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ABSTRACT: The potential of nontoxic elastomers like polydimethylsiloxane (PDMS) and bioceramic hydroxyapatite
(HA) crystals has been demonstrated in numerous advanced applications. However, their crosslinking behavior in a
composite system has not yet been modeled through simulation. Therefore, we employed a simulation-based approach
to construct initial unit cell models of PDMS and HA, and for the first time, created PDMS-HA molecular structures
using Materials Studio (MS) software. Molecular dynamics (MD) methods were applied to gain deeper insight into the
structural framework and physical properties of PDMS, HA, and PDMS-HA composite. Equilibrium state via Forcite,
physical, chemical, and thermal properties via VAMP, and density distribution factors via MesoDyn, were determined
by MD simulations employing MS software. The Forcite analysis indicated that during dynamic simulations, the kinetic
and non-bond energies of PDMS and HA molecules were more stable than their potential energy, whereas the MesoDyn
simulation performed much faster and efficiently. Furthermore, this study investigated the influence of PDMS-HA
crosslinking mechanisms on various material properties. Energy calculations revealed that the PDMS-HA molecular
structure exhibited greater stability over the examined time period compared to pure PDMS and HA. Notably, the
thermal performance, particularly the entropy of PDMS-HA, improved by 93.33% and 31.82% relative to PDMS and
HA, respectively.
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1 Introduction

Thermoplastic polymers [1,2] have widely been used in various engineering and medical applications
owing to their favorable electrical, thermal, and mechanical characteristics [3,4]. These polymeric materials
typically exhibit high electrical resistance but low thermal conductivity. In materials science, molecular
simulations are used to explore the potential of combining different material bonds and to predict their
properties. Molecular simulation research has been conducting for several decades. During this period,
researchers developed some reliable and specialized methods for modeling systems based on scale, state
of matter, and other influencing factors. The two main simulation approaches used to study the material
properties are continuum-based and atomistic-based methods [5-7]. Consequently, it is highly important
to investigate how the temperature affects binding energy and mechanical behavior of materials. To study
the properties and energy of polymer structures via molecular dynamics (MD) simulations, Materials Studio
(MS) software is widely regarded as one of the most effective simulation tools [8-11].
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MD is widely employed in advanced computational materials research to understand the materials
behavior at atomic and molecular scales. MD simulation is also a popular computational method for
examining the intrinsic properties of both crystalline and amorphous materials [12,13]. Composites with their
exceptional strength-to-weight ratio, corrosion resistance, and high-temperature performance compared to
a monophase material (metal, alloy, polymer or ceramic) are therefore extensively applied in aerospace,
biomedical, and defense fields. Specially in metals or alloys, the dislocations present in the crystals or
lattices significantly influence their mechanical properties [14]. Recently, several MD techniques have
increasingly been used to study high-energy-density materials, high-entropy materials, and various novel
energetic materials. Many researchers focus on system minimization or optimization studies using MD
simulations. For instance, structural optimization is commonly performed after constructing a molecular
model. Modeling a structure often generates a high-energy molecule, and simulations are typically initiated
from the optimized structure to identify accurate characteristics of its various parameters. BIOVIA Materials
Studio provides multiple optimization methods, including conjugate gradient, steepest descent, and Newton-
Raphson approaches. Computational simulations serve as valuable tools for gaining deeper insights into
molecular dynamics and overcoming experimental limitations. In particular, mesoscopic dynamics (Meso-
Dyn) simulations are employed as a powerful analytical tool for investigating polymer material properties
and their dynamic evolution under realistic conditions [15,16].

The process of crystallization is largely influenced by its surrounding environment. Different factors
such as confinement and solution composition are known to affect various aspects of crystal formation.
Hydroxyapatite (HA), with the molecular formula [Ca;((PO4)s(OH),] is a key biomineral component of
bone [17-19]. Consequently, there is considerable interest in understanding the structure, dynamics, and
reactivity of fluids around HA nanoparticles to gain insights into human bone. It is well established that water
exchange around the constituent cations (Ca** in HA) is the rate-limiting step in the growth of ionic crystals
from aqueous solutions. MD simulations of mineral-water interfaces provide a valuable tool for probing the
mechanisms that govern crystallization [20].

Nontoxic elastomers such as polydimethylsiloxane (PDMS), with the chemical formula
CH;[Si(CH3),0],Si(CHs);, where ‘1’ represents the number of repeating units, are among the most
widely used versatile polymers in the organosilicone group [21,22]. While siloxanes generally interact
with their surroundings, PDMS is biocompatible, non-toxic, and relatively inert. Its mechanical properties
are attracted significant attention in recent years, particularly for microfluidic devices, which can be
easily and economically produced with varying degrees of crosslinking. The phase behavior, structural
parameters, and temporal evolution of PDMS polymers have been studied by simulating their aggregation
in aqueous solutions using the MesoDyn technique [23-25]. This polymer is widely utilized due to
its excellent mechanical strength, high dielectric properties, thermal stability, and consistent electrical
performance. Given the growing demand for this material, researchers focus on methods to enhance its
overall performance, including incorporating nanoparticles to improve specific properties for targeted
applications. With recent advancements in computational technology, MD simulation has become an
essential tool for investigating material behavior at specific scales [26-29]. Consequently, MD simulation
serves as a key technique for predicting the mechanical properties of polymeric materials. Materials Studio
(MS), a widely used materials science simulation software developed by Accelrys (USA), has been applied
extensively across pharmaceutical, petrochemical, automotive, aerospace, and educational research fields.
The software provides a comprehensive implementation of advanced simulation techniques, including
molecular dynamics (MD), Monte Carlo (MC), quantum mechanics (QM), dissipative particle dynamics
(DPD), and others. It facilitates the realization of three-dimensional (3D) molecular modeling and structural
optimization. The Microsoft-standard user interface of Materials Studio software offers an effective platform
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for analyzing results, allowing precise control through its parameter settings and control panel. MS software
mainly allows multiscale modelling to customize material properties. VAMP can predict the electronic
features including HOMO (i.e., highest occupied molecular orbital) and LUMO (i.e., lowest unoccupied
molecular orbital) gaps, and chemical reactivity using semi-empirical quantum mechanics for organic
light-emitting diode (OLED) and pharmaceutical design. On the other hand, Forcite analyses atomistic
interactions using classical molecular dynamics to determine aircraft composite and lubricant mechanical
strength and adhesion levels. In contrast, MesoDyn simulates mesoscale morphology using dynamic density
functional theory (DFT) to forecast mixture stability or phase separation. This is essential for optimizing
nanocomposites and consumer emulsions (viz., food, cosmetics, pharmaceuticals, and so on). These
techniques link electrical structure to bulk performance in real-world production, allowing researchers to
make virtual prototype materials and save experimental costs.

In this context, the crosslinking behavior in a composite system consisting of PDMS polymer and HA
ceramics has not yet been modeled through simulation. Some MD studies have examined polymer-based
composite interfacial interactions, but they focused on non-reactive systems, physical adsorption mecha-
nisms, or composite systems without explicitly modelling the crosslinking process. The first simulation-based
unit cell models of PDMS, HA, and PDMS-HA molecular structures were created using Materials Studio
(MS) software in this study. The present study is the first to directly mimic molecular crosslinking between
PDMS chains and HA surfaces. This study models the reactive crosslinking mechanism in the presence of
filler material (HA), quantifies how the HA surface affects network formation, interfacial bonding, and struc-
tural evolution, and provides atomistic insight into how crosslink density and interactions affect composite
mechanical and structural properties. This study simulates PDMS/HA composite interface chemistry more
realistically than prior non-reactive polymer simulations by including reactive interactions and specifically
tracking network development near the HA surface.

Therefore, the present study primarily focuses on understanding the structural changes, interactions,
and energetics of molecules. Specifically, it investigates silicone derivatives with porous bioceramic powder
substituents attached to the silicone chain. The main objective of this study is to determine their adsorption
behavior on phosphorus surfaces, adsorption capacity, and active sites using MD simulations, while exam-
ining properties such as crosslinking/bonding effects, bond lengths, bond angles, and torsion angles, along
with quantum chemical parameters including deformation energy, kinetic energy, potential energy, non-
bond energy, and total energy at optimized geometries within the Materials Studio (MS, BIOVIA Software)
environment. Additionally, the thermal properties and scattering behavior of the PDMS-HA composite
molecular structure are analyzed. Molecular structural models were constructed in MS software, where all
calculations were performed. The molecular simulations were carried out using the VAMP, Forcite, and
MesoDyn modules, and these MD methods were applied to evaluate the thermal, physical, and chemical
characteristics and energies of PDMS, HA, and PDMS-HA composite molecular models under different
conditions using MS software.

2 Modeling of Molecular Structure
2.1 Molecular Structure of PDMS

PDMS elastomer was prepared as the polymer material. Its molecular structure, represented as a
“ball-and-stick” model of the PDMS repeat unit, was constructed using Materials Studio software, as
shown in Fig. 1 [3]. The PDMS molecular structure, represented by the empirical formula (C,HgOSi),
was developed.
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Figure 1: Molecular model of pristine PDMS.

2.2 Molecular Structure of HA

To create hydroxyapatite as a porous bioceramic material, MS software was used to construct the
molecular structure of the HA repeat unit in a “ball-and-stick” model, as shown in Fig. 2 [3]. The molecular
structure of HA represented by the empirical formula Ca;(PsO,6H, was developed.
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Figure 2: Molecular model of HA.

2.3 Molecular Structure of PDMS-HA

To create the PDMS-HA crosslinked composite material, the “ball-and-stick” molecular model of the
PDMS-HA repeat unit was built in MS software, as shown in Fig. 3 [3]. The molecular structure of PDMS-HA
represented by the empirical formula (C,HgOSi),-Ca;oPsO,6H, was constructed.

The PDMS-HA repeat unit (C,HgOSi),—Ca;oPsO,6H, forms a representative polymeric chain, con-
structed with an appropriate degree of polymerization. Previous studies showed that a polymer chain
containing ten to fifteen repeating units meets accuracy requirements. After careful analysis and validation of
the simulation, the researcher selected ten repeating units or monomers for the polymer chain. Therefore, the
present PDMS-HA bonding structure was designed as a polymeric chain comprising a total of ten monomer
units. The PDMS-HA molecular structure model was then initialized in the dynamic module using the
Forcite module.
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Figure 3: Molecular model of PDMS-HA.

3 Simulation Steps of Materials Studio

The steps for constructing the molecular model and performing calculations [5,6] in molecular
simulations using MS software are schematically illustrated in Fig. 4.
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Figure 4: Steps for molecular simulation and calculation of PDMS-HA.

The molecular structure of the polymer and porous bioceramic material was determined using the
MD simulation technique. Based on the input parameters listed in Table 1, the required model and particle
sizes were obtained. It was necessary to adjust the simulation time according to the size of the molecular
structure. The MD simulation results include progress reports, molecular size diagrams, and result files. The
simulation methodology, techniques, and parameters used in MS software for the materials in this study
are summarized in Table 1 [9]. Molecular dynamics simulations were performed using the Universal Force
Field (UFF). PDMS chains consisting of repeat units were constructed and introduced into the simulation
cell containing hydroxyapatite. After structural optimization, simulations were conducted under the NVE
ensemble. The total simulation time step was 0-50 ns. These parameters were selected to ensure structural
equilibration and stable energy convergence of the system.
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Table 1: Methodology and parameters employed in PDMS-HA.

Materials Methodology Simulation Method Parameters
Topology: A4 B4
PDMS-HA MesoDyn Mixed-Density and Potential Bead Diffusion Coeflicient:

1x 1077 cm?/s
Ensemble: NVE
Force Field: Universal
SCF Quality: Medium
PDMS-HA VAMP Geometry Optimization Hamiltonian: NDDO: MNDO
Properties: Frequency

PDMS-HA Forcite Dynamics/Geometry Optimization

Note: NDDO: Non-delocalized diatomic differential overlap, MNDO: Modified neglect of diatomic overlap.

4 Results and Discussion

4.1 Physical, Chemical and Thermal Molecular Properties via VAMP

In this study, convergence was evaluated by performing geometry optimization of PDMS, HA, and
PDMS-HA using the VAMP method, as illustrated in Fig. 5. The molecular property results indicate
that both PDMS and HA gradually approach convergence and achieve stability as the number of opti-
mization steps increases. Accordingly, the PDMS-HA model was developed and subjected to geometry
optimization simulation.

Fig. 6 illustrates the relative differences in enthalpy and entropy for PDMS, HA, and PDMS-HA as
representative examples. The heat capacity, enthalpy, and entropy were determined using the VAMP method,
and the results demonstrate a linear dependence of these properties on temperature (Fig. 6). The thermal
properties of PDMS and HA were also calculated using the VAMP approach. At 700 K, the heat capacity
of PDMS-HA (305 cal/mol-K) was compared with the corresponding values of PDMS (145 cal/mol-K) and
HA (225 cal/mol-K). Likewise, the enthalpy of PDMS-HA (150 kcal/mol) was evaluated against PDMS
(55 kcal/mol) and HA (110 kcal/mol) at the same temperature. In addition, the entropy of PDMS-HA
(580 cal/mol-K) was compared with PDMS (300 cal/mol-K) and HA (440 cal/mol-K) at 700 K. Although
biomedical applications operate near physiological temperatures (~310 K), the thermodynamic properties
were evaluated up to 700 K to investigate the thermal stability and structural resilience of the PDMS-HA
composite. Elevated temperatures in molecular dynamics simulations facilitate enhanced conformational
sampling and provide insight into the robustness of interfacial interactions under extreme conditions.
The results therefore reflect intrinsic thermodynamic trends rather than direct physiological behavior. The
thermodynamic properties at elevated temperatures were intended to evaluate intrinsic thermal stability
and temperature-dependent trends rather than direct biomedical operating conditions. The composite’s
thermal ceiling and structural endurance at high temperatures depend on these conditions. HA particles
“pin” PDMS chains against heat degradation because the PDMS-HA composite has higher entropy than
its constituents. Curing energy when cooling to body temperature is estimated by enthalpy. Heat capacity
measures energy dissipation during sterilization or high-energy laser protection, determining thermal shock
resistance. Interfacial stability and manufacturing constraints are essential for biomedical coating reliability.
These results indicate that, in terms of entropy, the thermal performance of PDMS-HA is 93.33% higher than
that of PDMS and 31.82% higher than that of HA. In this context, recent breakthroughs in self-healing and
high entropy materials coating include atomic-scale selective oxidation and crack-sealing [30]. It could useful
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for predicting the self-healing and mechanical bonding properties of the PDMS-HA composites, which were

developed by previous studies.
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Figure 5: Convergence obtained from PDMS-HA after geometry optimization run for (a) PDMS, (b) HA, and
(c) PDMS-HA composite molecules.

The structural changes in the PDMS-HA molecules following the VAMP process indicate notable
variations in bond length, bond angle, and torsional effects, as presented in Table 2.

The geometry optimization results, including energy and gradient norm (i.e., a potential energy
gradient’s magnitude in relation to the atomic locations) values obtained from the VAMP process for PDMS,
HA, and PDMS-HA molecules, are presented in Table 3. It can be observed that the energy of the PDMS
molecular model is higher than that of HA for each molecule during geometry optimization.

4.2 Equilibrium of States via Forcite Method

To thoroughly analyze the static equilibrium state of the PDMS-HA molecular structure, the system
must undergo dynamic simulation over time before reaching equilibrium. Both temperature and energy
are used together to assess the equilibrium condition of the molecular structure. As the system approaches
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equilibrium, fluctuations in temperature and energy are observed. As shown in Fig. 7, the static potential
energy and total energy initially increase, then fluctuate within a defined range, and eventually stabilize as
time progresses for both PDMS and HA molecules. The system is considered to have reached equilibrium
when the energy variation falls within +5%-10%.
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Figure 6: Thermal properties including entropy, heat capacity and enthalpy obtained from VAMP MD simulation for
(a) PDMS, (b) HA, and (c) PDMS-HA composite molecules.

Table 2: Chemical structure parameters obtained from PDMS-HA after VAMP process.

Atom Bond Length (A) Bond Angle (°) Max Twist Angle (°)
C42 1.94 156.80 284.92
Hel 1.14 100.86 337.88
029 1.37 134.18 354.83
Si41 5.69 160.85 222.83
P8 1.84 150.05 239.74

Ca40 2.40 150.24 180.00
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Table 3: Geometry optimization obtained from PDMS-HA after VAMP process.

VAMP Processing Status
Job Name PDMS HA PDMS-HA
Task Geometry Optimization Geometry Optimization Geometry Optimization
Optimization Step 1001 677 1001
Gradient Norm 1.448 kcal/mol/A 0.384 kcal/mol/A 9.784 kcal/mol/A
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Figure 7: Energies (viz., total energy, potential energy, kinetic energy and nonbonded energy) curves for (a) PDMS,
(b) HA and (c) PDMS-HA after dynamics run using Forcite method.

The energy profile obtained after the dynamic run indicates that PDMS and HA molecules produce
lower kinetic energy compared to their potential and/or total energy. Furthermore, both kinetic and
potential energies are significantly lower than the nonbond energy observed during the dynamic simulation.
Therefore, when using the Forcite method, the kinetic and nonbond energies are more stable than the
potential energy for both PDMS and HA molecules during dynamic runs [31]. The stability of the PDMS-HA
system was evaluated based on interfacial interaction energy rather than total energy alone. The total energy
profile primarily confirms structural equilibration of the system. Despite less fluctuations in total energy for
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PDMS-HA system confirm system equilibration (see Fig. 7¢), but they do not directly quantify interfacial
stability. Interfacial energy evaluates the specific “affinity” between the two PDMS and HA phases on the
other hand, the crosslink density measures the network connectivity formed by water elimination. Interfacial
stability cannot be inferred solely from total energy behavior and would require calculation of binding or
interaction energies. The binding energy mainly depends on the potential energy of the material. In the
PDMS-HA composite, the binding energy can be evaluated by the difference between potential energy of the
composite and the combined potential energy of HA and PDMS. Therefore, binding energy can measure the
strength of interaction between PDMS and HA. A more negative binding energy indicates stronger adhesion
and enhanced interfacial stability.

The variation in the radius of gyration was analyzed during the simulation to better understand the
molecular structural behavior of PDMS and HA beads at different concentrations. As illustrated in Fig. 8,
the radius of gyration initially increases, followed by fluctuations within a certain range until it reaches a
maximum value. Larger radius of gyration values indicates that the PDMS and HA molecules are oriented
perpendicular to the interface. More pronounced fluctuations are observed at lower concentrations, as the
interface has not yet reached saturation with PDMS and HA molecules. The overall increase in the radius
of gyration suggests that the polymer chains become more extended. Once the interfacial region becomes
saturated with PDMS and HA molecules, fewer variations are observed at higher concentrations, as shown
in Fig. 8. The magnified image in Fig. 8, which depicts molecular orientation at the interface, indicates that
HA molecules are dispersed within and interact with the PDMS matrix. Additionally, the radial distribution
function, g(r), representing interactions between non-bonded atoms in PDMS-HA, describes the probability
of finding neighboring particles at a distance r (radius of gyration) from a reference particle.

The dynamic energy values of PDMS and HA molecules are presented in Table 4. It is observed that,
during dynamic simulation, the energy levels of HA molecules are higher than those of PDMS molecules in
both the initial and final states.
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Figure 8: (Continued)
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Figure 8: Distribution function vs. Radius of gyration (i.e., probability density) obtained from MD simulation for
(a) PDMS, (b) HA, and (c) PDMS-HA composite molecules.

Table 4: Summarized energies obtained from PDMS-HA after dynamics run.

. . Total Energy Potential Energy Kinetic Energy
D Material
ynamics Summary ateria (kcal/mol) (kcal/mol) (kcal/mol)
... PDMS 1643.026 1554.198 88.828
Initial
HA 5027.296 4989.988 37.308
Final PDMS 1777.199 586.293 1190.906
HA 11,402.598 7123.915 4278.683
Average + Standard PDMS 1775.446 + 44.760 957.796 + 259.816 817.650 + 292.282
Deviation HA 6878.95 + 2872.410  4297.041 + 1637.790  2578.909 + 1943.975

The dynamic total energy values of the PDMS-HA composite molecules are presented in Table 5. It
shows that during dynamic simulation, the energy of the PDMS-HA molecules is lower than that of both
PDMS and HA molecules as obtained from geometry optimization runs.

Table 5: Summarized total energy obtained from PDMS-HA after geometric optimization run.

Dynamics Summary of PDMS-HA

Total Energy 826.807726 kcal/mol
Valence Energy 833.713 kcal/mol
Bond 6.529 kcal/mol
Angle 793.265 kcal/mol
Non-Bond Energy —6.905 kcal/mol
van der Waals —6.905 kcal/mol
RMS Force 4.691 x 107°! kcal/mol/A

Max Force 1.830 x 107°° kcal/mol/A
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4.3 Dynamic Density Function via MesoDyn Method

Density functional theory (DFT), based on the assumption that the free energy of an inhomogeneous
liquid depends on the local density function, serves as the fundamental principle of the MesoDyn approach.
All thermodynamic properties can be derived from the free energy. In this method, each bead corresponds to
aspecific component type and represents covalently bonded groups of atoms, such as one or several structural
units of a polymer chain. The technique dynamically updates the component density fields according to
Langevin noise and chemical potential gradients [32]. In MesoDyn simulations, two sets of parameters must
be defined to describe the chemical nature of the system: the chain topology in terms of repeat segments
(or beads) and the interaction energy between different components. For the first set, MesoDyn uses a
Gaussian chain representation with springs and beads. Each bead in the Gaussian chain acts as a statistical
unit representing several actual monomers, and different bead types correspond to distinct components. The
chain topology depends on the degree of coarse-graining applied to the original system, while the springs
model the stretching behavior of chain fragments. Since both parameters must be integers, the Gaussian
chain A4B4 was chosen for the PDMS-HA system. Here, A4B4 denotes a coarse-grained model in which A
represents 4 PDMS particles or molecules and B represents 4 HA particles or molecules within a composite
polymer chain. This approach allows MesoDyn simulations to model large systems at a mesoscopic scale
while maintaining computational efficiency.

Fig. 9 shows the fluctuation of the order parameters for beads A and B of the PDMS-HA composite
molecule over time steps ranging from 0 to 50 ns. Consequently, the order parameter of the beads in the
composite system increased as the aggregation process advanced. The figure clearly illustrates the two-stage
bead formation process. In the first stage (bead A), the order parameters approach 0, indicating that the
components of the system are widely dispersed. During the second stage (bead B), the order parameters of
each component increase significantly, reflecting the formation of ordered aggregates. At this stage, the order
parameter fluctuates within a narrow range rather than remaining constant. Fig. 9 shows that the initial stage
for bead B is nearly equivalent to that of bead A [16]. It is to be noted that although MesoDyn simulations
are less accurate and stable compared to atomistic MD simulations, the MesoDyn method is much faster
and can efficiently cover longer timescales. The atomistic MD simulations provide detailed insight into the
interfacial interactions between PDMS chains and hydroxyapatite, including binding energies, hydrogen
bonding behaviour, and local structural organization. These molecular-level interactions determine the
thermodynamic compatibility between the two components. Based on these interaction characteristics,
MesoDyn simulations were employed to investigate the molecular-level interactions influence mesoscopic
morphology, including phase distribution and domain evolution. In this way, the mesoscopic results do
not stand independently but rather extend the atomistic findings to larger length and time scales, enabling
prediction of dispersion quality and structural homogeneity in the composite. MesoDyn mainly works on
the mesoscale, which ranges from nanometres to micrometres. It predicted the organization of the polymer
chains and ceramic particles over a longer period and volume. In contrast, Forcite functions at the atomistic
level (angstroms to nanometres). It computed certain interactions, such as the van der Waals forces and the
covalent Si-O-P bonding.

The free energy density, defined as energy per unit volume (~RT/V, where R is the universal gas constant
in kcal/mol-K, T is the absolute temperature in K, and V is the molar volume in A®) for PDMS, HA, and the
PDMS-HA composite molecules calculated during the MD simulations, is presented in Fig. 10. Compared to
values obtained after 25 ns, the optimized conformations of HA adsorbed on PDMS surfaces show minimal
conformational changes by the end of the MD run, resulting in a nearly linear curve. This is important
because the adsorption process is influenced not only by the specific surface chemistry of the crystalline
polymer exposed to the bioceramic powder but also by the relative size of the crystalline facets over time.
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Surface area plays a critical role in adhesion, particularly over extended timescales. Fig. 10a depicts the free
energy density for PDMS. The curve begins slightly above 0.3727 kcal/A* and gradually decreases over time,
reaching approximately 0.3715 kcal/A® at around 49 ns, indicating a reduction in free energy density with
time. Fig. 10b shows the free energy density for HA. The curve starts at ~0.3719 kcal/A?, rises slightly to
~0.3722 keal/A? at 12 ns, peaks near 0.3725 kcal/A3 at 23 ns, and then decreases to 0.3715 kcal/A3 by ~49 ns.
The fluctuations reflect the presence of stronger intermolecular interactions, such as hydrogen bonding or
ionic forces. Fig. 10c presents the free energy density for the PDMS-HA composite. The curve starts at a high
value of ~0.3727 kcal/A® and decreases similarly to PDMS, but the decline is slightly more gradual, reaching
as 0.3718 kcal/A> at ~30 ns due to the incorporation of the bioceramic material. At equilibrium (~30 ns),
the free energy densities for PDMS-HA, PDMS, and HA are 0.3718, 0.3720, and 0.3719 kcal/A?, respectively,
indicating that the equilibrium free energy density of PDMS-HA is 0.054% and 0.027% lower than that of
PDMS and HA, respectively. These modest percentage shifts occur in this simulation since it uses coarse-
grained beads and mean-field density functionals instead of discrete atoms. It is to be noted that although the
change in equilibrium free energy density (0.054% and 0.027%) seems very small, but the thermodynamics
indicates that a negative shift in free energy (AG < 0) implies that the “mixed” state is more stable than
the “separated”. In the PDMS-HA composite, the PDMS polymer chains and HA ceramic molecules form a
novel interaction due to the newly formed interfaces. The polymer chains with a high affinity for the ceramic
surface (owing to Van der Waals forces, hydrogen bonding, or electrostatic interactions) would release energy
resulting to a decreased system energy. The change in the equilibrium free energy density tends to more in
PDMS since the polymer chains near the HA ceramic surface often transition from a random coil to a more
“ordered” or adsorbed state. In comparison to the pristine polymer, this local densification or alignment may
result in a lower energy state of greater magnitude (0.054%). In contrast, the surface energy of HA ceramic is
often high and when the PDMS chains “wetted” the HA molecules (i.e., surface energy is partially met), they
helped only in “relaxing” the HA particle’s surface-atoms, led to decrease in equilibrium free energy density
at lower scale (0.027%).
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Figure 9: Stages of the order parameters for PDMS-HA molecular structure.
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Figure 10: Time evolution of the free energy density in kcal/A? for (a) PDMS (b) HA, and (c) PDMS-HA molecular
structure.

The Langevin equations were applied to account for the frictional and random forces in both equilibrium
and non-equilibrium dynamic systems, as summarized in Table 6. The step size factor is defined as 1 for a full
step, 0.5 for a half step, and 0.25 for a quarter step. In this context, polymer and porous bioceramic particles
undergo random motion due to the dynamics of the system. Based on the dynamic simulation results, the
molecular models of the studied molecules are updated according to classical mechanics, following Newton’s
or Hamilton’s equations (Eq. (1)) [33].

dv
m—— = Frotal

dt 1)

here, m represents the particle mass, dv/dt is the acceleration, v is the velocity, t is the time, and F is the force
applied to the particle. By using Eq. (1), the final results of the MD simulation within the MesoDyn method
are obtained. At each step of the random motion, the particle size factor may vary depending on the positions
of the atoms.
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Table 6: Integration of Langevin equations using Crank-Nicolson method of PDMS-HA.

Crank Nicolson Line Search
Iteration Norm Trial Number Norm Step Size Factor

1 0.146097 1

! 0.018054 2 0.015566 0.5
1 0.146375 1

2 0.015566 2 0.018944 0.5
3 0.001251 0.25
1 0.001542 0.5

3 0.001251 2 0.000390 0.25

4.4 Scattering Effect of Molecular Structure

The scattering behavior of PDMS, HA, and the PDMS-HA molecular structures is shown in Fig. 11.
Simulated X-ray scattering patterns, obtained using the scattering effect module of Materials Studio, reveal
the amorphous nature of PDMS through a broad, diffuse pattern, while HA displays weak oscillatory features
due to short-range crystalline order. In the PDMS-HA composite, the suppression and broadening of HA
diffraction features indicate strong interfacial interactions and disruption of long-range order, confirming
a homogeneous dispersion of HA within the polymer matrix. The contributions to the X-ray scattering
peaks are shown separately for PDMS (Fig. 11a), HA (Fig. 11b), and the PDMS-HA composite (Fig. 11c).
The simulated X-ray scattering patterns were analysed quantitatively by extracting peak positions. The
major diffraction peaks at 20 = 25.9°, 31.7°, and 32.9° correspond to the (002), (211), and (300) planes
of hydroxyapatite and are consistent with reported experimental data. Minor peak shifts observed in the
PDMS-HA composite suggest interfacial interaction induced lattice distortion. Changes in relative peak
intensities further indicate modifications in local structural ordering near the interface. The polymerization
peaks observed for PDMS, HA, and PDMS-HA primarily arise from intermolecular backbone-backbone
correlations. In the PDMS-HA composite, some sharp HA crystal peaks are still visible, while the lower-
intensity peak corresponding to the amorphous PDMS indicates interchain packing. The simulation results
using the united-atom model closely reproduce experimental X-ray scattering data, particularly capturing
the polymerization peak and the amorphous characteristics [34]. The properties obtained from MD simu-
lations closely matched with reported experimental data. For example, the peak positions of major X-ray
scattering peaks of the present simulated PDMS/HA composites evidently resembled the experimental XRD
results obtained in our reported study [34]. Small deviations are attributed to limitations of the force field,
finite-size effects, and idealized simulation conditions, but the overall agreement supports the reliability of
the molecular-level insights. This effect may result from the inclusion of explicit hydrogen atoms in the
PDMS-HA model, which influences the scattering pattern.

4.5 Cross Linking Simulation

To crosslink polymer chains, a chemical reaction must occur between them. Uncrosslinked polymer
chains are more mobile within the polymer matrix and are connected through crosslinking. Crosslinked
chains behave differently from uncrosslinked ones. Crosslinking enhances chemical and solvent resistance,
as the chains resist flow under stress and swell less in solvents compared to loose-chains. When two or
more molecules are covalently bonded, as illustrated in Fig. 12, a strong connection and durable structure
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are formed. Chemical modification involves attaching or removing functional groups to change solubility or
other properties of the original molecule. The chemical reaction between PDMS and HA is shown in Eq. (2).
In this reaction, water molecule can be eliminated after crosslinking occurs between the two molecular
models. Reactive silanol groups (-Si-OH) are present on PDMS chains, and surface hydroxyl groups exist on
HA, and a condensation reaction expressed in Eq. (3). Since the two oxygen-bearing groups unite to create
a stable siloxane-type bridge (Si—-O-P or Si-O-Ca complex), a water molecule (H,O) is eliminated.

(C2H6OSI)n + Caw (PO4)6 (OH)Z = (C2H6OSI)n - (C310P6026H2) (2)
Si—-OH + HO-surface — Si—-O-surface + H,O (3)
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Figure 11: Scattering effect of (a) PDMS (b) HA and (c) PDMS-HA molecular structure.

In this case, water elimination is chemically reasonable because it corresponds to a dehydration
condensation reaction, forming a Si-O-Ca or Si-O-P linkage. The interfacial interaction between PDMS
and hydroxyapatite is carefully analyzed from a chemical perspective. In the absence of reactive silanol
groups, the dominant interactions are hydrogen bonding and electrostatic attractions between the PDMS
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siloxane backbone and HA surface hydroxyl and calcium sites. Covalent bonding is only possible when
silanol-functionalized PDMS undergoes condensation with surface hydroxyl groups of HA, leading to Si-
O surface linkages accompanied by water elimination. Therefore, the nature of the interfacial interaction
depends on the chemical functionality explicitly introduced in the model. The crosslinking mechanism
was simulated by forming bonds between nearby reactive sites. After selecting a reactive OH group on
HA, adjacent reactive hydrogen sites on PDMS are identified. Bonds are then formed between the closest
available pairs, and new potential pairs are generated for subsequent reactions. At each step of the simulation,
bonds are formed between the pair of reactive sites (one on PDMS and one on HA) that are closest to
each other. Once a bond is formed, these two sites are removed from the pool of potential pairs, and
the distances between the remaining unreacted sites are recalculated to identify the next closest pair. This
process is repeated until the desired crosslinking density is reached. The system is relaxed using cycles of
molecular mechanics (MM) and molecular dynamics (MD) to remove any unfavorable interactions caused
by the formation of new bonds. Additionally, any potential chain spearing or ring catenation is detected and
removed from the system.

PDMS+HA

After Simulation_- Forcite After Simulation_- VAMP

Figure 12: Cross linking effect of PDMS-HA composite using Forcite and VAMP methods.

The polymer system (PDMS) was modeled in Materials Studio software using the chain growth method,
as illustrated in . The resulting composite system exhibits more natural characteristics with increased
amorphousness while retaining a certain degree of molecular crosslinking. Crosslinked polymer molecules
are packed into a periodic cell at a specified density, either manually or using an algorithm such as
the Amorphous Cell module in Materials Studio. Residual unreacted functional groups are then utilized
for final crosslinking, and molecular dynamics (MD) simulations are applied to relax and stabilize the
molecular structure.
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After Simulation_- Forcite After Simulation - VAMP

Figure 13: Cross linking effect of PDMS simulation.

The modelling method for porous bioceramic (HA) systems in Materials Studio software is illustrated
in . To relax the system, energy minimization was performed after 1000 steps of MD simulation.
The system was then analyzed to identify nearby reactive sites. Subsequently, residual unreacted functional
groups were utilized to complete the final crosslinking, and MD simulations were applied to relax the
molecular structure using the Forcite and VAMP methods.

Before Simulation

After Simulation_- Forcite After Simulation - VAMP

Figure 14: Cross linking effect of HA simulation.
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5 Conclusions

In this study, all molecular models of PDMS, HA, and PDMS-HA composites were constructed using
Materials Studio software. The crosslinking behavior between PDMS and HA in a composite system is
modeled through molecular dynamics (MD) simulations. The research primarily focused on investigating
the equilibrium states and energy of PDMS, HA, and PDMS-HA under different conditions using MD
simulations in Materials Studio. The results indicated that the total energy of PDMS-HA increased over
time, confirming that the PDMS-HA composite exhibits greater stability and compatibility compared to pure
PDMS and HA due to its consistent energy fluctuations. The intermolecular interaction energy between
PDMS-HA crystal surfaces was also found to be strong.

Phase behavior and mesoscopic structure analysis using the MesoDyn simulation method revealed that
the equilibrium energy density of the PDMS-HA composite is 0.054% lower than that of PDMS but 0.027%
lower than HA. Apparently, this change in energy is very small, but the composite’s thermodynamic stability
and interfacial bonding are enhanced by the interface of polymer chains and ceramic molecules. This change
comes owing to the differing surfaces as the PDMS polymer chains and HA ceramic molecules interact
differently in the composite. High-affinity polymer chains for ceramic surfaces lower the system energy
compared to the polymer. The local densification or alignment saves 0.054% energy over pure polymers.
In contrast, PDMS chains “wetted” and “relaxed” HA molecules or particles, lowering the equilibrium free
energy density 0.027% compared to HA ceramic. Furthermore, the crosslinking in PDMS-HA achieved
appropriate bond lengths, bond angles, and torsion angles compared to the original chemical structures of
PDMS and HA. These results suggest that the crosslinked PDMS-HA composite can serve as a stronger and
tougher coating or binder through chemically docking of two or more molecules via covalent bonds.

This research study provides molecular- and mesoscopic level insights into the interactions between
PDMS and hydroxyapatite, highlighting an interfacial bonding, crosslinking behaviour, and chain mobility
that govern composite structure and stability. While the simulations offer valuable guidance, certain limita-
tions, including simplified reactive assumptions, finite chain lengths, and high-temperature thermodynamic
evaluations, must be considered when extrapolating to experimental systems. Nevertheless, the findings
have direct implications for material design: optimizing PDMS functionalization and HA dispersion can
enhance adhesion, mechanical performance, and structural uniformity in biomedical devices, bone scaffolds,
and bioactive coatings. In recent studies, the advanced self-healing high entropy coating are investigated
by atomic-scale selective oxidation and crack-sealing methods. Furthermore, the multiscale simulation
approach demonstrates a pathway to bridge molecular-level understanding with mesoscopic morphology,
providing a framework for rational design of PDMS/HA-based self-healing composites.
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