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4 ABSTRACT: A new reactive force field based on the ReaxFF formalism is
5 effectively parametrized against an extended training set of quantum chemistry
6 data (containing more than 120 different structures) to describe accurately
7 silver and silver−thiolate systems. The results obtained with this novel
8 representation demonstrate that the novel ReaxFF paradigm is a powerful
9 methodology to reproduce more appropriately average geometric and
10 energetic properties of metal clusters and slabs when compared to the earlier
11 ReaxFF parametrizations dealing with silver and gold. ReaxFF cannot describe
12 adequately specific geometrical features such as the observed shorter distances
13 between the under-coordinated atoms at the cluster edges. Geometric and
14 energetic properties of thiolates adsorbed on a silver Ag20 pyramid are
15 correctly represented by the new ReaxFF and compared with results for gold.
16 The simulation of self-assembled monolayers of thiolates on a silver (111)
17 surface does not indicate the formation of staples in contrast to the results for gold−thiolate systems.

1. INTRODUCTION

18 Self-assembled monolayers (SAMs) of organic molecules on
19 metallic surfaces can be used for creating nanoimprints,
20 biosensors, protective layers, biomimetic covers, and stabilizers
21 to favor specific morphologies. They also serve to manipulate
22 topological, chemical, and functional features and to design
23 complex structures that are important in a wide variety of
24 applications. Among SAMs, thiolate layers on gold and silver
25 surfaces have received major attention.1,2 In particular, these
26 SAMs can stabilize effectively the metal nanoparticles and
27 improve their properties when functionalized with hydrophilic
28 or hydrophobic moieties.3 Recent investigations on SAMs
29 adsorbed on gold surfaces have revealed the formation of S−
30 Au−S staple motifs, which were already predicted by the
31 theoretical methodologies.4,5

32 The computational characterization of SAMs by quantum
33 chemical methods such as DFT6−8 is usually limited to
34 nanoparticles where the size is lower than 3 nm or small
35 periodic slabs, but it becomes impractical and too demanding
36 when both slab and nanoparticle dimensions increase to 5 nm
37 and beyond. In this case, two different approaches are usually
38 employed: simulations based on force fields9−13 and tight-
39 binding DFT calculations.14−16 However, due to the special
40 features of SAMs, to the metals and their mutual interactions,
41 ad hoc force field parameters and formulations have been
42 developed to obtain realistic representations. Bond-order
43 reactive force fields are the most appropriate solution and
44 can be designed for describing and predicting the correct
45 adsorption locations of the SAMs, the formation of staples,

46surface reconstructions, and other effects17−21 important for
47the properties of these functionalized interfaces.
48Regarding the gold/thiolate system,19−21 three reactive force
49fields have been proposed in the past and used for various
50types of simulations, including bioconjugate materials for
51biomedical applications.22 The excellent results, in line with
52the experiments, allowed the disclosure of different aspects of
53thiolate and staple formation. The success of this type of
54description for many other metals, such as copper,23 silver24

55and cobalt25 is apparent from the literature, as well. To the best
56of our knowledge, no ReaxFF force field has been developed
57yet to characterize comprehensively silver−thiolate materials
58and, more specifically, silver/thiolates nanocrystals. This would
59open up new atomistic simulations of realistic silver nano-
60particles in various types of environmental conditions close to
61the experimental setup and will allow one to better understand
62their properties and all the mechanisms connected to their
63diffusion, reactivity, and response to external stimuli.
64Furthermore, it will lead on the long-term to a possible
65improvement and tuning of their characteristics important for
66many applications. Silver nanoparticles are indeed widely used
67for their antimicrobial and plasmonic properties.26,27
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68 Gold and silver have many similar properties. Due to
69 relativistic effects, the distance between the atoms in bulk gold
70 and silver with fcc structure is close (2.87 Å).28 Moreover, the
71 adsorption of thiolates on these metals follows similar
72 mechanisms occupying, preferentially, the bridge sites on flat
73 (111) surfaces in DFT calculations.8 However, it is still an
74 open question if the reorganization usually observed for gold5

75 also occurs for silver. Moreover, for gold and silver, essential
76 differences appear. For example, gold is more deformable than
77 silver, and thus gold clusters show a broader range of atomic
78 nearest-neighbors distances compared to silver.29 Moreover,
79 SAM thiolates on silver do not adopt the classical hexagonal
80 superstructure observed on gold.1

81 The reproduction of all these features is a challenge that
82 cannot be solved if only classical nonreactive force fields are
83 considered. This is why we have decided to develop a new
84 reactive force field for silver/thiolate systems and to compare
85 the simulations results with published data to validate the
86 improvements of our description.
87 The initial ReaxFF parameters of silver were extracted from
88 the literature.24 A preliminary check of the old parameters
89 revealed that the silver clusters obtained at the DFT level could

f1 90 not be reproduced by the published force field (see Figure 1).

91 Thus, all the parameters were reoptimized against a database of
92 DFT data consisting of published structures and new
93 optimized systems. Besides the metal, we optimized the
94 parameters of Ag−S using new DFT data. The results for silver
95 and silver−thiolate systems are compared with those obtained
96 for the published gold reactive force fields. Finally, the results
97 of the molecular dynamics simulations of SAMs on gold and
98 silver are presented.

2. METHODS
99 2.1. The ReaxFF Model. In the ReaxFF approach, the
100 energy of a system is calculated with the following
101 equation:30,31

E E E E E E E

E E E E E

syst angle tors auto Coulomb vdWaals

Hbond conjugation lone pair over under

em bond= + + + + +

+ + + + +−

102Ebond, Eangle, and Etors correspond to the two-, three- and four-
103body intramolecular terms, respectively. Eauto is the energy
104difference of neutral and charged atoms. ECoulomb, EvdWaals, and
105EHbond represent the electrostatic, van der Waals and hydrogen-
106bond interactions. The term Econjugation represents a possible
107conjugation between three or four atoms connected by
108alternating double bonds. Elone‑pair, Eover, and Eunder represent
109nonbinding terms, a surplus, and a lack of valence electrons
110relative to the isolated species, respectively.
111This force field differs from classical force fields by the fact
112that all the contributions, apart from the van der Waals and
113electrostatic terms, are expressed as a function of the bond
114order. This allows bond breaking and formation. A detailed
115explanation of all the terms can be found in the literature.30,31

116In the case of metals some of the terms are set to zero (for
117example, Eangle and Etors).
118Atomic charges can be calculated by the EEM method
119(electronegativity equalization method) introduced by Mortier et
120al.32,33 or adopting the atom-condensed Kohn−Sham DFT
121approximated to second-order (ACKS2) description.34 In this
122case, all the old parameters should be revised to guarantee
123compatibility with the new representation. Considering that
124the previous gold/silver force fields were based on the EEM
125method, we chose this for the new development. All the
126simulations and force field optimizations were carried out with
127the ReaxFF modules integrated in the SCM/ADF35 and
128LAMMPS36,37 packages.38

1292.2. The Parameterization of the AgSCH-ReaxFF
130Potential with the MCFF Method. The force field
131optimization performed in this investigation was carried out
132with the Monte Carlo algorithm (MCFF)39 implemented in
133the SCM/ADF code. Even though a new method, dubbed
134covariance matrix adaptation evolution strategy (CMA-ES),40

135has recently been published, its comparison with the MCFF
136methodology41 has revealed that both tend toward very similar
137results when the training set is sufficiently large; thus, the
138MCFF procedure was chosen to stay in line with the recent
139Au/S/C/H parametrization strategy reported in ref 21. A brief
140description is provided to give an idea of the number of
141possible choices that are inherent to this procedure and could
142bias the final results. Briefly, the generic principle of MCFF is
143as follows:

144(1) A training set containing experimental and theoretical
145data is prepared (for example, molecular geometries
146optimized at different levels of accuracy, their relative
147energies, surfaces of potential energy representing the
148dissociation curve between two atoms, the atomic
149charges of atoms, etc.). A part of the results is reserved
150for a validation set which shows the reliability of the
151parametrized force field.

152(2) A set of parameters is chosen and the selected
153parameters are optimized by minimizing the unitless
154error function:
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155with n the number of points present in the training set, Xi,TS the
156value of point i in the training set, Xi,ReaxFF the corresponding
157value obtained by ReaxFF calculations, and σi the desired
158precision that the point i shall take. σi is equal to 1/ωi with ωi

2

159the actual weight of the point in the total error.

Figure 1. Average first-neighbor distances between silver atoms as a
function of the cluster size (from 2 to 99 silver atoms) for DFT, the
published reactive force field (ReaxFF(lit)),24 and the one developed
here (ReaxFF). The root-mean-square deviations of the ReaxFF(lit)
and ReaxFF results with respect to the DFT data are 0.171 and 0.023
Å, respectively.
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160 The acceptance of the new set of parameters is determined
161 by a probability defined as follows:

P Errormin 1, exp( )acceptation β= [ − Δ ]

162 with β a unitless parameter controlling the sampling in the
163 parameter space and ΔError = Errornew − Errorprevious the
164 difference between the new error of the system and the
165 previous one.42,43 The initial value for β and the linear
166 temperature increase factor are determined by the method
167 proposed by Shchygol et al.41 Preliminary tests have shown
168 that the use of eight replica is appropriate to increase the
169 chances of getting closer to a minimum error.40

170 2.3. DFT Calculations. DFT calculations were carried out
171 with the PBE functional.44 The modLAN2DZ and 6-311+
172 +G(2d,2p) basis sets were used for Au/Ag45 and S, C, and
173 H,46 respectively. The calculations were performed with the
174 Gaussian09 package.47 Gaussian and not ADF has been used
175 here for coherence with previous investigations.
176 These selections were based on data found in the literature.
177 Indeed, in 2014 Muniz-Miranda et al.48 investigated system-
178 atically the behavior of more than 25 exchange-correlation
179 functionals (GGA, meta-GGA, hybrid, ...), including PBE, on
180 three aggregates of Au covered with sulfur and phosphorus
181 ligands, with different morphologies, charges, and experimental
182 structures. This study showed that the PBE functional, coupled
183 with the basis of Gaussian functions with pseudopotentials
184 modLAN2DZ, leads to the results closest to the experimental
185 data, for both structures and energy differences between the
186 highest occupied and the lowest unoccupied molecular orbitals
187 (HOMO−LUMO). These data suggest that PBE is appro-
188 priate for the present molecular systems.
189 2.4. Simulation Methods. Molecular dynamics simu-
190 lations in the NVE ensemble were carried out using the
191 LAMMPS program.36,37 The three force fields for gold−
192 thiolate were available in the SCM/ADF package. The force
193 field developed for the silver−thiolate systems is included in
194 the Supporting Information. In all the molecular dynamics
195 simulations, a time step of 0.25 fs was employed and the
196 temperature was controlled by the Berendsen thermostat with
197 a damping constant of 5 fs. The total simulation time was
198 approximately 100 ps.

3. RESULTS AND ANALYSIS
199 3.1. Force Field Optimization for Silver. 3.1.1. Training
200 Set and Selected FF Parameters. To reparametrize the
201 potential, we used the following data:

202 • Several optimized clusters structures with 2 to 99 silver
203 atoms were obtained from the Supporting Information
204 of the article by Chen et al.50 (PBE/LANL2DZ). The
205 clusters with 2 to 20 silver atoms were reoptimized at the
206 PBE/modLANL2DZ level of theory. All the Ag−Ag first
207 neighbor distances (<3.2 Å) and their Ag−Ag−Ag
208 angles within the clusters made of 2 to 20 silver atoms
209 were included in the training set together with the first
210 neighbor distances in the 21−99 atom clusters (number
211 of points in the training set: ∼22000).
212 • The cluster energies per atom for Ag2 to Ag99 were
213 included in the training set. These are calculated by
214 considering a reference. Two different references are
215 used corresponding to the minimum energy structures
216 for the clusters with <20 atoms and that of the larger
217 ones.

E
E

n

E

ncluster
Ag Ag

ref

n n ref,= −

218

219• The potential energy surfaces (PES) describing the
220dissociation of the Ag2 dimer were included in the
221training set together with a second PES, which describes
222the dissociation of a vertex atom of an Ag20 pyramid.
223This was obtained by shifting the vertex atom of the
224pyramid along the central axis passing from the vertex.
225This was meant to reproduce the desorption of an
226adatom from a crystalline (111) surface of silver.
227• The equations of state of body-centered-cubic, face-
228centered-cubic, and hexagonal closed packed solids were
229added to the training set to obtain a good description of
230bulk silver. These data were obtained by Lloyd et al.24

231who carried out DFT calculations at the PBE/DZP level
232(see ref 24 for more details on these computations).51

233The training set and its geometric files are given in the
234Supporting Information. The general parameters for the
235 t1optimization are reported in Table 1, which shows the weights

236usually used in this kind of parametrization.21,39,41 The values
237of σi correspond to the optimization accuracy. The weights of
238some data have been modified to obtain the best reproduction
239of the DFT values (see trainsets in Supporting Information for
240the actual values). To ensure that the minimum of the PES is
241well reproduced, only those values close to the minimum were
242weighted 1 (kcal/mol)−2, whereas at shorter and larger
243distances smaller weights were used. To reach a good
244reproduction of the energies for large clusters, the weight of
245these data has also been increased.
246The EEM parameters of the literature have been used in the
247following.17,23 Since the charges on metallic clusters are very
248small, these parameters have only a slight influence on the
249parametrization. The FF optimization was focused on bonds,
250angles, and binding energies. Fifteen parameters, correspond-
251ing to atomic and interatomic terms, were optimized.
2523.1.2. Performance of the New Silver FF in Relation to the
253Previous Descriptions. Starting from the silver force field
254proposed in the literature,24 the optimization produced a new
255force field with 11% of the initial error to reproduce the data
256contained in the training set. The silver force field reported in
257the literature24 will be denoted as ReaxFF(lit) in the following.
258In Tables S1−S2, the new force field parameters are compared
259to the previous ones.
260Figure 1 shows the evolution of the average first neighbor
261distance as a function of the cluster size for the training data
262(DFT structures), for the literature (ReaxFF(lit)),24 and the
263new force fields (ReaxFF). In Figure S1 in Supporting
264Information, the standard deviations are shown for the
265distances of each cluster. It shows that the new model better
266describes the data for clusters larger than 20 atoms.

Table 1. Chosen Accuracy in Terms of σi and Weights of the
Data Points in the Training Set Consisting of Interatomic
Distances (Å), Angles (deg), and Energies (kcal/mol)

type σi wt on the total error (1/σi
2)

distances 0.1 (Å) 100.0 (Å−2)
angles 5° (1/5°)2

energies 1.0 (kcal/mol) 1.0 ((kcal/mol) −2)
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267 Nevertheless the new model systematically underestimates the
268 spread of the distances.
269 The evolution of the average distance of the clusters
270 obtained with the new ReaxFF presents the same trend as the
271 training set data. In contrast, the average distances obtained
272 with ReaxFF(lit) are too long compared to the DFT data
273 except for the smallest clusters. The average distance converges
274 to 2.86 Å for large clusters (for DFT) and ReaxFF in contrast
275 to 3.03 Å, which is the value obtained for ReaxFF(lit). This
276 improvement is also evident in the maximum deviations of the

f2 277 Ag−Ag distances (Figure 2).

278 It was noticed that the maximum deviation decreases from
279 0.3 Å (ReaxFF(lit)) to about 0.1 Å (new ReaxFF) for the
280 larger clusters. The three exceptions, clearly visible in the plots
281 (Figure 2), represent the Ag3, Ag15, and Ag59 clusters. A deeper
282 inspection of these cases and the comparison between the
283 DFT and ReaxFF geometries revealed that they appeared for
284 the largest bond distances predicted by DFT for surface atoms.
285 The Ag3 ReaxFF description predicts a perfect equilateral
286 triangle (bond length 2.63 Å), while at the DFT level the
287 distance between two atoms (3.06 Å) is larger than the other
288 ones (2.65 Å). For Ag15, four distances around 3.4 Å obtained
289 by DFT were reduced by the ReaxFF to values around 2.9 Å.
290 In the case of Ag59 two atoms with a distance of 3.2 Å in DFT,
291 were separated by ReaxFF (new distance: 3.67 Å). We
292 anticipate that these differences may be explained by the

293smaller range of the attraction between silver atoms predicted
294by ReaxFF.
295 f3In Figure 3, the DFT and ReaxFF geometries of the Ag20
296pyramid are compared. The structure can be completely
297defined by the reported distances between vertex (V), edge
298(E), and facet (F) atoms, which have 3, 6, and 9 first
299neighbors, respectively. It is apparent that the new ReaxFF
300does not correctly reproduce the variations of the distance
301within the silver pyramid, describing it as quasi-crystalline.
302However, also ReaxFF(lit) had problems with atom distances
303and overestimated the distances between the edge and facet
304atoms (3.00 and 3.03 Å), which disagrees with the reference
305DFT data. It is evident that ReaxFF cannot describe correctly
306the distances between the atoms with low coordination on
307edges and vertices which should be usually shorter. In the case
308of gold (ReaxFF by Jar̈vi et al., 200817) the interatomic
309distances are all very close to each other (2.88 Å). Similar to
310Ag20, the pyramid obtained with ReaxFF is a perfect crystal. It
311should be noted that all published force fields18−21 for gold
312systems are based on this model.
313For all the clusters in the training set, the Ag−Ag distances
314obtained with the two force fields were compared to the DFT
315 f4data. Figure 4 shows two typical results for a smaller (Ag10)
316and a large cluster (Ag98). The geometry of both clusters is
317better reproduced by the new ReaxFF. As already observed for
318the pyramid, the variation of distances for the small cluster
319obtained by the ReaxFF is more limited compared to DFT. For
320the larger clusters, the hierarchy of distance lengths is better
321respected.
322To study the reliability of new ReaxFF, we prepared a
323validation set made of all Ag−Ag−Ag angles of large clusters
324(∼128000 points) which were not included in the training set.
325The total error obtained for this set is 30% lower than the one
326obtained with the published ReaxFF with a maximum angular
327deviation of 7°.
328With regard to the reproduction of the energy data of the
329training set, the cluster energies and the potential dissociation
330energy curves of the dimer and the pyramid vertex atom are
331 f5shown in Figure 5. It should be noted that the DFT curves for
332the dissociation of the dimer and the pyramid vertex atom
333were calculated taking the two possible electronic states, singlet
334and triplet, into account as done in Jar̈vi et al.’s work on gold.17

335The dissociation energy curve should be close to the minimum
336of the singlet DFT curve (actually here 1.2 kcal/mol for Ag19−
337Ag) and tends to the results for the triplet at a larger distance.
338This is due to the fact that the triplet is more stable than the
339singlet at a larger distance. To obtain the agreement, we used
340in the training set the DFT data of the singlet curve close to

Figure 2. Maximum deviation of the first-neighbor distances for each
cluster relative to the training set for the published reactive force field
(ReaxFF(lit))24 and the one developed here (ReaxFF). It corresponds
to the maximum absolute value of the differences between the
distances obtained by ReaxFF and DFT.

Figure 3. (a) Optimized geometry of the Ag20 pyramid computed from the ReaxFF published in the literature.24 The vertex (V), edge (E), and
facet (F) atoms are shown. (b) Comparison of DFT and ReaxFF results for silver and gold. The Ag−Ag distances are given in Å. Due to symmetry
the distances in part b are nonaveraged values which completely define the geometry of the pyramid. The standard deviations for the distances are
0.12 Å (Ag20, DFT), 0.095 Å (Ag20, ReaxFF(lit)), 0.013 Å (Ag20, ReaxFF), 0.19 Å (Au20, DFT), and 0.003 Å (Ag20, ReaxFF).
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341 the minimum and those for the triplet at larger distances. For
342 Ag−Ag, the deviation for the dissociation energy is quite larger
343 (5.3 kcal/mol).
344 The new ReaxFF respects the hierarchy of cluster energies,
345 slightly improving the absolute values of the energies of small
346 silver clusters of 2 to 20 atoms relative to ReaxFF(lit). The
347 dissociation energies of the dimer and the pyramid vertex atom
348 are significantly improved at the minimum equilibrium energy
349 level, with an error of 1.2 kcal/mol in the case of the pyramid
350 compared to 15 kcal/mol for the previous model. Nevertheless,
351 due to the exponential function modeling the dissociation of
352 the bonds in the ReaxFF (Ebond = −De.BOij exp [pbe,1.(1 −
353 BOij

pbe,2)]), the range of the attraction peak is shorter compared
354 with the DFT data. (As shown in Table S1 in the Supporting
355 Information, both paramters pbe,1 and pbe,2 have been
356 optimized.) This could be a possible explanation of the
357 problems observed in Figure 1 for Ag3, Ag16, and Ag59 as
358 discussed above. The ReaxFF tends to connect or separate
359 atoms that are at intermediate distances larger than 3 Å.
360 For the EOS energies of body-centered cubic, face-centered
361 cubic, and hexagonal closed packed solids, the newReaxFF is

f6 362 quite correct. Figure 6 illustrates the case of face-centered
363 cubic solid. The Ag−Ag equilibrium position is 2.85 Å instead
364 of 3.01 Å according to the data of the training set given by
365 Lloyd et al.24 (which we have integrated into our set, as
366 discussed above). It should be emphasized that the DFT
367 calculations by Lloyd et al. do not correctly describe the Ag−

368Ag distance with respect to the experimental values (2.87 Å).28

369This explains the disagreement between DFT and ReaxFF(lit)
370observed for example for the Ag−Ag distance in the clusters
371(see Figure 1). The new Ag−Ag equilibrium position of 2.85 Å
372better agrees with the experiment and confirms the validity of
373the new ReaxFF.
3743.2. Ag−S Potential Parametrization. 3.2.1. Training
375Data and Parameter Selection. To establish a training set for
376the adsorption of thiolate molecules on silver clusters and
377nanoparticles, we studied the MeS−Ag20 isomers. The silver

Figure 4. First-neighbor distances between silver atoms for two
clusters as a function of the data point obtained by DFT, the
published reactive force field (ReaxFF(lit)),24 and the one developed
here (ReaxFF): (a) Ag10 and (b) Ag98. For the Ag10 (Ag20) cluster
the root-mean-square deviations of the ReaxFF(lit) and ReaxFF
results with respect to the DFT data are 0.423 (0.170) and 0.085
(0.029) Å, respectively.

Figure 5. (a) Cluster energies (in kcal/mol) for all clusters of 2−99
atoms, (b) potential energy surfaces of the dissociation of a silver
dimer, and (c) the dissociation of a vertex atom of the pyramid as a
function of the distance between the vertex atom and its closest
neighbor on the edge. Results obtained by DFT, the published
reactive force field (ReaxFF(lit))24 and the one developed here
(ReaxFF). The root-mean-square deviations of the ReaxFF(lit) and
ReaxFF with respect to the DFT data are 0.171 and 0.023 kcal/mol,
respectively.
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378 pyramid was chosen since it meets the following criteria
379 important for the parametrization:

380 • Its geometry is close to a face-centered cubic structure
381 typical of many silver clusters and crystalline nano-
382 particles.
383 • It possesses specific sites: facets, edges, and vertices.
384 • It is large enough to behave as large clusters.
385 • It is sufficiently small to allow DFT calculations at a
386 reasonable computational cost.

387 As illustrated in Figure 3, the pyramid has three distinguish-
388 able types of atoms: vertex atoms, edge atoms, and facet atoms.
389 The geometry optimizations in the most stable electronic state
390 (open-shell doublet) only led to the occupation of five
391 adsorption sites by MeS, common to gold and silver: one on
392 top (V) and four on bridge sites (EEedge,VE, FE, and EE).
393 Here, the sites are named according to the atom types
394 involved. For the FE and EE sites, a distinction between two
395 isomers at the same site can be made according to the
396 orientation of the methyl (up or down). This leads to seven
397 different isomers (V, EEedge,VE, FEup, EEup, FEdown, and
398 EEdown).
399 The geometric data considered in the training set were the
400 Ag−S interatomic distances of the seven MeS−Ag20 isomers,
401 and the Ag−S−Ag and Ag−Ag−S angles, which defined the
402 correct adsorption geometry of the thiolates on the metal part.
403 The interatomic Ag−Ag distances were also retained in the
404 training set to include the impact of the Ag−S interaction on
405 the deformation of the silver pyramid in the error function.
406 For the energetic terms, the dissociation curves of a silver
407 atom with a thiolate, the potential energy surface of the
408 variation of the Ag−S−Ag angle on a silver dimer, and the
409 relative energies of our MeS-Ag20 isomers were included.
410 These choices were motivated by the study of the training set
411 used by Jar̈vi et al.17,19

412 EEM parameters were not optimized.17,21 From our
413 quantum calculations, it was found that the Mulliken charges
414 for the isomers were not appropriate. Indeed, for the isomer
415 EEedge, for example, sulfur was positively charged (+0.6) and
416 the metal atoms interacting with S negatively charged (−0.3),
417 which is the opposite in the case of the Bader and NPA
418 descriptions. Therefore, we decided to avoid the optimization
419 of EEM parameters with Mulliken charges.

420In total, the training set contained 1566 points. The weights
421were increased to focus the optimization on distances and
422angles. For the Ag−S distances and the Ag−S−Ag and Ag−
423Ag−S angles, an accuracy of 0.01 Å and 1°, respectively, was
424selected. On the contrary, the accuracy of the Ag−Ag and Ag−
425Ag−Ag angles within the pyramids were kept at 0.1 Å and 5.0°
426except for the bonds between two Ag atoms in direct contact
427with S (0.01 Å).
428The initial set of parameters was extracted from the
429literature.21 The Au−H and Au−C parameters obtained by
430Monti et al. were used for the Ag−H and Ag−C interaction.
431The training set considered in this work cannot be employed
432for optimizing these parameters. Only the interatomic
433parameters acting on the Ag−S bonds (distance and strength),
434without π and π−π bonds, and the parameters describing the
435two types of Ag−S−Ag and Ag−Ag−S angles were improved.
436In total, 25 parameters were optimized. The training set and its
437geometric file is joined in the Supporting Information. In
438Tables S3−S6, the new force field parameters are shown.
4393.2.2. Results and Comparison for the Ag−S Force Fields.
440The best force field obtained corresponded to a reduction of
441the error around 15% (with respect to the parameters of Au−
442 f7S). Figure 7 illustrates the geometric comparisons of the MeS-
443Ag20 isomers and their relative energies between the ReaxFF
444and DFT data. Only the down isomers are shown for FE and
445EE, since the results for the up counterparts are very similar.
446The histograms from left to right represent the Ag−S distances
447and all the Ag−Ag interatomic distances of the silver atoms in
448contact with sulfur. The following results were obtained:

449• The energy hierarchy is very well reproduced by ReaxFF,
450with EEedge < VE < FEdown ≈ V ≈ EEdown.
451• According to the histograms of the interatomic
452distances, the Ag−S distances are well reproduced for
453all isomers (difference less than 0.1 Å).
454• In the case of the bridged isomers, the elongations of the
455distance between the both Ag atoms in contact with
456sulfur are in good agreement with the DFT results.
457• The global reorganization of the pyramid suffers from
458the tendency to favor crystalline descriptions. Thus,
459ReaxFF does not reproduce the extraction of facet
460atoms, predicting FF distances similar to the other Ag−
461Ag distances, see the two distances FF for the FEdown
462isomer. For the same isomer, an elongation of the EEedge
463distance is predicted by ReaxFF which is not observed
464by DFT.

465The potential energy curves of MeS−Ag dissociation
466obtained with the new force field and DFT are shown in
467 f8Figure 8. In the case of AgS, the singlet is more stable than the
468triplet, and the results can be directly compared with this
469curve. The dissociation curve is well reproduced. The
470equilibrium of the Ag−S−Ag angle is around 71°, which
471corresponds to the angles found for the MeS−Ag20 isomers by
472DFT.
473To see if ReaxFF was capable of reproducing the differences
474between the adsorption on gold and silver as observed by DFT,
475we carried out the same comparison made in the case of the
476MeS−Au20 isomers. All isomers obtained by DFT calculations
477were optimized with the three ReaxFF published19−21 and the
478structural and energy data were collected in Table S1 in the
479Supporting Information. The three ReaxFF are denoted by the
480first author of the corresponding articles: Jar̈vi, Bae and
481Monti.19−21 Please note that for the ReaxFF of Bae and Aikins,

Figure 6. Energy of expansion of a cubic-face centered solid as a
function of the Ag−Ag distance obtained by DFT, the published
reactive force field (ReaxFF(lit)),24 and the one developed here
(ReaxFF). The Ag−Ag equilibrium distance experimentally observed
is 2.87 Å.28
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482 the parameters published in Table SI1 of this article20

483 (denoted by NP specific) have been used. These parameters
484 were chosen, since in this article it has been stated that they
485 should better work for nanoparticles. Figure S2 shows the final
486 structures obtained by the different methods. Usually, ReaxFF
487 does not reproduce exactly the geometry obtained with DFT,
488 while for silver a good agreement was found. This is not
489 surprising since the models were not optimized using thiolates
490 adsorbed on clusters but were optimized using thiolates
491 adsorbed on metallic surfaces. To clarify, we will discuss the
492 EEedge isomer as an example. In the case of gold, the Au−S
493 distance of this isomer should be 0.12 Å shorter than for silver,
494 while the bond between the Au atoms in contact with S should
495 be 0.25 Å larger. These differences are not reproduced by
496 ReaxFF, which obtains a similar distance for both metals. It is

497interesting to note that the three ReaxFF can predict
498qualitatively different structures. Thus, for the V isomer in
499the case of the Monti potential, the Au−S interaction is
500identical with that of our DFT reference. The Au−S bond is
501vertical and parallel to the central rotation axis of the pyramid.
502In the case of the other two potentials, the Au−S distance is
503too large, and the axis of the Au−S bond is almost parallel to
504an edge (S−Au(V)−Au(E) = 167°). Two different geometries
505also appear during the optimization of the EEdown isomer: the
506first one, obtained from the Bae potential, does not have a
507metal−ligand interaction, the ligand being separated from the
508pyramid. In the case of the Jar̈vi and Monti potentials, the
509geometry obtained has an interaction site that is closer to a
510hollow site than to the bridged site obtained in DFT.

Figure 7. Optimized geometries, relevant interatomic distances and relative energies (kcal/mol) obtained by ReaxFF and DFT for each MeS-Ag20
isomers.
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511 With respect to the energy data, the hierarchy of isomers
512 calculated with Jar̈vi potential is closest to the DFT hierarchy.
513 That of Bae clearly shows a very bad reproduction of energies,
514 in particular, the V isomer is the most stable one. Monti’s
515 potential seems to favor the bridge sites on the edges of the
516 clusters. The energetic difference between ReaxFF and DFT
517 are usually larger than those observed between silver and gold.

5183.3. Application of the Ag−Thiolate ReaxFF to Self-
519assembled Monolayers. To validate and test the perform-
520ance of the new force field, molecular dynamics simulations
521were carried out to characterize the adsorption of thiolates
522assembled on the (111) facets of silver and gold slabs. The
523initial structures corresponded to one published by Groenbeck
524et al.,49 which is a hexagonal assembly of four thiolates on the
525Au(111) surface. The size of this model was increased by
526replication (duplication in all directions) giving a final number
527of 36 thiolates. For comparison, the same configuration was
528employed for simulating the adsorption on silver, even though
529from experiments it was clear that other SAM arrangements
530could be more stable than the selected case. The aim of these
531calculations was just to see if the new ReaxFF was capable of
532predicting different structures starting from a similar SAM
533arrangement on two different metals. The simulations were
534carried out for methane and hexane thiolates. In the case of
535gold, the three published force fields were used, while for silver
536only the new ReaxFF was employed.
537The initial structures were first minimized and then
538equilibrated at T = 300 K, slowly increasing the temperature
539(Berendsen thermostat), in the NVT ensemble.
540 f9Figures 9 shows three snapshots at 100 K in the case of gold
541(Jar̈vi and Monti FFs, Figure9a,b) and silver surfaces (Figure

Figure 8. Potential energy surface of the dissociation of MeS-Ag
(kcal/mol).

Figure 9. Snapshots of simulations of a SAM of hexanethiolate on (a) gold (ReaxFF proposed by Jar̈vi et al.), (b) gold (ReaxFF proposed by Monti
et al.), and (c) silver (new ReaxFF), at 100 K. On the lower right edge, the alkane chains have been removed to see the assembly of sulfur atoms.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://dx.doi.org/10.1021/acs.jctc.0c00480
J. Chem. Theory Comput. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.0c00480?ref=pdf


542 9c) in the case of hexanethiolates. In the lower right edge, the
543 SAM is shown without the hexane above. All snapshots for
544 methane and hexane thiolate at 100 and 300 K are shown in
545 the Supporting Information (Figures S3−S9). In the case of
546 the NP-specific ReaxFF proposed by Bae and Atkins,20 the
547 thiolates desorbed when the temperature was increased,
548 leading to the formation of S−S bonds (see Figure S9 in the
549 Supporting Information). To check the validity of these
550 simulations, they were carried out with LAMMPS and ADF
551 using a slow increase of temperature and they both resulted in
552 a similar desorption phenomenon. This suggests that this
553 specific force field cannot be used for simulating thiolates on
554 gold surfaces. It should be noted that Bae and Aikins20 had
555 already written that this force field should not be used for this
556 kind of systems. We also verified if the same problem exists for
557 the force field of Table 1 in the article by Bae and Aikins.20 In
558 the final SAM configuration, obtained by hundreds of
559 picosecond NVE simulations, the thiolates were stably
560 adsorbed on the surface, which shows that desorption only
561 occurs with the NP-specific model (see Figure S10 in the
562 Supporting Information). The snapshots obtained for gold−
563 thiolates is markedly different from the Jar̈vi and Monti
564 ReaxFF representations. In the first case (and also for the force
565 field by Bae published in Table 1 of their article), a well-
566 ordered SAM is observed, but the gold atoms remain within
567 the surface layer. On the contrary, the Monti potential allows
568 reconstructions, some sulfur atoms leave the top layer and
569 form chains of Au−S−Au staples. This is in agreement with
570 experimental results indicating the formation of staples.2,5

571 Another, reproduced feature was that the structure of SAMs
572 did not change when the temperature was increased to 300 K.
573 In the case of silver, a hexagonal SAM was observed but no
574 indication of the formation of staples was apparent. As the
575 temperature was increased from 100 to 300 K, the assembly
576 became more irregular (see figures in the Supporting
577 Information).

4. CONCLUSIONS
578 In this long and laborious investigation, a new reactive force
579 field, tuned to simulate silver- and silver−thiolate-based
580 materials, is developed. The Ag−Ag potential has been
581 improved with respect to the one published in the literature.
582 using a large training set consisting of DFT data of clusters of
583 different sizes. Several hundred tests were performed, to
584 identify the atomic and interatomic parameters essential for the
585 reproduction of the data. ReaxFF is capable of predicting
586 correctly the evolution of the average distance between the
587 silver atoms of all the clusters and average energetic properties
588 even though it fails to reproduce the smaller distances of
589 under-coordinated atoms located on the edges of clusters. We
590 could speculate that only with the inclusion of other terms in
591 the equations could these tendencies be remodulated.
592 Our new Ag−S potential is very efficient for exploring the
593 adsorption of the SAMs, characterizing the dynamics of the
594 thiolate−silver systems, and reproducing realistic structural and
595 energetic properties of the isomers. Regarding the published
596 ReaxFF for Au−S interactions, each potential correctly
597 reproduces specific characteristics of the isomers: the Jar̈vi
598 potential gives a suitable energy hierarchy, the potential by Bae
599 best reproduces the Au−S−Au angles, and the potential by
600 Monti provides the best description of the Au−S distances.
601 To enable an easy use of the new force field, we added the
602 text file of the force field and the directory of the simulation of

603a SAM of hexanethiolates on Ag(111) (corresponding to
604Figure 9c) along with the input and output files for lammps
605simulations to the Supporting Information. Even though the
606developed force field is not perfect, the results of the
607simulations are promising, in agreement with quantum
608chemistry calculations and experimental data. In future, it
609will be interesting to integrate other structures such as the
610Ag44(SR)30 and Ag25(SR)18 clusters or surfaces into the
611training sets to improve the proposed force field.
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