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ABSTRACT

Self-assembled monolayers (SAMs) of alkanethiols on gold surfaces are important for various technological applications, such as electroana-
Iytical sensors, organic electronic devices, and catalysts. However, providing a consistent computational description of the unique structural
features of these SAMs, such as adsorption patterns, chain conformations, and superlattice arrangements, is challenging, particularly within a
versatile computational framework that can simulate both the structural features of these systems and their irradiation-driven chemical trans-
formations. This study systematically analyzes molecular mechanics force field parameters for bonded and nonbonded (van der Waals and
electrostatic) interactions in alkanethiol SAMs with different terminal groups. Using structure optimization and energy decomposition anal-
ysis, we assess the impact of force field parameters on key properties, such as the equilibrium tilt angle, ligand packing density, and nanoscale
structural organization. Based on this detailed benchmarking, an optimal set of force field parameters has been identified that reproduces
the experimentally determined structural and energetic properties of SAMs and ensures their dynamic stability at room temperature. This
provides a validated framework for simulating pristine and functionalized alkanethiol-coated substrates under thermal conditions relevant to
experimental applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0274290
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I. INTRODUCTION nanotechnology applications.”” '* Among the many types of SAMs,
alkanethiols—organic molecules consisting of a hydrocarbon chain
with a thiol (-SH) head-group—have been widely used because of

their strong chemisorption onto metal surfaces, especially gold and

Self-assembled monolayers (SAMs) are key nanoscale architec-
tures with widespread impact on current scientific and technological

61:7€:80 G202 Jequisides z|

landscape. Since the first report of self-assembled chemical systems, '
SAMs have been extensively studied and used in various applica-
tions. These range from electronic devices—such as electroanalytical
sensors,”” biosensors,”” and organic electronics” ’—to the control
and enhancement of catalys'[s,m\H crystal nucleation,'” and other

silver. Functionalized alkanethiol SAMs, in which the terminal end
of the hydrocarbon chain is modified with specific functional groups,
have proven to be particularly robust and versatile. Since their
introduction in the early 1980s,'” these alkanethiol-based SAMs
have found increasing utility in the fields mentioned above due
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to their high degree of structural organization, tunable chemical
functionality, and relative ease of preparation.

Recently, SAMs of alkanethiols on gold have been used as
substrates for photoassisted chemical vapor deposition (PACVD),
a near-room-temperature alternative to conventional CVD meth-
ods that is well suited for thermosensitive organic thin films."*"”’
The highly organized structure, controllable density, and functional
versatility of SAMs make them ideal model systems for achiev-
ing selective and patterned deposition. For example, Salazar et al.”’
demonstrated that ruthenium-based precursors selectively adsorb
on SAMs terminated with —-OH and —-COOH groups, but not on
bare hydrocarbon chains, thus enabling a precise and area-specific
coating.

Despite their importance, the accurate and predictive computa-
tional modeling of alkanethiol SAMs remains a significant challenge.
In relation to PACVD, understanding the photochemistry of pre-
cursor molecules and optimizing them for specific applications also
requires reliable computational models of the substrate. Such models
must capture key structural features of the SAMs, such as adsorp-
tion sites, chain orientation, and intricate superlattice patterns under
different conditions. However, developing an atomistic model that
reproduces all the experimentally observed properties of SAMs has
proven difficult, reflecting the complexity of these systems.

A fundamental structural feature of the alkanethiol ligands
is their division into three distinct regions: the sulfur head-group
anchoring the chain to the metal, the hydrocarbon spacer chain,
and the functional terminal group [Fig. 1(a)]. In fully packed SAMs,

(a)

Terminal group

Head-group
o

Spacer
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the chains adopt an all-anti conformation and form a tilt angle
a relative to the surface normal—approxlmately 30° for Au(111)
and 15° for Au(100) at room temperature,l 102122 with other pos-
sible tilt angles discussed elsewhere.”” The a angle varies with the
length of the 11gand chain,” the temperature,” " and the nature of
the metal surface.'” The tilt angle maximizes interchain interactions
and defines the thickness of the SAM, thereby influencing various
properties.”' >’ To fully describe the ligand orientation, two addi-
tional angles are required [Fig. 1(a)]: the precession angle , which
defines the azimuthal orientation of the chain projection on the sur-
face, and the rotation angle w, which represents the rotation around
the molecular axis m.

At full coverage, organized SAMs typically exhibit two key
patterns.'”'**"*>?* First, the sulfur head-groups form a well-
defined adsorption lattice. On Au(111), this corresponds to a hexag-
onal (\/§>< \/5) R30° arrangement [solid rhombus in Fig. 1(b)]

with a coverage of about 21.4 A> per molecule.””’ Second, the
relative orientations of the alkanethiol chains produce a ¢(4 x 2)
superlattice pattern [dashed rectangle in Fig. 1(b)]. Although the
detailed origin of the superlattice is still debated, the most com-
pelling evidence points to differences in the w angles of neighboring
ligands.”" For Au(100), the patterns are less conclusive; the cover-
age varies from 17.75 to 20.6 A* per molecule,w > and the exact
adsorption sites of sulfur remain uncertain.'”*° Density functional
theory (DFT) studies suggest that the adsorptlon site on Au(111)
is around the threefold fcc posmon,”’ 735 while on Au(100),
atop and hollow sites appear to be occupied simultaneously.” It
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FIG. 1. Schematics of the alkanethiol SAM on Au(111). Yellow circles: sulfur; blue circles: carbon; and black, gray, and white circles: first, second, and third gold layers,
respectively, from top to bottom. Hydrogens are omitted for clarity. (a) Representation of a single alkanethiol molecule adsorbed on the metal surface. Here, m is the
molecular principal axis contained in the plane of the carbon chain in the head-group—terminal group direction. a is the ligand tilt angle, B is the precession or azimuthal
angle, and w is the rotation angle. The different regions of the ligand are indicated. (b) Representation of the hexagonal (\/_ X \/5) R30° pattern (solid rhombus) and of
the c(4 x 2) superlattice (dashed rectangle) formed by alkanethiol molecules on Au(111) at full coverage. The alkanethiol chains have been truncated after the first carbon
atoms (attached to the sulfurs) for clarity. Notice the disposition of the angles  within a unit cell. This pattern corresponds to structure Il from Zhang, Goddard, and Jiang.?!
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is also important to recognize that SAMs are not always perfectly
ordered.” "'

Capturing this structural complexity with computational mod-
els is no small feat. Previous simulations have struggled to reproduce
the experimental superlattice patterns on Au(111). For example,
Sellers et al.’* developed an all-atom ab initio force field that repro-
duced the ligand tilt angles and the hexagonal pattern but not the
superlattice. While subsequent studies have addressed some of these
aspects,”” """ achieving stable room-temperature superlattice struc-
tures has still proven elusive. Gerdy and Goddard*® replicated the
superlattice pattern using disulfide units, and Zhang, Goddard, and
Jiang®! later succeeded by employing a Morse potential for Au-S
interactions and Lennard-Jones (L]) parameters from the Univer-
sal Force Field (UFF).*® Despite these advances, including efforts
within the ReaxFF framework,’*""* a comprehensive model that
accurately captures all relevant structural and energetic properties
is still lacking.

In this work, we address this challenge using the advanced
software package MBN Explorer” and its dedicated multitasking
toolkit MBN Studio® to systematically investigate how different
FF parameters—bonded terms, partial charges (and their scaling),
and L] interactions—impact the stability and structural properties of
alkanethiol SAMs on Au(111) and Au(100). Central to our approach
is an energy decomposition analysis, performed as a function of
the ligand tilt angle, which isolates the contributions of each para-
meter to the overall characteristics of the SAM. By considering both
pristine and functionalized alkanethiol chains—relevant, e.g., for
the selective metallization of SAMs under PACVD conditions—we
obtain a set of optimized FF parameters that consistently reproduce
key structural features such as adsorption patterns, chain confor-
mations, and the experimentally observed superlattice arrangements
on Au(111) surfaces. We not only cover the cases of functionalized
alkanethiol SAMs, which are particularly scarce in the computa-
tional literature, but we also describe a detailed procedure to extend
the study of the effect of FF parameters on key properties of these
systems for different ligand-surface combinations. Ultimately, this
study represents an important first step toward atomistic modeling
of the PACVD process. In subsequent studies, the SAMs modeled
and analyzed here will be employed as representative substrates to
simulate their metallization process under PACVD conditions.

Il. COMPUTATIONAL METHODS

This section provides an overview of the computational meth-
ods used in this study. Further details are given in the supplementary
material.

All atomistic simulations were performed using MBN
Explorer,” which enables the combination of multiple interac-
tion potentials and flexible FF parameterization. The aim was to
develop parameters compatible with the CHARMM framework by
combining directly available CHARMM data with complementary
parameters from external databases. In particular, SwissParam’"*
and the CHARMM General Force Field (CGenFF)” ™ were
employed to generate bonded and nonbonded parameters for the
ligands (Fig. 2), namely, 1-hexadecanethiol (HDT"), 16-hydroxy-
1-hexadecanethiol (HDT®™), and 16-mercaptohexadecanoic acid
(HDT®°H). Additional L] parameters from the UFF*® were tested
because of their proven reliability in modeling alkanethiol SAMs on

ARTICLE pubs.aip.org/aipl/jcp

FIG. 2. Alkanethiyl structures considered in this study. The names are those of the
parent thiols. White: hydrogen, blue: carbon, red: oxygen, and yellow: sulfur. Their
respective abbreviations are utilized throughout this text.

gold surfaces.”’ The criteria for selecting these sources were twofold:
(1) the availability of a simple tool for extracting all necessary FF
parameters, as well as geometry (PDB) and topology (PSF) files
for ligand molecules in a CHARMM-compatible format; and (2)
the general applicability of the dataset. Our intention was not to
conduct an exhaustive survey but rather to keep the number of FF
sets to a minimum while still demonstrating the capabilities of our
strategy and identifying a suitable final parameter set. Here, the
all-atom Optimized Potentials for Liquid Simulations (OPLS-AA)
force field deserves mention.”® While the LigParGen engine”’
allows for the extraction of FF parameters for organic molecules
in CHARMM and other formats, it does not provide PSF files.
Moreover, OPLS-AA has been shown to perform less reliably
than alternative FFs in reproducing characteristic tilt angles of
alkanethiol SAMs.”® For these reasons, and in line with our goal of
a streamlined selection, OPLS-AA was not included in the present
work.

The ligands were modeled as thiyl radicals formed by the
abstraction of a hydrogen atom from the thiol (-SH) group. Geom-
etry optimization of the isolated radicals was performed at the DFT
level using the M06-2X functional® in combination with Grimme’s
D3 dispersion corrections® and the Ahlrichs def2-TZVP basis set
for all atoms except sulfur, for which the def2-TZVPPD basis set
was employed.®! Vibrational frequency calculations confirmed all
optimized structures as energy minima, and Natural Bond Orbital
(NBO) analysis®” provided partial charges for use in the FF parame-
terization. All DFT calculations were performed using Gaussian 16,
Revision A.03.%

The gold substrates, consisting of five-layer slabs of Au(111)
and Au(100), were constructed using MBN Studio.”’ The Au(111)
substrate had dimensions of 59.856 %o x 95.172 %0 (3960 atoms),
while the Au(100) substrate had the size of 73.408 %ox 73.408 %o
(3240 atoms). Au-Au interactions were described using the
Finnis-Sinclair many-body potential. """’

Each gold slab was initially optimized under periodic bound-
ary conditions using the velocity quenching algorithm with a 0.1 fs
time step. All tolerances were set to 107, and the optimizations were
run until these criteria were met. For all subsequent simulations,
the bottom-most layer was frozen to simulate bulk crystal behavior.

J. Chem. Phys. 163, 094704 (2025); doi: 10.1063/5.0274290
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Morse”! and L] parameters for Au-S interactions were considered
to account for the chemisorption of the alkanethiols onto the gold
surface.

To evaluate the suitability of different FF parameterizations, we
tested eight different sets that varied in their bonded parameters,
partial charge values, and L] parameters (Table I). Each FF set was
assessed based on its ability to reproduce key geometrical proper-
ties of SAMs, such as the ligand tilt angle, on both the Au(111)
and Au(100) surfaces. In initial geometries, ligands were arranged
in a rectangular grid with target densities of 4.67 nm™> [as mea-
sured experimentally for Au(111)*’] as well as 90% of this value
for both surfaces. The actual densities were 4.67 and 4.21 nm > for
Au(111) and 4.73 and 4.17 nm 2 for Au(100). Molecular dynamics
(MD) simulations with constant velocities and no interaction para-
meters were used to generate initial geometries by driving the ligands
to different tilt angles (see the supplementary material for details).
For each initial configuration and parameter set, a short geome-
try optimization calculation (25000 steps) was performed to relax
the systems and check their structural stability. These optimizations
employed velocity quenching with a 0.01 fs time step, the linked cell
algorithm'”®” for neighbor lists, and the particle mesh Ewald (PME)
algorithm for the description of electrostatic interactions. Cutoffs
of 12 and 10 %owere used for the Coulomb and L] interactions,
respectively.

The best-performing parameter set (set 3, see below) was fur-
ther validated by constructing SAMs on Au(111) with experimen-
tally observed sulfur-atom arrangements and superlattice patterns
for all three ligands.?' Long optimization runs (3 x 10° steps) con-
firmed the stability of these structures and the ability of the chosen
parameter set to correctly describe the adsorption sites and tilt
angles. All convergence tolerances, namely, displacement (A), max-
imum displacement (A), and force (eV/A), were set to 107°. These
thresholds were not reached by the end of the 3000 000 optimiza-
tion cycles. The remaining optimization parameters were the same
as described above. We analyzed the ligand tilt angle a, precession
angle B, and rotation angle w [Fig. 1(a)] frame by frame. The angle
a was defined relative to the z-axis, normal to the surface; f was
defined relative to the y-axis, which is aligned with the surface lat-
tice vector; w was defined as the angle between the plane containing
the carbon atoms in the chain and the plane formed by the z-axis
and the molecular axis m [Fig. 1(a)]. While a is unsigned, p and w
range from —180° to 180°, with counterclockwise angles being con-
sidered positive. The top four carbon atoms of each ligand and the

TABLE I. Nomenclature and composition of the different force field sets tested in this
work. MMFF was obtained from SwissParam.

ARTICLE pubs.aip.org/aipl/jcp

ligands crossing the simulation box boundaries were excluded from
the analysis. This angle analysis was performed by a custom-built
Python script using MDTraj® and Matplotlib.®”

Finally, trial MD simulations were performed starting from the
final optimized geometry for the HDT SAM on Au(111), using the
selected force field parameter set. The system was simulated for 10 ns
at 300 K, with a time step of 1 fs. A Langevin thermostat with a
damping time of 100 fs was applied. Charge damping factors rang-
ing from 0.0 to 1.0 in steps of 0.1 were applied to fine-tune the partial
charges, followed by a refinement in steps of 0.025 once an optimum
value was identified (see Sec. III G). All other simulation parameters
were the same as for the optimizations described above.

lll. RESULTS AND DISCUSSION

This section is organized as follows: In Sec. III A, we assess
different force field sets by comparing the geometries of isolated
alkanethiol ligands with DFT references to establish an initial bench-
mark. Section IIT B then explores how nonbonded parameters,
particularly the interplay between electrostatic and van der Waals
interactions, affect the ligand tilt angle. In Sec. III C, we focus
on tilt angle analysis for SAMs on Au(111), considering different
charge damping factors, while Sec. IIT D extends this investigation
to Au(100). Secs. I1I E and III F discuss how coverage density and
ligand arrangement influence the geometry and energetics of SAMs.
Finally, Sec. IIT G reports on the fine-tuning of partial charges that
ensures stability of the system upon 300 K MD simulations, thus
yielding the final FF parameter set.

A. Initial force field assessment with isolated ligands

As an initial evaluation of the quality of each FF set, we con-
ducted a detailed comparison of the MM-optimized geometries of
the three thiyl radicals—1-hexadecanethiol (HDT™), 16-hydroxy-
1-hexadecanethiol (HDT®Y), and 16-mercaptohexadecanoic acid
(HDT“°°")—with their corresponding geometries obtained by
DFT optimization. The RMSD values for the MM- and DFT-
optimized geometries are listed in Table II. This comparison pro-
vides an important basis for evaluating the parameterization quality
of the selected FF combinations and their ability to reproduce
reliable molecular geometries.

TABLE II. Comparison between MM- and DFT-optimized geometries as RMSD (A)
for each FF set (see Table |) for the three ligands (as thiyl radicals) considered.
HDTH: 1-hexadecanethiol, HDTO!: 16-hydroxy-1-hexadecanethiol, and HDTCCOH:
16-mercaptohexadecanoic acid.

Set Bonded Partial charges Lennard-Jones Set HDTH HDT! HDTCH
1 CGenFF CGenFF CGenFF 1 0.241 0.252 0.359
2 CGenFF NBO CGenFF 2 0.237 0.253 0.365
3 CGenFF CGenFF UFF 3 0.239 0.251 0.165
4 CGenFF NBO UFF 4 0.236 0.253 0.203
5 MMFF CGenFF MMFF 5 1.487 1.480 0.467
6 MMFF NBO MMEFF 6 1.482 1.489 1.128
7 MMFF CGenFF UFF 7 1.482 1.486 0.361
8 MMFF NBO UFF 8 1.479 1.484 0.390
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The data show a consistent trend: SwissParam (MMFF, sets
5-8) generally underperforms compared to CGenFF (sets 1-4) for
all three ligands, with the RMSD values for SwissParam being up to
six times higher. This discrepancy is most evident for HDT" and
HDTOH, while for HDT“O°", the differences between the two FF
sources are somewhat mitigated. This observation suggests that the
inherent parameterization approach used in MMFF may not be as
robust as that of CGenFF, especially for complex or functionalized
ligands.

As expected, nonbonded interactions play a relatively minor
role in determining the optimized geometries of isolated molecules,
whose structures are mainly governed by bonded parameters. Nev-
ertheless, slight improvements were observed when L] parameters
from UFF were employed (sets 3, 4, 7, and 8). These improvements
are particularly noticeable for HDT?°Y, where UFF parameters
give slightly better agreement with DFT geometries than those
derived from CGenFF or SwissParam. For HDT" and HDT®¥, the
differences introduced by the choice of L] parameters are negligible,
evidencing the limited influence of these parameters in the absence
of intermolecular interactions.

The choice of partial charge assignment—whether from
CGenFF or derived using NBO analysis—also influences the geome-
try optimization results. Overall, CGenFF charges exhibit superior
performance compared to NBO-derived charges, particularly for
HDT“CH, This difference is likely to be due to the greater compati-
bility of CGenFF charges with the CHARMM FF framework, which
ensures better parameter synergy during MM optimization. For
HDTY, the RMSD values are comparable regardless of the charge
source, suggesting a reduced sensitivity to partial charges for simpler
alkanethiols.

The performance of the FF combinations tested in this work
varies, with sets 1-4 offering reasonable accuracy in reproducing
DFT geometries. Among these, set 3 demonstrates the best overall
performance, achieving a consistent balance between the contribu-
tions of the bonded and nonbonded parameters. The superiority of
set 3 is particularly evident in its handling of HDT!, where the
interplay between the carboxyl terminal group and the rest of the
molecule requires a more nuanced parameterization.

B. Evaluating the effect of nonbonded parameters

While the bonded parameters primarily define the molecular
geometry of each alkanethiol chain, the nonbonded parameters are
expected to play a more significant role in influencing the overall
morphology of the SAMs. To evaluate this effect, the behavior of
the ligand tilt angle a [Fig. 1(a)] was investigated for different FF
parameter sets. This assessment was performed by energy scans of
a, incorporating a homogeneous partial charge damping factor to
investigate the interplay between the Coulomb and van der Waals
interactions.

For each angle-charge damping combination, we performed
short geometry optimizations, selecting specific optimization steps
to plot the resulting energies (see the supplementary material for
detailed protocols). The provided scans highlight how the FF para-
meters influence the stability and preferred configurations of the
SAMs.

A comprehensive analysis of the energy components contribut-
ing to the total system energy was performed, focusing on their

ARTICLE pubs.aip.org/aipl/jcp

dependence on the ligand tilt angle o. For clarity and brevity, Fig. 3
shows the results for two representative systems, both correspond-
ing to HDT™ SAMs on Au(100). The first system (top panel) was
simulated using the FF parameter set 1, while the second (bottom
panel) was simulated using set 3. The total energy for the system
is the sum of all (i) bonded (bond, angle, and dihedral) and (ii)
nonbonded (Coulomb and van der Waals) interactions defined by
the CHARMM parameters, as well as (iii) the Au-S Morse bonded
interaction (included in the “pairwise” contribution along with the
L] interactions) and (iv) the Finnis-Sinclair many-body potential
between the Au atoms (this last contribution, which is nearly con-
stant, is not shown in the plots). The complete dataset is presented
in the supplementary material.

The total energy profile for set 1 shows a minimum at a tilt
angle below 10°, followed by a sharp increase in energy as a grows.
This behavior is predominantly driven by Coulomb repulsion, indi-
cating that electrostatic interactions are a critical factor for this FF
configuration. At first sight, one might infer that the partial charges
in set 1 are poorly parameterized and cause the system to stabilize
at smaller o angles. However, if we compare the energy profile of
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FIG. 3. Energy decomposition analysis as a function of ligand tilt angle for FF
parameter sets 1 and 3 for HDT" on Au(100) with a density of 4.17 nm=2. For
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set 1 with that of set 3, which differ only in the choice of L] para-
meters (Table I), the data for set 3 show that L] interactions, rather
than Coulomb forces, are the primary determinants of the energy
dependence. The pairwise interaction component, which included

—_
L
~
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both LJ and the Au-S Morse potential, drives the stabilization.
Since the Au-S bonded interaction remains constant after sufficient
optimization, it is evident that the variation of the L] interactions
determines these differences.
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C. Tilt angle analysis on Au(111)

Having confirmed that the L] components are primarily
responsible for determining the tilt angles a, we now examine in
more detail the HDTY SAM on Au(111) at a surface density of
4.67 nm™?, the highest of the two densities considered. Figure 4
presents the energy profiles, showing both the pairwise interaction
and the total energy as functions of the tilt angle a for each of the
FF sets listed in Table 1. These profiles have been analyzed for dif-
ferent charge damping factors, ranging from 0 (fully damped, i.e., all
atomic partial charges are equal to zero) to 1 (undamped).

To allow a clear comparison between the different FF sets and
charge damping, the total energy curves for each set [Fig. 4(b)] were
normalized to their respective values at o = 0°. Similarly, the pair-
wise interaction energy curves for all FF sets [Fig. 4(a)] have been
calculated with respect to the values at a = 0° with a zero charge
damping factor. This normalization ensures that variations in the
energy profiles can be directly attributed to the changes in tilt angle
a and the influence of the charge damping factor.

The first notable observation is the dependence of the pairwise
interactions on the partial charges, which is evident for sets 1, 2,
5, and 6. This is demonstrated by the lack of superposition in the
pairwise interaction energy scans across different charge damping
factors for these sets. This is more pronounced for sets 2 and 6. In
contrast, sets 3, 4, 7, and 8 exhibit pairwise energy profiles that are
nearly identical across different damping factors, indicating a better
separation of nonbonded parameter effects.

This dependence suggests an undesirable coupling between the
nonbonded parameters, particularly the Coulomb and L] interac-
tions, which should ideally behave as independently additive in the
CHARMM framework. The main source of this artifact appears to be
the choice of L] parameters. The sets employing UFF L] parameters
(i.e., sets 3,4, 7, and 8) show minimal or no coupling, effectively mit-
igating this issue. Conversely, sets without UFF L] parameters fail to
decouple the interactions, resulting in distorted energy profiles.

The strength of this dependence is further influenced by the val-
ues of the partial charges used. Sets utilizing NBO partial charges
show a stronger dependence on the charge damping factor than
those using CGenFF charges. Even among sets with UFF L] para-
meters, such as sets 7 and 8, a slight residual dependence remains
when NBO charges are used. These results highlight the critical
interplay between the parameterization of partial charges and LJ
potentials and emphasize the superior performance of combinations
that minimize this coupling.

Looking now at the total energies [Fig. 4(b)], Coulomb repul-
sion dominates the behavior of set 1 (Fig. 3), most likely because at
larger tilt angles the chains are oriented so that their charged sites are
located closer together. Without appropriately chosen L] parameters
to buffer these interactions, electrostatic forces become the primary
factor increasing the total energy. This pattern is similarly observed
in sets 2, 5, and 6, where the energy rises steeply with increasing
angle. The effect is even more pronounced in sets 5 and 6, which rely
on NBO partial charges that are larger in absolute value than those
provided by CGenFF for the hydrocarbon chain atoms (see Table
§2). Consequently, the electrostatic repulsion is enhanced, leading
to higher total energies. In contrast, sets 3, 4, 7, and 8—especially
those with UFF L] parameters—mitigate the dominance of Coulomb
repulsion, resulting in more stable energy profiles. Although systems
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with NBO charges in this group (sets 4 and 8) still exhibit greater
variation when the charge damping factor is varied, their overall
energetic behavior remains less sensitive to angle changes compared
to the sets without UFF parameters.

It is evident at this stage that the sets with UFF L] parameters
consistently outperform the other parameter sets. The non-UFF L]
sets exhibit shallow minima in their pairwise interaction energy
curves, sometimes accompanied by slight energy barriers between
0° and 30°. These shallow minima and barriers suggest a lack of
adequate stabilization for the ligand tilt angle, which is critical for
accurate modeling of the system. In contrast, the UFF L] parameter
sets (sets 3, 4, 7, and 8) exhibit well-defined and significantly deeper
minima, free of such barriers, providing a much more stable and
physically realistic description of the system. This trend is reflected
most clearly in the total energy profiles, especially for sets 3 and 7,
further confirming the superiority of the UFF L] parameters and the
inadequacy of the NBO partial charges.

Among the UFF LJ sets, those with bonded parameters
derived from CGenFF (sets 3 and 4) exhibit particularly deep and
sharp minima around 30°, which closely match the experimental
observations.'”'“*"** This suggests that the combination of UFF L]
parameters and CGenFF bonded parameters provides a more reli-
able description of the ligand tilt angle and its associated energy
landscape for the considered molecules. The use of NBO partial
charges (as in sets 4 and 8) introduces some instability and varia-
tion, particularly in response to charge damping, and obscures the
energy minimum around 30°. Thus, set 3, which integrates UFF L]
parameters with CGenFF charges, emerges as the most robust and
accurate choice for describing the system.

The conclusions drawn from the analysis of HDT™ are largely
applicable to the HDT?® and HDT®°°¥ ligands, although some
minor differences are observed (see Figs. S20 and S22). For HDTOH
(Fig. S22), the interference between Coulomb and L] potentials is
significantly reduced in sets 5 and 6. This reduction is evident in the
L] energy profiles and becomes particularly clear in the total energy
curves, which show a less steep increase at higher tilt angles than is
observed for HDT*. This improvement suggests that the interaction
balance in these sets is better suited for hydroxyl-terminated ligands.
Set 3 again emerges as the best descriptor among its peers.

Similar energy profiles have been observed for HDT“?°Y, and a
less steep increase in total energy occurs for non-UFF sets, although
all of them present a barrier between 0° and 30°, as well as shal-
low minima at 30°. This effect is most likely due to inter-chain
interactions between the carboxyl groups, which introduce addi-
tional complexity to the system. Interestingly, sets 3, 4, and 8 show
slight interactions between L] and Coulomb potentials that were not
observed for the other ligands. These anomalies highlight the possi-
ble need to refine the parameters associated with the carboxyl group
to achieve a more consistent description. Once again, set 3 offers the
best performance over all others.

D. Tilt angle analysis on Au(100)

A similar investigation was carried out for the SAMs on
Au(100) at a density of 4.17 nm~2, the lowest of the two den-
sities tested. The results for the HDT" ligand are depicted in
Fig. 5. The general conclusions drawn from the analysis of the
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SAMs on Au(111) largely apply to this case as well. However,
two notable differences emerge. First, the energy profiles for
Au(100) have generally less pronounced minima, approaching a
more parabolic shape. This is in contrast to the sharper, V-shaped

ARTICLE pubs.aip.org/aipl/jcp

curves observed for Au(111). Second, the equilibrium tilt angle
for the ligands on Au(100) is smaller than that for Au(111). This
result is consistent with the experimental characterizations discussed
in Sec. I.
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The less pronounced minima observed for Au(100) correlate
with the lack of experimental consensus on the precise values of a
for alkanethiol SAMs on this surface. This ambiguity likely reflects
the inherent structural flexibility and variability of the SAMs on the
Au(100) surface, in contrast to the more ordered arrangements on
Au(111).

The differences in behavior between the different ligands for
SAMs on Au(111) discussed previously are similarly observed for
SAMs on Au(100), with significantly more distortion in the ener

profiles for sets using NBO partial charges in the case of HDT“®°H.
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These variations highlight the influence of terminal group interac-
tions and chain organization on the energy profiles and tilt angle
distributions. Further details of these differences are shown in Figs.
S$18 and S20.

E. Influence of surface coverage density

Next, we evaluate the impact of surface coverage on the mor-
phology of SAMs by analyzing different coverage densities on
Au(100) and Au(111) surfaces. We considered two other cases: a

FIG. 6. Final HDT" SAM model on Au(111) surface after 3 000 000 optimization steps. The initial geometry replicates the (\/_ X \/5) R30° adsorption pattern and c(4 x 2)

superlattice packing, consistent with structure Il from Zhang, Goddard, and Jiang.?! Blue spheres: carbon; yellow spheres: sulfur; and black, gray, and white spheres: top,
middle, and bottom gold layers, respectively. (a) Evolution of the ligand tilt angle o during the optimization and (b) evolution of the precession (azimuthal) angle B during
the optimization. In both cases, solid lines show the mean values, while shaded areas represent the one (orange) and two (yellow) standard deviations. (c) Histogram of
the twist angles w after optimization. (d) Top and side orthographic projections, along with a perspective view, which illustrate the final system’s geometry. The inset in (d)
provides a closer view of the sulfur atom arrangement, showing only the carbon atoms directly attached to the sulfurs for clarity. Hydrogen atoms and the two bottommost
gold layers are omitted for clarity. The edges of the system were trimmed for clearer visualization.
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slightly higher density of 4.73 nm™ for Au(100) and a slightly lower
density of4.21 nm 2 for Au(111). These densities are compared with
the experimentally measured value of 4.67 nm™ for Au(111). For
all cases, the total and pairwise interaction energies increase steeply
as the ligand tilt angle a deviates from its low equilibrium value
(see Figs. S15-S17 and S24-S26).

This behavior suggests that densities deviating from an opti-
mum value, whether higher or lower, disrupt the intermolecular
interactions responsible for maintaining the molecular tilt angle. In
both scenarios, Coulomb repulsion prevails, undermining tilt stabil-
ity. At higher density, this occurs because the ligands are too closely
packed, causing repulsion that overrides the stabilization provided
by the LJ interaction. Conversely, at lower density, the increased
spacing prevents effective short-range L] stabilization.

While the optimal density for Au(111) (i.e., the density that
correctly reproduces the ligand tilt angle) is close to the experimen-
tal value, the optimal density for Au(100) exceeds the experimental
benchmark for Au(111) by 0.06 nm 2. Furthermore, despite its sim-
ple construction, the regular rectangular deposition does not capture
the experimentally observed packing patterns, including the hexag-
onal sulfur arrangement and the superlattice formation of ligand
chains, as shown in Fig. 1(b). Therefore, in Sec. III F, we dis-
cuss the results of simulations based on initial deposition patterns
that explicitly reproduce the experimentally observed features of
alkanethiol SAMs on Au(111) [Fig. 1(b)].

F. Final deposition geometry on Au(111)

From the evaluation of the FF parameter sets, set 3 consistently
demonstrated superior performance compared to other configura-
tions. Consequently, all subsequent analyses were carried out using
set 3 to further investigate its ability to reproduce the experimental
morphological features of SAMs. To test its predictive ability, an ini-
tial geometry was constructed based on experimental observations,
incorporating the hexagonal (\/3 x /3 ) R30° arrangement of sul-
fur atoms and the ¢(4 x 2) superlattice packing of the ligand chains
[see Fig. 1(b)]. These arrangements, corresponding to structure III
from Zhang, Goddard, and Jiang,”' were not spontaneously obtained
from the initial rectangular grid arrangement but have been shown
in previous studies to stabilize when explicitly used as the starting
geometry.

Pool et al.’’ provided L] parameters for sulfur atoms that
demonstrated superior performance in a previous comparative
study on the effect of sulfur L] parameters on alkanethiol adsorption
sites on gold.*” Substitution of these parameters into set 3 resulted in
an improvement in structural predictions. Thus, we substituted the
original sulfur UFF parameters for these, attaining a slight overall
improvement. The results of the MM optimization are summarized
in Fig. 6. The optimized geometry achieves an average tilt angle of
a ~ 35° [Fig. 6(a)] and an azimuthal angle of p ~ 60° [Fig. 6(b)]. The
dispersion of these angles, shown by the shaded areas in the plots, is
very small. The bimodal distribution of w angles is centered at the
values of w ~ —25° and —55°, corresponding to the nearest-neighbor
and third nearest-neighbor Au directions, respectively [Fig. 6(c)].
These results are in good agreement with experimental data and the
results obtained from Zhang, Goddard, and Jiang,”' underlining the
effectiveness of the parameter set. The side and perspective views of
the final geometry in Fig. 6(d) clearly show the characteristic chain
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tilt angle, as well as the relative twist angle w between the chains. The
top view also shows the uniformity of the precession angle across the
surface, as evidenced in Fig. 6(b). The inset provides a focused view
of the sulfur head-group arrangement by isolating the first carbon
atoms directly connected to the sulfurs. This representation con-
firms the stability of the (\/5 x \/5) R30° hexagonal arrangement
and the formation of the ¢(4 x 2) superlattice shown in Fig. 1(b),
both of which are consistent with experimentally observed patterns.

G. Preliminary molecular dynamics simulations

This work focuses primarily on the impact of force field para-
meters on the energetic and structural properties of alkanethiol
SAMs. A detailed analysis of the dynamical behavior of these sys-
tems is reserved for a follow-up investigation. However, omitting
the dynamical results would leave this study incomplete, since the
final parameter set must produce not only a stable, optimized geom-
etry but also structural integrity and stability at finite temperatures.
As shown in the optimization analysis above, partial charges signifi-
cantly influence the total energy landscape, occasionally counteract-
ing the van der Waals interactions and altering the depth and shape
of the energy minima (see Fig. 4). Although these effects were miti-
gated in the selected parameter set, the inclusion of thermal energy
could still destabilize the system depending on the energy profile,
potentially necessitating further fine-tuning of the partial charges.

To assess this aspect, we conducted a preliminary 10 ns MD
simulation at 300 K for the HDT" SAM, starting from the opti-
mized geometry presented in Sec. III F. As anticipated, we observed
an additional impact of the partial charges on structural features at
finite temperatures. We, therefore, conducted additional simulations
with uniformly scaled charges, using a damping increment of 0.1. A
uniform scaling factor of 0.7 (i.e., 30% damping of the original val-
ues) was the minimal adjustment required to maintain the tilt angle
near the experimental value of 30°. Further reduction of the par-
tial charges had a negligible effect on the overall structural ordering.
We then further refined this analysis from 0.700 to 0.800 in steps of
0.025, obtaining the same stability observed at 0.7 up to 0.725, finally
setting that as the optimum value (further details can be found in the
supplementary material).

In addition to the structural properties, another important
property of SAM systems is their adsorption energy. Experi-
mental estimates place the Au-S binding energy on Au(111) at
~44 kcal mol™!, based on temperature-programmed desorption
data.”' Interchain interactions are estimated to contribute an addi-
tional 1-2 kcal mol™" per methylene group.'®”’ The final opti-
mized geometry obtained with our selected FF parameters, including
the adjusted partial charges, yields a total adsorption energy of
—61 kcal mol™", which falls within the expected range when both
Au-S§ binding and interchain contributions are taken into account.

Through these investigations, we have successfully identified
a set of force field parameters capable of accurately reproducing
the experimentally observed features and previously reported com-
putational results for three alkanethiol SAMs on Au(111). While
the lack of well-defined structural data in the literature prevented
explicit investigation of SAMs on Au(100), we expect the derived
parameter set to reliably describe these systems as well. The strategy
employed here can be extended to other functionalized alkanethi-
ols, with different chain lengths and adsorbed on different surfaces.
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The complete final parameter sets are provided in the supplementary
material as ready-to-use files (Table S4). The final PSF files presented
in the supplementary material already include the correction to the
partial charges.

IV. CONCLUSIONS AND OUTLOOK

In this paper, we propose and demonstrate a systematic
approach to evaluate how bonded interactions, atomic charges, and
Lennard-Jones (L]) parameters affect the geometrical and energetic
characteristics of both pristine and functionalized alkanethiol SAMs
on Au(100) and Au(111). To this end, we have performed an energy
decomposition analysis as a function of the ligand tilt angle, which
isolates the influence of each parameter on the overall behavior
of the SAM. Application of this framework allowed us to iden-
tify that the force field set combining CGenFF bonded parameters
and charges with UFF L] parameters consistently delivers superior
performance, reproducing experimentally observed structural and
energetic features with high accuracy. The L] parameters effectively
govern the equilibrium tilt angle of the alkanethiol chains, allow-
ing the formation of well-defined energy minima that closely match
experimental data, particularly for Au(111). This parameterization
also mitigates undesirable coupling between Coulomb and van der
Waals interactions, enhancing the consistency and reliability of the
model. The inclusion of carboxyl and hydroxyl ligands in our study
addresses a notable limitation in the literature, which has mainly
focused on unfunctionalized ligands in molecular-mechanics mod-
eling of alkanethiol SAMs. Furthermore, our approach also paves
the way for detailed investigations into the effect of varying surface
nature, orientation, and ligand chain length.

Further analysis of surface coverage density and ligand pack-
ing reveals that simplistic rectangular grid arrangements inade-
quately capture the complexity of SAM organization. A configura-
tion reflecting the experimentally observed (\/§ x \/3) R30° hexag-
onal head-group arrangement and the c¢(4 x 2) superlattice patterns
stabilizes the system at realistic adsorption sites and chain orienta-
tions. The chosen parameter set effectively reproduces key experi-
mental trends, including the distinct structural behaviors observed
on Au(111) and Au(100). The systematically validated framework
presented here provides an effective model for the simulation of
SAM-coated substrates. The validation of the parameterization over
a range of ligands, densities, and lattice arrangements provides a
basis for improving the predictive power of the simulations.

In recent years, complex many-body potentials, such as the
charge-optimized many-body (COMB) framework,”> and reactive
potentials, such as ReaxFF 748 and rCHARMM,”> have been devel-
oped to model various metal-ligand systems. Recent advances
in machine-learned interatomic potentials (MLIPs) have further
expanded the capabilities for modeling metal-ligand systems,
including Au-S interactions. MLIP methods such as the Spec-
tral Neighbor Analysis Potential (SNAP)’* and DeePMD-kit’
have demonstrated high accuracy across a variety of chemical
environments. However, existing MLIPs are typically trained on
small-molecule systems or ligand-protected nanoparticles,””” and
their direct applicability to densely packed, functionalized SAMs
on extended crystalline gold surfaces remains limited. Moreover,
incorporating such models into large-scale simulations that can
resolve long-range ordering, surface patterning, and interchain
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interactions remains challenging, both computationally and in terms
of practical implementation. In contrast, the classical parameter
refinement strategy presented in this work provides a chemi-
cally interpretable, computationally efficient, and readily deploy-
able alternative that is fully compatible with established simula-
tion frameworks. A systematic comparison between classical and
machine-learned approaches—once the latter are adapted to SAM
environments—would represent a valuable direction for future
research.

The results of this study provide a basis for further inves-
tigation of irradiation-driven chemistry in SAMs using the reac-
tive CHARMM force field”® and the irradiation-driven molecular
dynamics method’® implemented in the MBN Explorer software.*’
Together, these computational methods and tools can be used
for multiscale modeling of different physicochemical phenomena
ranging from the chemistry of adsorbed precursors to irradiation-
induced transformations,””*’ thus enabling atomistic simulations
of SAM-mediated irradiation-driven processes. One such exam-
ple is photoassisted chemical vapor deposition, in which SAMs act
as substrates for metal deposition from light-activated precursors
introduced in the gas phase. The modeling of this process will be
the subject of our future studies.

SUPPLEMENTARY MATERIAL

The supplementary material includes the full set of results for
the ligand tilt angle energy decomposition analysis for all three lig-
ands and two densities on both Au(111) and Au(100), along with
additional methodological details and links to the relevant sim-
ulation files (geometries, topologies, and force field parameters)
referenced in this paper.
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