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Abstract

Aqueous solid-liquid interfaces (SLI) are ubiquitous in nature and technology, often hosting
molecular-level processes with macroscopic consequences. Molecular dynamics (MD)
simulations offer a tool of choice to investigate interfacial phenomena with atomistic precision,
but there exists a large number of water models, each optimised for a different purpose. Here
we compare the ability of common water models to accurately simulate the interface between
a charged silica surface and an aqueous solution containing NaCl. We first compare the bulk
dielectric constant of water and its dependence on salt concentration for SPC/Fw, SPCle,

TIPS3p, H,O/DC, TIP3P-Fw, OPC3, TIP3P, TIP3P-FB, TIP3P-ST, FBA/e, and TIPS3p-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

PPPM, revealing large variations between models. Simulating the interface with silica for the

most suitable water models (SPC/Fw, H,O/DC, TIP3-ST and TIPS3p-PPPM) show some

Open Access Article. Published on 19 January 2026. Downloaded on 1/20/2026 10:34:29 AM.

intrinsic consistency with continuum predictions (Poisson-Boltzmann) whereby the free energy

(cc)

minima obtained from MD and the analytical model are in agreement, provided the latter
includes the MD-determined total charge of ions in the Stern layer and dielectric constant. This
consistency stands even for water models with a dielectric constant off by 100%. For salt
concentrations higher than 0.21 M NaCl, the formation of random ion-ion pairs limits the
reproducibility of the MD results and the applicability of the analytical method. The results
highlight the applicability of the analytical model down to the nanoscale, provided a priory
knowledge of the Stern layer charge is available. The findings could have significant

implications for MD simulations of SLIs, especially at charged or electrified interfaces.
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Aqueous solid-liquid interfaces (SLI) are ubiquitous in nature, industry and technology, for
example in minerals growth!?, the survival and bioenergetics of living organisms3#,
electrochemical processes and energy storage’, sensing®, water purification’ and in colloidal
stability®.

In all cases, ions are present in the water, even if only from the natural dissociation of water
molecules. Most systems contain additional metal ions which play a significant role, especially
for processes taking at the interface with contacting solids.

Several continuum analytical models describing the behaviour of ions at SLIs have been
developed and refined in the last century®!'9, and currently serve as a point of reference for most
SLI-based systems. The solid usually carried an electrical potential, either naturally due to the
presence of surface charges!! or applied externally in technological applications'?. This causes
the ions in solution to accumulate near the SLI to ensure electroneutrality. Models often refer
to the electrical double layer® (EDL) for the region near the solid where the concentration of
counter-ions exceeds that of the bulk solution, with triple layer models!? also taking into
account some solvation aspect of the ions in contact with the solid. These models are
remarkably successful for providing a quantitative description of ionic densities near SLIs%!0:14,
but usually cannot predict the lateral arrangement of ions along the interface since discrete
molecular details are needed. Phenomena such as charge-charge correlations, charge inversion
and overscreening are also difficult to capture under continuum assumptions'>1,

If molecular details of the water and the ions near the SLI is necessary, studies often rely on
advanced experimental techniques such as scattering techniques'’'3, sum frequency
generation'? and scanning probing methods?’=2°, or computer simulations?®.

Computational methods are particularly well suited for investigating the short time- and length-
scales of molecular processes at SLIs. Molecular dynamics (MD) simulations, in particular, are
extensively used to study ions at SLIs*’33!, including under externally applied electrical
potentials®?—34, and for comparison with experimental studies??>433-36, In MD simulations, the
forces experienced by each atom is obtained from interatomic forcefields®’, with the trajectory
of every atom tracked throughout the simulation. For simulations at SLIs, force fields are
needed to describe both the solid surface and the liquid. Usually, the choice of forcefield for
the surface is dictated by the known physical behaviour of the solid with limited options.
However, things are more complicated for the liquid with a vast variety of water models and

forcefields.
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The available water models can be grouped into different categories based on their resolufiGHs ot e
or their flexibility. The common water models, based on their resolution, can be categorized
into 3-site3% 41, 4-site?0-42-48 5_gite**>! and 6-site’>>3 water models. In 3-site water models only
the water atoms are considered**#!, while adding a dummy atom with a negative charge to the
bisector of the HOH angle brings about the 4-site model*%4?>-48, The 5-site water model has two
dummy atoms alongside with the three atoms of the water molecules**—! and finally all the
dummy atoms of the lower resolution water models are present in the 6-site model3>33. Also,
depending on how the motion of water atoms are integrated in MD simulation, the water
models can be either rigid or flexible*®34-36, The models are usually calibrated to reproduce
selected known water properties*®#15459 with its bulk density and dielectric constant as the
most common points of reference.

Correctly capturing the dielectric constant of water is particularly important for MD
simulations of SLIs since the constant modulates ionic interactions in an aqueous media.
Ongoing optimisation efforts*>337-60.61 have improved the models, but there remain important
challenges. For example, the salt-induced reduction of the dielectric constant is well
established>-%, but the impact on the strength of ion-ion correlations at SLIs?>3* is not clearly
understood, nor is the salt concentration limit for the applicability of each water model. While
various water models are routinely applied to describe SLIs?>2433:66.67 there does not seem to

be a general consensus or set of guidelines to select the most suitable model for a given SLI.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In this study we systematically compare MD simulations obtained with common water models
of the SLI between saline aqueous solutions and silica. We selected silica as a solid for its

ubiquity in numerous natural®® and technological systems®®’, including for SLIs
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investigation3+7!. We expect analytical predictions®!? to correctly describe the ionic density
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near the SLI for this system, hence providing a point of reference for comparison with MD
simulations. The goal is to quantify similarities and differences between the predictions
obtained from the different water models and establish the range of applicability in each case.
We start by exploring the dielectric constant of pure and saline bulk water derived from each

model.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03058g

Open Access Article. Published on 19 January 2026. Downloaded on 1/20/2026 10:34:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics

View Article Online
Methods DO 10.1039/D5CP03058G

System setup

Two different systems were utilized to compare water models in the presence of ions and at
SLIs: (i) bulk water with various salt concentrations to obtain the variation in dielectric constant
(Fig. 1a) and (ii) a saline aqueous solution near a charged silica surface to investigate the ionic
distribution at the SLI (Fig. 1b). For bulk water simulations with each of the water models of
SPC/Fw54, SPC/e*!, TIPS3p™, H,O/DCY’, TIP3P-Fw, OPC33, TIP3P%, TIP3P-FB%, TIP3P-
ST>3, FBA/e%, TIPS3p-PPPM’2, 3000 molecules were placed inside a box with dimensions of
5 X 5 X 5 nm? (see Table 1 for the associated model parameters). Subsequently, the effect of
added salt on the water dielectric constant was investigated for four of the models, namely
SPC/Fw, H,O/DC, TIP3-ST and TIPS3p-PPPM. In each case, the same simulation box was
used with six different NaCl concentrations: 0 M, 0.5 M, 1 M, 1.5 M, 2 M and 2.5 M.

P

Figure 1: System setup for the current study. The simulation box is shown for the bulk water simulations (a) and the simulation

of the SLI between water and silica (b). Added ions are not shown for clarity.

The same four water models were utilized to study the ionic distribution near a charged silica
surface and compare the derived ionic distribution with predictions derived from the Poisson-
Boltzmann theory, specifically the Gouy-Chapman®7374 analytical SLI model. The silica Q3
surface was taken from the interface forcefield database’, with the assumption of a pH of 7
and 0.67 SiO'Na" groups per nm?. The cross-sectional dimension of the simulation box was
chosen equal to the cross section of the silica (3.7 X 3.7 nm?) to assure an infinite silica with

periodic boundary conditions while the lateral size of 16.5 nm for the box was selected to avoid
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the interaction of the silica slab of 2.3 nm thickness with its periodic image. DOI: 10.1039/D5CPO3058C
All the simulations were conducted in several steps: (i) water and ions were randomly placed
inside the simulation box, followed by (ii) an energy minimization and subsequently (iii)
several short equilibration stages before the (iv) main simulation which ran for 50 ns for bulk
water, and 30 ns for dielectric calculations and SLI simulations. The temperature and pressure
were kept constant at 300 K and 1 atm using a Nose-Hoover thermostat and barostat. The
electrostatic interactions were separated to short-range and long-range interactions with the
latter been calculated through Particle-Particle Particle-Mesh (PPPM) algorithms’® (see Table
1). The non-bonded and short-range electrostatic interactions were cutoff with the CHARMM
potential cutoff function in which the force and energy smoothly reaches zero in the region
between inner and outer radius values’”’. The ionic parameters for Na* and Cl- solvated all the
water molecules except for TIPS3P water model are taken from the work of Yagasaki et al.”®
which is calibrated for SPC/e water molecule, while for the TIPS3P water model the
CHARMM forcefield parameters are taken from Vanommeslacghe et al.” For the salt
concentration of 0.1M the total number of ions in the simulation box is 24. All the simulations
were done with the 23 Jun 2022 version of LAMMPS?’. OVITO?!' and Matplotlib package of
the python3? were used for the visualisation and several C++ and python codes were developed

for analysis of the results.

Table 1: List of the different water models used in the study, together with the relevant simulation parameters and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

literature reference.
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Model 6o €0 Ox €y qu kon/2 Ton Ky 0 - - - - =
[~ —
Slalal 2| =
| o o <
"E“ o =R =
)
=1 = °
E | £
(¢ (]
- =
SPC/Fw 3.16549 0.155425 | 0 0 0.41 529.581 | 1.012 37.95 11324 | Yes | 9 9 Yes [43]
SPC/e 3.166 0.1553 0 0 0.4238 1 10947 | No 9 9 Yes [46]
TIPS3P 3.1507 0.1521 1.7753 0.0836 0.4170 0.9584 104.5 No 10 12 No [47]
(0.4) (0.046)
H,0/DC 3.1840 0.14173 0 0 0.45495 0.958 10947 | No 8 10 Yes [48]
1 (12)
TIP3P- 3.188 0.102 0 0 0.415 529.581 | 0.9572 34.0435 10452 | Yes | 10 12 Yes [29]
Fw
OPC3 3.17427 0.163406 | 0 0 0.447585 | — 0.97888 109.47 | No 8 B Yes [49]
TIP3P 3.188 0.102 0 0 0.415 0.9572 10452 [ No 13 13 Yes [29]
TIP3P- 3.178 0.15586 0 0 0.42422 1.0118 108.15 | No 9 7 Yes [50]
FB
TIP3P- 3.19257 0.143858 | 0 0 0.42556 1.02030 108.11 | No 9 9 Yes [44]
ST



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03058g

Open Access Article. Published on 19 January 2026. Downloaded on 1/20/2026 10:34:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics Page 6 of 25

FBA/e 3.1776 0.18937 0 0 0.4225 358.509 1.024 45.7696 114.7 Yes 9 9 Weess Artigl @5 ne
DOI;: 10.1039/D5CFOE1.’;05 G

TIPS3p- 3.1507 0.1521 1.7753 0.0836 04170 0.9584 1045 | No | 10 12 Yes [47]

PPPM (0.4) (0.046)

Na' 2.117 04715 [78]

CIl 5.029 0.00655 [78]

Na* 2.9399 0.08 [79]

(TIPS3P)

L 30445 0.15 [79]

(TIPS3P)

Dielectric constant calculations

The water dielectric constant € for each water models was calculated from a simulated water
box with the desired salt concentration (Fig. 1a) and using equation 1, where M, &y, V, kg, T
and ( ) represent the total electric dipole, vacuum permittivity, volume, Boltzmann constant,
temperature and ensemble average. A dedicated C++ code was written to calculate the electric
dipole (eq. 1). The ensemble averages for the M and M? parameters were calculated from their

variation over the course of the simulation (equations 2-3).

_ (M?) —(M)? (1)
=1+ 3eoVk,T
fOtht (2)
(M) = "
oy = B ®
t

The Gouy-Chapman model

The MD simulation results for the silica slab in contact with four different water models (Fig
Fig. 1b) were compared with Poisson-Boltzmann predictions through the Gouy-Chapman
model®73>7* as described by equations 4-6. In this model, the ions balance electrostatic
interaction with the silica surface (Poisson equation®) with entropic considerations through the
Boltzmann distribution. For a planar interface®, this leads to an exponential decrease
(respectively increase) in the concentration of counter-ions (co-ions) from the surface of the
solid to the bulk ionic concentration. The characteristic length scale of the exponential

evolution is characterized by the so-called Debye length A (equ. (4)) which depends on ¢, &g, kg
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, T, the electron charge e, the Avogadro number N4 and the bulk concentration ¢ of salt)is;

system. Here, since a monovalent salt was used, ¢, represents the concentration for both anion
and cations. The value of € was taken from the experimentally measured values by Buchner et
al.6 for different NaCl concentrations unless stated otherwise. The electrical potential ¥} at
the surface of silica and the potential distribution 1¢(z) along the direction normal to the
surface are obtained through equations 5 and 6 where o' is the surface charge density, z — z5
the distance from the surface and the index i refers to either of the two surfaces of the silica
slab. Finally, the density p!(z) of ions in the solution at any distance z from the surface of the
silica is obtained through equation 7 in which the positive and negative signs are used for

cations and anions respectively.

1= eegkT )
~ .|2e2N, 1000 ¢,
. kT Aea? (5)
i — 9" cinh—1
Yo = 2 p sinh <2$eokT>
. . 6
. . b ey, zZ— 2z ©
Yi(z) = 4?tanh tanh | - Jexp | ——

. + eyi(2) (7)
p'(z) = coexp <T>

An ion condensation parameter ¢(z) is used to compare the MD results with the analytical
model with ¢(z), defined through the equation (8) with a is chosen as the distance where the

counter-ion concentration reaches its maximum value near the surface in MD simulations.

o

—N z 8
0@ = 2 [ (ol2) - coyaz ®

Free energy calculations

The Poisson-Boltzmann hypothesis underpinning the Gouy-Chapman model assumes that
electrostatic interactions and entropy determine the free energy of the system (Equations 5 and
7). Here, the free energy was also calculated through MD simulations for comparison. The

chemical potential of an ion in bulk and at a distance z from the surface is calculated through

icle Online
03058G
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equations 9a and 9b. When the system reaches equilibrium, the chemical potential is the S
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for all the z values (equation 9c), leading to an expression for the standard free energy
difference AG°(z) (equations 9d and 10). AG°(z) represents the amount of free energy
required to move a mole of ions from the bulk liquid to distance z from the surface. Equations
11 and 7 both rest on the Poisson-Boltzmann assumption and are hence similar. Here,
comparing the free energy G(z) obtained from MD simulation with the eyl calculated from
the analytical solution is used to test the Poisson-Boltzmann hypothesis, implicitly ignoring

potential energies other than the electrostatic interaction in the Boltzmann distribution.

Epuik = Mo + kTlncy (%a)
1(2) = po(2) + kTlnp'(2) (%a)
Uo + kTlncy = uo(2) + kTinp'(z2) (9¢)
AG°(2) = uo(2) — po (9d)
L 0
AGY(Z) = G(z) = — KTln (” C(OZ)) (10)
) G 11
pia) = coerp (— ) (b

Results

Salt dependence of the dielectric constant for different water models
Results from the simulations show that the derived dielectric constant of bulk water strongly
depends on the water model considered (Fig. 2a), with the flexible TIP3p model yielding the
highest value (¢ = 183.05 £+ 27.66), more than twice the experimental value of 78 for pure
water at the same temperature®®. The TIPS3p water model which is mainly used with the
CHARMM forcefield for biological systems [69] also overestimates the dielectric constant (&
= 104.68 £ 3.98) but the application of the PPPM algorithm for the calculation of long-range
electrostatic interaction slightly reduces the value to ¢ = 97.66 + 4.80.
Among the different water models considered here, SPC/Fw, H,O/DC, TIP3P-ST, OPC3 and
FBA/e yield values closet to the known water dielectric constant. We therefore selected the
SPC/Fw, H20/DC and TIP3P-ST water models to investigate the effect of salt concentrations
on their dielectric constant (Fig. 2b). We also investigated the TIPS3p-PPPM water model due

to its widespread in the field. As expected, the dielectric constant reduces with increasing the
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salt concentration of the solution for all the models investigated here. The SPC/Fw ., mGaelsotac
correctly replicates the experimental values up to a concentration of 0.5 M but deviates for
larger concentrations. The TIP3P-ST and H20/DC models overestimate € for concentrations
below 0.5 M and predict similar values as the SPC/Fw water model at higher salt
concentrations. The TIPS3p-PPPM water model consistently overestimates € by the largest
amount at all concentrations, with its prediction at 2.5 M NaCl almost twice the experimental

value of € = 44.

(a) (b)
175

100

801

60

404 —+ SPC/Fw-PPPM
-+ H20/DC-PPPM
-2 TIP3P-ST-PPPM - experimental

Dielectric constant (relative)

20

00 05 10 15 20 25

Salt concentration (M)

Figure 2: Dielectric constants of bulk aqueous solutions calculated from MD simulations with different water models. In pure
water (a), the 11 different water models exhibit significant differences. The three models best reproducing the experimental
dielectric constant (SPC/Fw, H20/DC and TIP3P-ST), together with the widely used TIPS3p-PPPM are selected to further
calculate the effect of added NaCl (b). The models correctly capture the decrease in dielectric constant with increasing salt
concentration, but they all tend to overestimate the value, with SPC/Fw-PPPM performing best at lower salt concentration

(<0.5 M). For comparison, the experimental values® are also shown.

The significant deviations between simulated and experimental dielectric constant raises
obvious questions regarding their impact on the simulated ionic distribution at interfaces,

here with the silica. These questions are addressed in the subsequent section.

The solid-liquid interface for different water models
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The distribution of cations and anions near a negatively charged silica surface confirm thaf &l otes
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the water models qualitatively capture the expected behaviour of the EDL near the surface
(supplementary Fig. S1). All show a gradual decrease in the concentration of co-ions
concomitant with an increase in the concentration of counter-ions near the charged silica.
Decreasing the bulk salt concentration increases the distance needed for the ions’ concentration
to reach the bulk concentration (Debye length), also in line with analytical predictions.

Using the counter-ion/co-ion density profiles in conjunction with equation 11, the free energy
required to move a counter- or co-ion from bulk to the position (z) can be calculated (Fig. 3).
The free energy profiles for the counter-ions exhibit a minimum whose value decreases with
increasing salt concentration for all water models (see supplementary Fig. S2 for the detailed
profiles). However, the position of the minimum is consistently positioned 1.65-1.70 nm from
the surface, regardless of the water model used or the salt concentration. This suggests the
presence of dense counterions layer (Stern layer) which properties are dominated by the
counterions rather than the water molecules. Here, the Stern layer is defined as the region
located between the free energy minima and the silica surface. The total charge of counter-ions
and co-ions in the Stern layer was calculated for comparison with silica’s surface charge. The
charge of the ions in each Stern layer increases with the salt concentration for all the water
models. At the highest salt concentration (0.84 M), all the models converge to the same Stern
layer total charge except for TIPS3P-PPPM (Fig. 3a). The charge, around +4.5e, is slightly
higher than half the surface charge of silica (-8e for each side). This was taken into account for
comparison with the Gouy-Chapman model with o’ taken as an effective total charge of the

silica surface plus the Stern layer.

10
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Figure 3: Free energy of counter-ions near the silica-water interfaces obtained for different water models as a function of
the solution’s salt concentration. The total charge of counter- and co-ions obtained from MD simulations (a) show some
disagreement between the models at lower salt concentration, with TIPS3P-PPPM consistently underestimating the value.
The free energy of a counter-ion (cation) (b-e) is obtained through MD simulation using the electrostatic energy of the
analytical model for SPC/Fw (b), H20/DC (c), TIPS3P-PPPM (d), and TIP3P-ST (e). In each case, the analytical solution is

given with using the dielectric constant derived from the MD (gyp) and experimentally measured (&.xp, )°? and the value

To compare the MD simulation results with the analytical models, the free energy minimum
obtained through the simulation (minimum of G(z) from equation 10) was compared with
minimum electrostatic potential energy (el/)f) from equation 5) of the analytical solution. Two
sets of analytical equations were considered; the first with the reported water dielectric constant
obtained from experimental measurements®? and the second using the dielectric values obtained
from each water model at the specific salt concentration considered (Fig 3b-¢). Since two EDLs
are present in each simulation, the value reported here is the average of the free energies from
both the layers. Despite the variation in the dielectric constant (Fig. 2b) and charge of the Stern
layer (Fig. 3a), the MD results exhibit a good agreement with the analytical predictions for all

the water models when using the experimental dielectric constant (Fig. 3b-e) except for

11
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TIP3P-PPPM model (Fig. 3d) show a deviation in the range of 0.25 kgT - 0.33 kgT from the
analytical value when using the experimental dielectric constant. Interestingly, if the dielectric
constant obtained from simulations is used, no noticeable difference can be seen between the
analytical solution and the MD predictions. This demonstrates some intrinsic consistency of
the model, despite the large error on the dielectric constant obtained.

Perhaps more intuitive, the comparison between the density profiles of counter- and co-ion
near the interface obtained through MD and through analytical predictions (Fig. 4) show a good
agreement for all water models and salt concentrations, at least for larger distances from the
interface (> ~3 A) where no Stern layer is present. Closer to the surface, the analytical model
anticipates a gradual decline in co-ions density, but MD results show a sudden and complete
elimination of the co-ions, especially at higher concentration (see 0.84 M in Fig. 4a-d). This
effect is less pronounced at lower salt concentrations. All the water models except for TIPS3P-
PPPM overestimate the counter-ion density profiles near the surface at the lowest salt
concentration of (0.042 M, Fig. 4). This tendency is progressively reversed with increasing the
salt concentration (see e.g. Fig. 4a) with TIPS3P-PPPM consistently underestimating the
counter-ion density close to the Stern layer (Fig. 4c, g, k, o, s).

Until here, the experimentally measured value of ¢ at each salt concentration has been used in
the analytical predictions. It is instructive to also consider analytical predictions obtained with
the € value obtained from the MD simulations. Here just SPC/Fw and TIPS3p-PPPM water
models are selected for the comparison; SPC/Fw is chosen for its more accurate presentation
of the dielectric constant while the TIPS3p-PPPM is offers a good point of comparison for a
dielectric constant significantly deviating from the experimentally measured value. The results,
obtained for 0.042 M and 0.84 M NaCl (Supplementary Fig. S3), show that SPC/Fw slightly
underestimates the counter-ion density near the silica surface at 0.84 M when using the MD
calculated dielectric constant, but the TIPS3p-PPPM predictions are in a good agreement with

the analytical solution despite its poor prediction of ¢.
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Figure 4 - Comparison of the ion density profiles near the silica surface obtained with the four selected water models at various

salt concentrations. In all cases, the simulated profiles are shown with solid lines and the equivalent analytical predictions

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

with dashed lines. The profiles associated with the counter-ions (co-ions) appear blue (red). The SPC/Fw profiles at the bulk
NaCl concentrations of 0.84 M, 0.42 M, 0.21 M, 0.1 M, and 0.042 are given in (a), (e), (i), (m), and (q), respectively. The H,O/DC
profiles at 0.84 M, 0.42 M, 0.21 M, 0.1 M, and 0.042 are given in (b), (f), (j), (n), and (r), respectively. The TIP3P-PPPM profiles

Open Access Article. Published on 19 January 2026. Downloaded on 1/20/2026 10:34:29 AM.

at 0.84 M, 0.42 M, 0.21 M, 0.1 M, and 0.042 are given in (c), (g), (k), (o), and (s), respectively. TIP3P-ST profiles at 0.84 M,

(cc)

0.42 M, 0.21 M, 0.1 M, and 0.042 are given in (d), (h), (1), (n), and (t), respectively.

The condensation parameter values, as calculated through equation 8, are shown in Fig. 5 (see
also Fig. S4 for more details). According to the Poisson-Boltzmann predictions, the
condensation parameter should decrease (respectively increase) for co-ions (respectively
counter-ions) when moving away from the surface of silica, with the condensation parameter
converging to a fixed value beyond a specific distance, here between 2 and 3 A from the surface
(Fig. S4). For co-ions, this fixed value is systematically overestimated by MD, with a larger
difference at higher salt concentration. The MD simulations tend to agree better with analytical
predictions for the counter-ions up to concentrations 0.21 M (Fig. 4c-d, see also Fig. S3), except

for the TIP3-ST model where the agreement stops beyond 0.1 M (Fig. S4p, t).
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At higher salt concentrations the MD results overestimate the condensation parameter, a8, fot;
co-ions. This similar behaviour for both counter and co-ions at distances larger than the Debye
length suggests it is due to the formation of ion pairs based on distance criterion: the difference
in the condensation profiles of counter- and co-ions remains fixed for both the SPC/Fw (Fig.
5a) and TIPS3p-PPPM (Fig. 5b). Counting the number of pairs in simulation snapshots further
supports this interpretation with 37.25+0.23 pairs for SPC/Fw and 34.49+0.98 for TIPS3p-
PPPM at 0.84 M. This is also consistent with the concentration profiles of ion pair at different
concentrations for SPC/E (Fig. S5). In contrast, when the salt concentration is low enough to
discourage the formation of ion pairs (e.g. 0.1 M yielding 0.26+0.04 and 0.53+0.02 pairs

respectively), the two models tend to follow analytical predictions better (Fig. 4c-d).

SPC/Fw TIP3P-PPPM
sl s (b) -
S I 4 M Ne
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Figure 5: Comparison of condensation parameter calculated analytically with the results from MD simulations with two water
models: SPC/Fw and TIPS3P-PPPM. In each case, the results are given at 0.84 M NaCl: SPC/Fw (a) and TIPS3P-PPPM (b), and
at 0.042 M NaclL: SPC/Fw (c) and TIPS3P-PPPM (d). The results are a subset of Fig. S3 and suggest the formation of ion pairs

which are responsible for the differences between analytical and MD predictions.

Discussion
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Solid-liquid interfaces are present in many natural and technological systems. The solid spface: ;s ocee
is usually either naturally charged or can carries an applied potential in technological
applications, resulting in a reorganisation of the ions in the vicinity of the surface. MD
simulations are routinely used to investigate such interfaces®%, often complementing and
interpreting experiment results?>2434-36_ but there is no clear consensus on the best choice of
water model for a given application. Previous studies have reported efforts to fine-tune the
dielectric constant of different water models®#33-57-61 but little has been done to ensure a
dielectric constant correctly reproducing the known evolution with salt concentration. Among
the water models studied here, SPC/Fw>4, H,O/DC>’, TIP3-ST>> and TIPS3p-PPPM’? can
reproduce the experimentally measured dielectric constant of water up to a salt concentration
of ~0.5 M, but they unilaterally overestimate the dielectric constant at higher salt
concentrations. The higher accuracy observed for SPC/Fw at lower salt concentration might be
due to the fact the associated Na™ and Cl- parameters were taken from the values calculated in
SPC/e water®4, a model very similar to SPC/Fw. Additionally, calibration of these parameters
in SPC/e was conducted using the hydration free energy of ions®, something particularly
appropriate here. However, the TIPS3p-PPPM water model which, in combination with
CHARMM forcefield family®, is very common for the simulation of biological systems
overestimated the dielectric constant over the whole salt concentration range probed despite

the Na* and CI- parameters taken from the CHARMM forcefield®®. This is noteworthy

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

considering the careful validation of the CHARMM family of forcefields and its widespread
use in the literature3-88, suggesting that some errors might cancel each other in the calculation

of electrostatic interactions: even though the compatibility of ionic parameters with the water

Open Access Article. Published on 19 January 2026. Downloaded on 1/20/2026 10:34:29 AM.

model is important, care should be taken to avoid situations in which errors cancel each other

(cc)

in the forcefield calibration.

When simulating the distribution of ions near the surface of charged silica, we show that the
position of the minimum of free energy (Considered as the Stern layer) can be used to compared
MD and analytical predictions. Using the nominal surface charge of the silica in the analytical
model leads to an overestimate of the free energy with respect to the MD simulation for all the
water models. However, including the ions of the Stern layer, defined as the region between
the surface and the minimum of free energy, generally leads to a good agreement between the
analytical and the MD results except for the TIP3P-PPPM water model.

Before discussing the TIP3P-PPPM simulations in more details, it is worth noting that the
comparison between the other models and the analytical prediction is not straightforward. The

analytical prediction uses experimentally measured dielectric constants and the charge of the
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overestimated dielectric constants by up to 10, except for TIPS3P-PPPM model. The agreement
between the analytical and MD free energy minimums leads to three observations. First, despite
recent efforts to fine-tune the dielectric constant of some water models with tolerances of less
than 1 3435:57-61 the exact value of the dielectric constant in the water model does not noticeably
affect the free energy of ionic adsorption. This might be down to the weak dependence of the
free energy on the dielectric constant (v& according to equations 4-5) or due to errors in MD
simulations that are larger than the error introduced by the overestimation of the dielectric
constant. So at least for the increase in the accuracy of the free energy values, which matters in
interface driven phenomena, the fine-tuning of water models should direct towards other
properties than the dielectric constant. Second, while the Gouy-Champan model can be applied
here, there is a need for a priori knowledge of the Stern layer, at least for highly charged
surfaces such as silica (0.08 C/m?). Third, since the main contribution to the free energy is
electrostatic interactions, ion-ion correlations do not appear significant for salt concentrations
of up to 0.84M.

The predictions with the TIPS3-PPPM model tend to deviate from other models and analytical
predictions. Replacing the experimentally measured dielectric constant with the TIPS3P-
PPPM-deduced dielectric constant in the analytical predictions leads to a good agreement of
the free energy between the MD and analytical results. This implies an opposite dependence of
the Stern layer charge (and the total charge in equation 4 which is the sum of Stern charge and
the surface charge) on the square root of the dielectric constant according to the equations 4
and 5. The higher dielectric constant of TIP3P-PPPM caused an over-screening of the
electrostatic interactions, leading to lower counter-ion density near the surface. The observed
agreement between MD simulations and PB theory with the water model dielectric constant
even for TIP3P-PPPM demonstrates that MD reproduces the PB solution not because of a
specific dielectric constant value, but because both enthalpic (electrostatic) and entropic (ionic
distribution) contributions are intrinsically present in MD. This agreement holds particularly
in the low-concentration regime, where ion—ion correlations and excluded volume effects are
minimal, and validates the use of PB as a continuum approximation of the statistical behaviour
captured atomistically in MD.

The simulated ionic distribution near the surface is generally in good agreement with the
analytical prediction for salt concentrations of up to 0.21 M, except for the TIPS3P-PPPM. For

higher salt concentrations care should be taken due to the formation of the ion-ion pairs not
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considered in the analytical model. The random nature of the ionic pair formation alsQ ipereasess ot ac
errors in MD simulations. The fact that no clear difference could be observed between the ion
distribution derived with the different water models (except for TIPS3P-PPPM) might seem
surprising considering the different dielectric constants deduced here (79.83+2.16, 83.67+0.46
and 82.2+1.6 for SPC/Fw, H,O/DC, TIP3-ST). Two possible reasons can be put forward: first,
the uncertainty in the calculation of the ion distribution profile may dominate over a small (up
to 10) change in the dielectric constant. Second, there might be a lack of convergence for the
calculated dielectric constant, since it is derived through the equation 1 which converges
slowly.

While insightful for SLIs simulations, the findings presented in this study are not devoid of
limitations. First, we used Na" and CI- calibrated with SPC/e water model for SPC/Fw, H,O/DC
and TIP3-ST water models due unavailability of the relevant parameter. This could be
improved through a model-specific calibration of ion interaction parameters. The
representation of the surface model is another limitation of the current study: the interface
forcefield has been calibrated for the TIPS3p-PPPM forcefield and has cutoff values similar to
the CHARMM forcefield. Switching the water model and the associated forcefield cutoff
values changes the interface energy based on which the forcefield has been calibrated.
However, since the focus of the current study is on the liquid part of the SLI, the silica surface

can be taken as a generic charged surface, and its exact surface energy does not significantly

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

affect the results. An additional limitation of the current study is the use of a single, non-
polarizable ion parameter set which cannot capture potential variations in ion—water

interactions or interfacial energetics arising from different ion models. In particular, anion

Open Access Article. Published on 19 January 2026. Downloaded on 1/20/2026 10:34:29 AM.

polarizability can change significantly near charged surfaces. Future work using multiple ion

(cc)

models or explicitly polarizable force fields would help clarify these effects. The present study
also uses non-polarizable water models, which treat the molecular charge distribution as fixed
and therefore cannot capture field-induced polarization near highly charged interfaces. This
approximation may affect the local dielectric response, water structuring, and ion hydration in
the Stern layer, especially at high salt concentration. However, while this may influence the
quantitative accuracy of the simulations, the comparative trends across water models remain
reliable for the purposes of this study. Finally, limited simulation time and length scale
inevitably affects the accuracy of the results, something common to all MD studies. Despite
these limitations, the comparative nature of the study offers novel insights into the use of
different water models for MD simulations of aqueous SLIs, in particular their suitability and

robustness for describing different aspects of the interface.
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Conclusion

In the present study, we compare the ability of different water models commonly used in MD
simulations to correctly describe the interface between a charged solid surface and a saline
aqueous solution. The results show that the choice of model can significantly affect the
resulting dielectric constant of the saline solution, potentially also affecting the simulated ionic
distribution at the SLI. Some water models correctly predict the variation in the dielectric
constant with salt concentration in a dilute regime (<0.2 M), but all models tend to fail at higher
salt concentrations likely due to ion-ion correlation effects. Comparison with the well-
established Gouy-Chapman continuum formalism show a good general agreement for dilute
salt concentration for several water models up to 0.42 M salt concentration but not for the
widely adapted TIPS3p-PPPM. The current study sheds more light on the practical aspects of
common water models in the context of MD investigations of aqueous SLIs. We anticipate the

findings to be of interest for conducting simulations at charged or electrified interfaces.
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