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A new semiempirical potential, based on density functional calculations and a bond-order
Morse-like potential, is developed to simulate the adsorption behavior of thiolate molecules on
non-planar gold surfaces, including relaxing effects, in a more realistic way. The potential
functions include as variables the metal-molecule separation, vibrational frequencies, bending and
torsion angles between several pairs of atom types and the coordination number of both the metal
(Au) and thiolate groups. The potential was parameterized based on a set of density functional
calculations of molecular adsorption in several surface sites (i.e. hollow, bridge, top, on-top Au
adatom and the novel staple motif) for different crystalline facets, i.e. Au(111) and (100).
Langevin dynamics simulations have been performed to study the capping effects of
alkanethiolates molecules on Au nanoparticles in the range 1-4 nm. The simulation results reveal
an enhancement of the coverage degree whilst the nanoparticles diameter decreases. A high
surface disorder due to the strong S—Au bond was found, in very good agreement with very
recent experimental findings [M. M. Mariscal, J. A. Olmos-Asar, C. Gutierrez-Wing, A. Mayoral

and M. J. Yacaman, Phys. Chem. Chem. Phys., 2010, 12, 11785].

Introduction

The imminent use of metal nanoparticles (NPs) in biomedicine
appears as one of the hottest topics in nanoscience. For
instance, in recent years DNA-—nanoparticles conjugates have
been used to build a variety of materials with novel properties.'*
Very recently, Au nanoparticles have been used for rapid and
sensitive direct detection of M. tuberculosis in clinical samples
with high efficiency® and have been also used for detection of
specific DNA and RNA sequences.*®

It is well established now that the Au nanoparticle surface
has a strong binding affinity towards thiols.” In particular, the
thiol-Au interface allows the surface conjugation of various
peptides, proteins, and DNA, either via a naturally available
thiol group such as cysteine® or a synthetically incorporated
thiol group as in the case of thiolated single-stranded DNA..*
Therefore, understanding the thiol-Au interface is of crucial
importance for future nanotechnology.
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In the simplest case, preparation, conservation and protection
of metallic nanoparticles require passivation with organic
ligand molecules in order to prevent aggregation of the metallic
particles. Monolayers self-assembly have been intensively
studied, at experimentalg’10 and theoretical levels,"''* on
extended gold (111) surfaces. Nevertheless, a clear under-
standing about some fundamental structural aspects of passivated
Au nanoparticles still does not exist. In recent times, a great
progress in understanding the structure of the thiol/gold inter-
face has been made due to the experimental work of Kornberg
and co-workers,'> which also has motivated a reconsideration
of the planar thiol-Au(111) molecular junction.'®

From a theoretical point of view, calculations can be divided
by the level of theory in quantum-mechanics based methods
(i.e. DFT, Hartree-Fock/HF, Density Functional Tight Binding/
DFTB, etc.) and semiempirical approaches, where the electronic
description is assumed in a specific functional form.

Concerning the first group, most of the studies, reported
during the last ten years, are investigations of the interface
CH;S/Au(111) in which intermolecular van der Waals inter-
actions are estimated to be negligible.!” ! Until 2007, a great
controversy about the S—-Au(111) interface was installed.
Essentially, two singular models were under discussion, i.e.
adsorption of the thiol head group between a three-fold /ollow
site and a two-fold bridge site. Very recently, the consideration
of a new adsorption scenario has been introduced. It has
been proposed that adsorption of thiolate species with the
S group atop Au adatoms is energetically favorable against the
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three-fold or two-fold sites,?' even more, Au-adatom—dithiolate*?
structural motifs, forming polymer-like structures, appear
as the most stable configuration®® from an energetic point
of view.

Regarding the semiempirical approaches, it is interesting
to mention the pioneer work performed by Luedtke and
Landman®* where the structure, dynamics, and thermo-
dynamics of gold nanocrystallites passivated by alkylthiolate
monolayers were investigated by means of molecular dynamics
simulations. However, in such studies the Au atoms were
kept fixed during the whole dynamics simulation. Therefore
structural information of the gold nanoparticles was unavailable,
a very important task to understand the properties and
structures of capped nanoparticles. Only, very recently
Zachariah and coworkers® have reported a molecular dynamics
study of an all-mobile-atom approach to study the mechano-
chemical stability of thiol protected Au NPs. In their work,
they reported that the surface of gold nanoparticles becomes
highly corrugated by the adsorption of thiol molecules.
However, the interatomic potential used to describe the
S—Au interface fails to represent the bond-order dependence
of the S—Au bond, due that they used a pairwise Morse
potential, parameterized to reproduce the adsorption energy
of thiols on Au(111) perfect flat surfaces. Therefore, any other
local environment is not considered during the parameterization
procedure.

Despite the large amount of data available, the exact nature
of the bonding between the molecules and the surface is
not completely determined and semiempirical approaches to
describe the complex energy landscape of the S—Au interface
do not exist.

It is well known that the S—-Au bond has a large covalent
character®® i.e., chemisorption exists, and the bond is really
complex for being correctly described. Theoretical calculations
using ab initio methods show that the energy, as well as the
adsorption site of alkanethiols on metallic substrates depends
on the coordination number of the thiolate groups and the
coordination of Au atoms. In summary, to accurately describe
the S—~Au bond, the bond-order (BO) must be taken into
account within a functional form of the potential energy.

To the best of our knowledge, at the present, three types of
empirical interatomic potentials to describe the S—Au interface
are found in the literature. The first are pairwise potentials
(Morse and 12-3), fitted to reproduce alkanethiol adsorption
on perfect, smooth, immobile Au(111) surfaces.>” The second,
rough surfaces described through a periodic function.”® And
the third type are Morse-like potentials with variable energy
parameter well depth, D., which varies according to the height
of the Au and/or S atoms above the planar surface.”

In the present work, we have developed a new semi-
empirical interatomic potential which, in principle, could be
applied to any metal-molecule interface if the potential
parameters are known. In the present parameterization we
show the case for the S~Au bond which is able to describe
interacting species with bond order dependence. The potential
has been parameterized using DFT/GGA calculations and
subsequently validated, comparing the results with available
experiments and ab initio calculations. Finally, applications
to large thiol-capped gold nanoparticles in the range 1-4 nm

(ca. 5000 atoms) are presented, sizes unreachable using first-
principle calculations at present days.

Simulation method

As mentioned above, aside density functional calculations,
most of the computer simulations performed to study the
adsorption of alkanethiols on gold surfaces have been tackled
using the simple pairwise Morse potential’>*’ or the Hautman—
Klein (12-3) potential.**? Nevertheless, these potentials cannot
describe in an accurate way the adsorption behavior of these
molecules on other interesting systems, like (100) crystalline facets
or surface defects, and especially those of low dimensionality,
like gold nanowires or nanoparticles. For example, it was
recently found that adsorption of thiolates on gold adatoms is
energetically more stable than adsorption on flat surfaces.>>** But
the simple pairwise Morse potential predicts a low adsorption
energy on this site (on-top Au adatom), because bond order of
sulfur is one (BOg = 1), as in an on-top perfect surface site.

Our aim was to generate a modified Morse potential to
represent the covalent interaction between sulfur and gold
atoms. In the present formulation, the main characteristic is
the existence of variable parameters of the Morse potential
that depend on the bond order of both the sulfur and the
closest gold atom. This was undertaken by introducing a
bond-order, n; dependent on the D, and r. parameters of the
Morse function. The first one takes into account the binding
energy and the second one the equilibrium bond distance. The
potential function can be described by the following
functional form:

Vs au(rins an) = De(ns an)expl—o(r — re(ns au))l
{exp[—a(r — re(ns au))] — 2} 1)

where De(ns ay), o, and re(ns ay) are fitted parameters and the
bond-order is calculated as follows:

n=> flry) (2a)
i#]

1 r<C
10 =131 [r0 =370 +3r0r| a<r<c

0 r>C
(2b)

where
N 2r — C2 — C1

Y(r)= G- (2¢)

and we have taken C; = 2.75 A and C, = 345 A, in order to
obtain a smooth slope in the f{r) function, but maintaining all
configurations used for the fitting procedure with well-defined
bond order values. For calculating Au atoms bond order,
we used the same functions, but taking C; = 2.90 A and
C, = 4.06 A. Fig. 1 shows a plot of function f{r).

Six adsorption sites on different substrates were considered
during the fitting procedure: two mono-coordinated sites
(on-top in a perfect (111) flat surface and on a Au adatom),
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Fig. 1 f{r) function behavior. Arrows indicate C; and C, cutoffs.
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Fig. 2 Adsorption sites considered for the fitting procedure: (a)
on-top (b) bridge (c) hollow (111) (d) on-top adatom—inset: lateral
view—i(e) staple motif “RS-Au-SR” and (f) hollow (100) (color
online: red spheres, thiolate group; golden spheres, Au atoms).

one bi-coordinated site (the bridge position on a perfect (111)
surface), one tri-coordinated site (the hollow positionina (111)
surface), a tetra-coordinated site (the hollow position in a
perfect (100) surface) and the staple motif (RS—-Au—SR). The
six configurations taken into account during the parameter-
ization procedure are shown in Fig. 2.

The adsorption energies (Eaq) for the different sites shown
in Fig. 2 were computed using DFT/GGA within the effective
core potential approach and double {-polarization basis set
using the DMOL3 code, according to:

Eag = Eau-sr — Eau — Esr 3)

where the first term represents the total energy of the whole
system and the last two, the total energy of the bare Au surface
and the isolated molecule respectively.

Table 1 Selected configurations for the potential parameterization,
the corresponding adsorption energies in eV and the involved atoms
bond orders (BO) for both S and Au

Adsorption site Eng/eV BO (S) BO (Au)
On-top Au(111) —1.14 1.00 9.00
Bridge Au(111) —1.15 2.07 9.00
Hollow Au(111) —1.17 3.00 9.00
Hollow-bridge Au(111) —1.34 2.65 9.00
Hollow Au(100) -2.19 3.98 8.00
Top/adatom-Au(111) -2.17 1.00 3.00
Motif (RS-Au-SR)/SR group —-2.22 2.00 2.00

Table 2 Optimized values of the parameter D, in the six selected
configurations

Adsorption site D./eV

On-top (111) 0.404764
Bridge (111) 0.271479
Hollow (111) 0.286784
Hollow (100) 0.293681
Top/adatom Au (111) 1.759618
Motif (RS-Au-SR)/SR group 0.782176

The chosen configurations together with Exq and the bond
order number are shown in Table 1.

In each selected configuration, with the molecule adsorbed in
its equilibrium position (it implies the S-Au distance at the r,
value), the parameter D, was changed self-consistently, keeping o
as a constant, to reproduce the adsorption energy predicted by
DFT calculations. Calculated values are shown in Table 2.

Having these parameters, cubic splines interpolations of

the form:
n—ny\° n—ny\?
2] (a1
np — Ny np — Ny
n—ng\? n—ng\’
(@) =) ] @
Nnp — Ny np — Ny

were performed to obtain values at intermediate positions
while satisfying the continuity of the potential energy

D, =D’

+ Db

T T T T T T T T T T T

Fig. 3 D. and r. parameters as a function of the coordination
number. Circles denote the values obtained for each configuration
used for the fitting procedure. All other values are taken from cubic
splines interpolations.
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landscape (D¢, D are the minimum (z) and maximum (b)
values of the potential depth at the limits @ and b/ of each
interval and n,, n, are the BOs at those points). For the r,
parameter, we followed the same procedure to obtain inter-
mediate values. Fig. 3 shows these cubic splines interpolations.

To ensure continuity of the potential in the cutoff,
the modified Morse function is splined at long distances
according to:

V= TVsade
- 1 1 I — I'min
Je= 2 + ZCOS |:7T Fmax — 'min (5)

where r,,,;, = Cp and ryn,x = 1 nm are minimum and maximum
distances applied to the cutoff function.

Fig. 4 shows the fitted potential functions for the six
configurations mentioned above. The adsorption on the staple
motif is the most favorable site, followed by the adsorption
onto the on-top a Au adatom, in good accordance with
previous density functional calculations.?'*** Note that in
the case of the staple motif the well depth corresponds to each
S—Au interaction.

The adsorption energy calculated with our potential for the
staple motif is —2.21 eV per RS, in good agreement with the
ab initio calculations reported by Jiang er al.>” of —2.22 eV per
RS and considerably more favorable than the ‘“‘standard”
fec-bridge site (—1.34 eV per SR).

The Au—Au interactions were modeled using the second-
moment approximation of the tight binding theory (TB-SMA)
which takes into account the many-body character of the
metallic bond and has been probed to reproduce most of
the characteristic properties of gold. A detailed description
of the method can be found in the original work of Cleri and
Rosato.*® In the TB-SMA method, the total energy can be
written as the addition of two terms:

1
n n -5
e ) “2quplp-1) | 2
V= E E A,pexp o — { E éiﬂexp "o
i J J

()

2 —

— top
r == bridge |
—— hollow(111)
1 \ — = hollow(100)
[ — adatom
\ = = motif

Potential Energy / eV

2 2:5 3 35 4 4.5 5
S - Au distance / A

Fig. 4 Fitted potential functions for the S—Au bond for the six
configurations taken into account during the parameterization (color
online).

Table 3 Values of the potential parameters. &, is in units of eV A2 To
in A, ko in eV rad 2, 0, in rad, a, in eV, ¢ in eV and ¢ in A

Interacting
Interaction atoms Parameter values
Stretching™ c-C k. = 30.375, rg = 1.53
C-S k, = 35.625,r = 1.82
Bending'! c-C-C ko = 5.3931, 0, = 1.911
C-C-S ko = 5.3931, 0, = 1.997
Torsion"! c-c-Cc-C ap = 9.6199 x 1072
ay = 1.2602 x 107!
a = —1.3602 x 107"
a; = —3.1722 x 1072
C-C-C-S as = 2.7205 x 107!
as = —3.2653 x 107!
van der Waals c-C e=512x10"3 ¢ = 3.905
interactions' ! C-S e =940 x 1073, ¢ = 4.078
S-S e =172 x 1072 ¢ = 4.250
C-Au e=1271x1073 ¢ = 3.561

where the first one represents a pair-wise repulsive term and
the second one, the band energy, which takes into account the
many-body character of the metallic bond.

The intra and inter-molecular interactions of thiolate
molecules were represented using the united atom approach
by means of the Universal Force Field (UFF)* (see ESIt
for potential functions). Parameters used in the present
simulations are shown in Table 3.

Results

To test the ability of the new potential, we have explored some
characteristics of the alkylthiolate/Au interface. For instance,
we have computed the adsorption energy of a dodecanethiolate
molecule on an unreconstructed Au(111) surface as well as the
high coverage structure (i.e.0 = 0.33 ML). We have also
explored the low-coordination structures and the results are
presented in Table 4.

As can be observed, a very good agreement is found with
ab initio calculations and experimental evidence regarding the
structure and the coverage degree.

The atomic configuration of the relaxed structures for
0 = 0.33 ML is shown in Fig. 5, where the v/3 x v/3(R30°)
is evident, with 5 A distance between nearest neighbors. The
obtained chain tilt is 34° with respect to the normal of the
surface, in very good accordance with previous electronic
structure calculations and experimental evidence.*?

In order to study the effect of thiolate molecules protecting
gold nanoparticles, we have performed Langevin dynamics
simulations with the purpose of obtaining the dynamic
evolution of the adsorption process at a constant temperature,
using our own MD/LD code. The computer simulations were
conducted as follows:

(a) First, we have performed energy minimizations using the
LBFGS quasi-Newtonian nonlinear optimization algorithm
and simulated annealing procedures, using a temperature
program starting from 100 K, then increasing linearly until
500 K. Finally the temperature is decreased exponentially until
it reaches a value of 0.5 K, using a velocity scaling thermostat,
to find relaxed structures of the bare gold nanoparticles.

(b) Secondly, an excess of randomly or radially distributed
dodecanethiolate species [CH3(CH,);;S] are built around the

Phys. Chem. Chem. Phys.
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Table4 Adsorption energy and site found for a low and high-coverage structure of thiolates on a flat unreconstructed perfect Au(111) surface and

on a surface with adatoms

Exg/eV (potential)

Exq/eV (DFT) Adsorption site

System

1 CH;S-unreconstructed Au(111) —1.46
1 CH3(CH,);;S-unreconstructed Au(111) —1.59
V3 x \/§(R30°)—unreconstructed Au(111) -1.92
1 CH;S-unreconstructed Au(111) with adatoms —2.20
CH;S-Au—CHj;S-unreconstructed Au(111) —-2.22

—1.34 Hollow

— Hollow

—1.83 Hollow

-2.17 On-top (adatom)
-2.22 Staple motif

GGG GO G

Fig. 5 Adsorption of dodecanethiolate on an unreconstructed
Au(111) planar flat surface. The obtained overlayer after simulated
annealing, the so-called V3 x \/§(R30°) is shown, which corresponds
toad = 0.33 ML.

relaxed Au NP. Therefore, within this approach, the adsorption
sites are not assumed a priori. Moreover, concerted diffusion
processes are allowed during the dynamics evolution, a key
diffusion path, absent in most calculation methods.

(c) Finally, a series of Langevin dynamics simulation have
been performed using a timestep of 1 fs during 2 ns in order to
mimic the adsorption of the n-dodecanethiolate molecules
including the effect of the solvent molecules through stochastic
and frictional forces.

Fig. 6 shows the maximum coverage degree for nano-
particles of different geometry, i.e. cuboctahedra (CO),
icosahedra (Ico) and regular decahedra (Dh) for several sizes,
starting from Auss to Aujggo.

The coverage degree has been defined as the ratio between
the number of adsorbed molecules and the initial number of

12 - r : - -
| I.Inm . iin
= B Cuboctahedra
1-2 A Decahedra i
% v Exp-TO Langmuir 14 (1998) 17
L \A # Landman JPC 100 (1996) 13323
3 @ Auy, Science (2007)
08f 4
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3.9nm |
Y ’
041 ]
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Fig. 6 Left: nanoparticle coverage as a function of N (the number of
metal atoms in the NP). Black circles: Ico, red squares: CO, green
triangles: Dh. Right: atomic configurations of thiol-protected Au NPs
(color online).

surface gold atoms in the NP. As can be noted in the figure, the
coverage degree increases markedly as the nanoparticle
diameter decreases, reaching a limit value close to one when
the NP diameter is nearby 1 nm. It is important to note
that, when the nanoparticles diameter reaches a value of
approximately (1500 atoms), the coverage degree tends to
the value of the planar surface, i.e. 0.33 ML (marked in
Fig. 6 with a solid green line). Note that an experimental
estimation®® of the coverage degree is also plotted, as well the
results taken from the early work of Luedtke and Landman®*
and the novel discoveries of Kornberg and co-workers.'?

Each set of data obtained from the simulations has been
fitted using the following function:

0 = AN o)

where the index i refers to the nanoparticle geometry, i.e. CO,
Ico, Dh. The A; and «; parameters obtained are shown in
Table 5.

In a first analysis, we can explain the difference in the
coverage degree on different NP structures as a curvature
effect rather than a facet effect. This can be supported
by the fact that a high surface disorder is observed after
thiol-adsorption, due to the strong S—Au bond, particularly
in small nanoparticles.** Considering each nanoparticle as a
sphere, we can estimate the extrinsic curvature (£) by taking
the reciprocal of its radius. In Fig. 7 the coverage degree is
plotted against the curvature of the nanoparticle. A linear
relationship of the form (0 = 0.235 + 4.214¢) has been
obtained, and it is also shown in Fig. 7.

In order to quantify the degree of sphericity of a given
nanoparticle we define the factor y = r”};’a, where rb represents
the radius of a sphere containing a nanoparticle with radius ra
(see ESIY). In this sense, a value of y equal to zero means that
the nanoparticle can be described as a perfect sphere. The
calculated values of y for the three structures are: y;co = 0.22,
vco = 0.41 and ypy, = 1.42. From these results and taking into
account the results shown in Fig. 6 we can summarize that, for
a given particle diameter, the coverage degree increases with
the sphericity of the nanoparticle.

The bond orders of S atoms were also recorded for the
relaxed structures, and plotted in Fig. 8 for the three morphologies
considered. As expected, a maximum BOg close to four was

Table 5 Parameters obtained from fitting equation 6 = A,N~*

Geometry A; o

Icosahedra 2.835 0.26
Cuboctahedra 3.446 0.30
Decahedra 3475 0.31

This journal is © the Owner Societies 2011
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Fig. 7 Coverage degree as a function of the curvature ¢ of the
nanoparticle for the case of icosahedra structures.
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Fig. 8 Bond order distribution of S atoms in three capped Au
nanoparticles of different geometries: Icosg;, COsq; and Dhggo.

reached in all cases, corresponding to the adsorption in flat
facets. But, a distribution of values near 1.5 was also observed
in the case of icosahedra and decahedra geometries, which can be
attributed to low-coordination structures as adatoms and staple-
motifs. Note that these bond orders are absent in nanoparticles
with large {100} facets, i.e. cuboctahedral nanoparticles.

Conclusions

In the present work a new semiempirical potential was
developed to describe the thiol-Au interface in a more realistic
way. The potential functions include as variables the
metal-molecule separation, vibration frequencies, bending
and torsion angles between several pairs of atom types and
the bond order dependence of both the metal (Au) and S
atoms. The potential was parameterized based on a set of DFT
calculations of molecular adsorption in several surface sites
(i.e. hollow, bridge, top and on-top an adatom and the novel
staple motif). It is interesting to mention that the same
methodology could be used for other molecule—metal systems,
opening the way to further research.

Langevin dynamics simulations, using the new semi-
empirical potential, were performed to explore the coverage

degree of Au nanoparticles of several morphologies using
dodecanethiol as the capping agent. The studied NPs are in
the range 1-4 nm, which at present time is difficult to access
with high-level electronic calculations. The results reveal a
high enhancement of the coverage degree when the nano-
particle diameter decreases to values near 1-2 nm.
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