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Thiolate adsorption on Au(ikl) and equilibrium shape of large

thiolate-covered gold nanoparticles
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The adsorption of thiolates on Au surfaces employing density-functional-theory calculations has
been studied. The dissociative chemisorption of dimethyl disulfide (CH3S—SCH3) on 14 different
Au(hkl) is used as a model system. We discuss trends on adsorption energies, bond lengths, and bond
angles as the surface structure changes, considering every possible Au(hkl) with h, k, [ < 3 plus
the kinked Au(421). Methanethiolate (CH3S-) prefers adsorption on bridge sites on all surfaces con-
sidered; hollow and on top sites are highly unfavourable. The interface tensions for Au(hkl)-thiolate
interfaces is determined at low coverage. Using the interface tensions in a Wulff construction method,
we construct atomistic models for the equilibrium shape of large thiolate-covered gold nanoparticles.
Gold atoms in a nanoparticle change their equilibrium positions upon adsorption of thiolates towards
shapes of higher sphericity and higher concentration of step-edge atoms. © 2013 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4790368]

. INTRODUCTION

Understanding the nature of interactions between met-
als and soft or hard condensed matter systems is a crucial
step in the design of new nanocomposite materials. In par-
ticular, understanding the factors that affect the shape and
size of metal nanoparticles during growth might trigger a new
generation of experiments based on the controlled synthesis
of nanoparticle-based materials for various applications, in-
cluding ultra-hard coatings, catalysts of high selectivity, fine-
tuned optoelectronic devises, or smart materials for drug de-
livery and other biomedical applications. During the past two
decades, the formation and structure of self-assembled mono-
layers (SAMs) of alkanethiol molecules adsorbed at noble
materials’ surfaces has attracted great interest.! Especially
gold nanoparticles have been used in a variety of applications
in biology, catalysis, and nanotechnology.? The interface be-
tween alkanethiols and gold is, therefore, a subject of great
importance for both basic and applied research. The funda-
mental question is of course the type and strength of the Au—S
bonds at this interface.

There are many theoretical Density-Functional-Theory
(DFT) studies on the adsorption of alkanethiols on Au(111).
The majority of them investigates the adsorption energy of
CH3S- radical on Au(111).>'? Various groups have stud-
ied the dissociative adsorption of dimethyl disulfide (DMDS)
on Au(111), both theoretically>!! and experimentally.!*!> In
particular, Nuzzo et al.'® suggested, after employing a large
variety of experimental methods including X-ray photoelec-
tron spectroscopy (XPS), Auger electron spectroscopy (AES),
high-resolution electron energy loss spectroscopy (HREELS),
and thermal desorption spectroscopy (TDS), that the breaking
of the (weak) S-S bond of DMDS leads to the formation of
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two methanethiolate-surface bonds on Au(111) at low cov-
erage. This cleavage is known to take place even at room
temperature.'> The adsorption of a CH3S- radical has also
been studied on Au(100) and Au(110) surfaces by Masens
et al.® who found that the adsorption energy of CH3S- on
Au(110) is lower by 0.13 eV than that on (100) and by about
0.43 eV than that of (111). Despite the large number of theo-
retical studies the nature of a binding site is an open issue. In
addition, a systematic study of the adsorption of a CH3S- rad-
ical and the dissociative adsorption of DMDS on high index
gold surfaces is missing.

The interaction between alkanethiols and gold has also
been studied through several theoretical works on thiolate-
protected gold clusters, either using DFT simulations'®'® or
Molecular Dynamics (MD) simulations?” to explore the struc-
ture and electronic properties of such clusters. In these stud-
ies, it was found that the structure and electronic properties of
the gold core of ligand-capped gold nanoclusters depend on
the chemical nature of the ligand.

For most studies regarding small Au clusters, it has been
found that thiolates heavily change the surface structure, by
creating Au adatoms. Each Au adatom is bonded to two thio-
lates, and each terminal S atom makes two bonds, one with
the Au adatom and another one with a surface Au atom.
This bond has been found to be extremely stable for small
Au clusters.'®2!"22 The same configuration, including Au
adatoms bonded to two RS- groups, has been named the “stan-
dard model” for close-packed methylthiolate self-assembled
monolayers on Au(111),? as it has been found in several ex-
perimental and theoretical studies for this system.?*?’ Such
bonds between two S atoms and a Au adatom appear due to
low reactivity of Au atoms in the close-packed (111) surface,
and are expected to be less likely in stepped or kinked sur-
faces, where undercoordinated Au atoms form significantly
stronger bonds to S. Moreover, the strong steric repulsions

© 2013 American Institute of Physics
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associated with adsorption of longer molecules will result in
grafting densities of the order of 1 nm~2 or less,?® where it
is unlikely that thiolate groups from two different molecules
will bind to the same Au atom.

Computational studies of thiolate-protected nanoparti-
cles are usually limited to clusters that generally con-
tain at most a few hundred Au atoms. To investigate the
shape of larger thiolate-covered gold nanoparticles, one can
use the Wulff construction which has been routinely em-
ployed in modern theoretical nanoscience. Examples in-
clude Ru nanoparticles for NH; synthesis,”” Cu nanopar-
ticles in catalysis,® and strained semiconductor quantum
dots.3! Recently, the Wulff construction has been em-
ployed to predict the shape of a nanoparticle when in-
teractions between a nanoparticle and its environment are
included.?>~*

In the present study, we performed DFT calculations to
investigate the dissociative adsorption of dimethyl disulfide
(CH3S-SCH3) on Au(hkl) surfaces with &, k, [ < 3, and on
the kinked Au(421) surface at low-coverage. Furthermore, ad-
sorption energies were employed to calculate interfacial ten-
sion between CH3S and Au(hkl) surfaces. Using the Wulff
construction method, we predict the equilibrium shape of
thiolate-protected gold nanoparticles.

The paper is organized as follows: Section II describes
computational details, the definition of the adsorption energy,
and introduces the concept of the equilibrium shape. In
Sec. III, we discuss the adsorption of CH3S on Au surfaces to-
gether with the adsorption energies of various adsorption sites
for each surfaces. In Sec. IV, the effects of dimethyl disulfide
environment on gold nanoparticles are presented and finally
the obtained results are summarized in Sec. V.

Il. METHODOLOGY
A. Adsorption

To save computer time, only the simplest possible alka-
nethiol radical, methanethiolate (RS- with R=CHj3) is con-
sidered. Although this excludes steric repulsions between
chains, it captures all essential features of the general RS—
Au bond. This is a reasonable choice as shown by the re-
cent work of Torres et al.** These authors show that the
adsorption energy of n-alkanethiols on Au(111) changes by
only 2 kcal/mol (0.09 eV/molecule) when the length of
chain increases from one to six carbon atoms. Steric inter-
actions between chains have a minor impact on binding en-
ergies; for example, Torres et al.*’ find that the binding en-
ergies of ethanethiolate and propanethiolate are affected by
chain interactions by only 0.1 kcal/mol and 0.7 kcal/mol,
respectively.

Our second choice is to focus on low coverage of RS on
Au, corresponding to coverages less than 0.2 ML, where the
adsorption energy is independent of coverage according to our
simulation model. For most cases, the grafting density of ad-
sorbates is of the order of 1 nm~2, in accordance with Au
nanoparticles dispersed in polymer matrices.?® In this region,
interactions between adsorbates can be neglected and the dis-
sociative adsorption energy of dimethyl disulfide on Au(hkl)

J. Chem. Phys. 138, 064702 (2013)

per methanethiolate, E,;; can be defined as

1
__ pslab lab (gas)
Egis = Ejkg(hkl)SCHg - Eig(hkt) - EECH_;SSCH;’ (D

where Eﬂg&kl%SCHS is the total energy of thiolate-covered
slab, EXg,, is the total energy of the clean slab, and

E&{3scn, the energy of dimethyl disulfide in gas phase.

B. Computational details

First-principles total energy calculations were performed
using DFT as it is implemented in the GPAW/ASE code*!#?
(https://wiki.fysik.dtu.dk). GPAW uses a projector-augmented
wave method to describe core electrons, and it employs real
space grids to present electron densities and wave functions.
We applied grid spacing of 0.19 A, and the Brillouin zone
of the (111)—(1x1) surface was modelled by a (10x10x1)
Monkhorst-Pack grid of lz-points. lz-points for all other sur-
faces are calculated in proportionality to the (111)—(1x 1) slab
ones. Periodic boundary conditions were applied in all three
dimensions. Slabs had thickness of 8 A or more and they were
separated by 12 A of vacuum. Slab thickness was chosen so
that adsorption energy for few characteristic (4kl) orientations
was converged within 10 meV. The positions of all adsor-
bate atoms as well as the first two layers of the slab were
fully relaxed. We applied the generalized gradient approx-
imation (GGA) revised Perdew-Burke-Ernzerhof exchange-
correlation functional (RPBE). The theoretical lattice
constant for Au (4.22 A) was used, which was found by mini-
mizing the total energy of bulk Au. The slight overestimation
of the lattice constant compared to experimental value 4.08 A
is consistent with previous DFT calculations.** As we are in-
terested in low thiolate coverage, we make sure that the unit
cells are large enough. The minimum distance between an S
atom and its periodic image is 5 A or more in all cases. Thus,
it is expected that interaction between adjacent molecules is
negligible. Calculations for the gas phase dimethyl disulfide
molecule were carried out in a (16x16x16) A3 unit cell so
that interactions between periodically repeated molecules are
negligible. Figure 1 displays some typical adsorption over-
layer structures investigated in the present study.

C. Equilibrium shape

Under thermodynamic equilibrium, the shape of a given
quantity of condensed matter, is that with the minimum total
surface energy. In 1901, mineralogist G. Wulff proposed that
the closed shape that minimizes the total surface energy is
such that the distance of each face from the center (center of
mass), dyy is proportional to the surface tension yy of the
respective surface,*

dnkt ~ Vit - )
For simplicity, we extend the use of the term “surface tension”

for solids, as a synonym for surface energy per unit area. From
this equation, it is easy to show that the distance, dj,, for any
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FIG. 1. Top (left) and side (right) view of thiolate-covered Au surfaces.
(a) Au(111), (b) Au(211), (c) Au(310), and (d) Au(421). A (3 x 3) repeti-
tion of the simulation cell is shown.

face (hkl) is given by
Vhki

di = dper , (3)
Yhkr

where y iy and the o, are the surface tensions of the (hkl)
and (W'k'l') surfaces, respectively, and dj,; is the distance of
the (Wk'l') face. The latter determines the size of the nanopar-
ticle. Equation (3) is the general equation to calculate the dis-
tance of the faces of a closed shape nanoparticle given the
surface tension for each surface.

A Waulff construction based on a large set of (hkl) sur-
faces should, in principle, account for various kinds of sur-
face defects, including steps, kinks, or even adatoms for large
enough nanoparticles. These defects can be described by a
suitable (hkl) surface. For example, a vicinal fcc(111) surface,
where (111) terraces are separated by monoatomic steps are
described by the (hkk) family of surfaces. The point where
four such surfaces meet is represented by an adatom on a hol-
low site of fcc(111) (compare, for example, Figs. 3 and 4).

When the nanoparticle interacts with the surrounding en-
vironment, the surface tension is replaced by the tension of
the interface between the nanoparticle faces and the environ-
ment, i.e., the interfacial tension. The interfacial tension, y ;,,
depends on the surface tension of the clean surface, y, and
the adsorption energy, E,4, of the adsorbate to the nanopar-
ticle faces. The interfacial tension can be obtained through
DFT slab calculations. For a slab that contains N,; adsorbated
molecules in addition to its NV atoms, is given by

NadEads
A 9
).39

Yim =¥ + “4)

where A is the area parallel to (hkl

J. Chem. Phys. 138, 064702 (2013)

Wulff construction is based on a simple geometrical cri-
terion that the distance of each face is proportional to the
surface tension. This favors low-index faces over high-index
ones, as high-index faces are steeper. As an example, consider
the equation of the (hkl) plane in the Wulff construction,

hx + ky + 1z = dpv/ h* + k2> + 12 5)

This  plane  intercepts the x axis at x
= dhkl\/ 1+ (k/h)?+({/h)?, which clearly increases
with increasing k and /. If two planes have the same surface
tension, and hence the same distance, djy, from the origin,
planes with lower k and / indices will be closer to the origin
along x axis and, therefore, will be more prominent in the
Waulff construction around the x direction. Similar arguments
apply to other directions, so that planes with high Miller
indexes are underrepresented in the equilibrium shape. The
Waulff construction method is correct at the thermodynamic
limit of very large particles. Nevertheless, Wulff shapes
for Au nanoparticles are found to agree with experimental
observations even for nanoparticles that contain only a few
hundreds of atoms.*

lll. DISSOCIATIVE ADSORPTION OF CH3;S-SCH; ON
GOLD SURFACES

The dissociative adsorption energy of dimethyl disul-
fide was calculated on Au(kkl) surfaces with &, k, [ < 3 and
Au(421). We considered several different adsorption sites and
CH;3S configurations to ensure that the global minimum is
found. The Au(hkl) surfaces with h, k, I < 3, can grouped
into three categories: planar [(100), (110), and (111)], stepped
[(210), (211), (221),(310), (311), (322), (331), and (332)] and
kinked (321). Au(321) is the only kinked surface for A, k, [
< 3. For this reason, we also simulated Au(421) to be sure
that our results are applicable to at least two different kinked
surfaces. The stepped surfaces can be further divided into sub-
groups according to the microfacet notation,*> depending on
the type of the terraces and step edges. In the microfacet no-
tation, a surface with an n-atom wide (hkl) terrace separated
by an (W'k'l') step is denoted by n(hkl)x (W'k'I').*

In the following, we discuss briefly the main charac-
teristics of each surface and the adsorption behaviour of
methanethiolate on all of them. We consider at least three dif-
ferent adsorption sites for each surface, while more than ten
different sites have been tested for the more complex systems.
Some characteristic adsorption energies and geometrical de-
tails including adsorption site, metal-adsorbate bond lengths,
and angles are summarized in Table I.

Au(100), Au(110), and Au(111): On all planar surfaces
CHj3S prefers a bridge site, with exothermic adsorption en-
ergies of —0.57, —0.71, and —0.15 eV, respectively. The
adsorption energy seems to be invariant under rotations of
the methyl group around the S—C bond, since this rotation
changes the adsorption energy only by a few meV. We find
that E,;; is roughly inversely proportional to the coordina-
tion number, z, of Au atoms bonded to S: 8 for (100), 7
for (110), and 9 for (111). On-top and hollow adsorption
sites are highly unfavourable. Adsorption of CH3S on these
sites is marginally exothermic or even endothermic. The only
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TABLE 1. Properties of methanethiolate adsorption on Au surfaces. A is the area per adsorbate in A2, and z is the average coordination number of the Au
atoms bonded to S. The adsorption geometry is described by three letters: The first refers to the position of the sulfur atom: (t) for on top, (b) for bridge, and
(h) for hollow. The second letter defines the orientation of the methyl group: (t) for planar surfaces, (u) for above the upper terrace, and (1) for above the lower
terrace in stepped surfaces. The third letter refers to the direction of one hydrogen atom: (t) for towards the surface, (a) for away from the surface, and (p) when
all hydrogen atoms are parallel to the surface. E,q; is the adsorption energy, ¢au—s—au the angle between the S and the two Au atoms bonded to S for bridge
and hollow site only, Ox,—s—c is the angle between the Au atom bonded to S, the S atom and the carbon. da,_s and ds_c are the bond lengths between the Au
and S atom and the S and C atom respectively.

Microfacet E.is dAau—S—Au  Oau—s—c  dau-s ds—c Adsorption Relaxed
Surface notation A z Configuration (eV) (deg) (deg) A A sites configuration

b-t-t —0.57 79.7 110.1 246 185
b-t-a —0.52 79.6 108.7 247 185 & @
100 .. 3562 8.0
h-t-p —0.20 70.7 125.0 267 186
t-t-a 0.06 ... 108.1 239 184
37.78 b-t-a —0.71 79.0 109.1 246 185
1o 50.37 0 b-t-a —0.709 77.8 108.1 245 1.85
o 50.37 7 b-t-t —0.708 78.6 105.1 244 184
50.37 t-t-t —0.23 ... 107.0 235  1.84

b-t-a —0.153 76.3 110.1 252 185
b-t-t —0.146 772 111.6 252 185
111 3085 9.0
t-t-t 0.12 . 109.7 240  1.83
h-t-p 0.13 67.9 1356 261 187
5632 7.0 b-1-t —0.59 84.9 1090 245 185
310 3(100)x(110)  28.16 7.0 b-l-t —0.47 80.6 1107 247 1.84
28.16 6.0 t1-t —0.22 .. 108.7 234 1.83
5973 15 by-u-t —0.54 81.3 1080 247 1.84
2(100)x (110)
210 59.73 1.5 by-u-t —0.49 77.1 107.8 247 184
or
59.73 6.0 tla —0.28 .. 106.3 234 183
2(110)x(100)
39.82 6.0 tl-a —0.27 .. 105.9 235  1.84
75 by-1-t —0.511 81.8 1092 246  1.84
6.5 bj-u-a —0.508 81.4 116.1 244 185
320 3(110)x(100) 6421
6.0 tl-a —0.24 . 1054 234  1.83
6.0 t-l-t —0.21 . 1092 235 184
2(100)x(111) or b-1-t —0.75 81.1 1062 243 1.84
311 59.06 7.0
2(111)x(100) b-l-a —0.71 80.6 1062 243 185
43.62 b-I-t —0.75 80.6 106.6 244 184
43.62 b-la —0.73 80.7 1069 243 185
211 3(111)x(100)  43.62 7.0 b-u-t —0.72 80.0 105.1 244 185
43.62 tla —0.19 . 105.8 237 184
87.24 b-1-t —0.81 85.3 1074 245 1.84
b-1-t —0.79 80.9 1077 243  1.84
322 5(111)x(100) 7343 7.0

t-1-t —0.17 .. 106.8 235 1.84
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TABLE 1. (Continued.)

J. Chem. Phys. 138, 064702 (2013)

Microfacet Eqas Pau—S—Au  Oau-s—c  dau-s ds—c Adsorption Relaxed
Surface notation A z Configuration (eV) (deg) (deg) A) A) sites configuration
b-1-t —0.72 77.1 103.8 2.46 1.84
331 3(11)x(111)  77.63 7.0 b-l-a —0.69 76.5 105.3 2.46 1.84
b-u-a —0.67 76.1 107.5 2.47 1.85
b-1-t —0.68 76.3 107.5 247 1.84
221 4(111)x(111) 5343 7.0 b-l-a —0.64 75.8 108.4 2.47 1.85
t-1-t —0.18 107.5 2.36 1.83
b-1-t —0.64 713 107.2 2.46 1.84
332 6(111)x(111) 8353 7.0
t-1-t —0.15 107.8 2.36 1.84
7.0 b2-1-t —0.75 80.9 106.6 2.45 1.84
321 99.95 7.0 bl-I-t —0.66 78.0 106.3 2.47 1.84
6.0 t-1-t —0.32 105.5 2.34 1.85
6.5 b3-1-t —-0.79 83.0 106.6 2.44 1.84
421 81.61
7.0 bl-I-t —0.65 75.9 106.8 2.47 1.84

stable configuration for a hollow site is when the carbon
atom resides above the S atom and the hydrogen atoms are
placed in a plane parallel to the surface. This configuration is
metastable and has the longest bond length between Au-—S
(>2.60 A), the smallest angle between Au—S—Au (<71°) and
the biggest Oa,-s ¢ (>125°) angle; values that are far from
the average ones, which are 2.46 10\, 79.9°, and 107.6°, re-
spectively. On (110) and on other (hkl) surfaces, a hollow
site results in numerical instabilities due to unrealistic charge
distribution. To save computational time, we focused on ad-
sorption over bridge sites for the most demanding high-index
faces.

These findings agree with other works from the literature.
To compare adsorption energies, one has to define the ref-
erence state of methanethiolate. Several groups have studied
methanethiolate adsorption on Au(111) both experimentally*’
and theoretically.®>!%47 In these studies, the following four
reactions are considered:

dissociative adsorption of CH3S—SCH3,
adsorption of CHj3S radical,

dissociative adsorption of CH;S—H, and
same as (c), but H is desorbed as Hj.

For Au(111), we find that CH3S prefers bridge site
with adsorption energies of (a) —0.15 eV, (b) —1.26 eV,
(c) +0.91 eV, and (d) +0.32 eV. These results agree with the
calculations of Molina and Hammer® who found —1.13 eV
for (b) and 4+0.40 eV for (d). For (a), Hayashi et al.,*® re-
port a bridge site adsorption with —0.27 eV per CH3S using
the PBE exchange-correlation functional. Although the ad-
sorption energy is different, there is good agreement for ad-
sorption geometry. For example, the bond length between Au
and S is 2.50 A, very close to 2.52 A found here. Andreoni
et al® find —1.60 eV for case (b) and —2.39 eV when PBE

o op

was used, confirming that PBE overestimates Au—S binding.
They report the Au-S bond at 2.46 A. Similarly, Maksy-
movych et al.*’ found a binding energy of —1.77 eV for (b)
and a bond length of 2.45 A for the same adsorption geometry.
Masens et al.’ report an adsorption energy of —1.70 eV for
(b) close to —1.73 eV found by Yourdshahyan et al.’ In case
(c), Zhou and Hagelberg'® report a dissociative adsorption en-
ergy of —0.06 eV, but they conclude that the adsorption of
the methanethiol is nondissociative since the nondissociative
structure of methanthiol displays a higher adsorption energy
than the dissociative one by 0.6 eV. They also found the Au-S
bond length to be 2.45 A. The nondissociative adsorption of
CHj3S—H has been observed experimentally by Maksymovych
et al.*’ using scanning tunneling microscopy (STM).

The difference between adsorption energies for (110) or
(100) and (111) is found to be 0.14 eV and 0.42 eV, respec-
tively. These values are in excellent agreement to 0.13 eV and
0.43 eV, respectively, reported by Masens et al.’

Having established the validity of our method for pla-
nar surfaces where several experiments and simulations have
been reported, we now proceed to the study of thiolate ad-
sorption on stepped and kinked Au surfaces.

Au(210), Au(310), and Au(320): According to the stereo-
graphic triangle*® of the fcc system, these three stepped sur-
faces coexist along the same direction, travelling from the
(100) to the (110) corner. Hence, (310) can be referred as
3(100)x(110), while (210) is on the so called turning point of
the zone, where steps and terraces are indistinguishable, and
can be referred to both as 2(100)x(110) and 2(110)x(100).
(320) consists of 3-atoms wide (110) terrace and (100)-like
step. On (310), CH3S prefers a bridge site between a step-
edge and a step-bottom atom, with coordination number 7 and
adsorption energy —0.59 eV. On (210) and (320), the most
stable configurations found for two bridge sites, one between
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a step-edge and a step-bottom atom and one between a step-
edge and a terrace atom, both with average coordination num-
ber z = 7.5. The difference between the adsorption energies
is less than 0.05 eV. The adsorption energy for the most sta-
ble of them is —0.54 eV for (210) and —0.51 eV for (320).
In all cases, the on-top site was found to have less exothermic
adsorption energy by about 0.30 eV.

Au(211), Au(311), and Au(322): (311) is a surface on the
turning point of the stereographic triangle and thus can be re-
ferred as a 2-atoms wide (100) terrace separated by (111)-like
step or 2-atoms wide (111) terrace separated by (100)-like
step. It has step-edge atoms with z = 7 and step-bottom atoms
with z = 10. (211) and (311) are referred to as 3-atoms and
5-atoms wide (111) terrace and (100)-like step, respectively.
Au(211) is a typical stepped Au surface, and we commenced
our study with this system. We considered about 15 differ-
ent adsorption configurations to ensure that all low-energy ad-
sorption geometries are taken into account. The preferred one
is a bridge site between two step-edge atoms with z = 7 each,
having the methyl group above the lowest terrace and the hy-
drogen atoms in such a way that one hydrogen is towards the
lower terrace and the other two away from it. The adsorption
energy for this configuration is —0.75 eV. There are also two
metastable states. One with the methyl group rotated along
the S—C bond, having two hydrogen atoms towards the lower
terrace and one away from it, with E,4 = —0.73 eV and an
other one with the methyl group above the upper terrace with
E.is = —0.72 eV. The hollow site was found to be highly un-
favourable. That it finally relaxed to a step-bridge site. The
adsorption energy changes only by 60 meV upon doubling
the area of the unit cell, proving that at low-coverage the ad-
sorption energy is independent of the coverage.

Au(221), Au(331), and Au(332): These three surfaces
consist of 3-, 4-, and 6-atoms wide (111) terraces, respec-
tively, separated by (111)-like step edge. The step-edge atoms
have 7 neighbours, the terrace atoms 9, and the step-bottom
ones have 11. The adsorption energy is —0.72, —0.68, and
—0.64 eV, respectively, for a bridge site with the S atom be-
tween two step-edge atoms and the methyl group above the
lower terrace. Bond lengths of Au—S and S—C and the angles
Pau—s—au and Oa,_s_c are very close to the average values.

Au(321) and Au(421): These are kinked surfaces, i.e.,
contain regular nonlinear steps. The step edge of (321) con-
sists of 2-atoms wide (100) and 2-atoms wide (111). The step-
edge atoms have 6 or 8 neighbours alternately. The CH3S
binds on a bridge site between two atoms with 6 and 8 neigh-
bours, with —0.75 eV energy. The step edge of (421) consists
of 3-atoms wide (100) [one atom wired than (321)] and 2-
atoms wide (111). The step-edge atoms have 6, 7, and 8 neigh-
bours alternately. The CH3S binds on a bridge site between
two atoms with 6 and 7 neighbours, with E 4z = —0.79eV. In
both cases, the (111) terrace consists of atoms with 9 neigh-
bours terminated by step-bottom atoms with 10 or 11 neigh-
bours. Here, also, bond lengths of Au—S and S—C and the
angles Pay—_s_au and Oay_s_c are very close to the total aver-
ages.

It is well established that E,4; for O and CO adsorp-
tion on Au is a linear function of the coordination number,
z, of Au atoms.?*4>3% To investigate whether this trend also
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FIG. 2. Dissociative adsorption energy of CH3S—SCH3 on Au(kkl) as a
function of the Au coordination number, z, and its linear fit.

holds for thiolates, we plot in Fig. 2 the adsorption energy
as a function of z. Although a general trend for increase of
E .4 with increasing z can be deduced from Fig. 2, a clear
linear dependence was not found. Nevertheless, the average
adsorption energies for each z can be fitted nicely to a straight
line. Apparently, the CH3S—Au bond depends on many pa-
rameters, and not just the coordination number. For exam-
ple, such a parameter could be the d-band center of the sur-
faces. However, the d-band model is not readily applicable
to Au surfaces, as Au atoms have filled d shells. Indeed,
our calculations show little correlation between the center of
the d-band and methanethiol adsorption energy. For compar-
ison, a linear dependence between these two quantities has
been established for a multitude of other systems.’' To get
a qualitative description of bonding to Au, one needs to ap-
ply the more general Newns-Anderson model. Larsen et al.>?
used this general theory to explain calculated adsorption en-
ergies of H, O, Li, and F on small Au clusters. However, ad-
sorption of larger molecules, such as thiolates, is more com-
plicated. In this case, electrons can be transferred not only
around the adsorbate-metal bond but also in other parts of the
molecule. It would have been very difficult to gain insight into
this problem without using detailed density-functional theory
simulations.

Thiolates prefer bridge sites in all cases. In particular, for
Au(111) our minimum energy adsorption geometry is identi-
cal to that presented by Hayashi et al.*® and by Maksymovych
et al.*’” The on top site was found to be the most unfavourable
one, followed by the hollow site. In all stepped surfaces, the
methyl part is oriented above steps and in all cases in such a
way that one of the hydrogen atoms is directed towards the
surface, whereas the other two are pointing away from the
surface. The dissociative adsorption energy per thiolate E,;
ranges from —0.15 to —0.80 eV. The bond length Au—S was
found to be (2.46 4+ 0.02) A, in agreement with experimental
values (2.42 £ 0.03) A from Ref. 14 and 2.48 A from Ref. 53
and theoretical studies between 2.46 and 2.50 A .69 11,12,47.48
The angle ¢ay—s—au Was found to be (79.9 £ 2.6)° and the
angle 6p,_s_c (107.6 £ 1.7)°, very close to the tetrahedral
structure with 109.5° that dimethyl disulfide prefers and in
good agreement with 109.7° found in Ref. 47. In all cases,
the distance between the sulfur and carbon atom was found
to be about 1.84 A in excellent agreement with 1.83 A in
Ref. 47 and 1.87 A found in Ref. 4. The lowest absolute
value for the adsorption energy (0.15 eV) is found for the
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TABLE II. Ratios of the surface tension of an Au(kkl) surface with respect
to the Au(211) surface tension, for covered with CH3S and clean surfaces.

CH3S Clean?
yo11 (J/m?) 0.53 0.81
v100/v211 1.18 1.05
Yi10/van 1.24 1.10
yin/van 1.14 0.85
y210/v2n 1.45 1.13
Y310/y211 1.39 1.12
van/van 1.25 1.07
y30/v211 1.52 1.15
ya1/yan 1.40 1.07
v3nlyan 1.10 0.94
y331/van 1.26 1.00
y3nlyan 1.16 0.92

4Reference 39.

close-packed (111) surface. On this surface, we also find the
longest Au—S distance (2.52 A).

IV. THIOLATE-COVERED GOLD NANOPARTICLES

Having calculated the adsorption energies, we now use
Eq. (4), together with Au(kkl) surface tension from Ref. 39,
to calculate the interfacial tensions of thiolate-covered gold
surfaces. Using Eq. (3) with a given distance for the (W'k'l')
surface, we find the distance for the other faces. We choose
(WK'l') to be the (211) surface which is the one with the min-
imum interfacial tension. This minimum interfacial tension is
aresult of the highest absolute value for the adsorption energy
combined with a high density of steps. In Table II, we present
the ratios of the surface tension of an Au(hkl) surface with re-
spect to the Au(211) surface tension, for covered with CH3S
and clean surfaces.

By increasing the d;;; distance, we construct nanoparti-
cles of increasing diameter. For each one of them we find all
dpy and thus construct the Wulff polyhedron. Then we fill it
with atoms in the fcc lattice and create an atomistic model of a
nanoparticle. Two orthogonal unit cell bases for the fcc lattice
of gold are used, one with an atom in the center and an other
one without. We constructed more than 30 000 nanoparticles
with diameters up to 40 nm. Only a few thousands of them
are unique and less than a hundred are in agreement with the
continuous Wulff polyhedron.

@ (211) (] (100)

FIG. 3. Wulff construction for a thiolate-protected Au nanoparticle. The
shape consists almost entirely of (211) faces.

J. Chem. Phys. 138, 064702 (2013)

FIG. 4. Atomistic Wulff construction for thiolate-covered gold nanoparticles
at 5.0 and 14.2 nm, respectively. Grey atoms are Au atoms at edges or corners.

The thus constructed shape might deviate from the ther-
modynamic limit at small sizes, as some faces might be too
small to accommodate a unit cell. At the thermodynamic
limit, thiolate-protected gold nanoparticles are almost totally
dominated by the (211) surface with a very small amount of
(100). In Fig. 3, the equilibrium shape at the thermodynamic
limit is shown. This shape is close to a deltoidal icositetra-
hedron. In Fig. 4, we present atomistic models of the Wulff
construction for two different sizes. The nanoparticle with di-
ameter of 14.2 nm is identical to that at the thermodynamic
limit. Smaller nanoparticles do not have (100) faces, as this
area is smaller than the minimum unit cell of (100). This
is the case for all nanoparticles smaller than 14.2 nm. In
Table III, we present characteristic values for the nanoparti-
cles in equilibrium, including diameter d in nm, number of
the atoms in corners N, edges N,, surfaces N, and total N,.
We also present the surface area in nm?, the volume in nm?,
the active site density N, in umol/g assuming that step-edge
atoms are active and the faces appearing for each nanoparticle
with the percentages due to the total area for each one face.

Although our method is valid for large nanoparticles and
for low coverage, nanoparticles shown in Fig. 4 compare very
well to state-of-the-art simulations of the Aujp(p-MBA)4y
cluster by Walter e al.'” In that work, a very high cover-
age is considered and Au adatoms bonded to two S atoms are
present. When comparing the Au core (Au atoms except the
adatoms), as depicted in Fig. 1 of Ref. 17, we find a surpris-
ing similarity: In both cases, Au atoms form three-atom-wide
(111)-like terraces which are separated by monoatomic steps.

gt e
r it {35338

dl =

~

wee

,
2
Caries

FIG. 5. (Left) Model of a typical Au nanoparticle (d ~ 10 nm, ca. 22750
atoms) in non-interacting environment (sphericity = 89%, 78 pwmol of active
sites per g) (Right) a same size thiolate-protected gold nanoparticle (spheric-
ity = 95%, 299 umol of active sites per g). Step and kink atoms are shown
in darker color.
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TABLE III. Characteristic values for the stable nanoparticles, including diameter, d, of the Au core in nm, number of the atoms in corners N, edges N,,
surfaces Ny, and total N, the surface area in nm?, the volume in nm?, the active (step) site density N, in mol/g, and the faces appearing for each nanoparticle

with the percentages due to the total area for each one face.

d Area Volume Nyet

(nm) N, N, N; N; (nm?) (nm?) (umol/g) Faces

5.02 26 312 456 2461 62 42 644 (211) (100%)

10.45 60 1344 2352 22798 278 404 299 (211) (100%)

14.21 44 2664 4830 63511 553 1135 211 (211) (98.5%) (100) (1.5%)
19.23 44 4728 8742 149779 984 2691 159 (211) (99.1%) (100) (0.9%)
24.24 44 7368 13806 291631 1539 5257 127 (211) (99.5%) (100) (0.5%)
29.26 44 10584 20022 502891 2217 9086 106 (211) (99.6%) (100) (0.4%)
34.28 44 14376 27390 797383 3018 14428 91 (211) (99.7%) (100) (0.3%)

Comparing the shapes for gold core of thiolate-protected
gold nanoparticles with gold nanoparticles in inert gas,*® we
find that the shape changes upon exposure to thiolates towards
higher symmetry. An example is shown in Fig. 5. A gold
nanoparticle with approximately 10 nm diameter, increases
its sphericity from 89% in inert gas to 95%. The sphericity>*
of a nanoparticle equals 7'/3(6V)*3/A, where V is the vol-
ume and A is the area of it; characteristic values are 81% for
a cube, 85% for an octahedron, and 100% for a sphere. Such
shape change upon exposure to reactive environment is very
common for Au nanoparticles.3-57

Thiolate-protected Au nanoparticles might be much more
reactive compared to Au nanoparticles in weakly interacting
environment. As a rough measure of activity, we consider the
density of step-edge atoms. It has been found that underco-
ordinated Au atoms have increased chemical activity.’®>° Of
course, turnover for particular reactions will also depend on
lateral interactions between adsorbates and thiolate species.
In the case of very strong repulsive interactions, thiolate ad-
sorption on Au might even result in decrease of Au reactiv-
ity. However, for reactions involving small molecules, such as
CO oxidation, and for small thiolates at low coverage, such
as those considered in this work, thiolate-protected Au is ex-
pected to be more reactive than a bare Au nanoparticle. Fol-
lowing the catalysis convention, we present in Table III the
values of N, which is the number of pumol of active sites
per g of material. This number can be of the order of 103 for
nanoparticles of the order of 3 nm used in catalysis and drops
down to 10? at diameters of a few tens of nm. Interestingly,
for a nanoparticle of 10 nm N, increases by a factor of 3.8
upon exposure to thiolates (see Fig. 5).

V. CONCLUSIONS

Adsorption of thiolates on 14 different Au(hkl) surfaces
at very low coverage is studied as first step towards modelling
encapsulated Au nanoparticle. A systematic study of adsorp-
tion of CH3S on Au reveals that bridge sites are preferred in
all cases. Several metastable configurations exist for each par-
ticular Au(hkl). Step edges show adsorption energies of —0.6
to —0.8 eV, while terraces have —0.5 eV or higher. Kinked
sites do not show significantly stronger binding than step sites.
The interface tension between Au(hkl) and thiolates at very
low coverage has a strong dependence on the orientation of

Au surface. Large thiolate-protected Au nanoparticles expose
mostly (211) faces and are more spherical and more reactive
than Au nanoparticles in weakly interacting matrices.
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