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A B S T R A C T

The design of chiral materials with enhanced properties has rapidly gained interest. However, the complex 
modeling of self-assembled monolayers poses significant challenges to theoretical chemists, making it difficult to 
accurately predict or explain the structure and thermodynamic properties of adsorption layers in surface science. 
In the present work, we provide new insights into the self-assembly network of L-cysteine molecules on an Au 
(111) surface using a lattice model approach. The research focuses on the adsorption behavior of L-cysteine in its 
deprotonated acidic form [NH3

+CH(CH2S-)COOH)], which introduces unique intermolecular interactions due to 
the charged amino group. Using the Surface Science Modeling and Simulation Toolkit (SuSMoST), we system-
atically explored multiple adsorption sites and configurations, generating unexplored high-coverage systems that 
were further analyzed at the density functional level of theory. Our findings highlight the significance of surface 
arrangements, intra- and inter-molecular interactions in determining the overall stability of the L-cysteine self- 
assembled monolayers. Among the various configurations analyzed, a newly identified system revealed the 
highest stability with an adsorption energy of -1.44 eV, competing with previously reported structures.

1. Introduction

Self-assembled monolayers (SAMs) play a crucial role in surface 
science and nanotechnology [1–3]. These ordered molecular assemblies 
form spontaneously when surfactant molecules adsorb onto a substrate, 
creating highly organized structures that can be adjusted for specific 
applications [4,5]. One particularly exciting feature of SAMs is their 
ability to introduce chirality at the nanoscale, which can significantly 
enhance the optical [6], electronic [7,8], and catalytic properties [9] of 
the substrate. The unique properties imparted by chirality on nano-
particles (NPs) can be harnessed to unlock new technological opportu-
nities. As a result, researchers have intensely focused on synthesizing, 
characterizing, and understanding chiral materials, to effectively control 
and manipulate this property [10,11]. By arranging molecules in spe-
cific patterns, SAMs can introduce new properties that are not present in 
isolated molecules or bare nanoparticle surfaces. For instance, the col-
lective organization of chiral molecules in SAMs can induce surface 
plasmon resonance (SPR) with unique chiral optical responses, which is 
crucial for advanced applications in biosensing and photonics [12].

To effectively study and characterize SAMs, both experimental and 

theoretical approaches are necessary. Experimentally, techniques such 
as scanning tunneling microscopy (STM), atomic force microscopy 
(AFM), X-ray photoelectron spectroscopy (XPS) etc.… are invaluable for 
probing the structure and composition of SAMs. These methods provide 
critical data that can validate and refine theoretical models. In contrast, 
theoretical models are essential to predict new structural arrangements 
and understand the interactions at play in SAMs, guide experimental 
efforts, and offer insights that may not be directly observable [13,14].

However, modeling these molecular assemblies presents a substan-
tial challenge for theoretical chemists. The complexity arises from the 
need to accurately predict the interactions and spatial arrangements of 
molecules on a surface, considering factors such as Van der Waals forces, 
hydrogen bonding, and steric effects. The number of possible configu-
rations is vast and highly dependent on the type of molecule involved, 
making manual exploration a hard challenge. Hence, sophisticated 
computational techniques and robust theoretical models are required to 
capture these nuances. To date, programs such as metadynamics or ab 
initio random structure search (AIRSS) are available to automatically 
sample surface arrangements [15–17]. In this work, we utilized the 
Surface Science Modeling and Simulation Toolkit (SuSMoST) to 
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systematically explore the chemical arrangement of l-cysteine on the 
gold (111) surface, a system that has already received extensive atten-
tion both experimentally and theoretically [18–20].

While most theoretical studies have focused on the cysteine molecule 
in its neutral [NH2CH(CH2SH)COOH] or zwitterionic form [NH3

+CH 
(CH2SH)COO− ] [20–22], our research explores the adsorption behavior 
of cysteine in an alternative form that can be found under acidic con-
ditions: [NH3

+CH(CH2SH)COOH]. It is well-established that cysteine 
adsorbs onto gold surfaces primarily via its sulfur atom. Depending on 
the medium, this adsorption can occur through the sulfur in its pro-
tonated thiol (-SH) or in a deprotonated thiolate form (-S− ). The 
deprotonated thiolate is often observed in studies involving neutral or 
slightly basic conditions, where the cysteine molecule undergoes SH 
bond dissociation. Under acidic conditions, the cysteine molecule has a 
protonated amino group (NH3

+) and a neutral carboxyl group (COOH). 
Experimentally, in this acidic form, cysteine has also been observed to 
undergo deprotonation of the thiol group before adsorption to the gold 
surface [23,24] and to exhibit intermolecular interactions between its 
positively charged amino group and the carboxylic one [25]. Previous 
theoretical work [22] showed that at low coverage on the Au(111) 
surface, the deprotonated acidic form is found to be more stable than the 
neutral or the zwitterionic. Based on these findings, our study focuses on 
the [NH₃⁺CH(CH₂S⁻)COOH] molecule to investigate its behavior under 
high-coverage conditions. In contrast to previous studies, which focused 
solely on the most stable adsorption site at low coverage to model high 
coverage [22], our work explores various combinations of adsorption 
sites to construct high-coverage systems and identify new stable ar-
rangements. To that end, we used the SuSMoST toolkit [26] to automate 
the sampling process and the construction of high-coverage adsorption 
structures considering symmetries of the adsorbing surface and 
adsorption complexes. Using this methodology, we efficiently identified 
the only previously reported high-coverage structure among the various 
configurations explored [22]. With the numerous configurations found, 
we performed density functional theory (DFT) optimizations to compute 
adsorption and interaction energies, as well as Bader charges. Our re-
sults emphasize the significance of surface arrangement and intermo-
lecular interactions in determining the overall stability of these systems, 
unveiling a novel and stable SAM organization. Notably, we observed 
that, at high ligand coverage, the system is stable but can also rearrange 
into a known zwitterionic form of the molecule [NH3

+CH(CH2SH) 
COO− ]. In this state, the emergence of intra-molecular interactions 
further enhances the stability. Additionally, our investigation of various 
surface arrangements reveals a complex relationship between interac-
tion strengths and stability, suggesting that more stable SAMs may 
paradoxically exhibit weaker interactions with the underlying surface.

2. Computational details

All calculations were performed at the density functional level of 
theory (DFT) using the Vienna Ab initio Simulation Package (VASP 
6.4.0) [27,28]. Valence electrons of Au, S, H, C, O, and N atoms, cor-
responding to 11, 6, 1, 4, 6, and 5 valence electrons, respectively, were 
described using a plane- wave basis set with a cutoff of 450 eV [29]. Core 
electrons were treated using projector-augmented wave (PAW) pseu-
dopotentials [30] and the PBE exchange-correlation functional [31] was 
employed with Van der Waals corrections introduced via the Grimme D3 
approach [32,33]. To simulate the Au(111) surface, periodic boundary 
conditions were applied, with a thickness of four atomic layers. The 
choice of four atomic layers ensures that the slab is thick enough to 
accurately represent both surface and bulk properties. During DFT 
optimization, the bottom two layers were fixed to mimic the bulk, while 
the top two Au layers were fully relaxed. A dipole correction was applied 
along the z-axis, and a 15◦A vacuum region was maintained between the 
slabs. The Au facet was described as p(4 × 4) slabs, and the Brillouin 
zone was sampled using a 3 × 3 × 1 k-point mesh generated via the 
Monkhorst-Pack method [34]. Finally, we used a convergence criterion 

of 10− 6 eV for each self-consistent field calculation.
In addition, we conducted a Bader charge analysis [35–37] for all 

configurations, focusing on the complete system, the empty slab, and the 
overlayer, with particular attention to the sulfur atoms bonded to the 
gold surface. We also performed a charge transfer analysis between the 
organic overlayer and the metallic surface. The calculated values are 
reported in Table 1.

3. Model

As described in the introduction, our model features the deproto-
nated acidic L-cysteine molecule adsorbed on a gold (111) surface in the 
form [NH3

+CH(CH2S− )COOH]. In a p(4 × 4) supercell, we define a low- 
coverage system as a monolayer arrangement containing one l-cysteine 
molecule per cell. In this configuration, the distance between periodic 
images of the adsorbed l-cysteine molecules is large enough to consider 
lateral interactions as negligible. High-coverage structures are accoun-
ted for by a monolayer arrangement with two l-cysteine molecules per 
cell interacting with each other.

Fig. 1 illustrates the general methodology employed in this study. To 
generate pairs of adsorption complexes, defined as high-coverage sys-
tems, we first focused on identifying the optimal adsorption sites for the 
cysteine molecule at low coverage. In this initial phase, we characterized 
low-coverage systems as individual adsorption complexes, allowing us 
to identify the most favorable positions for l-cysteine on the gold (111) 
surface without any interactions between molecules. Having established 
these optimal low-coverage configurations, we then used them as the 
foundation for generating high- coverage systems using one of the 
various functions available in SuSMoST libraries. By pairing the iden-
tified adsorption complexes, we were able to investigate how in-
teractions between multiple l- cysteine molecules influence the overall 
stability and properties of the adsorbed systems. This pairwise model 
representation effectively captures adsorption systems comprising any 
number of complexes with various symmetries, taking into account both 
long-range and directed lateral interactions between pairs of entities. 
Finally, we conducted analyses at the density functional theory (DFT) 

Table 1 
Adsorption and interaction energies, and Bader charges for all systems consid-
ered. All energies are given in eV and all charges in |e|.

Final (Initial) 
Arrangement

Eads Eadh Eint Bader Charges 
(qS1/qS2)

qOverlayer

TB1 (TB) − 1.238 − 4.245 − 0.976 − 0.367 / 
− 0.204

0.649

TB2 (TB) − 1.220 − 4.044 − 0.601 − 0.270 / 
− 0.294

0.614

TB3 (TB) − 1.145 − 3.219 − 0.552 − 0.360 / 
− 0.329

0.542

TB4 (TB) − 1.259 − 3.315 − 0.761 − 0.258 / 
− 0.409

0.559

TB5 (TB) − 1.416 − 3.552 − 1.636 0.032 / − 0.249 0.492
TB6 (BB) − 1.416 − 3.570 − 1.628 − 0.247 / 0.006 0.493
TB7 (BB) − 1.443 − 3.565 − 1.527 − 0.258 / 

− 0.052
0.507

TB8 (BB) − 1.227 − 3.967 − 0.576 − 0.305 / 
− 0.259

0.605

BB1 (BB) − 1.213 − 3.522 − 0.602 − 0.374 / 
− 0.222

0.643

TT1 (TT) − 1.413 − 3.344 − 1.510 − 0.315 / 0.015 0.418
TT2 (TT) − 1.436 − 2.905 − 1.830 − 0.102 

/− 0.101
0.363

TT3 (TB) − 1.342 − 3.555 − 0.981 − 0.247 
/− 0.399

0.534

TT4 (TB) − 1.214 − 3.524 − 0.747 − 0.364 
/− 0.340

0.564

TT5 (TB) − 1.369 − 3.042 − 1.442 0.045 / − 0.338 0.393
TT6 (TB) − 1.296 − 3.386 − 0.906 − 0.379 / 

− 0.237
0.519

TT7 (BB) − 0.904 − 4.412 0.139 − 0.291 / 
− 0.294

0.643
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level to further evaluate their properties.
At low-coverage, we explored four adsorption sites available on a 

gold (111) surface (top, bridge, hollow fcc and hollow hcp). When 
considering the deprotonated acidic form of the l-cysteine, only the 
bridge and top positions are found to be stable and not subject to 
structural reorganization after relaxation. Interestingly, our calculations 
revealed a close adsorption energy between the bridge and the top site, 
with only 0.05 eV in favor of the bridge site. With the energy difference 
being minimal, we considered both possibilities when constructing high- 
coverage systems. The comparison of these data with previous work is 
challenging as this specific zwitterionic form of the molecule did not 
receive much attention. The only direct study of this specific molecular 
state of cysteine is from Morales et al. [22], who identified the top site as 
the most stable adsorption site. Our findings differ from them, as they 
did not report the bridge site as a possible arrangement. Interestingly, 
other studies focusing on different states of cysteine support the bridge 
site as the most stable. For example, Gharabekyan et al. [38] found the 
bridge site most stable for protonated cysteine, while Fajín et al. [20] 
reported similar results for neutral and zwitterionic forms. Although 
these studies do not investigate the exact molecular state of cysteine we 

are considering, they support the stability of the bridge site.
Fig. 2 illustrates the different adsorption complexes used in the 

SuSMoST program to generate high- coverage systems. Since the toolkit 
operates using symmetries, we accounted for two types of bridge sites. 
While these periodic configurations show nearly identical adsorption 
energies, we observed that focusing on only one of them would overlook 
configurations such as the bridge/bridge ones for instance.

Using the three adsorption complexes shown in Fig. 2 and a 4 × 4 
surface supercell, the SuSMoST toolkit generated 261 distinct configu-
rations, each with two molecules per cell. To limit the number of con-
figurations, we set a maximum cut-off radius of 5 Angstroms between 
molecules. From these parameters, the program created high-coverage 
systems comprising various overlayer arrangements, including top/ 
top, top/bridge, and bridge/bridge combinations. We further filtered 
configurations by considering only realistic lateral interactions, ach-
ieved through the hard-sphere potential of lateral interactions as 
implemented in SuSMoST using the following hard sphere radii for the 
chemical elements of the adsorbate: S = 1.5 C = 1.2 N = 1.2 H = 0.5 and 
O = 1.3 Ȧ. Consequently, configurations with infinite interaction energy 
between the two adsorbed molecules were discarded. Following these 

Fig. 1. Scheme representing the methodology followed during this study.

Fig. 2. Set of adsorption complexes used in this work to sample the lattice model at high coverage. Legend: Au = orange, S = yellow, O = red, N = blue, C = brown, 
and H = white.
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selection steps, we obtained 30 different configurations. All the final 
configurations were carefully analyzed, and the 16 configurations pre-
sented in this work were selected based on our objective to investigate 
the impact of adsorption sites, inter-molecular interactions, and overall 
surface organization on the system’s global stability.

All the slab models investigated in this study are provided in 
Figure SI.1 of the Supplementary Information. Fig. 3 showcases four 
representative configurations to give an overview of the different ar-
rangements explored. Fig. 4 illustrates the principal interactions that are 
characteristic of all the selected configurations, highlighting the di-
versity and complexity of these interactions. For clarity, the systems are 
designated based on their adsorption sites: TT for top/top, TB for top/ 
bridge, and BB for bridge/bridge.

An interesting observation is the variations in the global surface 
arrangement. Notably, we found a dominance of TT and TB configura-
tions compared to BB. For all configurations, inter-molecular in-
teractions primarily occur through the formation of hydrogen bonds 
between the carbonyl group of one cysteine and the charged amino 
group of another. Intra-molecular interactions were also observed in 
some systems, where a hydrogen bond forms within the same molecule. 
Configurations without interactions between organic molecules, such as 
those seen in surface arrangements TB3, TT4, and TT7 (see Figure SI.1), 
were also considered. Finally, to validate our methodology, it is 
important to note that the program was able to find a known geometry 
previously described by Morales-Vidal et al. [22] (system TT2).

4. Results and discussion

4.1. Energetic analysis

In this study, we examined three types of energies. Firstly, we 
assessed the adsorption energy per molecule, calculated according to Eq. 
(1). 

Eads = (ES− L − ES − nEL)/n (1) 

Where ES − L is the total energy of the optimized system containing the 
ligand on the metallic surface, ES is the total energy of the optimized 
gold surface, EL is the total energy of one ligand from the optimized gas 
structure and n is the number of molecules adsorbed per cell.

Secondly, we analyzed the adsorption energy of the overlayer 
(Adhesion energy, Eadh), wherein instead of considering only one 
cysteine molecule in Eq. (1) as EL, we assessed the energy of the com-
plete periodic organic overlayer using a single-point energy calculation. 
The periodic organic overlayer refers to the repeating arrangement of 
cysteine molecules adsorbed onto the surface, which is obtained by 
manually removing the gold atoms from the full system, leaving only the 
organic layer for analysis. 

Eadh = ES− L − ES − EOverlayer (2) 

Lastly, we calculated the interaction energy Eint of every configura-
tion using Eq. (3), which quantifies the interaction between two mole-
cules on the surface. All acronyms used to define the energies ES, EL, ES −

L, ES− L1 , ES− L2 and EOverlayerare illustrated in Figure SI.2 for clarity. 

Eint = ES− L − ES− L1 − ES− L2 + ES (3) 

All computed energies and the charge analysis are summarized in 
Table 1. Note that some of the configurations were rearranged after DFT 
optimization. The initial (in parentheses) and final arrangements are 
given in Table 1 and an example of such reorganization is shown in 
Figure SI.3 with the system TB6. Overall, all configurations have total 
energies that are quite close, with a difference of 1.078 eV between the 
most (TB7) and least (TT7) stable configurations. When evaluating the 
adsorption energy using Eq. (1), the results range from − 0.904 eV 
(system TT7) to − 1.443 eV (system TB7), showing a maximum differ-
ence of only 0.539 eV between the selected configurations. Curiously, 
using Eq. (2) to evaluate the adhesion energy of the overlayer, we 
observe the opposite trend, with configuration TT7 being the most stable 
and TB7 the least stable. Additionally, we observe that the combination 
of adsorption sites has no significant impact on the stability of the 
different systems. This indicates that the stabilization of the system is 
not directly related to how the cysteine molecule is adsorbed on the 

Fig. 3. Examples of selected surface samples obtained with pairs of adsorption complexes. Top left: system TT2; Top right: system TT5; Bottom left: system TT7; 
Bottom right: system TB7.
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surface, but rather to the type of interactions present within the organic 
overlayer. Regarding the interaction energy, stabilizing interactions are 
observed for all systems except TT7, which has a positive interaction 
energy of 0.139 eV.

This study revealed a close relationship between the interaction 
energy and the adsorption energy calculated per molecule. Fig. 5a dis-
plays the adsorption energy computed using Eq. (1) as a function of the 
interaction energy. It illustrates a strong linear correlation between the 
two quantities (r2 = 0.91) and three distinct groups are apparent. 
However, as already mentioned, despite the apparent grouping of sta-
bilization effects, it bears no relation to how cysteine molecules are 
adsorbed on the surface.

Configuration TT7 being the only one representative of a surface 
arrangement where no inter-molecular interactions are present leads to 
less stable adsorption energy. The common factor among the most stable 
configurations (with Eads ranging from − 1.443 to − 1.369 eV) is the 
formation of an SH bond after geometry optimization, which introduces 
intramolecular interactions. These results suggest that this specific 
structural arrangement enhances the adsorption of cysteine on the gold 

surface.
Furthermore, the equation representative of this linear correlation 

tells us that for every increase of the interaction energy, the adsorption 
energy will be increased by 25 %. It is noticeable that when the inter-
action energy goes to zero, meaning no interaction, identical to a low- 
coverage system, the adsorption energy is − 1.03 eV according to the 
equation y = 0.25x − 1.03. This value is very close to the energy value 
found in the bridge low-coverage systems used as adsorption complexes 
(− 1.02 and − 1.01 eV), confirming the absence of lateral interactions in 
low-coverage systems. By utilizing the SuSMoST toolkit, we discovered 
the previously identified configuration, defined as TT2. However, our 
work revealed a new and slightly more stable configuration, referred to 
as TB7, as depicted in Fig. 4. The TB7 system demonstrates a slightly 
higher stability in adsorption energy (− 1.443 eV) compared to the 
configuration reported in the literature TT2 (− 1.436 eV). Although the 
difference is minimal, it suggests that exploring diverse configurations 
may lead to the discovery of more stable systems. The TT2 system was 
deemed highly stable due to the presence of inter-molecular hydrogen 
bonds between [NH3

+] and [COO− ] moieties, akin to those observed in 

Fig. 4. Set of optimized overlayer structures for all selected configurations. Distances are given in Angstrom and the total and relative energies (in parentheses) of the 
periodic systems are expressed in eV. The most stable system is highlighted in bold and serves as a reference for the relative energies.
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the crystal structure of l-cysteine with an H-bond of 1.6 Ȧ. However, 
despite the TB7 system also displaying a hydrogen bond with a distance 
of approximately 1.6 Ȧ, it additionally showcases an intra-molecular 
interaction between the charged amino group and the carboxylic 
group of the same molecule, increasing its stability. Configurations TB5 
and TB6 are found to be similar after DFT relaxation although their 
initial geometry was different as one can see in Table 1. They show 
similar total energy but a slight change in the geometry of the overlayer 
is enough to create differences when computing the adsorption energy of 
the overlayer or the interaction energy as an example (Eint: − 1.636 vs 
− 1.628 eV).

In Fig. 5b, we examine the adsorption strength of the overlayer using 
Eq. (2). Using that methodology, we disregard the interaction of indi-
vidual cysteine molecules with the surface but we consider the inter-
action of the entire organic overlayer already engaged. In this scenario, 
no linear correlation between the two quantities is evident (r2 = 0.35). 
Specifically, we observe that the weaker the stabilizing effect of the 
interaction, the greater the stabilization of the overlayer’s adsorption 
energy. In addition, we do not observe any group of stabilization as 
compared to Fig. 5a. The tendency is even opposite, indicating that as 
the overlayer becomes more stable, its interaction with the gold surface 
becomes less favorable. A more stable overlayer is less likely to benefit 
from interactions with the surface. This shows that the stabilization of 
the overlayer is crucial to have a stable system but it can also hinder 
proper adhesion to the surface.

Comparing the adsorption and the adhesion energies yields valuable 
insights. A more negative Eadh compared to the Eads indicates that inter- 
molecular interaction outweighs the interaction of the organic layer 
with the metallic surface. Conversely, suppose the adsorption energy per 
molecule is more negative than that calculated considering the over-
layer. In that case, it suggests that the presence of multiple molecules on 
the surface in interaction stabilizes the configuration in which the 
molecule is adsorbed into the surface. These results suggest that an 
equilibrium between the stabilization of the overall arrangement and 
the interaction of the organic molecules with the surface is quite sensi-
tive to the type of interactions.

4.2. Electronic structure analysis

To gain more insight we examined the Bader charges of each atom 
and more specifically of the sulfur atoms. The charges found on the 
sulfur atoms for the low-coverage systems, i.e., the adsorption com-
plexes depicted in Fig. 2, were of − 0.254 |e| and − 0.263 |e| for the 
bridge and the top sites respectively. As indicated in Table 1, the Bader 
charges on the sulfur atoms bonded to the surface either align with the 

charges observed for the corresponding low-coverage adsorption com-
plexes or exhibit a charge near zero or positive. We observed differences 
in the charge on the sulfur atoms in configurations where intra- 
molecular interactions occurred between the [NH3

+] and [COOH] 
groups of the same cysteine molecule. These interactions were consis-
tently present only in the molecules positioned on the top site. Conse-
quently, the variation in charge from low-coverage representation was 
observed exclusively in the sulfur atom at the top site. However, in the 
case of configuration TT2, where all cysteines occupied the same site, 
sulfur atom charges matched perfectly as the global overlayer geometry 
is symmetrical. This phenomenon can be explained by the fact that the 
shift in electronic density due to intra-molecular interaction caused 
sulfur to lose electron density, resulting in reduced transfer to gold. This 
effect arises from the displacement of the hydrogen from the carboxylic 
group towards sulfur, diminishing its nucleophilic character.

We found that the most stable systems are those with notable charges 
on one of the sulfur atoms. In these systems, the charge transfer from the 
molecule to the surface is also affected. Specifically, the charge transfer 
from the overlayer to the metallic surface decreases when one of the 
sulfur atoms becomes positively charged, indicating a reduction in the 
electron density available for transfer.

Fig. 6 highlights the charge density (Fig. 6a) and the charge density 
difference (Figs. 6b and 6c) of the system TT1. This configuration is 
interesting as it features two sulfur atoms bonded to the surface on a top 
position but where the sulfur atoms present different charges and 
opposite in sign. This behavior is also observed in configurations TB5, 
TB6, and TT5. In all cases, the charge density difference around the two 
sulfur atoms is distinct: the isosurface area of charge depletion around 
S1 is more spread out than around S2 (or inverse). At first glance, in the 
example of system TT1, this result seems counterintuitive, as we would 
expect more charge loss on S2 since it carries the positive charge (see 
Fig. 6c). However, before adsorption onto the surface and the creation of 
the S-Au bond, we observed a charge of − 0.617 |e| for S1 and − 0.083 |e| 
for S2. The overall organization of the overlayer led to a modification of 
the electronic density and, consequently, changes in the charges carried 
by the sulfur atoms. In the case of configuration TT1, this is explained by 
the creation of the SH bond, which has shifted the electronic density of 
the sulfur atom towards the bond. As a result, the charge loss on S1 is 
more significant than on S2, explaining the resulting charges observed. 
These results are observed for all systems presenting a difference in sign 
on the sulfur atoms.

In addition, the adsorption of the molecule caused a redistribution of 
electrons within the top surface layer, leading to a gain of charge on top 
of the surface (see Fig. 6b). This result is confirmed by the positive 
charge transfer of 0.418 |e| from the organic overlayer to the metallic 

Fig. 5. (a) Adsorption energy (Eads) as a function of the interaction energy (Eint). (b) Adhesion energy (Eadh) as a function of the interaction energy (Eint). All energies 
are given in eV.
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surface as calculated for this system.

5. Conclusions

This study shows that automated sampling of adsorption mono-layer 
configurations with designated tools, such as SuSMoST, is a necessary 
part of the robust methodology of future SAM studies. Our investigation 
into the surface interactions of the deprotonated acidic form of L- 
cysteine with the gold (111) surface at high coverage yields significant 
insights. Through extensive computational analyses and DFT optimiza-
tions, we examined various adsorption configurations and their impli-
cations for stability and charge distribution within the organic 
overlayer. Our findings indicate that, at high ligand coverage, the en-
ergetic analyses reveal distinct correlations, underscoring the predom-
inance of intra-layer interactions over surface site arrangements in 
determining overall stability. Bader charge analysis further highlights 
the critical role of charge distribution at sulfur atoms, particularly in 
configurations characterized by intra-molecular interactions. Notably, 
our exploration of overlayer adsorption energies uncovers a complex 
relationship between interaction strengths and stability, suggesting that 
more stable overlayers may paradoxically exhibit weaker interactions 
with the underlying surface. This study introduces a novel methodology 
for automatically generating high-coverage configurations using the 
SuSMoST toolkit, providing a robust framework for future research in 
this area.
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