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Thermostating strategies and
interaction potentials in interfacial
water simulations: are they really
needed?

Sumith Yesudasan*

Department of Mechanical and Industrial Engineering, University of New Haven, West Haven, CT,
United States

Understanding the molecular behavior of water near solid surfaces is critical for
advancing simulations in catalysis, energy storage, and nanoscale heat transfer.
Here, we reveal how the choice of thermostating strategy and interaction
potential fundamentally alters the structural and dynamical properties of
interfacial water. Using classical molecular dynamics (MD) simulations of SPC/
E water near a Pt (111) surface, we compare four distinct thermal control schemes
in combination with two interaction models: the Zhu-Philpott (ZP) potentialand a
fitted Lennard-Jones (LJ) approximation. Our results demonstrate that
thermostating both the water and the solid yields the most realistic layering,
orientation, and thermal equilibration in the first hydration layer (~0.5 nm from the
surface). Surprisingly, simulations using only water thermostats but with a frozen
or non-thermostated wall produce overstructured or thermally biased interfacial
profiles. Furthermore, we show that a carefully optimized LJ potential can
approximate ZP's accuracy in density layering but fails to replicate angular
orientation. The study points out the situations where simplified models are
valid, and where detailed interactions and thermal effects must be included,
offering both new knowledge and useful rules for improving simulation accuracy.

KEYWORDS

interfacial water, molecular dynamics simulation, water-metal interface, Zhu—Philpott
potential, surface wetting

1 Introduction

The behavior of water at solid interfaces is central to a wide range of technological and
scientific applications, including catalysis, heat transfer, energy storage, corrosion, and
biomedical device design. At the molecular scale, the structure and dynamics of water near
solid surfaces are governed by a complex interplay of intermolecular forces, surface
chemistry, and thermal fluctuations (Maccarini, 2007; Plawsky et al., 2008; Peng et al.,
2022). In particular, the interactions between water molecules and metal surfaces have
attracted significant attention due to their relevance in electrochemical and thermal
systems. Since the 1940s, the structural characteristics of water at metal interfaces have
been the subject of sustained scientific investigation (Henniker, 1949; Drost-Hansen, 1969;
Ribarsky et al., 1985). Each decade has brought significant progress in understanding how
water molecules organize near solid surfaces. One of the earliest and most influential
contributions came from Henniker (1949), who, in a seminal review (Henniker, 1949),
compiled both direct and indirect experimental evidence showing that molecular
orientation at liquid surfaces can extend far beyond a single molecular layer. He
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introduced the concept of “deep surface orientation”, in which
alignment at the interface propagates into the bulk through
successive polarization of neighboring molecules. His work also
discusses the ongoing debates within the scientific community on
the existence of intermolecular forces longer than a few Angstroms,
but shorter than classical physics. In 1969, Drost-Hansen, in his
seminal paper (Drost-Hansen, 1969), introduces the three-layer
model for water, through which he tried to conceptualize the
structure of water to be greatly influenced by the adjacent lattice
layers of metal. The review paper (Thiel and Madey, 1987) of Thiel
and Madey’s (1987) underscores the complexity and variability of
water-surface interactions. The behavior of water is not only surface-
specific but also coverage- and temperature-dependent. Their
synthesis of experimental findings establishes a baseline for
understanding how water behaves in catalytic processes,
corrosion, atmospheric chemistry, and biological systems.

From 2000 onward, advancements in both simulation and
experimental techniques have significantly deepened our
understanding of water structuring and dynamics at metal
interfaces. A central development has been the rise of ab initio
molecular dynamics (AIMD) simulations, which use quantum
mechanical descriptions (typically density functional theory) to
model electronic interactions between water molecules and metal
surfaces. AIMD studies have revealed fine-grained details such as
charge transfer effects, hydrogen bond rearrangements, and specific
adsorption geometries that were previously inaccessible with
classical models. For instance, studies on water adsorption on Pt
(111), Au (111), and Ru (0001) surfaces using AIMD have
demonstrated that the orientation and binding energy of
interfacial water molecules are highly sensitive to the local
electronic structure of the substrate, as well as temperature and
water coverage (Michaelides, 2003; Carrasco et al., 2012; Natarajan
and Behler, 2016; Le et al., 2021; Grof$ and Sakong, 2022a).

However, the high computational cost of AIMD restricts its
applicability to relatively small systems (typically <100 atoms) and
short simulation timescales (a few tens of picoseconds) (Iftimie et al.,
2005; He et al., 2018; Jia et al., 2020; Joll et al., 2024). As a result, the
development of improved classical potentials that retain some of the
electronic fidelity of AIMD, but at a fraction of the cost, has been a
key focus. One notable advancement in this area is the Zhu-Philpott
(ZP) potential (Zhu and Philpott, 1994; Zhu, 1995), a classical
potential  specifically  designed to simulate water-metal
interactions more accurately than the traditional Lennard-Jones
(L)) framework. ZP potential decomposes the interaction into
three physically motivated components: (1) a conduction electron
image charge interaction that mimics the polarization effects
induced by the metal, (2) an anisotropic attraction capturing
directional bonding preferences of water molecules, and (3) an
isotropic repulsive component accounting for Pauli exclusion.
This framework provides a more realistic representation of the
energy landscape experienced by water molecules at a metallic
interface and has shown good agreement with AIMD results in
terms of hydration structure and dipole orientation near platinum
surfaces (Zhu and Philpott, 1994; Chen et al.,, 2018; Li et al., 2021).

Although not yet
complexity, recent studies have begun to incorporate the ZP

widespread due to implementation

potential into large-scale MD simulations, confirming its ability
to reproduce experimental observations such as layering in oxygen
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density profiles and preferred dipole orientations (Kimura and
Maruyama, 2002; Shi and Dhir, 2009; Steinmann et al., 2018). ZP
potential serves as a critical bridge between AIMD accuracy and
MD
interfacial modeling.

classical scalability, making it a valuable tool for
On the experimental front, the last 2 decades have also seen

substantial ~advances in  surface-sensitive characterization
techniques. X-ray reflectivity (XRR), sum-frequency generation
(SFG) spectroscopy, and scanning tunneling microscopy (STM)
have all contributed to revealing the layered structure of water at
metal surfaces. For instance, SFG studies have directly observed the
orientation and hydrogen bonding states of interfacial water,
confirming theoretical predictions of surface-aligned dipole
vectors. XRR experiments have quantitatively measured the
spacing and intensity of water density peaks near metal
interfaces, validating the concept of hydration layering up to
2-3 molecular diameters (Fenter and Lee, 2014; Guo et al.,, 2018;
Sanders and Petersen, 2019).

Experimental studies and ab initio molecular dynamics (AIMD)
simulations have shown that water molecules near metallic surfaces
form well-defined hydration layers with distinct structuring and
energetics. While classical molecular dynamics (MD) has emerged
as a powerful and computationally efficient tool for probing such
interfacial behavior (Stauber et al., 2015; Zhang et al., 2016), its
fidelity critically depends on the choice of interaction potentials and
thermal control strategies. Traditional Lennard-Jones (L]) based
models, though widely used, often fail to capture the image-charge
effects and anisotropic interactions that govern water-metal
Zhu-Philpott  (ZP)
incorporates these effects explicitly, providing a more realistic
description of interfacial phenomena. However, the high
computational cost of ZP has limited its widespread adoption,

coupling. In contrast, the potential

and a systematic framework for deciding when simpler models
are sufficient has not yet been established.

A second but equally important factor in interfacial MD
simulations is the thermostating strategy, the way temperature is
regulated in the fluid and solid domains. While thermostats are
routinely applied to maintain equilibrium, their placement (on
water, the substrate, or both) can strongly influence structural
and dynamic outcomes. For instance, freezing the solid wall
atoms (Yong and Zhang, 2013; Qian et al., 2016; Skarbalius et al.,
2021) improves computational efficiency but artificially suppresses
vibrational modes, while failing to thermostat the water near a hot or
cold surface can induce nonphysical heating or cooling. Despite its
importance, the impact of thermostating on interfacial water
structuring has received limited systematic attention.

This study addresses these two critical gaps by (i) establishing a
direct connection between L] and ZP potentials for water—platinum
and (i)
thermostating strategies influence interfacial water structure and

interfaces, systematically evaluating how different
energetics. Using classical MD simulations of SPC/E water on a
platinum (111) surface, we implement and validate the ZP potential
alongside equivalent L] parameterizations matched to either energy
Four distinct thermostat

profiles or density distributions.

configurations applied selectively to water, platinum, or
both—are then compared to isolate the role of thermal control
on properties such as molecular orientation, density layering, radial

distribution functions, and interfacial interaction energies.
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Molecular configuration used in the MD simulations. Panel (a) displays the side view of the equilibrated system, highlighting the stratification of water
molecules near the surface. Panel (b) presents a top-down view, illustrating the formation of a dense interfacial layer. It also shows the orientation of the
cartesian coordinate axes and the definition of azimuthal angle ¢. Panel (c) shows the dimensions of the simulation box for spatial reference, with
boundary conditions as periodic boundary condition (PBC) along sideways and non-periodic boundary conditions along vertical dimension (z-axis).

By bridging simplified and physically detailed interaction
models, and by quantifying the consequences of thermostating
strategies, our work provides actionable guidelines for achieving
simulation fidelity at solid-liquid interfaces. Beyond molecular-level
insights, these results establish a foundation for multiscale modeling
efforts, including continuum approaches to heat transfer,
adsorption, and electrochemical activity at metal-water
boundaries. In doing so, this study highlights not only when
simplified approximations are valid, but also when explicit
of wall

essential—offering new pathways for accurate and efficient

treatment dynamics and advanced potentials is

interfacial simulations.

2 Methods

To investigate the influence of thermostating on systems
involving wall-liquid interactions, we consider a model system
comprising a three-layer platinum slab with a liquid water slab
placed on top of it as shown in Figure la. The water molecules are
1987) and the
platinum is modeled as FCC 111 with a lattice constant of

modeled using SPC/E model (Berendsen et al,
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3.924 A (Arblaster, 1997). The interaction between water
molecules is modeled using the standard Lennard-Jones (LJ)
potential between oxygen atoms and Coulomb potential between
all. The L] parameters are 0p-o = 0.316555789mm and ep_o =
0.155291 kcal/mol . For the Coulomb potential calculations, the
partial charges for hydrogens are 0.4238e and that of oxygen is
—0.8476e.

A cutoft distance of 3.50 (~1.11 nm) was applied for short-range
interactions, which requires lateral box dimensions of at least
3.92 nm to avoid periodic artifacts. The vertical (z) dimension
was set to 10 nm to leave enough empty space above the water
slab, allowing coexistence of liquid and vapor phases and preventing
artificial interactions between periodic images. The system
contained 2,197 SPC/E water molecules, corresponding to a bulk
density of ~1.0 g/cm” at 300 K. Similar system sizes (on the order of
1,000-2,000 water molecules) have been widely used in prior
interfacial MD studies and shown to provide reliable density
layering, orientation distributions, and thermodynamic averages
at metal-water interface (Gereben and Pusztai, 2011; Sakamaki
et al, 2011la; 2011b; Zhu, 2013; Zhang et al, 2019; Grof} and
Sakong, 2022b; Zheng et al, 2024). This confirms that our
chosen setup is large enough to capture both interfacial
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structuring near the platinum wall and bulk-like behavior farther
away. The complete simulation box is shown in Figure 1c, while
Figure 1b highlights the first equilibrated water layer above the
platinum surface.

All molecular dynamics (MD) simulations in this study were
performed using the LAMMPS simulation package (version: 17 Apr
2024 - Development) (Thompson et al., 2022). Visualization and
structural analysis of simulation trajectories were carried out using
OVITO (Stukowski, 2009) and VMD (Humphrey et al., 1996). Post-
processing and data analysis were conducted using a suite of
custom-developed C++ scripts. Initial system construction and
preprocessing were performed using Atomsk (Hirel, 2015) in
combination with in-house MATLAB codes. Unless explicitly
mentioned, below are the parameters used in the study for MD
simulations. Time step of integration as 1 fs, equilibration time of
0.5 ns, production time of 0.5ns. The equations of motion used in
this study are based on the formulation by Shinoda et al. (Shinoda
et al, 2004), which integrates the hydrostatic pressure control
method of Martyna, Tobias, and Klein (Martyna et al, 1994)
with the strain energy framework introduced by Parrinello and
Rahman (Parrinello and Rahman, 1981). The cutoff radius is 1.2 nm.
Since the system that we study is not periodic in all directions, long
range Coulomb forces are not estimated using Ewald summation or
similar techniques, instead a truncated potential is used. Time
integration is carried out using time-reversible and measure-
preserving, following the Verlet and rRESPA
developed by Tuckerman et al. (2006).

The simulations used a time step of 1 femtosecond, with an

algorithms

equilibration period of 0.5 ns (500,000 steps) followed by a
production run of 0.5 ns (500,000 steps). During equilibration,
atomic velocities were initialized at 300 K using a Gaussian
distribution, and a Nosé-Hoover thermostat (Hoover, 1985;
Nosé, 2002) was applied separately to the water and platinum
atoms. Temperature damping parameters were chosen to ensure
smooth thermalization. Additionally, a weak spring force was
applied to platinum atoms to maintain structural integrity while
allowing vibrational motion.

Thermodynamic outputs were computed every 100 steps,
including system temperature, kinetic and potential energy, and
the interaction energy between water and platinum. Water
orientation distributions were evaluated by constructing geometric
vectors from the oxygen to the midpoint between the hydrogen atoms.
These vectors were projected into spherical coordinates and
accumulated over time to produce both 2D angular density maps
and marginal polar plots. To ensure spatial resolution, the simulation
box was divided into vertical slices along the z-axis. RDFs were
computed in two regions: near the metal-water interface and
farther into the bulk. A 1D temperature profile was also obtained
along the z-axis using chunk-based averaging. Finally, all simulations
were performed under fixed boundary conditions in the z-direction,
and periodic conditions in x and y directions.

2.1 Water—Water interactions
The SPC/E interactions are calculated as mentioned in the above

section, using L] potential (Equation 1) and Coulomb potential
(Equation 2). The equations used are:
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Here, subscripts i and j are reference to the i and j particles
(atoms), w means water atoms (only oxygen for SPC/E). o and € are
the LJ parameters for the Oxygen-Oxygen interactions. r;; is the

h

distance between i and j particles, e, is the permittivity

in vacuum.

2.2 Platinum—Platinum interactions

In this study, two approaches are used to model the behavior
of platinum atoms at the substrate: (1) as a thermal wall, where
the atoms are thermostated and allowed to interact dynamically,
and (2) as a frozen wall, where the atoms remain fixed and are
thermal wall
applied to

maintain the desired temperature, and interatomic forces

excluded from time integration. In the

configuration, a Nosé-Hoover thermostat is
among platinum atoms are described using the Modified
Embedded Atom Method (MEAM) potential, with parameters
sourced from established literature (Lee et al., 2003). In contrast,
the frozen wall configuration assumes static platinum atoms with
Both

configurations are employed and systematically compared

no internal dynamics or interatomic interactions.

throughout the study, as discussed in the Results and
Discussion section.

2.3 Water—Platinum interactions

Interactions between water and platinum surfaces have been
modeled using various approaches in literature. Most existing
studies focus on macroscopic interfacial properties such as
contact angle and adhesion energy, where standard Lennard-
Jones (L]) potentials are often sufficient. However, a subset of
studies has aimed to investigate the microscopic structural
orientation of water molecules at metal interfaces using ab initio
molecular dynamics (AIMD). While AIMD offers high accuracy, it
is computationally intensive and typically restricted to small systems
containing fewer than 50 water molecules.

As an alternative, classical potentials such as the Zhu-Philpott
(ZP) potential have been developed to capture many of the structural
and orientational characteristics of interfacial water observed in
AIMD studies, while remaining computationally efficient. Despite
its improved accuracy over standard L] potential, the ZP potential
has seen limited adoption, likely due to the complexity of its
implementation and its current restriction to flat surfaces. The
main equations corresponding to the ZP potential are listed
below. Molecular conduction electron potential is given by
Equation 3, where the subscripts are I and k to refer to the
image charge interactions.

D9k (3)

Econd =
w2
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TABLE 1 Simulation parameters used in this study.

10.3389/fmech.2025.1690974

Category Parameter Value/Description
Water model (SPC/E) L] 6(0-0) 0.3166 nm
LJ (0-0) 0.1553 kcal/mol

Partial charges H: +0.4238 ¢; O: 0.8476 ¢

Platinum model Structure

Wall treatment

FCC (111), lattice constant = 3.924 A

Thermostated (Nosé-Hoover) or Frozen (depending on case)

Pt-Pt interactions

Water-Platinum
interactions

ZP potential parameters
(H-Pt) = 1.2, a = 0.8

Equivalent L]
(potential fit)

Equivalent L] (density fit)

MEAM potential (thermal wall)/fixed atoms (frozen wall)

o(O-Pt) = 0.270 nm, 6(H-Pt) = 0.255 nm; e(O-Pt) = 6.44 x 107 J; ¢(H-Pt) = 3.91 x 102 J; ¢ (O-Pt) = 1.28; ¢

o(O-Pt) = 0.2227 nm, &(O-Pt) = 3.3939 kcal/mol; o(H-Pt) = 0.1870 nm, e(H-Pt) = 2.1953 kcal/mol

o(O-Pt) = 0.270 nm, ¢(O-Pt) = 0.926 kcal/mol; o(H-Pt) = 0.255 nm, e(H-Pt) = 0.563 kcal/mol

Simulation box Dimensions 3.92 x 3.92 x 10 nm’
Water molecules 2,197

Simulation details Time step 1fs
Equilibration 0.5 ns (500,000 steps)
Production 0.5 ns (500,000 steps)
Cutoff distance 1.2 nm
Thermostats Nosé-Hoover (1 tuned for smooth thermalization)

Thermostating cases Case A Wall: YES, Water: YES
Case B Wall: NO, Water: YES
Case C Wall: NO, Water: NO
Case D ‘Wall: YES, Water: NO

The anisotropic component of the potential is given by
Equation 4,

2 6 2 3
Op-pt Oppt
Eanis = 4€prt Z Pz 5 - E 2 5 (4)
7 [\ (ap,;) + 25, (pps /@) +25;

The isotropic component of the ZP potential is given by
Equation 5,
Cp—PtU;(lpt

Eiw = _4€p—Pt Z 10
j pj

(5)

Here, p refers to Oxygen and Hydrogen atoms, « = 0.8, a scaling
factor. oo_pr = 0.27nm, op_pr = 0.255nm. €o_p = 6.44 x 10721
and ep_p; = 3.91 x 1072]. The constants co_p; and cp_p; are
1.28 and 1.2 respectively.

To enable its use in our study, we implemented a custom pair
style within the LAMMPS source code, along with the necessary
supporting modules. The implementation was validated by
simulating a single water molecule approaching a platinum
surface from above and comparing the computed interaction
energy profile with the results reported in the original ZP
potential study (Zhu and Philpott, 1994; Zhu, 1995), showing
excellent agreement.

Frontiers in Mechanical Engineering 05

2.4 Summary of simulation parameters

For clarity and ease of reference, all the key parameters used in
this study are consolidated into Table 1. These include the water and
platinum models, water—platinum interaction potentials (ZP and
equivalent LJ fits), simulation box dimensions, time integration
details, and the thermostating schemes investigated. While
detail in the
corresponding subsections above, the table provides a concise

individual ~parameters are described in
overview of the complete setup.

Further, to validate the code implementation, we have used the
oxygen atom density distribution and molecular orientation of water
molecules. The density distribution is estimated based on the
following equation and plotted in Figure 2. The mathematical

equation used for averaging is shown below in Equation 6.

1 GNk(D)
PL= N, LAAz

(6)

Here, p, is the oxygen number density, N (¢) is the number of
oxygen atoms in bin k at time t. A is the cross-sectional area of the
simulation box in x-y plane (parallel to platinum surface). Az is the
thickness of each bin, N; is the total number of time snapshots used
during the total sampling time T'. Each atom’s z-position is extracted
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FIGURE 2

Line graph showing oxygen concentration (mol/cm?) versus
distance from Pt (angstroms). Three lines represent different studies:
black for current work (MD), blue for Chen et al. (2018), MD, and red for
Li et al. (2021), AIMD. Peaks occur between 2 and 4 angstroms,

with the concentration generally approaching zero by 12 angstroms.

from the trajectory file and allocated to the corresponding bin using
nearest grid point approach (Hockney and Eastwood, 2021).

Figure 2 presents the oxygen density distribution obtained from
our molecular dynamics (MD) simulations using the implemented
Zhu-Philpott (ZP) potential. The results are compared with
previous MD studies employing the same potential, as well as
with ab initio molecular dynamics (AIMD) simulations. The
comparison demonstrates agreement between our
implementation and the earlier MD results.

While density distribution profiles and radial distribution
functions (RDFs) provide valuable insights into the structural
arrangement of water near metal surfaces, they offer limited
information about molecular orientation. To gain a deeper
understanding of the interfacial water structure, we introduce an
analysis based on molecular orientation vectors. Specifically, for
each water molecule, a vector is defined in a spherical coordinate
system centered at the oxygen atom and pointing toward the
midpoint between the two hydrogen atoms. This vector, though
analogous to a dipole vector, does not strictly follow the electrostatic
dipole moment defined by charge distribution, but rather serves as a
geometric descriptor of molecular orientation.

A schematic illustration of this construction is provided in
Figure 3. The orientation vector is expressed in spherical
coordinates, where the polar angle 6 represents the angle with
respect to the surface-normal (z-axis), ranging from 0" to 180°,
and the azimuthal angle ¢ describes the in-plane rotation around the
z-axis, ranging from 0° to 360°. This orientation framework forms
the basis for analyzing angular distributions and spatial ordering of
water molecules near the platinum interface.

Based on the orientation vector definition, we visualize the
angular distribution of water molecules using two complementary
approaches: a 2D orientation density plot and a polar overlay plot.

For the 2D density mapping, we define a geometric orientation
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Orientation vector of
water molecule

¥

Spherical coordinate system for
referencing water orientation

X

FIGURE 3
Geometric definition of the water molecule orientation vector.

The orientation vector is illustrated relative to the simulation
coordinate system, where the z-axis denotes the surface normal of
the metal substrate used in the MD simulations.

vector ¥; for each water molecule iii, constructed from atomic
positions as per Equation 7,

R S
Vi = 5 (Pu1 +7m2) — 7o (7)

where 7 is the position of the oxygen atom, and 7y, 7y, are the
positions of the hydrogen atoms. This vector, although geometric,
closely resembles the molecular dipole vector and captures the
orientation of the water molecule. The vector ¥; is converted to
spherical coordinates to extract the polar angle 6; and the azimuthal
angle ¢, Equations 8, 9 respectively.

0; = cos™! (v,,1), 6; € [0°,180°] (8)
¢; = atan2(v,;, v.;) mod 360° ¢, €[0°360°) 9)

These angles are then binned into a 2D histogram for each
simulation frame ¢, using Equation 10:

N
H,(6;,¢,) = ) 06,6, - 36,6, (10)

i=1

where N; is the number of water molecules in frame ¢, and ¢ is the

Kronecker delta function indicating whether a molecule’s
orientation falls into bin (6;,¢;). The histograms are then

averaged over all T frames using Equation 11:

T
H(8):4,) = 1 Y Hi(8,9.) a

Since raw histograms can appear pixelated and may obscure
trends in orientation, we apply 2D Gaussian smoothing using a
kernel defined as per Equation 12:

m*
exp| —--—
P( 203 20@)

and compute smoothed histogram using Hgpneorn = H*G, where *

G(m,n) (12)

- 21090

denotes convolution. The smoothed histogram is then normalized to
its peak value:
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FIGURE 4
Time-averaged, normalized orientation density of water

molecules for case B. The distribution is plotted as a function of polar
and azimuthal angles, representing the angular preferences of the
water orientation vectors. Simulations were performed using the
Zhu—Philpott (ZP) potential.

Hsmuoth(ejs ¢k)

13
max (Hsmaorh ) ( )

f (91" ¢k) =
resulting in a continuous, time-averaged, orientation density map
(0, ¢) defined as per Equation 13, as shown in Figure 4. This plot
reveals that while water molecules explore a wide range of
orientations, they show a strong preference for alignment parallel
to the metal surface. Furthermore, due to the symmetry of the FCC
(111) lattice, the azimuthal orientations are concentrated around
¢ = 0°,90°,180°,270° and 360°.

To further examine angular distributions, we compute marginal
orientation distributions, which are presented in a polar overlay plot.
These are calculated by integrating over one angle to project onto the
other. Azimuthal distribution (red curve in Figure 5) and as per
Equation 14 is estimated by,

P00 = 27000 Pg) = BB o

Polar distribution (blue curve in Figure 5) as per Equation 15:

Ng . Py(0;
Py (6) = Y (05 $¢)> Po(6;) = /%)
k=1

" max (Py) (15)

The normalized projections, 15¢ and Py, are plotted in polar
coordinates. The azimuthal distribution P¢ is plotted as a function
of the azimuthal angle ¢, while the polar distribution Py originally
defined over [0°,180°], is mapped onto a synthetic 360° angular
axis to allow consistent radial representation. The resulting plot,
shown in Figure 5, offers an intuitive comparison of directional
biases in molecular orientation. For clarity in subsequent
discussions, we refer to the 2D orientation heatmap f(6,¢) as
the orientation density plot, and the marginal angular distribution
plot as the overlay plot.

Frontiers in Mechanical Engineering

10.3389/fmech.2025.1690974

¢ (red) and @ (blue) Distributions
90°

150° 30°
180° 0°
210° 330°
240° 300°
270°
FIGURE 5

Spherical distribution of water orientation vectors in the water
film above platinum for case B. The orientation vectors are
represented in spherical coordinates, capturing their directional
distribution relative to the surface normal. The system is modeled
using the Zhu—Philpott (ZP) potential.

The overlay plot Figure 5 shows the preferential orientation of
water molecules in selected directions mainly due to the lattice
structure of the platinum and its influence on water molecules.

2.5 Studies with equivalent LJ potential

While the Zhu-Philpott (ZP) potential provides a detailed and
accurate description of the interaction between water molecules and
metallic surfaces by incorporating image charge effects, isotropic
repulsion, and anisotropic attraction, it is computationally intensive
and not readily applicable to large-scale molecular dynamics (MD)
simulations. Therefore, it is often desirable to approximate this
complex potential using simpler forms such as Lennard-Jones (LJ)
or Morse potential. In this study, we begin by estimating the
parameters of an L] 12-6 potential that best reproduces the
effective interaction described by the ZP potential.

The decomposition of the ZP potential is shown in Figure 6a,
where the dashed lines represent individual components: the image
charge interaction (conduction electron potential), isotropic
repulsion, and anisotropic attraction. The solid purple line
the total Utota» obtained by
summing all three contributions. Using a nonlinear least-squares

indicates interaction energy,

fitting procedure, we estimate the L] parameters that best match this
total interaction energy. The fitted parameters are:

€o-pt = 3.3939 kcal [mol, 0o-p, = 0.22273 nm,

€n-pt = 2.1953 kcal\mol, o_p; = 0.18698 nm

This fitted potential is plotted as the green solid line in Figure 6a
and labeled Uy (w-pr)potential rit- A magnified view of the interaction
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potential-fit curve (green) and a density-fit curve (light blue).

range from 0.2 to 0.5 nm is shown in Figure 6b to highlight the
differences between the ZP potential and its L] fit. Although the L] fit
closely resembles the ZP curve, it cannot fully capture the complex
shape of the ZP potential. Consequently, MD simulations using this
fitted LJ potential produce artificially elevated water densities near
the surface—almost twice the values reported in the literature.

The fitting was performed by minimizing objective function as
per the Equation 16:

N

' 2
Objective =y [U{]t (2k) = Utora (2]
k=1

(16)

Here, Nz is the number of discrete height points considered,
U{;t (zk) is the L] energy at height zx, Uyorar (21) is the corresponding
ZP total energy at zj.

Although the potential-fit L] curve visually aligns well with the
original ZP potential across the interaction range, MD simulations
using this fit produced unphysical results, most notably significantly
elevated water densities near the platinum surface, with nearly twice
the values reported in the literature. This suggests that a visually
accurate energy profile alone may not be sufficient to reproduce
realistic interfacial water structuring. To improve physical realism,
particularly in reproducing the water structure near the surface, we
repeated the L] fitting using water density profiles as the
optimization target instead of the potential energy. In this second
optimization, we compared the simulated water density profiles
against those reported in the literature (Chen et al., 2018). The
resulting L] parameters were:

€o-pr = 0.926 kcal /mol, 6o_p; = 0.270 nm,
€n-pr = 0.563 kcal /mol, oy-p; = 0.255nm

In fact, these parameters are same as the one for anisotropic
potential part of the ZP potential with the scaling factor as 1. This
optimized set is plotted in light blue in Figure 6 and labeled
ULy (wpt)density fir- The resulting density distribution of oxygen

Frontiers in Mechanical Engineering

0.25 - Current work (MD) |

R Lei Chen (2018) (MD)
E Peng Li (2021) (AIMD)
©° 4

é 0.2

=

i)

® 0.15 -

s

(0]

2

o 0.1

(&

c

[

f=

< 0.05 A

O

0 T T T T
0 2 4 6 8 10 12
Distance from Pt (A)
FIGURE 7

Oxygen density distribution as a function of distance from the
platinum surface for case B using the equivalent (density fitted)
Lennard-Jones potential. The results from the current MD simulation
(black) are compared with prior molecular dynamics results by
Chen (2018) (blue) and ab initio molecular dynamics (AIMD) results by
Li (2021) (red).

atoms near the platinum surface is shown in Figure 7. It exhibits
excellent agreement with literature data, especially within the first
0.5 nm from the surface, capturing both the magnitude and location
of the density peaks. The optimization process employed the same
nonlinear least-squares framework as the potential fitting, but with
density profiles as the target observable instead of
interaction energies.

It may appear that the density distributions obtained from our
classical MD simulations differ from those reported in AIMD

studies in the literature, particularly in the presence of more

08 frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2025.1690974

Yesudasan

TABLE 2 Study cases to understand the effects of wall thermostating.

10.3389/fmech.2025.1690974

Case Wall thermostat Water thermostat Ensemble

A YES YES NVT for both

B NO YES NVT for water, Platinum -frozen
C NO NO NVE for water, Platinum -frozen
D YES NO NVE for water, NVT for platinum

pronounced or fluctuating peak structures. This discrepancy is likely
due to several factors inherent to the AIMD methodology: notably,
the limited number of water molecules typically used (often only
12-48), the relatively short sampling duration (~10 ps), and the use
of finer spatial bin widths (0.1-0.2 A) for density averaging. In
contrast, our MD simulations incorporate significantly larger system
sizes, longer trajectories, and coarser bin widths (e.g., 0.5 A), which
collectively contribute to smoother and more statistically converged
density profiles. These methodological differences can result in
apparent variations in the resolution and sharpness of interfacial
layering, but do not necessarily indicate fundamental disagreement
in physical behavior.

The results of this study demonstrate that the equivalent
Lennard-Jones (L]) potential, particularly the version optimized
to match the density distribution (i.e., the “density-fit” LJ
potential), is sufficient to reproduce the structural features of
(MD)
simulations. This simplified potential effectively captures key

interfacial water in classical molecular dynamics
characteristics such as the magnitude and location of the density
peaks near the platinum surface, showing excellent agreement with
both previous MD studies and ab initio molecular dynamics
(AIMD) results in the near-surface region. While it does not
fully replicate the complex shape of the original Zhu-Philpott
(ZP) potential, its computational efficiency and accuracy in
modeling structural behavior make it a practical and reliable
choice for large-scale classical MD studies. However, for
investigations those require detailed insight into electronic effects,
polarization, or highly accurate energetics, particularly at the
quantum mechanical level, a more rigorous approach such as
AIMD is warranted. AIMD remains the gold standard for
capturing the fine-grained physics of water-metal interfaces, even
though with significant computational cost and system size
limitations.

Having validated the water-platinum interaction using the
density-fitted Lennard-Jones potential Upj(wpy)density fit» We then
explored how different thermostating strategies affect the
structure and dynamics of interfacial water. To do this, we
systematically varied the thermal control applied to both the
water molecules and the platinum substrate. Four distinct
simulation cases were designed, as summarized in Table I,
allowing us to isolate and analyze the individual and combined
effects of thermostating the wall and the water. This structured
approach follows a design of experiments framework to ensure
comprehensive and comparative evaluation across the different
thermal boundary conditions.

As outlined in Table 2, we designed four distinct simulation
cases to systematically examine the influence of thermostating
strategies on the structural and dynamical behavior of interfacial
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water. In case A, both the platinum atoms and water molecules are
thermostated using independent Nosé-Hoover thermostats
maintained at 300 K. Case B is identical to case A, except the
thermostat is applied only to the water molecules, with the platinum
wall left un-thermostated. In case C, neither the platinum atoms nor
the water molecules are subjected to any thermostats during the
production phase, enabling the system to evolve under NVE
dynamics. Case D mirrors case A but omits the thermostat for
water molecules, allowing only the platinum atoms to be
temperature-controlled.

To ensure consistent equilibration across all cases and avoid
numerical instabilities, thermostats were applied to water molecules
during an initial 0.5 ns equilibration period in all simulations. This
step mitigates the impact of integration errors and ensures thermal
relaxation. In cases where water thermostats are disabled during the
production run (e.g., cases C and D), water molecules subsequently
evolved without direct thermal coupling for another 0.5 ns under
specified conditions.

In scenarios where the thermostating of the platinum wall is
omitted (cases B and C), the platinum atoms are constrained to their
equilibrium positions via a harmonic tethering potential. This
approach prevents unphysical drift or diffusion of the wall atoms
while allowing limited thermal fluctuations. The spring constant for
the tether was estimated by equating the harmonic potential energy
to the mean thermal energy at the target temperature, with a
maximum displacement capped at 0.5 A. This yielded a value of
approximately 50 eV/A2, which, although higher than typically used,
is justified for simulations where temperatures may transiently rise
above 300 K.

Based on this design matrix and the simulation methodology
detailed in the Methods section, a comprehensive set of molecular
dynamics simulations was performed. The resulting data and
analyses are presented and discussed in the following section.

3 Results and discussion

This section presents the effects of different thermostating
methods on the structural and dynamic properties of water near
a platinum surface. Four different cases were simulated, each with a
different combination of thermal control applied to the wall and the
water, as mentioned in Table 1.

3.1 Water orientation distributions

Figure 8 shows how the orientation of water molecules changes
depending on the thermostating case. Each plot presents the
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Time-averaged, normalized orientation density of water molecules in spherical coordinates for all four simulation cases. The distribution is shown as

a function of polar angle 8 and azimuthal angle ¢ for: (a) case (A) wall

and water thermostated, (b) case (B) only water thermostated, (c) case (C)

no

thermostats applied, and (d) case (D) only wall thermostated. The color scale indicates the normalized density of orientation vectors, highlighting the
angular preferences of water dipoles under different thermostating conditions.

normalized density of dipole orientation vectors in terms of polar
), the density
distribution seems to be concentrated near the crystallographic
directions of the platinum (e.g, 0°, 90°, 180° azimuthally). In
), exhibit a broader and
more dispersed distribution, which is primarily attributed to

and azimuthal angles. For cases A and B (

contrast, cases C and D (

elevated water temperatures in the absence of thermostating.
Root-mean-square displacement (RMSD) analysis indicates that
the platinum atoms exhibit minimal thermal motion, with a
of only 0.134 A. This
fluctuation implies that the platinum surface remains structurally

maximum displacement minimal
stable and has limited influence on the dynamic behavior of the
overlying water layers. These observations collectively suggest that
water temperature, governed by its thermostating condition, plays a
more dominant role in determining the orientation and spatial
distribution of water molecules than the thermal state of the
platinum substrate.

These observations are further visualized by the polar overlay
plots in , which presents the angular distributions of water
dipole orientations under various thermostating conditions, using
normalized spherical coordinates. The azimuthal angle ¢ (red

curves) shows pronounced peaks near 0°, 90°, 180°, and 270" for
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all cases, suggesting a strong preferential in-plane alignment of
dipoles relative to the platinum surface lattice orientation. This
pattern aligns well with the underlying surface symmetry and
expected in-plane ordering near hydrophilic interfaces.

The polar angle 0 (blue curves) remains sharply centered around
90° indicating that the dipoles predominantly lie parallel to the
surface. Analyzing all these cases, based on , there are no
distinct features indicating the differences in water molecular
orientation. However, cases A and B show a better distribution of
water molecules in the azimuthal direction compared with cases C
and D. This can be seen by having normalized density above 0.4 for
angles 120, 150, 330, 300, etc.

3.2 Density profiles

presents oxygen number density profiles of SPC/E
water adjacent to Pt (111) for four thermostat configurations—A
(wall thermostated, water thermostated), B (wall fixed, water
thermostated), C (wall fixed, water not thermostated), and D
(wall thermostated, water not thermostated)—alongside reference

curves from classical MD ( ) and AIMD (
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FIGURE 9

Polar representation of water orientation vector distributions in the water film above platinum for different simulation cases. The normalized
distributions of azimuthal angle ¢ (in red) and polar angle @ (in blue) are shown for: (a) case (a) wall and water thermostated, (b) case (b) only water
thermostated, (c) case (c) no thermostats applied, and (d) case (d) only wall thermostated. These plots highlight the angular preferences in molecular

orientation under varying thermal boundary conditions.

2021). All cases exhibit a first hydration peak near 2.5-3.0 A, but its
amplitude depends strongly on how heat is handled at the interface:
the fixed-wall cases B and especially C display an elevated first peak
and deeper following troughs, indicative of over-structuring caused
by an atomically rigid, non-dissipative substrate, whereas the wall-
thermostated cases A and D yield moderate peak heights and
shallower troughs that more closely track the literature in both
peak position and amplitude.

The second-layer feature at ~5-6 A is most consistent with prior
MD/AIMD in case A, is slightly broader and lower in case D
the
unthermostated), and is exaggerated in case C, which also shows

(reflecting  greater fluid mobility when water  is
longer-ranged oscillations and slower decay to bulk, consistent with

insufficient thermal damping when neither the wall moves nor the
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water is thermostated. Beyond ~10 A, all profiles approach the
expected bulk density (~0.055 mol cm™). Taken together, these
trends support the physical picture that allowing wall vibrations
provides a realistic thermal and mechanical coupling that suppresses
artificial ordering in the first few layers; thus, for quantitative
inference about interfacial structure, dual thermostating (A) or
wall-only thermostating (D) is preferable, while fixed-wall setups
(B, C) should be used with caution because they can overstate
layering and misrepresent the near-wall microstructure.

The structuring of interfacial water is highly sensitive to the
dynamic nature of the substrate and the thermal treatment of the
fluid. Simulations with fixed walls (Wall-NO) tend to exaggerate
water structuring, while dynamic walls (Wall-YES) yield more
physically realistic density profiles. Among all cases, case A
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Snapshot of the interfacial water structure above the platinum surface, overlaid with the oxygen density profile, for case A. The platinum slab (left,
dark gray spheres) is shown in contact with a water film, where oxygen atoms are depicted in red, hydrogen in white. The black line represents the time-
averaged oxygen density distribution as a function of distance from the Pt surface. Layering of water molecules is clearly visible, consistent with the peaks

in the density profile.

(Wall-YES, Water-YES) provides the best agreement with literature
and offers a robust configuration for modeling interfacial systems in
molecular simulations. Figure 11 presents a representative snapshot
of the interfacial water structure above a platinum (Pt) surface for
case A, where both the platinum atoms and water molecules are
time-integrated and thermostated (Wall-YES, Water-YES). The Pt
slab, shown on the left in dark gray spheres, is in contact with a slab
of SPC/E water. Oxygen atoms are depicted in red, hydrogen in
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white, and the overlaid black line corresponds to the time-averaged
oxygen density profile as a function of distance from the Pt surface.

To gain deeper insight into the structural organization of water
within the interfacial region, we performed a localized analysis of the
radial distribution function (RDF) within two distinct spatial slices
corresponding to the first and second hydration layers observed in
the oxygen density profile. Slice 1, representing the first hydration
layer, spans from z = 1.55 A to 4.03 A, capturing the region
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FIGURE 12

Radial distribution functions (RDF) of oxygen atoms in interfacial water for different thermostating cases. (a) Averaged RDF g(r) in Slice 1 (near the
platinum surface, z = 1.55A to 4.03A) for cases (A-D). (b) Averaged RDF g(r) in Slice 2 (further from the surface, z = 4.05A to 7.05A) for the same cases. (c)
Zoomed-in view of the boxed region from panel (a) focusing on the second coordination shell. (d) Zoomed-in view of the boxed region from panel (b)
highlighting subtle variations in RDF peak positions and magnitudes. All simulations show characteristic peaks near 0.275 nm, with differences in

structural ordering depending on the thermostating scheme.

surrounding the first density peak. Slice 2, corresponding to the
second hydration layer, covers the range from z = 4.05 A to 7.05 A,
aligned with the second peak in the profile. The RDFs calculated
within these slices provide a detailed view of the local molecular
arrangement and hydrogen bonding structure within each layer. The
resulting distributions are presented in Figure 12, offering a
comparative understanding of the short-range order and spatial
correlations of water molecules in the near surface versus sub-
bulk region.

3.3 Radial distribution functions (RDFs)

Panel (a) of Figure 12 shows the RDF g(r) within Slice 1 for cases
A-D. All four cases exhibit a strong first peak near ~0.275 nm,
consistent with the typical oxygen—oxygen distance in bulk water.
However, case B (Wall-NO, Water-YES) shows the highest RDF
peak (~22), indicating extremely sharp local ordering. This behavior
is attributed to the fixed Pt wall, which provides a rigid and smooth
interface, allowing for tight and structured packing of the first water
layer. In contrast, case C (Wall-NO, Water-NO) shows the lowest
peak magnitude, likely due to a lack of thermal regulation, leading to
increased molecular agitation and a more disordered interface. Cases
A (Wall-YES, Water-YES) and D (Wall-YES, Water-NO) show
intermediate ordering, indicating that wall motion dampens over-
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structuring while preserving hydration shell features. These
exaggerated structural features are confined to the near-surface
layer. For simulations concerned with interfacial mechanisms at
the molecular scale (e.g., adsorption, hydration layer stability), such
artifacts must be avoided by including wall thermostating. However,
for transport modeling or studies not resolving interfacial fine
structure, the simplification of using fixed or non-thermostated
walls is justified.

Panel (c¢) provides a zoomed-in view of the second
coordination shell (0.35-0.6 nm). Here, case A shows a distinct
second peak, suggesting a well-defined intermediate-range
structure. Case C, again, exhibits a more smeared and broad
distribution, reflecting weaker structuring beyond the first shell.
Panel (b) displays the RDFs within Slice 2. The overall peak heights
are reduced (~13 at most), indicating diminished ordering
compared to the near-surface region. Still, all cases retain a
primary peak at ~0.275 nm, indicative of persistent short-range
order even at greater distances from the interface. As seen in panel
(d) (zoomed view), the differences between cases are subtler than
in Slice 1. However, case A consistently maintains smoother,
broader peaks, suggesting that dual thermostating helps
preserve moderate structuring while avoiding rigid over-
confinement. Case B still
indicating that fixed walls continue to influence molecular

shows relatively sharp peaks,

packing beyond the immediate interface.
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These findings confirm that wall dynamics and water
thermostating play critical roles in determining the structural
organization of interfacial water:

« Fixed walls (Wall-NO) lead to excessive local ordering and
unnaturally sharp RDF peaks, especially in the first
hydration shell.

o Dynamic walls (Wall-YES) introduce vibrational motion that
dampens these effects, resulting in more physically realistic
structures.

o Thermostating water molecules helps preserve consistent
thermal energy distribution, especially critical in subsurface
regions (Slice 2).

The RDF analysis reveals how subtle changes in thermostating
schemes significantly affect both short- and medium-range water
structuring near solid surfaces. Among all tested conditions, case A
(Wall-YES, Water-YES) provides the most balanced and physically
representative behavior, preserving hydration shell structure
without artificial over-ordering. This reinforces the earlier
conclusions drawn from the density profile and visual inspection
and supports the use of case A for realistic interfacial water modeling
in molecular dynamics studies.

It is important to note that the RDFs shown in Figure 12 are
computed from spatial slices near the platinum surface and thus do
not represent bulk-like spherical symmetry. Due to the proximity of
the wall, the sampling volume available for constructing spherical
shells around each atom is truncated. However, the RDF calculation
assumes a full spherical shell volume 477%dr, leading to inflated peak
heights near the interface. This geometric bias arises because fewer
particles contribute to the shell, but the normalization does not
account for the reduced sampling domain. As a result, RDF values
particularly in the first hydration layer (Slice 1) may overestimate the
actual degree of structural ordering. This artifact is a well-known
limitation of RDF analysis near interfaces and does not necessarily
indicate stronger water—water correlations. Care must be taken in
interpreting absolute peak heights in these cases; relative
comparisons between simulation conditions (e.g., cases A-D)
remain valid and informative when analyzed within the same
geometric constraints.

3.4 Temperature evolution

Figure 13 illustrates the temporal evolution of the platinum slab
temperature T'p, over the course of the simulation for cases A and D.
In both cases, the platinum atoms are subjected to a thermostat,
ensuring active thermal regulation. As shown, the instantaneous
temperatures fluctuate slightly due to natural thermal motion but
remain well-centered around the target temperature of 300 K,
confirming effective and stable thermal control of the substrate.

The thermal stability of the Pt wall is particularly important in
simulations involving interfacial heat transfer and molecular
layering, as it avoids artificial heating or cooling that could
influence fluid behavior at the interface. The temperature profiles
demonstrate that wall thermostating is robust and consistent across
both cases, regardless of whether the water phase is thermostated
(case A) or not (case D).
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Temperature evolution of the platinum slab over time for cases
A-D. The instantaneous temperature of Pt atoms (Tg) is plotted as a
function of simulation time. Case A (blue) corresponds to both wall
and water thermostated, case B (orange) to only water
thermostated, case C (yellow) to neither thermostated, and case D
(purple) to only the wall thermostated. In all cases, the platinum
temperature fluctuates around ~300 K, confirming stable thermal
control of the substrate across the tested configurations.
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FIGURE 14

Temporal evolution of water temperature in all four simulation
cases. The instantaneous temperature of water molecules is shown
over a 0.5 ns simulation period for case A (black), case B (orange), case
C (blue), and case D (red). In cases A and B, where the water is
thermostated, the temperature remains stable around 300 K. In cases
C and D, where the water is not thermostated, a steady temperature
increase is observed due to energy exchange with the platinum
substrate and due to the absence of thermostat.

Figure 14 presents the temperature trajectories of water
molecules for all four simulation cases over a 0.5 ns simulation
period. Distinct differences emerge depending on whether the water
molecules are thermostated:

« Incase A (black) and case B (orange), where the water phase is
directly coupled to a thermostat, the water temperature
remains stable around 300 K throughout the simulation.
These results validate the thermostat’s performance in
maintaining a consistent thermal environment within
the fluid.

In case C (blue) and case D (red), where water is not
thermostated, the temperature increases steadily over time.
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FIGURE 15

Time-averaged temperature profiles of water molecules along the direction normal to the platinum surface (z-direction) for two thermostating
configurations: case A (Wally, Waterv) and case B (WallX, Waterv). (a) Full-domain temperature profile showing the influence of wall thermostating on the
entire water slab. (b) Zoomed-in view near the solid-liquid interface revealing thermal equilibration details within 20 A from the platinum surface.

This trend arises due to energy transfer from the platinum
slab, which is maintained at 300 K, to the adjacent water
molecules. In the absence of a thermostat, the water
accumulates thermal energy from wall-fluid interactions,
resulting in a gradual and uncontrolled rise in temperature.

Therefore, for cases C and D, the structural analyses, such as
density profiles and radial distribution functions (RDFs) are
computed using only the initial 25 ps of the simulation. This
early-time window ensures that the results reflect a thermally
equilibrated state prior to significant temperature drift, thereby
enabling meaningful comparisons with thermostated cases and
avoiding artifacts introduced by thermal non-equilibrium over
longer timescales.

3.5 Temperature profile of water

Figure 15 presents the spatial temperature distribution of water
molecules in proximity to the platinum wall for cases A and B, each
employing different thermostating strategies. In both cases, the
water molecules are maintained at 300 K using a Nosé-Hoover
thermostat, while the platinum wall atoms are thermostated in case
A and not in case B.

As shown in Figure 15a, the bulk region of the water slab
maintains a nearly uniform temperature around 300 K in both
cases, indicating effective control by the water-phase thermostat.
However, a slight difference arises near the platinum surface at
approximately around 1.2 nm. Case A exhibits a smooth
temperature transition from the solid to the liquid, reflecting
efficient interfacial thermal equilibration. In contrast, case B
shows a distinct thermal gradient near the wall and a
significantly lower temperature in the interfacial region, especially
evident in Figure 15b.

This localized cooling effect in case B can be attributed to the
lack of thermal coupling from the platinum atoms. Without a
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thermostat or dynamic motion in the wall, vibrational energy
transfer at the interface is suppressed, resulting in under-heated
interfacial water layers. These findings highlight the importance of
thermostating the solid phase to maintain realistic interfacial
thermal conditions, particularly in simulations targeting heat
transfer, evaporation, or confined liquid behavior.

3.6 Water—platinum interaction energies

To assess the energetic stability of the water—platinum interface
under different thermostating conditions, we tracked the total
interaction energy between water molecules and Pt atoms over
time for all four cases, as shown in Figure 16. In cases A (Wall-
YES, Water-YES), B (Wall-NO, Water-YES), and D (Wall-YES,
Water-NO), the water—Pt interaction energy remains consistently
negative and stable throughout the 0.5 ns simulation. This suggests
that, despite differences in wall dynamics or fluid thermostating,
these configurations maintain an interaction with the platinum
surface without significant fluctuations in energetic interaction.

In stark contrast, case C (Wall-NO, Water-NO) exhibits a
sudden and sustained increase in interaction energy starting
around 0.18 ns. This shift indicates a gradual weakening of
water-Pt interactions, caused by uncontrolled heating of the
water phase in the absence of a thermostat. As the water
temperature rises (as previously shown in Figure 14), thermal
agitation overcomes the binding affinity of water molecules to
the surface, leading to partial desorption or restructuring at the
interface. This energetic instability further supports the decision to
restrict structural analysis (e.g., density profiles and RDFs) for case C
to the first 25 ps, where the interface remains relatively undisturbed
and physically meaningful comparisons to other cases are still valid.

The interaction energy behavior highlights the importance of
thermostating at least one phase in interfacial simulations to ensure
stability. While case D (no water thermostat) does not exhibit
instability within the 0.5 ns window, likely due to thermal
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FIGURE 16
Temporal evolution of the water—platinum interaction energy for

all four simulation cases. The interaction energy is plotted as a
function of simulation time for case A (blue), case B (orange), case C
(yellow), and case D (purple). cases A, B, and D exhibit stable
interaction energies throughout the 0.5 ns simulation, indicating well-
equilibrated water—Pt interfaces. In contrast, case C (Wall-NO, Water-
NO) shows a sharp increase in interactive energy after ~0.18 ns,
reflecting a loss of interfacial stability due to uncontrolled heating of
water in the absence of thermostating. This further justifies limiting
structural analyses in case C to the initial 25 ps.

buffering from the thermostated Pt wall, case C lacks both energy
dissipation mechanisms and consequently drifts toward nonphysical
states. Overall, case A emerges again as the most thermodynamically
stable and physically consistent configuration, maintaining steady
interfacial energy while preserving structural integrity in both the
solid and fluid phases. This suggests that thermostating is necessary
to maintain interfacial stability over longer timescales. However, for
short simulations or when only coarse-grained averages (e.g.
diffusivity or thermal fluxes) are of interest, thermostating only
the water may suffice.

3.7 Structural snapshots

Figure 17 shows side-view snapshots of the equilibrated
water—platinum interface for all four simulation cases, captured
at the end of a 0.5 ns simulation period. Each panel corresponds to a
different thermostating configuration: (a) case A-Wall-YES, Water-
YES, (b) case B-Wall-NO, Water-YES, (c) case C-Wall-NO, Water-
NO, (d) case D-Wall-YES, Water-NO. In all configurations,
platinum atoms (dark gray) form the bottom layer, in contact
with a slab of water composed of oxygen atoms (red) and
hydrogen atoms (white). Despite similar initial water loading,
noticeable structural differences emerge across the cases due to
the distinct thermal treatments applied to the wall and water.

In case A, where both the wall and water are thermostated, the
water film maintains a dense and well-layered structure near the
interface. The stratified arrangement of oxygen atoms suggests stable
hydration layers, consistent with the density profile and RDF results.
Case B, with a fixed wall and thermostated water, shows a slightly
more compressed water structure at the interface. The rigidity of the
wall leads to enhanced ordering in the immediate contact layer, but
layering beyond the surface appears less pronounced than in case A,
possibly due to reduced surface vibrations.
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In case C, where neither the wall nor water are thermostated, the
interfacial structure becomes visibly less organized, and several
water molecules are seen rising above the main liquid layer. This
dispersal is consistent with the observed temperature increase and
weakening of water—Pt interactions in previous analyses (Figures 10,
14). Without thermal regulation, energy accumulates, resulting in
reduced layering and partial desorption of water molecules. Case D
displays intermediate behavior, similar to case A but with a slightly
looser packing of water molecules. The presence of a thermostated,
dynamic wall provides energy dissipation, but the absence of
thermostating on water allows for mild temperature drift, slightly
impacting structural definition over long timescales.

These snapshots reinforce that the thermostating strategy
directly impacts the microscopic structure of interfacial water.
Case A remains the most stable and physically representative
configuration, showing well-preserved layering and strong
adsorption. In contrast, case C demonstrates how the absence of
thermal control can degrade interfacial integrity, even in the absence
of external perturbations. Visual confirmation of structural
degradation in case C also validates the decision to limit its
structural analysis to early simulation times, as discussed in
previous sections.

4 Discussion on results, limitations, and
future directions

The results presented in this study demonstrate that the choice
of thermostating strategy and interaction potential fundamentally
alters the interfacial structure, orientation, and energetics of water
near platinum. Thermostating both the water and the solid (Case A)
yielded interfacial density layering and orientation distributions that
are in closest agreement with earlier MD and AIMD studies
(Gereben and Pusztai, 2011; Sakamaki et al., 2011a; 2011b; Zhu,
2013; Chen et al., 2018; Zhang et al., 2019; Li et al., 2021; Grof3 and
Sakong, 2022b; Zheng et al, 2024), thereby confirming the
importance of including vibrational motion of the wall for
realistic interfacial modeling. These findings are consistent with
experimental surface-sensitive techniques such as X-ray reflectivity
(XRR) and sum-frequency generation (SFG), which report distinct
hydration layering and preferential dipole orientations at
metal-water boundaries (Fenter and Lee, 2014; Guo et al., 2018;
Sanders and Petersen, 2019).

At the same time, the results reveal practical guidelines for
simulation fidelity: (i) fixed walls or un-thermostated systems can
artificially enhance ordering or lead to unstable dynamics, while (ii)
dual thermostating provides a balanced and physically meaningful
representation of thermal coupling at interfaces. Thus, the study
clarifies when simplified Lennard-Jones potentials and
computational shortcuts may be acceptable, and when detailed
models such as the Zhu-Philpott (ZP) potential and explicit wall

dynamics are essential for accuracy.

4.1 Limitations

Despite the detailed atomistic resolution, this work is
constrained to equilibrium simulations at a single temperature
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(a)

(b)

FIGURE 17

(c) (d)

Side-view snapshots of the equilibrated water—platinum interface for the four simulation cases: (a) Case (A) wall and water thermostated, (b) Case (B)

only water thermostated, (c) Case (C) no thermostats applied, and (d) Case (D) only wall thermostated. At this scale, the panels appear visually similar, with
Case C showing slightly more dispersed vapor molecules. The figure is intended as a qualitative visualization aid to complement the quantitative analyses.
The structural and thermodynamic differences between cases are more rigorously captured in the oxygen density profiles (Figure 10), orientation
distributions (Figures 8, 9), radial distribution functions (Figure 12), and interaction energies (Figure 16).

and planar platinum (111) surfaces. Phenomena such as
evaporation, nucleation, or interfacial charge transfer—which are
highly relevant to catalysis and energy storage—are not directly
captured. Additionally, the simulation timescale (~1 ns) and system
size (~2,200 water molecules) are sufficient for resolving short- and
medium-range structuring but cannot capture rare events or longer

diffusive transport processes.

4.2 Future directions

Building on these findings, several research avenues emerge.
First, extending the simulations to nonequilibrium conditions (e.g.,
applying thermal gradients) could provide molecular-level insights
into nanoscale heat transfer and phase change, bridging toward the
macroscopic phenomena referenced in the introduction. Second,
coupling atomistic results with continuum heat and mass transfer
models would enable multiscale predictions relevant to boiling,
condensation, and thermal management applications. Finally, the
role of surface chemistry and heterogeneity (e.g., alloyed or
functionalized surfaces) could be investigated to generalize the
observed trends beyond platinum.

5 Conclusion

This work clarifies the intertwined roles of thermostating
strategies and interaction potentials in governing the structural
and energetic behavior of interfacial water near metal surfaces.
Through systematic molecular dynamics simulations of SPC/E
water in contact with a platinum (111) surface, we provide direct
evidence that both the dynamic state and thermal regulation of the
substrate substantially influence the fidelity of interfacial modeling.
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When the platinum wall is left un-thermostated or held rigid,
artificial cooling and exaggerated ordering of water molecules
emerge manifesting as nonphysical layering and orientation
artifacts within the first solvation layer. These effects are localized
within ~0.5 nm of the surface but are critical for simulations that
seek to resolve molecular orientation, dipole alignment, or hydrogen
bonding topology.

We also show that the widely used Lennard-Jones (LJ) potential,
when carefully fitted to reproduce either interaction energy profiles
or density distributions from the more rigorous Zhu-Philpott (ZP)
potential, can recover major features of interfacial structuring
particularly in terms of oxygen layering. However, the LJ
approximation fails to capture angular orientation characteristics
intrinsic to anisotropic interactions encoded in the ZP framework.
This result highlights the limits of simplified interaction models,
especially when simulating phenomena where electronic image
forces and directional bonding matter.

Importantly, our findings help define a practical fidelity-cost
trade-off in interfacial simulations. For simulations aiming to
capture fine-scale interfacial physics such as electrochemical
double-layer behavior, contact line dynamics, or nanoscale heat
transfer both dual thermostating and a high-fidelity potential
(e.g., ZP) are essential. In contrast, for studies focused on bulk
transport, long-range energy dissipation, or macroscopic wetting
behavior, simplified potentials and water-only thermostats suffice,
delivering computational efficiency without compromising
global accuracy.

By identifying where simulation choices begin to distort physical
realism, this work provides actionable guidance for the molecular
modeling community. The framework and physical insights
presented here are broadly applicable across interfacial systems,
including those involving water-oxide,

polymer-liquid, or

biological-material interfaces, where thermal gradients and
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anisotropic interactions shape interfacial organization. These
conclusions not only resolve ambiguities in current simulation
practices but also establish a benchmark for method selection in
future computational investigations of soft matter at interfaces.
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