ =
—oo (the result is a broken line) and with a fully flexible ¢
(resulting in a smooth curve). Proximity of the T, results from
these two fits of the same raw density data correlates strongly
with the abruptness of the trend shift, as can be seen in Fig. 11.
Uncertainty of the calculated T, is then naturally lower when
the trend shift is well localizable.

Uncertainties of individual T, data points corresponding to
a single cooling run were estimated from synthetic perturba-
tion of the simulated p(7) data set. Within a single trajectory,
the root mean squared residuals (RMSR) value for the hyper-
bola fit of the raw simulated density data was evaluated at first.
Subsequently, each of the simulated density entries at an
instantaneous time step during the cooling was augmented
by the RMSR value multiplied by a factor, which was randomly
selected for each entry from —1, 0 or 1 value. This procedure
was repeated 40 times independently. Finally, the standard
deviation of T, values determined from these perturbed p(T)
data set was taken as the uncertainty of T, based on a single ith
cooling run, denoted ¢;. Since the cooling was repeated in five
independent replicas, another uncertainty term, oy, related to
the reproducibility of the cooling was accounted for. This was
estimated from the standard deviation of T, among the indi-
vidual cooling runs. Finally, the uncertainty of the resulting T,
value combined both terms according to the equation:

or =/ or* + max(c?). 2)
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Fig. 11 Illustration of the computational localization of the glass transition
temperature Ty of API-PLA systems with xap = 0.85 based on non-
equilibrium cooling of the melt and hyperbola fit of the simulated density
vs. temperature data. Two vertical dotted lines correspond to different
values of the c parameter in the hyperbola equation: 7" value corresponds
toc=—ow0; Tg value corresponds to adjustable c.

Results on T, determined from individual cooling runs are
summarized in Table S2 (ESIf). T, values averaged over the
individual independent runs for each system are depicted in
Fig. 12. Simulation results on T, for neat PLA were taken from
our earlier work also using all-atom MD simulations of non-
equilibrium cooling and the hyperbola fit.>** Note that the
simulated T values for pure API were taken from another our
work, which used the same force field as in this work, but T,
was determined there only using the equilibrium graphical
intersection method,"® the results of which are usually bur-
dened by somewhat larger uncertainties.**

As long as Ty calculated for the neat polymer anchors data
sets for all considered API at the same temperature for xp; = 0,
T, data for pure API play a crucial role in affecting the resulting
trends of T, with respect to the mixture composition. Fig. 12
depicts that this dependence is likely monotonous, meaning
that T, for the mixture ranges in between the values for pure
compounds, but is appreciably non-linear in most cases. Such
results on the T, trends are in qualitative agreement with the
experimental findings®® for similar mixtures and also with
simulation results performed earlier for mixtures of the target
API with low-molecular excipients."®

Obviously, it generally holds that the higher the diffusivity of
a material is, the faster molecular motion occurs, which leads
in turn to a lower T, value for that material. In this context,
current simulations indicate that IBU and NAP, both exhibiting
appreciably lower T, than neat PLA, experience a large T,
increase upon mixing with PLA. This behavior is consistent
with the reported important API-PLA interactions and the
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Fig. 12 Calculated glass transition temperatures T4 of API-PLA mixtures
with composition xap; = 0.85 and their standard uncertainties with results
obtained earlier for pure API*® and pure PLA>3* Lines connecting the
explicitly calculated data point serve only to guide the eye.

decrease of MSD of both APIs upon mixing with the polymer
carrier. For mixtures with a visible decrease of diffusivity of the
API upon mixing with the polymer carrier, one should antici-
pate a higher T, value of the mixture than what the neat API
exhibits. Pure CBZ was predicted to exhibit a similar 7, as PLA
does, and concurrently, the hetero-molecular interactions in
this system were shown to be rather weak so there is no reason
for an outlying behavior of T, of the simulated CBZ-PLA
mixtures that exhibit a relatively lesser non-ideality.

Statistical uncertainties associated with T, for the IND
containing systems are somewhat larger due to the gradual
character of the glass transition within the simulations. As T,
for pure IND is predicted to be higher than for neat PLA, mixing
of these compounds yields a lower T, than what pure IND
exhibits. Hypothetically, should a multi-component system
exhibit higher T, than all of its components in their pure state,
specific strong hetero-molecular interactions would be the
cause. However, such a behavior was not observed among
the considered systems although certain interactions between the
API and the polymer carrier were identified in the simulations.

Recent computational studies have predominantly reported
overestimated T, results (by up to higher tens of Kelvin) for
various molecular materials.">"”'*** This overestimating
trend can be visible also in this work when actual T, computed
for individual pure compounds are compared with experi-
mental data, as listed in Table S3 (ESIt). One of the reasons
may be the too fast cooling rate imposed in the simulations
which is orders-of-magnitude larger than that applied in real
experiments.*® On the other hand, variation of the cooling rate
imposed on simulated polymer samples did not alter the
obtained Ty results in a systematic way.** Real computational
uncertainties of our T, (related to the difference between
simulation and experiment) for the mixtures should be
expected to be somewhat higher than their statistical sampling
uncertainties (related to data processing at a given level of
theory).
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4. Conclusions

Molecular-dynamics simulations with all-atom resolution and
quantum-chemical calculations were performed to investigate
the properties of amorphous dispersions of four archetypal
active pharmaceutical ingredients with three biocompatible
polymers, including their six binary mixtures. This effort pro-
vided an insight on the inner structure and dynamics at
the microscopic scale and of the energetics of the mixing and
the vitrification tendency at the macroscopic level. Identifi-
cation of individual molecular interactions between the active
pharmaceutical ingredient and the polymer chain enabled us to
interpret experimentally phenomena that had been observed
earlier.

Computational conclusions about the potential of indivi-
dual APIs to donate hydrogen bonds increasing in a row:
IND < NAP < IBU match the real solubility trends of these
APIs in PLA based excipients. CBZ is modeled to interact with
PLA even weaker than IND does, but we are not aware of any
experimental evidence to verify this computational conclusion.
Computationally ranked potential of polymers to accept hydro-
gen bonding, increasing in a row: PEG < PLA < PVP also
agrees with the appreciably larger experimental solubility of
IBU in PVP.

The larger miscibility of ibuprofen with derivatives of poly-
lactic acid can be attributed to the strong hydrogen bonding of
the API to the polymer where the ibuprofen molecule acts as the
donor and PLA as the acceptor.

Trends of the simulated diffusivities of individual API mole-
cules within the mixtures agree with the experimental observa-
tions of the kinetic stability of super-saturated mixtures, which
decreases in a row: IND > NAP > IBU. The high kinetic
stability of the dispersion of indomethacin with derivatives of
polylactic acid can be attributed to the very slow dynamics of
the indomethacin molecules themselves in the bulk which are
orders of magnitude than those for the remaining API mole-
cules. Even though the polymer appears to be more diffusive at
elevated temperatures than IND, the latter retains very low
diffusivities even in the mixtures.

Polymer chains impose appreciable constraints on the diffu-
sion of ibuprofen molecules in the mixture, which imparts
some kinetic stabilization with respect to recrystallization of
ibuprofen dispersed in the polymer when compared to pure
amorphous ibuprofen. Nevertheless, a comparison with the
experimental evidence reveals that this mobility hindrance is
not sufficient to prevent recrystallization from massively over-
saturated dispersions.

Presented analyses illustrate how molecular simulations can
contribute to interpretation of kinetic and thermodynamic
phenomena that are crucial to understanding upon design of
novel pharmaceutic formulations. Current computational
results offer a consistent description of structural, energetic
and dynamic aspects that are compared for pure compounds
and their mixtures. Incorporating explicit polarizability
models into such simulations in the future is expected to
further improve the quality of the predicted internal dynamics

Phys. Chem. Chem. Phys., 2025, 27,1567-1584 | 1581


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp03557g

Open Access Article. Published on 09 December 2024. Downloaded on 4/4/2026 1:32:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of the bulk systems and lower the associated computational
uncertainties.
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