
HAL Id: hal-03969278
https://hal.science/hal-03969278

Submitted on 2 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

ReaxFF Molecular Dynamics Simulations of Large Gold
Nanocrystals

Johannes Richardi, Marie Fadigas

To cite this version:
Johannes Richardi, Marie Fadigas. ReaxFF Molecular Dynamics Simulations of Large Gold
Nanocrystals. Journal of Chemical Theory and Computation, 2022, 18 (4), pp.2521-2529.
�10.1021/acs.jctc.1c01211�. �hal-03969278�

https://hal.science/hal-03969278
https://hal.archives-ouvertes.fr


 
1 

ReaxFF Molecular Dynamics Simulations of  

Large Gold Nanocrystals  

 

Johannes Richardi
1*

, Marie Fadigas
1
 

  

1
 Sorbonne Université, CNRS, Laboratoire de Chimie Théorique, LCT, 75005 Paris, France 

 

 

 

 

 

 

 

Abstract 

A systematic study of gold nanocrystals is carried out using Molecular Dynamics 

simulations with reactive force fields. The nanocrystal size is varied between 2 and 10 nm 

with methane and butane thiolate as ligands. The reactive force fields allow to investigate the 

formation of staples. The simulations explain several experimental observations such as the 

number of staples per thiolate of about 40 % and the occupation of the top adsorption sites on 

the facets. They also show that the frequency of staples is increased on the edges which leads 

to a desorption of gold atoms from the nanocrystal edges. In contrast to previous non reactive 

simulations, no difference between the distances of the ligands on the nanocrystal edges and 

facets is observed. Except for the 2 nm particles, the nanocrystal size and the alkane chain 

length of the ligands have only a small influence on the nanocrystal properties. The 

occupation of adsorption sites and staple frequencies are very slowly converging properties 

taking more than ns. 
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1. Introduction 

Metallic nanoparticles have specific properties which make them interesting for many 

applications.
1-3

 Thus, gold nanoparticles are used in thermal cancer therapy
2
 and for 

biosensors.
3
 To avoid nanoparticle agglomeration, they are usually coated with ionic or 

polymeric ligands such as thiolates. These ligands adsorb on the nanoparticle surface to form 

a protective monolayer.  

For thiolates, the ligands adsorb with the sulfur heads and form self-assembled monolayers 

(SAMs) which were widely studied on flat gold, silver and copper surfaces by experiment and 

theory.
4,5

 In the case of gold, alkanethiolates form hexagonal superlattice, but also more 

complex structure such the 2x4 lattice have been observed.
4-6

 Theoretical calculations 

predicted the formation of RS-Au-SR staples with the formation of adatoms and vacancies.
5,6

 

These predictions were confirmed by several experiments.
7,8

 It shows that the gold surface 

may markedly reorganize due to the presence of ligands which was also confirmed by Tight-

binding DFT and reactive force field simulations.
9-13

  

The “three-dimensional” SAMs of alkanethiolates on the surface of gold nanocrystals (NCs) 

have also been widely studied by experiments
14-17

 and simulations.
18-23

 The experiments show 

some specific differences with respect to planar gold surfaces such an about 10 % higher 

surface coverage and a higher reactivity. The surface coverage has been explained by the 

formation of a new SAM on the edges of the NC facets.
22,23

 However, previous atomistic 

simulations on gold NCs neglect the possibility of a dissociation of Au-Au bonds and thus, 

strongly reduce the motion of gold atoms. This may explain why the formation of staples is 

not observed in these simulations, which is in contrast to the results of DFT calculations on 

small NCs.
7
  

The aim of this article is to use reactive force fields of the ReaxFF type
12,13,24-29

 to study the 

SAMs of methane and butane thiolates on gold NCs up to a size of 10 nm. The ReaxFF 

proposed by Monti et al.
28

 has been used. Actually, ReaxFF will allow us to study the 

formation of staples which are molecular species the formation of which cannot be correctly 

modeled by usual force fields. We will show that for nanoparticles, the reorganization of the 

gold surface and the formation of staples play a very important role. 

Methane thiolates are studied here, since they have been widely used on gold surfaces. We 

choose it to compare to the results previously obtained on planar surfaces.
4-6,13,26

  Butanethiol 

is a "real" ligand for nanoparticles even when octane and dodecanethiol are more frequently 

used.
1
 Since the calculations are very time consuming we have to restrict our calculations to 
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these small thiolates. It should be noted that previous simulations
23,24

 show that the length of 

the alkanethiolate does not markedly influence the results, which agrees to the observations 

obtained in this article.  

We chose to study octahedral nanoparticles. It should first be noted that octahedral 

nanocrystals are really observed in experiments.
1
 However, truncated octahedra are more 

often found. We decided nevertheless to study octahedra, since their surface is only made of 

Au(111) surfaces and edges between these. Thus, their properties can be interpreted with 

respect to a single type of surface, which is not the case of truncated octahedra made of 

different surface types. Moreover, the large facets enable us to investigate the transition 

between the behaviors observed on flat surface and on NCs.  

Previously,
18,23,24

 the atomistic simulations of nanoparticles started with the nude nanocrystals 

surrounded by the ligands. In the first part of the simulations the ligands adsorb on the NC to 

form the SAM which were then analyzed. We will show here that this procedure does not 

work in the case of reactive force fields. We solved this technical issue by creating a new tool 

which transfers SAMs on the NC surface. These initial configurations can then be used to set 

up simulations. Moreover, we created new analysis tools, since the existing ones are based on 

the hypothesis that the gold atoms do not move. 

In this paper, we will first present the used ReaxFF for the gold-thiolate system and discuss its 

reliability. Then, the simulation method and the new set-up and analysis tools are presented. 

In the following, the simulations runs are analyzed. First, the change of the nanocrystal 

morphology due to the staple formation is investigated. Then, the occupation of the 

adsorption sites is studied. Finally, the staple formation and distance between the ligands are 

analyzed. For all results, we discuss the reliability of the calculated properties followed by a 

study of their evolution as a function of alkane chain length and nanocrystal size.  

 

2. Methods 

 

2.1. The ReaxFF model 

The ReaxFF formalism used here is presented in the articles by van Duyn et al.
30,31

  

This force field allows bond breaking and formation, as all the contributions except of the 

van der Waals and electrostatic terms are expressed as a function of the bond order. Atomic 

charges are calculated by the Electronegativity Equalization Method.
32,33 

For gold-thiolate systems three different parameter sets have been proposed.
12,24-29

 These 

ReaxFF use the same Au-Au interaction proposed by van Duyn et al., but different parameters 
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for the interaction of gold with the other atoms. In a recent paper,
13

 the properties obtained by 

these force fields were compared to DFT results in the case of an Au20 tetrahedron. All 

ReaxFF do markedly overestimate the distances between the atoms on the edges of the 

cluster. It was shown that the ReaxFF proposed by Monti et al. correctly reproduce the 

adsorption geometries and energies. It should be noted that this force field favors the bridge 

sites on the edges of the clusters in comparison to the DFT calculations. In this study the 

ReaxFF proposed by Monti et al.
28

 is used. This was the only possible choice, since the other 

force fields do not lead to a staple formation in contradiction with experiments as shown 

previously.
13

 

 

2.2. Simulation methods 

The LAMMPS program is used to perform the Molecular dynamics simulations in the NVE 

ensemble.
34,35

 In all the molecular dynamics (MD) simulations a time step of 0.25 fs is 

applied. To assure a correct equilibration the temperature was slowly increased from 0 to 300 

K during 300 000 steps using the Berendsen’s thermostat (damping constant of 5 fs). The 

simulation was then continued for 8 million steps (2 ns) at 300 K and the last 800000 

configurations obtained by these runs were analyzed and averaged. We observed that the 

occupation frequencies of adsorption sites and the number of staples are slowly converging, 

which demands long runs of more than one ns.  

2.3. Setup and Analysis tools 

As explained in the introduction, two python programs were added to our home-made 

NATOMOS package, which enables the set-up and analysis of nanoparticle simulations.  

The new program ntm_setup.py is used for the set-up of nanoparticle simulations. It defines 

the initial positions of the atoms in the simulation box. Details of the program are explained in 

the SI. 

Four different ways are used here to set up the initial position of the ligands:  

 For the SAM configuration a self-assembled monolayer of thiolates on Au(111) 

obtained by Groenbeck et al.
36 

(configuration 1 in Figure 1 of this article) is 

projected on the nanocrystal surface.  

 For the EDGE configuration the same SAM as before is taken for the facets, but a 

different SAM is employed on the edges. The sulfur S atoms are put on a bridge 

position between two neighboring gold atoms on an edge. The backbone of the 

alkane chains are positioned perpendicular to the edges.  
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 For the RANDOM configuration the S atoms of the thiolates are positioned 

randomly on the NC surface. The coordinates of the other ligand atoms relative to 

the head atom are taken from a file.  

 For the ZIGZAG configuration the coordinates of the S and C atoms of the thiolates 

are obtained by previous non-reactive simulations.
23

 The hydrogen atoms are added 

respecting the usual geometry of CH2 and CH3 groups.  

The program ntm_ana.py analyzes the files obtained at the end of the simulations.  

First, the number of neighbors of the gold atoms are determined which shows if the 

geometry of the gold nanocrystals has changed during the simulation. Then the number and 

position of adsorbed thiolate and the occupation of adsorption sites is evaluated. Finally, the 

distance between neighboring S atoms and the number of staples are calculated as a function 

of the adsorption position. Details of the program are explained in the SI. Also the programs 

are given in the supporting information with an explanation how to use them. 

All results obtained by the analysis and shown in the figures are given in the tables S1 to 

S10 in the Supporting Information. 

Please note that we restrict our analysis mainly to the properties observed on the edges and 

centers of the facets, since those on the vertices cannot be determined with enough precision. 

 

3. Results and Discussions 

 

3.1. Preliminary simulations 

 In previous simulations,
18,20,22,23

 the adsorption of thiolate on nanocrystals has usually been 

studied starting with a random initial configuration of the ligands. In this case, the ligand 

molecules are put on random positions and orientations in the simulation box, while the 

nanocrystals without ligands are positioned in the center of the box. We have carried out 

simulations with these initial configurations for HSMe and SMe. In both cases, we observed 

that the ligands adsorb mainly with the methyl group in contrast to experiments and previous 

simulations (see Figure S1 in SI). This shows that this method cannot be used here to study 

the thiolate adsorption by the S atom. For the rest of the simulations carried out for this work, 

only thiolates (SMe and SBu) and no more thiols (HSMe) have been used. 

 

3.2. Overview of the simulations  
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To solve the problem discussed above, the central idea is to start from a configuration where 

the S head groups are already in contact with the gold atoms on the nanocrystal surface. 

However, it is very important to assure that the final properties do not depend on the initial 

configuration chosen. The interaction between the S and Au atoms are actually so strong that 

a mutual diffusion of the ligand is markedly restricted. This limits an equilibration of the 

system and a dependance of the final results on the initial conditions becomes possible. 

Therefore we decided to start from four different initial structures: the SAM, EDGE, 

RANDOM and ZIGZAG configurations, which had been introduced and discussed in section 

2.3.  

To study the influence of the nanocrystal size and ligands, simulations were carried out for 

five different nanocrystal diameters (2, 4, 6, 8 and 10 nm) and methane and butane thiolate 

(denoted by SMe and SBu, respectively). Please note that the definition of the nanocrystal 

size and their exact diameters are given in the literature.
23

 The four initial configurations 

structures discussed above were used for 4 nm and SMe. For the other conditions, only the 

ZIGZAG configurations were used. This is justified by the observation made in this article 

that the differences between the simulation results obtained for the various initial 

configurations are usually small. We can assume that the ZIGZAG configurations give 

reliable results.  

To estimate a statistical error, three simulations starting from different initial configurations 

were performed. Since such a statistics multiplies the simulation time by a factor 3, we 

restricted these calculations to 2 and 4 nm, the systems with the smallest number of thiolates. 

As the numbers of thiolates increase with the nanocrystal size, the statistical accuracy of the 

simulation results is higher for nanocrystals larger than 4 nm. Therefore, the statistical errors 

already quite small for 4 nm can be neglected for larger nanocrystals. To study the influence 

of the initial configuration, a statistical error was also calculated for the SAM and ZIGZAG 

configurations in the case of 4 nm. The following results will show that the statistical error 

does not depend on the type of initial configuration. 

Figures 1 and 2 show the snapshots of the final structure obtained for 4 nm / SBu and 10 nm 

/ SBu using the ZIGZAG initial configurations. In the case of 4 nm / SBu, the ligands have 

been removed to see the impact of the ligands on the nanocrystal structure (see Figure 1b).  

The figures show that the nanocrystals are homogeneously covered with ligands. The S 

headgroups are in contact with the gold atoms on the surface. Due to the strong interaction 

with the ligands many gold atoms form adatoms letting vacancies (see Figure 1b). It can be 

explained by the formation of MeS-Au-SMe staples. Thus, gold atoms on the nanocrystal 
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surface are extracted by two S atoms close to each other to form MeS-Au-SMe staples. The 

formation of these staples has been widely shown by experiments and theory.
5-8

 It shows that 

this process markedly changes the nanocrystal morphology. It should be emphasized that 

previous simulations
18-23

 were unable to correctly describe this process, since either the 

motion of gold atoms was restricted or the bonds between gold-gold atoms were too strong 

with respect to the S-Au bond. This is the fundamental new insight obtained here by the 

simulations using ReaxFF. 

The number of ligands are all different and therefore, it is difficult to compare these systems 

with respect to the energy. Only the number of ligands for the RANDOM and ZIGZAG are 

the same, and we can compare their energies. For both configuration the same energy is 

obtained (-321.105 kcal/mol) which shows that both configurations cannot be distinguished 

by their energies. 
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a 

   

  b 

     

Figure 1. Snapshot of the final configuration starting from a ZIGZAG configuration of 

the ligands (nanocrystal diameter: 4 nm, ligand: butane thiolate). Figure b shows the 

same configuration as Figure a, but the ligands were removed.  
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Figure 2. Snapshot of the final configuration starting from a ZIGZAG configuration of 

the ligands (nanocrystal diameter: 10 nm, ligand: butane thiolate).  

 

3.3. Morphology of the gold nanocrystals  

To study the change in morphology of the gold nanocrystals we first focus on the evolution of 

the number of neighbors for the gold atoms. For the perfect octahedral nanocrystal, the gold 

atoms may have four different positions: the center, facet, edge and vertex positions with 12, 

9, 7 and 4 neighbors, respectively. As gold atoms move, we can expect that the frequency of 

the number of neighbors evolve. The frequencies of the neighbors were determined averaging 

the last 30 000 configurations. Two gold atoms are defined as neighbors when they are closer 

than 1.3 x dAuAu, where dAuAu is 2.87 Å, the average separation observed in fcc gold. To locate 

the atoms on the center, facet, edge and vertex positions, we use their number of neighbors in 

the initial perfect octahedron before the simulation. Even when the gold atoms move during 

the simulation, we have checked that they still stay close to these initial positions and can be 

associated to them. This enables us to see how the number of neighbors evolve in function of 

their location on the nanocrystal. 
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a 

  

b 

 

Figure 3. Frequencies of the gold atoms in contact with a given number of gold atoms 

(nanocrystal diameter: 4 nm, ligand: methane thiolate). a) The results are given for 

different initial configurations. ("noS" corresponds to the results for a perfect 

octahedral crystal.) b) The frequencies for the ZIGZAG configuration are distinguished 

if the gold atom is on the vertex, edge, facet or center positions. 
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Figure 3a shows the frequencies of the number of neighbors for gold for the four different 

initial configurations compared to the results obtained for a perfect octahedra of the same size 

(denoted as "noS"). The last values for the perfect octahedra correspond to those obtained by 

previous simulations, where the gold atoms did not move.
23

 The NC diameter is 4 nm and the 

ligand is methane thiolate.  

 

First, the four initial configurations give very close results. The differences observed are close 

to the statistical accuracy (shown for the ZIGZAG and SAM configurations). That implies 

that we can trust these results.  

Second, the comparison of the frequencies shows that the number of neighbors markedly 

decreases due to the adsorption of the thiolates compared to previous simulations.
23

 In 

particular about 2% of the gold atoms have no gold atom as neighbor, that means that they are 

only attached to the nanocrystals by Au-SMe-Au bonds.  

In order to better understand this result, figure 3b shows the frequency as a function of the 

gold atom position. We can see that many gold atoms in the center loses one or two neighbors 

due to the formation of staples. The gold atoms having between 3 and 9 neighbors are mainly 

located on the facets. Finally, the atoms without gold neighbors are mainly located on the 

nanocrystal edge. Actually this happens to about 10 % of the atoms on the edge. Also the 

atoms on the vertices are completely separated from the other gold atoms. When octahedral 

nanocrystals are investigated by HRTEM experimentalists observe that the vertices and edges 

are not atomically sharp.
37

 This can be explained by the fact that the atoms leave their initial 

position as observed in our simulations. Please note that in a recent ReaxFF study of peptides 

on gold nanoparticles individual gold atoms also separate from the nanoparticle surface due to 

the formation of S-Au bonds.
38

  

 

We now study the influence of the ligand and the nanocrystal diameter. Figure S2 in the SI 

shows that the frequencies of the number of neighbors obtained for butane and methane 

thiolate are very similar. 

 

In order to study the influence of the nanocrystals size, Figure 4 plots the neighbor 

frequencies of the gold atoms for nanocrystals diameters from 2 to 10 nm for butane thiolate. 

To better understand the evolution of the frequencies on the edges and facets, they were 

divided by the number of atoms on these positions. For nanocrystals larger than 4 nm, the 

frequencies do not change with nanocrystal size within the statistical accuracy. For a 
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nanocrystal diameter of 2 nm, the frequencies of gold atoms with no or only one neighbor 

markedly decreases on the edges, while they increase in the facets. Moreover on the facets the 

frequencies of gold atoms with more than 6 neighbors is reduced. This indicates a stronger 

extraction of gold atoms compared to larger nanocrystals.  

  a 

 

b 

 

 

Figure 4. Frequencies of the gold atoms in contact with a given number of gold atoms 

for various nanocrystal diameters (ligand: butane thiolate, ZIGZAG configuration). 

Figure a and b show the results on the edges and facets, respectively. 
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3.4. Adsorption sites of the ligands 

 

Only a very small number of ligands (less than 1 %) desorb during the simulation. We now 

study how many and where the ligands adsorb. A ligand is attributed to the vertices or edges 

if it is in contact with at least one gold atom on these positions. Ligands with no contact with 

gold atoms on the edges or vertices are counted for the facet. As explained in the previous 

section the positions of the gold atoms are determined from the number of neighbors. A 

thiolate is considered as in contact with a gold atom when the distance between the Au and S 

atom is smaller than 1.1 x dAuS, where dAuS is the Au-S distance for a thiolate adsorbed on a 

flat Au(111) surface (2.4 Å).  

We first study how many ligands adsorb on the nanocrystal surface for a size of 4 nm.  

For the RANDOM, SAM, EDGE and ZIGZAG 348, 274, 266, and 344 thiolates are adsorbed, 

respectively (see tables in SI). The value obtained for the ZIGZAG configuration is close to 

the one obtained in previous simulations (345 thiolates).
23

 This is not surprising since the 

ZIGZAG configuration is taken from these simulations as explained in the method section 

and the thiolates do not desorb during the ReaxFF simulation. As discussed in articles 22 and 

23 the ZIGZAG configuration gives a surface occupation of the nanoparticles in very good 

agreement with experimental results obtained by mass spectrometry and thermogravimetry. 

Obviously, the SAM and EDGE are not able to correctly reproduce the increase of surface 

coverage usually observed for gold nanocrystals. 

We now turn to the question how many ligands adsorb on the vertices, edges and facets.  

Figure 5a shows that the relative frequencies of methane thiolates for the different initial 

configurations are quite close. In the SI we explain that the differences are related to the 

initial configurations.  

Figure 5b shows the occupation frequencies for the three positions as a function of the 

nanocrystals size and ligand. When the alkane chain of the ligand is increased from methane 

to butane, the occupation frequency on the facets decreases slightly by 3 % in average. This 

may be explained by steric hinderance, which is more important on the flat facets compared to 

the edges.  

Figure 5b also shows that the occupation frequencies of vertices and edges decrease with 

increasing NC size. This is simply due to the fact that the place available on the facets 

increases more rapidly (with dnm
2
) compared to the edges (with dnm) or vertices (constant). In 

the literature,
22

 it was shown that the number of adsorbed thiolates can be calculated from a 

constant surface per thiolate on the edges and facets. The same formula applies also here. 
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a 

 

b 

 

Figure 5. Relative frequencies of the S head groups as a function of their position. (a) 

The results are given for different initial configurations (nanocrystal diameter: 4 nm, 

ligand: methane thiolate). (b) The frequencies are compared for the different 

nanocrystal diameters and ligands. 

  

 

We now study how the thiolates adsorb, in particular with how many gold atoms they are in 

contact. For metallic surfaces made of atoms which do not move, the number of gold atoms in 

contact with the ligand head group can be used to see which kind of adsorption site is 

occupied. Thus, one, two or three surface atoms in contact with the head group correspond to 

a top, bridge or hollow site, respectively. However, here the gold atoms move and we have to 
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be very prudent with this attribution. The case of one surface atom in contact corresponds to a 

top site. However for more gold atoms in contact, the adsorption site may not be clearly 

defined, since the gold atoms may not belong to the same atomic layer. 

 

Figure 6 shows the frequencies of the S atoms in contact with a given number of gold atoms. 

In Figure 6a and b the results on the edges and facets are shown, respectively. Significant 

differences are observed for the different initial configurations. On the edges (Figure 6a), the 

largest frequency depends on the initial configuration: for the RANDOM, SAM (EDGE) and 

ZIGZAG configurations it corresponds to one, two and three gold atoms, respectively. We 

only can conclude that S atoms may be in contact with one to four gold atoms with 

frequencies between 20 and 50 %. The possibility of a contact with four gold atoms is 

impossible on a flat Au(111) surface. It is enabled here due to an additional contacts with gold 

adatoms which have left the initial surface.  

 

On the facets (Figure 6b), starting from a RANDOM or ZIGZAG configuration leads to a 

large frequency of more than 60% for S atoms only in contact with one gold atom. This is in 

contrast to the results from the SAM and EDGE configurations which predict similar 

frequencies close to 30 % for S atoms in contact with one, two or three gold atoms. The 

detailed discussions in the Supporting Information show that these differences are due to the 

specific initial configurations. Thus, for the SAM and EDGE configurations the initial 

configuration with the S atoms only in bridge positions leads to an artificial bias of the 

structures. We can conclude that the predominant top position found by RANDOM and 

ZIGZAG is probably the correct structure. Actually, DFT calculations and experiments
8,36,39,40

 

show that S atoms preferentially occupy top positions on Au(111) facets with a contact to one 

gold atoms. These results can be explained by our simulations starting from the ZIGZAG 

configuration. 

Figure S5 plots the frequencies of the S atoms as a function of the gold atom number for 

various nanocrystal sizes and ligands. Except for 2 nm the differences are small and are 

discussed in the Supporting Information.  
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 a 

 

b 

 

Figure 6. Frequencies of the S atoms in contact with a given number of gold atoms 

(nanocrystal diameter: 4 nm, ligand: methane thiolate). The results are given for 

different initial configurations. The frequencies are shown for the edges (a) and facets 

(b).  
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3.5. Analysis of the staple formation 

As it can be seen in the snapshots of Figure 1, the formation of MeS-Au-SMe staples is 

observed. In the following, these staples are studied in detail. A staple is defined here by two 

S atoms in contact with the same gold atom (distance between the Au and S atoms smaller 

than 1.1 x dAuS, where dAuS =2.4 Å, as discussed in section 3.4). Moreover the angle S-Au-S 

must be between 135° and 180°. This condition is necessary to exclude two S atoms in 

contact with the same Au atom on an Au(111) facet. To distinguish the results, a staple is 

considered as edge or facet if the common gold atoms belongs to the edges or facets, 

respectively. Figure 7 shows the staple frequencies on the edges or facets defined by the 

number of staples divided by the number of thiolates times 100%. This definition allows an 

easy comparison with experimental data. 

In Figure 7a, the staple frequencies of a nanocrystal size of 4 nm and methane thiolate is 

shown obtained from the various initial configurations. All configurations give similar total 

frequencies of around 47 % except of the RANDOM one with 38 %. This difference is caused 

by the facets where due to the initial RANDOM position less staples are formed. For the other 

three configurations, similar frequencies of 67 % and 26% are obtained on the edges and 

facets. Compared to the facets, much more staples are formed on the edges. Actually taking 

into account that a staple is made of two S atoms a frequency larger than 50 % on the edges 

implies that in average a thiolate participates in a staple. Of course, some thiolates form more 

staples, while other ones not at all. 

Figure 7b shows the staple frequencies obtained for the various nanocrystal diameters and the 

two thiolates studied here. Within the accuracy of the method, the staple frequencies do not 

evolve with the nanocrystal size for diameters larger than 6 nm. The ligand has also a small 

influence, thus the staple frequency on the facets seems to be smaller for butane thiolate. For a 

nanocrystal diameter of 2 nm, the staple frequencies on the edges is markedly reduced to 42 

% on the edges. 

The staple frequency observed for large nanocrystals on the facets (between 33 and 40 %) can 

be compared to experimental data. In STM studies for methane and hexane thiolates on 

Au(111),
8,39

 a staple frequency around 50 % is observed. However, in a more recent study 

combining X-ray diffraction, STM and DFT,
40

 a staple frequency of 33 % was measured. Our 

results are in good agreement with these experiments.  
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a 

b  

 

Figure 7. Number of staples per thiolates in %. (a) For a nanocrystal diameter of 4 nm 

and methane thiolate for the different initial configurations. (b) The results are given for 

different nanocrystal diameters and ligands for the zigzag configuration. The values on 

the edges and facets are also shown. 
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3.6. Average distance of the ligands and surface coverage 

 

We finally study the average distance of neighboring S head groups of the ligands. This 

average distance is very interesting since it may indicate different SAMs on edges and facets.  

 

In the classical hexagonal SAM of thiolates on gold this distance corresponds to 5 Å. Two S 

atoms are considered in the following as neighboring when their distance is smaller than 

1.1x5 Å. Figure S6 in the SI compares the average distance between neighboring S atoms for 

the various initial configurations. The discussion in the Supporting information show that the 

observed differences is simply related to a different number of adsorbed thiolates. Figure 8 

plots the average S-S distances for various nanocrystal sizes and the two ligands only for the 

ZIGZAG configuration. The distances are also distinguished for the S atoms located on the 

vertices, edges and facets.  

 

Figure 8. Average distances between neighboring S head groups. The results are given 

for different nanocrystal diameters and ligands. The values on the vertices, edges and 

facets are also shown. 

 

Figure 8 shows that the average S-S distances are constant within the accuracy of our 

method for various nanocrystal sizes and the two ligands studied here. It is remarkably that 

the average distance does not change between the edges and facets. In previous simulations 

using non-reactive force fields
22,23

 it was observed that this S-S distance is reduced by about 

0.2 Å on the edges. This change was due to the formation of a new organization of the ligands 
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on the edges called the zigzag assembly. It explained why the surface of nanoparticles can 

adsorb more thiolate compared to flat gold surfaces. Here we show that reactive force fields 

cannot confirm such an assembly, since no change in the average distance is observed 

between the edges and facets. This is related to the formation of staples which have the same 

distance between S atoms of 4.7 Å. The staple formation actually prevents the zigzag 

assembly.  

 

This leads to a new explanation why the surface of nanoparticles can adsorb more thiolates. 

Actually we observe in the ReaxFF simulations the same large number of thiolates adsorbed 

as in the previous ones. It is due to a higher occupation of the edges as before. But here this 

higher occupation is enabled by a displacement of the gold atoms which allows a larger 

distance between the ligands. This makes it possible that more ligands may adsorb to the 

edges.  

 

Conclusions 

 

The simulations with reactive force fields show the great importance of staple formation for 

gold nanocrystals.  

The staple formation first leads to a marked decrease of the number of bonds between the 

gold atoms. Thus, about 10% of the gold atoms on the edges are only connected by a Au-S-

Au bond to the nanocrystals. The simulations also show that the higher surface occupation of 

nanoparticles is mainly due to the edges. However, this is not due to a new organization of the 

ligands as proposed in the literature,
22,23

 but due to the formation of staples and the 

displacement of gold atoms. This appears in the observation that the S-S distance is not 

reduced on the edges with respect to the facets as in the previous non-reactive simulations. 

The staple frequencies and the predominant occupation of the top position on the facets are in 

agreement with experimental data.  

We have shown that the ReaxFF simulations of thiolate coated nanocrystals can give reliable 

results with a very small dependance on the initial configurations.  

Usually the influence of the nanocrystal size and alkane length of thiolate on the results is 

small. Only for the smallest nanocrystal of 2 nm, we observe important differences. Thus, on 

the edges less atoms form staples and the number of extracted gold atoms decreases, while it 

increases on the facets. 
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Finally, we have to note that no regularly ordered organizations for example of the hexagonal 

type is observed on the facets. This is in contrast to the previous simulations. Maybe the 

formation of such ordered structures would take much more time non accessible in our 

simulations. This remains an open question of this study, which should be addressed to in 

future studies.   
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