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Abstract  
 

Molecular dynamics (MD) simulations were conducted to investigate the interactions at 

the interface between aqueous solutions and hydrophobic polytetrafluoroethylene (PTFE), 

filling significant knowledge gaps in the literature and providing novel insights into the 

atomic-level interactions of water with planar hydrophobic interfaces. 

First, force field parameters for Titanocene Dichloride (TD) and PTFE were developed to 

address gaps in TD research and to validate PTFE simulations against experimental data. 

Subsequently, the effects of salinity and temperature on water droplet wettability were 

investigated, showing that PTFE’s hydrophobicity increases with higher salinity and 

temperature. Observations revealed ion segregation away from the PTFE surface, offering 

crucial insights into disruptions in water structuring and changes in droplet spreading. 

Lastly, a new interfacial system was designed to simulate interactions between saline and 

pure water slabs on both porous and non-porous PTFE membranes. This led to novel 

findings on vapor bridge formation, slab-induced bending, variations in pore contact 

angles, and ion segregation. Salinity was found to prolong vapor bridge persistence, delay 

coalescence, increase deformation, and result in higher ion concentrations within the 

porous region. These findings will deepen the understanding of water slab interactions with 

hydrophobic surfaces and help advance desalination and membrane technology. 
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Chapter 1: Introduction  

 

1.1. Motivation 

The interaction between water and planar hydrophobic surfaces is crucial in many 

industrial and environmental processes, such as water desalination and microfluidic 

technologies. Contact angles measure hydrophobicity and surface wettability. Figure 1 

shows a hydrophobic surface on the left with a contact angle (𝜃) greater than 90°, where 

the droplet forms a near-spherical shape, typical of water-repellent surfaces. On the right, 

a hydrophilic surface has a contact angle of less than 90°, where the liquid spreads and 

adheres more. Larger contact angles indicate hydrophobicity, while smaller angles indicate 

hydrophilicity. 

 

Figure 1. Illustration of Contact Angle and Wettability: Hydrophobic vs. Hydrophilic 
Surfaces. 
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Despite extensive research on water desalination at the macroscale, atomistic level 

investigations remain incomplete, and water interactions at a confined planar hydrophobic 

interface at these scales are still poorly understood. This incompleteness has left many 

unresolved questions that continue to be actively debated in the literature: Does a vapor 

gap form between the water and hydrophobic surfaces? If so, what is the thickness of this 

gap, and how do ions behave near the interface under different conditions? Is the surface 

morphology of the hydrophobic substrate affected by the structuring of water or vapor at 

the interface? If so, what kind of deformations occur on the hydrophobic substrate? What 

are the mechanisms and kinetics of scale nucleation at the interface between saline water 

and the hydrophobic surface? What role do different ion species play in nucleation, and 

how do their size and charge affect nucleation kinetics? Does the presence of a vapor gap 

or surface morphology accelerate or decelerate the onset of concentration polarization? 

How do dynamic flow conditions affect concentration polarization near hydrophobic 

surfaces? The inability to address these and many other critical questions is primarily due 

to the limitations of experimental techniques in resolving these interfaces at the required 

scale and time and the significant computational complexity, cost, and time involved in 

designing realistic hydrophobic surfaces. 

There is no study—whether experimental, atomistic simulations, or others—thoroughly 

addressed this incomplete literature by investigating the behavior of pure and saline water 

confined to a planar interface with a realistic hydrophobic substrate. In this dissertation, 

we addressed outstanding literature gaps by employing molecular dynamics (MD) 

simulations, which offer a powerful approach to studying these interfaces at the atomistic 

level. Our work involves the development of force field parameters to examine the 
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interfacial dynamics of both pure and saline water slabs on hydrophobic surfaces, both 

porous and non-porous. We believe the findings will provide valuable insights into the 

morphological characteristics of water and hydrophobic interfaces, advancing atomic-scale 

understanding of these interactions.  

 

1.2. Research objectives and original contributions to the literature 

This section outlines the research objectives, driven by the motivation discussed earlier. 

Each objective aligns with the overarching goals of the thesis, highlighting novel 

contributions and referencing relevant literature where applicable.  

The main objectives of this study, as illustrated in Figure 2, were multifaceted and aimed 

at providing a comprehensive understanding of PTFE interactions. First (I), force field 

parameters were developed, with Titanocene Dichloride (TD) and polytetrafluoroethylene 

(PTFE) selected as representative systems for validation to ensure accurate modeling of 

these materials at the molecular level. This parameterization was essential for capturing the 

complex behaviors and interactions required for precise simulations. Second (II), aqueous 

solution droplets over a PTFE surface were investigated to examine the effects of salinity 

and temperature on contact angles. This included analyzing how these variables influenced 

wettability and conducting detailed analyses involving ion distribution, density profiles, 

and the radial distribution function (RDF) to provide deeper insights into the structural and 

dynamic properties at the PTFE interface. Finally (III), the study was extended to aqueous 

solution slabs over a PTFE surface to investigate various interfacial phenomena, such as 

the formation of water vapor bridges, shifts in the center of mass, initial coalescence, partial 

pressure within vapor gaps, detailed density profiles of wetting interfaces, slab-induced 
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bending, and pore contact angle formation. NaCl concentration in distinct spatial regions 

was also assessed to provide insights into ion segregation and wetting mechanisms under 

different conditions. This comprehensive approach ensured that both nano-scale (droplets) 

and nano-scale (slabs) interactions were addressed. 

 

 
Figure 2. Illustration of Contact Angle and Wettability: Hydrophobic vs. Hydrophilic 
Surfaces. 

 

1.2.1. Development of Force Field Parameters 

The first objective was to develop a novel system for deriving force field parameters that 

accurately reproduce the potential energy landscape, ensuring that molecular simulations 

of structures, dynamics, and interactions closely reflect real-world behavior. This system 

was established and tested on bonded parameters for Titanocene Dichloride (TD) using a 

Chemistry at Harvard Macromolecular Mechanics (CHARMM)-compliant functional and 

polytetrafluoroethylene (PTFE) using an Assisted Model Building and Energy Refinement 

(AMBER)-compatible force field functional form.  
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1.2.1.1. TD-bonded parameters 

The TD-bonded parameters were derived and validated against experimental data through 

power spectra and normal mode frequency analysis. The computed values closely matched 

experimental infrared spectra and quantum mechanical calculations, accurately predicting 

bond lengths, angles, and dihedrals. Further validation included explicit solvent 

simulations and comparisons with experimental geometries, demonstrating the robustness 

of the parameters in both vacuum and solvated environments. The force field development 

system successfully passed all validation tests. 

The original contributions of this objective to the literature were as follows: 

▪ A novel application of the simplex optimization method was developed to fine-tune 

Lennard-Jones force field parameters in MD simulations. The results demonstrated 

improved accuracy in property predictions, such as density and heat of 

vaporization, validated against experimental data. 

▪ A wide range of conformational states was incorporated into the development of 

the force field system. This approach ensured the transferability of the parameters 

and improved the accuracy of predictions for the reference molecule's 

thermodynamic properties across various molecular weights and assemblies. 

▪ The first CHARMM-compliant force field parameters for Titanocene Dichloride 

(TD), the first non-platinum-based chemotherapeutic drug candidate to undergo 

clinical trials, were introduced in this work. The lack of TD parameters in the 

existing literature hindered the computational study of this critical molecule in drug 

discovery. These new parameters were considered for computational molecular 

research on TD. 
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Experimental papers on TD published in prestigious journals are as follows: The TD-based 

complexes have emerged as promising alternatives, showing efficacy against cisplatin-

resistant tumors [1] [2]. TD-based complexes have demonstrated cell-killing effects on 

various tumor cells with lower toxicity as the first non-platinum-based chemotherapeutic 

molecule to undergo phase I and II clinical trials, respectively [3] [4]. Although the TD-

based structures create exciting prospects for clinical trial candidates, to date, the 

mechanism of action of TD binding to DNA/RNA nucleic acid sites remains undefined at 

the molecular level [2] [4] [5] [6]. Force field parameters developed in this dissertation 

should be suitable for investigating this important phenomenon. 

 

1.2.1.2. PTFE parameters 

The objective was to design a novel parameter derivation system and apply it to 

polytetrafluoroethylene (PTFE) to develop new transferable AMBER-compatible force 

field parameters to accurately capture its morphological characteristics and interfacial 

dynamics. These parameters were derived to ensure reliable predictions of PTFE’s 

thermodynamic properties while addressing the shortcomings of previous models. 

The original contributions of this objective to the literature were as follows: 

▪ The first comprehensive set of AMBER-compatible force field parameters for 

PTFE was developed, encompassing a range of conformational states and 

molecular weights. This approach ensured the transferability of the parameters and 

improved the accuracy of predictions for the reference molecule's thermodynamic 

properties across various molecular weights and assemblies. 
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▪ Since previous PTFE parameter sets were developed for the gas phase, a PTFE 

parameter set suitable for the condensed phase was presented for the first time in 

the literature, offering improved thermodynamic predictions and vibrational 

accuracy. 

The previously developed PTFE parameters in the literature were aimed at solving 

challenging experimental problems and reproducing experimental and theoretical data with 

high accuracy. However, they often had certain shortcomings, which are listed as follows: 

Okada et al. (1999) [7] developed an all-atom PTFE model using a Molecular Dynamics 

(MD) calculation package GEMS/MD for the reference molecules of perfluoroalkanes, 

including n-C3F8, n-C4F10, and n-C6F14; that work utilized the HF/6-31G ab initio method, 

omitting the electron correlation effect [8] [9]. The charges were derived using 

experimental dipole moment data. The bond, angle, and dihedral parameters were derived 

using the first principles method. They optimized the vdW parameters by adding artificial 

nonbonding potentials between atoms separated by four bonds at positions 1 to 5 (vdW1-

5). They claimed that the '1-5' interactions involving long PTFE chains are significant 

because the attractive interactions between fluorine atoms at these positions can affect the 

molecule's conformation and properties. However, articles published later showed that the 

PTFE chain helix, affected by the artificial vdW1-5 potential function between an atom and 

its fourth bond partner, did not adequately describe the energy landscape. While the trans 

conformations (t+, t-) closely matched the theoretical calculation results, the energy plot 

generated using the parameters failed to reproduce gauche conformations (g+, g-).  

Jang et al. (2003) [10] developed a new Dreiding-type valence potential set for analyzing 

vdW1-5 non-bond interactions and predicted helical conformations. They conducted 
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B3LYP\6-31G* [11] [12] model chemistry employing the Hessian-Biased Singular Value 

Decomposition (HBSVD) technique [13] to derive bond, angle, torsional, and molecular 

vibrational frequencies parameters with Dreiding functional form by including many 

effects of electron correlation except treatment of dispersion. The charges were derived 

with Mulliken population atomic point charges (MUL) [14]. They compared energy-

minimized conformations between reference data and the force field of longer per-

fluorinated alkanes. The authors concluded that Coulomb repulsion is the dominant helicity 

source for the all-trans conformations. They predicted the correct helical minima with t+, t-

, and helical (h+, h-) conformations. However, at the onset of bending torsional angle values, 

the g+ and g- conformational sets proved unstable. 

Watkins and Jorgensen (2001) [15] proposed another all-atom parameter set for PTFE 

molecules. They derived the force field for PTFE using OPLS functional form; their 

quantum mechanical data were generated using the LMP2/cc-pVTZ(-f) [16] [9] and HF/6-

31G* [8] [9] theoretical method that adds corrections to achieve superior accuracy for 

electron correlation without treatment of dispersion. Despite good prediction of densities 

and heat of vaporization, Borodin et al. (2002) [17] showed that the transferability of the 

n-C4F10 and n-C5F12 could not adequately define conformational energetics by using the 

same torsional parameters. Thus, Borodin et al. derived bond, angle, and nonbonded 

parameters using MP2/aug-cc-pvDz [18] [9] and B3LYP/D95+* [11] [9] model chemistry. 

They provided a satisfactory description of the transferability for n-C4F10 and n-C5F12 but 

exhibited notably less precise thermodynamic data, encompassing density and heat of 

vaporization. The General AMBER Force Field (GAFF) [19] database contains parameters 

for numerous polymers, including PTFE. Rahul et al. [20] concluded that the standard 
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GAFF necessitates parameter tuning to precisely predict specific heat across various 

polymers, PTFE included. The new force field for PTFE developed during this dissertation 

overcomes many of these shortcomings and provides a powerful new tool to the molecular 

dynamics modeling community. 

 

1.2.2. Aqueous solution droplets over a PTFE surface  

The research objective was to verify that the derived force field parameters for PTFE 

accurately predicted contact angle values by comparing them with experimental results, 

ensuring consistency with PTFE interfaces. During this process, a gap in the literature was 

identified—specifically, the absence of studies addressing how salinity and temperature 

affect the contact angle on realistically modeled hydrophobic surfaces. After the 

verification, the interfaces between pure and saline water on porous and non-porous 

hydrophobic PTFE surfaces were established and analyzed using equilibrium molecular 

dynamics simulations. 

The original contributions of this objective to the literature were as follows: 

▪ The first study to combine temperature and salinity effects on PTFE (hydrophobic 

surface): This study was one of the first to explore the combined effects of 

temperature and salinity on the wettability of water droplets on a realistic 

hydrophobic surface, providing new insights into the behavior of saline droplets. 

The studies of droplets conducted on different surfaces are listed as follows: In 2009, Jae 

Hyun et al. [21] investigated the impact of temperature on the contact angle of a pure water 

nanodroplet containing 4827 water molecules on a hydrophilic titanium dioxide (TiO2) 

surface using molecular dynamics (MD) simulations. The study computed the contact 
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angles and analyzed the changes with temperature. It was found that as the temperature 

increased, the contact angle decreased, making the surface more hydrophilic. The paper 

explains that this behavior is due to a decrease in surface tension and hydrogen bonding as 

temperature rises. The authors suggested that while their study focused on TiO2 surfaces, 

similar investigations could be extended to other types of surfaces to understand the 

generalizability of temperature-dependent wettability behavior. In 2011, Christopher et al. 

[22] utilized MD simulations to measure the contact angle of nanodroplets containing 

approximately 2000 water molecules with dissolved NaCl and MgCl2, both with and 

without an electric field. They used a graphite-like surface in their MD simulations and 

adjusted its hydrophilicity to vary from more hydrophilic to less hydrophilic by setting 

specific Lennard-Jones parameters. They concluded that adding salts (NaCl and MgCl2) 

increased the contact angle of nanodroplets in the absence of an electric field. However, 

this increase was more significant on more hydrophilic surfaces compared to less 

hydrophilic ones. The authors did not provide a detailed analysis of the exact mechanisms 

causing the change in contact angle. However, they attributed the significant increase in 

contact angle primarily to the rise in solution/vapor surface tension. In 2015, Jun Zhang et 

al. [23] investigated the wetting and evaporation of salt-water nanodroplets on hydrophilic 

platinum surfaces with water nanodroplets containing 5832 water molecules. They 

discovered that the contact angle increases with higher salt concentration due to changes 

in surface tensions. The authors' current study was conducted on completely smooth 

hydrophilic surfaces at the molecular level. They suggested that investigating the behavior 

of droplets on rough surfaces could provide additional insights. In 2020, Xin Li et al. [24] 

examined how varying concentrations of NaCl solutions influence the wettability of the 
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nanodroplets containing 8435 water molecules on a hydrophilic MgO(001) surface. It was 

found that the ordered structure of water molecules in the first hydration layer is critical in 

determining the wettability and that ion hydration significantly influences the orientation 

and ordering of water molecules, leading to a more hydrophobic surface as salt 

concentration increases. The authors suggested that the applicability of the findings could 

be enhanced by including the effect of temperature variations and generating rough 

surfaces.  

 

1.2.3. Aqueous solution slabs over a PTFE surface 

As the first to develop this interfacing system, all the results obtained in this research are 

novel and make significant contributions to the literature. The analyses performed thus far 

encompassed several critical aspects, including the equilibration process (such as the 

formation of water vapor bridges and center of mass shifts), initial coalescence, partial 

pressure within the gap, density profiles of wetting interfaces, slab-induced bending, and 

pore contact angle formation, and NaCl concentration in different spatial regions. 

The original contributions of this objective to the literature were as follows: 

▪ Transient water vapor bridges were observed for the first time as intermediate 

structures, lowering the energy barrier to contact—an underexplored mechanism in 

molecular dynamics. The center of mass tracking provided a timeline, highlighting 

these bridges' role in system stabilization during equilibration. 

▪ The role of partial pressure within the interfacial gap as a driving force for the initial 

coalescence between a water slab and hydrophobic PTFE was reported here for the 

first time. Peaks in partial pressure were observed as indicators of coalescence time, 
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opening new avenues for exploring nucleation's energetic and thermodynamic 

aspects at hydrophobic interfaces. 

▪ A detailed study of wetting interfaces on porous and non-porous PTFE surfaces has 

provided new insights into the impact of interfacial water density on surface 

morphology. The variations in density distributions and wetting ranges reveal how 

water slabs induce structural deformations on hydrophobic surfaces, such as 

bending and pore contact angles. 

▪ A comprehensive analysis of NaCl concentration in spatially defined regions was 

conducted, introducing a fresh perspective on concentration polarization at porous 

interfaces. Surface porosity selectively influenced ion accumulation, particularly in 

the Pore-Center region, where sharp ion gradients were observed. This unique 

contribution bridged a gap in the existing literature, as the effects of microscopic 

porosity on ion distribution across interfaces had not been addressed in most prior 

studies. 

▪ This work created a new methodology for forming planar interfaces between PTFE 

substrates and pure and saline water films. This permitted the simulation system to 

form the interface under the action of atomic forces with no bias introduced by the 

formation method. This is critical to properly assess whether a vapor gap between 

the liquid and solid is predicted to be in equilibrium. 

▪ The nature of the PTFE surface – and the resulting hydrophobic interface with water 

– is unique from the substrates studied in these preceding scenarios. First, the 

interfaces studied here exhibit pronounced hydrophobicity purely as a result of the 

underlying atomic interactions; that is, these are realistic, accurate atomic-scale 
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descriptions of hydrophobic interfaces. Perhaps more significantly, the surfaces 

studied here exhibit greater roughness than substrates in preceding studies, 

permitting a new understanding of hydrophobic interfacial structure and behavior. 

 

1.3. Outline of the dissertation  

This outline provides a brief description of each chapter: 

▪ The computational methodology chapter outlines the development of force field 

parameters essential for accurate molecular simulations. It covers bond lengths, 

angles, dihedral angles, and non-bonded interactions like van der Waals forces and 

electrostatics. The chapter details the parameterization of valence, charge, and van 

der Waals terms using quantum mechanical reference data. The simplex 

optimization method is used to refine Lennard-Jones parameters, ensuring 

experimental and QM data consistency. The chapter describes the molecular 

dynamics workflow, including discretization schemes, boundary conditions, and 

MD simulation limitations. 

▪ This chapter introduces newly developed CHARMM-compliant force field 

parameters for titanocene dichloride (TD), a non-platinum chemotherapeutic 

candidate previously lacking such parameters. It details the parameterization 

process, including charge optimization, bond and angle fitting, and dihedral 

refinement, validated against experimental data to accurately reproduce TD's 

vibrational spectra and dynamics in vacuum and solvent—key for drug discovery 

and cancer research. 
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▪ The force field parameter for polytetrafluoroethylene (PTFE) chapter discusses the 

parameterization of PTFE using the AMBER force field, optimized for condensed-

phase simulations. The novel parameters capture PTFE’s structural and 

thermodynamic properties, such as density, heat capacity, and radial distribution 

functions. The development process includes QM calculations for charge 

distribution, bond angle, dihedral optimizations, and van der Waals parameter 

fitting through molecular dynamics. The chapter emphasizes the importance of 

these parameters in accurately modeling PTFE, which is crucial for studying its 

interactions in various environments. 

▪ The salinity and temperature effects on hydrophobic wettability chapter presents 

the impact of salinity and temperature on the wettability of water droplets on PTFE 

surfaces. The chapter explores how changes in salinity and temperature affect the 

contact angles of droplets on both porous and non-porous PTFE surfaces. The 

findings reveal that increasing salinity and temperature increase the contact angle, 

which indicates a more hydrophobic surface. These results offer novel insights into 

the behavior of saline water at hydrophobic interfaces. 

▪ The interfacial dynamics of water slabs on a hydrophobic membrane chapter delves 

into the molecular dynamics of water slabs interacting with hydrophobic PTFE 

membranes, focusing on the interfacial dynamics at the atomic level. It examines 

the formation of vapor bridges, water structuring near the surface, and the influence 

of surface roughness and salinity on these dynamics. The chapter provides a 

detailed analysis of the interactions between pure and saline water and PTFE 
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surfaces, offering a clearer understanding of water behavior at hydrophobic 

interfaces with potential applications in filtration and membrane technologies. 

▪ The conclusions and recommendations chapter summarizes key findings, including 

the successful development of force field parameters for TD and PTFE and insights 

into water-hydrophobic surface interactions, while also identifying areas for future 

research. 
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Chapter 2: Computational Methodology 

 

2.1. Force field development 

Force field development is a disciplined and intricate process that is not trivial. It can be a 

complicated and time-consuming task, with the ultimate goal being to develop parameters 

that accurately reproduce the potential energy landscape of a system. This ensures that 

simulations of molecular structures, dynamics, and interactions closely approximate real-

world behavior. Unlike kinetic energy, which depends on the molecule’s translational or 

rotational position in space, potential energy is determined by specific interatomic 

relationships within the structure, including bond lengths, bond angles, dihedral angles, 

and non-bonded interactions such as van der Waals forces and electrostatic interactions. 

These relationships collectively define the molecular conformation. In our work, 

developing a force field required carefully determining several elements, including 

functional forms, the target model with atom types, reference data, the objective function, 

conformational states, and parameters such as charges, bonds, angles, torsional angles, and 

non-bonded interactions. The process involves several key steps, as shown in Figure 3: 
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Figure 3. The schematic shows the path for valence, charge, and vdW 
parametrization. 

 

Before parameterizing the valence and charge parameters, defining the ground state energy 

level is essential. This ensures the system's most stable configuration is accurately 

captured, providing a solid foundation for fitting bond lengths, angles, dihedrals, and 

charges. By establishing the ground state, we can ensure that the force field reflects the 

system’s true equilibrium structure and energetics, leading to more accurate simulations. 

1. Valence Parameters: 

▪ Hessian Calculation (Quantum Mechanical - QM): We perform a Hessian 

calculation to optimize bond lengths and angles based on quantum 

mechanical data, ensuring that the vibrational frequencies and force 

constants are accurate. 
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▪ Torsion Scan (QM): We generate a potential energy surface through a 

torsional scan to optimize dihedral angles and ensure the molecule’s 

conformation responds accurately to rotations about its bonds. 

2. Charge Parameters: 

▪ Water Interaction Energy (QM): We model the interaction between the 

molecule and water using QM calculations to derive accurate charge 

parameters, which are crucial for representing electrostatic interactions. We 

also derive the charge parameters directly from QM calculations. 

▪ Charge Optimization: The charges are fine-tuned to match electrostatic 

potentials or interaction energies, ensuring the molecule interacts correctly 

with its environment. 

3. Van Der Waals Parameters: 

▪ Non-bonded interactions, particularly Van der Waals parameters, are 

adjusted using experimental data such as density and heat of vaporization 

in condensed phases. This step ensured that the force field behaved 

appropriately in the liquid or solid states. 

The simplex fitting procedure was developed to optimize the vdW parameters. The 

generalized optimization methodology for the fitting process in our algorithm involves 

creating a simplex with N vertices in an n-dimensional parameter space. The number of 

parameters n corresponds to the number of force field parameters optimized for the 

molecule in question, which may vary depending on the system's atom types and 

interaction parameters. Each vertex is represented by a vector xi = (xi1, xi2, ..., xin), where i 

ranges from 1 to N. For example, in the case of a molecule with m atom types, the number 
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of parameters n would be equal to 2m, accounting for the two Lennard-Jones parameters 

(ε and σ) per atom type. If there are three atom types (as in the original case with F, CF2, 

and CF3), n = 6. However, this value will change for any molecule with a different number 

of atom types. The initial simplex will always have N = n + 1 vertices, representing 

perturbations from the starting values of the force field parameters. 

Parameter Bounding and Initialization: Each parameter xij is bound within a range suitable 

for the studied molecule. For the general case, these bounds will depend on empirical or 

estimated parameter values for the specific atom types and interactions. In the example of 

Lennard-Jones parameters, these bounds might be (0, 5), as used in the original method, 

but this can be adjusted based on the molecular system. A small perturbation δ is applied 

to create the initial simplex vertices, which are defined as follows: 

▪ Vertex 1: (x11, x12, ..., x1n) 

▪ Vertex 2: (x11 + δ, x12, ..., x1n) 

▪ Vertex 3: (x11, x12 + δ, ..., x1n) 

Continue similarly for all N vertices. 

Optimization Steps: 

▪ Energy Minimization: The system energy is minimized for each vertex parameter 

set using the steepest descent algorithm or another energy minimization technique 

appropriate to the molecular system. 

▪ Equilibration: Following minimization, the system is equilibrated using a series of 

MD simulations. The specifics of the simulation (e.g., 1 ns NVT) depend on the 

molecular system's characteristics, including temperature, particle count, and 

volume constraints. 
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▪ Thermodynamic Property Evaluation: The optimized parameters are evaluated by 

running short simulations (e.g., 20 ps NVT) to test the convergence of 

thermodynamic properties, such as the heat of vaporization, which can be 

generalized to other relevant properties (e.g., binding energy, radial distribution 

functions, etc.) depending on the target molecular system. 

Objective Function Calculation: The objective function, ftarget, quantifies the 

discrepancy between the computed (Pxn) and experimental (Ptarget) values for the 

chosen thermodynamic property (e.g., the heat of vaporization for the Lennard-

Jones force field). This function is applied to each vertex and generalized to the 

property of interest for the molecule under study. The function is defined in Eq. 

(A.1):  

                                      𝑓target (xn) = (𝑤 (1 − 𝑃(xn)𝑃target 
)2)1/2

                             (A.1) 

 

Simplex Update Procedures: 

The vertices are updated using the standard Nelder-Mead simplex operations [25]: 

reflection, expansion, contraction, and shrinking. These operations adjust the parameters 

in the n-dimensional space to minimize the objective function, regardless of the molecular 

system. 

1. Centroid Calculation (cj): The centroid c is calculated for the simplex, excluding the 

worst vertex in Eq (A.2): 

▪ cj = (x1j + x2j + ... + x(N-1)j) / (N - 1)                                                                        (A.2) 

2. Reflection (rj): The worst vertex is reflected across the centroid in Eq (A.3): 
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▪ rj = cj + (cj - xwj)                                                                                                           (A.3) 

3. Expansion (ej): If the reflected vertex improves the objective function, an expansion step 

is performed in Eq (A.4): 

▪ ej = γ * rj + (1 - γ) * cj                                                                                          (A.4) 

where γ is the expansion coefficient, typically set to 2. 

4. Contraction (coj): If the reflected vertex does not improve sufficiently, contraction is 

performed to bring the parameters closer to the centroid in Eq (A.5): 

▪ coj = β * xwj + (1 - β) * cj                                                                                      (A.5) 

where β is the contraction coefficient, typically set to ±0.5. 

5. Shrinking (sij): If none of the above steps improve the objective function, all vertices are 

shrunk towards the best vertex in Eq (A.6): 

▪ sij = δ * xbj + (1 - δ) * xij                                                                                      (A.6) 

where δ is the shrinking coefficient, typically set to 0.015. 

This force field development methodology can be applied to any reference molecule to 

derive parameter sets, which can then be used in molecular simulations to generate a wide 

range of outputs, depending on the system being studied, the type of simulation (e.g., 

molecular dynamics, Monte Carlo), and the properties of interest. Common types of output 

obtained from molecular simulations include structural properties, thermodynamic 

properties, transport properties, interfacial and surface properties, dynamic properties, 

phase behavior, spectral properties, reaction mechanisms, and kinetics.  

In this dissertation, MD simulations were used, and more information on them is provided 

in the next section. 

 



 

23 

2.2. Molecular dynamics 

Molecular dynamics (MD) simulates particle motion by solving classical equations of 

motion, where particles interact through potential energy functions representing forces like 

covalent bonds, van der Waals, and electrostatic interactions—the changes in positions and 

velocities, revealing atomistic system dynamics. 

The MD workflow involves: 

▪ Initialization: Set particles in a simulation box with a defined force field. 

▪ Energy Minimization: Relax the system to remove unphysical forces. 

▪ Assigning Velocities: Assign random velocities, where the distribution of velocities 

directly relates to the temperature of the system. 

▪ Equilibration: Stabilize the system under a thermodynamic ensemble. 

▪ Production Run: Simulate dynamics over time to collect data for analysis. 

 

2.2.1. Discretization schemes 

In MD, time discretization is used to integrate the equations of motion over small time 

steps (Δt), typically femtoseconds (10⁻¹⁵ s), to capture atomic vibrations and maintain 

stability. The Verlet and velocity-Verlet algorithms efficiently update positions (r𝑖(𝑡)) and 

velocities (v𝑖(𝑡)) together, as shown in Eq (A.7), and Velocities are updated using Eq (A.8): 

 

                                 r𝑖(𝑡 + Δ𝑡) = r𝑖(𝑡) + v𝑖(𝑡)Δ𝑡 + F𝑖(𝑡)2𝑚𝑖 (Δ𝑡)2                                  (A.7) 

 v𝑖(𝑡 + Δ𝑡) = v𝑖(𝑡) + F𝑖(𝑡)+F𝑖(𝑡+Δ𝑡)2𝑚𝑖 Δ𝑡                                    (A.8) 
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The Verlet algorithm conserves energy and momentum well over long-time simulations, 

which is crucial for the accuracy of MD results. 

 

2.2.2. Interactions between atoms 

In MD, particles interact with each other according to a force field, a mathematical 

description of the system's potential energy as a function of atomic positions. The total 

potential energy 𝑈total  is composed of both bonded and non-bonded interactions in Eq 

(A.9):  

 𝑈total = ∑  
bonds 

𝑈bond + ∑  
angles 

𝑈angle + ∑  
dihedrals 

𝑈dihedral  

+ ∑  
non-bonded 

𝑈LJ + 𝑈Coulomb       
(A.9) 

 

Bonded interactions describe interactions between chemically bonded atoms and include: 

▪ Bond stretching: Modeled by harmonic or Morse potentials, representing energy 

changes with bond length. Angle bending: Captures deviations from equilibrium 

bond angles, typically using harmonic potentials. 

▪ Dihedral angles: Describes rotations around bonds, often modeled with periodic 

functions 

Non-bonded Interactions: These describe interactions between atoms that are not directly 

bonded and include: 
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▪ Van der Waals interactions: Modeled by the Lennard-Jones potential, describing 

short-range attractive and repulsive forces. 

▪ Electrostatic interactions: Charged particles interact via Coulomb's law; long-range 

forces are calculated using methods like Ewald summation or PME to reduce 

computational cost. 

 

2.2.3. Boundary conditions and periodicity 

MD simulations are often limited by computational resources, meaning only a finite 

number of particles can be simulated. To avoid edge effects and to approximate a bulk 

system, periodic boundary conditions (PBC) are employed. PBC means that when a 

particle exits one side of the simulation box, it re-enters from the opposite side, creating 

the illusion of an infinite system without surface effects. 

In PBC, the simulation box becomes a unit cell that repeats itself infinitely in all directions. 

Particles interact with the nearest periodic image of other particles, ensuring that the forces 

calculated for each particle are consistent with an infinite, or continuum, bulk material. 

 

2.2.4. Limitations of molecular dynamics 

MD is limited by computational demands for long timescales and the number of particles 

that can be simulated. However, advances in algorithms, parallel computing, and GPU 

acceleration have enhanced its ability to handle larger systems and more extended 

simulations. 

 



 

26 

 

 

 

 

Chapter 3: Force Field Parameter for Titanocene 

Dichloride 

 

3.1. Introduction 

In this chapter, the novel force field development system was tested to derive new 

CHARMM-compliant bonded parameters for Titanocene Dichloride (TD). We developed 

parameters using the APFD hybrid density functional theory (DFT) method, which offers 

advantages over existing methods by including dispersion terms. TD exhibits 

antiproliferative and cytotoxic effects on various tumor cells and is the first non-platinum-

based chemotherapeutic drug candidate molecule to be subjected to clinical trials. The lack 

of TD parameters in existing literature hinders the computational study of this critical 

molecule in drug discovery.  

 

3.2. Parameterization methods 

3.2.1. CHARMM interaction model 

Developing a force field requires the determination of functional forms, a target molecular 

structure with atom types, reference data from either experiment or quantum mechanics 



 

27 

theory, an objective function for fitting, relevant molecular conformational states, and 

parameters in the chosen functional forms (e.g., charges, bonded, and nonbonded terms). 

In this study, the CHARMM functional form, which is widely accepted for biomolecular 

simulation, was used in Eq. (A.10) [26]: 

 𝑈 = ∑  𝑏𝑜𝑛𝑑𝑠 𝑘b(𝑏 − 𝑏0)2 + ∑  𝑎𝑛𝑔𝑙𝑒𝑠 𝑘θ(𝜃 − 𝜃0)2  
+ ∑  𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 𝑘ϕ[1 + 𝑐𝑜𝑠(𝑛ϕ − 𝛿)]  
+ ∑  𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑 (𝜖ij [(𝑅𝑚𝑖𝑛𝑖𝑗𝑟𝑖𝑗 )12 − 2 (𝑅𝑚𝑖𝑛𝑖𝑗  𝑟𝑖𝑗 )6] + 𝑞𝑖𝑞𝑗𝜖𝑟𝑟𝑖𝑗) 

 

 

 

 

(A.10) 

 

In the above functions, total energy (𝑈) is expressed as a summation of various energy 

terms from bond stretching, angle bending, torsion (dihedral), angle distortion, and 

nonbonded terms: Lennard-Jones (12-6) and electrostatic interactions. 𝑘𝑏, 𝑘𝜃  and 𝑘𝜑 

denote force constants for bond, angle, and torsion. The 𝑏 and 𝑏0 denote the instantaneous 

and equilibrium separation distances between two bonded atoms. The 𝜃 and 𝜃0 are the 

instantaneous and equilibrium bond angles formed by two bonds to the same central atom. 

The dihedral multiplicity and phase angle are denoted by 𝑛 and 𝛿 (their values favor 

specific structures among groups of four atoms); 𝜑 denotes the instantaneous dihedral 

angle. The Lennard-Jones (LJ) energy minimum for the nonbonded atom pair ij is 

determined by 𝑅𝑚𝑖𝑛𝑖𝑗  , and the van der Waals (vdW) energy well depth is denoted by 𝘀𝑖𝑗. 

In the last non-bond term, 𝑞𝑖𝑞𝑗 are atomic charges, 𝜖𝑟 is the effective dielectric constant, 
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and 𝑟𝑖𝑗 represents i to j atom distance. Having determined the functional form, a target 

molecular structure with atom types was modeled in .pdb formatted files containing 

twenty-two bonds, thirty-one valence angles, and forty torsion terms using the Avogadro 

molecular editor [27]. The atom types were provided by the ParamChem web server [28]. 

Since these tools are based on databases of molecular fragments of molecules and 

compounds that are pre-parameterized for a given force field, ParamChem is highly 

accurate in determining CHARMM atom type [29]. Then, the atom types were assigned to 

the molecule using the Molefacture Tool in Visual Molecular Dynamics (VMD) package 

[30]. For the Lennard Jones (LJ) parameters of C, H, and Cl atoms in the TD molecule, 

very similar atom types available in the CGenFF databases were used [31]. The LJ 

parameter for the titanium atom was taken from ref. [21]. The parameterization procedure 

first started with geometry optimization. The water interaction energy was then calculated 

at the QM level using the ffTK optimization method to determine the charge parameters. 

Then, the Hessian calculation was performed at the QM level to obtain the bond and angle 

parameters. Dihedral optimization was performed at the QM level with a Torsion Scan to 

determine the dihedral parameters. QM optimization of bond, angle, and dihedral 

parameters was performed in Gaussian software [32], and molecular mechanics (MM) 

geometry optimization of bond, angle, and dihedral was performed in NAMD software 

[33] during ffTK optimization. Finally, the parameter sets in CHARMM functional forms 

(𝑘𝑏; 𝑘𝜃; 𝑏0; 𝜃0; 𝑘𝜙; 𝘀𝑖𝑗; 𝑅𝑚𝑖𝑛𝑖𝑗  ; 𝑞𝑖; 𝑞𝑗) have been successfully identified. 

The optimization of the TD molecular structure was carried out with the APFD theoretical 

method in Gaussian 16, using a series of basis sets: initially, 6-311G(2d,p), followed by 6-

31(d), then 6-311+G(2d,p), and concluding with 6-311+G(d,p) [34]. Each basis set 



 

29 

included six primitive orbital basis functions, three basis functions per valence orbital, and 

one primitive function (6-31). Additionally, some of the basis sets included the following 

functions: d-polarization (heavy atoms), p-polarization (hydrogen), and diffusion functions 

(+) on heavy atoms [35]. The aim was to identify the most accurate model chemistry for 

the molecule by comparing it to experimentally measured properties. Once the most 

accurate basis sets were identified, they were used consistently in all steps of the 

parameterization process. 

 

3.2.2. Partial charge optimization 

The partial charge parameters were obtained in ffTK by interacting the TD molecule with 

explicit TIP3P water [36]. Thirteen different initial interactions were defined using the ffTK 

algorithm to form hydrogen bonds, one for each water molecule with the target atom of TD 

as hydrogen (acceptor) or oxygen (donor). The Gaussian input files generated by the ffTK 

algorithm were visually checked before the QM calculation to avoid misidentified 

orientation or overlapping of water molecules. Then, QM optimization was conducted 

using the APFD/6-31(d) model chemistry to refine the interaction distance, energy, and 

dipole moment between each explicit water molecule and target atom. This optimization 

provided thirteen QM-level data sets of equilibrium distance (dQM), interaction energy 

(EQM), and dipole moment (μQM) for fitting and optimization of partial charges. QM-

derived data sets were imported into ffTK for MM charge fitting. Before starting the fitting 

procedure, trial values for each atomic charge in the molecule were defined by the ffTK 

algorithm. However, the charge of the hydrogen atoms bound to cyclopentadienyl was 

manually kept at the standard value of 0.09+ and was not changed during the fitting 
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procedure. For the MM charge fit, using the trial atomic partial charges and ffTK 

nonbonded energy functions, MM optimized distances, energies, and molecular dipole 

moment were measured for comparison with each QM-derived data set. This comparison 

was made with the objective function of ffTK. The trial atomic partial charges were then 

modified for every corresponding MM interaction energy, which varied by distance to 

ensure that energy differences of each EQM and EMM agreed within the proposed 

convergence criterion of 0.2 (kcal/mol). The final optimized charges were obtained when 

all interaction energy differences were below the proposed 0.2 (kcal/mol) convergence 

criterion. 

 

3.2.3. Bond and angle optimization 

In the TD molecule, 22 bonds and 31 angle combinations were detected. In order to 

optimize the MM force field parameters, the fit process was performed using the QM-

derived reference data set. First, the TD molecule was optimized using APFD/6-31(d) 

theory to obtain the QM-derived equilibrium data set of the bonds and angles. Second, the 

force constants were obtained using the Hessian matrix, which captures the second-order 

partial derivatives of a function's potential energy surface relative to atomic pair 

coordinates. Trial MM geometry and PES were adjusted to match QM data using 

parameters from ffTK. Fitting utilized Mayne et al.'s [37] objective function, with Guvench 

et al.'s [38] simulated annealing for optimization. The equilibrium bond (𝑟𝑒𝑞), equilibrium 

angle 𝜃𝑒𝑞, bond force constant (𝑘𝑏) and angle force constant (𝑘𝜃) sets were defined until 

the final objective function value stopped decreasing in subsequent iterations. In general, 
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deviations in each QM and MM value were accepted up to 0.03 Å for bond lengths and up 

to 3° for angle values. 

 

3.2.4. Dihedral optimization 

Data from dihedral scans of H-C-C-H, H-C-C-C, and C-C-C-C were acquired using 

APFD/6-31(d) theory to optimize their parameters in QM PES studies. Torsion scans were 

automatically selected using the ffTK algorithm, and manual adjustments set torsion values 

to n=2 and δ=180, ensuring cyclopentadienyl rings remained flat [39]. These scans were 

used to optimize the 𝑘𝜑 force constants. Mayne et al.'s [37] objective function evaluated 

energy barriers and MM force constants' equilibrium angles. Guvench et al.'s [38] 

simulated annealing optimized this function. Iterative parametrization refined the RMSE. 

It is recommended in the literature for this value to be below 0.5 kcal/mol [26]. 

 

3.3. Parameterization results 

Table 1 demonstrates the influence of various basis set configurations on the results of 

geometry optimization, providing a comprehensive comparison of bond lengths and angles 

across different regions of the molecular structure. In particular, the table focuses on the 

1C-11H and 1C-2C bond lengths, offering insights into how these distances are affected by 

the choice of basis set. Furthermore, it highlights the 21Ti-23Cl bond length and the 22C-

21Ti-23Cl bond angle, critical for understanding the molecular coordination environment 

around the titanium atom. This comparison emphasizes the sensitivity of bond distances 

and angles to the level of theory used. It sheds light on the accuracy of different 
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computational methods in predicting molecular geometries, particularly in complex 

systems involving transition metals and halides. 

 

Table 1. Comparison of experimental and predicted structures of assigned bonds 
(Å) and angles (o) for various basis sets.  

Assignmentsa Experimentb 
6-311G 
(2d,p) 

6-   
31(d) 

6- 
311+G (2d,p) 

6-
311+G(d,p) 

1C – 11H 
1C – 2C 

21Ti – 23CI 
22CI-21Ti-23CI 

*1.07 
*1.42 
*2.25 

*100.0 o 

1.07 
1.42 
2.27  

102.5 o 

1.07 
1.42 
2.25 

101.4o 

1.07 
1.42 
2.28 

102.9o 

1.07 
1.42 
2.25 

103.4o 
aThe assignments are shown schematically in Figure 1a. bExperimental 
measurement data were obtained from ref [35]. 

 

The diffusion function (+) widens the angle involving CI-Ti-CI, and the second 

polarization function (d) lengthens the Ti-CI bond. The result with the 6-31(d) basis set 

exhibits high accuracy compared to results from the literature, and it provided good starting 

reference data for the parameterization of bonds, angles, and dihedrals. 

 

3.3.1. Charge parameters 

New CHARMM-compatible charge parameters were computed, capable of capturing both 

the TD and intermolecular energies of water. In total, thirteen independent explicit TIP3P 

water molecules were assigned to interact with the optimized TD molecule, either with the 

oxygen atom or the hydrogen atom of the water, as illustrated in Figure 4a. Hydrogen atoms 

(H11 to H20) from the cyclopentadienyl group, colored white, were made to interact with 

the water’s oxygen atom. A pink-colored Titanium (Ti21) atom was made to interact with 

the water’s oxygen atom, while cyan-colored Chlorine atoms (Cl22; Cl23) were assigned 
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to interact with its hydrogen side. The energies for each interaction between QM and MM 

calculations were then determined, starting with a preliminary set of charges refined toward 

the target value.  

 

(a) (b) 

Figure 4. (a) Optimized water interactions between the explicit 
TIP3P water and TD molecule. (b) Schematic representation of 
atom labels used for the final partial charges shown in Table 3. 

 

Once the distance and energy of the molecular mechanics (MM) interaction (dMM and 

EMM) for each site were consistent, the interaction energies between the system and a 

single explicit water molecule were calculated by subtracting the energy of the TD-water 

complex from the combined energies of the individual TD and water molecules. This 

approach ensured accurate evaluation of TD-water interactions, aligning with experimental 

and quantum mechanical data. 
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Table 2. The energies of interactions (kcal/mol) 
between the explicit TIP3P water and TD 
molecule. The MM interaction energies were 
calculated using the ffTK objective function. 
Interaction 
Energy 

EQM 
(kcal/mol) 

EMM 

(kcal/mol) 
Energy 
Diff. 

W1 – H11 
W2 – H12 
W3 – H13 
W4 – H14 
W5 – H15 
W6 – H16 
W7 – H17 
W8 – H18 
W9 – H19 
W10 – H20 
W11 – Ti21 
W12 – Cl22 
W13 – CI23 

-4.257 
-2.756 
-2.713 
-3.424 
-4.633 
-3.520 
-4.848 
-4.226 
-2.844 
-2.836 
  0.036 
-4.532 
-4.500 

-4.336 
-2.671 
-2.649 
-3.545 
-4.493 
-3.432 
-4.680 
-4.341 
-2.780 
-2.767 
 0.034 
-4.683 
-4.684 

 -0.079 
  0.085 
  0.064 
 -0.121 
  0.140 
  0.088 
  0.168 
 -0.115 
  0.064 
  0.069 
 -0.002 
 -0.151 
 -0.184 

 

According to the standards set in CgenFF, the interaction energy between water and 

hydrogen or oxygen atoms should not surpass 0.2 (kcal/mol), and distances within 0.1 Å. 

Once these standard convergence criteria were met, the final partial charges listed in Table 

3 were calculated. The schematic representation is shown in Figure 4b. 

 

Table 3. The names and charges of the 
atoms in TD. 
Atom Charge Atom Charge 
1C - 0.144 8C - 0.184 
2C - 0.228 9C - 0.221 
3C - 0.192 10C - 0.165 
4C - 0.212 21Ti + 1.995 
5C - 0.078 22Cl - 0.578 
6C - 0.206 23Cl - 0.566 
7C - 0.121 H + 0.090 

Total charge:0 
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3.3.2. Bond and angle parameters 

The bonded force constants underwent optimization using the Hessian internal coordinate 

calculation method via the ffTK tool. The potential energy within the MM framework was 

computed using optimized partial charge via the NAMD software. The optimization 

iterations for generating the MM potential energy were utilized until the ffTK objective 

function value ceased decreasing compared to the previous one. The bond lengths and 

angles were compared with the literature convergence values at the final target value, as 

illustrated in Figure 5 (a and b).  

 

 
(a) 

(b) 

 

(b) 

 

Figure 5. The comparison of QM reference data and MM force field data 
for (a) the bond fitting and (b) the angle fitting. 
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The bond pairs did not exceed 0.03 Å deviation in all cases, and the non-linear angles did 

not exceed 5° deviation as these values conform to the standards set by CgenFF. The final 

bond and angle parameters shown in Tables 4 and 5 were then calculated. 

 

Table 4. Optimized bond parameters for TD. 
Bond 

parameters 
Kb (kcal/mol/Å 2) b0( Å ) 

C – C 429.5413 1.4052 
C – H 366.7862 1.0752 
Cl – Ti 103.4945 2.2490 

 

Table 5. Optimized angle parameters for TD. 
Angle 

parameters 
Kθ(kcal/mol/rad2) θ0( ∘ ) 

C – C – C 73.9923 107.9838 
C – C – H 29.4156 126.8217 

Cl – Ti – Cl 135.8504 101.4349 
 

3.3.3. Dihedral parameters 

Dihedral parameter sets, as listed in Table 6, were obtained from QM-derived PESs using 

APFD/6-31(d) model chemistry. The ffTK algorithm automatically identified the dihedrals 

to be scanned, and these dihedrals were scanned in both directions starting from optimized 

geometry with a step size of 5 degrees and 6 steps per scan using Gaussian software. The 

QM-derived PESs data generated by these scans were imported back into ffTK to 

reconstruct the entire torsional profile. A simulated annealing protocol [37] optimized the 

MM energy for all scanned dihedrals, corresponding to each torsional energy profile in the 
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QM dihedral scan. While the optimization was being carried out, the force constant 𝑘𝜑 was 

the only parameter that was continuously varied.  

The equilibrium torsion values were fixed manually to 𝑛 = 2, and 𝛿 = 180, to preserve 

the planarity of the cyclopentadienyl rings. The RMSE of the optimized dihedral 

parameters was calculated as 0.47 (kcal/mol). The refined result shows that the MM data 

agrees well with the relevant QM data, considering the CHARMM's convergence criterion 

of 0.5 kcal/mol.  

 

Table 6. Optimized dihedral parameters for TD. 

Dihedral Parameters Kφ(kcal/mol) n δ 

C – C – C – C 5.1379 2 180 
C – C – C – H 1.6300 2 180 
H – C – C – H 0.1489 2 180 

 

The percent error values of the reference equilibrium dihedral angles measured using ffTK 

remained below 5% compared to QM, as in the standard set by the CGenFF protocol. 

 

 

Figure 6. The percent error of the equilibrium QM and MM angles for all 
dihedral combinations is shown.  
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3.4. Validation methodologies and results 

Although achieving agreement between force field parameters and ab initio data is crucial, 

this alignment alone does not guarantee accurate parameter optimization. MD simulations 

should also evaluate how well the compound dynamics compare with corresponding 

experimental data. As there is limited experimental data on TD available in the literature, 

we used three distinct methods to validate the optimized force field parameters for the TD 

molecule. 

 

3.4.1. Power spectrum 

The velocity density of states (VDOS) or power spectrum was obtained by performing a 

Fourier transform of the VDOS and compared with the experimental infrared spectrum. 

This process provides valuable information on the typical frequencies of the motion of 

bonds, angles, and dihedrals, providing insight into the optimized parameters' accuracy 

[40]. The power spectrum is calculated using data from an MD simulation according to 

[41] as follows in Eq. (A.11): 

 𝑃(𝜔) = ∫−∞+∞  𝐶(𝑛)𝑒𝑖𝜔𝑡 𝑑𝑡 (A.11) 

 𝐶(𝑛) represents the normalized autocorrelation function (ACF). The ACF calculation was 

executed using in the equation provided following Eq. (A.12): 

 𝐶(𝑛) = ∑𝑖=1𝑚  𝑣𝑘(𝑖)𝑣𝑘(𝑖 + 𝑛)/∑𝑖=1𝑚  𝑣𝑘(𝑖)𝑣𝑘(𝑖) (A.12) 
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The 𝑛-th point in the discrete ACF is represented by 𝐶(n), and the 𝑣𝑘 are individual wave 

vectors of the corresponding velocities. The 𝑣𝑘 are defined in Eq. (A.13): 

 𝑣𝑘(𝑡) = ∑𝑗  𝑢𝑗(𝑡)𝑒𝑖𝑘𝑥𝑗0 (A.13) 
 

The velocity vector of the 𝑗-th atom is represented by 𝑢𝑗 , where 𝑘 = 2𝜋𝜆  denotes the wave 

vector, and 𝑥𝑗0 is defined as the equilibrium vector of the 𝑗-th atom. MD simulations were 

carried out with GROMACS [42] to calculate power spectra by implementing optimized 

force field parameters. The simulations utilized periodic boundary conditions (PBC) with 

50 TD molecules in a 100 Å edge-length cubic box. Lennard-Jones potentials were utilized 

to calculate short-range interactions, with a cutoff of 10 Å and a dispersion correction for 

energy and pressure. At each timestep, neighbor lists with a 10 Å cutoff were generated for 

nonbonded interactions, and the PME method calculated electrostatics [43]. The energy 

was minimized in 15000 steps using the steepest descent. Then, the NPT ensembles were 

conducted for 1.2 nanoseconds to achieve a correct box length/density. The Nose-Hoover 

thermostat kept the temperature at 298.15 K and pressure at 100 kPa [44] using the 

Parrinello-Rahman method [45]. This was followed by NVT simulations at T = 300 K, and 

the simulation box size used matches the average size observed in the preceding NPT 

simulation for equilibrium property acquisition. The power spectra were calculated by 

performing an NVT simulation with a 2 fs timestep; the simulation ran for 1000 ps, 

consisting of 700 ps of equilibration followed by 300 ps of analysis time. 

We calculated the TD power spectrum or velocity density of states (VDOS) by analyzing 

autocorrelation functions of the average atomic velocity using MM-optimized parameters; 
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velocity autocorrelation results are depicted in Figure 7a. The VDOS results were 

compared with the experimental infrared spectrum in Figgure 7b. Although the intensities 

disagreed with specific values, the peak positions of the calculated VDOS exhibited good 

agreement with the experimental infrared spectrum obtained from ref [46]. 

 

 

The experimental peak values shown as red dashed lines in Figure 7b were compared in 

detail in Table 7 with the calculated values obtained from MD simulations. Table 7 also 

displays the vibrational band assignments established through experimental methods to 

identify the portion of the molecules linked to a specific mode frequency. If a frequency 

could not be assigned experimentally, we used a hyphen in the assignment section. 

Additional notations were included alongside the observed vibrational frequencies in 

experimental data to denote their respective intensities. As an example of the discrepancies 

observed in peak intensity, the 1440 cm−1 vibrational band was experimentally calculated 

as vigorous intensity; however, the corresponding peak observed from MD simulation 

(a) (b) 
 

  

Figure 7. (a) Velocity autocorrelation function. (b) Velocity density of states 
(VDOS) or power spectrum of TD in the range 0 to 4000 cm-1 calculated from 
the velocity autocorrelation function; red dashed lines show the experimental 
infrared spectrum. 
 



 

41 

results was at 1461 cm−1, exhibiting a relatively low intensity. Despite the few 

discrepancies in intensity, the simulation data agree remarkably well with the IR 

experimental study regarding peak positions (deviations < 25 cm−1) for the vibrations 

occurring below the 2500 cm-1 band formed by C-H, C-C stretching, and bending. The 

highest deviation (45 cm−1) occurred above the 2500 cm-1 band, obtained at C-H stretching 

modes for the vibration value of 3105 cm-1, contrasting the value of 3150 cm-1. 

 

Table 7. Comparison of theoretical VDOS spectra with experimental IR 
spectrum of TD molecule. 

assignmentsa calc.b expt.c assignmentsa calc.b expt.c − − − − 3460 3425 v 𝛿(C – H) o.p 1094 1071 w 𝑣(C - H) 3150 3105 m − − − − 1037 1028 s − − − − 2311 2293 vw 𝛿(C – H) i.p 1012 1016 s − − − − 1887 1906 vw − − − − 949 956 w − − − − 1818 1798 vw 𝛿(C – C) i.p 937 928 w − − − − 1765 1793 vw 𝛿(C – H) o.p 888 873 m − − − − 1608 1637 vw 𝛿(C – H) o.p 821 822 vs 𝑣(C - C) 1461 1440 s − − − − 745 721 w − − − − 1363 1370 m − − − − 606 603 vw 𝑣(C - C) 1356 1366 w 𝛿(C – C) o.p 598 595 vw 
ring breath (Cp) 1143 1131 m − − − − 586 590 vw 

aThe vibration assignments were obtained from experimental ref [46]. bThe peak 
band positions (cm-1) were computed from the MD trajectory. cExperimental 
peak values of the infrared spectrum were obtained from ref [47].  

Notations: 𝑣 (bond-stretch); o.p (out of plane); i.p (in-plane); 𝛿 (bend, angle 
deformation); Intensity (v corresponds to "very," s indicates "strong," m stands 
for "moderate," and w represents "slight"); Cp (cyclopentadienyl ring). 
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3.4.2. Explicit solvent simulations 

The MD simulations were utilized to test the optimized parameter sets against QM or 

experimental data. A cubic box with 30 Å edges housed a TD molecule and 100 TIP3P 

water molecules, prepared using PyMOL and simulated with GROMACS. Energy is 

minimized with the steepest descent (5000 steps), then NPT equilibration (300 K, 1 bar, 

200 ps) for density stabilization is conducted. The last 10 ns simulations were run with an 

NVT ensemble at 300 K; recording coordinates every 10 ps, yielding 1000 snapshots for 

analysis. 

The optimized parameter sets were tested to see if the model could validate QM results and 

experimental bonded values. Therefore, the 10-ns MD simulations in an explicit solvent 

were utilized, and vibration measurements were recorded at 10 ps intervals. The histograms 

were then constructed by taking the average bond angle combinations in the molecule every 

10 ps. The obtained data were organized into histograms, shown as filled blue circles in 

Figure 8, and fitted to a Gaussian distribution used to define the maximum intensity 

distribution, shown as a red line in Figure 8.  

 

Table 8. Comparison of experimental, QM optimized, MD probability distributions of 
angles and bond distances. 

Methods C – C – H ( ° ) C – C – C ( ° ) Cl – Ti – Cl ( ° ) Ti – Cl ( Å ) 

Gaussian fit* 
QM method** 
Experiment*** 

125.50 
126.39 
126.00 

108.43 
107.18 
108.00 

101.11 
101.62 
100.00 

2.2577 
2.2495 
2.2500 

*The Gaussian probability density function was fitted to a series of points obtained 
from the MD simulations. **The optimum values for the assigned angles and bond 
length were calculated in APFD/6-31(d) model chemistry from Gaussian software. 
***Experimental measurement data were obtained from electron and neutron 
diffraction studies [48]. 
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The values of the MD probability distributions are compared with the experimental and 

QM-optimized values in Table 8. The QM and experimentally derived angle and bond 

measurements align within a Gaussian distribution with 98% accuracy, showing that the 

parameters effectively capture the TD's true shape. 

 

(a) (b) 

  (c) (d) 

  
Figure 8. Ti - Cl bond angle (d) and three angle values with the distances (a)(b)(c) 
were compared through a 10-ns explicit MD simulation to those resulting from QM 
optimum value and experimental data [48]. The horizontal axis displays the bond 
distance (in Å) or angle (in °) values, while the vertical axis shows 1000 instances 
of the probability density for a given measurement. 
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3.4.3. Normal mode analysis 

Our final check for the optimized parameters' precision was through normal mode analysis. 

The method for obtaining the vibrational modes and frequencies differs from that used for 

the power spectrum, as it involves diagonalizing the mass-weighted Hessian H in Eq. 

(A.14)(A.15), the 3N x 3N matrix where N denotes the number of atoms.  

 𝑅𝑇𝑀−1/2𝐻𝑀−1/2𝑅  =     diagonalization (𝜆1, … , 𝜆𝑖)𝜆𝑖  =    (2𝜋𝜔𝑖)2  
(A.14) 

 

where 𝑇 is the transpose, matrix 𝑅 consists of eigenvectors represented by columns, while 

the corresponding frequencies are denoted by 𝜔𝑖 and eigenvalues by 𝜆i, and 𝑀 contains 

the atomic masses.  

 

𝐻𝑖𝑗  =  ∂2𝑉∂𝑥𝑖 ∂𝑥𝑗  
 

(A.15) 

 

The equation represents an element 𝐻𝑖𝑗 of the Hessian matrix, defined as the second-order 

partial derivative of a scalar function ∂2𝑉, typically potential energy, with respect to the 

variables 𝑥𝑖 and 𝑥𝑗. This matrix element provides information about how the potential 

energy changes as the variables change, reflecting the local curvature of 𝑉. The MM normal 

mode analysis [49] was performed on a TD using the series of steps of the GROMACS. 

The first step was to minimize the energy of the molecule. Then, the minimized 

conformation structure of the TD was used to calculate the Hessian matrix. The 
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diagonalization of the mass-weighted Hessian was then used to diagonalize and rank the 

normal modes according to their frequencies. Figure 7 depicts MM frequencies plotted 

against QM frequencies, with a red line of slope 1 indicating definitive agreement. The 

frequency of 69 MM was determined in the TD molecule with 23 atoms. As can be seen, 

most of the corresponding MM normal mode frequencies agree well with the QM normal 

mode frequencies; an agreement is less satisfactory for the high-frequency vibrations 

between 3000 cm-1 and 4000 cm-1.  

 

 
Figure 9. Comparison of normal mode analysis between 
frequencies produced by QM-APFD/6-31(d) and MM-
CHARMM for titanocene dichloride. 

 
 
The standard deviation and correlation coefficient (R2) between MM and QM were 

calculated to be 6.23% and 0.994, respectively. The standard deviation was calculated 

considering frequencies below 3000 cm-1. The error is below the threshold value of 6.4%, 

the deviation value reported by Vanommeslaeghe et al. [26] as CHARMM protocol in the 

literature. 
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Chapter 4: Force Field Parameter for 

Polytetrafluoroethylene 

 

4.1. Introduction 

In this chapter, we developed new transferable parameters for polytetrafluoroethylene 

(PTFE) compatible with the Assisted Model Building with Energy Refinement (AMBER) 

force field by including many conformational states to improve accuracy. The Austin-

Frisch-Petersson functional with dispersion (APFD) hybrid density functional theory 

(DFT), advantageous for treating dispersion, was used to obtain quantum mechanical 

reference data. The restrained electrostatic potential (RESP) method was used to compute 

the partial charges. The bond, angle, and dihedral parameters were obtained via Paramfit 

software fitted to quantum mechanical data. The optimization of Van der Waals (vdW) 

parameters was obtained in the condensed phase through molecular dynamics simulations 

and the simplex method. These parameters were transferred to various molecular weights 

of PTFE assembly systems to calculate the density, radial distribution functions (RDFs), 

power spectrum, and specific heat capacity. The highest percent error in density was 1.4% 

for the modeled PTFE ensembles. The calculated vibrational spectrum peaks closely 

matched experimental peaks with a maximum wavenumber deviation of 19 cm⁻¹. The 
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highest percent error to specific heat capacity was 5%. These results represent a significant 

improvement over pre-existing potentials in the literature and provide parameters that can 

be used to model PTFE in many existing simulation codes.  

 

4.2. Parameterization methods 

4.2.1. AMBER interaction model 

The AMBER interaction model, presented below, describes the potential energy of a 

molecular system in Eq. (A.16) [19].  

 

𝐸 = ∑  𝑏𝑜𝑛𝑑 

𝐾𝑟(𝑟 − 𝑟𝑒𝑞)2 + ∑  𝑎𝑛𝑔𝑙𝑒 

𝐾𝜃(𝜃 − 𝜃𝑒𝑞)2 + ∑  𝑡𝑜𝑟𝑠𝑖𝑜𝑛 

𝑣𝑛2 [1 + 𝑐𝑜𝑠(𝑛𝜑 − 𝛾)]
+ ∑  𝑖<𝑗

𝑛𝑜𝑛𝑏𝑜𝑛𝑑 

𝘀𝑖𝑗 [(𝜎𝑖𝑗𝑟𝑖𝑗 )12 − 2 (𝜎𝑖𝑗𝑟𝑖𝑗 )6] + ∑  𝑖<𝑗
𝑛𝑜𝑛𝑏𝑜𝑛𝑑 

𝑞𝑖𝑞𝑗𝑟𝑖𝑗
 

 

 

(A.16) 

 𝐾𝑟, 𝐾𝜃 and 𝑣𝑛 represent the force constants for the bonded terms. 𝑟𝑒𝑞 is the equilibrium 

bond length; 𝜃𝑒𝑞 is the equilibrium bond angle. The 𝑛 is the multiplicity of the associated 

torsion angle, 𝛾 is the phase angle, and φ is the equilibrium torsion angle. 𝘀𝑖𝑗 is the energy 

well depth of the van der Waals (vdW) interaction, 𝑟𝑖𝑗 is the distance between non-bonded 

atoms i and j, and 𝜎𝑖𝑗 is the distance parameter of the Lennard-Jones 12-6 function. In the 

final nonbonding term, 𝑞𝑖 , 𝑞𝑗 represent atomic charges. In brief, the parameterization was 

performed using the following procedure: preliminarily, the atom types and the n-C4F10 

reference molecule were modeled in .pdb format files using the Avogadro Molecular Editor 

[50]. Then, the parameter file for the force field was prepared, including all parameters to 
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be fitted. The conformational sets were generated using Gaussian 16 [32] by specifying 

which dihedral angle to scan while relaxing other coordinates from an optimized n-C4F10 

reference molecule; it was ensured that conformations spanned a considerable range in 

energy, including a few at high energy. The paramfit tool was employed to fit all the 

parameters in the conformational sets of bonded terms. Then, the Lennard-Jones (LJ) 

potentials were optimized using experimental data of the n-C4F10 reference molecule. 

Details about each of these steps are provided in the following sections. The quality of the 

parameter set was thoroughly examined and evaluated to ensure reasonable accuracy was 

obtained for all generated structures across the sampled conformational space. 

 

4.2.2. Charge optimization 

The atomic partial charges were obtained from QM wave functions and fitted to electron 

density and potential. Gaussian 16 was utilized to generate the electron density and 

electrostatic potential (ESP) at various points around the structure of isolated n-C4F10 

molecule at the APFD\6-31G* level model chemistry and the corresponding optimized 

structure was directed to Antechamber to produce charges. The APFD\6-31G* method was 

chosen because it provides more reliable and superior performance for a range of 

compounds than B3LYP [51] [52]. 

 

4.2.3. Bond, angle, and dihedral optimization 

The Paramfit program [53] was utilized to derive force field parameters for bonded 

interaction terms by employing the least squares method to minimize discrepancies 

between the molecular mechanics (MM) calculation using the present force field and QM 
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energies [54]. The sets of conformations formed by the n-C4F10 structure in Figure 10a 

have thirteen bonds: three C-C bonds, ten C-F bonds, and three atom types assigned. The 

C-C bonds exhibit symmetry, while C-F bonds fall into two different groups, one 

corresponding to two fluorines bonded to the central carbon (CF2) and the other 

corresponding to three fluorines bonded to the triple carbons (CF3) [55]. 

 

 
a) b) 

  
Figure 10. a) The molecular structure schematic of PTFE consists 
of long chains with repeating units of tetrafluoroethylene (n units), 
as indicated in parentheses. b) A bond schematic of the reference 
molecule to be parameterized. 

 

The thirty-two sets of trans and gauche conformations of the n-C4F10 structure were 

generated by sampling dihedral angles at 15° intervals. We performed relaxed sampling at 

each specified dihedral angle to obtain more precise potential energy profiles, permitting 

all other internal coordinates to relax. These angles, defined for the carbon atoms in the 

reference molecule, ranged from 0° to 180°. Next, calculations for single-point energy and 

energy gradients were conducted for these conformations using APFD\6-31G* level theory. 

The conformations that result in duplicate QM energies were identified. Only one 

representative conformation was retained for further analysis; the others were excluded. 

This reduced the set of thirty-two to twenty-nine trans and gauche conformations. Twenty-
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nine conformations combined 377 data points for bonds, 696 for angles, and 783 for 

dihedrals. The data points were employed to fit the AMBER energies to the quantum 

energies. The following minimization equation Eq. (A.17) was used:  

 

∑  𝑁
𝑖=1 𝑤𝑖 [(𝐸𝑀𝑀(𝑖) − 𝐸𝑄𝑀(𝑖))2 + 𝐾]  = 0 

 

(A.17) 

 

where 𝐾 represents the internal inconsistency between quantum and AMBER energies for 

the system, and 𝑁 stands for the number of data points corresponding to bonds, angles, and 

dihedrals, respectively. 𝑤𝑖 is a weight set to 1 by default. The goal is to iteratively solve 

Eq. (A.17) while minimizing each value of K (i.e., 𝐾bonds, 𝐾angles, and 𝐾dihedrals). During 

each iteration of the minimization process, Paramfit optimized the objective functions with 

the combination of 𝐾bonds, 𝐾angles, and 𝐾dihedrals to determine K values for bonds, angles, and 

dihedrals, respectively, aiming to minimize potential energy errors across conformational 

sets compared to quantum reference data. Then, the determined 𝐾bonds, 𝐾angles, and 𝐾dihedrals 

values were used for the entire data sets for bonds, angles, and dihedrals to fit the force 

field parameters. These minimization steps quantified the fit quality of MM equilibrium 

bonds, angles, and dihedral values, enabling the force field to provide reliable predictions 

for all 29 conformational sets. The conformational energies computed from the MM force 

field were compared to QM reference values to measure the accuracy of the final bonded 

interaction parameter values. Additionally, all bond lengths, angles, and dihedral angles 

obtained from the MM force field were compared to their QM counterpart values. The 
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average absolute deviation (AAD) was computed for all quantities or traits, compared in 

Eq. (A.18):  

 

𝐴AD = ∑   𝑁𝑡=1 |𝑄𝑀𝑡 − 𝑀𝑀𝑡̅̅ ̅̅ ̅̅ |𝑁  
 
(A.18) 

 

The root-mean-square deviation (RMSD) was also calculated in Eq. (A.19). 

 

𝑅𝑀𝑆𝐷 = √∑  𝑁𝑡=1 (𝑄𝑀𝑡 − 𝑀𝑀𝑡)2𝑁  

 
 
(A.19) 

 

Four pairs of AAD and RMSD values were computed, one pair each from the 

conformational energies, bond lengths, bond angles, and dihedral angles. In the two 

preceding equations, 𝑄𝑀𝑡 is a quantum mechanics reference value for the given trait t, 𝑀𝑀𝑡  is the corresponding molecular mechanics calculated value, and 𝑁 denotes the total 

number of data points for each trait (N = 29 for conformation energies, 377 for bond 

lengths, 696 for bond angles, and 783 for dihedral angles). 

 

4.2.4. Van der Waals optimization 

We employed a combination of MD simulations using the GROMACS simulation package 

[42] and a simplex fitting procedure to optimize the vdW parameters for the PTFE 

reference molecule in condensed phases. The optimization process utilized experimental 

data on liquid density as 1.6 g/cm3 [15] [56] and heat of vaporization as 5.46 kcal/mol [15] 

[56]; the former property is highly sensitive to vdW length parameters, and the latter to the 
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energy parameters. In all fluid simulations, cubic boxes with periodic boundary conditions 

were used, and each cell contained 50 reference molecules of n-C4F10. The dimensions of 

the cubic box were set to have cell sides measuring 25 Å, and then the cell and coordinates 

were compressed to give experimental density. Once the initial configurations of the fifty 

reference molecules of n-C4F10 to be simulated were established, the optimization of the 

vdW was performed using the following procedure.  

The fitting process involves creating a simplex with N vertices in an n-dimensional 

parameter space. Each vertex is represented by a vector xi = (xi1, xi2, ..., xin), where i ranges 

from 1 to N. The six Lennard-Jones force field parameters (εF, σF, εCF2, σCF2, εCF3, σCF3) for 

three atom types (F, CF2, and CF3) means that, here, n = 6. In that 6-dimensional parameter 

space, an initial simplex with seven vertices (see Table 1) was formed using the Nelder-

Mead algorithm [25]. Each parameter was bounded as (0, 5) for all vertices defined. These 

bounds also define the range within which the parameters can be adjusted during 

optimization.  

 

Table 9. The initial simplex has seven vertices 
in the parameter space. 

Vertex 1: (εF, σF, εCF2, σCF2, εCF3, σCF3) 

Vertex 2: (εF + δ, σF, εCF2, σCF2, εCF3, σCF3) 

Vertex 3: (εF, σF + δ, εCF2, σCF2, εCF3, σCF3) 

Vertex 4: (εF, σF, εCF2 + δ, σCF2, εCF3, σCF3) 

Vertex 5: (εF, σF, εCF2, σCF2 + δ, εCF3, σCF3) 

Vertex 6: (εF, σF, εCF2, σCF2, εCF3 + δ, σCF3) 

Vertex 7: (εF, σF, εCF2, σCF2, εCF3, σCF3 + δ) 
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In Table 9, δ is a small perturbation from the initial values and is set to 0.1 in this study. 

The optimization process has the following steps: 1: The system energy was minimized by 

employing the vertex 1 parameter set for 10000 steps using the steepest descent algorithm, 

followed by 1 ns NVT (constant number of particles N, volume V, and temperature T = 273 

K) simulation to further equilibrate the system. 2: The equilibrated system was 

subsequently run in a sequence of short (20 ps) NVT simulations to test whether 

thermodynamic properties converged. 3: This was followed by a final data production NVT 

simulation for 100 ps, during which heat of vaporization was computed every 20 ps to 

allow for time averaging. These three steps were performed for each vertex. 4: The 

objective function shown in equation 5 from ref [57] was used to quantify the discrepancy 

between computed and target values of the heat of vaporization for each vertex in Eq. 

(A.20).  

 

                         𝑓target ({Vertex𝑛}) = (𝑤 (1 − 𝛥𝐻vap ({Vertex𝑛})𝛥𝐻vap,target 
)2)1/2

                     (A.20) 

 
 

where the 𝑤 is the weight factor (set equal to 1 throughout this process). The Δ𝐻vap,target  is 

the experimental value of heat of vaporization. The Δ𝐻vap ({Vertex𝑛}) is the heat of 

vaporization value obtained from the parameters at that 𝑉𝑒𝑟𝑡𝑒𝑥𝑛.  

The heat of vaporization was calculated from in Eq. (A.21) 

 𝛥𝐻𝑣 = 𝐸𝑖 + 𝑅𝑇                                                               (A.21) 
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where 𝐸𝑖 represents the total internal energy of the system for the ith vertex, 𝑅 is the gas 

constant, and 𝑇 is the temperature. 

 

 
Figure 11. A schematic representation of the update mechanisms 
within the simplex optimization algorithm. 

 

The process of simplex optimization is depicted schematically in Figure 11. The vertices 

except the vertex with the highest objective function value (the worst vertex) were modified 

based on their objective function values and using the reflection, expansion, contraction, 

and shrinking operations [25] [57] [58] described below; all six parameters in the vertices 

were adjusted simultaneously. The next step is a production stage to define new parameters 

for the vertices. These update operations continue the movement of the vertices in the 

parameter space until the convergence criteria (𝑓𝑡𝑎𝑟𝑔𝑒𝑡 ({𝑉𝑒𝑟𝑡𝑒𝑥𝑛}) <= 0.01) is achieved. 

The simplex update procedures carried out in these operations can be shown in Table 10. 
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It is important to note that the system box, previously equilibrated with the old parameters 

at each production stage, is no longer equilibrated with the new parameters. Thus, the 

system box must be re-equilibrated using the newly obtained vertex parameter sets to 

achieve a stable configuration. 

 

Table 10. The simplex update operations and their 
equations in the parameter space.  
Operations: Equations 
Centroid (cj): cj = (x1j + x2j + ... + x{N-1}j) / (N - 1) 
Reflection (rj): rj = cj + (cj - xwj) 
Expansion (ej): ej = γ * rj + (1 - γ) * cj 
Contraction (coj): coj = β * xwj + (1 - β) * cj 
Shrinking (sij): sij = δ * xbj + (1 - δ) * xij 

 

The simplex update procedure is iterative; j in Table 10 refers to the iteration number. First, 

the centroid coordinates are calculated by averaging the coordinates of all vertices except 

the worst vertex coordinates denoted as xw = (xw1, xw2, ..., xw6). Here, we consider a simplex 

with N vertices in a 6-dimensional parameter space; each vertex is represented by a vector 

xi = (xi1, xi2, ..., xi6), where i ranges from 1 up to N, where N denotes the total number of 

vertices in the simplex. In the centroid coordinate equation illustrated in Table A.2, the sum 

of the coordinate values for all vertices except the worst vertex (the highest objective 

function value) is divided by (N - 1). Applying the equation to each coordinate j, we can 

compute the centroid coordinates as (c = (c1, c2, ..., cn)) for the simplex. Then, each 

operation continues with the reflection of the vertex with the highest objective value. For 

each coordinate j, the reflected coordinate rj can be computed using the equation in Table 

10. Applying the equation to each coordinate j, we can compute the reflected point 
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coordinates r = (r1, r2, ..., rn) for the worst vertex. An expansion operation is performed if 

the reflected vertex has a lower objective function value (i.e., better). For each coordinate 

j, the expanded coordinate ej can be computed using the equation in Table 10. In this 

equation, γ represents the expansion coefficient, dictating the magnitude of the expansion. 

Typically, γ is chosen to be greater than 1 (the value is set to γ=2 in this research) to move 

the expanded point further away from the centroid. Applying this equation to each 

coordinate j, we can compute the expanded point coordinates e = (e1, e2, ..., en) based on 

the reflected point and centroid. If the expanded point (or vertex) does not improve 

significantly or has a higher objective function value than the second-worst vertex, the 

contraction operation was performed according to the equation in Table 10. In this 

equation, β is the contraction coefficient, which determines the extent of the contraction. 

Typically, β is chosen to be less than 1 (β = (±)0.5 in this research) to move the contracted 

point closer to the centroid. Applying this equation to each coordinate j, we can compute 

the contracted point coordinates co = (co1, co2, ..., con) based on the worst vertex and 

centroid. The shrinking operation is performed if none of the above operations result in a 

better vertex. To do this, we shrink all vertices of the simplex towards the best vertex (the 

vertex with the lowest objective function value). We consider the best vertex coordinates 

as xb = (xb1, xb2, ..., xb6) and the coordinates of each vertex in the simplex as xi = (xi1, xi2, 

..., xi6). For each vertex i and coordinate j, the shrunk coordinate sij can be computed using 

the equation in Table 10. In this equation, δ is the shrinking coefficient, which determines 

the extent of the shrinking; note that δ used in shrinking is distinct from δ in Table 9. 

Typically, δ is chosen to be less than 1 (we set it to δ = 0.015) to move the vertices closer 
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to the best vertex. Applying this equation to every vertex i and coordinate j, we can 

determine the shrunk coordinates sij for all the simplex vertices.  

This optimization process involves iteratively updating the vertices of the simplex based 

on the objective function evaluations until the convergence criteria (𝑓𝑡𝑎𝑟𝑔𝑒𝑡 ({𝑉𝑒𝑟𝑡𝑒𝑥𝑛}) 

<= 0.01) was achieved. Then, the final simplex vertex is determined by the coordinates of 

each parameter (ε and σ) for each atom type (F, CF2, CF3). The optimized force field 

parameters were extracted from the converged simplex. These parameters represent 

optimal values aimed at minimizing the discrepancy between the calculated and reference 

values of the heat of vaporization. Following acquiring vdW parameters, an NPT 

simulation lasting 200 ps, reached equilibrium after 50 ps at a temperature of 273 K and a 

pressure of 1 bar. This simulation aimed to assess the density and heat of vaporization to 

validate the optimized parameters. 

 

4.3. Parameterization results 

4.3.1. Charge parameters 

We successfully determined the RESP charge parameters for the n-C4F10 reference 

molecule for the F, CF3, and CF2 atom types. The RESP charge fitting process involved 

two main steps: QM calculations and charge optimization. We used APFD\6-31G* QM 

calculations to generate the ESP. Then, we used the Antechamber program to reproduce the 

same potential at the MM level by fitting the MM ESP to the QM ESP to minimize the 

deviation between the computed and target ESP values. Antechamber subsequently 

generated a file containing the RESP charges for each atom in the n-C4F10 reference 

molecule, shown in Table 11. The RESP charge parameters indicate that F in the n-C4F10 
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molecule is negatively charged with q = -0.11018. This result is consistent with the 

electronegativity of F [59]. On the other hand, CF3 groups are positively charged with q = 

0.33040, while CF2 groups are also positively charged with q = 0.22050.  

 
Table 11. Optimized charge 
parameters for PTFE. 
Charge Types q(e- ) 

F F -0.11018 
C CF3  0.33040 
C CF2  0.22050 

 

4.3.2. Bond, angle, and dihedral parameters 

Paramfit software minimizes the objective function, deriving MM bond, angle, and 

dihedral parameters relative to QM reference data. The optimization iterations were 

performed until the best combination of 𝐾bonds, 𝐾angles, and 𝐾dihedrals were obtained (i.e., 

when the objective function provided the lowest potential energy error across all data 

compared to the previous one). The convergence criterion proposed in Paramfit was used 

to validate the quality of the entire data parameter set at the final target K values. Figure 

12a compares the MM energies of the 29 conformational sets obtained with the QM 

energies. These results were then compared to their QM-derived counterpart values. The 

MM bond length values exhibited excellent agreement with the QM values, with all cases 

not exceeding 0.1 Å difference Figure 12b. Similarly, for the bond angles in Figure 12c, 

discrepancies between MM and QM results did not exceed π/20 radians. Furthermore, the 

MM dihedrals data sets in Figure 12d showed agreement within π/10 radians across all data 

and conformational sets compared to the quantum reference data.  
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(a) (b) 

  
(c) (d) 

  
Figure 12. (a) The comparison between MM-calculated results and QM 
conformational energies across 29 conformational sets is presented. The 
comparison of bond lengths (b), bond angles (c), and dihedral angles (d) between 
MM-calculated results and QM reference values are shown, along with the total 
number of data points (Data), root mean square deviation (RMSD), average 
absolute deviation (AAD), and maximum value differences (Max).  

 

Given the overall satisfactory agreement between MM and QM calculations across such a 

wide range of conformations, the final equilibrium bond length req and bond force constant Kr, equilibrium angle θeq and angle force constant Kθ, dihedral barrier height vn, dihedral 

phase γ and periodicity n shown in Tables 12, 13, and 14 were then calculated. 
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Table 12. Optimized bond parameters for PTFE. 
Bond Kr (kcal(mol.Å 2))−1

 req( Å ) 

CF2 – CF2 251.4064 1.5898 
CF2 – CF3 251.4064 1.5898 
CF2 – F 361.8779 1.3363 
CF3 – F  361.8779 1.3363 

 

Table 13. Optimized angle parameters for PTFE. 
Angle Kθ(kcal/(mol.radian2)) θeq( ∘ ) 

CF2 – CF2 – CF2 85.7729 110.9681 

F – CF3 – F 99.9229 109.3269 

CF2 – CF3 – F 69.8039 108.5623 
CF3 – CF2 – F 69.8039 108.5623 
CF2 – CF2 – F 69.8039 108.5623 
CF2 – CF2 – CF3 85.7729 110.9681 
F – CF2 – F 99.9229 109.3269 

 

Table 14. Optimized dihedral parameters for PTFE. 
Dihedral Divider 𝑣𝑛(kcal/mol) 𝛾 𝑛 

CF2 – CF2 – CF2 – CF2 1 -1.1301 0.0 -3.0 
CF2 – CF2 – CF2 – CF2 1   0.3810 0.0 -1.0 
CF2 – CF2 – CF2 – CF2 1   4.3339 180.0  2.0 
CF2 – CF2 – CF2 – CF3 1 -1.1301 0.0 -3.0 
CF2 – CF2 – CF2 – CF3 1   0.3810 0.0 -1.0 
CF2 – CF2 – CF2 – CF3 1   4.3339 180.0  2.0 
CF2 – CF2 – CF2 – F 1 -0.3651 0.0 -3.0 
CF2 – CF2 – CF2 – F 1   13.2574 0.0 -1.0 
CF2 – CF2 – CF2 – F 1   0.9940 180.0  2.0 
CF2 – CF2 – CF3 – F 1 -0.3651 0.0 -3.0 
CF2 – CF2 – CF3 – F 1   13.2574 0.0 -1.0 
CF2 – CF2 – CF3 – F 1   0.9940 180.0  2.0 
CF3 – CF2 – CF2 – F 1 -0.3651 0.0 -3.0 
CF3 – CF2 – CF2 – F 1   13.2574 0.0 -1.0 
CF3 – CF2 – CF2 – F 1   0.9940 180.0  2.0 
F – CF2 – CF2 – F 1   0.0469 0.0 -3.0 
F – CF2 – CF2 – F 1   18.2421 0.0 -1.0 
F – CF2 – CF2 – F 1   1.1050 180.0  2.0 
F – CF2 – CF3 – F 1   0.0469 0.0 -3.0 
F – CF2 – CF3 – F 1   18.2421 0.0 -1.0 
F – CF2 – CF3 – F 1   1.1050 180.0  2.0 
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(a) (b) 

  
Figure 13. Torsional energy versus C-C-C-C dihedral angle for n-C4F10 (a) from QM 
APFD/6-31G* calculations (the present work) and calculations using the Okada et 
al., generalized perfluoroalkane OPLS-AA, and n-C4F10 specific force fields. (b) 
from QM APFD/6-31G* calculations (the present work) and calculations using the 
force fields from Borodin et al. and Jang et al. 

 

The energy plots for the trans conformation (t+) from Okada et al. [7] and the n-C4F10 

specific and generalized perfluoroalkane OPLS-AA force field [15] agree with the QM 

results. However, both approaches failed to accurately reproduce the gauche conformations 

barrier (g+, g-). Okada et al.'s force field calculated higher energy for the gauche conformer 

(0.73 kcal/mol) and significantly higher energy differences, shown in Table 15, at the 

barriers for g ↔ o (0.79 kcal/mol) and o ↔ a (0.72 kcal/mol), indicating a less favorable 

description of the potential energy surface compared to other methods. Watkins and 

Jorgensen [15] extended HF/6-31G model chemistry to derive n-C4F10 specific force field 

parameters by including polarization functions (indicated by the asterisk "*"). They also 

used LMP2/cc-pVTZ(-f) model chemistry to derive generalized perfluoroalkane parameter 

sets. Their force field performance for n-C4F10 was better than that of Okada et al. in terms 

of energy differences.  
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However, both parameter sets failed to reproduce conformation barriers accurately, as 

shown in Figure 13a. 

 

Table 15. Comparison of the relative conformational energy differences (kcal/mol) 
of gauche (g), ortho (o), anti (a), trans (t) for C4F10 as a function of the C-C-C-C 
torsional angle, using various force fields and their QM-derived counterpart values, 
including those from the present work [a], Okada et al. [7], the n-C4F10 specific and 
generalized perfluoroalkane OPLS-AA force field [15], Jang et al. [10], and Borodin 
et al [17]. 
Model Chemistry (QM)  
& Force Fields (FF) 

 
Ref. 

 
gauche 

 
g ↔ o 

 
ortho 

 
o ↔ a 

 
anti 

 
trans 

QM→ APFD/6-31G* [a] 0.44 1.24 0.91 2.14 0.00 0.41 
FF→ Present work  [a] 0.46 1.21 0.84 2.18 0.00 0.40 
QM→ HF/6-31G [10] 0.76 2.25 2.05 2.45 0.00 0.14 
FF→ Okada et al. [10] 0.73 1.46 2.33 1.73 0.00 0.11 
QM→ HF/6-31G* [18] 0.80 2.10 1.90 2.40 0.00 0.10 
FF→ OPLS-AA# [18] 1.10 1.91 2.27 1.97 0.00 0.06 
FF→ OPLS-AA  [18] 1.31 2.91 3.17 1.35 0.00 0.16 
QM→ B3LYP/6-31G* [13] 0.50 1.42 1.17 2.06 0.00 0.39 
FF→ Jang et al. [13] 0.45 1.37 1.16 2.19 0.00 0.36 
QM→ MP2/aug-cc-pvDz [20] 1.18 1.95 1.55 1.92 0.00 0.11 
FF→ Borodin et al. [20] 1.32 2.02 1.42 1.68 0.00 0.25 
ref.: reference number, gauche (g): gauche energy. g ↔ o: energy difference between 
gauche and ortho, ortho (o): ortho energy. o ↔ a: energy difference between ortho 
and anti, anti (a): anti-energy, trans (t): trans energy, a present work. # n-C4F10 specific 

 

 

Jang et al.'s [10] force field sets, determined using the Dreiding-type valence potential, 

provided a satisfactory description of the lower energy differences and barriers, with 

gauche at 0.45 kcal/mol and barriers (g ↔ o: 0.05 kcal/mol), suggesting good accuracy. 

However, they reported that the g+ and g- conformational sets were unstable at the onset of 

bending torsion angle values for longer polytetrafluoroethylene chains. This raises doubts 

about the transferability of these parameters and their reproduction of macroscopic 
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properties. Borodin et al.'s [17] parameter sets also described the g+, g-, and t+ 

conformations for n-C4F10, reproducing torsional energy compared to QM calculations. 

However, their thermodynamic data, including density and heat of vaporization, were less 

precise (In the following Van der Waals parameters section) compared to the present work.  

 

4.3.3. Van der waals parameters 

We utilized simplex geometric transformation equations to refine six Lennard-Jones force 

field parameters (εF, σF, εCF2, σCF2, σCF2, εCF3, σCF3) based on the results of MD 

simulations. Seven vertices in the parameter space represented the six Lennard-Jones force 

field parameters associated with the atomic types F, CF2, and CF3. All but the worst of the 

seven vertices in Table 1 were updated using simplex geometric transformation equations. 

Among the six vertices, the vertex planes with the least objective function values are 

depicted in Figure 14.  

 

 
Figure 14. The iterative simplex update procedure starts with the 
first peak values in the plane highlighted in pink and ends in blue. 
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For each plane, six Lennard-Jones force field parameters intersected the plane, denoted by 

a dot. These simplex iteration steps started the creation of a total of 44 planes, each 

generated according to the heat of vaporization values associated with the vertices. As the 

procedure progressed through successive iterations, the arrangement of the vertices 

changed and was progressively aligned to the optimal configuration. This progressive 

adaptation of the simplex configuration created a dynamic framework for fine-tuning the 

model parameters and ultimately improved the model's predictive capacity and agreement 

with experimental results. The convergence criteria (𝑓𝑡𝑎𝑟𝑔𝑒𝑡 ({𝑉𝑒𝑟𝑡𝑒𝑥𝑛}) <= 0.01) was 

achieved with the force field parameters that form the final plane shown in blue, and values 

are presented in Table 16. 

 

Table 16. Optimized vdW 
parameters for PTFE. 
vdW ϵ(kcal/mol) σ(nm) 

F 2.8486 0.0634 
CF3 3.1499 0.0838 
CF2 3.2340 0.0781 

 
 

After vdW parameters were optimized, the heat of vaporization was calculated in Eq. 

(A.22): 

 𝛥𝐻𝑣𝑎𝑝(𝑇, 𝑃) = ⟨𝐻𝑔𝑎𝑠(𝑇, 𝑃)⟩ − ⟨𝐻𝑙𝑖𝑞(𝑇, 𝑃)⟩ + 𝑅𝑇 (A.22) 

 

where ⟨𝐻𝑔𝑎𝑠(𝑇, 𝑃)⟩ represents the average total energy of the system in the vapor phase, ⟨𝐻𝑙𝑖𝑞(𝑇, 𝑃)⟩ represents the average total energy of the system in the liquid phase, 𝑅 denotes 

the ideal gas constant, and 𝑇 is the absolute temperature. The total energy included 
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contributions from bonded and nonbonded interactions and kinetic energy. NPT 

simulations were conducted at 200, 273, and 298 K with a pressure of 101.3 kPa to 

calculate the average total energy in both liquid and gas phases, with 50 molecules in the 

liquid phase and one in the gas phase. Our results for the heat of vaporization and density 

were compared with experimental data and results from other force fields in Figure 15. 

 

(a) (b) 

  
Figure 15. Variation of density (a) and heat of vaporization (b) with 
temperature for n-C4F10. 

 

The density of n−C4F10, as presented in Figure 15a (in g/cm3), found at 273 K is 1.591. 

This performs better than the parameter sets from Jang et al. (1.650) [10], Borodin et al. 

(1.569) [17], and OPLS-AA (1.581) [15] but is nearly identical to the experimental value 

of 1.592 reported in reference [56]. At another temperature point, 200 K, the density we 

obtained is 1.820, compared with the experimental density of 1.810 [56]. This is better than 

the value from Borodin et al. (1.785) [17]. Our result for the heat of vaporization 

(kcal/mol), as presented in Figure 15b, is 5.450 at a temperature of 273 K. This value is in 

close agreement with the experimental value of 5.460, as referenced in [56]. This level of 

accuracy signifies an improvement over the results obtained using the parameter sets 
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reported by Okada et al. (5.540) [7] and Borodin et al. (5.920) [17], indicating that our 

methodology provides a more precise match to the heat of vaporization data. However, 

even though the density is improved, the calculated heat of vaporization value at 273 K is 

the same as that obtained using the OPLS-AA force field. At 200 K and 298 K, we were 

not able to make a comparison between the values we calculated due to a lack of 

experimental and previous force field data. 

 

4.4. Validation methodologies and results 

Validations described in this section involved executing molecular dynamics (MD) 

simulations in NPT or NVT equilibrium ensembles. For all of these simulations, the time 

step used was 2.0 femtoseconds (fs), and short-range interactions were computed using 

Lennard-Jones potentials with a 10 Å cutoff, supplemented with a dispersion correction to 

account for contributions to energy and pressure from long-range interactions. Arithmetic 

(for length parameters) and geometric (for energy parameters) averaging rules were used 

to calculate LJ interactions. The simulation utilized the particle mesh Ewald (PME) [60] 

method to handle electrostatic interactions, coupled with the Nose-Hoover thermostat [44] 

[61] to maintain the desired temperature (unless specified otherwise, simulations below 

were at T = 300 K). The Parrinello-Rahman approach [45] to regulate pressure at 1 bar was 

used in NPT ensembles. 

 

4.4.1. Density distribution  

This validation aims to transfer the derived AMBER force field parameters to PTFE models 

with varying molecular weights to determine the average density distribution in specific 
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regions of these models and compare them against experimental density data to evaluate 

the accuracy and reliability of the derived force field parameters. Therefore, the 

QuantumATK molecular simulation software [62] was first utilized with the Monte Carlo 

method using the OPLS Potential Builder tool [63] to create PTFE models in varying sizes: 

[CF3-(C2F4)20-CF3]20 (this chemical configuration describes a polymer made up of 20 

repeating units of a (CF3-(C2F4)20-CF3) chain. Each chain consists of a CF3 group, followed 

by 20 repeating units of C2F4 (tetrafluoroethylene), and another CF3 group at the other end), 

[CF3-(C2F4)40-CF3]40, [CF3-(C2F4)50-CF3]50, and [CF3-(C2F4)100-CF3]100. Then, the Force-

Capped Molecular Dynamics technique implemented in the QuantumATK software [62] 

was selected to model PTFE, aiming to mitigate concerns regarding atom overlap or 

artificially closed atoms within the system. Once the models with variable weights were 

created, the ACPYPE [64], a Python 3 tool, was employed to convert the force field from 

AMBER to GROMACS topology files. Then, all MD simulations were executed using 

GROMACS [42] to obtain the densities and radial distribution function (RDF) from well-

equilibrated GROMACS trajectories. The density was first computed by dividing each 

system into slabs along the z-direction to probe if density variations existed within each 

molecular weight ensemble. Density in each slab was computed as 𝜌 = m/V, where ρ is the 

density, m is the total mass of the atoms in that slab, and V is the volume of the slab. The 

average density in different sub-regions of each ensemble was compared, and no systematic 

variations were detected. For each ensemble, slab density data were averaged to determine 

the final density for that molecular weight. The results were compared with experimental 

data and previous simulations. Visualizations and results are presented in Figure 16 and 

Table 17, respectively. 
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(a) (b) 

  
(c) (d) 

  
Figure 16. The equilibrated cubic PTFE ensembles of varying size: (a) [CF3-
(C2F4)20-CF3]20, (b) [CF3-(C2F4)40-CF3]40, (c) [CF3-(C2F4)50-CF3]50, and (d) 
[CF3-(C2F4)100-CF3]100. 

 

Table 17. Comparison of our density (kg/m3) and percent error (%) from MD 
simulations of various-sized PTFE ensembles, with MD simulations using Okada 
[7] and GAFF force field parameters [19], with the experimental density at 300 
K reported in reference [65]. 
 
Molecular 
weights 

[CF3-
(C2F4)20

-CF3]20 

[CF3-
(C2F4)40

-CF3]40 

[CF3-
(C2F4)50

-CF3]50 

[CF3-
(C2F4)100

-CF3]100 

Okada 
Force 
Field 

GAFF 
Force 
Field 

 
 

Expt. 

Density  2,151 2,201 2,171 2,161 1,900 1,820 2,180 

Error (%) 1.4% 0.9% 0.4% 0.8% 13% 17% 0% 
 

Rahul et al. [20] conducted MD simulations of PTFE using GAFF parameters [19] for five 

chain lengths and reported a predicted density of 1,820 kg/m3. Okada et al. [7] performed 
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MD simulations on amorphous PTFE assemblies and observed a predicted density of 1,900 

kg/m3. The percentage of errors reported by Rahul et al. and Okada et al. was significantly 

higher than that of the present study. 

 

4.4.2. Radial distribution function  

The pair-specific spherical atomic radial distribution functions 𝑔𝐶𝐹(𝑟) were calculated to 

determine the coordination of fluorine (F) atoms around carbon (C) atoms over a 

GROMACS trajectory using the VMD GUI Plugin [66]. The RDF is determined by 

measuring the distances between atoms or particles within specified groups. This distance 

data is then converted into a histogram, where the occurrences of particles at various 

distances are counted. To obtain the RDF, the counts in the histogram are divided by the 

average density. The mathematical expression in Eq. (A.23) for the RDF, 𝑔𝐶𝐹(𝑟): 

 

𝑔𝐶𝐹(𝑟) = 𝜌𝐶𝐹(𝑟)𝜌𝐶 ⋅ 𝜌𝐹 ⋅ (4𝜋𝑟2) ⋅ 𝛥𝑟 
 (A.23) 

 

The 𝑔𝐶𝐹(𝑟), characterizes the spatial arrangement of 𝐹 atoms around 𝐶 atoms in a given 

system. It represents the probability of encountering an 𝐹 atom located at a specific 

distance ' 𝑟 ' from a 𝐶 atom, normalized based on the system's average 𝐶 and 𝐹 atom 

density. The number density of 𝐹 atoms around a 𝐶 atom at distance '𝑟' is denoted by 𝜌𝐶𝐹(𝑟), while 𝜌𝐶 and 𝜌𝐹 refer to the densities of 𝐶 and 𝐹 in the assembled system. The 

width of the spherical shell (bin size), denoted as 𝛥𝑟, is used to accumulate atoms within a 

distance range from '𝑟' to '𝑟 + 𝛥𝑟', and the surface area of this shell is given by 4𝜋𝑟2. RDF 
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results depicted in Figure 15 show that atomic interactions and structural properties of the 

PTFE system remain relatively consistent and do not significantly alter with changes in 

ensemble size and/or molecular weight. Xu et al. [67] observed that the amorphous PTFE 

peaks appear around 2Θ = 10°, 20°, 33°, and 40° in X-ray diffraction experiments using 

Cu-Kα radiation. These peaks match those in the radial distribution function at 8.851 Å, 

4.285 Å, 2.722 Å, and 2.2515 Å, respectively. These peak values were compared with the 

calculated ones shown in Figure 17. 

 

 Figure 17. Comparison of experimental RDF peak values with 
RDFs for equilibrated cubic PTFE ensembles of various sizes: [CF3-
(C2F4)20-CF3]20, [CF3-(C2F4)40-CF3]40, [CF3-(C2F4)50-CF3]50, and 
[CF3-(C2F4)100-CF3]100. 

 

In Figure 17, the initial peak calculated at around ~1 Å does not match any experimental 

peak. Several factors can explain this discrepancy. Experimental methods like X-ray 
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diffraction or neutron scattering, used to obtain the RDF, may not have the resolution or 

sensitivity to detect short-range interactions. These techniques are usually optimized for 

capturing broader, more averaged interactions within the material, possibly overlooking 

fine details at such short distances [68] [69].  

 

4.4.3. Power spectrum 

The power spectrum or velocity density of states (VDOS) is calculated using data from an 

MD simulation according to [41] as following Eq. (A.24):  

 𝑃(𝜔) = ∫−∞+∞  𝐶(𝑡)𝑒𝑖𝜔𝑡 𝑑𝑡 (A.24) 

 

where 𝐶(𝑡) is the normalized velocity autocorrelation function (VACF). The calculation of 

the 𝐶(𝑡) is explained below in Eq. (A.25): 

 𝐶(𝑡) = ∑𝑖=1𝑚  𝑣𝑘(𝑖)𝑣𝑘(𝑖 + 𝑛)/∑𝑖=1𝑚  𝑣𝑘(𝑖)𝑣𝑘(𝑖) (A.25) 

 

The 𝑣𝑘(𝑖)𝑣𝑘(𝑖 + 𝑛) term represents the correlation between the velocity at the time i ∙ Δ𝑡 

and the velocity at the time (𝑖 + 𝑛) ∙ Δ𝑡. The 𝑣𝑘(𝑖)𝑣𝑘(𝑖) is the correlation of the velocity 

with itself, and 𝑚 is the total number of time steps over which the correlation will be 

computed. The 𝑣𝑘 is the velocity associated with a specific wave vector in Fourier space 

defined in Eq. (A.26): 
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𝑣𝑘(𝑡) = ∑𝑗  𝑢𝑗(𝑡)𝑒𝑖𝑘𝑥𝑗0 (A.26) 

 

The 𝑢𝑗(𝑡) is the velocity vector of the 𝑗-th atom at time 𝑡. The 𝑒𝑖𝑘𝑥𝑗0 is the complex 

exponential function, where 𝑘 = 2𝜋𝜆  is the wave vector, 𝑥𝑗0 is defined as the initial position 

or reference position of the 𝑗-th atom. The wave vector (𝑘) specifies the wave's spatial 

frequency and is inversely related to the wavelength (𝜆) of the wave. By summing over all 

particles and multiplying each particle's displacement 𝑢𝑗(𝑡) by the complex exponential 

factor 𝑒𝑖𝑘𝑥𝑗0, one can obtain the combined effect of each particle's contribution to the 

velocity associated with wave vector k at time t [40]. To compute the power spectrum from 

the VACF, MD simulations were performed using periodic boundary conditions in a cubic 

box with an edge length of 200 Å using GROMACS software [42]. The simulations 

included a chain composed of 50 n-C4F10 reference molecules. The system's energy was 

first minimized over 10000 steps using the steepest descent algorithm. Then, an NPT 

simulation ran for 1.2 ns (nanoseconds) to adjust box length/density. Next, NVT 

simulations at T = 300 K were conducted using a box size from the previous NPT step to 

further equilibrate the system. After NVT equilibration, power spectra were calculated over 

200 ps of analysis time. The temporal variation of the VACF results can be observed in 

Figure. 18a. In Figure 18b, we compared the VDOS results with the experimental infrared 

spectrum. The peak positions of the calculated VDOS closely correspond to those observed 

in the experimental infrared spectrum obtained from a reference source [70]. 
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The temporal variation of the VACF (Figure 16a) illustrates the evolving correlation 

between velocities over time. Experimental peak values, indicated by red dashed lines in 

Figure 18b, were compared with values obtained from MD simulations. Four prominent 

peaks were observed at wavenumbers 1207, 1151, 638, and 626 cm-1 in the experimental 

infrared spectrum of PTFE fibers [70]. The peak at 638 cm-1 in the experimental spectrum 

was attributed to a regular helix structure. In contrast, the peak at 626 cm-1 was linked to a 

helix-reversal defect in PTFE fibers, which was not observed in the MD simulation results 

[71]. The bands at 1207 and 1151 cm-1 were previously considered insensitive to the 

crystallinity level [72]. These bands have been attributed to the symmetric and asymmetric 

stretching vibrations of CF2 and C-C groups within the PTFE fibers. The computed peak 

positions of 1189 and 1132 cm-1 closely matched the experimental study's peak positions 

of 1207 and 1151 cm-1, with deviations of 18 and 19 cm-1, respectively. 

 

(a) (b) 

  

Figure 18. (a) Temporal variation of the velocity autocorrelation function. (b) VDOS 
or power spectrum of the PTFE chain (500 to 2500 cm⁻¹) with experimental peak points 
shown by the red dashed lines. 
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4.4.4. Specific heat capacity 

The specific heat (𝐶𝑝(𝑇)), or heat capacity per mass unit, was calculated based on the PTFE 

assemblies' vibrational modes at constant volume across temperatures using QuantumATK. 

The expression of 𝐶𝑝(𝑇) is described by the following in Eq. (A.27) formula [73]: 

 

𝐶𝑝(𝑇) = ℎ2𝑚𝑘B𝑇2 ∫0∞   𝜈2exp (ℎ𝜈/𝑘B𝑇)(exp (ℎ𝜈/𝑘B𝑇) − 1)2 𝑔(𝜈)d𝜈 
(A.27) 

 

where 𝑇 represents the temperature, 𝜈 denotes the vibrational frequency, ℎ stands for 

Planck's constant, 𝑚 indicates the total mass of the atoms in the unit cell, 𝑘B represents 

Boltzmann's constant, and 𝑔(𝜈) symbolizes the vibrational density of states, which 

describes how energy is distributed among vibrational modes [74]. The integral in the 

formula calculates the contribution of each vibrational mode to the specific heat, weighted 

by the 𝑔(𝜈). The fraction within the integral represents the population of each vibrational 

mode at temperature T, as described by the Bose-Einstein distribution. The factor, 

ℎ2/(2πmkBT)2, positioned outside the integral, normalizes the units and scales the result 

appropriately. For this analysis, after NPT equilibration described in the preceding section, 

MD simulations were executed under the NVT ensemble, wherein the temperature ranged 

from 0 to 800 K in increments of 100 K over a total duration of 3 ns, followed by a 1 ns 

duration at 800 K. After that, the temperature decreased to 300 K with the cooling rate of 

4 K/ps and held for another 1 ns. Specific heat capacity was calculated during this entire 

MD trajectory using QuantumATK [62]. Our calculations yielded a heat capacity of 1.15 

(J.g-1.K-1) with a percent error of 4.5% based on molecular dynamics (MD) simulations 
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performed on four distinct assemblies of PTFE. This result closely aligns with the 

experimental finding of 1.10 (J.g-1.K-1) reported by G. T. Furukawa et al. [75] (see Figure 

19). Additionally, Rahul et al. [20] conducted MD simulations using standard GAFF 

parameters [19] to predict the specific heat across various sizes of PTFE ensembles at only 

300 K. Therefore, only 300 K comparisons were made. Their computational estimate was 

1.37 (J.g-1.K-1), with a reported percent error of 24.5%, significantly higher than our 

calculated value. 

 

 
Figure 19. Comparison of computed and experimental specific heat 
capacity vs. temperature for different ensembles of various sizes: 
[CF3-(C2F4)20-CF3]20, [CF3-(C2F4)40-CF3]40, [CF3-(C2F4)50-CF3]50, 
and [CF3-(C2F4)100-CF3]100. 

 

 

  



 

76 

 

 

 

 

Chapter 5: Effects of Salinity and Temperature on 

Droplet Wettability on Hydrophobic Surface 

 

5.1. Introduction 

In this chapter, we examine the influence of salinity and temperature on the wettability of 

water nanodroplets on a realistically modeled hydrophobic PTFE surface. The primary 

focus is how sodium chloride (NaCl) concentrations and varying temperatures (25°C and 

80°C) affect the contact angles of water droplets, as modeled through MD simulations. 

Most studies have been limited to smooth surfaces and hydrophilic materials. This study 

addresses that gap by providing a comprehensive analysis of droplet wettability, revealed 

by examining contact angle, ion concentration, density distribution at the interfacial area, 

and the radial distribution function. 

 

5.2. Methods  

5.2.1. Simulation setting and molecular interactions 

MD simulations were performed using the LAMMPS [76] software package to investigate 

the contact angle of NaCl-water nanodroplets on a PTFE surface. The open visualization 

(OVITO) [77] and visual molecular dynamics (VMD) [66] tools were used for post-



 

77 

processing atomistic data obtained from MD trajectories. The simulations employed actual 

units, a full atom style, and periodic boundaries in three dimensions. As described in Eq. 

(A.28), interactions between atoms were modeled using the Lennard-Jones and Coulombic 

potentials, both specified with a cutoff of 10 Å and utilized the lj/cut/coul/long pair style. 

Long-range electrostatic interactions were calculated using the Particle-Particle Particle-

Mesh (PPPM) method [60] with a 10−5 precision and a fourth-order accuracy in the k-space 

interpolation.  

 

uij(r) = 4εij [(σij

r )12
- (σij

r )6] +
1

4πε0

qiqj

r  
 

(A.28) 
 

where r indicates the distance between positions i and j, qi and qj refer to the electric charge 

at sites i and j, respectively. The ε0 is the vacuum permittivity, εij represents the well depth 

of the LJ potential, and σij is the characteristic diameter. The mixed pair coefficients were 

generated between atoms of type i and j using the arithmetic mixing combination rule: 

ϵij=√ϵiϵj, and σij=(σi+σj)/2. The system was composed of F (fluorine), C (carbon) in CF3 

groups, C in CF2 groups for PTFE, H2O (water), Na+ (sodium ions), and Cl- (chloride ions). 

The transferable bonded, Lennard-Jones, and charge parameters for PTFE, as obtained in 

reference [78] [79], were used in both the assembly of PTFE and the MD simulations. The 

SPC/E (extended) water model [80] was used to establish a nanoscale bulk water system. 

The OPLS-derived [81] Lennard-Jones and charge parameters for the Na+ and Cl− were 

obtained from the GROMACS software [42]. Non-bonded parameters are in Table 18. 

 



 

78 

Table 18. Lennard-Jones parameters and partial 
charges for PTFE, water, and ions. 
Pair Coeffs σ(nm) ε(kJ/mol) q(e) 
F (PTFE) 2.5378 0.0634 -0.11018 
CF3 (PTFE) 2.8062 0.0838           0.33040 
CF2 (PTFE) 2.8812 0.0781    0.22050 
O (water) 3.1655 0.1554         -0.84760 
H (water) 0.0 0.0   0.42380 
Na+ 

(ion) 3.3304 0.0027   1 
Cl- 

(ion) 4.4172 0.1177  -1 
 

The system dynamics were stabilized using the Nosé-Hoover thermostat set [82] at 

different temperatures, i.e., T = 298.15 and 353.15 K across all groups, with individual 

control for each group to simulate the thermal environment accurately. Bond and angle 

potentials were maintained using harmonic constraints [83], and dihedral interactions 

followed the OPLS style [15]. The velocity-verlet algorithm was used to integrate the 

atomic velocities and positions with a time step of 2.0 femtoseconds (fs).  

 

5.2.2. Constructing the simulation model 

The construction of the amorphous PTFE model is schematically illustrated in Figure 20. 

The PTFE polymer chain was initially constructed with repeating units arranged as CF3-

(C2F4)n-CF3, based on the force field parameters data [79] developed by Orhan Kaya et al. 

[78]. In this arrangement, 'n' represents the number of tetrafluoroethylene (C2F4) units and 

is set at 50. Trifluoromethyl groups (CF3) cap the chain at both ends, as shown in Figure 

20a. After the initial polymer chain was constructed using Avogadro [27], it was duplicated 

to create 50 identical chains, as illustrated in Figure 20b. These were then randomly 

positioned within a cubic lattice to mimic an amorphous PTFE polymer's disordered, 
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tangled nature. Subsequently, energy minimization was conducted to eliminate any 

unrealistic overlaps between atoms that might have arisen during the random arrangement 

of the chains. Finally, a 5 ns MD simulation with an NPT (constant number of Particles 

(N), Pressure (P), and Temperature (T)) thermostat was used in the equilibration phase to 

stabilize the system at 298.15 K and 101.325 kPa, ensuring the experimental density value 

of 2,180 (kg/m3) [65] was achieved using LAMMPS, as displayed in Figure 20c. After 

achieving the desired experimental density with the cubic PTFE assembly, the simulation 

lattice was replicated, as shown in Figure 20d, six times along the x-axis, six times along 

the y-axis, and twice along the z-axis in LAMMPS to increase the size of the system. Then, 

the replicated amorphous PTFE model was equilibrated for 1 ns using an NVT thermostat 

(constant number of particles (N), volume (V), and temperature (T)) at two different 

temperatures, 298.15 K and 353.15 K, to establish the equilibrated conditions for merging 

with pure and saline water lattices.  

For constructing the pure and saline water models, initial cubic lattices with edge lengths 

of 16, 20, and 24 nm were built to contain SPC/E water molecules. We established a 

minimum edge length of 16 nm based on findings by Giovambattista et al. [84], who 

determined that line tension has only a minor effect on edge lengths larger than 3.25 nm. 

Packmol [85] positioned water molecules in each lattice with a 2.0 Å spacing and a 1.5 Å 

safety margin to avoid boundary artifacts. 
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Figure 20. Simulation model construction workflow: (a) Initial PTFE chain with n 
= 50 tetrafluoroethylene units. (b) Replication into 50 chains in a cubic lattice. (c) 
Energy minimization and 5 ns MD simulation at 298.15 K and 101.325 kPa. (d) 
Lattice replication to enlarge amorphous PTFE for analysis. (e) Integration of Na+ 
and Cl− ions into an SPC/E water lattice. (f) Final merging of equilibrated saline 
and pure water lattices with PTFE at 298.15 K and 353.15 K. (g) Visualization of 
lattice configurations in 3D isometric and 2D orthographic projections. 

 

It was then used to delete water molecules and insert Na+ and Cl− ions, as illustrated in 

Figure 20e, to achieve the target NaCl mass concentration (CNaCl) using Eq. (A.29).  

 

CNaCl  = 
mNa+ + mCl-

mwater  + mNa+ + mCl-
 × 100% (A.29) 

 

where CNaCl  represents the mass concentration of the solution in percentage. mNa+ and mCl- 

are the masses of sodium and chloride ions, respectively, and mwater  is the mass of the 

water in the solution. Table 19 details the quantities of water molecules, the added Na+ and 

Cl− ions, and CNaCl for each of the three cubic lattices. 
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Table 19. The configuration of six different cubic saline cases. 
Lattice edge-length (nm) Nwater NNa

+ NCl
- CNaCl 

16 (equal 20nm sphere) 130600 3700 3700 8.45% 
20 (equal 25nm sphere) 253546 7227 7227 8.45% 
24 (equal 30nm sphere) 440024 12488 12488 8.45% 

 

A total of 6 cubic configurations of pure and saline water were generated, including three 

saline cases, as detailed in Table 19, and three pure cases. These configurations underwent 

a 1 ns NVT equilibration simulation at two different temperatures, 298.15 K and 353.15 

K, to establish equilibrium and ensure the absence of non-physical interactions in the 

simulation results before merging with an amorphous PTFE model, as depicted in Figure 

20f. A total of 12 cubic configurations, including variations in two temperatures, were 

accurately positioned 0.4 nm above the highest (in z) atom of PTFE and centered on the 

amorphous PTFE surface for both saline and pure lattices. The 12 nm lattice edge-length 

droplet is merged and shown in Figure 20g from perspective views and Figure 20i from 

the top, left, and front views. After the merged systems were constructed, the 12 cubic 

configurations of pure and saline water were accurately established and then prepared for 

the equilibration process. 

 

5.2.3. Measurement of surface roughness and contact angle 

The 12 cubic configurations were equilibrated—droplets with 20, 25, and 30 nm diameters 

were formed, as listed in Table 19. Figure 21 depicts the equilibration process from panels 

a to d for a 20 nm droplet. In panels f, e, and g, the time-dependent growth of the interfacial 

area on PTFE for 20, 25, and 30 nm droplets, respectively, was shown. At 0 nanoseconds 

(ns), the droplet starts in a compact, square configuration, indicating no initial interaction 
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with the surface. As time progresses towards 0.32 ns, the droplet spreads and flattens, 

transitioning towards a spherical shape due to surface tension and adhesive forces. 

 

 
Figure 21. The equilibration of a 20 nm pure droplet on the PTFE surface at 
25°C is shown in MD snapshots (a)–(d) at (a) 0 ns, (b) 0.32 ns, (c) 0.6 ns and 
(d) 1 ns in the XZ plane. (f), (e), and (g) display the interfacial area growth over 
time for 20 nm, 25 nm, and 30 nm droplets, respectively. (Note: dashed lines 
mark stabilization points.) 

 

By 0.32 ns, the interaction becomes more pronounced, and the droplet flattens further 

against the surface. The process stabilized between 0.6 ns and 1 ns, where the droplet 

reached an equilibrium state, maintaining a consistent spherical cap with a constant volume 

(V) and strong surface adhesion. The total energies of the systems in Figure 22 were 
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observed to stabilize after initial fluctuations, indicating that equilibrium had been reached 

for each droplet size and condition, including variations in temperature and salinity.  

 

(a) (b) 

  
(c) 

 

Figure 22. The total energies of the (a) 30 nm, (b) 25 nm, and (c) 20 nm 
droplet size as a function of simulation time. 

 

Once the system had reached equilibrium, theoretical methods of the wetting process were 

used to calculate the contact angle. At equilibrium, the molecular dynamics data were 

stable. The wetting process, in equilibrium, was described by the molecular-kinetic theory 

(MKT) of Blake and Haynes [86] and was explained in terms of molecular interactions at 

the three-phase contact line, where the liquid, solid, and vapor phases meet, using the Eq. 

(A.30): 
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dR
dt  = 2 K λ sinh [γLV (cos θ0 - cos θ)

2nkBT ] 
(A.30) 

 

The friction coefficient for the motion of the contact line is given by the expression 

ζ 0=nkBT / Kλ, where n denotes the density of adsorption sites on the surface, kB is 

Boltzmann's constant, K represents the displacement frequency, and λ is the spacing 

between adsorption sites. The cos θ0 represents the equilibrium contact angle, while cos θ 

is the current contact angle. For a droplet characterized by a spherical cap of volume V, the 

change of the contact angle θ(t) was introduced by Blake and Haynes [86] and later 

formulated in Eq. (A.31) by Webb III et al. [87]. 

 

dθ
dt = - ( π

3V)1/3 (2 - 3 cos θ + cos3 θ)4/3

(1 - cos θ )2
dR
dt  

(A.31) 
 

where R is the radius of the droplet interfacial area (S) of the spherical cap. The widely 

used MKT of wetting assumes a uniform surface with consistent liquid-solid interactions. 

Nevertheless, in practice, most surfaces displayed varying degrees of heterogeneity, 

including chemical irregularities, fouling, or surface roughness, which could influence 

wetting behavior [88]. Thus, the MKT was limited by often overlooking surface roughness. 

Hautman and Klein [89] introduced a method in Eq. (A.32) to relate the droplet's center of 

mass ⟨zcom ⟩ to the contact angle, assuming constant droplet density and using the equation 

cos θ  = (1 - h/r). 

 

⟨zcom ⟩=2 - 4/3 R0 (1 - cos θ
2 + cos θ

)1/3 3 + cos θ
2 + cos θ (A.32) 
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where h is the height and r is the radius of the spherical cap. The zcom represents the z-

coordinate of the droplet′s center of mass relative to the solid surface, while ⟨...⟩ indicates 

the time-averaged value. The R0 = 3N / 4πρ0 refers to the radius of the free sphere drop 

that best fits the droplet. The N represents the total number of molecules in the droplet, and 

ρ0 is the number density of the bulk liquid, which is 0.033 Å-3 for water. Eq. (A.32) was 

applied to a pure droplet with a 20 nm, 25 nm, and 30 nm diameter at 25°C, as shown in 

Figure 23 (a,b,c), resulting in contact angles between 132-135 degrees, which is 11-14 

degrees higher than the value obtained experimentally by Yijie Xiang et al. [90].  

New methodologies have been developed to improve contact angle estimation from 

instantaneous droplet geometries due to inaccuracies in the MKT and center of mass 

formulations. The method proposed by Hautman and Klein [88] was improved by Fan and 

Cagin [91], who incorporated a more accurate approach for determining the center of mass 

of the droplet, thus eliminating prior assumptions about density uniformity. The height (h) 

and radius (r) of the optimal partial sphere fitting the droplet were determined, and the 

contact angle was directly calculated using the relationship cos θ  = (1 - h/r), based on the 

geometry of the spherical cap. Ruijter et al. [92] introduced a new technique to determine 

the best-fitted partial sphere by utilizing the droplet’s density profile to pinpoint the liquid-

gas interface. Although this technique was widely used for calculating the contact angle in 

MD simulations, it was noted that inconsistent results could arise, particularly for small 

droplets [93] and inhomogeneous surfaces [94]. To address these issues, a surface meshing 

technique was proposed by Santiso et al. [93], which estimated the local contact angle at 

various points along the three-phase contact line, calculated from the 3D structure of a 

droplet. However, it was acknowledged that the accuracy of this method, like other 
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methods relying on interface recognition, was heavily dependent on the density profile 

used to identify the contact layer. Their study highlighted that a fine mesh might mistakenly 

classify density fluctuations within the droplet as part of the interface.  

 

(a) (b) 

  
(c) 

 
Figure 23. The effect of temperature and salinity on the height of the droplet 
mass center (a) 30 nm, (b) 25 nm, and (c) 20 nm droplets on a PTFE surface. 

 
 
Khalkhali et al. [95] employed a convex hull algorithm to represent the droplet surface 

using triangles, with the angles between vectors normal to these triangles and the solid 

surface being calculated, without requiring any prior assumptions about the shape of the 

liquid droplet or reliance on the density profile. Considering that rough surfaces led to more 
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complex contact line geometries, the nuances of contact angle hysteresis or local variations 

due to surface roughness might not have been fully captured by this method. Considering 

all this, our approaches were applied to measure the equilibrium contact angle 

schematically shown in Figure 24. After reaching equilibrium, as shown in Figure 24a, 

Planes, each 3 nm thick, were defined and oriented perpendicular to the xz and yz planes. 

Areas outside the specified center planes, highlighted in red in Figure 24b, were removed. 

In the remaining part of the simulation model, the measurements of root mean square 

roughness (Rq) and average roughness (Ra) measurements were performed first. 

Mathematically, Rq and Ra are defined in Eq. (A.33): 

 

Rq=√1
N

∑ (zi - z‾)2N
i=1 ,            Ra= 1

N
∑ |zi - z‾|N

i=1    (A.33) 
 

where N is the total number of surface points analyzed, zi represents the height of the i - th 

point on the surface and z‾ is the average height of all points. Once the z-axis values for all 

droplet configurations were adjusted to the same baseline, the data below this z-axis, 

highlighted in red in Figure 24c, were excluded from the analysis. The resulting rough 

PTFE surface was filtered to include only the x and y ranges corresponding to the droplet's 

spreading area contact. Following this, the roughness parameters Rq and Ra were calculated 

using the adjusted and filtered z-values. This adjustment ensured the contact angle 

calculations were based on PTFE baselines with consistent roughness across all 

configurations analyzed.  
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Figure 24. Methodology for 20 nm droplet contact angle measurement: (a) 
Equilibration at 25°C in XZ and YZ views, (b) 30 Å central section removed, (c) Cross-
sections post-removal, (d) Contact angle equation, (e) Tangent-based angle 
determination with PTFE surface. 

 

The density contours of the droplet were generated for each configuration using the data 

from Figure 24c by dividing the space within the droplet into small, distinct bins: in the xz 

plane (Δx = 0.3 nm, Δz = 0.3 nm, Δy = 3 nm) and in the yz plane (Δy = 0.3 nm, Δz = 0.3 

nm, Δx = 3 nm). Each bin collected water molecule data to identify the water/vapor 

boundary, where the water density reached 0.5 g/cm³ [21]. Once the droplet’s water/vapor 

boundary, depicted by the dashed semicircular line in Figure 24d, was established, the 

vertical distance from the PTFE membrane surface to the apex of the droplet was measured 

using MD trajectory data. This distance remains constant throughout all MD simulations 

at different times depending on the droplet size, but in all cases, equilibrium was achieved 

after the simulation time reached 0.8 ns. Thus, the value of h in the equation shown in 

Figure 24d was proportional across all droplet configurations. Once the boundary was 

established, data points along the water/vapor interface in the XZ and YZ planes were 

extracted. These data points ideally captured the curvature of the droplet at its edges, where 

it met the PTFE surface. At the points where the droplet interface met the PTFE surface, a 



 

89 

curve-fitting approach was used to approximate the slope. This process involved fitting a 

circular arc to the extracted boundary points, after which the slope was calculated at the 

contact points to the height h. The tangent lines were defined by the slope at these contact 

points. The contact angles (θI, θII on the xz plane and θIII, θIV on the yz plane), as shown in 

Figure 24e, the contact angles were measured between tangent lines and then averaged. 

Plane views of 30, 25, and 20 nm droplets at 1 ns are in Figures 25, 26, and 27. The study 

examined salinity and temperature effects on contact angle variation using 30 nm droplets 

with 8.45% salinity, pure droplets at 25°C and 80°C on PTFE, and free-floating droplets. 

Ion concentration and water density profiles were plotted, with discrepancies further 

analyzed using the radial distribution function (RDF), which quantified NaCl spatial 

distribution and revealed impacts on interfacial properties and contact angles. 

 

 
Figure 25. This figure illustrates the interaction of 30 nm droplets with rough, 
amorphous PTFE surfaces at two temperatures (25°C and 80°C) and two salinities 
(pure water and saline) across different planes (XZ and YZ). 
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Figure 26. This figure illustrates the interaction of 25 nm droplets with rough, 
amorphous PTFE surfaces at two temperatures (25°C and 80°C) and two salinities 
(pure water and saline) across different planes (XZ and YZ). 

 

 
Figure 27. This figure illustrates the interaction of 20 nm droplets with rough, 
amorphous PTFE surfaces at two temperatures (25°C and 80°C) and two salinities (pure 
water and saline) across different planes (XZ and YZ). 
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5.3. Results and discussion 

In Figures 28a and 28b, the density contour was refined by excluding bins with densities 

above 0.5 g/cm³ [21], effectively isolating the water phase and enabling precise definition 

of the water/vapor interface. The relationship derived from Figure 24d was then 

systematically applied to each equilibrated cubic configuration to calculate the contact 

angle, ensuring consistency across different droplet setups.  

 

Figure 28. Effect of salinity on the contact angle of droplets on a PTFE surface: 
Visualization of 20 nm diameter pure (a) and 8.45% saline (b) water droplets, each 3 nm 
thick, on a PTFE surface at 25°C in the XZ plane, including density contours. 
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Detailed measurements for each droplet configuration, capturing variations in size and 

interfacial characteristics, are presented in Figures 29, 30, 31, 32, 33, and 34, illustrating 

how these conditions influence interfacial properties and the resulting contact angles. 

 

 
Figure 29. This figure shows contact angle measurements of 20 nm pure droplets on 
rough, amorphous PTFE surfaces, including water/vapor interface data, PTFE surface 
roughness (Ra, Rq), and calculated contact angles (θxz, θyz). 
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Figure 30. This figure shows contact angle measurements of 20 nm saline droplets on 
rough, amorphous PTFE surfaces, including water/vapor interface data, PTFE surface 
roughness (Ra, Rq), and calculated contact angles (θxz, θyz). 
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Figure 31. This figure shows contact angle measurements of 25 nm pure droplets on 
rough, amorphous PTFE surfaces, including water/vapor interface data, PTFE surface 
roughness (Ra, Rq), and calculated contact angles (θxz, θyz). 
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Figure 32. This figure shows contact angle measurements of 25 nm saline droplets on 
rough, amorphous PTFE surfaces, including water/vapor interface data, PTFE surface 
roughness (Ra, Rq), and calculated contact angles (θxz, θyz). 
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Figure 33. This figure shows contact angle measurements of 30 nm pure droplets on 
rough, amorphous PTFE surfaces, including water/vapor interface data, PTFE surface 
roughness (Ra, Rq), and calculated contact angles (θxz, θyz). 
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Figure 34. This figure shows contact angle measurements of 30 nm saline droplets on 
rough, amorphous PTFE surfaces, including water/vapor interface data, PTFE surface 
roughness (Ra, Rq), and calculated contact angles (θxz, θyz). 
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All these detailed measurements, including the surface roughness values, are presented 

comprehensively in Table 20. This table compares the data highlighting the variations and 

trends observed across different samples. 

 

Table 20. This table presents the contact angles measured for droplets of various 
diameters (ranging from 20 nm to 30 nm) interacting with rough, amorphous PTFE 
surfaces. The data includes the effects of different temperatures (25°C and 80°C) 
and salinities (pure water and saline). 
 
Case 

 
Roughness ( Å ) 

 
θI° 

 
θII° 

 
θIII° 

 
θIV° 

Contact 
Angle° 

30 nm 
25°C, Pure 

XZ: Ra:2.6, Rq:2.0 
YZ: Ra:2.1, Rq:1.6 

120.79 122.08 
 

 
118.03 

 
123.79 

121.17 

30 nm 
80°C, Pure 

XZ: Ra:2.8, Rq:2.3 
YZ: Ra:2.0, Rq:1.6 

123.65 121.76  
121.29 

 
124.75 

122.86 

30 nm, 
25°C, Saline 

XZ: Ra:3.0, Rq:2.3 
YZ: Ra:2.6, Rq:1.9 

130.15 129.20  
129.03 

 
129.08 

129.37 

30 nm 
80°C, Saline 

XZ: Ra:3.0, Rq:2.2 
YZ: Ra:2.6, Rq:1.9 

132.12 129.05  
127.78 

 
131.35 

130.08 

25 nm 
25°C, Pure 

XZ: Ra:3.1, Rq:2.2 
YZ: Ra:2.3, Rq:1.6 

120.08 122.70  
120.59 

 
119.67 

120.76 

25 nm 
80°C, Pure 

XZ: Ra:3.0, Rq:2.4 
YZ: Ra:2.6, Rq:1.6 

122.87 124.01  
122.41 

 
119.93 

122.31 

25 nm 
25°C, Saline 

XZ: Ra:3.2, Rq:2.6 128.46 129.56  128.62 
YZ: Ra:2.8, Rq:1.8  127.16 129.29 

25 nm 
80°C, Saline 

XZ: Ra:2.5, Rq:2.2 
YZ: Ra:2.0, Rq:1.6 

126.53 133.06  
130.19 

 
131.69 

130.37 

20 nm 
25°C, Pure 

XZ: Ra:2.8, Rq:2.0 
YZ: Ra:2.4, Rq:1.8 

121.06 118.60  
123.02 

 
120.26 

120.74 

20 nm 
80°C, Pure 

XZ: Ra:3.1, Rq:2.3 
YZ: Ra:2.7, Rq:2.0 

121.89 124.66  
120.76 

 
120.54 

121.96 

20 nm 
25°C, Saline 

XZ: Ra:3.5, Rq:2.5 
YZ: Ra:2.9, Rq:2.2 

132.88 128.27  
130.09 

 
125.09 

129.08 

20 nm 
80°C, Saline 

XZ: Ra:3.6, Rq:2.7 
YZ: Ra:3.1, Rq:2.6 

128.35 129.20 
 

 
134.32 

 
131.78 

130.91 
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The saline mass concentrations were changed at the end of the 1 ns due to vaporization. 

Thus, mass concentrations had been measured for all droplet cases in Table 21. The 1 ns 

results were shown to be comparable to each other, as the 30 nm case was only 0.01% 

higher, which was considered a negligible difference. 

 

Table 21. Comparison of NaCl concentration changes for different sizes 
of nanodroplets at the end of 1 ns at 25°C and 80°C. 

                         CNaCl (%)                          CNaCl (%) 
Configurations 0 ns 1 ns Configurations 0 ns 1 ns 
30 nm (25 °C) 8.45% 8.47% 25 nm (80 °C) 8.45% 8.50% 
30 nm (80 °C) 8.45% 8.51% 20 nm (25 °C) 8.45% 8.46% 
25 nm (25 °C) 8.45% 8.46% 20 nm (80 °C) 8.45% 8.50% 

 

Two distinct effects were observed when the contact angle values from all equilibrated 

cubic configurations were plotted, including the lowest and highest measured contact angle 

values, as shown in Figure 35. Temperature effect: A slight increase in the contact angle 

with increased temperature was observed for all saline and pure droplets. Higher contact 

angles were shown by both pure and saline droplets at 80°C compared to 25°C, indicating 

that the wettability of the hydrophobic surface was indeed influenced by temperature. 

Salinity Effect: The contact angle was consistently larger for saline systems than pure 

water systems across all droplet sizes (20, 25, and 30 nm). The effect of salinity on contact 

angle was more pronounced, increasing approximately 8-9 degrees, suggesting that the 

presence of salt in the water significantly altered the interaction between the droplet and 

the surface, leading to a higher contact angle. The impact of salinity and temperature on a 

30 nm droplet was further investigated in the following section.  
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Figure 35. The graph shows contact angle variation with size, salinity, 
and temperature. Dashed red and blue lines mark the experimental 2 
mm droplet angles, as referenced [90].  

 

5.3.1. Salinity and temperature effects  

The impact of salinity and temperature on contact angle variation was studied using 30 nm 

droplets with 8.45% salinity, pure droplets on PTFE at 25°C and 80°C, and free-floating 

droplets at the same temperatures. The initial analysis involved dividing the free-floating 

droplets into spherical shells 0.25 nm thick, starting from 1.5 nm away from the center of 

mass (COM) and extending outward, with the region within 1.5 nm of the COM considered 

the bulk. A detailed analysis of a NaCl nanodroplet, including ion mass concentration and 

water density at 25°C and 80°C over timescales of 1 ns and 2 ns, is presented in Figure 34a 

and Figure 36b. Saturated vapor pressures were calculated using the ideal gas law, reaching 
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equilibrium between 0.4 and 1 ns at 80°C and between 0.3 and 1 ns at 25°C, as shown in 

Figure 36c. 

 

(a) (b) 

  
(c) 

 
Figure 36. (a) Ion mass concentration and water density profiles, and (c) partial 
pressure of a NaCl nanodroplet at 25°C and 80°C over time. (Note: Avg is average 
intensity and Std is standard deviation). 

 

At equilibrium, the rates of evaporation and condensation were found to be equal, 

stabilizing the system. Ion mass concentration in the free-floating droplets progressively 

migrated toward the surface, indicating surface segregation in Figures 37a and b. At 80°C, 

the peak shifted outward compared to 25°C, consistent with thermal expansion. Surface 

segregation in the 80°C, 2-ns simulation aligned with the 1-ns run. The ion concentration 
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curve increased from around 13 nm to a peak at 13.8-14 nm, then declined sharply, showing 

that NaCl ions tended to accumulate near the droplet surface. Meanwhile, water density 

remained constant until 13.8-14 nm, after which it dropped sharply, marking the liquid-

vapor transition and confirming surface segregation. This methodology was applied to 30 

nm droplets at 25°C on PTFE. However, the droplet could not maintain its spherical shape 

on the surface, complicating direct comparison with a free-floating droplet due to the lack 

of symmetry needed for spherical shell analysis, as shown in Figure 37a. This non-

uniformity required a different approach, so the cylindrical segments method was applied 

to determine z-profiles, as illustrated in Figure 35. The first center of mass (COM) was 

identified, and the Ranalyze radius was determined based on the droplet's Rbase radius, 

shown in Figure 37b. 

 

 

Figure 37. Visualization of the analysis setup for a 30 nm diameter droplet at 
25°C in the YZ plane, used to assess the effects of salinity and temperature. 

 

The PTFE and free-floating droplets were then segmented along the area defined by Ranalyze 

and divided into 0.3 nm thick sections along the z-axis to analyze NaCl mass concentration 

and density distributions in Figure 38a. 
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The ion concentration was approximately 1% below the contact angle measurement 

interface in Figure 38b, increasing to 4% at the solid-liquid dividing interface. At the upper 

limit of the cylindrical analysis assembly, the ion concentration reached 8.5%, 

(a) (b) 

  
(c) 

 

Figure 38. Ion mass concentration and density profiles of 30 nm NaCl 
nanodroplets: (a) Comparison between Free-floating and PTFE-adsorbed 
droplets, and (b) density and dimensionless density distributions near the PTFE 
Interface. (Note: The densities in the droplets have been normalized using the 
reference densities of PTFE, water, Na, and Cl.) (c) Visualization of interfacial 
roughness and spreading area growth. 
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demonstrating significant segregation of ions away from the PTFE surface. In the 

intermediate regions, the ion concentration profiles for both the free-floating droplet and 

the droplet on PTFE showed similar behavior, suggesting that surface interactions 

primarily affected ions near the PTFE-liquid interface. Thus, this region was magnified in 

Figure 38b to show density and dimensionless density and visualized as a perspective view 

of the interface roughness and interfacial area growth in Figure 38c. The ion concentration 

distribution revealed discrepancies between the free-floating and PTFE droplets. These 

discrepancies were further examined using radial distribution function (RDF) analysis, 

focusing on g(r) for 1 nm-thick samples from the Z-axis range of 168.5 Å to 178.5 Å in 

Figure 38c to ensure that surface roughness (δz) effects were excluded. This range also 

represents the spreading area at the solid-liquid interface, which determines the contact 

angle. Therefore, the RDF results were investigated for interactions between Na⁺ ions, Cl⁻ 

ions, and water molecules, along with temperature-related effects on the spreading area and 

contact angle.  

The RDF results are presented in Figure 39 for sodium-oxygen (gNa-O(r)), chloride-oxygen 

(gCl-O(r)), sodium-hydrogen (gNa-H(r)), and chloride-hydrogen (gCl-H(r)) interactions for 

saline nanodroplets under different temperature conditions in the presence and absence of 

a PTFE membrane. These peaks were then matched with experimental data shown in Table 

22. The analysis revealed distinct ion-specific hydration structures influenced by 

temperature and salinity. The 25°C, Saline, Free-floating condition exhibited the highest 

peak intensity in all cases. The 25°C, Saline, PTFE, and 80°C, Saline, Free-floating cases 

had equal intensities, while the 80°C, Saline, PTFE condition consistently showed the 

lowest peak. This trend was observed across all RDF plots, indicating stronger ion-water 
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interactions in free-floating droplets at 25°C and weaker interactions near the PTFE 

membrane, especially at 80°C.  

 

Table 22. Comparison of the positions of the first peaks in the radial 
distribution functions of experimentally obtained NaCl solutions, their 
standard deviations (in parentheses), and the MD simulation in this study. 

 
RDF pairs 

Methods 
x-ray spectra neutron diffraction MD (this study) 

Na-O 2.35 2.34 (0.14) 2.35 
Na-H ----- 2.97 (0.12) 3.05 (0.15) 
Cl-O 3.20 3.16 (0.11) 3.25 
Cl-H ----- 2.19 (0.16) 2.25 (0.10) 

The X-ray spectra peaks were obtained from reference [96], with a spatial 
resolution of QMax = 24 Å⁻¹, and the neutron diffraction peaks were 
obtained from reference [97], with a spatial resolution of QMax = 16 Å⁻¹. 

 

In Figure 39a, the primary peak gNa-O, observed at r = 2.35 Å, was identified as 

corresponding to the first hydration shell of water molecules surrounding the sodium ion 

[96]. The lowest peak intensity was consistently observed in the PTFE case, indicating that 

weaker ion-water interactions occurred near the PTFE surface at elevated temperatures. 

Similar hydration behavior of sodium ions was observed at both 25°C, Free, and 80°C, 

PTFE, suggesting that the structural organization of water around sodium ions was 

comparably disrupted with temperature and membrane effects. Figure 39b displays the 

gCl-O(r) with a first peak at r=3.25  Å. Similar to in Figure 39a, the 25°C, Saline, and Free-

floating cases demonstrated the highest peak intensity, while the 25°C, Saline, PTFE, and 

80°C, Saline, and Free-floating cases exhibited equal intensities. The 80°C, Saline, PTFE 

condition exhibited the lowest peak intensity, indicating a reduction in ion-water 

structuring near the membrane at higher temperatures.  
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(a) (b) 

  
(c) (d) 

  

Figure 39. Radial distribution functions for atoms under different 
temperature and salinity conditions and in the presence (PTFE) or 
absence (Free) of a PTFE membrane: (a) sodium-oxygen, (b) chloride-
oxygen, (c) sodium-hydrogen, and (d) chloride-hydrogen. 

 

In Figure 39c, the gNa-H(r) showed a peak at r=3.05  Å, where hydrogen atoms were 

positioned farther from sodium ions compared to the gCl-O(r) oxygen atoms. This indicated 

that oxygen atoms were more likely to be found around Na+ than hydrogen atoms, with 

water molecules tending to position their oxygen atoms rather than their hydrogen atoms 

toward Na+, forming hydrated sodium ions. Figure 39d displays the gCl-H(r) with a first 

peak at r=2.25  Å. The gCl-H(r) showing the lowest peak than gCl-O(r). This trend indicated 

that chloride ions consistently interacted more strongly with hydrogen atoms in free-
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floating droplets at lower temperatures. In comparison, the PTFE surface and higher 

temperatures weakened these interactions.  

The gO-O(r) displayed a peak at 2.75 Å in Figure 40a, aligning with the oxygen–oxygen 

RDF of liquid water obtained through X-ray diffraction measurements [98]. 

 

 
 

At 25°C, the interfacial area for the pure case was found to be higher gO-O(r) peak at r = 

2.75 Å, indicating more substantial water structuring at this temperature. This enhanced 

structuring caused the droplet to expand to a moderate size, though not as much as at higher 

temperatures. In the 25°C saline case, the interfacial area was smaller than in the pure case, 

which was aligned with the reduced gO-O(r) peak observed for saline droplets at this 

temperature. The presence of salt disrupted the water structure, reducing the droplet's 

ability to expand and resulting in a smaller interfacial area and larger contact angle. 

Observations for both saline and pure cases at 80°C were consistent with this trend. 

Therefore, a clear relationship was identified between the final interfacial area and the 

(a) (b) 

  

Figure 40. Radial distribution functions for atoms under different temperature 
and salinity conditions and in the presence (PTFE) or absence (Free) of a 
PTFE membrane: (a) oxygen-oxygen, and (b) chloride-sodium. 
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gO-O(r) structuring: as water structuring weakened (as indicated by a lower gO-O(r) peak), 

the droplet spread more, resulting in a larger interfacial area. Salinity further reduced this 

expansion by disrupting the water network.  

In Figure 40b, Na-Cl interactions were shown to be more temperature sensitive, with more 

evident structure at lower temperatures, which diminished at higher temperatures, 

especially near the PTFE surface. 

In conclusion, the natural structuring of water was significantly disrupted by the presence 

of salt, primarily through the weakening of its hydrogen bonding network, which limited 

the droplet’s ability to spread over the PTFE surface. This reduction in spreading resulted 

in a smaller interfacial area and, consequently, a higher contact angle. Although elevated 

temperatures also contributed to some degree of disruption by promoting expansion and 

increasing the interfacial area, the effect of salinity on water structuring was more 

pronounced. Thus, salt-induced disruption played a dominant role in reducing water 

structuring and increasing the contact angle, with temperature having a secondary but 

notable impact on the droplet’s behavior.  

The results presented here suggest that the increase in contact angle with salinity could 

significantly impact membrane distillation processes, where control over wetting 

properties is critical for efficiency. Additionally, understanding the salt-induced disruption 

of water structuring provides valuable insights for designing hydrophobic surfaces in 

desalination and water treatment applications. 
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Chapter 6: Interfacial Dynamics of Water Slabs on 

Hydrophobic Membrane 

 

6.1. Introduction 

Next, we used equilibrium MD simulations to investigate the interfaces between pure and 

saline water on porous and non-porous hydrophobic polytetrafluoroethylene (PTFE) 

surfaces. To the best of our knowledge, planar interfaces between pure and saline water on 

realistic hydrophobic surfaces had not been previously explored in atomistic modeling 

studies. However, the interfaces between water and quartz [99], graphite and silica [100], 

alumina [101], calcite [102], and graphene [103] have been studied through MD 

simulations, revealing that the interfacial structural and dynamic properties generally 

differed from those observed in bulk water. Research on the hydrophobic/water interface 

was generally focused on detecting low-density regions using X-ray [104] [106] and 

neutron scattering [105]. X-ray reflectivity [106] was used to investigate the low-density 

region between water and fluorinated SAMs (self-assembled monolayers) of FAS13 and 

FAS25. A low-density layer was observed, with widths around 9 Å and gap equivalent 

widths of approximately 7 Å for FAS25 and 4.5 Å for FAS13. A neutron scattering study 

[105] identified that the low-density distance for dodecanethiol SAMs was approximately 
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6.0 Å, while fully deuterated SAMs ranged from 2.1 to 2.7 Å, depending on the 

temperature. The thickness of the low-density region is debated due to challenges in 

preparing defect-free monolayers and limited instrument resolution. We initially 

investigated the equilibration process of pure and saline water slabs on porous and non-

porous PTFE surfaces. Subsequently, we identified the density in wetting regions for pure 

water slabs on both porous and non-porous PTFE surfaces, and the PTFE surface 

deformations in detail. Finally, ion distributions were thoroughly analyzed for both porous 

and non-porous cases.  

 

6.2. Methods 

6.2.1. Simulation setting and molecular interactions 

MD simulations using LAMMPS were performed to investigate water slab dynamics on a 

PTFE surface. OVITO [77] and VMD [66] were used for post-processing atomistic data. 

The simulations employed actual units, a full atom style, periodic boundaries in x and y, 

and reflective walls in z with a tilted simulation box. Atom interactions were modeled using 

Lennard-Jones and Coulombic potentials with a 12 Å cutoff and the lj/cut/coul/long pair 

style. Long-range electrostatics were calculated via the PPPM method [60] with a precision 

of 10⁻⁵ and fourth-order accuracy in the k-space interpolation. At the same time, bonded 

interactions were treated using the harmonic style for bonds and angles [83] and the OPLS 

style [15] for dihedrals. Interactions between atoms were described in Eq. (A.34).  

 

uij(r) = 4εij [(σij

r )12
- (σij

r )6] +
1

4πε0

qiqj

r  
 

   (A.34) 
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where r indicates the distance between positions i and j, qi and qj refer to the electric charge 

at sites i and j, respectively. The ε0 is the vacuum permittivity, εij represents the Lennard-

Jones well depth and σij is the characteristic diameter. The mixed pair coefficients were 

generated between atoms of type i and j using the arithmetic mixing combination rule: 

ϵij=√ϵiϵj, and σij=(σi+σj)/2. The system consisted of F (fluorine) and C (carbon) in CF3 

and CF2 groups (PTFE), H2O (water), Na+ (sodium), and Cl− (chloride). Transferable 

bonded, Lennard-Jones, and charge parameters for PTFE were taken from references [78] 

[79]. The SPC/E water model [80] was used for bulk water. Packmol [85] placed them and 

ions with 2.0 Å spacing. The Na+ and Cl− parameters were OPLS-derived [81] from 

GROMACS [42]. Non-bonded parameters are listed in Table 23. 

 

Table 23. Lennard-Jones parameters and partial 
charges for PTFE, water, and ions. 
Pair Coeffs σ(nm) ε (kJ\/mol) q(e) 
F (PTFE) 2.5378 0.0634 -0.11018 
CF3 (PTFE) 2.8062 0.0838           0.33040 
CF2 (PTFE) 2.8812 0.0781    0.22050 
O (water) 3.1655 0.1554        -0.84760 
H (water) 0.0 0.0   0.42380 
Na+ 

(ion) 3.3304 0.0027   1 
Cl- 

(ion) 4.4172 0.1177  -1 
 

The system was stabilized using the Nosé-Hoover thermostat [82] at 353.15 K, with group-

specific control. The velocity-Verlet algorithm with a 2.0 fs time step was used to integrate 

atomic velocities and positions.  
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6.2.2. Constructing the simulation model 

The simulation model assembly is illustrated in Figure 41. The PTFE polymer chain was 

constructed as CF3-(C2F4)n-CF3, where 'n' was set to 50, using the force field parameters 

developed by Orhan Kaya et al. [78] [79]. In this configuration, 'n' represents 50 

tetrafluoroethylene (C2F4) units, with trifluoromethyl (CF3) groups capping both ends, as 

shown in Figure 41a. The initial chain, generated using Avogadro [27], was duplicated to 

form 50 identical chains in Figure 41b, and energy minimization was performed to remove 

atomic overlaps. The structure was then replicated four times along the z-axis, followed by 

a 5 ns MD simulation in an NPT ensemble at 353.15 K and 101.325 kPa to achieve the 

experimental density of 2,180 kg/m³ [65] using LAMMPS in Figure 41c. After reaching 

the target density, the PTFE assembly was replicated eight times along the x-axis and 

eleven times along the y-axis in Figure 41d and equilibrated for 1 ns in an NVT ensemble 

at 353.15 K to prepare for merging with pure and saline water slab lattices. A 24 nm pore 

was generated at the center and designated porous PTFE. Porous and non-porous PTFE 

were merged with saline and pure water slabs, creating four configurations as shown in 

Figure 41 (e) (f) and listed in Table 24. The NaCl mass concentration of the saline water 

slab (CNaCl) was calculated using Eq. (A.29). 

 

CNaCl  = 
mNa+ + mCl-

mwater  + mNa+ + mCl-
 × 100% (A.35) 

 

where CNaCl  represents the mass concentration of the solution in percentage. mNa+ and mCl- 

are the masses of sodium and chloride ions, respectively, and mwater  is the mass of the 

water in the solution.  
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Figure 41. The figure shows the assembly of the PTFE polymer and its merging with 
saline water slabs. In (a), the PTFE chain is constructed as CF3-(C2F4)n-CF3 with 'n' set 
to 50. In (b) and (c), the chains are duplicated, minimized, and replicated along the z-
axis. In (d), the PTFE chains are fully assembled along the x- and y-axes. Panels (e) and 
(f) depict the merging of saline water slabs with non-porous and porous PTFE, 
highlighting the 24 nm pore in the porous PTFE. 

 

Table 24. Configurations of water and ion count with CNaCl in saline 
and pure slabs on non-porous and porous PTFE. 
Configurations Nwater NNa

+ NCl
- CNaCl 

Saline slab on non-porous PTFE  1277150 36425 36425 8.47% 
Saline slab on porous PTFE 1277150 36425 36425 8.47% 
Pure slab on non-porous PTFE 1350000 0 0 0% 
Pure slab on porous PTFE 1350000 0 0 0% 

 

6.3. Results and discussion 

The simulation results were divided into four phases. First, transient vapor bridges were 

formed in the gap - a crucial phase for contact. Next, the initial coalescence point was 

observed when the water slab first touched the PTFE surface, where vapor pressure peaked. 
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After this, contact nucleation expanded these coalescence points, moving the water slab's 

center of mass closer to the PTFE. Finally, equilibrium contact was achieved as the vapor 

bridges allowed full adherence of the water slab to the surface, creating a stable interface 

and minimizing potential energy for the system. The analyses were performed after the 

equilibration process was complete. These equilibration processes were illustrated by 

partial pressure variations Figure 42a and center of mass shifts Figure 42b over time. 

 

(a) (b) 

  
Figure 42. Center of mass shifts (a) and partial pressure variations (b) for pure 
and saline water slabs on porous and non-porous PTFE surfaces over time. 

 

In Figure 42a, variations in partial pressure highlight the role of vapor-phase bridges in the 

contact process. Partial pressure increased steadily as more bridges formed while the slabs 

moved closer to the PTFE surface.  

The instants where pressure peaked corresponded to the initial coalescence time in Figure 

43, indicating that the vapor bridges had collapsed and contact nucleation had begun. After 

this point, the contact nucleation points were spread across the surface, very quickly 

drawing the water slab closer to the PTFE surface. 
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Figure 43. Initial coalescence points and time to contact for pure and 
saline water slabs on porous and non-porous PTFE surfaces 

 

In Figure 42b, center of mass (CoM) shifts show that contact nucleation occurred more 

quickly on porous PTFE than on non-porous surfaces. The comparison between pure and 

saline water slabs also revealed that salinity slowed the contact process, likely by altering 

vapor-phase bridge dynamics and prolonging their persistence, making the interaction 

between saline water and hydrophobic surfaces more complex. 

Density profiles and wetting interfaces for pure water slabs on non-porous and porous 

PTFE surfaces, as shown in Figure 44, were analyzed after achieving an equilibrated 

interface. The initial wetting interface and the solid-liquid dividing interface were defined 

for both cases. The initial wetting interface was identified as where wetting first occurred, 

while the solid-liquid dividing interface was defined as the location where the PTFE 

surface roughness ended and the surface became thoroughly wetted. On porous PTFE, the 

initial wetting position was observed earlier due to water bending around the pores, as seen 

in the visualization in Figure 44 (a) and (b). Wetting spread uniformly on non-porous PTFE 

but developed gradually around the pores on the porous surface, leading to broader wetting. 

This difference in wetting behavior is reflected in comparing the wetting range between 

the porous and non-porous cases in Figure 44 because the density matching points changed. 
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(a) 

  
(b) 

  
Figure 44. Comparison of density profiles and wetting interfaces 
between pure water slab on non-porous and porous PTFE surfaces. 

 

The resulting change in PTFE's morphological structure is shown schematically in Figure 

45a, with the initial and final deformation of the PTFE surface affected by the pure slab in 

Figure 45b and the saline slab in Figure 45c. OVITO’s surface detection algorithm, 

utilizing an alpha shape method, a generalized version of the convex hull, was used to 

construct a surface mesh for analyzing and visualizing surface deformation. A triangular 

surface mesh was generated based on a given probe radius, which was then used for further 
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analysis, including the visualization of complex rough interfaces. When the initial and final 

deformations were analyzed, the pore contact and bending angles were observed as two 

critical structural changes in the PTFE surface.  

 

(a) 

 
(b) (c) 

  
Figure 45. (a) Illustration of slab-induced bending and pore contact angles in PTFE 
before and after deformation. (b) Initial and final deformation of the PTFE surface 
affected by the pure slab. (c) Initial and final deformation of the PTFE surface affected 
by the saline slab. 

 

The bending angle (θbending) reflected the overall bending or warping of the PTFE surface 

around the pore due to the applied forces from the slab. The angle was formed by the 
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curvature or bending of the PTFE surface around the pore region. It was generated due to 

the slab exerting a force on the PTFE, leading to surface deformation, typically expressed 

as a slope in the PTFE surface. In Figure 45a, θbending is shown between the horizontal plane 

(x-axis) and the sloping surface of the PTFE after deformation. The provided equation 

(tan(θbending) = x/y) describes the relationship between the horizontal distance (x) over 

which the surface deformed and the vertical distance (y) of the bending, which allowed the 

calculation of the bending angle from the trajectory file. θbending ∼ 8° for the PTFE surface 

affected by the pure slab, and θbending ∼ 11° for the PTFE surface affected by the saline slab. 

Pore contact angles (θpore) reflected the deformation of the pore's sidewalls. The angle was 

formed between the vertical axis of the pore (typically a line running through the center) 

and the sloping sidewalls of the pore after deformation. This angle indicated how much the 

sides of the pore had changed their orientation or 'tilt' due to the influence of the slab on 

the PTFE structure. Before deformation, the walls of the pore were typically vertical or 

nearly vertical (indicating little or no tilt). After deformation, the sidewalls were bent 

inwards or outwards, altering the angle between the vertical axis and the pore sidewalls. 

The pore contact angles were calculated by establishing a cylindrical coordinate system 

around the pore. The solid-liquid dividing interface becomes rougher. The cylindrical 

coordinate system was centered on the pore and extended in radial (r) and vertical (z) 

directions. The last interface point of the curvature of the water/vapor interface was used 

to define the edge of the water slab. The contact angle was determined by fitting a curve to 

the water/vapor interface near the pore and measuring the angle between the tangent at the 

pore edge and the solid-liquid interface. 
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Four different contact angles were measured in Table 25 for each slab at distinct points 

illustrated in Figure 46a around the pore, labeled θI°, θII°, θIII°, and θIV° in Figure 46c.  By 

averaging these angles, the contact angle for the pure water slab was calculated as θpure = 

139.94 and for the saline water slab as θsaline = 142.86. The contact angle measurements 

revealed distinct differences between water slabs and droplets on PTFE surfaces 

emphasizing the effects of interface structure. Droplets exhibited lower contact angles, 

ranging from 121° for pure water to approximately 130° for saline water at 80°C, due to 

limited surface contact from their interfaces. In contrast, slabs showed higher contact 

(a) (b) 

  
(c) 

 

Figure 46. Calculation method for pore contact angles: (a) Establishment 
of the cylindrical coordinate system. (b) Water/vapor interface data and 
pore contact angle determination for pure and saline water slabs. (c) 
Comparison of contact angles (θ) at different pore regions for pure and 
saline water slabs. 
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angles—139.94° for pure water and 142.86° for saline water—attributable to their broader, 

flatter contact regions that amplify the PTFE’s hydrophobicity. This difference underscores 

that slab configurations lead to a greater apparent hydrophobicity than droplets, resulting 

from the increased contact area. 

 

Table 25. The averaged pore contact angle measurements for pure and saline 
water slabs. 

Case T ( °C ) θI
° θII

° θIII
° θIV

° angle° 
Pure water slab 80 137.30 139.08 144.58 138.79 139.94 
Saline water slab 80 143.23 144.78 142.76 140.65 142.86 

 

As a final analysis in this chapter, the ion concentration profiles of NaCl in saline water 

slabs on porous and non-porous PTFE surfaces were calculated. The simulation results in 

Figures 47a and 47b allowed distinct spatial regions to be examined: the Pore-Center and 

Pore-Away zones on the porous PTFE surface and the Surface-Wide distribution on the 

non-porous PTFE surface. The NaCl concentration profiles along the z-axis, shown in 

Figure 47c, revealed critical differences in ion behavior between the two surfaces. On the 

non-porous PTFE surface, the ion distribution remained relatively homogeneous, 

characterized by a gradual and smooth increase in NaCl concentration as the distance from 

the surface decreased. In contrast, the porous PTFE surface exhibited a more complex 

interaction. The NaCl concentration rose sharply and significantly at the Pore-Center, 

indicating considerable ion accumulation directly above the pore. The steep gradient 

observed in this region suggested that the pore acted as a focal point for ion adsorption, 

creating a localized zone of elevated salinity. This enhanced accumulation was maintained 

over a considerable range along the z-axis before tapering off, implying that the pore 
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strongly influenced ion behavior in the interfacial region. The Pore-Away region, though 

not directly above a pore, also displayed a modulated ion concentration profile. While the 

concentration increase was less steep than at the Pore-Center, a delayed and more gradual 

rise was observed, indicating that the pore influenced ion distribution even in regions not 

directly interacting with it. These findings suggest that surface porosity had a broader 

impact on ion behavior, extending its influence beyond the immediate vicinity of the pores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Concentration polarization was demonstrated in the simulation results, particularly at the 

Pore-Center of the Porous PTFE surface and, to a lesser extent, at the Pore-Away region. 

(a) (b) 

  
(c) (d) 

  
Figure 47.  NaCl concentration and water density distribution in saline 
water slabs on porous and non-porous PTFE: (a) Pore-center and pore-
away regions on porous PTFE. (b) Surface-wide sampling on non-porous 
PTFE. (c) NaCl concentration profiles along the Z-axis. (d) Water density 
profiles along the Z-axis. 
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In contrast, the Non-Porous PTFE surface exhibited a more uniform ion distribution with 

less pronounced polarization. Ion accumulation near the surface was enhanced by pores, 

consistent with concentration polarization caused by restricted ion diffusion from the 

interfacial region. 

In conclusion, this chapter presented several novel insights into the interfacial dynamics of 

water on hydrophobic PTFE surfaces, exploring complex interactions that have been 

underrepresented in molecular dynamics literature. First, transient water vapor bridges 

were observed as intermediate structures, providing a pathway that reduces the energy 

barrier for contact. Tracked through the center of mass shifts, these bridges significantly 

stabilized the system during equilibration. They introduced a unique stabilizing mechanism 

not previously documented in MD simulations. Additionally, partial pressure within the 

interfacial gap was tracked. Peaks in partial pressure served as markers for coalescence 

timing, opening avenues to further investigate thermodynamic and energetic elements of 

nucleation at hydrophobic interfaces. 

Furthermore, a detailed examination of the wetting interfaces on porous and non-porous 

PTFE revealed how surface morphology influences interfacial water density and the 

distribution of wetting ranges. These variations induced structural deformations on the 

hydrophobic surfaces, such as bending angles and pore-specific contact angles, 

highlighting how slab configurations produce distinct wetting behaviors compared to 

droplets. This difference was further emphasized in contact angle measurements: water 

slabs exhibited significantly higher contact angles than droplets due to the broader and 

flatter contact region on the hydrophobic PTFE surface. The increased contact angle for 



 

123 

slabs was attributed to enhanced hydrophobic interactions, which were amplified by 

surface roughness. 

Lastly, the chapter introduced a fresh perspective on concentration polarization in porous 

PTFE systems through a spatial analysis of NaCl distribution. The selective accumulation 

of ions, particularly in the Pore-Center region, resulted in sharp ion gradients that have not 

been previously addressed. This effect of microscopic porosity on ion distribution adds to 

the understanding of interfacial behaviors and extends current knowledge on wettability 

and ion segregation near hydrophobic interfaces.  
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Chapter 7: Conclusions and Recommendations for 

Future Research 

7.1. Conclusions 

This dissertation was crafted to significantly contribute to understanding interfacial 

phenomena between water and hydrophobic PTFE surfaces through molecular dynamics 

(MD) simulations, focusing on the rigorous development of force field parameters tailored 

explicitly to these interactions. A foundational methodology was provided for investigating 

complex interfacial systems by establishing reliable parameters. 

CHARMM-compliant parameters for TD were developed to address a critical gap in 

computational modeling, as prior studies had lacked bonded parameters for TD. These 

parameters were validated against quantum mechanical (QM) data and experimental 

vibrational spectra, confirming their accuracy and reliability for future studies on TD 

interactions. This achievement is anticipated to open new avenues for computational 

research into TD’s role in drug discovery, particularly its interactions with biomolecules, 

and to set a standard for parameterizing other organometallic compounds in MD. 

New force field parameters for PTFE were established using the AMBER functional form, 

representing a pioneering contribution. These parameters enabled comprehensive 

modeling of PTFE’s condensed-phase behaviors and improved predictions for its density, 
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heat capacity, and structural properties. The parameters were rigorously tested across 

various molecular weights and conformational states, validating their applicability. This 

methodological advancement is expected to prove valuable in material science and industry 

by enabling precise PTFE interaction simulations under varied conditions, which is 

essential for designing PTFE-based materials in industrial applications. 

Contact angle measurements were conducted to confirm the reliability of the PTFE force 

field parameters for water interfacial studies. Subsequently, the effect of NaCl 

concentration on the wettability of a hydrophobic PTFE surface was investigated through 

MD simulations. The atomic mechanisms behind wettability behavior were elucidated by 

analyzing the contact angle, ion concentration, density distribution at the interface, and 

RDF. It was demonstrated that temperature and surface interactions significantly affected 

the structural properties of water and NaCl solutions, impacting the wettability and 

interfacial characteristics of droplets on PTFE surfaces. As the temperature increased from 

25°C to 80°C, the contact angle rose, indicating that higher temperatures weakened the 

liquid-solid interaction, rendering the PTFE surface more hydrophobic. The reduction in 

surface tension and disruption of hydrogen bonding with temperature further contributed 

to this behavior. The presence of NaCl in water was shown to alter wetting behavior, as salt 

ions disrupted the water structure, reducing spreading and increasing contact angles. NaCl 

ions tended to accumulate near the droplet surface at higher temperatures, further 

increasing hydrophobicity. Analysis of RDFs also revealed weaker ion-water interactions 

near the PTFE surface at elevated temperatures, with disruptions in hydration shells 

contributing to the observed changes in wettability. These findings provide insights into 

the behavior of saline water on hydrophobic surfaces. 
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The simulation of water slabs interacting with PTFE surfaces yielded insights into unique 

molecular-level phenomena, including vapor bridge formation, bending, pore contact 

angles, and water structuring near PTFE. Vapor bridges were observed as transient 

structures facilitating contact and coalescence between water slabs and the PTFE surface, 

presenting new perspectives on liquid-solid interactions and bridging mechanisms in 

confined environments. Analyses of pore contact angles and slab-induced bending 

highlighted how PTFE’s surface morphology modulated interfacial water behavior, with 

salinity influencing these dynamics by extending vapor bridge formation and intensifying 

localized deformation. These insights are expected to inform the design of advanced 

hydrophobic membranes and improve performance in filtration and separation processes. 

 

7.2. Recommendations for Future Research 

In Chapter 5, the focus was primarily on large droplet sizes when analyzing the effects of 

salinity and temperature on hydrophobic wettability. However, it is essential to investigate 

how the size effect interacts with salinity variations for smaller droplet sizes. Future 

research could extend the findings by incorporating NaCl in different ratios into smaller 

droplets. Since smaller droplets may exhibit more complex interfacial dynamics, wetting 

simulations on smooth surfaces are recommended to obtain more accurate and precise 

results. This approach would minimize the influence of surface roughness and better isolate 

the size-dependent effects of salinity and temperature on wettability. 

In Chapter 6, this dissertation examined the behavior of ions near hydrophobic surfaces, 

but future research could delve deeper into the mechanisms of ion segregation. Specifically, 

it would be valuable to investigate the impact of different ion species, ion concentrations, 
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scaling nucleation at varying salt levels, feed solution temperatures, and flow rates. While 

the research in Chapter 6 primarily focuses on equilibrium MD simulations, future studies 

could explore the effects of dynamic flow conditions, mainly how flow-induced forces 

influence the structuring of water and ions near hydrophobic surfaces. Additionally, future 

work could investigate how surface morphology influences ion behavior and segregation 

at the interface. Comparing the effects of highly structured versus relatively smooth 

surfaces on salt deposition and ion diffusion could provide valuable insights into scaling 

and fouling mechanisms in filtration systems. 
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