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lecule adsorption on MoS2
nanosheets with high structural fidelity†

Le Nhan Pham * and Tiffany R. Walsh *

A new force field, MoSu-CHARMM, for the description of bio-interfacial structures at the aqueous MoS2
interface is developed, based on quantum chemical data. The force field describes non-covalent

interactions between the MoS2 surface and a wide range of chemistries including hydrocarbon, alcohol,

aldehyde, ketone, carboxylic acid, amine, thiol, and amino acid groups. Density functional theory (DFT),

using the vdW-DF2 functional, is employed to create training and validation datasets, comprising 330

DFT binding energies for 21 organic compounds. Development of MoSu-CHARMM is guided by two

criteria: (i) minimisation of energetic differences compared to target DFT data and (ii) preservation of the

DFT energetic rankings of the different binding configurations. Force-field performance is validated

against existing high-quality structural experimental data regarding adsorption of four 26-residue

peptides at the aqueous MoS2 interface. Adsorption free energies for all twenty amino acids in liquid

water are calculated to provide guidance for future peptide design, and interpret the properties of

existing experimentally-identified MoS2-binding peptides. This force field will enable large-scale

simulations of biological interactions with MoS2 surfaces in aqueous media where an emphasis on

structural fidelity is prioritised.
Introduction

Molybdenum disulphide (MoS2) as a 2D material has emerged
as a promising candidate for a wide array of applications such
as biosensing,1–5 gas sensing,6–8 water purication,9–11 and drug
delivery.12 These potential applications involve non-covalent
interfacial interactions between the basal surface of MoS2
layers and adsorbates or analytes. Insights into these non-
covalent interactions can provide guidance to adapt, function-
alise, and activate the surface of MoS2, thus broadening its
potential applications.

Accordingly, both experimental and theoretical studies to
investigate the interaction between MoS2 and several types of
adsorbates have been reported. Experimental data revealed that
2D MoS2 layers have affinity with several small inorganic
compounds.7,13–15 Other experimental studies have focussed on
MoS2 interaction with a variety of larger organic molecules.15–19

For larger biological molecules such as proteins and peptides,
MoS2 manifests a variable interaction.20–22 In addition, several
attempts have sought to theoretically study the interactions
between the MoS2 surface and a wide range of compounds to
shed light on these interfaces and explain experimentally
ersity, Geelong, Victoria 3216, Australia.
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observed properties. Density functional theory (DFT) has been
used to study small-size adsorbates23–29 in the gas phase envi-
ronment because its capabilities to (usually) provide a solid
understanding of the energetic behaviours and geometrical
structures of adsorbates/analytes on surfaces. For more
complicated and large-scale systems for which DFT approaches
are not practical, molecular dynamics (MD) simulations, based
on empirical inter-atomic potentials (force-elds), can be
employed as a compromise between the rigour of the descrip-
tion and the relevance of the structural model. Peptides,
proteins, and DNA20,22,30–33 are such typical systems in this
respect. However, the quality of the force-eld used to describe
this non-covalent bio-interface is critical to the success of the
MD simulations. Specically, the non-bonded interactions
(Enonbond) across the molecule–surface interface must be
adequately captured and balanced. In the CHARMM22* force-
eld, the Enonbond term consists of Coulombic electrostatics
and van der Waals terms. The van der Waals contribution is
approximated by the Lennard-Jones (LJ) 12-6 potential. Identi-
fying (i.e. tting) the parameters that inform the interfacial non-
bonded interactions, and verifying the resultant force-eld
performance, are the chief tasks required to create a bio-
interfacial force-eld.

In general, two types of tting philosophy/strategy can be
seen in literature for obtaining these parameters. For the MoS2
2D surface, the most direct strategy to obtain the LJ contribu-
tion is to t the four separate homo-atomic parameters (3Mo–Mo,
3S–S, sMo–Mo and sS–S), perhaps also including heteroatomic LJ
© 2022 The Author(s). Published by the Royal Society of Chemistry
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parameters34 (3Mo–S, sMo–S), and subsequently rely on the rele-
vant (force-eld dependent) mixing rules to describe all
remaining LJ interactions between the MoS2 layers and its
adsorbates. The key advantage of this strategy is simplicity; the
maximum number of required homo-atomic van der Waals
parameters required for the surface is small (2n, where n is the
number of chemical elements in the surface, for example n ¼ 2
for MoS2). Several MD simulation studies22,30,32,35 on MoS2
interfaces have implemented this philosophy. With this type of
parameter set, the force-eld may or may not adequately recover
features of interest for these interfaces, for examplemicroscopic
structural traits of adsorbates on the MoS2 surface, as recently
demonstrated for water.36

An alternative but more elaborate strategy is to incorporate
a greater number of hetero-atomic van der Waals parameters
into the parameter set that can be focussed and tailored to
address contributions that the mixing rules may not be suffi-
ciently robust to recover. This bespoke type of force-eld para-
metrisation strategy has been realised for several surface
materials including boron nitride,37 gold,38–40 and graphene.41 A
general feature of this type of force-eld is that the number of
van der Waals parameters is much greater than those obtained
from the mixing-rule strategy, but in turn might be able to
better capture key structural interfacial properties of adsorbates
on surfaces.36 In pragmatic terms, the two strategies mentioned
above may ultimately reect the unavoidable nature of
compromise, which is an ever-present aspect associated with
using an empirical inter-atomic potential in large-scale MD
simulations. In other words, it requires a choice based on the
differing priorities and purpose(s) of the intended MD simula-
tions, with an emphasis on thermodynamic properties (e.g.
surface energies, etc.) for the mixing-rule-based force-eld, and
an emphasis on adsorbate (including liquid) structural
ensembles for the bespoke-type force-eld.

As discussed above, the mixing-rule parametrisation strategy
may or may not well recover the interaction structures of
adsorbates on the MoS2 surface. A bespoke (i.e. non-mixing
rule) force-eld that can more specically describe at least the
leading interactions between the MoS2 surface and adsorbates
is highly desirable. Such a force-eld, which is currently not
available, can enable large-scale MD-simulation-based investi-
gations into MoS2-based bio-interfacial phenomena with the
aim of maximising structural reliability of the results. There-
fore, in this work a bespoke set of hetero-atomic van der Waals
parameters aimed at describing the conguration-specic inter-
actions between the MoS2 surface and several families of
adsorbates (hydrocarbon, alcohol, aldehyde, ketone, carboxylic
acid, amine, thiol, amino acid, and arbitrary combinations of
these functional groups) have been developed. The develop-
ment process is based on a high-quality quantum chemical
dataset that was validated against gas-phase experimental data.
The resultant force-eld was also validated, in this instance
against existing high quality structural data obtained from sum
frequency generation (SFG) spectroscopy of peptides adsorbed
at the aqueous MoS2 interface.20 This paper is organised into
three sections. The rst summarises generation of the DFT
database required for the tting process. The second covers the
© 2022 The Author(s). Published by the Royal Society of Chemistry
parameter tting process, and in the third, validation and the
rst applications of the newly developed force-eld are accom-
plished to probe the interaction with MoS2 of amino acids and
peptides in an aqueous environment.

Methodology

Specically, benchmarked DFT calculations were used to
generate the database of conguration-specic surface adsorp-
tion energies. Following this, a tting process was implemented
to determine the best possible van der Waals parameters. In the
last stage, MD simulations using the newly developed force-eld
were conducted to validate performance against experimental
structural data. In addition, the free energies of adsorption
between MoS2 and the 20 naturally-occurring amino acids in
water were obtained using umbrella sampling simulations. Full
technical details of DFT calculations, parameter tting, and MD
simulations are provided in the ESI.†

Quantum chemical calculations

Due to the paramount importance of role of the database, the
quantum chemical calculations must be meticulously con-
ducted at the most reliable level of theory. In doing so, two steps
were done to ensure the selection of an appropriate functional
and of calculation setting parameters.

The functional selection and calculation settings were deter-
mined following benchmarking against experimental gas-phase
adsorption data and probing the convergence of energy. Such
gas-phase experimental data are sparse, with data points only
available for thiophene15,16 and butene.15 Therefore, gas phase
MoS2 adsorption energies of thiophene and butene were calcu-
lated with eight van der Waals-corrected functionals (vdW-DF-
c09,42–44 vdW-DF-cx,45 vdW-DF-ob86,46 vdW-DF-obk8,47 vdW-DF2-
b86r, vdW-DF2-c09,42,48 vdW-DF,43,44 and vdW-DF2 48) and bench-
marked against these experimental adsorption data. These data
(ESI, Table S1†) indicate that the vdW-DF2 functional can recover
the experimental data well, within an error of less than
3 kJ mol�1, and therefore this functional was chosen to calculate
conguration-specic interaction energies of all 21 adsorbates
(the full list of molecules is provided in the Results and discus-
sion) used for the parametrisation. Energy convergence testing
suggested a kinetic cutoff of 50 Ry and charge density cutoff of
300 Ry in combination with a uniform k-point mesh of 5� 5� 1.
To improve the accuracy, these parameters were increased to 75
Ry and 500 Ry respectively, and 7� 7� 1 to calculate single point
energies of optimised congurations. All further details of the
calculation settings are provided in the ESI† and were based on
previous work.36 The adsorption energies were calculated using
the PBE projector augmented-wave (PAW) pseudopotential using
Quantum Espresso 6.6.49,50

Parametrisation process

The vdW-DF2 adsorption data were used to t and validate
various hetero-atomic LJ parameters for families of adsorbates.
The DFT dataset was divided into two subsets, namely tting
and validation sets; the former was used to t the data while the
Chem. Sci., 2022, 13, 5186–5195 | 5187
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latter was used to validate the optimal parameters obtained
from the tting process. Each subset featured compounds from
the same adsorbate-chemistry families.

The optimised geometries of the adsorbates on the basal
plane of MoS2 and the adsorption energy data were used for the
tting process. The vdW-DF2 adsorbate–MoS2 geometrical
congurations were kept unchanged during the tting process,
except for reduction of the vertical distances from the adsorbates
to MoS2 surface. As has been done previously, because the vdW-
DF functional was found to overestimate the distance from
adsorbates to surfaces,37,41,51 the molecule–surface distance was
systematically reduced by 0.2 Å. The MD simulation supercell
sizes and dimensions of the periodic cells are provided in Fig. S3
of the ESI.† To make the tting process feasible, all bespoke
hetero-atomic parameters (sij and 3ij) were tted within a space of
values ranging from 0 to 8, as determined from preliminary
tting evaluations. The tting space was then narrowed gradually
to locate as many wells as possible where the optimal values of
parameters can be obtained; each well corresponds to a region
where the difference in energies between the DFT tting dataset
and force-eld outputs is smaller. Further tting processes were
conducted for each well to rene and locate the best possible
parameters. Final parameters were selected based on two
criteria: (i) that the difference in adsorption energies produced at
the vdW-DF2 and current force-eld was as small as possible,
and (ii) the energetic rankings of the MoS2-adsorbate congu-
rations determined at the vdW-DF2 level were conserved asmuch
as possible with the current force-eld. This protocol of force
eld development has been previously demonstrated to be
essential and robust in recovering the ensemble congurations
for interfacial systems.36 The tted parameters were then vali-
dated by calculating adsorption energies for the adsorbates in
the relevant subset of the validation set.

Following a process previously used for obtaining the gold-
peptide force eld GolP-CHARMM,38 the tting process was
implemented in a sequential boot-strapping scheme following
the increasing structural complexity of functional groups to
take into account all LJ interactions that will contribute to the
interfacial interactions. The homo-atomic parameters (3Mo–Mo,
3S–S, sMo–Mo and sS–S) were tted rst to reproduce the adsorp-
tion energies of alkanes, based on mixing rules. Hetero-atomic
van der Waals parameters were then derived for chemically-
specic interactions. Specically, hetero-atomic parameters
for aromatic carbon were next tted aer alkane carbon, since
this type of carbon will serve to t other bio-based functional
groups (phenol and indole) later on as alkane did. Aer this
point, bespoke parameters for the hydroxyl, thiol, and amine
groups were then tted. Once the parameters for description of
the hydroxyl group were available, the carboxylic and amide
groups were treated next. Separate parameters were also
required to be tted specically for indole/imidazole.
Molecular dynamics simulations

MD tting and simulations were conducted using the GRO-
MACS 2020.4 package.52 All MD simulations were conducted in
the NVT ensemble at 300 K, and the system temperature was
5188 | Chem. Sci., 2022, 13, 5186–5195
maintained with the Nosé–Hoover thermostat.53,54 The Particle-
Mesh Ewald (PME)55,56 algorithm was used at every integration
time step of 1 fs for the electrostatics calculation, within a real-
space cutoff of 11.0 Å, smoothly tapering from 10.0 Å.

The newly obtained force eld was then validated extensively
against experimental SFG spectroscopic data. In this experi-
mental study,20 SFG observations were used to infer the possible
interaction congurations between each of four different a-
helical peptides and a monolayer MoS2 sheet in liquid water.
These peptides were 26 amino acids long and based on the
antimicrobial peptide, denoted here as X (KWKLFKKIGI-
GAVLKVLTTGLPALIS), and its three mutants denoted A, B, C
(peptide sequences provided in the ESI†). To implement the MD
validation simulations, a periodic cell of dimensions 6.82 nm �
7.86 nm � 11.00 nm containing a monolayer MoS2 sheet (with
all substrate atoms xed in space) and a single peptide chain
solvated with liquid water was subjected to multiple 10 ns
simulations in the NVT ensemble. For the peptide X, mutant A,
and mutant B, eight simulations with different initial congu-
rations of MoS2-peptide were performed to probe the tilting
behaviours of peptides; for mutant C, 16 NVT simulations were
conducted to investigate the adsorbed orientation.

The adsorption free energies between each of the 20 amino
acids and the monolayer MoS2 sheet in liquid water were pre-
dicted using the newly developed force-eld. The umbrella
sampling technique57 was used and the weighted histogram
analysis method (WHAM)58 was employed to analyse these data.
The reaction coordinate for umbrella sampling was dened as
the vertical centre-of-mass (COM) distance from amino acid to
the MoS2 nanosheet plane (all substrate atoms were xed in
space). A total of 45 windows was used, with a spacing of
0.05 nm along the reaction coordinate, and a restraint potential
of 3000 kJ mol�1 nm�2 applied to the adsorbate reference site.
Simulations in the NVT ensemble were run for 100 ns per
window, amounting to a total simulation duration of 4500 ns
per adsorbate. Full details of the umbrella sampling simula-
tions, and the methods used to convert the potential of mean
force into a binding free energy, are provided in the ESI.†

Results and discussion
Quantum chemical adsorption energies

The strongest gas-phase adsorption energies of 21 compounds
on the basal plane of MoS2 generated by the quantum chemical
calculations are summarised in Table 1. The data for all 330
DFT calculations (geometries and energies for all congura-
tions of the 21 compounds) are available as additional ESI
Materials as indicated in the ESI† (comprising CIF les for the
structures and a spreadsheet for the corresponding energies).
Two general trends can be observed from adsorption energies:
(i) the interaction is generally proportional to the sizes of
adsorbates, and (ii) larger interfacial interaction areas facilitate
markedly stronger interaction between adsorbates and the
MoS2 surface. For a given adsorbate–MoS2 interaction, the
strongest adsorbate–surface interaction was typically the result
of maximising interfacial contact; Fig. 1 illustrates the case of
benzene. Variation of interaction energies was also dependent
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 DFT adsorption energies (Ead, kJ mol�1) of the most stable
configurations of the 21 compounds used in the training and validation
sets. The ESI provides further details of the full dataset of 330 DFT
energies

Training set Validation set

Adsorbate Ead Adsorbate Ead

Methane 13.9 Butane 35.9
Ethane 21.3 Benzene 47.1
Hexane 50.9 Ethanol 28.9
Toluene 55.7 Acetone 35.6
Methanol 23.8 Methanamide 27.9
Phenol 53.5 Methylamine 28.7
Methanoic acid 24.2 Indole 65.9
Ethanamide 27.9 Diethyl sulde 53.2
Ethylamine 29.3 Methanethiol 28.6
Imidazole 41.1
Dimethyl sulde 39.4
Ethanethiol 34.1

Fig. 1 Top and side views of two benzene–MoS2 configurations,
illustrating the dependence of contact area on binding strength
determined from the DFT calculations. Blue lines indicate the periodic
cell boundaries.
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on the van der Waals radii of constituent atoms (ethanol
28.9 kJ mol�1 vs. ethanethiol 34.1 kJ mol�1). The interfacial size-
dependence of interaction energy implies that gas-phase
behaviours of adsorbates on the basal plane of MoS2 are
chiey governed by the van der Waals interactions.24

The adsorption energies of all 21 compounds on MoS2 fol-
lowed a consistent trend as noted for other surfaces such as
boron nitride37 and gold.38 Adsorbates that featured aromatic
ring structures manifested stronger interaction, for example
benzene (47.1 kJ mol�1), phenol (53.5 kJ mol�1), toluene
(55.7 kJ mol�1), and indole (65.9 kJ mol�1) whereas smaller
structures such as ethane, methane, and methanol supported
weaker interaction. Also, the long hydrocarbon chain yielded
a stronger interaction (hexane, 50.9 kJ mol�1). This suggests
that any larger adsorbate constructed from the molecular
building blocks with stronger interaction energies might have
stronger gas-phase interaction in comparison to those formed
with weaker blocks. In an approximate sense, the suggested
energy trending based on building blocks can be seen in the
series of amino acids studied at the DFT level.59,60
© 2022 The Author(s). Published by the Royal Society of Chemistry
Notably, the adsorption energies provided in Table 1 have
been systematically reported at reliable level of theory (vdW-
DF2, as indicated by the benchmarking data, ESI†). Adsorp-
tion energies of six of the organic compounds considered here
were previously reported for different levels of theory
(benzene,24 toluene,23 acetone,61,62 ethane,63,64 methanol,61 and
ethanol62). As mentioned above, choice of a reliable level of
theory is important in determination of the adsorption energy,
and amongst the above previously reported data, only the
adsorption energy of benzene24 (45.4 kJ mol�1), which is in the
same range of the reported value in the current work
47.1 kJ mol�1, was determined with one of the benchmarked
functionals (vDW-DF), and reported an adsorption structure
comparable with that reported here. The adsorption energies of
the other previously reported adsorbates were determined from
geometries not determined using van der Waals functionals
(either vdW-DF functionals or empirically corrected func-
tionals) and/or a sufficient number of initial congurations,
and differed signicantly with the vdW-DF2 values reported
here. With a wide range of adsorbate families and benchmarked
level of theory, the adsorption energy set reported in the current
is anticipated to provide a comprehensive and reliable dataset
for future reference.
Force eld parametrisation

The entire adsorption energy dataset was divided into two
subsets (training and validation sets) to t the bespoke hetero-
atomic LJ parameters. The nal parameters were required to
meet two strict criteria, simultaneously satisfying DFT energetic
ranking of the congurations and minimal energy differences
between the force-eld and DFT energies.

To initiate the tting process, the atomic partial charges (qi
and qj) of the two surface atom types Mo and S must be deter-
mined. Based on similar efforts to determine the water–MoS2
interaction via the same strategy,36 the pair of charges +0.50 and
�0.25e for Mo and S, respectively, were adopted. These charges
were obtained from random phase approximation65 calcula-
tions and were independently used to successfully recover both
macro- and microscopic traits of water droplets on the MoS2
surface.36,66 In combination with the non-bonded parameters
developed36 previously for description of water–MoS2 interac-
tion, a full force-eld, denoted here as MoSu-CHARMM, was
dened.

As mentioned in the Methods, a step-wise bootstrapping
process was followed for the tting. First, for hydrocarbons,
homo-atomic 3 and s for Mo and S were tted to ensure that
regular mixing rules were capable of describing four types of
interactions Mo–alkane carbon, Mo–alkane hydrogen, S–alkane
carbon, and S–alkane hydrogen; therefore only four parameters
were obtained (see Table 2). For the remaining adsorbates,
bespoke hetero-atomic LJ parameters were tted and validated
for specic families of compounds separately. The optimal non-
bonded parameters for specic families of adsorbates are listed
in Table 2. It was noted that parameters tted for ketones and
alcohols worked well for carboxylic acid adsorbates. However,
parameters tted for the amine and ketone groups could not be
Chem. Sci., 2022, 13, 5186–5195 | 5189
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Table 2 Non-bonded parameters describing van der Waals interac-
tions between the basal plane of MoS2 with relevant adsorbates. These
parameters were fitted in conjunction with assignment of partial
charges of qMo ¼ +0.50e and qS ¼ �0.25e

Group Interaction

Parameter

s (nm) 3 (kJ mol�1)

Hydrocarbon R Mo 0.395 0.103
S 0.338 3.404

Aromatic ring R Mo–C 0.130 0.103
S–C 0.314 1.175

Alcohol R-OH Mo–O 0.303 2.766
S–O 0.301 2.105
Mo–H 0.070 0.035
S–H 0.290 0.075

Phenol R-OH Mo–O 0.303 2.600
S–O 0.301 0.600
Mo–H 0.070 0.035
S–H 0.290 0.075

Ketone R-CO-R Mo–O 0.310 0.260
S–O 0.295 1.480
Mo–C 0.621 0.093
S–C 0.293 3.320

Amine R-C–NH2 Mo–N 0.100 0.103
S–N 0.300 2.680
Mo–C 0.100 0.100
S–C 0.301 1.200

Amide R-Ca–CO–NH2 Mo–N 0.100 0.103
S–N 0.300 3.360
Mo–C 0.490 0.240
S–C 0.288 0.700
Mo–O 0.306 0.070
S–O 0.292 1.350
Mo–Ca 0.401 1.460
S–C 0.251 0.110

Diazole S–N 0.290 2.700
Mo–N 0.400 0.103
S–C 0.279 0.020
Mo–C 0.413 0.660

Thiol and thioether R-C–S–H Mo–S 0.389 2.200
R-C–S–C-R S–S 0.339 1.175

Mo–C 0.370 0.050
S–C 0.342 1.000

Fig. 2 Correlation between energies produced at the vdW-DF2 level
and the MoSu-CHARMM force-field. Data for the (a) fitting and (b)
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similarly applied to the amides; therefore, bespoke parameters
were specically tted for the whole amide group.

In total, 72 non-bonded parameters were developed. A
general feature of this parameter set is that the well depth 3ij

and some of the sigma values of most interactions with the
involvement of the MoS2 sulfur atoms were signicantly larger
than those of molybdenum (Table 2). This suggests that the
sulfur atomic layers of the MoS2 surface dominate the van der
Waals contributions to the total MoS2–adsorbate interaction.
This is understandable given the sulfur atomic layers cover the
Mo layer and are exposed more directly to the adsorbates.

All parameters provided in Table 2 were obtained using the
tting set, for which the molecule–surface interaction energies
recovered by the newly developed force-eld were in high
correlation with those determined at the vdW-DF2 level of
theory (RMSD¼ 1.76 kJ mol�1) evaluated from�190 data points
(�190 geometrical congurations). On this basis, the new force-
5190 | Chem. Sci., 2022, 13, 5186–5195
eld covers most of the important congurations in the
geometrical space of the tting set, and is expected to perform
well for different, but related, compounds. Indeed, the inter-
action energies of about�140 geometrical congurations of the
validation set were energetically predicted with a promising
RMSD value of 2.57 kJ mol�1. Both tting and validation RMSD
values are below chemical accuracy of 4 kJ mol�1. With such
small values of tting and validation RMSD, MoSu-CHARMM is
believed to meet the rst criterion of minimising energetic
differences with the DFT values.

The correlations between the force-eld energies and vdW-
DF2 energies are summarised in Fig. 2. It is noted that for
some very weak interaction congurations observed for e.g.
some cases of methane (tting set) and some cases of e.g.
benzene (validation set), the actual vdW-DF2 interaction of such
weak interactions should be signicantly weaker than has been
calculated here, due to the high proportional contribution of
the zero-point energy to the nal interaction energy, as has been
demonstrated in previous work.36 In other words, the true
adsorption energies of these weak congurations are overshot,
and as a result such overestimation of weak interaction energy
leads to the apparent discrepancy between the vdW-DF2 and FF
energies for the very weak-binding regions on the potential
hypersurface of adsorbate–MoS2 interfacial interaction. The
tted parameters accommodate this, such that the force eld
confers a stronger interaction for these weak cases.

MoSu-CHARMM was designed to capture as much as
possible the microscopic structural ensemble traits of the
validation sets are plotted separately.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Example of the fidelity of the DFT/force-field energetic ranking
of the 17 MoS2–phenol interaction configurations along with three
top-view geometries representing a typical strongest, mid-range, and
weakest interaction between MoS2 and phenol. The red and blue
circles highlight the difference between FF and DFT energies. In the
molecular images, S, C, O, and H atoms are represented with yellow,
black, red, and blue colours.
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adsorbates at the MoS2 surface. This feature is incorporated
into the new force-eld via reproduction of the rst-principles
energetic ranking of any set of MoS2-adsorbate congurations.
To elaborate, in principle, the energetic orderings determined
at the vdW-DF2 level should be precisely recovered at the MoSu-
CHARMM level. In practise, such orderings were broadly
recovered, meaning that the new force eld can distinguish
between the groups of strongest and weakest interactions in
a set of congurations, and any congurations in between these
two extremities of ranking (referred to as “mid-range”). Such
energetic orderings were strictly applied for the tting set, and
their fullment demanded as a performance metric in the
validation set. Fig. 3 exemplies the energetic ranking of MoS2–
phenol interaction congurations. Clearly, MoSu-CHARMM can
resolve and capture the energetic trends of phenol adsorbed on
MoS2, including the pattern of the three weakest interactions.
Application of the same vdW-DF DFT-tting strategy and the
same two criteria in the development of a MoS2/water force-eld
resulted in recovery of microscopic ensemble data as obtained
from RPA calculations, which gives a vote of condence in the
same approach as applied here.36

Peptide adsorption structures at the aqueous MoS2 interface

A key step in the development of the MoSu-CHARMM force-eld
is to ensure recovery of experimental structural data obtained
from aqueous interfaces. The critical role of interfacial solvent
structuring at the aqueous/solid interface and its impact on
peptide adsorption are widely accepted.67–73 In the case of the
aqueous MoS2 interface, the parameters for the MoS2/water
interaction were tted (following the same procedure as used
here) and tested, again for recovery of structural delity, in
addition to reproducing the known water droplet contact angle.36

However, peptide/surface adsorption data for aqueous
interfaces are typically rare; however, the adsorption structures
© 2022 The Author(s). Published by the Royal Society of Chemistry
of four a-helical peptides at the aqueous MoS2 interface exper-
imentally probed using Sum Frequency Generation (SFG)
spectroscopy20 formed the basis of this validation process. In
this instance, the SFG observations were related to the degree of
tilt in the surface-adsorbed conguration, which could be
related back to ratios of the signal intensity of the amide I
spectral peak collected using different combinations of s and p
polarisation of the incident and detected radiation. It is noted
that SFG is not a single-molecule technique; the SFG observa-
tions produce data that are ensemble-averaged.

As strictly interpreted from these SFG spectroscopy data,20

the interfacial interaction conguration of the four a-helical
peptides (parent peptide X, and three mutants A, B, and C) can
be divided into two unambiguous categories; those that exclu-
sively adsorbed with their helix oriented parallel with the
surface (dened as a tilt angle of 180�, corresponding to an
absence of SFG signal regardless of polarisation), such that all
adsorbed molecules in the ensemble must adopt this confor-
mation, or, a presence of SFG signal that indicates at least some
fraction of the ensemble adopting an upright/tilted conforma-
tion with respect to the surface plane. The SFG data reported by
Xiao et al.20 suggest that mutant C followed the former scenario,
whereas parent X and mutants A and B followed the latter. In
particular, the ability of the force-eld to recover the exclusive
behaviour of mutant C would provide a strong test of
structural delity.

The MD simulations using MoSu-CHARMM indicate that
peptide X and mutants A and B could adopt a tilted adsorption
conguration, whereas mutant C consistently adopted a parallel
conguration on the MoS2 surface. The simulations in the
current work indicate that peptide X and its two mutants A and
B interacted with the MoS2 surface via surface attachment at
one terminus, leaving the remaining terminus projected into
the solution (Fig. 4). More precisely, the peptide X andmutant B
interacted via the N-terminus, with the C-terminus protruding
into the solvent, whereas mutant A's behaviour was reversed,
with surface attachment via the C-terminus. It is noted that the
SFG spectroscopic data cannot distinguish which terminus end
makes surface contact – only the ensemble-averaged orientation
of the helix may be deduced from these experimental data. The
interaction schemes of the four peptides differ slightly with
those inferred from coarse-grained MD simulation data20 that
claimed that C-terminal contact with the MoS2 surface was
responsible for all tilted congurations. However, this coarse-
grained potential was not tted to specic MoS2 interactions.
In contrast, mutant C was found to consistently adopt a parallel
conguration on the surface of MoS2, further conrmed by
additional simulations, the number of which exceeded those for
the other three peptides.

In addition to the tilting behaviours of peptides adsorbed on
the basal plane of MoS2, the a-helical structure of mutant C was
also monitored in the MD simulations of the current work
(Fig. 4d). In the experimental data reported by Xiao et al.20 the
helicity of mutant C in the surface-adsorbed state was experi-
mentally inferred from circular dichroism (CD) spectroscopic
observations. The MD simulations in the current work found
that some helicity of mutant C was retained in all cases (noting
Chem. Sci., 2022, 13, 5186–5195 | 5191
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Fig. 4 Side views of predicted adsorption structures illustrating tilting
behaviours in panels (a)–(c) of the parent peptide (X), mutant A, and
mutant B, whereas mutant C adopted a parallel configuration on MoS2
and the helicity of its secondary structure was conserved during the
simulations, panel (d). Water not shown for clarity.

Fig. 6 The most populated configurations of three strongest binding
amino acids in the surface adsorbed state, predicted from the umbrella
sampling simulations (side and top views). Water not shown for clarity.
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that all simulations of mutant C produced a parallel congu-
ration). Therefore, MD simulations with the MoSu-CHARMM
force-eld can recover the relevant structural features of
peptides adsorbed on the MoS2 surface, sufficient for descrip-
tion of biological phenomena at the aqueous interface with
MoS2.
Amino acid adsorption free energies

The MoSu-CHARMM force-eld was also used to predict the
interaction free energy between each of the 20 naturally-
occurring amino acids and the aqueous MoS2 interface. These
simulations were done to evaluate and rank the strength of the
amino acid interactions with the MoS2 surface in an aqueous
environment, with data summarised in Fig. 5 (numerical data
Fig. 5 Adsorption free energies of the twenty amino acids at the
aqueous interface of the MoS2 basal plane. H* is the protonated state
of histidine.

5192 | Chem. Sci., 2022, 13, 5186–5195
provided in Table S2, ESI†). Three selected congurations of
adsorbed amino acids are provided in Fig. 6 and corresponding
images for all amino acids are shown in Fig. S7, ESI.†

To date, there has been little clarity regarding which residues
contribute to strong peptide binding at the aqueous MoS2
interface; these data are anticipated to provide the initial clues
to address this question. These data in Fig. 5 indicate that the
amino acids featured comparable or stronger adsorption to the
MoS2 surface than those reported for adsorption at the Au,74

Ag,74 graphene,75 and boron nitride37 interfaces. However, the
general trend of binding strength to MoS2 is similar to some of
these other materials, in which tryptophan, arginine and tyro-
sine are among the amino acids with the strongest binding,
whereas alanine and aspartate support some of the weakest
binding. However, there are notable contrasts with the energetic
ranking of amino acid adsorption compared with h-BN,37 in
particular that Ile and Leu were ranked considerably stronger in
relative binding strength on h-BN vs. MoS2, whereas Lys was of
the weakest amino acids on h-BN, yet relatively strong on MoS2.
These data provide a baseline not only for designing new MoS2-
binding peptides, but also gives insights into how to achieve 2D-
materials-binding selectivity via sequence design. Moreover, the
use of such amino acid data was a critical factor in recent work
exploiting small data machine learning approaches based on
Bayesian optimization to search for new materials-selective
peptide sequences for Ag and Au surfaces.76

Experimental biocombinatorial screening studies have
identied several peptide sequences with affinity for the MoS2
surface.22,77,78 Specically, four peptide sequences (MoSBP1,77

HLL,78 MoS2-P15,22 and MoS2-P28 22 listed in Table 3 were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Peptides sequences experimentally identified to have strong
and weak binding affinity to the MoS2 surface. Residues corresponding
with the top three strongest binding amino acids are highlighted in
bold and underlined

Peptide Sequence Affinity Ref.

MoSBP1 YSATFTY Strong 57
HLL HLLQPTQNPFRN Strong 58
MoS2-P15 GVIHRNDQWTAPGGG Strong 22
MoS2-P28 DRWVARDPASIFGGG Strong 22
MoS2-P3 SVMNTSTKDAIEGGG Weak 22
MoSBP20 TSHMSNT Weak 57
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determined to have strong affinity to MoS2, and two others
(MoSBP20 77 and MoS2-P3 22) were identied as weak binders.
The four strong binding sequences share a common trait in that
they feature one or more residues corresponding with the pre-
dicted strong affinity amino acids (Trp, Tyr, and Arg), which
might anchor the peptide–MoS2 contact, analogous to Arg and
Trp which are thought to be anchors on the gold surface.68 In
contrast, the weak binding peptides (MoSBP20 andMoS2-P3) do
not contain any of the predicted strong affinity residues in their
sequences. Bearing inmind that peptide binding strength is not
merely an additive function of the individual residue binding
tendencies, nonetheless, appearance of strong binding residues
in the strong-binding sequences, and the absence of these
residues in the weak-binding sequences, can be considered as
early indication of the predictive performance of MoSu-
CHARMM, and a vote of condence in the current approach.

It is clear that strongly interacting amino acids feature
a longer alkane side-chain (Arg and Lys), or an aromatic ring
(Trp or Tyr, and to a lesser extent, Phe). The most populated
congurations (Fig. 6) obtained from the umbrella sampling
simulations indicate that maximisation of contact area on the
surface is a key trait. However, contact area per se does not
appear to be the distinguishing feature, since bulkier amino
acids that also have potentially large surface contact areas such
as Val, Leu and Ile, are amongst the weakest binders. This
suggests possible entropic effects, e.g. bulkier non-polar resi-
dues may cause greater disruption of the solvent structuring in
the near-surface region, compared with the more planar
aromatic groups. The dependence of binding strength in the
gas-phase compared with the in-solvent cases also suggests
solvation entropy effects; the aromatic groups in the gas phase
are also of the strongest in the DFT dataset, however, the bulkier
alkanes are not correspondingly weak adsorbates in the gas
phase.

Conclusions

This work introduces an all-atom force-eld, MoSu-CHARMM,
developed for describing biointerface structures with MoS2
surfaces under aqueous conditions. Although peptides and
proteins are the key targets of this new force-eld, a wide range
of adsorbate families can be described. MoSu-CHARMM has
been designed with a particular emphasis on recovering and
predicting interfacial structural data. This was accomplished
© 2022 The Author(s). Published by the Royal Society of Chemistry
via imposition of two rigorous criteria, satisfying a minimum
difference compared with the DFT dataset (330 points) obtained
using the vdW-DF2 functional (tting and validation RMSDs of
1.76 and 2.57 kJ mol�1, respectively) and preserving amaximum
delity of conguration-specic energetic rankings. The new
force-eld successfully recovered experimental structural data
of peptides adsorbed at the aqueous MoS2 surface and repro-
duced characteristics regarding the helical secondary structure
in the surface-adsorbed state. The adsorption free energies of all
twenty naturally-occurring amino acids at the aqueous MoS2
interface were determined using umbrella sampling simula-
tions, yielding amino acid binding traits that are consistent
with experimentally-identied MoS2-binding sequences. These
data give insights into the composition of the currently limited
set of known MoS2-binding peptides and provides a pathway to
systematically designing and testing new binding sequences.
Overall, this force-eld will enable advances in fundamental
understanding of structure–property relationships for bio-
interfaces with MoS2 nanosheets.

Data availability

All crystallographic information les (CIFs) and energies
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