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Résumé

Le controle des formes polymorphes des ingrédients pharmaceutiques actifs (API)
constitue un enjeu majeur tant pour la recherche fondamentale que pour I’industrie
pharmaceutique. Des avancées récentes ont mis en évidence le role crucial joué par les
propriétés de surface des différentes structures cristallines, et en particulier par la distribution
conformationnelle des molécules d’API a [Dinterface solide, dans la promotion du

polymorphisme.

Dans ce contexte, cette thése présente une étude approfondie de I’interface entre la
curcumine (CUR) et le dioxyde de carbone supercritique (scCO) a 1’aide de simulations de
dynamique moléculaire (MD). La curcumine, une molécule d’intérét croissant en médecine, a
fait I’objet d’un reparamétrage spécifique de son champ de force, basé sur des calculs de chimie
quantique (QC), afin de reproduire avec précision les différences thermodynamiques entre

polymorphes ainsi que leurs distributions conformationnelles.

Nous avons développé de nouveaux algorithmes pour 1’échantillonnage des conformations
de la CUR, ainsi que pour le calcul de diverses propriétés structurales et dynamiques a son
interface. Afin d’étudier de maniere fiable le systeme CUR—scCO», nous avons évalué plusieurs
champs de force pour le CO»> et identifié celui qui reproduit le plus fidelement les propriétés du
point critique. Nous avons démontré comment certaines observables locales peuvent étre
utilisées pour caractériser I’organisation et la dynamique du fluide supercritique a proximité du
point critique. Ce protocole a ensuite été appliqué pour comparer les comportements structuraux
et dynamiques du scCO; avec ceux de ’eau et de I’ammoniac dans leurs régimes supercritiques

respectifs.

Enfin, nous avons caractérisé les changements de structure locale a I’interface CUR-vide
et CUR—scCOz dans différentes conditions thermodynamiques. Un algorithme spécifique a été
utilis¢é pour identifier les molécules de CUR appartenant a chaque couche interfaciale,
permettant une analyse fine des propriétés structurelles, dynamiques et énergétiques au sein de

ces régions critiques pour la stabilité et I’évolution des formes polymorphes.

Mots-clés : Polymorphisme, Principes actifs, curcumine, fluides supercritiques, dynamique

moléculaire, analyse conformationnelle.



Abstract

Controlling the polymorphic forms of active pharmaceutical ingredients (APIs) is a major
challenge for both fundamental research and the pharmaceutical industry. Recent advances in
this field have highlighted the crucial role played by the surface properties of different
crystalline structures, and in particular by the conformational distribution of API molecules at

the solid interface.

In this context, this thesis presents an in-depth study of the interface between curcumin
(CUR) and supercritical carbon dioxide (scCO>) using molecular dynamics (MD) simulations.
Curcumin, a molecule subject to growing interest in medicine, has been parametrized, based on
quantum chemical (QC) calculations, in order to accurately reproduce thermodynamic

differences between polymorphs as well as their conformational distributions.

We have developed new algorithms for sampling CUR conformations, as well as for
calculating various structural and dynamic properties at its interface. In order to reliably study
the CUR-scCO; system, we have evaluated several force fields for the CO> and identified the
one that most faithfully reproduces the critical point properties. We demonstrated how certain
local observables can be used to characterize the organization and dynamics of the supercritical
fluid near the critical point. This protocol was then applied to compare the structural and
dynamic behaviors of scCO; with those of water and ammonia in their respective supercritical

regimes.

Finally, we characterized local structural changes at the CUR-vacuum and CUR-scCO2
interface under different thermodynamic conditions. A specific algorithm was used to identify
CUR molecules belonging to each interfacial layer, allowing analysis of the structural, dynamic

and energetic properties within these critical regions.

Keywords: polymorphism, active pharmaceutical ingredients, curcumin, supercritical fluids,

molecular dynamics, conformational analysis.
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CHAPTER 1
INTRODUCTION

T his chapter gives a brief overview of the current state of research of polymorphic
transformations of active pharmaceutical ingredients, methods of control of said
transformations and their most notable causes. Particular attention is paid to the surface
properties of different crystals of pharmaceutical compounds. We also introduce supercritical

fluids and their relevant properties.
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1.1. APIs and Polymorphism

The polymorphic form of an active pharmaceutical ingredient (API) is a critical aspect in
pharmaceutical development because it directly affects the drug's physicochemical properties,
including solubility, stability, bioavailability, and manufacturability. One can recall that
polymorphism refers to the ability of a substance to exist in more than one crystalline form.
This can manifest in the same API having different molecular arrangements in the solid state
or having different molecular conformations inside the crystal. Controlling the transformation
between polymorphs of an API is a critical challenge in pharmaceutical development.
Polymorphic transformations can occur during manufacturing, storage, or even after

administration, potentially altering the drug's performance.

Polymorphism by itself is a very complicated subject that involves a variety of factors. One
of the more obvious factors is the nature of the substance under study. Indeed, even within one
family of compounds, chemical substitution of functional groups can significantly affect the
ability to form different polymorphs e.g., introduction of long carbon chains can lead to the
appearance! of conformational polymorphism. Thermodynamic conditions or, even more
broadly, thermochemical properties of the system i.e., pressure, temperature, purity of solvent,
choice of solvent, pH, choice of the atmosphere, etc., have a profound influence on the
formation? of different polymorphs. Relatedly, kinetic factors, and their interplay® with the
thermodynamic parameters, also have a markedly big effect. Since crystallization involves
multiple stages, from small cluster formation, to nucleation, to growth, some polymorphs,

disadvantaged energetically, can still be found due to their faster rates of precipitation.

Recent research has revealed the significant role of the solid surface in polymorphic
formation. The molecules at the solid interface differ from those in the bulk, exhibiting higher
mobility, special packing and particular conformations due to fewer molecular neighbors.
Indeed, flexible APIs quite often possess large number of different conformations, and the

proximity to the interface modifies which conformations are accessible to the API.

In the following, we will summarize the literature data on the critical role of the properties
of the interface in the crystallization process of APIs. At interfaces, atoms or molecules
experience reduced coordination and higher mobility, which lowers the energy barrier for
nucleation and promotes crystal growth. This leads to faster crystallization at surfaces compared

to the bulk material. Additionally, interfaces can induce structural ordering and reduce surface
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energy, further driving the crystallization process. The importance of phenomena occurring at
the interface was pointed out? by the seminal paper of Sun et al. The authors investigate the
accelerated crystallization behavior observed at the free surfaces of organic glasses. The
researchers focused on indomethacin (IMC), an organic glass capable of forming two
polymorphs, a and y. They discovered that, unlike in the bulk, where crystal growth is relatively
slow, crystallization at the free surface is significantly faster. Notably, as these surface crystals
grow laterally, they also extend upward, protruding hundreds of nanometers above the glass
surface without penetrating deeply into the bulk material. This upward-lateral growth mode
suggests that surface molecular mobility plays a crucial role in facilitating rapid crystallization,
effectively bypassing the slower dynamics of the bulk. These findings provide valuable insights

into the mechanisms of surface-enhanced crystallization in amorphous materials.

Recently, a paper® by Xinlu et al. emphasized the importance of functionalized interfaces
as versatile platforms for a broad spectrum of applications. Regarding the role of surfaces in
the transformation of solids, the authors of this paper point out that the dynamic behaviors at
liquid-based interfaces, influenced by factors such as wettability and molecular interactions,
can significantly impact processes like crystallization and phase transitions in adjacent solid
materials. By tailoring these interfacial properties, it is possible to control and direct the
transformation of solids, which is crucial in applications like material synthesis and

pharmaceutical development.

In another paper® by Yang et al., the authors investigate how different surface materials
influence the nucleation and polymorphic forms of carbamazepine (CBZ) crystals in ethanol
solutions. The researchers examined three surfaces: glass, polytetrafluoroethylene (PTFE), and
tin. They found that the introduction of these foreign surfaces, each with distinct surface
chemistries and areas, significantly impacted both the crystal morphology and the specific
polymorphic form of CBZ that crystallized. Specifically, increasing the number of surface
inserts led to a direct increase in the available surface area for heterogeneous nucleation, which,
in turn, affected the likelihood of forming either the metastable Form II or the stable Form III
of CBZ. The study highlights the critical role that surface properties play in directing the
selective crystallization of different CBZ polymorphs, offering valuable insights for controlling

crystallization processes in pharmaceutical applications.

Furthermore, Zhang et al.Z examine how different surface properties influence the
nucleation and growth of clotrimazole polymorphs. The researchers utilized various substrates
to assess their impact on the crystallization process of clotrimazole, a common antifungal

medication known for its polymorphic forms. The study found that the nature of the substrate
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significantly affects both the nucleation rate and the specific polymorphic form that crystallizes.
Certain surfaces promoted the formation of specific polymorphs by providing favorable
nucleation sites, thereby influencing the overall crystallization pathway. These findings
underscore the critical role of surface properties in directing the nucleation and growth of
pharmaceutical compounds, which has important implications for drug formulation and

manufacturing processes.

To go further, Sun et al.® examined how surface properties influence the crystallization
behavior of molnupiravir, an antiviral medication. Researchers measured crystal nucleation
rates both at the surface and within the bulk of amorphous molnupiravir. They found that
surface nucleation rates were significantly higher — by approximately six orders of magnitude
— compared to bulk nucleation rates. This substantial enhancement suggests that the molecular
packing at the surface closely resembles the structure of the nucleating crystal, facilitating faster
nucleation. Notably, this acceleration occurred without any change in the polymorphic form of
the crystallized molnupiravir. These findings highlight the critical role of surface properties in
accelerating crystal nucleation and could have significant implications for understanding the

stability and manufacturing processes of amorphous pharmaceutical drugs.

In another paper? by Xao et al., the authors investigated how surface properties influence
the crystallization behavior of amorphous posaconazole, a rod-like pharmaceutical compound.
The researchers measured crystal nucleation rates both at the surface and within the bulk of
amorphous posaconazole. They discovered that surface nucleation is significantly faster than
bulk nucleation, by approximately nine orders of magnitude. Moreover, surface nucleation
favors the formation of polymorph II, whereas bulk nucleation predominantly leads to
polymorph I. This indicates that the surface environment not only accelerates nucleation but
also influences the specific crystalline form that emerges. The study attributes these effects to
the preferred orientation and layering of posaconazole molecules at the surface, which resemble
the structure of polymorph II, thereby facilitating its nucleation. These findings underscore the
critical role of surface properties in determining both the rate of nucleation and the selection of

polymorphic forms during the solid-state transformation of amorphous materials.

Shi et al.! also bring new insight by showing that, in fact, the crystallization process can
occur below the surface. Indeed, this study investigates the nucleation behavior of supercooled
acetaminophen (a common pharmaceutical compound) and reveals that nucleation often occurs
below the surface rather than at the surface or in the bulk. Using advanced imaging and

analytical techniques, the researchers observed that subsurface regions provide favorable
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conditions for nucleation due to localized variations in temperature, density, or molecular
arrangement. These findings challenge the conventional assumption that nucleation primarily
occurs at surfaces or in the bulk and highlight the importance of considering subsurface

phenomena in understanding and controlling crystallization processes.

Furthermore, the interfacial conformation plays a significant role in determining the
thermodynamic and kinetic stability of a polymorph. A more stable conformation at the
interface can resist phase transitions under stress, such as changes in temperature or humidity.
Metastable polymorphs, on the other hand, may persist due to kinetic barriers, even if they are
less thermodynamically stable. This stability is crucial for ensuring the shelf life and
performance of the drug product.l12 Of note is that that the crystal’s mechanical properties,
such as hardness, brittleness, and plasticity, are also affected by the conformation of the API at
the interface. These mechanical properties influence the ease of processing, such as milling or
tableting, and the final product’s performance. More importantly, the conformation at the
interface influences crystal growth and morphology. For example, specific conformations may
promote the formation of needle-like or plate-like crystals, which can affect processes like

filtration, drying, and flow properties.

Due to the large implications of polymorphic control in pharmaceutical industry,
significant amount of effort has been directed toward development and modification of
industrially viable methods of crystallization of specific polymorphs. Rapid Solvent
Evaporation techniques are subsections of solvent crystallization — large, heavily investigated
class of preparation methods. Solvent Evaporation processed can control polymorph formation
by modulating temperature-pressure balance (for the same rate of evaporation), use seed
crystals? to promote specific polymorph formation or use additives, such as certain polymers

14

or inorganic ions,~ to suppress nucleation and growth of undesirable polymorphic forms.

Mechanical activation!*7 methods, e.g., grinding, share some similarities with solvent

techniques, such as use of polymers!® to selectively obtain desired polymorphs, but are
fundamentally different in the way the molecules are arranged and their freedom of movement

prior to the phase transition, leading to favoritism towards different polymorphic forms.

Somewhere between solvent and mechanical methods sits the Microfluidic Platform® class
of crystallization methods. This relatively recent approach creates unique conditions by using
tiny, droplet sized amounts of fluid. This significantly improves solute mobility compared to
the grinding methods, but also keeps working volume of fluid small enough to rapidly control

thermodynamic conditions. It has been reported that microfluidic crystallization can inhibit
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spontaneous conversion from meta-stable to stable polymorphic form. However, due to its very

nature, scaling and industrial application of microfluidics are rather difficult.

Melt crystallization2>22 techniques are a great tool for crystallization of compounds that
are stable at high temperatures. Melt crystallization is often used for purification and separation,
where it can be considered a rather “green” procedure. But advent of techniques like layer-melt

crystallization adds another set of variables that make polymorphic control possible.

Solvent-Mediated Phase? crystallization, often applied to synthesis of metal-containing
frameworks, is another viable solvent-based method for controlling polymorphic selectivity. It

can be combined with often utilized templating techniques or seed crystallization.

Supercritical Fluid (SCF) Techniques?* constitute a big class of crystallization methods.
Using unique properties of supercritical fluids, one can quickly obtain oversaturated medium
via rapid expansion (de-pressurization) or with additives, such as another solvent. The fact that
many of SCFs are highly tunable, i.e., responsive to small changes in temperature and pressure,

makes them quite appealing to the study of polymorphic control.



P. 28 CHAPTER 1. INTRODUCTION

1.2. Supercritical Fluids

The SCFs are in a prominent position in the development of new crystallization processes.?
Although known for quite some time, at least from the times of French Baron Charles Cagniard
de la Tour, who discovered them in 1822, SCFs are now gaining renewed interest. This
innovative technology is helpful in meeting the more and more stringent requirements of
regulatory authorities in terms of solid-state characterization and purity, as well as
environmental acceptability. But SCFs are used not only due to their “green” nature, they have
unique, valuable traits of their own. SCFs, generally speaking, have properties that are between
those of liquid and gas (see Fig. 1.1.). This manifests in their diffusion coefficients, which are
couple of magnitudes bigger than those in corresponding liquids, all while having slightly
lower, but comparable densities. Analogously, viscosities of SCFs are also lower than liquid-

state ones.

Density fluctuations in SCFs underlie many of their unique properties. These fluctuations
influence their solvation, solubility behavior, and their transport properties that are at the heart

of their applications.2>3L The density fluctuations can be analyzed using neutron and X-Ray

3233 34-36

scattering, vibration spectroscopy=—" (measuring the shape of a vibration mode and
correlating them with the density fluctuations*”#%), NMR,* and molecular dynamic simulations
that complement the experimental approaches.?243 Several investigations point out that the
density fluctuations are the result of variations in local molecular arrangements where densely

packed molecules (liquid-like domains) coexist with sparsely distributed molecules (vapor-like

4445 46

domains). For some molecules, e.g. supercritical water,™ specific intermolecular
interactions, such as hydrogen bonding,** have been identified as key contributors. For
others, like CO», the direct connection between the above-mentioned local arrangement of
molecules and the interplay of their attractive and repulsive interactions remains an outstanding
issue. To the best of our knowledge, this interplay was often discussed based on the shift of a
given vibration mode. Indeed, as the thermodynamic conditions are varied, the average forces
along a given a vibrational coordinate exerted by the surrounding molecules cause the shift of
the vibration frequency. This shift is described in terms of competing contribution from the
repulsive and the attractive force components.>®>2 The results show that the shift is mainly due
to the attractive component that shows a considerable non-linear density and temperature

dependence. This non-linearity increases with a maximum near the critical conditions.
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Figure 1.1. Schematic representation of a typical Temperature — Pressure phase diagram of low-weight

molecular substances.

Significant number of chemical compounds upon application of sufficient heat and
pressure will enter the supercritical state. However, each SCF has unique critical point
temperature, pressure and density, which largely dictate their applicability and usefulness.
Properties of some of the more common SCFs are summarized in Table 1.1. Among those,
scCOz and scH>O stand out as clear favorites for many industrial applications. This comes from
their relatively lax operational requirements, environmentally friendly nature and ease of
procurement. Supercritical H2O faces some additional challenges, however, as it can be quite
corrosive in the fluid state. This is why scCO; has become the de-facto standard, most

researched?? and most utilized SCF.
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Table 1.1. Critical point thermodynamic properties of several common supercritical fluids.

Critical temperature, K Critical Pressure, atm Critical density, g/cm?
CO; 304.1 72.8 0.469
H,O 647.1 217.8 0.322
CH4 190.4 454 0.162
NH; 405.0 112.0 0.244
C;HsOH 513.9 60.68 0.276
N-O 306.6 72.5 0.452

SCFs have the advantage of having an adjustable solvent power by proper variation of the
operating conditions (pressure and temperature).>> The processes using SCFs are generally
classified into two distinct groups according to the role played by the SCF. It can act as a
crystallization solvent in the RESS (rapid expansion of a supercritical solution) scheme. In
contrast, in SAS (Supercritical Anti Solvent) the SCF is used as an anti-solvent. Several SAS
variants exist, based on how the contact between the solution and the anti-solvent is achieved,
namely GAS (gaseous anti solvent), ASES (aerosol solvent extraction system) and SEDS

(solution enhanced dispersion by supercritical fluids).

Up to now, several polymorph-forming compounds have been discovered using SCF-based
technologies. For example, powders of high polymorphic purity of carbamazepine,
sulfathiazole, and salmeterol xinafoate?#2 have been produced by selecting appropriate mixture
of supercritical COz (scCOz) with an organic solvent, as well as controlling temperature and
pressure. However, these processes require many steps. Between each step, time and energy are
spent to separate, to isolate and to purify the processed samples. Limitations of these processes
are the poor predictive control of particle size, and more importantly, the lack of the

fundamental understanding of the factors determining the control of the polymorphic forms.>*

In our recent work we combined melt crystallization and scCOz as a solvent to investigate
the operating conditions (temperature, pressure, rate of cooling) that affect the transformation

1, mefenamic acid®® and ibuprofen.’’ In

between the various polymorph of paracetamo
particular, we investigated the populations of ibuprofen conformers in supercritical CO; across
a temperature range of 35-90 °C using IR spectroscopy, quantum chemical calculations, and
molecular dynamics simulations. Among the ibuprofen molecules dissolved in scCO-, two
conformers were identified, with the first conformer (Conf. I) being dominant, reaching its peak
population at 60 °C for both isochors. We showed that there is a correlation between the
distribution conformations of paracetamol molecules which are dissolved in scCO: and their

polymorph state.28 This finding was supported by the analysis of micronized ibuprofen obtained



1.2. Supercritical Fluids P.31

via RESS using DSC and XRPD, which confirmed that polymorph populations align with the
conformer populations under corresponding conditions. These results suggest that the
conformation at the interface of a polymorph of an API is a key factor that determines its
physicochemical and mechanical properties,”> which ultimately influence its performance,
stability, and manufacturability. The molecular arrangement at a crystal's surface significantly
influences the packing density within the lattice. Polymorphs with tightly packed structures
exhibit strong intermolecular interactions, leading to lower solubility, whereas those with looser

6051 This can be attributed to the exposure of functional groups

packing dissolve more readily.
on crystal planes that facilitate hydrogen bonding, thereby enhancing dissolution. For instance,
a hydrophilic surface conformation can improve solubility, which is critical for bioavailability.
Additionally, the surface conformation affects the crystal's wettability and surface energy,
factors that can either enhance or impede the dissolution rate. In addition, the arrangement of
molecules at the surface can expose or shield reactive groups, affecting the API’s chemical

stability. For instance, certain conformations may make the compound more susceptible to

degradation through oxidation or hydrolysis, which can compromise its efficacy and safety.

Our hypothesis is that the conformation distribution of API molecules at the interface with
supercritical fluid (in this work scCO2) determines the polymorphic form after the melting-
cooling cycles of the melt crystallization process. Indeed, conformational changes are bound to
occur for any flexible organic molecule during the melt crystallization process. Large organic
molecules with several rotational bonds adjust at the supramolecular level by slightly twisting
their molecular conformations leading to minimization of lattice energy by negotiating a small

conformational energy penalty.®2
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1.3. Choice of the API and Curcumin

A variety of polymorph-forming APIs could be a good fit for this study. Ultimately, we
have settled on Curcumin (CUR for short). CUR has attracted a considerable attention in the
recent years for its wide variety of medicinal benefits, such as anti-inflammatory, anti-
carcinogenic, antimalarial and antioxidant activity. However, its extremely low solubility in
polar media and, hence, extremely low bioavailability, represents a very significant
technological barrier in its use in food and pharmaceutical industry. As it shown in Fig 1.2,
CUR consists of three key structural regions, the f-Diketone Bridge (Central Core) — flexible
and involved in intramolecular hydrogen bonding and the Aromatic Rings (Terminal Groups)
— two phenolic rings with -OH (hydroxyl) and -OCHs (methoxy) groups at positions 4 and 5 of
each ring. Those hydroxyl and methoxy groups affect hydrogen bonding and polarity

o} [B] OH
[C] [C]
/\/ \/[M.‘
"OH
[A] - 7-Carbon Linker Chain [D]

[B] - Diketone/Keto-Enol Moiety o

[C] - Phenol Rings /

[D] - O-Metoxy Phenolic Groups

Figure 1.2. Schematic representation of different parts of CUR.

CUR is a hydrophobic phenol having a chemical name (1E,4Z,6E)-5-hydroxy-1,7-bis(4-
hydroxy-3-methoxyphenyl)-hepta-1,4,6-trien-3-one, commonly used as a spice from the plant
Tumeric. It exists in multiple polymorphic forms, meaning it can crystallize in different
structural arrangements while maintaining the same molecular composition. These polymorphs
can exhibit variations in solubility, stability, and bioavailability, which are crucial for
pharmaceutical and nutraceutical applications. Curcumin has been reported to exist in at least

three distinct polymorphic forms %162
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Form I (monoclinic space group P212121) is less stable and loosely packed (1.39 g.cm™)
with weaker H-bonds (mainly C-HO), allowing more interaction with solvents and with

moderate stability. The molecule has a curved, slightly twisted conformation (see Fig. 1.3).

Form II (orthorhombic space group Pca2i) is meta stable and the least ordered (see Fig.
1.4) among the three, but still denser than Form I, with low stability and the highest solubility.
The molecules within this form are less twisted, adopting a planar cis-enol form with weakened

hydrogen bonding.

Figure 1.3. (a) Unit cell of CUR in POLY I with highlighted hydrogen bonding. (b) Molecular
conformations of CUR in POLY 1.
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(b)

Figure 1.4. (a) Unit cell of CUR in POLY II with highlighted hydrogen bonding. (b) Molecular
conformations of CUR in POLY II.

Form III (Pbca sSpace group) is the most tightly packed (see Fig. 1.5) form, with low
melting point and high solubility at room temperature. The constituent molecules adopt a nearly
flat configuration. This planarity allows efficient molecular packing, increasing crystal
stability but reducing solubility. Compared to Form II, greater number of CUR molecules in

Form III have possibility to form intermolecular hydrogen bonds.
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Figure 1.5. (a) Unit cell of CUR in POLY III with highlighted hydrogen bonding. (b) Molecular
conformations of CUR in POLY II1.



P. 36 CHAPTER 1. INTRODUCTION

1.4. Aim and Objectives

The goal of the thesis is to use molecular dynamics simulation to elucidate the mechanisms
and phenomena occurring at the interface of CUR and scCO» that determine the transformation
between its three known polymorphic forms. Specifically, we will investigate melt-
crystallization and solvent (here scCO») crystallization methods and focus on the structure and

dynamics changes at the interface between the solid API and scCOx.

Molecular dynamics (MD) simulations are used to study the dynamics and structure of the
CUR-scCOz interface. In the third chapter of this investigation, we will characterize the local
structure and conformational changes of different polymorphs of CUR in the bulk during the
increase of the temperature beyond the model melting temperature. We have examined
available force fields of CUR in terms of their capacity to replicate the conformational
distribution and the experimental melting temperature. Next, using quantum chemical
calculations, we have suggested new parameters for the force field, specifically those that
describe the rotation around the key flexible dihedral angles. Significant attention is paid to the
conformational changes of CUR in the simulation. After much testing of many literature and
novel algorithms, we adopted a new approach that permits semi-automatic, accurate and
representative sampling of the conformation of CUR molecules in the simulation. To correlate
conformational behavior of CUR with crystal structure, we used statistical local distributions
of observables such as the nearest neighbor radial distributions, the interactions energies

(electrostatic — ES, Lennard-Jones — LJ) and Voronoi Polyhedra.

In the fourth chapter, we characterize the change in the local structure at the interface of
CUR during heating beyond the melting temperature. Of note is that, during the increase of the
temperature, analyzing a CUR interface in computer simulation, i.e., when the interfacial region
is seen at atomistic resolution, is not a trivial task. We overcome this problem by using tested
algorithms to identify the truly interfacial molecules.®* The mass density profile of CUR
molecules along the macroscopic surface normal axis and the contribution of the first couple of
layers were investigated to give information about the spatial extent of the interface.
Furthermore, MD simulations have allowed us to investigate dynamical properties, such as

diffusion coefficient or residence time of CUR at the interface.

In a fifth chapter, we optimized the choice of the force field of CO, in particular with
respect to its ability to reproduce the critical temperature, pressure and density. We investigate

structural features of CO> in liquid and supercritical phases at different isobars. Density
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fluctuations, which mark the liquid-to-gas-like crossover, were quantified using advanced
statistical tools such as nearest-neighbor distance distributions, interaction energies, and local
density profiles derived from Voronoi analysis and density-based spatial clustering of
applications with noise (DBSCAN). Our findings reveal that these fluctuations arise from the
temperature-dependent difference in the spatial extent of attractive contributions from
electrostatic (ES) and Lennard-Jones (LJ) potentials, leading to a maximum in the contrast
between the packed and loose density domains. Specifically, we demonstrate that neighbors
experiencing maximal LJ and minimal ES attractive contributions characterize the first and
second solvation shells. Within these shells, the orientation of CO2 molecules is governed by
the maximal attractive contribution of ES interactions. We took advantage of the developed
methodology to investigate supercritical water and ammonia Our results point to similar
behavior of the statistical distributions of the chosen observables, namely a large variation in
the associated average values when crossing the critical temperature, and the occurrence of a

maximum in their fluctuations.

In the sixth chapter, that constitutes the ultimate goal of the thesis work, we investigate the
CUR-scCO; interface. The simulations were carried out under isochoric conditions along the
1.1pcisochore (pc is the critical density of CO2). We focus on the effect of the thermodynamic
conditions on the melting temperature of the three polymorphs of CUR. At the same time,
attention is paid to the local structure of both scCO> and CUR. We have also investigated,
during the melt-cooling cycles of CUR in the presence of scCO- as a solvent, the temperature
and pressure dependencies of the interface's structure, surface tension, lateral pressure,
conformation and orientation distributions of CUR molecules, hydrogen bonding, diffusion,
and the time CUR molecules spend at the interface. Furthermore, we used the fluctuation of the
interfacial layer to compute the interfacial free energy that control the nucleation of CUR during

the cooling phase.®>-¢
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CHAPTER 2
METHODOLOGY

he purpose of this chapter is to give a brief overview of the algorithms and methods most
T often utilized throughout the subsequent chapters. First few sections cover the basics of
computer simulation in general and molecular dynamics in particular. After, attention is given
to common methods of structural and dynamical analysis. Later sections of the present chapter

detail method specific to the present work, including those developed or improved by us.
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2.1. Basics of Molecular Dynamics

Computer simulations, sometimes referred to as in silico’ experiments, have nowadays
become large, standalone parts of biochemistry2, materials science?, physics®?, engineering®
and countless other disciplines. Computer experiments can be similar to the laboratory ones —
both require preparation, execution and analysis stages, make use of specialized tools, require
considerable training, etc. At the same time, computer simulations offer’® several advantages,
such as cost-effectiveness, rapidness and an ability to directly measure atomistic and molecular
properties. Indeed, computational and laboratory chemical experiments often obtain same
quantities — absorption wavelength, diffusion constants, conductivities, polarizabilities, all
manner of things — but most experimental setups give indirect results, results which require
comparison with a known etalon or heavy statistical processing. That is not to say, of course,

that computations always give exact or direct results.

Another similarity between laboratory and computer experiments lies in the variety>1? of
available tools and techniques. Physical processes studied by chemistry occupy large range of
timescales!!2, from femtosecond excitations to seconds or minutes of aggregation and
precipitation. It would not be possible to study all of those processes with the same analytical
technique. So, experimental chemists pick an appropriate method — infrared!3 or visible-light!*
spectroscopy, nuclear magnetic resonance'®, electrochemicall® and calorimetric methods'Z, the
list goes on and on. Accordingly, computational chemistry can also be divided into subsections,

each one appropriate for its own timescale. A schematic representation of some of those

methods is given in Fig. 2.1.

The main topic of the present thesis is molecular dynamics!®2%, or MD for short. MD
simulations can encompass large swaths of the abovementioned timescales, since, technically
speaking, MD simulations can utilize different potential energy functionals, making them ab
initio?=2 (accurate and expensive), classical2*3, i.e., force field based, (fast, but approximate)

and everything in between.
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Figure 2.1. Schematic representation of different processes’ timescales and computational methods

appropriate for them. List is non-exhaustive.

The main point of any MD simulation, distinguishing it from methods like Monte Carlo®¢,
is to evolve the system under study in time. This is accomplished by solving classical
Newtonian equations of motion. Those equations can be written in Lagrangian or, indeed,

Hamiltonian form:

0H
4 = 7 (2.1
ap;
0H
bi= —5— (2.2)
aq;

Here, the Hamiltonian is a sum of the kinetic and potential energies (Eq. 2.3.) of the system.
In classical MD, the kinetic energy is represented by the atomic-velocity dependent term (Eq.
2.4.), while the potential energy is decomposed (Eg. 2.5.) into contributions from
intramolecular interactions (Egs. 2.6.-2.9.) — bonds, angles, proper and improper torsions — and

intermolecular interactions — electrostatic and non-electrostatic (Egs. 2.10-2.11.). There is a

significant number of possible functional forms for each of the terms in the Hamiltonian.

H=K+V (2.3)
2
v
K = mz (2.4)

V = Vb + Va + Vd + Vl + VES + VNES (25)
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In the first-generation classical force fields, like the ones utilized in the subsequent
chapters, the intramolecular parts are often represented by harmonic forms, while electrostatic

and non-electrostatic parts are often given by the Coulomb and Lennard-Jones functionals.

b kr
Vo= ) k(i = r? 2.6)
i=1
Ng ke
v, = 271(91. — 992 2.7)
i=1
Ng Nmax
Vy = Z Z kfj(l + cos(njo; — @7)) (2.8)
i=1 j=1
N; k(
Vi= ) S - @) 2.9)
i=1
N N %:q
Vs = ZZ# (2.10)
=1 j<i Ameor)
N N o:\ 12 o\ ©
Vigs = 2248‘7 ((r—”> - <r—”> ) @2.11)
=1 j<i Y Y

The numerical solution of the atomic equations of motion with different methods2’ leads
to sampling of configurations (atomic positions, velocities and forces) from the microcanonical
ensemble. A thermodynamic ensemble is a representation of the degree of separation of the
system from the surrounding environment. They are defined by the combination of state
variables that are kept constant, often abbreviated by the letters representing the constant
variables. Overview of different ensembles is given in Table 2.1. In order to sample the desired
ensemble, the Hamiltonian of the system must be modified by the addition of thermostats
(constant temperature), barostats (constant pressure) or chemostats (constant chemical
potential). Many different algorithms?-= are possible, and many more are being developed
every year. Each subsequent chapter will contain a small summary of ensembles, integrators,
thermostats, barostats and their related parameters used in that particular chapter.

Thermodynamic ensembles provide closed formulas for the calculation of ensemble

31,32

average values. In MD, the ergodic hypothesis>>= provides the ability to calculate an ensemble

average by averaging the quantity of interest over the whole system over time.
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Table 2.1. Common thermodynamic ensembles, their names, which properties are kept constant and

whether or not the system under each ensemble is isolated.

Ensemble Name Constant? Isolated?
NVE Microcanonical Number of particles, volume, total energy Isolated
NVT Canonical Number of particles, volume, temperature Closed
NPT Isobaric Number of particles, pressure, temperature ~ Closed
uPT Grand canonical Chemical potential, pressure, temperature Open

Due to the difference in scales between laboratory experiments with a few mols of
substance and computational experiments with a few thousand atoms, a problem of edge effects
and inefficient sampling occurs. Indeed, as a system grows in size, the ratio between its surface
area and volume decreases. Because systems studied by MD are small in comparison with
experimental ones, this ratio is highly overestimated. Surfaces, as will be discussed in
subsequent sections, are special in chemistry and have properties different from those of the
bulk. To somewhat circumvent this problem, MD simulations almost always employ periodic

boundary conditions334

— a set of boundary conditions that imply a wrap-around of the
coordinates along each axis. A schematic representation is given in Fig. 2.2. Periodic boundary
conditions simulate an infinite system with full set of translational invariances around the center
of mass of the whole simulation box. The primary simulation box is termed “unit cell”, and

offset simulation boxes are called its periodic images.
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conditions. Colorful molecules denote the primary unit cell.

MD simulations by themselves only provide the evolution of the particle positions,
velocities and forces in time — a trajectory. Computation of relevant quantities, such as density
or diffusivity, constitutes analysis of MD trajectories. Some of the more common trajectory

analysis techniques are summarized below.
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2.2. Distribution Functions

In the study of condensed matter, pair distribution functions® play a special role, both as a
method of analysis and as a component of integral equation theories. General pair-distribution
function, g4, (7) gives the probability of finding a particle at a given position relative to the
reference particle. If given as a 3D map over cartesian coordinates, it is referred to as Spatial
Distribution Function®® (SDF). Usually, simplified assumptions are made. For example,
integrating over all the angular components in the polar coordinates one obtains Radial

Distribution Function®? (RDF):

Ng Np
1
gan() = 3 Nb;;w(mn 1) @12)

RDFs are extremely important because they can, in principle, for a subset of chemical
systems, be obtained from the experimental?®2° quantities, such as structure factor, which is
itself obtained from the X-ray experiments. However, such determination involves challenging
experimental setups and statistical processing techniques. On the other hand, MD offers almost
instantaneous access to the RDFs for all manner of systems under different thermodynamic

conditions.

An important distinction between distribution functions and simple histograms is the
normalization. RDFs, for example, are normalized such that they provide probability density
over the uniform density of substance, which is achieved as r—oo. In this form, RDFs are

40,41

connected to the Kirkwood-Buff integrals and the related theory of liquids:

[oe]

G (1) = f 412 (g (r) — 1)dr (2.13)
0

Higher order correlation functions also exist. They can be used?? to distinguish processes
that give the same RDFs or their evolution. However, they are notably less popular and it’s

inherently more difficult to obtain them experimentally.

Distribution functions are usually averaged over the whole system. If one instead computes

RDFs of the first “neighbor” — a particle that has lowest distance to the reference one — one
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obtains what is termed Nearest-Neighbor RDF, or NRDF for short, denoted afterwards by

gg;)) (r) for the n'™ closest particle. The total RDF is then a sum over N-1 possible NRDFs:

N-1

IMGEDWING 2.14)
n=1

Unlike the total RDF, NRDFs are often, though care must still be taken, normal
distributions centered around average distance between the reference molecule and its n
neighbor. A typical decomposition of the RDFs unto the constituent NRDFs is given in Fig.
2.3.

B e
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Figure 2.3. Total RDF and its decomposition onto the first 30 NRDFss.

Such NRDFs, treated as un-normalized probability distribution functions (PDF), can give
estimates of not only the average distance between molecules, but of its fluctuation, asymmetry,
and so on. Thus, some pair distribution functions like NRDFs can provide significant amount
of information about the local arrangement of only a few particles, allowing effective access to

information about system inhomogeneity, non-equilibrium processes, and more.
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2.3. Voronoi Tessellation

Besides distributions functions, space tessellation algorithms can be used to give highly
localized information about closest neighbors. Though many partitioning algorithms® are
possible, one of the most interesting ones, applied to MD trajectories, QC electronic densities,
city maps, and so on, is the Voronoi tessellation.?* A Voronoi cell is defined as a set of points
of the space that are closer, often meaning they have lower L>-norm, though other metrics can

be utilized, to the reference point than to the any other point.

What is generally termed “Voronoi analysis” can be subdivided into two parts — the
construction of the Voronoi cells, represented by convex Voronoi polyhedra (VP) in 3D, and
the computation of the volumes, surface areas and other properties of said cells. Several?>46
high-throughput algorithms of Voronoi cell construction for 2D and 3D spaces have been
developed throughout the years. Recent interest*2* towards Voronoi analysis of Al parameter
spaces has also seen the rise of the approximate methods. Many such methods rely on first
getting the dual of the Voronoi graphs — Delaunay Triangulation?? — and performing edge-
flipping afterwards. Despite the ability of performant procedures like the Fortune’s algorithm’
to construct VP for all points in one sweep they all have one drawback — they are really difficult
to implement, which is not helped by the complex geometry of the 3D periodic triclinic MD
box. In our work, we construct each cell separately, using the algorithm?®! of Ruocco et al.

Typical cell, here for the center of mass of CO2 molecule, is shown in Fig. 2.4.
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Vertex

Figure 2.4. (a) Visualization of the Voronoi cell around a center of mass of a CO> molecule (white),
surrounded by other CO; molecules (dark gray), defined by the vertices and edges (blue). (b) Dual of

the Voronoi graph — Delaunay triangulation.

The resulting VP is then analyzed by computing its volume, density (as a reciprocal
volume), surface area, sum of edge-lengths, and a number of different qualitative metrics. Those
metrics readily provide information about the distribution of the neighbors. For example,
surface polygons with bigger areas correspond to closer neighbors. Another property, available
directly as a result of the dual relationship between VP and Delaunay triangulation, is the radii
of the vertices, referred in MD literature sometimes as “VP voids”, as they measure spacing

between the datapoints.
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2.4. Clustering and DBSCAN

An important class of chemical processes are those of aggregation — protein aggregation®%2

54,55 56,57

in biology/biochemistry, dye aggregation in optoelectronics, substance precipitation>>*
from the mixture, etc. Even when one is not directly interested in studying aggregation, it is on
occasion quite useful to check if the force field parametrization causes systems containing

multiple molecular types to unexpectedly split2222

or be incompatible in other ways. In order to
study equilibrium aggregation using MD simulations, one often treats the positions of
atoms/molecules as distinct points in 3D space and applies data clustering algorithms. Data
clustering, in this context, means performing a particular statistical analysis® that separates the
dataset into distinct groups, such that members of the group are more similar to each other than

to the members of other groups.

General clustering algorithms®! include k-means, mixture of gaussians, mean shift, and,
perhaps relatively recently, DBSCAN® — Density-Based Spatial Clustering of Applications
with Noise. Each method has its strengths and weaknesses, and no clustering method is truly
free of parameter or hyper-parameters. We focus on DBSCAN specifically because it can
discover arbitrary-shaped density domains, with any number of molecules in each domain and
no constraints on the number of such domains. A schematic representation of the DBSCAN

algorithm is given in Fig. 2.5.
Core

..........

. -

T Border

Axis 2

Noise/Free

---------

Axis 1

Figure 2.5. Schematic representation of the DBSCAN algorithms key steps for arbitrary 2D data.

Extension to 3D atomic coordinates is straightforward.
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At first, one of the datapoints is picked as a seed. From that seed, the cluster grows by
selecting all datapoints with a certain radius — € — from the current one, and adding them to the
list of core members if they themselves have more than N neighbors within their radius,
designating them as border members otherwise. After a cluster is established with its core and
border points, next seed is picked from a list of unassigned datapoints until there are no more.

Simplest DBSCAN procedure is summarized in Alg. 2.1.

ALGORITHM 2.1. DBSCAN(D, ¢, N) — {Ci}, {Bi}, F

1 id=0

2 foreach x € D do

3 ’ Compute s; = {y € D : [Ix-yll <&}

4 if [si| >N

5 id=id+1

6 Ciu=Cu U {x}

7 foreach y € s; do

8 ’ Compute s; = {z €D : lly-zll <&}
9 if [s2] > N

10 Cia=Cia U {y}

11 si=s1Us2

12 else

13 ’ Bia=Bia U {y}

14 F={x€eD:x¢&C;&x &B;foreach I <id}

In the context of MD simulations, after establishing core and border molecules, one could,
of course, apply any of the typical MD analysis methods, such as distribution functions, to the
members of a specific domain. Otherwise, statistical analysis of distributions of the sizes of
density domains can be used to predict phase transitions, aggregation scenarios or spontaneous

splitting of a given mixture.

Disadvantages associated with DBSCAN typically include the inability to separate
domains with significantly different densities (addressed in more complex methods of
hierarchical DBSCAN® and OPTICS%?) and reliance on the empirical parameters. The former
problem is mitigated by not relying solely on DBSCAN, as we supplement its density
calculations with the abovementioned Voronoi tessellation. By its very nature, DBSCAN
represents a mix between strict and fuzzy space partitioning schemes, provided that clusters can
share border datapoints, which contrasts against explicitly strict Voronoi partitioning. The latter
challenge has been® previously addressed, and it was shown that analysis of the RDFs of
homogeneous bulk systems can provide good, physically motivated values for the radius and

the number of neighbors, needed by the DBSCAN algorithm.
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2.5. Conformational Analysis

The problem of distinguishing between different molecular conformers in the context of
the MD simulations, especially at high temperatures, does not have one unique solution.
Conformers, are, according to IUPAC®, “One of a set of stereoisomers, each of which is
characterized by a conformation corresponding to a distinct potential energy minimum™. This
means that vibrations of atomic bond or atomic angles, movement of molecules and their
rotation as a whole, do not change the conformation — only dihedral angles do. Since in MD
simulations molecules end up with all matter of bond lengths and angles, it is best to know
conformations to be assigned in advance, perhaps from crystallographic data or quantum

chemical simulations.

One intuitive idea is to compute the distance between a molecule in the simulation and a
reference molecule. Defining a distance function between two molecules is surprisingly
complex, but one straightforward way, at least for MD simulations, is to use the sum of
distances (or their squares) between pairs of atoms. After normalizing to the number of

molecules, this results in the following set of equations for the residual mean square difference
(RMSD):

N
1
RMSD = Nz Z (xf — x§)? (2.15)

i=1a=xy,z

In practice, such distance metrics would perform exceedingly poorly, even if the sample
and reference molecule were to be rotated to best match each other. Since Eq. 2.15 deals with
Cartesian coordinates, it would be sensitive to the bond and angle vibrations, which should not
have an impact on the conformational assignment. A better option, sometimes used as collective

variable in metadynamics, relies on computing RMSD with internal coordinates:

Nint

> (5= 50)? (2.16)
i=1

1
RMSD =
Nint

The advantage of internal coordinates lies in the ability to remove bonds, angles and other

extraneous degrees of freedom, leaving explicitly dihedral angles, and even those can be
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screened. The disadvantage comes from the need to constantly make molecules whole, as
computing dihedral angles in periodic space can be rather tricky, though this problem is not
unique to this particular method. Afterwards, all obtained distances (RMSDs) can be
transformed to similarity measures via a number of different ways, but most of them would fall

into the inverse (Eqg. 2.17) or difference (Eq 2.18) categories.

d.
P = < ld (2.17)
j=1%j
N

This method of computation of conformational distributions can be summarized via the
following Alg. 2.2, where Dmal is the set of atomic positions, {R;} is the set of sets of atomic
positions for each reference conformation and {Peach} is the probability of a given molecule to

be in each of the reference conformations.

ALGORITHM 2.2. CONFORMATION(Dino1, {Ri}) — Peach
n = [{Ri}|

s1 = internals(Dimol)

Ni = s

d={}

fori=1,2..ndo

s, = internals(Rj)

d=d U {[[si-safl}

Peach = {}

fori=1,2..ndo

Peach = Peach U {

O 0 3 &N U B W N~

d; }
Z?:l dj

—
S

A potential problem with Alg. 2.2 can be demonstrated by examining force field potentials
associated with dihedral angles. If the potential function in question has evenly spaced energy

minima, like that of Fig. 2.6 (a), then Eq. 2.16 would be appropriate. However, under uneven

spacing of minima, akin to Fig. 2.6 (b), Eq. 2.16 would give results that are intuitively incorrect.




2.5. Conformational Analysis P. 61

sE @ | [ ® i

(1] (2] (1] [ [1] (2] (31 [1]7

V (kJ-mol™)

0 1 1 1 1 1 1 1 1

0 60 120 180 240 300 360 O 60 120 180 240 300 360
Angle (°) Angle (°)

Figure 2.6. An example of (a) “smooth” and (b) “unsmooth” potential energy surfaces for a dihedral

angle.

An alternative is to strictly adhere to the IUPAC definitions and consider energy minima
directly. Since the potential functions in classical force fields are often cosines or sums of
cosines, it is not difficult, given the current value of a dihedral angle, to determine which
minimum it “belongs to”. In this context, we say that the dihedral angle “belongs to” a particular
minimum, or its basin, when it has not crossed the potential energy barrier to move to another
minimum. Similarity score can then be obtained directly by counting how many basins of a
sample molecule correspond to basins of a reference molecule, simply numbering them as in
Fig 2.6. As long as local maxima of a potential function can be determined, differentiable or
not, this algorithm would perform well, and gives similar results to the Alg. 2.2 for most of the

examined force fields.

Alg. 2.3 is still not without its problems however. In practice, it is impossible (and most of
the time even undesirable) to take into account all of the conformations of highly flexible
molecules. Since Alg. 2.3 only considers how many minima are equal, and not which of those
minima, it does not consider the importance of each minimum or how difficult it is to move
from on minimum to another. Possible extensions of this method could lie in the fields of
probability theory and statistical mechanics, though they would be beyond the scope and needs

of this work.



P. 62 CHAPTER 2. METHODOLOGY

ALGORITHM 2.3. CONFORMATION(Duol, {Ri}) — Peach

n = [{Ri}|

s1 = internals(Dmo1)

B® = {BASIN(s))}

N = [sq]

B={}
fori=1,2..ndo

s2 = internals(R;)

B =B U BASIN(s2)
Peacn = {}
fori=1,2,..ndo

‘ Peach = Peach U {vazll 5(B], B]Rl)}

O 0 9 &N L B W N~

_
—_ O

Although all of the abovementioned algorithms were employed at one stage or another,
subsequent chapters only contain results from the basin-matching Alg. 2.3. While not without

its flaws, it is the best-performing non-parametric estimator that we were able to develop.
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2.6. Simulation of Interfaces

Although not as prevalent as bulk calculations, interfacial simulations constitute a large,
important class of computational problems in field like biochemistry,®Z biology®® and material

science.®?

A particular care must be taken when attempting to compute non-radially symmetric
properties of simulation boxes with interfaces. Properties that require absolute positions along
the normal of the interface, like mass-density profiles, would give erroneous results due to the
movement of the center of mass of the system. This is commonly referred” to as “flying ice
cube effect”. This effect is present, in one way or another, in most MD simulations of vacuum
interfaces. To combat it, one has to remove the translational motion of the center of mass
(COM) of the whole system, either during the simulation itself or as a trajectory post-processing
step. The latter option means aligning COMs of different steps in the MD trajectory to one
common point, usually center of the box. The tricky part, as it turns out, is to accurately compute

the COM in the periodic system. It is tempting to use the following simple formula:

N
= Z m;, (2.19)
i=1

where m is atomic mass. This is, in fact, the formula internally used by many MD simulation

packages. The biggest problem with Eq. 2.19 can be demonstrated by Fig. 2.7.
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Figure 2.7. Schematic representation of (a) correct and (b) incorrect determination of the COM using

Eq. 2.19.
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In a periodic system, given some arrangements of masses, it is possible for the computed
COM to be, nominally, in the center, while the true COM lies on the periodic boundary. In
order to get an accurate estimation of the COM, the following formula’, which explicitly

includes periodicity, can be used, where i is an imaginary number:

N %

R, = Z m;e’" Ta (2.20)
j=1

1L,

COM = %ang(Ra) (2.21)

Afterwards, COM vector is given by the angles the complex numbers make with the
positive direction of each of the axes. Care still must still be taken when dealing with completely
uniformly distributed masses, as Eq. 2.20. can give 0+0i. In this case, one is free to pick any
arbitrary angle. Fig 2.8 demonstrates pathological case of the mass-density profiles computed

on the trajectories centered with each of the abovementioned COM formulas.
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Figure 2.8. Schematic representation of mass-density profiles of CO; with trajectory centering

performed using (a) Eq. 2.19 and (b) Eq. 2.20.
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2.7. Interfacial Molecules

Along with other challenges of interfacial simulations come the challenge of analysis.
Specifically, if the goal of the atomistic simulation is to obtain some kind of a property of the
interface, the total amount of atoms in the system has to be separated into those that are “at the
interface” and those that are not. This comes by necessity, as atomistic simulations give
information about atoms, pairs of atoms and molecules comprised of atoms, not abstract
surfaces in the system. This then raises a question of what it even means for a molecule to be

“at the interface”.

Intuitively, interfacial molecules are those close to the surface, close to the invisible
boundary between the thermodynamic phases, almost opposite to those of the “bulk”. This
intuition can be stated more rigorously’? via the Gibbs dividing surface. Normally, systems
containing flat interfaces can be divided into three subsystems — two phases and a “transition
region”, which contains the mix of the phases and has unknown size and properties. Gibbs
introduced an alternative division, one where the transition region is replaced by a sharp
boundary that has zero volume, but preserves the extensive properties. Those two treatments
are illustrated in Fig. 2.9. Although definition of the transition/boundary regions can use volume

density of any extensive property, mass-density profiles are commonly preferred.

We will not explore thermodynamical implications of the Gibbs model (see other’®
references), because it is unsuitable for our purposes. Indeed, one disadvantage of this model
lies in the implicit need to average the extensive property used to get the position of the surface
over the entire ensemble i.e., MD trajectory. This introduces problems for fast-varying systems,

equilibrium or not.

(a) Transition (b)

Region | Gibbs

| dividing

| surface Phase B

Phase B Phase A

Density

Distance along the normal Distance along the normal

Figure 2.9. Definition of the three regions in the two-phase system with a flat interface according to (a)

“Realistic” and (b) Gibbs dividing surface descriptions.
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Several other methods are possible, such as using order parameters, i.e., tetrahedral order
parameter, in order to find molecules with less than the average number of neighbors, as those
molecules would likely be at the interfacial boundary, though most have the same drawback as
the Gibbs definition. Instead, subsequent chapters utilize what is termed by Partay et al.
“Identification of truly Interfacial Molecules” method, or ITIMZZ for short. This method
proceeds by defining a grid of spheres outside of the simulation box, on both sides, and moving
them along the normal of the interface toward the center of the box. When the distance between
a sphere and an atom of any molecule is less than the sum of their radii, the collision is detected,
the sphere movement stops, and the corresponding atom or a molecule the atom belongs to is
flagged as interfacial. After all the spheres have stopped, identification of the subsequent layer
can begin by ignoring already identified molecule and/or atoms. In this manner, any number of

layers can be found on each side of the system. The visualization of the described steps is given

in Fig. 2.10.

Figure 2.10. Schematic representation of the ITIM algorithm.

The main advantage of ITIM is the ability to identify different sets of interfacial
atoms/molecules at each configuration. The disadvantage lies in the parametric nature of the
method. Indeed, three main sets constants need to be defined — mesh spacing, radius of probe
spheres and radii of elements. Fortunately, mesh spacing only affects the tradeoff between
accuracy and computational time — any sufficiently fine spacing, around 35% of the radius of
probe spheres, is enough. Element-dependent radii can be defined on the basis of the

corresponding Lennard-Jones parameters. Similarly, good performance can be achieved by
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selecting probe radius as a Van der Waals radius of some common elements, for example
oxygen, to simulate water probe. Such definitions often give results similar to the concept’® of
the Solvent Accessible Surface, but for the interfacial atoms/molecules. We specifically make
heavy use of the PYTIM python library implementing the IITM method and defining sensible

default parameters.
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2.8. Interfacial Energy

One of the key concepts to the discussion of the morphology and thermodynamics of
interfaces is that of interfacial (or surface) energy. Surface (free) energy’® quantifies the
reduction in the number and strength of intermolecular interactions that occur upon the creation
of the surface. Interfacial energy of solids and liquids is non-negative, as negative surface
energy would result in spontaneous creation of new surfaces as the system tends toward lower
and lower energy state. Surface energy is extremely important for crystal growth research.

D80 \ith contact angle experiments. Mathematically,

Experimentally, it is often measured
interfacial energy (y), given by Eq. 2.22 in its most general form, is equal to the work (W)

needed to crease one unit area (A) of the given substance:

dW = ydA (2.22)

For MD simulations of liquid-vapor interfaces, one could use the total pressure tensor®! to
define surface tension (c) according to the following Eq. 2.23. for the interface along the z-axis

(other interfaces are accessible with permutation of the indices):

L,
o= _{Pzz(t) -

n

Pex(t) + Py (t)} (2.23)

2

where L is the size of the box along the z-axis, n is the number of interfaces and Px, are the

corresponding components of the total pressure tensor.

For MD simulations of solid-liquid interfaces, two main protocols have achieved
significant popularity — Adiabatic Cleaving Method®2 (ACM) and Capillary Fluctuation
Method® (CFM). ACM uses thermodynamic integration in order to connect several distinct
systems and simulations, created as a result of “cleaving” and rearranging the system. In
contrast, CFM uses the fluctuation of the position of the interface as a measure of its roughness,
which is then connected to the work needed to create it. CFM simulations require almost 1D
interfaces, so the systems have to be very thin. Additionally, extracting interface fluctuation
from the simulation requires application of Fourier transform and ensemble averages over the

resulting power spectrum.

Although both models, ACM and CFM, are significantly more complicated than Eq. 2.23,
and require specific system geometry, they underline a key concept — interfacial energy is

proportional to an intensive property of the system. In subsequent chapters, instead of directly
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obtaining the interfacial energy, we focus on the effective surface area per molecule and its
dependence on the temperature. Since surface area enters Eq. 2.22, it can be used to understand
how the interfacial energy would behave. Due to the fixed box vectors of the NVT simulation,
all gains or losses of the surface area would come from the movement of molecules along the
normal of the interface, including interchange in the number of molecules per layer, and all the
work being done on the system would be thermal. The problem then changes to determining

the effective surface area of the interfacial layer.

ALGORITHM 2.4. SURFACE(D, m) — Sl

1 s1={D: ITIM(D) =m)

2 N1 = |S1|

3 S=0

4 s2={}

5 foreach x € s; do

6 ‘ s> =s2 U {VP : P € Fibonacci(x,n)}

7 s3 = {sz2 : ITIM(s2) = 1}

8 foreach x € s; do

9 S¢=4nR% 4

10 N, =|{P : P € Fibonacci(x,n)}|

11 N3 =|{P : P € Fibonacci(x,n) & P € s3}|
N

12 S=S+ St-N—z

13 Swi=o

To tackle this problem, we propose the following algorithm, summarized in Alg. 2.4. Here,
m is the cardinal number of the layer to be studied (1%, 2", etc), while 7 is the number of points
for each Fibonacci sphere. We first perform the ITIM analysis and find out which molecules
occupy the interfacial layer. Next, we construct a Fibonacci sphere around every atom in the
interfacial layer according to said atoms radius. A Fibonacci sphere makes it very easy to
calculate the surface area of a slice due to it effectively being a uniform3* quadrature. We then
perform second ITIM interaction on the points of the spheres in order to prune any points not
accessible from the surface. Lastly, surface area can be calculated as sum of atomic surface
areas, which, in turn, are given as a proportion of the total sphere surface area based on the
proportion of points not pruned by the second ITIM pass. Performance of this algorithm will

be discussed in the subsequent chapters.
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2.9. Dynamical Properties and Diffusion

Although this work is primarily concerned with static, i.e., time-independent, equilibrium
structural characteristics of various substances, it would be remiss not to mention the dynamical

part®38 of molecular dynamics.

Typical dynamical properties, constituting a large class, are those derived from
autocorrelation functions of atomic or molecular characteristics. Autocorrelation function?? is
a statistical tool, calculated by taking an expectation value E of the product of original signal

X, and its complex conjugate X, at every pair of times, represented by the following equation:

Ryx(t1,t;) = E[X. X, | (2.24)

For example, if one considers velocity to be a distinct property of a given atom, it is possible
to compute velocity autocorrelation function,®® which gives insight into fast molecular
processes and the forces behind them. Equally valid is the autocorrelation of something like VP
density of a given molecule. Autocorrelation functions provide information about the
relationship between the state of the system at different times, allowing identification of

timescales of different processes, as well as hints about the driving forces of those processes.

Besides autocorrelation functions, a very descriptive dynamical quantity is the diffusion
coefficient. Diffusion coefficient, given between two substances, or self-diffusion coefficient,
given for an individual substance, describes how quickly two sub-regions of a system would
mix unto uniformity. Experimentally,® it can be solved for on the basis of Fick’s laws and
various laboratory setups. Computationally, diffusion constant can be obtained from the mean

squared displacement (MSD) of atoms on the basis of Einstein?? relation:

MSD = (|x(t) — x(0)?) (2.25)

Usually, one would fit?! the MSD in the linear part of its graph, and use the slope to
compute the diffusion coefficient. MSD, like the name suggests, measures how much a given
atom has deviated from the reference position between two given times. In equilibrium MD, it

is given by the following?? equation:

_ MSD(t)
T2t
Several other techniques, not discussed here, are used throughout this work. Discussion of

(2.26)

the methodological basis of those methods will be given in the appropriate chapters.
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CHAPTER 3
BULK CURCUMIN

n this chapter, we report the results of molecular dynamics simulations of different
I polymorphs of bulk CUR. First, we have analyzed four transferable force field models of
CUR and estimated their ability to reproduce density, melting temperature and conformational
distributions. After, the best performing model is adjusted with the help of quantum chemical
(QC) calculations. Then the bulk structure of each polymorph is investigated using first
moments (average, standard deviation) of the distributions of local properties, such as nearest
neighbor radial distributions functions (NRDFs) and interaction energies (electrostatic — ES,

Lennard-Jones — LJ).
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3.1. Computational Methods

Molecular dynamics simulations were performed using the GROMACS 2024.4! program
package. Simulations of isobaric conditions were performed with the use of Parinello-Bussi®3
thermostat and anisotropic Berendsen? barostat. Preliminary comparison between isotropic,
semi-isotropic and non-accelerated patched anisotropic Parinello-Bussi®? barostats vs the
Berendsen ones showed that typical drawbacks of the Berendsen formulation do not impact
properties investigated in this work to a significant degree. Simulation boxes contained 480
fully flexible curcumin molecules. Each starting point corresponds to the crystal of a specific
polymorph, with data taken>¢ from CCDC. Chosen configurations are summarized in Table
3.1. Molecular dynamics models were built via transferable force fields, such as OPLS-AAZS,
GAFF?1%, GROMOS!Y12 and CGENFF .2 Minimization was performed with GROMACS using
conjugate gradient (CG) method with a 0.001 nm step size and as many steps as needed until
convergence. For Lennard-Jones, we have used a cut-off scheme with potential-shifting and
r.=10.0 A. For electrostatic interactions, a reaction-field potential with the same cutoff as
Lennard-Jones was chosen instead of PME in order to keep electrostatic treatment consistent

between bulk and interfacial simulations (see Ch. 4).

Table 3.1. Initial configurations of the three polymorphs of curcumin, POLY-I, POLY-II and POLY-III.
Space groups, as well as absolute values of the corresponding cell axes are given along with the p angle.

Angles o and y are in all cases equal to 90°.

Space Group |al, nm. |b|, nm. |, nm. B, °
POLY-I P2/n 10.0140 2.8292 7.5373 94.94
POLY-II Pca2(1) 9.2657 3.2563 7.9416 90.0
POLY-1II Pbca 7.8085 3.2928 8.9850 90.0

Quantum chemical calculations were performed with ORCA 6.0.1 program!* suit.

Relaxation of molecular geometry and calculation of minimal basis iterative stockholder
(MBIS) atomic charges was performed at M06-SX/cc-pVDZ level. Relaxed potential energy
surface scans were done with r2SCAN-3c and PBEh-3c!® composite DFT-based methods.
Most of the settings were left to the default values, except integration grid, which was tightened
to “DEFGRID3” setting. Resolution of Identity (RI) approximation was used with

automatically generated decontracted auxiliary basis.
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For isobaric simulations, pressure was kept consistent at 1 atmosphere. The temperature
was consistently varied from 300 K to 600 K with a step of 15 K. Equations of motion were
integrated in time steps of 1 fs. After at least 10 ns long equilibration period, statistical data
(such as temperatures, pressures, nearest neighbor distances, local densities, etc.) was collected
using 3000 equilibrium sample configurations, separated from each other by 2 ps, from the 6 ns

long production run at every temperature.

Nearest neighbor calculations were done up to the 30" nearest neighbor to a reference
molecule, using molecular COMs for all configurations along the generated equilibrium

trajectories. Interaction energies were calculated for every frame.

Conformations are assigned based on comparison with unique structures extracted from
crystalline data. Details of the chosen algorithm are described in Ch. 2. Angle distributions
functions are calculated with TRAVIS!? MD analysis program. Diffusion coefficients and
velocity autocorrelation functions are computed with gmx-msd and gmx-velacc GROMACS
tools respectively. All other MD trajectory analysis is performed via custom programs written

in Julia programming language.
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3.2. Force Field Development

3.2.1. Density Estimation

We have chosen to first investigate several available transferable force field models of
CUR. In this particular case, it is imperative that the models are able to adequately describe
both the melting point temperature, for all three polymorphs, and the conformational

distribution.

CUR exists in three polymorphs — I, II, and III — in the solid state®!8, In each of these
polymorphs, the conformation adopted by the CUR molecules in the unit cell are quite different.
CUR is a good example of conformational polymorph based on flexible seven carbon linker
between two terminal phenyl rings and also flexible hydroxyl and methoxy groups. The
functional moieties that are present at the three faces of each polymorph are quite different and

one has to consider the conformational changes along the three directions.

We started by investigating four classical force fields, namely, OPLS-AA, CGENFF,
GAFF and GROMOS with respect to their ability to reproduce the experimental density,
melting temperature and the conformations distribution in each of the three polymorphs of

curcumin.

As an illustration, we show in Fig 3.1 (a), the dependence of the density on the temperature
of POLY-I, under atmospheric pressure in the NPT MD simulation. While all the available
models overestimate the melting point, OPLS-AA force field appears to be more suited to CUR
compared to other force fields. Melting point temperatures, here estimated as midpoints of
abrupt density changes, are 668 K, 683 K, 651 K and 532 K for GROMOS, GAFF, CGENFF
and OPLS-AA, respectively. Additionally, room temperature density of curcumin POLY-I is
estimated experimentally® to be around 1390 kg/m>. In our simulations, the densities are
1353 kg/m?®, 1311 kg/m?, 1264 kg/m® and 1270 kg/m* for GROMOS, GAFF, CGENFF and
OPLS-AA, respectively.
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Figure 3.1. (a) The dependence of the density of the bulk-crystal of POLY-I of CUR on the temperature
during melting, from 300 K to 800 K with a step of 15 K at an atmospheric pressure, for each considered
force field. Vertical dashed line indicates experimental melting point. (b) The dependence of the density
of the bulk-crystal of three considered polymorphic forms on the temperature during melting, from
300 K to 800 K with a step of 15 K at an atmospheric pressure, using the unmodified OPLS-AA model.

After identifying OPLS-AA as the most effective model, we evaluated its capability to
replicate the experimental temperatures of CUR’s three polymorphs. The temperature-
dependent density variations are illustrated in Fig. 3.1 (b). At room temperature, the calculated
densities for the three polymorphs are 1270 kg/m?, 1279 kg/m?, and 1285 kg/m?, respectively,
aligning well with experimental data. The graph legend includes experimental (DSC)
measurements of the melting points for each polymorph. However, the melting points, derived
from the OPLS-AA model, determined by the midpoint of significant density changes, are
531 K, 471 K, and 516 K. Notably, POLY-II and POLY-III deviate from the experimental
trend. Furthermore, POLY-III exhibits experimentally non-observed intermediate

transformation beginning at approximately 375 K.

3.2.2. Conformational Distributions

We also checked the ability of this force field to reproduce the distribution of conformation
of curcumin in each polymorph. In order to attribute a certain conformation to a molecule in

the simulation, we have utilized the following algorithm: we first characterized the
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conformation of curcumin molecules in each of its three polymorphs taken from
crystallographic data. The values of a set of dihedral angles in each conformation of curcumin
are taken as reference values that characterize the conformation. We found that the POLY-I
(see Ch. 1) is characterized by curcumin molecules that have conformation 1 (CONF-1), the
POLY-III is characterized by CONF-2 while POLY-II is characterized by 50% of CONF 2 and
50% CONF 3.

We applied Alg. 2.3 (see Ch.2) to sample the conformation of curcumin molecules during

the increase of the temperature beyond the melting temperature to obtain fractions of every
considered conformation for each polymorph. Temperature dependence of said fractions for
POLY-I and POLY-II are given in Fig. 3.2 (a,b). Obtained results point out the shortcomings
of the used force field when it comes to its ability to reproduce the conformation distribution in
each polymorph. This is demonstrated by the absence of significant changes at the melting
temperature (indicated by a dashed vertical line in Fig. 3.2) and, also, by the wrong
conformation distribution in POLY-II at 300 K. In fact, instead of obtaining 50% of CONF-2
and 50% of CONF-3, applied force field predicts 100% of CONF-3.
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Figure 3.2. Dependence of the fraction of 3 studied conformations on the temperature during melting of
(a) POLY-I and (b) POLY-II, from 300 K to 800 K with a step of 15 K at an atmospheric pressure, using
the unmodified OPLS-AA model. Vertical line indicates model bulk melting point.
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3.2.3. Optimization of Intramolecular Parameters

This underscores the significance of the intramolecular parameters of the force field in
accurately describing the conformations of each polymorph, which has traditionally been a
weakness of the relatively simple potential energy functions used in classical force fields. Our
recent analysis revealed that the differences in intermolecular parameters among the three
conformations are relatively small. Specifically, MBIS charges obtained at the M06-SX/cc-
pVDZ level differ, on average, by an absolute value of 0.05 between CONF-1 and CONF-2.
This finding allows us to concentrate on the intramolecular parameters, particularly the dihedral
angles. Fig. 3.3 schematically illustrates the dihedral angles that drive conformational changes

in curcumin.
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Figure 3.3. Schematic representation of curcumin molecule with highlights indicating dihedral angles
that are different between conformations found in the experimental crystalline structures. Symmetry is

not taken into account.

We began by examining the OPLS-AA intramolecular parameters that describe the
dihedral angles. As shown in Fig. 3.4 (a), the OPLS-AA model significantly underestimates the
rotational barrier of the phenol OH group. This is the key reason behind incorrect
conformational distributions observed in Fig. 3.2 (b), as even at T = 300 K the 50%-50% ratio
of CONF-2 and CONF-3 in the initial configuration turned into 100%-0% split after

equilibration.

To refine the intramolecular parameters, we conducted relaxed potential energy surface
scans — optimizations with one torsion constrained — for the three key dihedral angles at both
the DFT/PBEh-3c (or DFT/12SCAN-3c) and OPLS-AA levels. The results are presented in
Fig. 3.4 (a—c). For the phenol-OH group rotation, which is the main difference between CONF-
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2 and CONF-3, the initial OPLS-AA model reproduces the correct shape, with the global
minimum corresponding to the intramolecular hydrogen-bonded orientation. However, the
potential barrier between the global and local minima is only 6 kJ/mol, whereas the DFT-
predicted value is approximately 16 kJ/mol — over twice as high. This explains why previous

models predicted incorrect conformational distributions even at room temperature.
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Figure 3.4. Comparison between potential energy surfaces for three dihedral angles optimized in this
work. (a) phenol-OH dihedral angle with respect to r2SCAN-3c, (b) Central backbone with respect to
r2SCAN-3c and (c) phenyl-backbone dihedral with respect to PBEh-3c. Black dots correspond to the
QC DFTdata. Gray lines represent potential energy surfaces of original OPLS-AA model. Colored lines

represent potential energy surfaces of the re-parametrized model.

The rotation between the vinyl fragments and the central double-carboxyl unit has a
relatively high potential energy barrier of 45 kJ/mol, compared to other dihedral angles. While
the original OPLS-AA model produced a reasonable barrier value, it incorrectly predicted the
energy difference between cis and trans conformations. Quantum chemical (QC) calculations
estimate this difference to be around 10 kJ/mol — roughly half the value suggested by OPLS-
AA. Furthermore, the actual minimum was located at 35°, rather than at 0° as predicted by the

original model.

The rotation of the phenyl fragment relative to the backbone proved challenging to
parametrize. The OPLS-AA model significantly underestimated the barrier — nearly by a factor
of two (15 kJ/mol for OPLS-AA versus 28 kJ/mol from QC). However, after parametrizing
with 12SCAN, the force field's ability to reproduce the melting point of POLY-I deteriorated
noticeably. After benchmarking various QC methods, the relatively fast PBEh-3¢ method

demonstrated better performance. Parametrization based on PBEh-3c yielded more accurate
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practical results and was therefore selected for this particular dihedral angle. This may be due
to the fact that the hybrid PBEh-3¢ method has reduced self-interaction error compared to non-

hybrid meta-GGA methods when describing aromatic system conjugation breaking.

The somewhat arbitrary nature of the choice of reference potential (QC method) was a key
reason why we decided to re-parametrize only the dihedral angles critical for reproducing
conformational changes. Moreover, as illustrated in Fig. 3.5, fully re-parametrized force fields
perform significantly worse in terms of thermodynamic properties (e.g., melting temperature,
density). Unlike OPLS-AA — which, despite being a transferable force field, has been
extensively validated against experimental data — QC calculations do not necessarily ensure

accurate reproduction of experimental properties.
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Figure 3.5. The dependence of the density of the bulk-crystal of three considered polymorphic forms on
the temperature during melting, from 300 K to 650 K with a step of 15 K at an atmospheric pressure,
using the (a) partially modified OPLS-AA model and (b) fully modified OPLS-AA model. Vertical dashed

line indicates experimental melting point for POLY-1.

Although the intra- and intermolecular components of the force field are formally separated
in the topology, they are not independent in practice. Changes in dihedral angles during MD
simulations alter the spatial arrangement of atomic charges, thereby affecting the overall
electrostatic field and, consequently, the dipole moment. This effect is illustrated in Fig. 3.6 (a—
¢), which shows the average dipole moments for POLY-I, POLY-II, and POLY-III in the
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OPLS-AA model, our dihedral-angle-reparametrized model, and the fully r2SCAN-based
parametrization. In the crystalline phase of POLY-I, the fully reparametrized model exhibits an
average dipole moment approximately 0.5 a.u. higher than both the OPLS-AA and the partially

reparametrized models.
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Figure 3.6. Dependence of the average values of dipole moments for POLY-1, POLY-II and POLY-III in
the (a) OPLS-AA model, (b) our parametrization of dihedral angles and (c) our full r2SCAN based

parametrization on temperature.

After careful adjustments of select dihedral angle parameters, new OPLS-AA model
correctly predicts both the conformational distributions at the starting configuration and melting
point changes. Fig. 3.7 (a,b.c) shows the dependence of the conformational distributions for

POLY-I, POLY-II and POLY-III with the new OPLS-AA model.

As shown in the graph, at low temperatures, the conformational fractions of CONF-1,
CONF-2, and CONF-3 align closely with those expected for POLY-1, POLY-II, and POLY-III
of CUR. Notably, the new OPLS-AA force field accurately reproduces the observation that at
low temperatures CONF-2 and CONF-3 are present in equal proportions of approximately 50%

each.

After the melting point, the conformational fractions of CONF-1, CONF-2, and CONF-3
become similar regardless of the CUR polymorph. CONF-3 has the lowest energy among the
three conformations, which explains why, after melting, around 65% of all curcumin molecules
adopt the CONF-3 conformation. Approximately equal amounts of CONF-2 and CONF-1 are

present in the melt, and these proportions remain relatively stable as the temperature increases.

The fact that experimental melt-recrystallization of curcumin typically produces POLY-I
suggests that there is no simple relationship between conformational distribution in the bulk

phase and polymorphic behavior.
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Figure 3.7. Dependence of the fraction of 3 studied conformations on the temperature during melting of
(a) POLY-I, (b) POLY-II and (c) POLY-III, from 400 K to 600 K with a step of 15 K at an atmospheric
pressure, using the modified OPLS-AA model. Vertical line indicates model bulk melting point.

Beyond melting, accurately simulating the full melt-recrystallization process should ideally
capture the crystallization behavior when the system is cooled below the melting point. In
molecular dynamics (MD) simulations, it is common to observe hysteresis in the melting-
cooling density curves, even for substances that do not exhibit such behavior experimentally.
This discrepancy arises primarily from the short time scales and rapid cooling rates typical of
MD simulations, which prevent the system from adequately sampling all possible, yet

statistically improbable, configurations.

More problematic, however, are cases where standard MD protocols fail to produce any
crystalline structure upon cooling, instead yielding amorphous substances. Unfortunately, this
1s the case with CUR. The density plots for the cooling simulations, conducted at the same rate
as the melting simulations, are shown in Fig. 3.8 (a). Although the melt states for all three
different starting points (polymorphs) are identical, we present the results for all three

simulations for completeness.
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Figure 3.8. (a) Dependence of the bulk-density of CUR on the temperature for 3 systems under study.
(b) Dependence of the fraction of every considered conformation of CUR in the cooling simulation on

the temperature.

The absence of any sharp density changes suggests the formation of an amorphous phase.
Analysis of local properties, such as conformational distribution (Fig. 3.8(b)), also shows only
gradual changes. Interestingly, the amorphous state of CUR resembles the composition of
POLY-II, despite the challenges' in experimentally obtaining the latter. Increased “noisiness”
of the temperature dependence in Fig. 3.8 (b), which was not present in Fig. 3.7, further reflects
incomplete sampling of all possible configurations.

Since CUR is a "conformational polymorph," the challenges in cooling simulations are
twofold: efficient sampling of both conformational states and molecular positions and
orientations needed to reproduce the crystalline structure. Without enhanced sampling
techniques such as metadynamics, such simulations appear infeasible. Therefore, instead of
relying solely on cooling simulations, we focus on analyzing a broad range of structural and
dynamical properties during the heating simulations, often localized to a few neighboring
molecules, and correlate them with conformational distributions. The assumption is that trends
characteristic of different polymorphs upon melting will reflect similar trends that would be

present in the crystallization simulation.
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3.3. Structural Properties of Bulk Curcumin

3.3.1. Voronoi Tessellation

When a crystal melts, it undergoes substantial structural changes as it transitions from an
ordered solid to a disordered liquid. In the solid state, atoms or molecules are arranged in a
well-defined, repeating lattice structure, which provides mechanical rigidity. As the material
absorbs heat and approaches the melting point, molecular motion intensifies, leading to
increased disorder and eventual breakdown of the lattice structure.

To analyze the structural changes that occur as the temperature approaches the melting
point, the distribution of local density is a key factor to consider. While several methods exist
for sampling the molar density of different regions of a system, the Voronoi tessellation
approach offers a straightforward and nearly parameter-free solution. The details of the method
and its implementation are provided in Ch. 2.

An important decision when working with Voronoi Polyhedra (VP) is how to represent the
entire molecule — either by a single point or multiple positions. In this study, we calculate
density distributions (see Fig. 3.9 (a)) at each temperature using the center of mass (COM) of
each CUR molecule.

The results are clear, especially for POLY-I: below the melting point, the density
distributions have a symmetric, narrow Gaussian shape, centered around 0.002 A, Above the
melting point, the distributions become slightly broader and more skewed toward higher density
values, though they remain unimodal — which is not necessarily expected for molecules of

CUR’s size.
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Figure 3.9. (a) Dependence of the probability density distributions of the VP density on the temperature
for POLY-I. Other polymorphs give similar graphs, but at different temperatures. (b) Dependence of the
average value of VP density on the temperature for all considered polymorphs of CUR. (c) Dependence
of the fluctuation of VP density on the temperature for all considered polymorphs of CUR. (d)
Dependence of the skewness of VP density on the temperature for all considered polymorphs of CUR.

Average values of CUR local density for every considered system are given in Fig. 3.9 (b).
After about 400 K, slow decrease of the average local density mirrors that of the system density
(see Fig. 3.5), with about the same ranking of CUR polymorphic forms from most to least dense,
with POLY-III being the most tightly packed one, followed by POLY-II. Naturally, fluctuations
(Fig. 3.9 (c)) of the local density sharply increase upon melting, but after that show a very small

gradual decline, indicating that the largest inhomogeneity is achieved exactly at the Tm. The
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skewness of the corresponding distributions, shown in Fig. 3.9 (d), also rises at T before
settling at a value very close to 1. Below the melting point, however, most density distributions
skew negatively — toward lower density values — indicating presence of a small amount of
tightly packed CUR molecules. POLY-III displays the largest degree of such tendency,
followed by POLY-II, indicating that one of the possible causes might be m-stacking of the
phenyl rings of planar CONF-2 and CONF-3.

3.3.2. Nearest Neighbor Distribution

A bit more information about the structural organization (packing) of the CUR polymorphs
can be obtained from the radial distribution functions (RDF). As we are interested in the general
spatial arrangement, we utilize COM-COM RDFs. In Fig. 3.10 (a) we illustrate the RDF in
POLY-I at 300 K along with its decomposition on the nearest-neighbor radial distribution
functions (or NRDF for short) for the first 20 neighbors. The RDF has many distinct peaks,
reflecting the crystalline nature of the system. First two peaks correspond to the first two direct
neighbors — m-stacked structures. The third and largest peak marks the end of the first
“solvation” shell and corresponds to the 4 molecules lying in the same plane as reference CUR

— 2 near the phenolic -OH groups, and 2 are closer to the central keto-enol unit.

Use of the NRDFs allows us to get more succinct information by computing average
distances between closest neighbors as expectation values of the corresponding NRDFs

(provided appropriate normalization). In the Fig. 3.10 (c-d), we have illustrated temperature

dependence of the average distance between neighbors in each polymorph respectively.
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Figure 3.10. (a) Radial distribution functions (gray) and the first 20 nearest neighbor radial distribution
functions (colored, redder color indicates further neighbor) for POLY-1 at T = 300 K. (b-d) Dependence
of the average nearest neighbor distance on the temperature during melting of (b) POLY-I, (c) POLY-
1l and (d) POLY-III, from 300 K to 600 K with a step of 15 K at an atmospheric pressure, using the
modified OPLS-AA model. First 20 nearest neighbors are taken into account. Color indicates rank of

the neighbor — from blue to red.

The behavior of (RM™) as a function of temperature clearly shows that near the melting
temperature, the distance to the first neighbor decreases, while the distance to the second
neighbor remains almost unchanged compared to its value in the crystalline state. At the same
time, the average distances to the third through seventh neighbors increase, with the most

pronounced increase occurring for the fifth neighbor. The average distances to the eighth
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through eleventh neighbors appear to be largely unaffected by the melting transition. However,
beyond the eleventh neighbor, the average distances increase sharply, indicating significant
structural rearrangement in the longer-range order as the system transitions from a crystalline

to a disordered state.

3.3.3. Angle Distribution Function

Besides RDF, spatial organization of molecules can be examined with angle distribution
functions (ADF). They provide information about distributions of angle between two vectors.
We analyze two angles, definitions of which are schematically represented in Fig. 3.11. The
first angle — 6, — is between the vector perpendicular to the plane one of the phenyl rings and
the vector connecting two centers of the phenyl rings of two different molecules. The second
angle — 02 — is defined in terms of the two vectors, each on a different molecule, perpendicular
to their molecule’s respective phenyl rings. These two angles will allow us to capture important

information about potential n-r stacking of those phenyl fragments.

Figure 3.11. Schematic representation of angles between two curcumin molecules analyzed in this work.

Dependence of the distribution of P(01) on the temperature is given in Fig 3.12 for each
polymorph. Although it is tempting to summarize those distributions via their moments, or,
more specifically, their circular moments, as they are multimodal, it is easier to analyze them

directly.
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Figure 3.12. Dependence of the probability distribution of the angle between vector perpendicular to
the phenol side ring and vector connecting the same phenol side rings of two different CUR molecules

(see Fig. 3.11) on the temperature for (a) POLY-I, (b) POLY-II, (c) POLY-IIL

The graphs in Fig. 3.12 represent relative, non-normalized probability. For temperature
beyond the melting temperature, one common feature for all three polymorphs is the absence
of angular preference, i.e., distributions are uniform. In the crystalline phase, POLY-II and
POLY-III have significantly wider distributions than POLY-I. This is related to the packing
nature in those polymorphs — specifically the cross-pattern of organization. At around 500 K,
POLY-II shows even wider distribution, which is likely related to the conformational changes
from CONF-2 to CONF-3, as the rotation of -OH group to establish intramolecular hydrogen
bond allows greater mobility of the corresponding phenol moiety with respect to the first
neighbors. In POLY-III, an interesting feature is the consistent appearance of small local

maxima around 60 degrees.
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Figure 3.13. Dependence of the probability distribution of the angle between vector perpendicular to
the phenol side ring and vector perpendicular to the phenol side ring of other CUR molecules (see

Fig. 3.11) on the temperature for (a) POLY-I, (b) POLY-II, (c) POLY-III.
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This feature can be further analyzed by looking at the distributions for P(0.). Fig. 3.13
shows that POLY-III has multiple local maxima around 0°, 80° and 135°. The maximum around
0°, indicating parallel orientation of the phenyl rings, i.e., stacking, is present and dominant in
all polymorphs. Small maximum around 35° in POLY-1 is again related to the non-planar nature
of CONF-1, but the wave-like pattern in POLY-II and POLY-III is different. The 135° angles
come from the cross-pattern of arrangement of CUR molecules in the crystals of POLY-II and
POLY-IIIL. In POLY-II, this maximum disappears around 500 K, before the melting point, as
conformational changes in that crystal begin to occur. Angles around 80° are likely to come
from additional bit of small rotation of phenyl rings around carbon chain backbone that is
present in CONF-2 and CONF-3, but to a lesser extent than in CONF-1. Perhaps such rotations
are possible due to the hydrogen-bonding network in CUR crystals.
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3.4. Interactions in Bulk Curcumin

3.4.1. Hydrogen Bonding

An interesting feature of Fig. 3.7 (b) is the sudden change in the ratio of CONF-2 to CONF-
3 around 500 K. The preference toward CONF-2 likely indicates an increase of probability to
establish hydrogen-bonding, as CONF-2, when isolated, is higher in energy than CONF-3, but
has one phenol hydroxyl group available for inter-molecular hydrogen bonding. In order to test
this, we have computed the average number of hydrogen bonds with typical length and angle

restrictions, namely 3.0 A and 150°. The resulting dependence of the average number of

hydrogen bonds on the temperature is illustrated in Fig. 3.14 (a).

POLY-II starts with low number of hydrogen bonds, but even before melting, thermal
energy allows enough mobility to both cross the rotational barrier (Fig. 3.14 (e)) and reposition
to form a strong hydrogen bond network. The former point is interesting, as probability density
of finding phenol hydroxyl in trans-configuration (180°) is maximized around 480 K — 500 K,
and even becomes preferred, indicating energetic favorability of inter-molecular hydrogen bond
formation. Similarly, POLY-I has the same increase, modulated by largely the same factors, as
seen from Fig. 3.14 (d). However, because CONF-1 has to overcome much larger barrier to
change into CONF-2 or CONF-3, those are not seen in POLY-I simulations until a melt phase

forms.

Average number of hydrogen bonds highly depends on the criteria used for their detection.
As Fig. 3.14 (b-c) shows, angle deviation cut-off (from the strictly linear hydrogen bond) has
much greater impact than the donor-acceptor distance cut-off. This is perhaps not surprising, as
crystalline state limits the degree of maneuverability of phenyl rings of CUR, so the increase of
the angle allows to encompass more hydrogen bonds. However, one could expect hydrogen
bond energies to quickly fall off as the distance or the angle increases. Although the choice of
3.0 A and 150° is arbitrary, it is quite often used in the literature and as a default set of

parameters for MD analysis software, so we will stick with it in further chapters.
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Figure 3.14. (a) Dependence of the average number of hydrogen bonds per molecule on the temperature
for all three considered polymorphs. (b) Dependence of the average number of hydrogen bonds in
POLY-I at 300 K on the OO cutoff distance used in the algorithm. (c) Dependence of the average
number of hydrogen bonds in POLY-I at 300 K on the O-H O cutoff angle deviation (from 180°) used
in the algorithm. (d) The probability density function for the enol side phenol hydroxyl dihedral angle
in POLY-I. (e) The probability density function for the keto side phenol hydroxyl dihedral angle in
POLY-II.

Interestingly, the average number of hydrogen bonds in POLY-III is always very low, only
increasing in the melt. Because POLY-III is the only polymorph that has lower average number
of hydrogen bonds in the crystalline state compared to a melt state, upon cooling, crystallization

of the melt into POLY-III would be associated with energy penalty due to hydrogen bond



P. 102 CHAPTER 3. BULK CURCUMIN

breaking. This could potentially lead to a POLY-III being kinetically limited, depending on the
strength of the CUR-CUR hydrogen bonds.

Estimating such a barrier is rather difficult. Calculations of the hydrogen bond energy are
quite sensitive toward which terms of the intermolecular (and, perhaps, intramolecular)
potential are included. In this work, we include ES and LJ contributions from OO and HO
interactions, as well as O-H intramolecular bond energy. This neglects any contributions from
the X-O-H angular part, as well as other intermolecular interactions, but should include most
of the main terms. The results suggest that the average hydrogen bond energy, in the melt, at
600 K, is about 28 kJ/mol. Those decently strong hydrogen bonds might significantly affect
nucleation kinetics. This number, however, should be placed in the context of the total CUR-

CUR interaction energies.

3.4.2. Pair Interaction Energies

Besides analyzing hydrogen bond energies, one can analyze full pair interaction energies
between neighboring molecules. Importantly, although neighboring molecules are sorted by
distance between their centers of mass, they are not necessarily in the same order as lowest
interaction energy, since major interaction sites for curcumin — phenol methoxy and hydroxyl
groups — are as far away from center of mass as possible. Nevertheless, analysis of pair
interaction energies, as seen in Fig. 3.15 (a-d), confirms that, firstly, LJ contributions to the pair
interaction energy are higher than the ES ones for close neighbors. Lower ES interaction
energies with high-ranked far-away neighbors are the result of head-to-tail hydrogen bonding
of the elongated curcumin molecule (COM-COM distance within the first shell is maximized

for such head-to-tail configurations).
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Figure 3.15. Dependence of the average value of electrostatic (a,b) and Lennard-Jones (c,d contribution

to pair interaction energy of POLY-I in the crystalline state, from 300 K to 540 K with a step of 15 K at

an atmospheric pressure, and melt state, from 555 K to 600 K, using the modified OPLS-AA model. First

30 nearest neighbors are taken into account. Color indicates temperature — red hues indicate higher

values.

In order to investigate the temperature dependence of the ES and LJ contributions, we will

compare their behavior at two temperature ranges, namely between T =300 K and T = 500 K,

where the polymorphs are in the crystal state and T=540 K and beyond the meting temperature

of the polymorphs. Of note is that at melt state the distribution of conformation is the same

independently of the polymorph type, and pair-interaction energies in the melt follow a
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logarithmic pattern, with higher temperatures giving more convex curves. In the crystalline

state (Fig 3.15 (a.c)), however, a few notable exceptions are present. For example, neighbors 5

and 6 have significantly lower ES and LJ contributions compared to neighbors 3 and 4. This is
because the former neighbors are situated near the -OH groups, with strong ES interactions at
the hydrogen bonds, while the latter are in the plane of CUR near the central keto-enol group,
where not much interactions are possible, since phenyl rings prevent CUR molecules coming

too close.

Even more interesting is crystalline state of POLY-II, with pair-interaction energies given

in Fig. 3.16 (a,b). Again, neighbors 3 and 4 have actually repulsive ES interactions, given by

hydrogen-hydrogen repulsion (mostly between aromatic hydrogens in the phenyl rings).
Noticeably, pair-interaction energies change significantly before the actual melting point — in
large part, due to the conformational changes associated with phenyl hydroxyl group rotation,
as shown by the fact that ES changes are much more pronounced than the LJ ones. But even
beyond that, temperatures between 480 K and 510 K give just enough mobility for CUR
molecules to reorient themselves to engage in strong hydrogen bonding — nearly eight-time
spike in the number of hydrogen bonds in Fig. 3. 14 (a) is accompanied virtually by the same
increase in strength, as neighbors 8-14 all have, simultaneously, significantly more attractive
ES interactions. This shows that although the packing of CUR is LJ dominated, transformations

of conformations and polymorphs can still be electrostatically driven.

The crystalline state of POLY-III is, in some sense, very similar to that of POLY-II, and
not only by their structure, but by their interactions, as seen in Fig. 3.16 (c.d). In particular, LJ
contributions are similar for most of the temperatures, with the exception of the 500 K — 540 K
range due to the conformational changes in POLY-II. The electrostatic interactions are also
quite similar, but the dip near 15-20 neighbor rank is quite a bit deeper than that in the POLY -
II. This is due to the fact that half of the CUR molecules in POLY-II start with CONF-3, with
intramolecular hydrogen bond, while all CUR molecules in POLY-III are in CONF-2, leading
to more possible interactions. One has to consider, however, that as Fig. 3.14 has revealed,
those hydrogen bonds must be weaker in nature than those in POLY -, as they are longer than
3.0 A and 150°. Perhaps a significant part of the attraction comes from the methoxy groups —
C-H O interactions were not included in Fig. 3.14, but are, of course, part of the total pair-

interaction energies.
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P. 106 CHAPTER 3. BULK CURCUMIN

3.4.3. Cohesive Energy Density

Integration of the pair-interaction energies across all of the neighbors, with the addition of
energies of internal degrees of freedom, would give total classical energy of the system.
Although not an observable, and not strictly useful on its own, it can be used to calculate
cohesive energy density2? (CED). CED is given as enthalpy of evaporation/sublimation, minus

RT and divided by molar volume. Equivalently, it is the given by Eq. 3.1:

NEVAC - EBULK (31)

CED =
4

This formula becomes slightly more complicated for a system of molecules that might
possess different conformations. To see how much impact different conformations of CUR
would have, we performed vacuum MD simulations for a single molecule, starting from 3
different conformations. The results of such calculations are given in Fig. 3.17 (a). Fortunately,
energy of 3 different conformations seems to be quite similar. It is worth noting that
conformational changes do occur at higher temperatures, but since energies are similar at low
temperatures, neglect of the energy difference between conformations is unlikely to

significantly affect final results.
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Figure 3.17. (a) Dependence of the energy of a single CUR molecule in vacuum on the temperature,
starting from each of the considered conformations. (b) Dependence of the Cohesive Energy Density on

the temperature, calculated according to Eq. 3.1.
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The dependence of the CED on the temperature is given in Fig. 3.17 (b). Larger CED values
indicate tighter binding, and, as consequence, higher stability. One can note that, at room
temperature, before about 400 K, POLY-I is the most stable form, with highest CED. This is
consistent with the general uniquity of that exact form. But even more interestingly, POLY -,
which is hardest to obtain, appears to be “hidden” — above 400 K and below the melting point,
its CED is always strictly less than that of POLY-III. This might correlate with experimental
observations suggesting preferential occurrence of POLY-III over POLY-II in various

conditions.
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3.5. Dynamics of Bulk Curcumin

3.5.1. Diffusivity

Beside structural and energetic information, MD simulations allow one to understand the
short-time dynamics of the systems — dynamics that would be difficult to probe experimentally.
First dynamics-related property that we discuss is the self-diffusion coefficient, whose
temperature-dependent behavior is shown in Fig. 3.18. It is immediately obvious that below
500 K, all simulations are in crystalline state — the corresponding diffusion coefficients are
vanishingly small. Diffusion picks up sharply near the melting point. The most gradual change
is seen for POLY-II, most likely reflecting conformational changes, as the diffusion coefficient
calculation in GROMACS is based on atomic, not molecular, movement. In the melt state,
diffusion coefficient is about 0.8-107 cm?/s, some 2.5-10” cm?/s lower than that of water at
room temperature. This means that the dynamics in the melt are restricted, but clearly allow

enough mobility for spatial and orientational changes.
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Figure 3.18. Dependence of the atomic self-diffusion coefficient on the temperature, starting from each

of the CUR polymorphs considered in this work.
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3.6. Conclusions

In this chapter, we have tested several CUR force field models on their ability to reproduce
melting point and conformational properties. After slight modifications, using data from QC
calculations, the model is well-correlated with experimental results. We have shown how the
conformations of CUR molecules in each polymorph change as the temperature goes close to
and beyond the melting one. We have also shown that CUR polymorphs significantly differ in
their ability to form hydrogen bonds (with POLY-I having significantly more hydrogen bonds)
and their stability (with POLY-II being less stable than the other two in the entire temperature
range). Additionally, we demonstrate that the melt state of CUR allows enough molecular

mobility to relax to equilibrium conformational, radial and orientational structures.
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CHAPTER 4
VACUUM INTERFACE

n this chapter, we explore structural and dynamic behavior of curcumin (CUR) at vacuum
I interfaces for its three known polymorphs: POLY-I, POLY-II, and POLY-III. Special
emphasis is placed on identifying interfacial molecules and analyzing their orientational and
conformational properties relative to the interface normal. Through detailed molecular
dynamics simulations, we compare how different crystallographic planes ([100], [010], and

[001]) influence interfacial structure, packing, and thermal response.

Our analysis integrates multiple descriptors — local density, orientation distributions,
conformational states, hydrogen bonding, surface tension, and mobility metrics — to build a

comprehensive picture of how interfacial behavior diverges from the bulk.
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4.1. Computational Methods

Molecular dynamics simulations were performed using the GROMACS 2024.4! program
package. Simulations within the NVT ensemble were performed with the use of Parinello-
Bussi?? thermostat with relaxation time of 0.2 ps. Simulation boxes contained 480 fully flexible
curcumin molecules. Each starting point corresponds to the crystal of a specific polymorph,

with data? taken from CCDC. Chosen configurations are summarized in Table 3.1 in Ch. 3.

The boxes were padded by 3 times the initial volume along one of the simulation box axes.
Minimization was performed with GROMACS using conjugate gradient (CG) method with a
0.001 nm step size and as many steps as needed until convergence. For Lennard-Jones, we have
used a cut-off scheme with potential-shifting and rc = 10.0 A. For electrostatic interactions, a
reaction-field potential with the same cutoff as Lennard-Jones was chosen instead of PME in

order to minimize unwanted interactions in the interfacial slab simulations.

The temperature was consistently varied from 300 K to 600 K with a step of 15 K.
Equations of motion were integrated in time steps of 1 fs. After at least 10 ns long equilibration
period, statistical data (such as temperatures, pressures, nearest neighbor distances, local
densities, etc.) was collected using 3000 equilibrium sample configurations, separated from
each other by 2 ps long trajectories each, from the 6 ns. long production run at every

temperature.

Nearest neighbor calculations were done up to the 30™ nearest neighbor to a reference
molecule, using all configurations along the generated equilibrium trajectories. Interaction

energies were calculated for every frame.

To investigate the effect of increasing temperature on the structure and dynamic of
molecules belonging to the vacuum interface of CUR, we use statistical observables that include
mass density profile, orientation to the interface normal, nearest neighbor radial distribution
functions and local density as determined from Voronoi polyhedra analysis. To quantify the
change in the shape of these distributions as a function of temperature, we used quantities that
are based on their moments (average values, fluctuation). The conformation distribution of
interfacial CUR molecules is assigned based on comparison with unique structures extracted
from crystalline data. Details of the chosen algorithm are described in Ch. 2. During the analysis
of interfacial calculations, layer decomposition of the crystal was performed via the ITIM®
method using the PYTIMZ package (see Ch. 2 for details). Probe-sphere grid spacing was set to

0.4 A and probe radius to 1.7 A. Vapor-phase molecules, if present, were cut using the
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DBSCAN algorithm (see Ch. 2). In our analysis we will refer to the crystalline and melt phase
of CUR that are associated with low and high temperature, respectively. The temperature at
which the transition between the two phases is defined by the large increase/decrease of the

average values of the statistical observables defined previously.
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4.2. Structure of the Interface

4.2.1. Density Profiles

In order to characterize the density distribution of CUR at the vacuum interface of each
polymorph, first, one needs to determine which molecules lie at the interface. Although more
traditional definitions, such as Gibbs dividing surface, have their merits, we chose to utilize
ITIM method.6 Fig. 4.1 (a) illustrates the ability of this algorithm to identify CUR molecules at
the first three layers of POLY-I along the [100] at 350 K. We then calculated the mass-density
profile at the interface and also the mass density profile associated with each layer. As an
illustration we show them in Fig. 4.1 (b) at 600 K where CUR is in the melt state. It is readily
noticeable that, although the mass density profiles for individual layers overlap, they have a
well-defined Gaussian shape. However, their shape in the crystalline phase at lower temperature
can become multimodal with contribution at two different distances. In those cases, we consider
each peak separately and calculate the average values of the distribution with the largest

distance value.
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Figure 4.1. Visualization of the first (blue), second (vellow) and third (white) layers of curcumin in
POLY-I discovered via ITIM method for T = 350 K. (b) Total mass-density profile along the [100]
(black) along with mass-density profiles for each individual layer (colored) for T = 600 K for POLY-I.

The center of mass of CUR molecules was used to calculate these distributions
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The mass density profile was estimated using the coordinates of atoms belonging to the
OH, methoxy, and phenyl ring moieties. This allowed us to investigate which parts of CUR
prefer to lie at the interface. Because different functional groups have different masses, the
values in Fig. 4.2 have been normalized to the [0,1] interval for easier comparison. In the
crystalline state (Fig. 4.2 (a,b)), the mass-density profiles are quite difficult to analyze on
account of their unsmooth nature. Indeed, at low temperatures, mobility, even in the interfacial
layers, is not enough to sample all possible states. Nevertheless, the key takeaway idea is that
in POLY-I, methoxy and hydroxyl groups of CONF-1 point away from the bulk of the crystal,
toward vacuum. The same picture can be seen for other polymorphs, although their mass-
density profiles are even more difficult to analyze. One particular feature, seen in Fig 4.2. (b),
is that the second smaller peak of the hydroxyl and other groups corresponds to what can be
called “layer 1.5” — a subset of CUR molecules in between the molecules of the main interfacial
layer, but offset by slightly more than half molecular length — see Fig 4.1 (a). In contrast, in the
melt state, the shape of all the mass density distributions, shown in Fig. 4.2 (c)., is mono-modal
with hydroxyl moieties positioned directly at the interface. Of note is that the mass density
distributions associated with the methoxy and phenyl moieties indicate that these groups are
also present at the interface. The only part of the CUR molecule that is always closer to the bulk
than to the interface is the central keto-enol unit. This suggests that in the melt, preferable
orientation is actually almost “flat” — CUR molecular plane coinciding with the lateral plane of
the interface — with only slight deviations for the -OH groups to orient themselves toward the
vacuum. Reasons for this orientation are likely due to the hydrophobic nature of the CUR. This
will be elaborated on in the subsequent section, specifically in the analysis of pair-interaction

energies.
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Figure 4.2. Normalized mass-density (probability) of a functional group on the (a) one side of the CUR
molecule and (b) on the other side of the CUR molecule to be in a certain position along the normal to
the [100] interface of POLY-I at 300 K. (c¢) Normalized mass-density (probability) of a functional group
of the CUR molecule to be in a certain position along the normal to the [100] interface of POLY-I at
600 K.

To compare variations in the average positions of the layers across different systems and
temperatures on a consistent scale, we define a thermal expansion parameter relative to the
reference temperature of 300 K — the lowest temperature used in our simulations. For each
crystallographic plane [lmn], we compute the difference: OR[mn) = (Rpumn(T)) —
(Riimn)(T = 300 K)) This quantity captures the relative shift in the average position of each
layer as a function of temperature and serves as a measure of thermal expansion along the [Imn]
direction. The temperature dependence of §R[;ny,) for all three polymorphs across the [100],
[010], and [001] crystallographic planes is shown in Fig. 4.3 (a).

As expected, at low temperatures, thermal expansion of the interfacial layers is vanishingly
small. At higher temperatures, in several cases, such as for POLY-I at the [100] and [001]
planes, POLY-II at [100], and POLY-III at [001], we observe pronounced increase in SR[jmpn),
beginning at temperatures lower than the bulk melting temperatures identified in Ch. 3. In these
cases, the onset of interfacial layer expansion precedes global breakdown of the long-distance

crystalline order.

A particularly noteworthy trend is found in POLY-I at [100], where the 1% layer exhibits
the highest thermal expansion. In other systems, like for POLY-II at [100], the 2™ layer has
higher expansion. The difference is likely due to the orientation of CUR molecules at those

distinct interfaces.
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Figure 4.3. Temperature dependence of the change in the average distance value of the first two layers
(difference between average of the mass-density profile at a specific temperature and that at 300 K) for
(a) POLY-I [100], (b) POLY-I [010], (c) POLY-I [001], (d) POLY-II [100], (e) POLY-II [010],
(f) POLY-II [001], (g) POLY-III [100], (h) POLY-III [010] and (k) POLY-III [001] interfaces.

We also calculated the fluctuation in the position of the layers. The values are depicted in

Fig. 4.4.
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Figure 4.4. Temperature dependence of the fluctuation of the first two layers (difference between
average of the mass-density profile at a specific temperature and that at 300 K) for (a) POLY-I [100],
(b) POLY-I [010], (c) POLY-I [001], (d) POLY-II [100], (e) POLY-II [010], (f) POLY-II [00]],
(g) POLY-III [100], (h) POLY-III [010] and (k) POLY-III [001] interfaces.

The cases in which the fluctuations, oy in the positions of the layers exhibit a

[nim]’
pronounced maximum — varying in magnitude depending on the crystallographic plane and
polymorph — coincide with sharp increases in the average interlayer distances. This behavior
reflects a growing inhomogeneity in the spatial distribution of the layers. Conversely, when the
changes in average layer positions occur more gradually — whether increasing or decreasing —
the associated fluctuations also vary smoothly, indicating a more uniform structural response

to temperature.
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Furthermore, these fluctuations offer important insight into the local structural stability and
can be directly linked to the curvature of the underlying free energy surface. Indeed, larger

fluctuations, oy correspond to shallower free energy minima, indicating increased

[nim]’
flexibility and reduced structural order. Conversely, smaller fluctuations are associated with
more rigid, energetically stable interfaces. By comparing the fluctuation values with the average
layer displacements, §Rj,y), We observe that in layers exhibiting sharp increases in 6R[jn;
with temperature, such as the first layer of POLY-I at the [100] plane or the third layer of

POLY-IITI at [001], the corresponding OR mim) values also go through a maximum. This suggests

that these layers are experiencing a softening of the free energy landscape, i.e., the system
becomes more thermally responsive and structurally labile prior to interfacial breakdown or

melting.

In contrast, for polymorph-plane combinations where the § R[] curve shows only gradual
changes, the associated OR nim) also varies smoothly. This behavior reflects a more stable and

stiff free energy well, consistent with strong cohesive interactions and limited molecular

rearrangement.

This fluctuation-based analysis provides a thermodynamic rationale for the layer-resolved
behavior seen across different planes and polymorphs. It also reinforces the notion that the onset
of interfacial disorder is not always signaled by abrupt changes in average properties, but may
be preceded by increasing positional fluctuations — a signature of the system approaching a

critical structural transition.

4.2.2. Orientation

We want to address in this part the orientation of the interfacial CUR molecules. For this
purpose, we choose, among all the possible options, the vector between centers of the two
phenyl rings of CUR with respect to the vectors normal to the chosen interface. The orientation

distributions are summarized in Fig. 4.5.
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Figure 4.5. Dependence of the probability distributions of the angle of an interfacial CUR molecule with
respect to the normal vector on the temperature for (a) POLY-I [100], (b) POLY-I [010], (c) POLY-I
[001], (d) POLY-II [100], (e) POLY-II [010], (f) POLY-II [001], (g) POLY-III [100], (h) POLY-III
[010], (k) POLY-III [001]. CUR vector is defined by the center of the two phenyl rings.

The results show that in POLY-I, POLY-II and POLY-III at [010], [001] and [100],
respectively, the maximum occurs at 90°, indicating that the interfacial CUR molecules have,
on average, a parallel orientation with respect to the surface. While in the other cases the CUR
molecules have a tilted orientation, far from being parallel to the interface. The extent of this
tilted orientation depends on the polymorph types and the crystallographic plane. Indeed, CUR
orientation is markedly tilted in POLY-1[001], POLY-II [100], and POLY-III [001].
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The observation that molecules have a tilted orientation (distorted parallel orientation) is
correlated with an increased melting temperature that can be attributed to enhanced molecular
stability and stronger intermolecular interactions associated with this orientation. Indeed, first,
parallel orientation (to the surface normal) tends to promote more efficient packing and reduced
molecular degrees of freedom. When molecules are closely packed and well-organized, the
structural rigidity increases, which raises the energy barrier required to disrupt the crystalline
order. This leads to an increase in the melting temperature. Second, parallel alignment enhances
specific intermolecular interactions, such as van der Waals forces and n-n stacking between
aromatic rings (in the case of CUR). These interactions are stronger and more numerous when
molecules are closely packed, further stabilizing the crystalline phase and increasing resistance

to thermal agitation.

Third, the "caging" effect also plays a significant role. In tightly packed structures, the
movement of individual molecules is restricted by neighboring molecules, requiring a higher
input of thermal energy to induce disorder. This confinement effect makes it more difficult for
the system to transition from an ordered to a disordered state, thus raising the melting
temperature. Additionally, reduced surface area per molecule contributes to this effect. When
the surface area per molecule is small due to compact packing, melting becomes even more of
a cooperative process, meaning that multiple intermolecular contacts need to break
simultaneously for the phase transition to occur. This increases the overall energy requirement
for melting. Finally, parallel alignment helps preserve both orientational and translational order
over a larger structural range. Since the loss of both types of order is necessary for melting, the
system becomes more resistant to disorder, further increasing the melting point. Direct

calculation of the effective surface area will be provided in subsequent sections.

Interestingly, the melting point — defined as the temperature at which the distributions
become nearly uniform — does not vary significantly within a given polymorph. However, the
temperature at which distortions become apparent varies depending on the choice of the

interface, with differences of up to 50 K.

4.2.3. Nearest Neighbor Distribution

Besides orientation with respect to the interface normal, a significant amount of

information can, usually, be gained by examining radial packing of CUR neighbors.
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Figure 4.6. Average distance to the n™ nearest neighbor as a function of the rank of said neighbor for
different temperatures for CUR molecules strictly within the 1" layer of (a) POLY-I [100], (b) POLY-I
[010], (c) POLY-1 [001], (d) POLY-II [100], (e) POLY-1I [010], (f) POLY-II [001], (g) POLY-III [100],
(h) POLY-III [010] and (k) POLY-III [001] interfaces.

We calculated the nearest-neighbor distributions for interfacial CUR molecules across the
three polymorphs and crystallographic planes. From these distributions, we derived the

temperature-dependent average distances shown in Fig. 4.6.

As expected, the average distance between a reference CUR molecule and its successive
neighbors increases nonlinearly with temperature. The extent and rate of this increase are

strongly dependent on both the polymorph and the crystallographic orientation. Notably, the
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largest increases are observed for the nearest neighbors — typically up to the fourth — while the

rate of increase diminishes for more distant neighbors.

Among all systems, POLY-II at the [010] plane exhibits the most pronounced variation in
average nearest-neighbor distances. Interestingly, for POLY-II at the [001] plane, temperature
elevation leads to an increase in average distances for neighbors closer than the fourth, while

distances to farther neighbors decrease — a non-trivial redistribution of local packing.
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Figure 4.7. Average distance to the n™ nearest neighbor as a function of the rank of said neighbor for
different temperatures for CUR molecules between 1*' and 2" layers of (a) POLY-I [100], (b) POLY-I
[010], (c) POLY-1[001], (d) POLY-II [100], (¢) POLY-II [010], (f) POLY-II [001], (g) POLY-III [100],
(h) POLY-III [010] and (k) POLY-III [001] interfaces.
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Similar behavior is observed when analyzing interlayer distances (see Fig. 4.7), specifically
between a CUR molecule in the first layer and its neighbors in the second layer. For all three
polymorphs at the [010] plane, we observe a decrease in average distances for neighbors
between the second and fifth positions, and again for more distant neighbors beyond the tenth.
In POLY-I and POLY-II along the [100] and [010] directions, temperature predominantly
affects the spacing of nearest neighbors, suggesting that thermal disorder begins by disrupting

local contacts before extending to longer-range packing.
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Figure 4.8. Average distance to the n™ nearest neighbor as a function of the rank of said neighbor for
different temperatures for CUR molecules strictly within the 2" layer of (a) POLY-I [100], (b) POLY-I
[010], (c) POLY-I [001], (d) POLY-II [100], (e) POLY-II [010], (f) POLY-II [001], (g) POLY-III [100],
(h) POLY-III [010] and (k) POLY-III [001] interfaces.
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Intralayer distances for the 2™ layer, shown in Fig. 4.8., generally follow similar trends to
the interfacial distances (Fig. 4.6). Specifically, POLY-II [010] and POLY-II [001] have the
same characteristic non-linear relationships. Other systems, best exemplified by POLY-III
[001], show much more gradual increase of the average distance in the 2" layers with the
neighbor rank at low temperatures compared to the data for the 1° layer. This helps to highlight
the extent of the shallowness of the energy landscape for interfacial layers of most of the

systems considered in this study.

4.2.4. 2D Voronoi

To deepen our analysis of the local interfacial structure of CUR, we have employed the
Voronoi tessellation approach, which allows us to examine the impact of temperature on the
surface local surface density, (ngM), for CUR molecules at the vacuum interface. COM
coordinates of interfacial CUR molecules identified via the ITIM algorithm were projected onto
the three crystallographic planes ([100], [010], and [001]) for each polymorph. The analysis
focused on the first two interfacial layers, and the results are presented in Fig. 4.9 (a-c). Our
findings show that in POLY-I, the first-layer local surface density is highest along the [001]
plane, while the [100] and [010] planes exhibit nearly identical values. In contrast, POLY-II
displays isotropic behavior, with similar local densities across all three planes. POLY-III shows

notable anisotropy, with the highest surface density along [001] and the lowest along [100].

The temperature dependence of the first-layer local density reveals that changes — either
increases or decreases — tend to occur at lower temperatures, except in the case of POLY-I and
POLY-III at the [100] and [001] planes, respectively, where temperature has a minimal effect.
In POLY-I, POLY-II, and POLY-III, a gradual increase in surface density is observed with
rising temperature at the [010], [001], and [100] planes, respectively, reaching a plateau at
elevated temperatures. Conversely, a steady decrease is observed at the POLY-I [001], POLY-
I1[100], and POLY-III [010] planes.

When analyzing the second layer, the temperature has a more pronounced effect compared
to the first layer, particularly at the [001], [100], and [001] planes in POLY-I, POLY-II, and
POLY-III, respectively.
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Figure 4.9. Voronoi Polygon (VP) density as a function of a temperature for 2 sequential layers (solid
line - I*, dashed line — 2"), of (a) POLY-I, (b) POLY-II, (c) POLY-III for all crystallographic planes.

A closer examination of the crystallographic interfaces suggests that the anisotropy in local
density observed for each polymorph may be linked to the specific molecular moieties exposed
in each plane. Each interface presents a unique arrangement of functional groups — such as
phenyl rings, methoxy groups, carbonyls, or hydroxyls — which influence how efficiently

molecules can pack.

For instance, in POLY-III, the [010] plane, which exhibits the highest local density,
exposes planar phenyl groups favorably aligned for n—n stacking, whereas the lower-density
[100] plane may involve sterically hindered orientations or protruding methoxy groups that
reduce packing efficiency. In POLY-I, the highest density along the [001] plane may be
attributed to the exposure of hydrogen-bond-capable moieties that enhance cohesive
interactions. POLY-II, which shows more uniform density across planes, may reflect a more
balanced distribution of moieties or a less pronounced orientational anisotropy. These
observations point to a strong interplay between molecular conformation, functional group
orientation, and interface-specific packing behavior — all of which influence local structural

stability and may play a role in direction-dependent melting or recrystallization behavior.
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4.3. Conformational Distributions

We examine the conformational distributions at the interface and compare them with the
bulk ones. Here, in Fig. 4.10., we highlight conformational distributions in the interfacial layers
of each of the crystallographic planes of POLY-I, POLY-II and POLY-III.

It is immediately apparent that the conformational distributions of CUR molecules in the
interfacial layers differ significantly from those in the bulk and are strongly dependent on the
crystallographic plane of the polymorph. A systematic shift is observed in the temperature at
which major changes in conformational fractions occur — consistently lower at the interface
compared to the bulk. Additionally, these changes tend to occur at slightly higher temperatures
in the second layer than in the first, indicating a gradual progression of structural reorganization

from the surface into the bulk.

In the case of POLY-I, the temperature dependence of conformational fractions closely
mirrors the bulk trend (see Fig. 3.7 (a)), but with a key distinction: the onset of conformational
transitions occurs at lower temperatures in the interfacial layers. Interestingly, the behavior of
conformational fractions is broadly consistent across the three crystallographic planes, with
only minor differences in absolute values between the first and second layers. This pattern is
particularly evident for CONF-1 in both POLY-II and POLY-III, where its fraction remains
close to zero between 350 K and 450 K in both layers, followed by a gradual increase that peaks
around 0.02 at higher temperatures. Notably, this increase begins at a slightly lower temperature
in the first layer than in the second. At high temperatures, the fraction of CONF-1 becomes
approximately equal to that of CONF-2 in both POLY-II and POLY-III.

The behavior of CONF-2 and CONF-3 in POLY-II and POLY-III diverges considerably
from their bulk counterparts, revealing complex interfacial dynamics. In both polymorphs, the
CONF-2 fraction exhibits a sharp decrease around T = 450 K, while the CONF-3 fraction
increases significantly in parallel. These changes plateau at higher temperatures, suggesting a
reorganization of conformational populations localized to a narrow temperature window. In
POLY-III, the decrease in CONF-2 is more pronounced in the second layer than in the first, a

trend that contradicts the bulk behavior where CONF-2 is the dominant conformation.
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Figure 4.10. Dependence of the fraction of the first conformation of curcumin in the 1*' (solid lines) and
2" (dashed lines) layers on the temperature during melting of (a) POLY-I [100], (b) POLY-I [010], (c)
POLY-1[001], (d) POLY-1I [100], (¢) POLY-II [010], (f) POLY-1I [001], (g) POLY-III [100], (h) POLY-
11 [010] and (k) POLY-III [001] systems from 300 K to 600 K with a step of 15 K at an atmospheric
pressure, using the modified OPLS-AA model. Vertical line indicates model bulk melting point.

The evolution of CONF-3 fraction further highlights the complex interfacial behavior. In
POLY-II, the CONF-3 fraction in both layers shows only modest temperature dependence,
remaining relatively stable. In contrast, POLY-III exhibits more nuanced behavior. In the [100]
and [010] planes, CONF-3 fractions in the first layer remain largely unchanged with increasing
temperature, while those in the second layer display a noticeable rise at T = 450 K, followed by

stabilization. A particularly striking case is observed in the [001] plane of POLY-III: here, the
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CONF-3 fraction in the first layer is already high (~0.9) in the crystalline phase and decreases
significantly at T =450 K. Meanwhile, the second layer begins with a CONF-3 fraction of zero,
which rapidly increases to match the first layer's value around the same temperature. This
inversion of conformational population between layers underscores the sensitivity of interfacial
structure to both temperature and molecular orientation, and further illustrates how surface-

driven disorder can propagate into subsurface regions during the melting process.
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4.4. Interactions at the interface

4.4.1. Hydrogen Bonding

We can directly analyze the number of hydrogen bonds within and between each layer at
different interfaces of different polymorphs. The algorithm and the hyper parameter values are
exactly the ones used in similar analysis in Ch. 3. We summarize in Fig. 4.11 the temperature
behavior of the hydrogen bond number between CUR molecules at the interface of the three

polymorphs.
Fig. 4.11 (a,b) reveals that interfacial CUR molecules exhibit distinct hydrogen-bonding

patterns compared to those in the bulk. This interfacial average (N;;; 2} is lower than that in

the bulk.

The values of (N ) are small, indicating that the hydrogen bond interactions are in general
weak between interfacial CUR molecules, with the exception of POLY-III at [001], where this
number is relatively higher than at the other planes. At high temperature, the values of (Nyg)
converge almost to the same value independently of the nature of the interface and the
crystallographic planes. A maximum seen for some systems at low temperatures is shallower
in the interface compared to bulk. In general, at low temperature, the values of (Nyp) are almost
the same between CUR belonging to the same layer and that between the two first layers. Two
exceptions to this behavior are observed in POLY-II and POLY-III at [100] plane, where these

values are the lowest/highest, respectively

A large contrast in the temperature dependence (in particular at lower range) concerns the
behavior of (Nyg) in POLY-II, within the layers and between the layers. It is the highest
between the layer and the lowest with the first layer. In this case a large decrease in the values
of (Nyg) is observed for CUR molecules within the second layer and for those between the two

layers.
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Figure 4.11. Temperature dependence of the average number of hydrogen bonds for CUR molecules in
the specified layers of (a) POLY-I [100], (b) POLY-I [010], (c) POLY-I [001], (d) POLY-II [100], (e)
POLY-II [010], (f) POLY-II [001], (g) POLY-III [100], (h) POLY-III [010] and (k) POLY-III [001]

interfaces.

The values of (Nyg) in the second layer systematically go through a maximum in all the
polymorphs and at all the crystallographic planes. This maximum is well defined in the case of

POLY-IT and POLY-III for [010] plane and it is the less defined in POLY-I for [100] plane.
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4.4.2. Pair Interaction Energies

To better understand how the breakdown of interfacial layer occurs, we have examined the
pair interaction energies between CUR molecules within the first two layers and compared them

with the interaction energy between said layers. As such, Fig. 4.12 and Fig. 4.13 compare 1%

nearest neighbor ES and LJ interaction energies within 1% and 2" layers and also between them

for the three CUR polymorphs at the three planes.
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Figure 4.12. Temperature dependence of ES pair-interaction energies between a reference molecule
and it first neighbor within and between the first two layers along the [100] face during melting of (a)
POLY-1[100], (b) POLY-I [010], (c) POLY-1 [001], (d) POLY-II [100], (e) POLY-II [010], (f) POLY-
11 /001], (g) POLY-III [100], (h) POLY-III [010] and (k) POLY-III [001], from 350 K to 600 K with a
step of 15 K at an atmospheric pressure, using the new OPLS-AA model. Vertical dashed line indicates

model bulk melting point.
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Figure 4.13. Temperature dependence of LJ pair-interaction contribution to the interaction energies
between a reference molecule and it first neighbor within and between the first two layers along the
[100] face during melting of (a) POLY-1 [100], (b) POLY-1[010], (c) POLY-1[001], (d) POLY-II [100],
(e) POLY-II [010], (f) POLY-II [001], (¢) POLY-III [100], (h) POLY-III [010] and (k) POLY-III [001],
from 350 K to 600 K with a step of 15 K at an atmospheric pressure, using the new OPLS-AA model.

Vertical dashed line indicates model bulk melting point.

In the crystalline state of CUR, it is observed that, regardless of the polymorph or
crystallographic interface, the Lennard-Jones (LJ) and electrostatic (ES) contributions to the
interaction energies between a reference CUR molecule and its nearest neighbor within the

layers, as well as between the two layers, are more attractive for the former than for the later
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type of interactions. Furthermore, the onset of temperature at which a noticeable weakening of
the LJ and ES interactions is lower than that observed in the bulk. The LJ and ES interactions
for the first neighbors located within the second layer is noticeably stronger, suggesting that
lateral cohesion is more pronounced just beneath the surface. This could be attributed to tighter
packing or reduced surface relaxation effects in the subsurface region compared to the

outermost layer.

As temperature increases, the LJ and ES interactions within the first layer exhibit only a
modest and gradual decrease, indicating that the surface retains a relatively stable structure
under moderate thermal excitation. However, both the LJ and ES interactions within the second
layer and those bridging the first and second layers undergo a more significant drop around
T = 450 K. This pronounced weakening points to the onset of structural rearrangement below
the surface — possibly involving the loosening of lateral packing, partial decoupling of adjacent
layers, or increased molecular mobility within the second layer. These changes may reflect the
early stages of interfacial disordering, where the breakdown of cohesive interactions begins not
at the very surface, but just beneath it. Beyond this transition temperature, the continued but
slower decrease in these interactions suggests progressive softening of the structure, consistent
with the approach to surface or partial melting. This layered response to thermal excitation
underscores the cooperative nature of melting, where destabilization initiates within subsurface

regions and gradually propagates toward the surface and bulk.

4.4.3. Surface Tension and Surface Area

Another key property to the surface structure is surface tension (common name for liquids)
or interfacial energy (usually reserved for solids). Different ways of estimating surface tension

have been discussed in Ch. 2. Results of the pressure-based surface tension calculations are

given in Fig. 4.14.
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Figure 4.14. Temperature-dependent surface tension for [100] interfaces of different polymorphs of
CUR.

It is immediately apparent that the surfaces tension in the crystalline phase is much higher
than in the melt state, with the lowest value at 350 K being 526 bar-nm (POLY-II), while typical
values in the melt are 4 bar-nm. The similarity between POLY-I and POLY-1II is unsurprising,
considering the similarity in the orientation of CUR molecules in those polymorphs (and despite
the conformational differences). Interestingly, although [100] interface of POLY -1l is less prone
to thermal degradation, as seen in Fig. 4.4 (d), it displays lower surface tension values and
higher slope of the linear part of the curve between 350 K and 450 K. This can be explained by
actually higher surface density (as seen from the VP analysis of Fig. 4.7 (¢)), or, equivalently,

lower surface area.

As temperature increases in the crystalline phase, surface tension initially rises, reaching a
maximum at an intermediate temperature. This initial increase likely reflects enhanced

molecular mobility and surface reorganization, allowing the system to optimize intermolecular
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interactions at the interface, thereby increasing cohesive forces (see Fig. 4.16 later). The
maximum marks a point of balance between structural order and thermal agitation. As the
temperature continues to rise, a sharp decrease in surface tension is observed and can be
associated with the fact that, at this temperature, surface cohesion begins to break down due to
the onset of surface disorder. Beyond the temperature at which the decrease occurs, the surface
tension stabilizes at a lower value characteristic of the liquid—vacuum interface, where
molecular mobility is high and the structure is isotropic. This plateau reflects the system's

transition to a fully disordered, fluid-like surface regime.

To give molecular level explanation to the behavior of the surface tension, we calculated
the effective surface area per molecule. It is essentially a measure of how much "space" each
molecule has to interact with its neighbors at the interface. This quantity reflects both molecular
packing density and freedom of motion, and can strongly influence structural organization and
the onset of interfacial disorder. Indeed, smaller effective surface area per molecule implies a
tighter packing at the interface that can be driven by strong intermolecular interactions while
larger surface area suggests a loser packing which may correlates with large change in the

conformation and increased susceptibility to thermal fluctuation.

In order to calculate effective surface area, we utilize ITIM algorithm with a double-pass
over atomic spheres — a procedure proposed in Ch. 2. Averaging over the whole trajectory and
dividing by the number of molecules at the interface, one obtains surface area per molecule,

shown in Fig. 4.15 (a-c) for each polymorph at its three faces.
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Figure 4.15. Dependence of the surface area per CUR particle on the temperature for the 1* (solid) and
2" (dashed) layers of different interfaces of (a) POLY-I, (b) POLY-II and (c) POLY-III.
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These figures show clearly that at high temperature, in the melt phase, the values of the
effective surface area, S,,,;, converge to the same value independently on the nature of the
polymorph and on the considered crystallographic face. The difference in the values of S,,,,; in
POLY-III in the three crystallographic faces is small compared to that in the other two
polymorphs. This suggests a small difference in the packing in the three crystallographic faces.
In POLY-I and POLY-II, the smallest S,,,; values indicate that the surface packing of CUR
molecules is tightest at [001] and [100] surfaces respectively. Surface area values increase with
temperature, reducing the packing efficiency until it is equal in all the three crystallographic
planes. In POLY-I, increasing the temperature induces a gradual decrease in the values of the
Smor In the [100] plane, while in the [010] plane a noticeable decrease in the values of S,,,,; 1s
observed around 400 K, before stabilizing at higher temperatures. This indicates that the
packing density of CUR molecules increases in this plane with temperature. In POLY-III, a
sharp decrease of S,,,,; values is observed at temperature lower than 350 K, indicating that CUR
molecules become more packed along this plane, while the extent of decrease of S,,,; in the
[001] plane is less than that in the [010]. This indicates that increase of the packing efficiency

along this plane is slow compared to the previous one.

To investigate the correlation between the behavior of the S,,, values across
crystallographic planes and the role of different interfaces in influencing the thermodynamic
ranking of crystalline stability, we have computed the cohesive energy densities (CED) for each
interface. The temperature dependence of CED for all three polymorphs is shown in Fig. 4.16
(a—c). Importantly, CED at the interface acts as a quantitative measure of local structural
integrity, reflecting how efficiently molecules interact and pack within the surface layer. By
comparing CED values across different planes and polymorphs, we can identify which
interfaces are structurally robust and which are more susceptible to early thermal disorder or

surface melting.
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Figure 4.16. Temperature behavior of the cohesive energy density for different interfaces of (a) POLY-
I, (b) POLY-II and (c) POLY-IIL.

Our results indicate that the highest CED values — approximately 175 kJ-mol™'-nm™ — are
found in the [001] plane of POLY-I, the [100] plane of POLY-II, and again the [001] plane of
POLY-III, suggesting that these surfaces are particularly tightly packed. This value represents
the upper bound across all investigated planes, suggesting a particularly robust interfacial
structure in these crystallographic planes. These high-CED planes exhibit a similar
temperature-dependent profile, marked by a noticeable drop around T = 450 K, consistent with

the onset of interfacial destabilization.

In POLY-I, the CED values for the [010] and [001] planes are nearly equivalent, indicating
comparable interfacial cohesion. A similar trend is observed in POLY-II for the [010] and [001]
planes. In contrast, in POLY-III, the CED is notably lower in the [100] plane compared to the
[010] plane, pointing to weaker surface cohesion and potentially earlier surface disordering in

that orientation.
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4.5. Dynamics at the Interface

Understanding the dynamics at crystal interfaces is critical for interpreting and predicting
structural transformation, interfacial stability, and thermodynamic behavior. These dynamic
properties provide insight beyond what static structures can offer, revealing how molecular
mobility, anisotropy, and conformational freedom shape the response of different crystal faces

to temperature increase.

4.5.1. Time of Residence

Measuring the residence time of CUR molecules at crystal interfaces provides dynamic
insight into the stability and reactivity of the surface. It reflects the strength of interfacial
interactions, reveals the onset of disorder, and connects directly to thermally activated processes
such as melting, dissolution, and polymorphic transformation. Tracking residence times across
crystallographic planes allows for a more complete understanding of how structural and
dynamic anisotropy influence interfacial behavior. Simple algorithms of computing mean time
of residence, T,g, are available in the literature® and implemented by us in Julia (specifically

algorithm 2).
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Figure 4.17. Temperature dependence of the average residence time of the fast-moving (less than 50%
of time spent in the designated layer) CUR molecules in each layer of (a) POLY-I [100], (b) POLY-I
[010], (c) POLY-1 [001], (d) POLY-II [100], (e) POLY-1I [010], (f) POLY-1I [001], (g) POLY-III [100],
(h) POLY-III [010] and (k) POLY-III [001].

We have calculated 7,5 for the three polymorphs of CUR belonging to the three first layers.
The temperature dependence of 7,5 at the three crystallographic planes is displayed in Fig 4.17.
In general, our results indicate a gradual decrease of the residence time of interfacial CUR
molecules. In the melt phase, at high temperature, the 7,5 values are similar for the first two
layers. Of note is that the temperature dependence of 7,5 is quite different in POLY-II and
POLY-III at [100] and [001] planes, respectively. Indeed, the values of 7,z go through a

maximum before sharply decreasing at T = 450 K.
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4.5.2. Diffusion Coefficient

Evaluating the lateral D, and perpendicular D, diffusion coefficients of CUR molecules
within interfacial layers provides detailed insight into the directional mobility and structural
integrity of the surface. Lateral diffusion reflects the degree of in-plane molecular freedom and
packing efficiency, while perpendicular diffusion reveals interlayer coupling and the onset of
structural destabilization. Together with residence time and cohesive energy density, these
directional diffusion metrics offer a dynamic, layer-resolved view of the interfacial behavior
critical for understanding melting, polymorph transitions, and surface-driven phenomena. The

results of the calculations are shown in Fig. 4.18. for POLY-L

24 F T T T T T ] B T T T T T ]
L a 4 L b
et 1 [ ® )
N 1 [ oo, ]
1.5' _._LZ

12} 4 -

09 F

D, (107 cm*s™)

0.6 F

03| I 1
[ M 1 L 1-.....’.(.—7/.—; L ] [ " 1 " 1/. 1 L

350 400 450 500 550 600 350 400 450 500 550 600
Temperature (K) Temperature (K)

Figure 4.18. (a) Perpendicular and (b) lateral diffusion coefficients for different layers of [100]
interface of POLY-1.

Our results indicate that the perpendicular diffusion coefficients, D1, of CUR molecules in
the first and second layers are quite similar. As expected, in the crystalline phase, CUR
molecules exhibit negligible perpendicular diffusion, reflecting their confinement within well-
ordered layers. However, D. increases significantly once the temperature exceeds

approximately T = 450 K, coinciding with the onset of surface disordering or partial melting.

The temperature dependence of the lateral diffusion coefficient Dy mirrors that of D.

showing a similar rise beyond the transition temperature. Interestingly, in this case, CUR
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molecules in the first interfacial layer exhibit slightly higher lateral mobility than those in the
second layer. This suggests that while vertical exchange between layers is limited, in-plane
motion at the surface becomes increasingly active with temperature, likely due to weaker lateral

packing or increased conformational freedom at the outermost interface.

This interpretation is supported by conformational data (Fig. 4.10), which shows that
conformational transitions at the interface begin at lower temperatures than in the bulk. The
first layer undergoes conformational rearrangements earlier, which likely enhances lateral
mobility due to reduced steric hindrance and loss of molecular planarity. Additionally, the
surface tension data (Fig. 4.14) show a decline in cohesive surface forces around the same
temperature range, further supporting the picture of increasing molecular freedom at the
interface. Altogether, these observations reveal a coupled structural-dynamic transition: as
CUR molecules at the surface adopt more flexible conformations, their ability to diffuse
laterally increases, while perpendicular motion remains constrained until later stages of

interfacial disordering.

4.5.3. Voronoi Correlation Time

The Voronoi polyhedra-based density correlation function provides a sensitive and
spatially-resolved measure of local structural relaxation at the interface. Unlike global diffusion
metrics, it captures how quickly the molecular environment changes, revealing the dynamic
stability of the surface layers. By comparing correlation decay across layers and temperatures,
this function helps identify the onset of surface disorder, conformational flexibility, and pre-

melting behavior, offering a nuanced view of interfacial dynamics.

The Voronoi polyhedra (VP) density autocorrelation functions were fitted using a bi-
exponential decay model, yielding two characteristic relaxation times: a fast component t¥%
and a slow component 75 £. Slow component, T4 ?, appears to be completely independent of the
system under consideration. This behavior indicates the presence of long-lived, temperature-

independent structural correlations, likely intrinsic to the CUR molecular arrangement.
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Figure 4.19. Fast relaxation time components of the bi-exponentially fitted VP 2D density
autocorrelation functions for every temperature for every interface of (a) POLY-1, (b) POLY-II and (c)
POLY-IIL

The temperature dependence of the fast component, 7R, is shown in Fig. 4.19. In the
crystalline phase, for all three crystallographic planes of both POLY-I and POLY-II,
77 R remains nearly constant at ~2 ps. A sharp peak appears near T = 450 K, marking a regime
of maximum local density fluctuation likely associated with the onset of interfacial melting.
Beyond this point, T/ ¥ gradually decreases with further heating. Interestingly, this peak occurs
at a lower temperature for the [001] plane, suggesting an earlier onset of structural
destabilization at this interface compared to [100] and [010]. POLY-III shows excessively
higher correlation times at lower temperatures, around 430 K, even compared to POLY -1 with
very similar interfacial orientation. The reason most likely lies in the interface-dependent
breakdown of the hydrogen bonding pattern, as similar low temperature spike is seen for POLY -
I [001]. Another reason might lie in the difficulty of computing autocorrelation function right
near the phase transition, as uncertainty in several key factors, including determination of

interfacial molecules, rapidly increases.
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4.6. Conclusions

This chapter has presented an in-depth molecular dynamics study of the vacuum-facing
interfaces of curcumin polymorphs. By combining orientation and radial distribution functions,
we revealed distinctive patterns of molecular packing and motion across crystallographic

planes, identifying strong directional dependence in interfacial properties.
Our findings highlight several key insights:

e Conformational transitions occur earlier at the interface than in the bulk, especially for
CONF-2 and CONF-3 in POLY-II and POLY-III, indicating enhanced flexibility and
reduced energy barriers at the surface.

e Orientation plays a decisive role: molecules aligned parallel to the interface normal
exhibit higher thermal stability, supported by greater packing efficiency, stronger n—n

stacking, and reduced conformational freedom.

Hydrogen bonding remains a key driver of local structure, but its impact is modulated by

competition with Van der Waals and n—= interactions, varying with polymorph and interface.

Voronoi-based local density correlation functions were introduced as sensitive probes of
structural relaxation and used to identify breakdown temperatures and onset of interfacial
melting. These proved especially effective in capturing subtle differences between planes and

polymorphs.

Surface tension and effective surface area measurements confirmed that tightly packed
surfaces correlate with increased thermal resilience, while more loosely packed planes (e.g.,

[010] in POLY-I) show earlier signs of disorder.

Dynamically, layer-resolved diffusion and residence time analysis confirmed the presence
of elevated molecular mobility at the interface, with mobility gradients across layers reinforcing

the idea of melting as a layer-propagating process.

Altogether, these results underscore the anisotropic nature of CUR polymorphs, where
surface orientation, molecular conformation, and interfacial energy are tightly coupled. This
chapter also established analytical tools — particularly VP-based structural and dynamic metrics

— that will be applied in the next chapter to study CUR interfaces with supercritical COx.
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CHAPTER 5
SUPERCRITICAL FLUIDS

n this chapter, we characterize the dependence of the microscopic structure of CO2 on
I temperature along various isobars near the critical point. To achieve this goal, we test the
ability of available CO: force fields to reproduce critical point parameters. We then quantify
the density fluctuations along seven isobars using the CRM model. We then address how the
difference in the spatial extent of attractive contributions from electrostatic (ES) and Lennard-
Jones (LJ) potentials, modulated by the change in the thermodynamic conditions, drives these

structural changes and density fluctuations.
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5.1. Computational Methods

Molecular dynamics simulations were performed using the GROMACS 2024.1% program
package. Among the tested CO2 models? were those parametrized via transferable force fields,
such as OPLS-AA3%, GAFF>¢ and CGENFF.Z Model due to Cygan et al.,® hereafter referred to
as CRM, was also analyzed. Functional forms of such force fields are described by the

following equations:
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The electrostatic (ES, Eq. 5.1) and Lennard-Jones (LJ, Eq. 5.2) potentials describe the
intermolecular part of the potential. Intramolecular part is comprised of bond (Eqg. 5.3) and
angle (Eq. 5.4) terms for OPLS, GAFF and CRM potential. CGENFF, however, uses Urey-
Bradley terms (Eq. 5.5) for the angle part of the potential instead of a simple harmonic form.

Model parameters for all four considered potentials are available in Table 5.1. First, vapor-
liquid coexistence curve simulations were done in the NVT ensemble. After, phase-space
mapping was performed with the NPT ensemble. Simulations of isobaric conditions utilized
Parinello-Bussi®!® thermostat and barostat. Simulation boxes contained 2048 flexible CO;
molecules. Vapor-liquid coexistence curve simulations were done in the NVT ensemble with
the same thermostat. Initial configurations were prepared by placing 2048 CO, molecules,

arranged in two phases, in a 5x5x15 nm orthorhombic box. For isobaric simulations, pressure
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was varied from 70 bar to 100 bar with a step of 5 bar. Preliminary work also included isobaric
simulations from 70 bar to 100 bar with a step of 10 bar and from 100 bar to 750 bar with a step
of 50 bar. These values were chosen to sample a couple of isobars close to the critical pressure
and with larger step away from it. The temperature was consistently varied from 250 K to 450 K
with a step of 10 K. Equations of motion were integrated in time steps of 1 fs. Additional test
simulations with 0.5 fs step and/or special, non-harmonic, linear angle potentials did not reveal
any inconsistencies. After at least 12.5 ns long equilibration period, statistical data (such as
temperatures, pressures, nearest neighbor distances, local densities, etc.) was collected using
7500 equilibrium sample configurations, separated from each other by 1 ps, from the 7.5 ns
long production run at every temperature-pressure pair. Nearest neighbor calculations were
done up the 50™ nearest neighbor to a reference CO2 molecule, using all configurations along
the generated equilibrium trajectories. As the force file is flexible, we decided to use the center-
of-mass of the CO2 molecule to calculate the radial distribution functions (RDFs). Interaction
energies were calculated in frames separated by 100 timesteps each to save computational time.
Voronoi calculations were done as described in Ch. 2. Similarly, DBSCAN!LL2 also utilized the
minimal possible distance between molecules. Finally, the DBSCAN parameters, namely the
radius and minimal number of neighbors, were chosen based on the nearest neighbor RDF
calculations at the same thermodynamic state, except for special cases when it is stated

otherwise.

Additional MD simulations of scH>O and scNH3 utilized same general parameters as those

of scCO». Utilized force field models are summarized in Table 5.2 and Table 5.3, respectively.

MC simulations of coexistence curves of scCO, were performed with!> the MCCCS
Towhee 8.2.2. Simulation boxes were prepared with PACKMOL program suite'* and contained
1024 CO> molecules. Equilibration and production runs were done for 10000 cycles each,
where cycle is defined as sum of the moves for all molecules in the box. Simulations were
performed with two boxes, initial populations of 700 and 300 molecules in the NVT ensemble.
Unlike MD simulations, MC simulations utilized analytical tail corrections instead of
potential/force-shifting for the LJ potential. Electrostatic potential was modeled with PME
functional with 11 A cutoff.
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Table 5.1. Intermolecular and intramolecular parameters for four considered CO; force field models.
Charge values, q, are given in units of e. Lennard-Jones parameters, o and ¢, are given in nm and
kJ-mol”, respectively. Bond distance and force constant, r and ks, are given in nm and kJ-mol”-nm™.
Equilibrium angle is always 180°.

Angle force constant, k, is in kJ-mol” rad?. Functional forms are consistent with GROMACS 2024.4.

q c € C-0 0-C-0
C O C o C o r ks ko
GAFF 0.8790 -0.4395 0.34790 0.30481 0.66777 0.61212 0.1175 587230 775.55
OPLS 0.5904 -0.2952 0.33000 0.29600 0.27614 0.87864 0.1171 585760 1338.88
CGENFF  0.6860 -0.3430 0.27850 0.30148 0.24267 0.69036 0.1170 825084 376.56
CRM 0.6512 -0.3256 0.28000 0.30280 0.23400 0.66830 0.1162 844300 451.90

Table 5.2. Intermolecular and intramolecular parameters for the considered H>O force field model.
Charge values, q, are given in units of e. Lennard-Jones parameters, o and &, are given in nm and
kJ-mol”, respectively. Bond distance and force constant, r and ky, are given in nm and kJ-mol ' -nm™.

Angle force constant, ko, is in kJ-mol”-rad?. Functional forms are consistent with GROMACS 2024.4.

M represents a virtual site. All parameters not given in the table are assumed to be zero.

q c € O-M O-H H-O-H
M H O (0} R ky R ks 0 ko
TIP4P/2005 -1.1128 0.5564 0.3159 0.7749 0.01546 e 0.09572 © 140.52

Table 5.3. Intermolecular and intramolecular parameters for the considered NHj3 force field model.
Charge values, g, are given in units of e. Lennard-Jones parameters, o and &, are given in nm and
kJ-mol”, respectively. Bond distance and force constant, r and kb, are given in nm and kJ-mol™ -nm™.

Angle force constant, ko, is in kJ-mol”-rad”. Functional forms are consistent with GROMACS 2024.4.

All parameters not given in the table are assumed to be zero.

q c € N-H H-N-H
N H N N R ky 0 ko
KRI3 (MOD.)  -1.035 0.345 0.3390 1.4142 0.10124 403402 106.7 366.723
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5.2. Force Field Selection

There exists a significant amount of research on parametrization of CO> MD models.
Among them, only a handful are able to describe critical point properties with sufficient
accuracy while not utilizing fixed bonds/angles. To select the most appropriate model for the
description of the structure of CO: in the critical regime, we compared coexistence curves of
several transferable force fields, as well as model of Cygan et al.® — CRM. The critical
temperature and density were obtained from liquid-vapor NVT simulations. Mass-density
profiles (Fig. 5.1) along the interface (2:1 ratio of vapor to liquid phase volumes) were fit with
modified version of the commonly used hyperbolic tangent profiles (Eg. 5.6). Critical

temperature is obtained from the following equations:

p = 05(p + py) — 0.5(p; — py)tanh(2d(lx — xo| — x1)) (5.6)
n B+0.5(i—1)
T
PL— Py = APOZ (1 - —) (5.7)
: Te
=1
0.5(p1 + pv) = pc + AT —T) (5.8)
Tc
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Figure 5.1. Mass-density profile (bottom) along with a visualization of the simulation box (top) for

vapor-liquid coexistence curve simulation at T = 250 K.
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Calculated high/low densities, denoted p; and p;, respectively and corresponding to liquid
and vapor phase densities, along with fits according to Egs. (5.6-5.8), are shown in Fig. 5.2 (a).
Overall, transferable force fields (OPLS-AA and GAFF), although advantageous for their
ubiquity, offer poor reproducibility of the critical temperature, while CHARMM model
(CGENFF) gives a reasonably good critical point temperature T. = 308+0.2 K, but significantly
overestimates critical point pressure at Pc = 201+45 bar (error estimates are based on the non-
linear-least-squares estimates and given as standard deviations). On the other hand, CRM gives
equally good T. = 298+0.3 K, but much better P. = 68+15 bar, in agreement with the
corresponding experimental values T. = 304 K, P, = 73.8 bar and p. = 467.6 kg/m>. The
behavior of the CRM model with respect to (T,P) is shown in Fig. 5.2 (b).
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Figure 5.2. (a) Coexisting liquid and vapor phase densities of the systems simulated, for the four
investigated CO; force filed models at various temperatures (full circles), along with their fits according
to Egs. 5.6-5.9 (solid curves). The dashed lines indicate the experimental critical density and
temperature. (b) Calculated (CRM model) CO; isobars (full circles) with the corresponding coexistence
curve. The arrow indicates increasing pressure (from 70 bar (blue circles) to 100 bar (cyan circles)

with a step of 10 bar and from 100 bar to 750 bar (brown circles), in steps of 50 bar).

Critical point thermodynamics properties are, perhaps, the most sensitive properties with
respect to the approximate treatment of ES and LJ potentials. Truncation can have tremendous
impact on the results. In order to double-check the MD data, we have performed MC

simulations of coexistence curves within the NVT-Gibbs ensemble. Comparison between
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various MC and MD simulations in shown in Fig. 5.3. As can be seen, MC simulations predict
very similar critical densities, but slightly higher T. =310 K. Overall, the difference most likely
comes from the difference in the treatment of LJ part, as Towhee does not implement force
shifting, while MD interfacial simulations break spherical symmetry that is ideal for application

of analytical tail corrections.
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Figure 5.3. Comparison between MD and MC coexisting liquid and vapor phase densities of the systems
simulated with CRM model, fit according to Egs. 5.6-5.9 (solid curves).
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5.3. Density Fluctuations

Density fluctuations result from notable changes in the structure, influencing molecular
arrangements, orientations, and interaction energies. To capture these fine structural variations
and correlate them with density fluctuations, we employ a variety of local statistical
observables. These observables include nearest neighbor radiall®, orientation and interaction
energy distributions, properties of the Voronoi polyhedra,'® and those of density domains

identified using the DBSCAN algorithm.Z

Firstly, we have performed space partitioning by means of the Voronoi tessellation. Thus,
we determined the Voronoi polyhedron around each CO» molecule, represented by its center-
of-mass (COM). By calculating the reciprocal volume of these polyhedra, we can estimate the
local density, pgoy, around each CO, molecule. Probability distributions of the local density,
p(ptby), are shown in Fig. 5.4 (a). The shape of these distributions evolves from being almost
symmetric to high-density skewed, while shifting from the median value of ~0.014 A~ to
0.005 A-3. The transition occurs right upon crossing the critical temperature at around 300 K to
310 K. The temperature dependence of the average value of the local density, {(pfou),
calculated from the corresponding distributions, is shown in Fig. 5.4 (b). At low temperatures,
independently from the pressure, the rate of decrease of {p{$y,), is similar. The (plE,,), values
near the critical point decrease with a large magnitude, and this rate of decrease is reduced upon
further increase of the temperature beyond the critical point. This behavior is similar to
previously reported results for supercritical water'®, albeit with different local density /

clustering method. The dependence of the standard deviation of this local density, o prp > 0N

the temperature is shown Fig. 5.4 (c).
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Figure 5.4. (a) Distribution of the local density, as obtained by the Voronoi polyhedral analysis, for
different temperature values in the 250-450 K range (from green to orange in the steps of 5 degrees).
MD simulations were performed in the NPT ensemble following the P = 70 bar isobar. (b) The
dependence of the average value of local density (reciprocal VP volume) on temperature for every
studied isobar. (c) The dependence of local density standard deviation on temperature for every studied

isobar. (d) The dependence of local density skewness on temperature for every studied isobar.

This curve has a lambda symbol shape in the entire considered temperature range. A well-
defined maximum is observed along each isobar when the temperature is equal to the critical

one, indicating an inhomogeneous distribution of the local density of CO2> molecules near the
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phase transition. This behavior seems to be a general characteristic of supercritical fluids, as it
was observed for supercritical ammonia,'? water,!Z and Ar.!X Notably, for temperatures below

the critical point, the skewness parameter values, pi, plP displayed in Fig. 5.4 (d), are small,

suggesting, again, that the density distribution of CO, molecules is nearly homogeneous.

However, as the temperature approaches and exceeds the critical point, the p, plP values

increase at a faster rate, reflecting that, concomitantly to the main density associated with the
main peak, many other higher density domains begin to form. For temperatures above the
critical point, the skewness parameter stabilizes, reaching a plateau. This suggests that, in this
temperature range, the ratio of high-density domains relative to the main peak becomes T/P-
independent. When an isobar is farther from the critical one, the above-mentioned behavior is

still present, but to a lesser extent.

The VP analysis allows to quantify the radii of the spherical voids, /), between the
COMs of CO; molecules. The 14y, distributions for P = 70 bar, as well as their corresponding
average value, fluctuation and skewness are presented in Fig. 5.5. Void radii show opposite
trend to the local densities with respect to the temperature, but similar one with respect to
pressure. At low temperature, the amount of free space is low, and the molecules pack tightly.
As temperature approaches the critical one, large changes happen both in the average values
and in fluctuations. Notably, the skewness values go through a maximum at T = T, indicating
that in those conditions, the inhomogeneity of the packing (i.e., close packing between some of
the molecules, large empty spaces between others) is maximized. Both local density and void

radius behave similarly as pressure moves away from the critical point.
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Figure 5.5. (a) The distribution of Voronoi polyhedral void radii, %5y, for different temperature values
in the 250-450 K range (from green to red). MD simulation were performed in the NPT ensemble
following the P = 70 bar isobar. (b) The dependence of the average value of void radii on temperature
for every studied isobar. (c) The dependence of void radii standard deviation on temperature for every
studied isobar. (d) The dependence of void radii skewness on temperature for every studied isobar.

Lighter colors indicate higher pressure.

In order to quantify the time persistence of the local density fluctuations as obtained from
the VP analysis, we calculated the Voronoi density correlation functions, {pgon (£) * peor(0)).
Their time behavior is illustrated in Fig. 5.6 (a). We have fit decay curves at each T,P by a

single exponential function and determined the corresponding correlation times, which are
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displayed in Fig. 5.6 (b). These results show that the correlation time goes through a maximum
at the critical temperature, indicating that here these density fluctuations are quite persistent,

with a maximum time duration of ~15 ps.
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Figure 5.6. (a) Voronoi polyhedra density autocorrelation function for all temperatures along the
P =70 bar isobar. (b) Temperature dependence of the correlation time along every isobar considered.
The arrow indicates increasing pressure from 70 bar (blue circles) to 100 bar (brown circles), in steps

of 5 bar.

Next, to quantify the behavior of the density domains of scCO2, we have applied the
DBSCAN algorithm!? to molecular positions obtained from molecular dynamics simulations.
Previous works have shown?? the importance of clustering and networking in supercritical
fluids. We have shown in our previous work that the optimal values of DBSCAN parameters —
¢ and N — can be estimated from the position of extrema of the radial distribution function.!!
RDF analysis is discussed in a subsequent section. DBSCAN parameter N can be selected as

the rank of the neighbor, n, for which o m 1s maximized, while ¢ is the corresponding
COM-COM

(rc(g 1?/1—00 u)» see Fig. 5.10 (b,c). Applying such protocol for every thermodynamic state point
to select DBSCAN parameters and using the coordinates of the COM of the CO> molecules at
a given temperature along various isobars, we computed the distributions p(NSJRE) and
p(NEOEPERY  representing the number of core CO2 molecules forming the core and the border

region of the largest density domain, as identified by the DBSCAN algorithm.
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An illustration of the discovered density domains is given in Fig. 5.7. In the low
temperature regime, almost the majority of CO> molecules experience the same density. Here
the core molecules are indicated by a given dark color while the border ones are indicated by
the corresponding light color. As the temperature approaches Tc, larger amount of different
density domains becomes identifiable. The size of each domain is decreasing with respect to
the largest density domain at low temperature. This substantiates that near the Tc, the
distribution of the density domain is inhomogeneous. At higher temperatures, the overall
system is separated into many small density domains, thus indicating more homogeneous

distribution of CO; molecules.

Figure 5.7. Color-coded images of different density domains as determined by the DBSCAN algorithm
considering the center of mass of the CO; molecules at (a) liquids state T = 250 K; (b) at T =290 K (c¢)
near the critical temperature T = 300 K; (d) T = 450 K along the isbobar P = 70 bar. A given color
defines a density domain where the dark and light color identify its core and border CO; molecules.

Gray color is reserved for noise-like molecules.
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Below the critical temperature, distributions of density domain sizes are centered at just
less than half the total amount of molecules with a standard deviation of 100 molecules. This
indicates that largest density domain includes most of the molecules. However, at the critical
point, the distributions become very wide, but still remain monomodal. This allows us to easily
calculate and analyze moments of corresponding distributions and their dependence on the
thermodynamical parameters. DBSCAN algorithm provides information not only about the
distribution of core molecules of the density domains, but also that of the border molecules.
The corresponding distributions are shown in Fig. 5.8 for P = 70 bar. As it is shown in this
figure, temperature dependence of core and border distributions are quite similar. In this

particular case, further analysis of border regions is redundant.
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Figure 5.8. (a) Temperature dependence of the probability distribution of the number of CO; molecules
in the core region of the largest DBSCAN density domain for P = 70 bar isobar. (b) The dependence of
the probability distribution of the number of the border CO; molecules of the largest DBSCAN density
domain for P = 70 bar isobar.

To quantify the changes in the shape of these distributions determined by the DBSCAN

algorithm, along the various isobars, we have calculated first moments of these distributions,

specifically the average values (NSSaF ) and the fluctuations, o nggrs. The behavior of these two

metrics is shown in Fig. 5.9, highlighting the structural changes associated with temperature

variations. At low temperatures, below the critical one, the average values (NS55" ), shown in
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Fig. 5.9 (a), seem not to be sensitive to the value of the pressure — at least in the 70 bar to
100 bar range, where about 50% of the molecules are part of the same density domain. This is
consistent with the small compressibility of liquid CO,. Near the critical temperature, the
(NESEE) values decrease drastically, with a rate that is maximum near the critical pressure. That
rate of change, however, is still much more modest than the corresponding rate of change for
VP density or void radius. This indicates that maximally localized parameters, i.e., single
molecule neighborhood density, are far more sensitive to changes in thermodynamic conditions
than the more “global” functionals, like the DBSCAN density. Predictably, this rate of change
decreases when the considered isobar is farther from the critical pressure. More interestingly,

the O NCORE values, shown in Fig. 5.9 (b), associated with the largest density domains, go through

a maximum, indicating an increase in the fluctuation of the number of CO2 molecules forming
the corresponding density domains. This once again correlates with the increase of the

inhomogeneity of the density near the critical point.
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Figure 5.9. The dependence of the distribution average value (a) and standard deviation (b) of the
number of CO; molecules in the core region of the largest DBSCAN density domain for some studied
isobars. The arrow indicates increasing pressure from 70 bar (blue circles) to 100 bar (brown circles),

in steps of 5 bar.
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5.4. Local Structure

In order to gain better insight into the spatial arrangement of CO2 molecules within density
domains, we have calculated RDFs and NRDFs taking the center-of-mass (COM) of the CO
molecule as representative of its position. The RDF — g(r) — for the isobar P = 70 bar at
T =259 K is illustrated in Fig. 5.10 (a). At low temperatures, the positions of the well resolved
minima at 6 A and 9 A define the first and second solvation shells, respectively. As the
temperature crosses the critical value, the second minimum fades away completely while the
first one undergoes the same change for temperatures higher than 350 K. In a second step, we

calculated the nearest neighbor radial distributions?-22

along each isobar. Based on these
distributions, we calculate the average value of the n™ nearest neighbor from the central one,

(m)

(r~0ri_con ) and the corresponding fluctuation, 6_m) :
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Figure 5.10. (a) Radial distribution function, (g(v)), and nearest neighbor radial distribution functions,
(g"(r)), for the first n = 50 neighbors indicated with color (more reddish colors correspond to more
distant topological neighbors) along the isobar of P = 70 bar, (b) average distance to the center of mass
of the nth neighbor from that of a reference CO: molecule in the liquid and supercritical states; (c)

standard deviation of this distance.

Fig. 5.10 (a) shows that the minima in the RDFs correspond to the average values of certain
nearest neighbor RDFs, for example, n = 12 and n = 50 for T =250 K. Fig. 5.10 (b) shows that
the <Tc(gz)w—com> data increase nonlinearly with the temperature. In fact, this increase is the
largest when the temperature is close to the critical value. As it was shown in our previous

papers, the maximum in 6_n) , shown in Fig. 5.10 (c), defines the spatial extent of the first

Tcom-com
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solvation shell'222, It is smeared out when the temperature is close to the critical one and, more

interestingly, we observe a noticeable jump in the value of 6 m) . For values of n larger
COM-COM

than 5, these standard deviations are almost equal, indicating that the fluctuation in the average
distance reaches the order of the simulation box size. This behavior mimics the process of

opalescence observed in SCF when crossing the critical temperature.

Figure 5.11. Dependence of probability density of the mutual angle between different nearest neighbor
CO; molecules (indicated with color, red — higher neighbors) on the rank of the neighbor for T = 250 K
and P =70 bar.

Orientational behavior of scCO> is quite a bit more interesting than that of other fluids.
COz molecules, due to their symmetry, lack a permanent dipole moment. Instead, the charge
distribution within the molecule is governed by its quadrupole moment, with a charge of -0.35 e
localized on the oxygen atoms. The orientation between two CO2 molecules is described by the
angle — ¢ — between their O-O axes. As it is shown in Fig. 5.11, the most stable configuration
is a parallel orientation with an offset, where the carbon atom of one molecule aligns closely
with the oxygen atom of the other. For more distant neighbors, typically the third and beyond,
a strong tendency toward a perpendicular orientation emerges. Our results, presented in
subsequent sections, indicate that these preferences are primarily driven by attractive ES
interactions between oxygen and carbon atoms. Beyond these proximities, the mutual

orientations of CO; molecules eventually become random and uniformly distributed.
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5.5. Pair-Interaction Energies

The behavior of local density fluctuations is driven by the specific behavior of the attractive
and repulsive interactions, which are modulated by variations of the temperature and pressure.
To investigate this point, we calculated the interaction energy distributions between a reference
CO2 molecule and its n nearest neighbors along the 70 bar and 100 bar isobars in the temperature
range of 250 K to 450 K. As can be seen from Fig. 5.12, the distributions of the total interaction
energy (TOT), electrostatic (ES) and Lennard-Jones (LJ) contributions for different neighbors
have, generally, skew-Gaussian shape. Total interaction energy distributions and that associated
with the LJ contribution skew towards lower values i.e., more attractive interactions. While
those of the ES interaction energy, on the other hand, seem to be symmetric around zero, even
for the first nearest neighbor. Due to the dominance of the LJ contribution, TOT plots are quite

similar to the LJ ones.
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Figure 5.12. Distributions of (a) total interaction energy, (b) electrostatic and (c) LJ contributions
between a reference CO> molecule and its neighbors (n = 1 — 50) as determined by the nearest neighbor
radial distribution function for T = 250 K and P = 70 bar. Higher neighbors are indicated with redder

colors.
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ror) (Ep;”) and (Eg;)), corresponding to the total interaction

The average values, (E

energy, the contributions from LJ potential and ES potential, were extracted for each neighbor
n and are presented in Fig. 5.13. These averages demonstrate that interactions between CO>
molecules are predominantly attractive. At lower temperatures (liquid state of CO.), the

attractive interactions (E%)T), (Ef?) show significant spatial extent even beyond the first

solvation shell and remain still attractive even for neighbors located in the second solvation
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shell, although the corresponding values are smaller. At higher temperatures, on the other hand,
their spatial extent is strongly reduced below that of the first solvation shell. It is particularly
striking that a gap arises in the rate of decrease of the three average interaction energies when
crossing the critical temperature along an isobar near the critical point. However, this gap

narrows as the isobar shifts further away from the critical region.
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Figure 5.13. Dependence of the average value of the total interaction energy (a,d), electrostatic (b,e)
and Lennard-Jones (c,f) between different neighbors in the temperature range of 250 K to 450 K along
two isobars: P = 70 bar (a,b,c) and P = 100 bar (d,ef). Higher temperature data are shown by more
reddish shades. The inset of these figures highlights the behavior of the interaction energies involving

close nearest neighbors.

The spatial range and magnitude of (E g)) are lower than those of (E L(;l)). The attractive

effect of the electrostatic contribution is, on average, reduced for neighbors beyond the first
solvation shell. This finding is rather counterintuitive, given the much slower decrease of the
Coulomb potential than that of the Lennard-Jones potential. One possible explanation lies in

the fact that, for the CO> molecule, dipole moment is negligible (even when the angle in the
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simulation is not exactly 180°) and quadrupole interactions decay quite quickly with range,
leading to a strong cancellation at large distances. Interestingly, an inflection point and a

maximum are observed in the (E g)) and (E L(;l)) values, respectively, between a reference CO»

molecule and its third-nearest neighbor.

To investigate the effect of temperature on the relative contributions of ES and LJ potentials
to the total energy as a function of the neighbor rank, #, the ratio of their average values to the
total sum of their average values was computed. This analysis was performed along the two
extreme isobars studied — 70 bar and 100 bar. Results are summarized in Fig. 5.14.
Independently on the temperature and pressure values, LJ contribution ratios are higher than
those of the ES. It is noteworthy that for temperatures below the critical point, some neighboring
particles (e.g., neighbor n = 12 and n = 21 for T = 250 K, P = 70 bar) exhibit ES ratio values
close to zero and LJ ratio values close to 1. These extrema mark the boundary of the first and
second solvation shells. Within each shell, the ES ratio reaches a maximum value for neighbors
around n ~ 2-3 and around n ~ 21, while the LJ ratio exhibits a minimum value for the same
neighbors (though it remains higher than the ES ratio). Of note is that the neighbors at which
these extrema occur are characterized by distances that are located within the RDF’s first and

second maxima, respectively, as was shown in Fig. 5.10 (a).

When the temperature increases, the extremum, occurring for the two ratios at the level of
the second solvation shell (n ~ 21), shifts to lower » values and vanishes when the temperature
is higher than the critical one, while the extremum occurring at the level of the first solvation
shell (n ~ 2-3) shifts to occur for n = 1. For isobars located beyond the critical one, the ES ratio
progressively decreases with each neighbor n, eventually reaching zero at the fifth neighbor
(n=15). In contrast, the L] ratio steadily increases with each n and approaches a value of 1 for
the same neighbor. It is noteworthy that when examining isobars farther from the critical one,
such as P = 100 bar, the interplay between the ES and LJ attractive ratios in CO; still resembles
that observed near the critical isobar. The key distinction, however, lies in the pattern of
weakening for these attractive interactions: rather than exhibiting a gap, a gradual reduction in
the strength of the ES attractive interactions and a gradual increase in the strength of the LJ

attractive contributions is observed.

The balance between the LLJ and ES contributions is in favor of the former one. As a
consequence, LJ potential determines the packing of CO, molecules while the ES one promotes
their orientation. This interplay between the spatial extent of the ratios of LJ and ES

contributions then defines the radial and orientation behavior of CO; molecules in the first and
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second solvation shells. For instance, as the result of the minimal attractive contribution of the
ES (with respect to the L] attractive contribution) to the first neighbor, it typically adopts a non-
minimum energy parallel orientation with substantial positional fluctuations, while the second
and third neighbor exhibit a perpendicular orientation (T-shape) distribution with minimal

distance fluctuations (see Fig. 5.11).22

This is driven by a concomitant maximal and minimal
contribution of the ES and LJ contributions ratios, respectively, to these neighbors (although

the relative contribution of dispersion is always higher than that of electrostatic interaction).
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Figure 5.14. Dependence of the ratio of the average values of ES (a,b) and LJ (c,d) contributions to the
total interaction energy for the different topological neighbors, as obtained in the temperature range

between 250 K and 450 K along two isobars: P = 70 bar (a,c) and P = 100 bar (b,d).

The behavior of the local density as a function of the temperature as obtained from the
Voronoi analysis and the DBSCAN algorithm is compatible with the above described

weakening of the spatial extent of the ES and LJ attractive contributions to the total interaction
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energy. Indeed, as the spatial extent of attractive interactions decreases, CO2 molecules can
only interact with their immediate neighbors. This causes the creation of high-density zones in
which CO2 molecules are more strongly bonded together. Low-density domains arise when CO»
molecules are far apart and have weaker or negligible interactions. The weakening of attractive
interactions makes the local structure more susceptible to changes caused by an increase in

thermal energy, resulting in density fluctuations.

However, scCO; results are not exactly universal to supercritical fluids in general. To back
up this conclusion, we performed molecular dynamics simulations on supercritical water and
ammonia. Same analysis, particularly pair-interaction energy analysis, was carried out for these

two molecular systems along various isobars. The average values, (E%)T), (E gl)) and (E g))

were extracted for each neighbor n and are presented in the Fig 5.15 and Fig. 5.16 for scH>O

and scNH3, respectively.
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Figure 5.15 Dependence of the average value of the ES, LJ and TOT contributions to pair interaction
energies between a reference water molecule and its neighbors in the temperature range of 500 K to
1000 K along the isobar P = 175 bar. Higher temperature data are shown by more reddish shades. The
vertical dashed line indicates the coordination number determined by the position of the first minimum

in the radial distribution function.

The results show that similarly to what we found in CO., the (E%)T), (E L(;l)) and (E gsl) ),

values undergo a noticeable change when crossing the critical temperature. However, in both
water and ammonia, in contrast to CO2, ES interactions overwhelmingly dominate over LJ
interactions, leading to a distinct local organization. Furthermore, at room temperature, in both
water and ammonia, the apparent effective distance of the ES potential is higher than that of the

LJ one. Indeed, in water, the former interactions approach zero for the n ~ 6-7 neighbor while
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the later do so for n ~ 4-5. Unlike COz2, where molecules typically have ~12 nearest neighbors
in the first solvation shell (position of the first minimum in the radial distribution function),
water's strong electrostatic interactions result in a tetrahedral arrangement with only 4-5 nearest
neighbors. Upon a temperature increase along the isobar at 175 bars in water, or along the
110 bar isobar in ammonia, similarly to what we observed in CO», the spatial extent of the ES

and LJ contributions is reduced.
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Figure 5.16. Dependence of the average value of the ES, LJ and TOT contributions to pair interaction
energies between a reference ammonia molecule and its neighbors in the temperature range of 350 K
to 450 K along the isobar P = 110 bar. Higher temperature data are shown by more reddish shades.
The vertical dashed line indicates the coordination number determined by the position of the first

minimum in the radial distribution function.

These comparison shows clearly that the analysis of the interplay between the electrostatic
and non-electrostatic interactions is pertinent to analyze the change in the local structure.
Regardless of the fluid involved, MD simulations are able to capture the discontinuity in the
thermodynamic properties near the critical point and, even more importantly, are able to
demonstrate same discontinuity in structural properties as well. Coupled with general
advantages of scCO», underlined in Ch. 1, this underlines our decision to study CUR-scCO>

interfaces in subsequent chapters.
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5.6. Conclusions

In summary of this chapter, the analysis of the local statistical observables has allowed us
to determine the thermodynamic conditions where the density fluctuations are occurring.
Various functionals, such as the nearest neighbor radial distribution functions and
corresponding interaction energies, Voronoi polyhedra properties and DBSCAN-identified
density domains, all point to the maximization of density fluctuations directly at the critical
point. They also underline how quickly those fluctuations become less prominent at

temperatures and pressures higher than the critical ones.

A key contributor to such dependence is the interplay between the attractive electrostatic
and non-electrostatic interactions. We have shown how this interplay affects structuring (radial
and orientation) of the first and second solvation shells of CO> and other fluids. The ranks of
the neighbors at which attractive ES and LJ interactions display, respectively, maximal and
minimal contributions define the extent of n'" solvation shell. Upon increasing the temperature
beyond the critical one, the spatial extent of the ES and LJ interactions is drastically reduced,

which results in less pronounced structuration within the solvation shells.
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CHAPTERG6
scCO2 INTERFACE

n the first part of this chapter, we investigate both how the local structure and dynamics of
I the supercritical CO» are affected once 1.1-p. of CO; is brought in contact with [100]
interface of POLY-I as the temperature increases between 250 K and 350 K. In the second part,
we investigate the structure and dynamics of the CUR-supercritical CO» interface at the [100]
crystallographic plane of the three CUR polymorphs. We use the same descriptor of the

structure and dynamics as in Ch. 4.
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6.1. Computational Methods

Molecular dynamics simulations were performed using the GROMACS 2024.4% program
package. Simulations within the NVT ensemble were performed with the use of Parinello-
Bussi?? thermostat. Simulation boxes contained 480 fully flexible curcumin molecules. Each
starting point corresponds to the crystal of a specific polymorph, with data*? taken from CCDC.

Chosen configurations are summarized in Table 3.1 in Ch. 3. The boxes were padded by 3 times

the initial volume along the “a” crystallographic axis. Empty volume was filled with flexible
CO2 molecules to the desired density. Exact number of used CO2 molecules is summarized in

Table 6.1. Further discussion is centered on the 1.1-pc calculations.

Table 6.1. Exact amount of CO; molecules used in each simulation in this chapter. Densities are given

as a proportion of the critical point density of the CRM model of CO..

0.9-pc 1.0-pc 1.1-pc
POLY-I 2406 2673 2940
POLY-II 2364 2627 2890
POLY-III 2525 2805 3086

Minimization was performed with GROMACS using conjugate gradient (CG) method with
a 0.001 nm step size and as many steps as needed until convergence. For Lennard-Jones, we
have used a cut-off scheme with potential-shifting and r. = 10.0 A. For electrostatic interactions,
a reaction-field potential with the same cutoff as Lennard-Jones was chosen instead of PME in

order to minimize unwanted interactions in the interfacial slab simulations.

Equations of motion were integrated in time steps of 1 fs. After an at least 10 ns long
equilibration period, statistical data (such as temperatures, pressures, nearest neighbor
distances, local densities, etc.) was collected using 3000 equilibrium sample configurations,
separated from each other by 2 ps long trajectories each, from the 6 ns long production run at

every temperature.

During the analysis of interfacial calculations, identification of the molecules (either CUR
or CO») was performed via the ITIM® method using the PYTIMZ package (see Ch. 2 for details).
Probe-sphere grid spacing was set to 0.4 A and probe radius to 1.7 A.
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6.2. Structure and Dynamics of CO: at the Interface

In the range of temperature between 250 K and 350 K, CUR remains in the crystalline
phase. It was interesting to investigate the effect of the presence of this solid interface with CO>
on the local properties and compare them with the ones determined in the bulk CO; (as it is
discussed in Ch. 5). We have then performed additional simulation at [100] CUR interface of
POLY-I in contact with CO> at 1.1-pc density of scCO; between 250 K and 350 K with a step

of 10 K.

6.2.1. Density Profiles

The first key question concerns the organization of the CO> molecules at the crystal CUR
interface. In order to investigate this, we have calculated mass-density profiles of CO; along
the axis of the interface. Fig. 6.1 (a) provides a visual snapshot of multiple layers of CUR and
COz molecules situated at said interface. Fig. 6.1 (b) shows the total mass density profiles of

CO; for different temperatures.
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Figure 6.1. (a) Snapshot of the CO; molecules and CUR layers at their interface. (b) Mass-density
profiles of CO: along the normal to the [100] interface of POLY-I. Temperature varies from 250 K to
350 K. Redder shades indicate higher temperature.
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As expected, CO2 mass density distributions have two contributions: one corresponding to
the liquid density near the CUR and vapor density at the edges of the simulation box. The extent
of the difference between the two densities decreases with temperature, but never becomes zero.
This suggests a favorable energetic interaction between CO, and CUR, leading to adsorption at

the interface.

6.2.2. Residence Time and Adsorption

To quantify how strong is the adsorption of CO> on the CUR interface, we have compared
residence times at different interfacial layers of CO,. As is the case in Ch. 4, distributions of
the residence times are highly bi-modal, even for CO2, so we have split the analysis for “slow”
and “fast” times of residence of CO> molecules at the interface. Average values of the fast

residence times are given in Fig. 6.2.
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Figure 6.2. Temperature-dependent average time of residence at the designated layer for fast-moving
CO; molecules (less than 50% of the time spent in the designated layer) at the [100] interface of POLY-
L

This figure shows that the time of residence of CO, molecules belonging to the first
interfacial layer is significantly higher than that of the molecules belonging to the second one.

This is consistent with the presence of a contribution, near CUR interface in the total mass
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density distributions. Interfacial ToR also has a maximum around 275 K, which is not as
prominent for the subsequent layers. This maximum indicates that the adsorption strength is
maximized for the liquids CO», since the residence time is lower at T = 300 K. This is likely
due to the confounding factors of higher mobility of interfacial CUR molecules leading to more
favorable interactions and increased diffusivity of the supercritical CO» as compared to the

liquid one.

6.2.3. Local Density

We used Voronoi polyhedra approach to analyze the local structure of the interfacial CO>
molecules. The average values of the local density and standard deviations of the VP density
are given in Fig. 6.3 (a,b) respectively, as well as those calculated in the bulk CO,. Of note is
that in the bulk COa, the local density is sampling the liquid and vapor phases that are present
at the CUR interface and at the edges of the simulation box, respectively, while when applied

to CO2 molecules at the interface of CUR, the VP approach samples only the liquid density.
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Figure 6.3. Comparison of the temperature dependence of the (a) average value and (b) standard
deviation of the VP density of interfacial and bulk molecules in the simulation of [100] interface of
POLY-I in contact with scCO..
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The local density changes around 300 K, seen in Ch. 5, are significantly smoothed out by
the presence of the CUR interface. The rate of decrease of the local density is high for
temperatures below 300 K and it plateaus for further increase of the temperature. The local
density of the interfacial CO> molecules decreases steadily with temperature without any
noticeable large change in the rate of decrease near T =300 K. Fluctuation values are higher in
the bulk and max out at lower temperatures in the interfacial simulation. The 1% layer seems to
be totally different, with fluctuation values having a minimum in the liquid state. Both graphs
in Fig. 6.3 have about the same numerical scale as those of the pure scCO, simulation, though
the densities are noticeably lower, while the fluctuations are noticeably higher. This is, most
likely, because of the strong interactions between the interfacial CO2 molecules and the CUR

molecules.

6.2.4. Nearest Neighbor Distributions

One of the unique properties of scCO2, compared to other SCFs, is the fluctuation in the
position of the first nearest neighbor. Said fluctuation is, in the liquid state, higher than that of
the 2"d neighbor. As we have seen in the previous chapter, the reason for such behavior lies in
the interplay between ES and LJ contributions to the total pair interaction energy within the
first solvation shell. Notably, this small peak in the fluctuation-neighbor graph disappears upon
crossing the critical point. To test the state of the CO; in the CUR interfacial simulations, we

have summarized average distance between neighbors and their fluctuation in Fig. 6.4 (a.b).
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Figure 6.4. Temperature dependence of the (a) average position and (b) standard deviation of said
position of the n™ nearest neighbor of CO; within the I*' layer of [100] interface of POLY-I.

Immediately, one can notice that smooth increase of the average distances between
neighbors, seen Fig. 5.10 (b), and present here at temperatures below the critical one, gives way
to an under-sampled stretch between 300 K and 330 K, where only a few close neighbors can
be determined. This happens due to unusually large fluctuations near the critical point, which
result in such wide distributions, that the size of the box, dictated by the lowest dimension of
CUR, does not allow sufficient sampling. It is reasonable then to assume that in bigger
simulation, curves between 300 K and 330 K would follow those of 340 K and above, leaving

big gap between 290 K and 300 K, similar to Fig. 5.10 (b).

Aside from technical challenges, it is worth noting that the average distance between given
neighbors grows faster than in the bulk scCO». This is likely due to energetically favorable
adsorption, and not just because of the CUR taking up significant amount of space at the

interface, as average distances in the 2" and 3™ layers also grow faster than those in Ch. 5.

Even more interestingly, as fluctuations in Fig. 6.4 (b) show, 1* neighbor is no longer less
stable than the second one. This is again the case for subsequent layers as well. The neighbor
of maximal fluctuation, which defines the size of the first solvation shell, is much lower, around
n = 5-6, compared to n = 9-12 for bulk liquid CO>. Those numbers are, in fact, quite similar to
bulk scCO», where fluctuation in the neighbor distances is maximized for n = 3-4. This is also

the effect of attractive CUR interactions. Nevertheless, upon reaching 300 K, CO, molecules at
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the interface experience large jump in the fluctuation of the position of the closest neighbors,
but lowering in the fluctuation of the further ones, the cut-off being around n = 3. This is
perhaps not surprising, since Fig. 6.4 (b) shows statistics of the intra-layer NRDFs, and CO»
forms quite thin layers on the surface of CUR. Those thin layers also make it difficult to analyze
the numerical scale of the fluctuations, but the presence of the large, almost 100% gap between

1*" nearest neighbor values at 290 K and 300 K indicates phase transition to the SCF.

Analysis of NRDFs between a reference CO2 molecule in the 1% layer and an observational
CO: molecule in any part of the system, 1% layer or otherwise, seen in Fig. 6.5, also indicates
lower size of the first solvation shell, although the cut-off lies at more reasonable n = 4-6 for
the 1% layer and n = 5-7 for the 2" layer in the liquid state. Moreover, in the 2" layer, the
instability in the position of the first neighbor is clearly defined up until the melting point,
similar to the behavior of the scCO; bulk.
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Figure 6.5. Temperature dependence of the standard deviation of the position of the nth nearest
neighbor of CO: with the reference molecule being part of the (a) Ist and (b) 2nd layer of the [100]
interface of POLY-1L

To get idea exactly how CO; forms the interfacial layers, we have obtained pair interaction
energies for different neighbors within the scCO; layers. Separate ES and LJ contributions are
given in Fig. 6.6 (a,b), respectively. Compared to the bulk values, both ES and LJ interactions
are less attractive for the first few neighbors, likely as a consequence of the proximity of CUR

molecules. The system is still LJ dominated, although the difference is not as significant. As
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morphology of the CUR interface dictates the spatial organization of the adsorbed CO:
molecules, the distances between those molecules end up being longer, which has larger impact

on the LJ potential compared to the ES one.
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Figure 6.6. Dependence of the (a) ES and (b) LJ contribution to the total pair-interaction energy
between CO; neighbors, with the reference molecule being at the [100] interface of POLY-I, on the rank
of the neighbor for temperatures in the range between 250 K and 350 K. The 1°' solvation shell cut-off
is set according to the values for bulk scCO: in Ch. 5

Interestingly, the gaps between the curves for 290 K and 300 K, characteristic of the phase
transition between liquid and supercritical states, are not as big as those of the neat scCO». This
implies that the difference between forces in the liquid and supercritical phases is lower in the
presence of the CUR interface. This is, perhaps, related to the hydrogen bonding ability of CUR,

but that data will be discussed in the subsequent sections.

Although not given here, pair-interaction energies for the reference molecules of the 2™
layer, as well as subsequent layers, match up rather well with the data of Ch. 5, leaving no doubt
about both the special properties of the interfacial layer of CO> and the fact that the conditions
and the setup of the interfacial MD simulation fatefully reproduce the behavior of supercritical

COa.
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6.3. Structure of Curcumin at the Interface

In order to investigate the structure and dynamics of CUR molecules at the interface with
supercritical CO2, we considered the isochoric conditions where the density is equal 1.1 times
the critical density (1.1-pc) in the range of temperature between 350 K and 600 K. Of note is
that at 350 K the CO; is in a supercritical state. This range of temperatures includes the
macroscopic melting temperature of CUR as determined by the force field used in this

simulation.

The investigation of the structure and dynamics of the interfacial molecules includes
various descriptors that were used to analyze the CUR-Vacuum interface presented in Ch. 4.

Only the [100] crystallographic plane is considered for the three polymorphs.

6.3.1. Mass Density Profiles

We have computed the mass density profiles of CUR molecules belonging to the first two
interfacial layers along the [100] crystallographic plane of POLY-I. From these profiles, we
have extracted both the average positions of the layers and their thermal fluctuations. To
compare how these layers evolve with temperature, we define the parameter: 6R(T) using
6R(T) = (R(T)) — (R(T = 300 K)) where, (R(T)) is the average position of a given layer at
temperature T. This parameter, R(T), is the measure of the expansion of the interface as a

function of temperature along the 1.1:pcisochore. The results are summarized in Fig. 6.7.
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Figure 6.7. Temperature dependence of the thermal extension of CUR in different layers of [100]
interface of (a) POLY-I, (b) POLY-II and (c) POLY-III.
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The data in Fig. 6.7 (a) clearly indicates that interfacial expansion of POLY-I along the
[100] direction begins at approximately 420 K, which is significantly below the bulk melting
temperature (Tm = 550 K) and also lower than the corresponding onset observed in the CUR—
vacuum interface (= 450 K). This suggests that interfacial melting is promoted by the presence
of scCOo, likely due to its ability to penetrate or disrupt surface interactions. Although changes
for POLY-II and POLY-III happen at slightly higher temperatures, they are, nonetheless, much

lower than the bulk ones, quite comparable to the values for the vacuum interface.

Furthermore, the extent of expansion decreases progressively from the first to the second
layer, as both temperature (350 K to 600 K) and pressure exerted by scCO (70 bar to 700 bar)
increase. This trend indicates that thermal and pressure-driven reorganization proceeds from
the surface into the subsurface layers, reflecting a gradual loss of crystalline order at the

interface under supercritical conditions.
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Figure 6.8. Temperature dependence of the fluctuation of mass-density profiles of CUR in different
layers of [100] interface of (a) POLY-I, (b) POLY-II and (c) POLY-IIIL

The fluctuation in the position of the three first layers is given in Fig. 6.8. The values
increase non-linearly with temperature. In POLY-I, the onset of temperature at which the rate
of increases of the fluctuation increases is T ~ 450 K. In additions, this rate of increase is similar
in all considered layers. In POLY-III, the onset of changes in the fluctuations is located at
T =380 K, at lower temperature than the bulk melting temperature. In POLY-II, the values of
the fluctuations go through a shallow maximum at T ~ 470 K and increase for further increase

of the temperature.
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6.3.2. Nearest Neighbor Distribution

More information about the impact of increasing the temperature along the 1.1-pcisochore
on the structural organization of the CUR molecules at the first layer interface with scCO2 can
be obtained from the temperature dependence of the average distance, (R™), between a
reference CUR molecule and its subsequent neighbors belonging to the same layer. The results

are displayed in Fig. 6.9.
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Neighbors Neighbors Neighbors

Figure 6.9. Temperature dependence of the average distance between nearest neighbors in the I* layers

of [100] interface of (a) POLY-I, (b) POLY-II and (c) POLY-III.

Contrary to the gradual behavior seen in Fig. 4.5 for vacuum interface, average intralayer
neighbor distances have large changes around the melting point, even for the first neighbor.
Additionally, instead of getting closer and organizing in pairs, CUR molecules seem to distance
from each other. The transition at T ~450 K from the crystalline to the melt phase of CUR is
accompanied by a jump in the average distance value. Of note is that at high temperature, in the
melt phase of CUR, for neighbors n = 5-7, the distances become too big to accurately compute

the relevant RDFs. Similar trends are observed for both POLY-II and POLY-III.

6.3.3. Voronoi

We have computed 2D VP densities distributions of CUR molecules in the three
polymorphs of CUR belong to the first layer of the interface along the [100] plane with scCO>
along the 1.1-pc isochore. Based on these distributions, we have calculated Voronoi local
surface density, (pioym), and its temperature dependence is illustrated in Fig. 6.10. This figure

shows that there is almost no difference in the rate of increase of the surface local density
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between the first and second layers, except in POLY-II, in the crystalline phase, where the
surface local density values in the second layer are higher than those in the first one. They

further undergo a large decrease to equal those of the first layer in the melt phase.
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Figure 6.10. 2D VP density as a function of temperature for 1*' (solid lines) and 2" (dashed lines) layers
of [100] interfaces of different polymorphs of CUR.



P. 190 CHAPTER 6. scCO2 INTERFACE

6.4. Conformational Transitions at the CO: Interface

We analyzed the temperature-dependent conformational distributions of CUR molecules
within the first and second interfacial layers at the [100] surface of all three CUR polymorphs
in the presence of supercritical CO,. The results, displayed in Fig. 6.11, highlight the influence

of CO; on conformational dynamics in comparison to the vacuum interface.

In POLY-I, the evolution of CONF-1, CONF-2, and CONF-3 fractions, in both interfacial
layers, follows the same qualitative trend as observed under vacuum. However, a key distinction
is that the onset temperature for conformational changes — i.e., the point where the fractions
begin to rise or fall — is lower in the presence of CO2, suggesting that the interface with CO2

facilitates earlier conformational rearrangements.

The temperature dependence of CONF-1 fractions in POLY-II and POLY-III is also similar
to that observed in vacuum, both in terms of general trend and relative magnitude, though the
transitions still occur slightly earlier with COz. In contrast, the behavior of CONF-2 and CONF-
3 is more complex and more sensitive to the presence of COz — especially in POLY-II and

POLY-III:

e For POLY-II, under vacuum, CONF-2 and CONF-3 are present in nearly equal amounts
in the crystalline phase. However, with CO> at the interface, the fraction of CONF-2
becomes notably higher than that of CONF-3 at low temperatures.

e The temperature at which CONF-2 starts to decrease and CONF-3 begins to rise is lower
with CO> than in vacuum, and the rate of change is steeper, indicating a stronger

thermodynamic driving force or reduced energetic barrier for the transition.

In POLY-III, CONF-2 and CONF-3 also begin with similar fractions in the crystalline
regime. However, the onset of their divergence (CONF-2 decreasing, CONF-3 increasing)
occurs at lower temperature at the CO- interface than at the vacuum one. Interestingly, in the
vacuum case, conformational distributions remain relatively stable, indicating that CO: plays a

significant role in activating molecular rearrangement.

A particularly distinct behavior is observed in POLY-III’s second layer: while the first
layer displays the expected rise in CONF-3 at the expense of CONF-2, the second layer retains
a dominant population of CONF-2 for longer, with the transition occurring at a higher
temperature. This layer-resolved disparity suggests that conformational transitions initiate at
the surface and propagate inward with a thermal lag. Eventually, in the melt phase, the

conformational distributions of CONF-2 and CONF-3 converge in both layers.
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Figure 6.11. Temperature dependence of conformational distributions in the simulation of I*" (solid

lines) and 2" (dashed lines) layers of [100] interface of (a) POLY-I, (b) POLY-II and (c) POLY-III.
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6.5. Interactions of Curcumin at the Interface

6.5.1. Hydrogen Bonding

To further investigate the structural implications of conformational changes, we have
computed the average number of hydrogen bonds, (Nyz), between CUR molecules within the
first two layers and between them at the [100] interface for each polymorph. The results,
summarized in Fig. 6.12, show that the fraction of CUR molecules engaged in hydrogen
bonding is relatively low across all systems, suggesting the dominance of Van der Waals and
n—7 stacking interactions in CUR stabilization. In POLY-I, during the crystalline phase, the
(Nyp) values are similar within the first layer and between the first and second layers, and both
are higher than those in the second layer. These values remain almost temperature-independent
until melting occurs, indicating robust structural cohesion at the surface. Upon entering the melt
regime (Nyp) decreases gradually both within and between layers, while in the second layer a
small increase is first observed (possibly due to enhanced mobility or reorientation), before it
too decreases and converges with the others. In POLY-III, (Ny) is highest in the first layer and
lower (but similar) in the second and between layers of the crystalline phase. With increasing
temperature, all values gradually decline and converge in the melt, suggesting the loss of
interlayer structural differentiation and the onset of interfacial disorder. POLY-II displays the
most anisotropic hydrogen bonding behavior. Initially, (Nyp) is highest between layers, lowest
within the first layer, and intermediate in the second layer. This points to strong interlayer
coupling and a less ordered surface. Notably, the (Nyg) within the first layer decreases steadily
with temperature, while the second layer exhibits a non-monotonic trend: values remain
constant up to ~420 K, peak at 450 K, and then drop sharply — suggesting a delayed structural
response and sudden loss of H-bond connectivity. Furthermore, the onset of HB loss between
layers occurs earlier than in the vacuum interface, reinforcing the idea that CO> accelerates

structural breakdown.
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Figure 6.12. Average number of hydrogen bonds between two CUR molecules in the designated layers
of [100] interface of (a) POLY-I, (b) POLY-II and (c) POLY-III as a function of temperature.

6.5.2. Pair Interaction Energies

The local structure of CUR molecules at the CO: interface is largely governed by the
intermolecular interaction energies. To assess this behavior, we have investigated the pairwise
interaction energies between a reference CUR molecule and its nearest neighbor, decomposing
the total energy into ES and LJ contributions. The temperature dependence of these interactions

is displayed in Fig. 6.13 and Fig. 6.14.

Overall, both LJ and ES interactions are attractive across all systems, with LJ contributions
being consistently stronger in magnitude. In all systems, the LJ interactions within the same
layer are strong and nearly equal, while those between layers are weaker, though still attractive.
ES interactions in the first and second layers are generally comparable, with the exception of
the POLY-II, where 2™ layer ES contribution is much more negative than that of the 1% layer.
As temperature increases, ES interactions within the first layer weaken gradually, with only
POLY-II displaying noticeable sharp changes at around T = 450 K. ES interactions in the
second layer, as well as between the layers, also decrease gradually, again with the exception

of POLY-II. These significant changes are emblematic of the hydrogen bonding behavior seen
in Fig. 6.12 (b).
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Figure 6.13. Temperature dependence of the ES pairwise interaction energies between a reference CUR
molecule and its nearest CUR neighbor within the first layer, second layer, and across the first and

second layers for the [100] crystallographic interface of (a) POLY-I, (b) POLY-II, and (c) POLY-III.

Interestingly, both interactions are strongly attractive within layers, and notably weaker
between layers not only for the crystalline phase, but also for the melt phase. This interlayer to
intralayer disparity happens in spite of conformational changes and long-range order

breakdown.

Despite the presence of clearly competing forces, them being n-n stacking and hydrogen
bonding, ES and LJ orderings and trends are quite similar between polymorphs and layers. The
key distinction is seen for POLY-III, where second layer is much more LJ-bound than the first
layer, while the ES contributions are similar. This provides an interesting correlation with the
conformational differences between first and second layers of POLY-III seen in Fig. 6.11.
Despite the main differences between CONF-2 and CONF-3 consisting of intramolecular

hydrogen bond formation, conformational distribution changes appear to be LJ, not ES, driven.

These results have important implications for understanding interfacial structure and
dynamics. The gradual decrease in interaction energies near T = 450 K across all polymorphs,
much more gradual than in vacuum, suggest that scCO> plays a major role in solvating even
sub-interfacial layers. The initial strengthening of interlayer ES interactions, particularly in
POLY-I and POLY-III, may reflect a transient structural reorganization, where molecules
realign to maintain cohesion before the interface begins to disorder. This behavior supports the
view that interfacial melting is not a sudden event but involves layer-specific and direction-

dependent destabilization processes.
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Figure 6.14. Temperature dependence of the LJ pairwise interaction energies between a reference CUR
molecule and its nearest CUR neighbor within the first layer, second layer, and across the first and

second layers for the [100] crystallographic interface of (a) POLY-I, (b) POLY-II, and (c) POLY-III.

6.5.3. Surface Tension and Surface Area

To deepen our understanding of interfacial behavior, we have computed surface tension for
the [100] crystallographic plane of the three CUR polymorphs in contact with supercritical CO,.
The results are presented in Fig. 6.15 (a). For POLY-I and POLY-III, the surface tension
exhibits a similar temperature-dependent trend: it remains nearly constant throughout the
crystalline phase, followed by a sharp decline just below T = 450 K, eventually approaching
zero in the melt phase. This behavior reflects a sudden loss of interfacial cohesion and the onset

of structural disorder at this critical temperature.

In contrast, POLY-II displays a distinct profile. The surface tension increases noticeably
around T = 450 K, likely indicating a transient enhancement of interfacial cohesion, before
decreasing with further heating and finally reaching zero at a higher temperature than those
observed for POLY-I and POLY-III. This suggests a delayed or more gradual interfacial
destabilization process in POLY-II, possibly linked to its unique conformational behavior and

hydrogen-bonding network.

Complementary insights are provided by the effective surface area per CUR molecule,
shown in Fig. 6.15 (b). In both POLY-I and POLY-III, the interfacial surface area values are
lower in the presence of scCO2 compared to the vacuum interface, indicating tighter molecular

packing at the interface due to COz-mediated compression.
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Figure 6.15. (a) Dependence of the surface tension of the [100] interfaces of different CUR polymorphs.
(b) Surface Area per CUR molecule as a function of temperature for the 1* (solid lines) and 2" (dashed
lines) layers of [100] interfaces of different CUR polymorphs.

This suggests that scCO2 promotes a more compact and possibly more stable interfacial

arrangement. In contrast, for POLY-II, the surface area values remain comparable to those in

vacuum, implying that CO2 has minimal effect on the surface packing of this polymorph —

possibly due to a less responsive or more structurally constrained interface.

Analysis of the CED values further confirms the equalizing effect of the scCO», as Fig.

6.16 clearly shows similarity in the behavior of different polymorphs. Comparison with the

vacuum values of Ch. 4 shows same room temperature CED at around 150 kJ/mol/nm?.
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Figure 6.16. Temperature dependence of the cohesive energy density for all polymorphs in contact with

scCO: at their respective [100] interfaces. Includes CO; interaction contributions.
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6.6. Dynamics of Curcumin at the Interface

An important part of SCFs is their dynamical properties, such as diffusion coefficients and
viscosities, which lie between those of gas and liquid. It is worth examining then how unique
dynamics of SCFs impact the dynamics of solid and melt CUR in general, and their interfaces

in particular.

6.6.1. Voronoi Correlation Time

The time correlation of the local density as calculated by 2D Voronoi are depicted in Fig
6.17. In the crystalline phase, below T =450 K, the values of these parameters are almost equal
for CUR molecules in the three polymorphs. The values show gradual decrease in the crystalline
phase, for all of the considered layers, indicating slow increase in lateral molecular mobility.
These values go through a more or less defined maximum at around T = 450 K, indicating the
transition between from crystalline to the melt phase. This maximum also marks the transition
from definitively bi-exponential decay to melt autocorrelation curves, curves that could be

described with mono-exponential model to varying degrees of success.

Differences between VP density correlation times of different polymorphs of CUR are
quite reminiscent of those at the vacuum interface. A tentative exception of POLY-III, which
has fast relaxation times between 450 K and 500 K, is hard to analyze due to the noisiness of
the data. CUR in scCOz generally shows faster dynamics, with slowest 11 with scCOz of 7.5 ps,
compared to 18 ps in vacuum simulations. The biggest difference is seen at low temperatures,
particularly at T =300 K. This is most likely due to the inhomogeneity of scCO, as T =300 K

is very close to the critical point of COx.
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Figure 6.17. Dependence of the fast time component of the 2D VP autocorrelation function of the 1"
(solid lines) and 2" (dashed lines) layers on the temperature in the simulation of [100] interface of
different polymorphs.

6.6.2. Time of Residence

To assess the impact of scCO; on interfacial dynamics, we have computed the time of
residence (ToR) of CUR molecules in the first two layers of the [100] interface for all three
polymorphs (Fig. 6.18). In POLY-I, ToR values for the first and second layers remain nearly
constant over the full temperature range, indicating that scCO- stabilizes molecular positions
and limits interlayer exchange. In POLY-II, scCO; increases the ToR of molecules in the second
layer, effectively equalizing dynamics across the interface. A pronounced drop at ~450 K
coincides with the melting transition, followed by a smooth decline in ToR in the melt. For
POLY-III, ToR gradually decreases with temperature, with no sharp melting signature —
suggesting more progressive surface disordering. Overall, the presence of CO> dampens the
thermal sensitivity of ToR and promotes more uniform interfacial dynamics, particularly in

POLY-I and POLY-II.
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Figure 6.18. Dependence of the average time of residence of CUR in the designated layer of the [100]
interface of (a) POLY-I, (b) POLY-II and (c) POLY-III on the temperature.

6.6.3. Diffusion

To deepen our understanding of the interfacial dynamics, we computed the lateral (D=) and
perpendicular (D1) diffusion coefficients of CUR molecules for the three polymorphs at the

[100] crystallographic plane in the presence of supercritical CO». The results are presented in

Fig. 6.19.

Across the entire temperature range considered in our molecular dynamics simulations,

two clear trends emerge:

e Lateral diffusion (D=) consistently exceeds perpendicular diffusion (D.) for all three
polymorphs. This anisotropy reflects restricted movement across the interface normal,
likely due to stronger confinement in the direction perpendicular to the surface.

e Both D= and D1 are significantly higher than those observed at the vacuum interface,
indicating that the presence of CO> enhances molecular mobility, possibly by reducing

surface tension or disrupting cohesive interactions.

Another key observation is that the diffusion coefficients are nearly identical in the first
and second interfacial layers, suggesting similar dynamic environments in these two layers and

a lack of strong layering in terms of mobility constraints.

Finally, among the three polymorphs, POLY-III exhibits the highest onset temperature for
perpendicular diffusion, indicating that its interfacial structure resists out-of-plane molecular
motion more effectively than POLY-I and POLY-II. This delayed activation of perpendicular
diffusion may be linked to stronger cohesive interactions or more rigid conformational states in

the crystalline regime of POLY-IIL
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Figure 6.19. Temperature dependence of the lateral (blue lines) and perpendicular (green lines)
diffusion coefficients of CUR molecules within the 1*' (solid lines) and 2" (dashed lines) layers of [100]
interfaces of (a) POLY-1, (b) POLY-II and (c) POLY-IIIL
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6.7. Conclusions

The presence of supercritical CO; at the interface of CUR polymorphs induces profound
and polymorph-specific changes in both structural organization and molecular dynamics across
the temperature range from 350 K to 600 K. Compared to the vacuum interface, scCO; acts as
a plasticizing agent, facilitating molecular mobility, modulating conformational preferences,

and reshaping interfacial cohesion.

The conformational fractions (CONF-1, CONF-2, and CONF-3) respond differently to
scCOz across polymorphs:

e In POLY-I, the presence of scCO2 lowers the onset temperature for conformational
transitions (especially for CONF-1), without altering the overall sequence of transitions
compared to vacuum.

e In POLY-II and POLY-III, scCO; promotes an earlier and more pronounced transition
from CONF-2 to CONF-3, suggesting that scCO, stabilizes CONF-3 and destabilizes
CONF-2. This is particularly evident in the first interfacial layer, with a thermal lag
observed in the second layer.

e In all polymorphs, the fraction of CONF-1 becomes systematically higher in the melt
when scCO:z is present, indicating enhanced conformational freedom or stabilization of
more flexible conformers.

e The average number of hydrogen bonds is slightly lower in the presence of scCO: in the
crystalline regime but follows a more gradual decline upon melting.

e In POLY-IL the interlayer hydrogen bonding is enhanced at low temperatures.

e The shift in conformational distributions is strongly correlated with changes in hydrogen
bonding networks — particularly the loss of CONF-2, which typically supports more H-
bonding interactions.

e The average distance to nearest neighbors increases progressively with temperature,
with a more pronounced expansion in the second and third layers compared to the first.
This is indicative of onset of disorder beneath the interface.

e The fluctuations of these distances are also enhanced under scCO», especially in POLY -
IT and POLY-III, reflecting the increased local dynamics introduced by the fluid
medium.

e In scCO,, the weakening of ES interactions in the melt phase occurs more gradually.
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e In POLY-II, scCO seems to destabilize interlayer interactions at lower temperatures
but strengthens within-layer L] interactions, suggesting a restructuring of interfacial
packing.

e The surface tension of POLY-I and POLY-III drops sharply around 450 K in the
presence of scCO», mirroring the behavior in vacuum, but at slightly lower values,
implying a softening of the interface.

e For POLY-II, the surface tension displays a temporary increase near 450 K, suggesting
interfacial reorganization prior to collapse.

e The effective surface area per molecule is generally smaller in scCO> than in vacuum
for POLY-I and POLY-III, indicating tighter molecular packing at the interface, while
POLY-II shows minimal difference, implying a more disordered or looser interface
under both conditions.

e ToR values are more stable across temperature in the presence of scCO3, in contrast to
the gradual decline observed in vacuum, especially in POLY-I.

e In POLY-II, the presence of scCO> equalizes ToR across the first couple of layers,
suggesting enhanced dynamic uniformity and possibly more homogeneous interfacial
structure.

e POLY-III still exhibits a gradual ToR decrease, but without sharp transitions, suggesting
a progressive interfacial softening under COx.

e Both lateral (D=) and perpendicular (D1) diffusion coefficients are higher in scCO; than
in vacuum, confirming that CO, enhances mobility.

e D-=>D. in all cases, indicating preferential in-plane motion, but the onset temperature
for D1 >> 0 1s highest in POLY-III, highlighting its more rigid interfacial structure.

e The similarity in diffusion between the first and second layers indicates that scCO>

reduces dynamic stratification at the interface.

Supercritical CO2 acts then as a modulator of interfacial properties, reducing the barriers
to conformational transitions, weakening long-range hydrogen bonding, and facilitating
enhanced local mobility. These effects are polymorph- and orientation-specific, with POLY-II
showing the strongest scCO»-induced reorganization and POLY-III maintaining relative
rigidity. Understanding these behaviors provides critical insight into polymorph stability,
interfacial crystallization, and transformation pathways, especially under process conditions

relevant for pharmaceutical formulation or CO»-assisted crystallization technologies.
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CHAPTER 7
CONCLUSIONS

I n this chapter, we summarize the results of the thesis, how they related to the stated
objectives and goals, as well as give a brief overview of the perspectives and possible

continuations of this research.
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CHAPTER 7. CONCLUSIONS

7.1. Conclusions

The present thesis was part of the project aimed at investigating the role of the surface

properties of APIs, and, more broadly, all aspects of polymorphic transformations of said APIs.

Each chapter contains conclusions specific to that stage of research. Overall, we have:

Developed several new algorithms, including conformational assignment, effective
surface area computation and more.

Implemented many of the existing MD analysis algorithms, such as nearest
neighbor distances and pair interaction energies.

Parametrized and tested a force field model of CUR that can describe
thermodynamic and conformational transformations, as well as tested CO2, H2O
and NH3 models on their ability to reproduce critical point properties.

Shown that there are stark molecular level differences between 3 polymorphs of
CUR, their organization and their structural properties. We have shown the impact
of the interplay between hydrogen bonding and n-w stacking.

By investigating vacuum interfaces of CUR polymorphs, we have demonstrated the
importance of both the 15" and 2" layers, as well as differences between them. We
have also shown the difference between various interfacial planes and concluded
that interfacial structure can matter as much as conformational distribution.
Finally, we have shown that SCFs can increase the solubility of CUR, and decrease
its melting point by 25 K — 50 K. It turned out that SCFs negate some of the
difference in the structuration of different interfaces allowing clearer examination

of the role of conformational changes on the overall polymorphic transformations.
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7.2. Perspectives

In the course of this research, a few questions still remained unanswered and even more

were raised. Below we summarize few possible continuations of the CUR-scCO; interface

research that could help answer them:

Analysis of CUR interface with different SCFs in order to check if the impact of
different fluids would be bigger, especially considering that scCO: is one of only
few LJ-dominated ones.

Simulation of CUR interface with a mixture of multiple fluids. By picking fluids
with different critical temperatures and pressures one should be able to find a
mixture that would have its critical point right around the melting point of the CUR
interface. This would maximize the impact of the density inhomogeneity of the
SCFs.

Ab Initio MD simulation of CUR in order to better understand the m-stacking
behavior and its impact on the conformational transformations below the melting
point.

Ab Initio MD 1n order to simulate keto-enol transition of CUR and establish how
much role it could potentially play.

Conformational analysis with more complex algorithms and bigger number of
conformations. Development of some kind of algorithm of selecting the most
important conformations on the fly.

Simulation of more fluid interfaces of different API that are structurally similar to
CUR in order to establish more generalized trends.

Simulation of CUR crystallization with the use of metadynamical methods.
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