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A new protocol based on quantum chemical calculations and
molecular dynamics simulations is proposed to revisit water-
MoS, interfacial force fields (FFs). The accurate reproduction
of experimental water contact angles is suggested to be
insufficient to ensure reliable FFs for recovering structural
properties of the interfacial solvent. As an example, this
protocol is used to develop a new set of FF parameters to both
capture interfacial structural phenomena at the interface
between water and MoS, and recover experimental water
contact angle data. This approach can be applied to any
interface where contact angle data are available.

Measurement of water contact angles (WCAs) is a typical
strategy to gauge the wettability of solid surfaces. A droplet of
water stably maintained on a surface is a result of a complex
balance of inter-solvent and solvent-interfacial interactions.’?
Characterization of WCAs provides valuable insights into the
physico-chemical properties and surface structures of
materials.'3

From a classical perspective, stabilization of a water droplet
on a surface can be attributed to the equilibrium of classical
atomic forces. Therefore, the formation and stabilization of
water droplets on surfaces can be theoretically probed via
molecular dynamics (MD) simulations. Indeed, several MD
simulation studies have reported different aspects of
nanodroplets on materials surfaces, e.g. advancing and
receding, hysteresis, and evolution dynamics.*® In doing so, a
force field (FF) with the capability to accurately capture the
interfacial interactions between water and surfaces is of
paramount importance. Therefore, during the process of FF
parametrization, reproduction of accurate WCAs is usually a key
criterion for FF assessment and/or validation, as reported for
various interfacial FFs for materials such as graphene,” boron
nitride,®® molybdenum disulfide,®1? and silica.'?

With a wide range of potential applications in biological
sensors,%15 treatment,16-20 and

water gas-sensing?%22
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electronic devices,?>?* nanosheets of MoS; and their interfaces
are a subject of high interest. However, the challenge with MD
simulation approaches is that a reliable and accurate FF to
describe the interfacial interactions is not always available and
may require development. Several FFs have been developed for
simulating the MoS; nanosheet?>=?7 and interfacial interactions
between MoS, layers with water®11.282% and biomolecules.?30

A typical step in assessing the reliability of newly developed
interfacial FFs is to reproduce the experimental WCA,10-12,28.29
The key question here is whether a set of different FFs that can
each reproduce the experimental WCA can also support
common structural traits of the interfacial solvent. Specifically,
the structural trait of interest is energetic ranking of the
different possible binding structures of the surface-adsorbed
water. This ranking is relevant, because the structuring of the
interfacial solvent is thought to strongly influence biomolecule
adsorption.3! Here, several FF parameter sets that can recover
the MoS; experimental WCA are shown to support a range of
different energetic ordering of water configurations on the
MoS, surface, some of which substantially differ from the
quantum chemical hypersurface. Therefore, this ordering is
proposed as an additional new criterion to assess FF quality for
water-surface simulations. Following these two criteria, a new
set of parameters for the water-MoS; interface was developed.

The quantum chemical water-MoS;, hypersurface was
characterized using fifteen configurations of water adsorbed on
the MoS, basal plane optimized at the vdW-DF23? level of
theory using the Quantum Espresso 6.4.1 package.3® This
particular functional was selected on the basis of reproduction
of the two available experimental adsorption energies for this
material, thiophene and butadiene (benchmarking details in the
ESI). The optimized configurations were subsequently used in
part to inform and assess the FF parameters developed in this
work and those reported previously.1%-122829 A|| MD simulations
were done with the Gromacs 2018.3 package.3* Full details of
method selection, quantum chemical calculations, MD
simulations, and Lennard-Jones parameterization are provided
in the ESI.
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The adsorption energy of water on the basal plane of MoS,
was estimated to be ~15 kJ/mol. Several configurations were
found to have close interaction energies, ranging from 13.0 to
15.0 kJ/mol. These values are in good agreement with
theoretical adsorption energies reported elsewhere.33¢
Geometrical structures of the strongest four binding
configurations (C1-C4) are given in Figure 2.

Figure 2 Side and top views of the four
strongest binding configurations of water
on the MoS; basal plane.

Table 1 Force-field parameter sets for MoS,/water interactions that
can reproduce experimental WCAs. The associated water models are
provided in the last row. Corresponding FFs used for specific sets are
CHARMM?27 (S1-55) and OPLSAA (S6).

Parameter Set

para. 5112 5212 5311 5428 5529 S0

OMo 0.480 0.480 0.443 0.393 0.420 0.255
EMo 0.293 0.293 0.485 0.192 0.254 0.544
Os 0.384 0.384 0.334 0.336 0.313 0.350
€s 1.255 1.255 2.085 1.121 1.484 1.046
qmo +0.50 +0.50 +0.50 +0.60 +0.00 +0.76
Qs -0.25 -0.25 -0.25 -0.30 -0.00 -0.38
water TIP3P¥”  SpPC3® SPC/E®® SPC/E SPC/E TIP3P

Six sets (S1-S6 in Table 1) of non-bonded FF parameters and
water models taken from literature were used to calculate the
interaction energies of these fifteen water-surface
configurations. It is noted that sets S3 and S4 were actually
fitted to the experimental water contact angle. Their energetic
rankings, alongside those from the vdW-DF2 calculations and
the FF from the current work (CW), are illustrated in Figure 1
(data provided in Table S4, ESI). Three classes of energetic
rankings are apparent. Sets S1 and S2 (and to a lesser extent,

2 | J. Name., 2012, 00, 1-3

Journal Name

DF2 CwW S1 S2 S3 S4 S5

Strongest

C1
Cc2
C3
ca
C5
Cé
c7
C8
Cc9
C10
C11
C12
C13
Ci14
Ci15

Weakest

Figure 1 Energetic ordering of water configurations (C1-C15)
adsorbed on the basal plane of MoS,. S1 to S6 are orderings
produced by the FF parameter sets and water models listed in Table
1. DF2 and CW are energetic orderings determined vdW-DF2 and the
FF parameters of this current work, respectively.

S6) comprise the first category. These rankings are not in
agreement with those produced by using the other sets (53-S5).
Specifically, two of the strongest-binding DFT configurations C1
and C3 were repulsive for the S1 and S2 sets (Table S4, ESI)
suggesting these states would not likely appear in MD
simulations of interfacial solvent structuring using FFs S1 or S2.

The second category comprises S3, S4 (and CW). These are
in broad agreement with the vdW-DF2 rankings. It is noted that
the S4 parameters were fitted to energies calculated using the
reliable and robust random phase approximation (RPA)
approach.?® However, the S4 set were fitted to only a limited
number (five) of RPA water-surface orientations, since these
calculations are very intensive. Furthermore, the input
geometries for these RPA calculations did not include any of the
DFT-optimized configurations. This could be the reason why the
S4 set cannot recover the strongest configuration C1. Although
it is not the aim of the current work to propose a definitive
energetic ordering, such agreement gives a vote of confidence
to the DFT data, given the high reliability of the RPA approach
to such weakly-bound systems. The remaining S5 rankings do
not agree with any other data (Figure 2), indicating that several
of the more weakly-bound DFT states (C8-C12) have strong
surface interactions. This suggests that interfacial solvent
structures using this the S5 FF would likely prominently feature
these configurations at room temperature.

These data suggest that although different parameter sets
can reproduce experimental WCAs,%12 they are not necessarily
consistent in identifying the most and least important
geometrical configurations of water on the MoS; surface. If the
DFT and RPA data can be assumed to be a reasonably reliable
description of the quantum hypersurface, then several of the
FFs considered here may not be capable of capturing the
dynamic structural ensemble of interfacial water on the MoS;
surface. Note that with a similar evaluation procedure, any set
of interfacial FF parameters could be re-assessed as long as
contact angles are experimentally available. In summary, here
we suggest a protocol based on satisfying both the quantum
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hypersurface and experimental contact angles. This could be
extended to other physical properties, such as the liquid/solid
interfacial tension.?’ The reason why different microscopic
ensembles can produce the same contact angle are clear; as
remarked by Leroy?®, the process of inferring a set of force-field
parameters that can satisfy a single macroscopic property
cannot mathematically admit a unique solution, but rather an
infinite family of solutions.

Our first attempt to fit the nonbonded parameters to the
vdW-DF2 data points resulted in unstable water droplet
simulations on the basal plane of MoS,. However, just a small
scaling in the interaction energy of the fitting data can yield
stable droplets and a range of stable WCAs. This result reveals
that contact angles are very sensitive to the energy range of the
fitting set. The weak interaction (~15 kJ/mol) between water
and MoS; is proposed to be the cause of this sensitivity.
Therefore, any correction to the interaction energies of the
fitting dataset can significantly influence water droplet stability.
It is noted that the vdW-DF2 energies were initially fitted
without any further correction, such as zero-point energy (ZPE)
and/or the chemical accuracy of the vdW-DF2 functional.

For weak interfacial interactions, the ZPE correction can
make a significant contribution. Indeed, by using cluster models
of water-MoS; interaction (details in ESI), the ZPE was found to
substantially reduce the water-MoS, binding energy. In
addition, all interaction energies calculated using parameter
sets S1-S6 are smaller than the vdW-DF2 energies (Table S4,
ESI). Therefore, we propose that the ZPE is an important factor
in the formation of water droplets. Since a ZPE correction to
every water-MoS; configuration is impractical, and the errors in
chemical accuracy of vdW-DF2 are not readily quantified, it was
decided to fit non-bonded parameters within the framework of
the CHARMM?22* force field3*4° to a scaled set of the DFT
energies, such that the experimental WCA was recovered.
Critically, the fitting process always ensures that the resultant
parameters can recover the vdW-DF2 energetic ordering.

The new parameters (Table 2) describe the interaction
between water (TIPS3P374%) and the basal plane of MoS, and
can recover the experimental WCA and energetic ordering of
the water-surface configurations. The macroscopic WCA
(0) was extrapolated from WCAs of three different nanodroplet
sizes (Figure 3), derived using Young’s equation:

T
0) = 0) —— 15"
cos(8) = cos(0) )/LVrB (1)

where y;y is the water liquid-vapor surface tension, 7y is the
droplet base radius, and t is the line tension. Using the
extrapolation procedure of Werder et al,*?> the macroscopic
droplet contact angle was then calculated to be 70°, very close
to the experimentally reported early WCA of 69°.*3 From the
energetic ordering of water-surface configurations obtained
from this newly fitted set (denoted CW in Figure 1), this FF can
recover the strongest configuration C1 and several other low-
energy states (C2-C5). Furthermore, quantum chemically
unfavourable configurations (C13-C15) are also consistently
identified by this new FF. These two crucial features,
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reproduction of the energetic ordering and the experimental
contact angle, make these new interfacial FF parameters
quantitatively capable of predicting the structural and dynamic
interfacial behaviours of water on the MoS; surface. It is noted
that parameter sets S3 and S4 yield performance consistent
with the CW set. However, unlike S3 and S4, the new CW set is
designed to be harmonized with the CHARMMZ22* FF, to enable
future inclusion of biomolecules into this parametrization.
Another clear difference between the CW parameters and S1-
S6 is that the CW set fitted bespoke surface-oxygen and surface-
hydrogen interactions, whereas S1-S6 used mixing rules. It is
possible that such separation of treatment allows recovery of
the strongest interaction configuration C1 (Figure 1).

0.40
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cos(8)

0.15
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0.20 0.30 0.40
rs (nm™")

Figure 3 Three nano droplet sizes (1500, 3000, and 6000 molecules)

of water on the three-layer MoS, surface together with their

representative top and side views.

0.00 0.10

Table 2 Non-bonded FF parameters describing interaction between
water and the basal surface of three MoS; layers. Atomic charges of
Mo and S are +0.50 and -0.25 e, respectively, taken from quantum
chemical calculations.?344

Interaction Parameter

o (nm) € (kJ/mol)
Mo-O 0.3000 0.0479
Mo-H 0.1500 0.0357
S-0 0.3020 1.4958
S-H 0.1870 0.0867

The predicted adsorption energy of water on MoS, using the
new FF lies in the same range with the other two quantum-
consistent FFs S3 and S4 (Table 1). Specifically, the S3 and S4 sets
predicted adsorption energies of ~8.9 and 6.5 klJ/mol,
respectively, and the new parameters predicted 7.8 kJ/mol,
mid-way between the two. Intriguingly, this value is in good
agreement with an estimate of 8.2 kJ/mol reported
elsewhere.?®

In summary, although all the FFs considered here could
recover the experimental contact angle, not all FFs
demonstrated consistent performance regarding the ensemble
of microscopic configurations that ultimately underpins and
confers this macroscopic property. In the case where the
interfacial solvent structure matters, as for biomolecule
adsorption, it is recommended to adopt the additional
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evaluation criterion based on energetic ordering, provided this
ordering can be benchmarked against robust approaches such
as RPA. As proposed and tested here, application of this
approach has yielded a new FF for molecular dynamics-based
simulations of interfacial interaction between water and the
MoS; basal plane which can fully meet these two criteria.
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