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Monolayer protected gold nanoparticles: the
effect of the headgroup–Au interaction†

J. A. Olmos-Asar,‡ab M. Ludueña‡a and M. M. Mariscal*a

In this work we present an atomistic simulation study analyzing the effect of ligand molecules on the

morphology and crystalline structure of monolayer protected gold nanoparticles (NPs). In particular, we

focused on Au NPs covered with alkyl thiolates (–SR), which form a strong covalent bond with the

Au surface, and alkyl amines (–NH2R), which physisorb onto gold. The atomic interactions between

gold and the head groups of ligand molecules were represented by means of a recently developed

bond-order potential [Olmos-Asar et al., Phys. Chem. Chem. Phys., 2011, 13, 6500]. We found in the

case of strong passivants (i.e. –SR) significant surface damage and/or amorphous-like structures,

whereas soft passivants (–NH2R) do not produce almost any distortion in the crystalline structure of the

metallic NPs. The enriched coverage degree related to flat surfaces is also discussed. We have also

demonstrated that the new semi-empirical potential can reproduce low-coordinated adsorption sites,

unlike usual pairwise classical potentials. In general, our simulations provide a direct observation of the

structure of ligand protected gold nanoparticles.

Introduction

Interest in small metal clusters, nanoparticles (NPs) and
nanoalloys has progressively grown in the past decade.1 Probably
the most relevant property of these nanomaterials is the large
area-to-volume ratio. It implies that a large part of the material is
in direct contact with the environment.

The general chemical synthesis principle of metal NPs is the
reduction of metal salts using appropriate reducing agents,
such as NaBH4, in the presence of ligand molecules, which
form self-assembled monolayers (SAMs) on the metal surface
and thus stabilize the NPs and prevent sintering.10 Gold
nanoparticles are definitely the most exciting systems due to
their easy preparation and chemical stability of a wide range of
sizes and the numerous areas of applications, including catalysis,
biomedicine, plasmonic and spectroscopy.2,3

Typical ligand molecules for Au NP protection are phosphine
(–PR),4–6 amines (–NH2R)7,8 and thiolates (–SR),9–12 of which the
latter are the most intensively investigated due to the strong
thiolate–gold bond with respect to phosphines and amines.

Besides the choice of the ligand and the reaction conditions,
the question is still how the atomic structure of the metal NPs is
modified or affected by the ligand adsorption and consequently
most of the mechanical, optical and electronic properties of the
synthesized NPs.

Thiolates are strong passivating agents, and due to this tight
binding, notable surface deformation is observed in thiolate-
protected gold NPs, as was recently shown by STEM-HAADF
imaging and theoretical calculations.13–15

Although studies of SAM formation of other ligands are
scarce, it is already known that amines act as softer passivating
agents on palladium and gold surfaces.16,17 For example,
differential scanning calorimetry (DSC) measurements on various
Au nanocrystals indicate that the Au–NH2R interaction is much
weaker than the Au–SR interaction.8 It is because of this fact that
less or any surface disorder is expected when covering gold NPs
with these kinds of molecules. The main advantage of this effect is
that morphology and therefore structural and optical properties
could be conserved after passivation.18

Another reason for using amines as protecting molecules is
that the amino group is present in a large part of biological
molecules, such as amino acids and DNA. Gold NPs could be
used for transporting these molecules into the human body,
and then, because of the soft binding, they could be easily
desorbed near the target.19

From a theoretical approach, density functional calculations
(DFT) are within the most reliable methods, due to the explicit
inclusion of electronic interactions between species. Neverthe-
less, due to the complexity of the calculation and computational
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cost, small systems of about hundreds of atoms can be considered.
When finding stable structures, 0 K-local minimizations are usually
performed, and in many cases, the results obtained strongly
depend on the initial set of coordinates. Moreover, concerted or
dynamical processes are not always taken into account. When
simulating the dynamics of the system at finite temperature (within
the electronic structure framework) short simulation times can be
handled, of the order of some picoseconds.

When simulating the passivation of NPs the system consists
of the metal and an excess of capping agent. If real size systems
are going to be treated, thousands of atoms must be taken into
account. Classical simulations are a first solution, since systems
of these sizes can be handled, and simulation times of the order
of nano- and even microseconds can be performed.

The aim of this work is to study the effect produced by the
adsorption of strong (thiolates) and soft (amines) ligand molecules
on the structure of gold NPs of different sizes. Langevin dynamics
were used to describe the motion of all atoms. The semi-empirical
potential developed in ref. 22 was used, but now re-parameterized
to represent amine–gold interactions.

Simulation method

The process of passivation of Au NPs was performed by means
of Langevin dynamics (LD) simulations at 300 K. LD is a
method that extends molecular dynamics to represent the effect
of perturbations caused by friction and eventual collisions
occurring due to the presence of a solvent (the molecules in
real systems hardly are under vacuum). For doing so, it makes
use of stochastic differential equations, adding two terms to the
Newton’s second law to approximate the effects of neglected
degrees of freedom: one term represents a frictional force and
the other a random force. On the other hand, temperature can
be controlled, approximating the canonical ensemble. Although
it does not fully represent an implicit solvent (electrostatic
screening and hydrophobicity), it mimics the viscosity of the
medium, in our case with a friction coefficient of 50 ps�1. The
chosen time-step was one femtosecond. The results were taken
after two nanosecond runs, performed using a home-made code.

Au–Au interactions were simulated under the Second
Moment approximation of the Tight-Binding (SMTB)20 which
takes into account the many-body character of the metallic
bonds. Intra- and intermolecular interactions of ligands were
simulated under the Universal Force Field21 approximation
within the united atom method, using the same potential
parameters as reported in ref. 22, which have been previously
reported to reproduce the carbon chain behavior when simulating
thiolates onto gold (see for example: Hautman,23 Liu,24 and
Mahaffy25). These interactions include bond stretching, bond
bending, torsional and dispersion forces. For the last ones a
cut-off of 1 nm was used.

It was previously reported that alkyl-amines adsorb preferentially
with the head group (NH2) on-top sites onto flat gold surfaces.26

Pair-wise potentials (like Morse or LJ) fail to reproduce these
low-coordinated adsorption sites, and usually over-coordinate

the involved species.27 For representing the NH2–Au interactions
we used the same semi-empirical potentials as in ref. 22 where
the key characteristic is that the potential parameters depend
on the bond order (coordination number) of the atoms involved
in the interaction. These parameters are obtained by means of a
fitting procedure using density functional (DFT) calculations.
The general form of the potential is:

Vmol–metal = De(nj(mol,metal))exp[�a(r � re(nj(mol,metal)))]

� {exp[�a(r � re(nj(mol,metal)))] � 2} (1)

where De(nj(mol,metal)), a, and re(nj(mol,metal)) are fitted parameters.
The parameterization procedure was the same as previously
reported in ref. 22.

Six adsorption sites were considered in the fitting scheme: three
mono-coordinated sites (on-top a flat [111] surface, a flat [100]
surface, and onto ad-atom on a [111] surface), one bi-coordinated
site (the bridge position onto a flat [111] surface), one tri-
coordinated site (the hollow position onto a flat [111] surface)
and one tetra-coordinated site (hollow onto a flat [100] surface).
On these sites, the equilibrium position and adsorption energies
were obtained using DFT/GGA within the effective core potential
approach and using the double z-polarization basis set and the
DMOL3 code.28 Adsorption energies are calculated as:

Eads = EAu–molec � EAu � Emolec (2)

where EAu–molec is the energy of the system, EAu is the energy of
the bare substrate, and Emolec is the energy of an isolated
molecule, as well as equilibrium distances and bond orders
obtained are shown in Table 1. Chosen cut-off radii for the
bond order calculation were C1 = 3.55 Å and C2 = 3.80 Å (see
ref. 22 for additional details).

For each site the parameter was fitted to reproduce the
adsorption energy calculated using DFT and interpolated
through cubic splines, as explained in ref. 22. The S–Au
interaction was also represented using the developed potential,
and parameters were taken from a previous work.22 In Table S1
(ESI†) the fitted De and re parameters are reported for thiolates
as well as for amines on gold surfaces.

Aside from density functional calculations, most of the
computer simulations performed to study the adsorption of
alkanethiols on gold surfaces have been tackled using simple
pairwise Morse potential25,27 or the Hautman–Klein (12–3)
potential.23,29,30 However, very recently two new DFT-based
potentials were reported for S–Au interfaces31,32 both showing

Table 1 Selected configurations for the parameterization procedure of
the amine–gold potential. Adsorption energies in eV, equilibrium distances
in Å. NH2 and Au bond orders are also shown

Adsorption site Ead/eV re/Å BO (NH2) BO (Au)

On-top Au(111) �0.54 2.45 1.0119 9.0000
On-top Au(100) �0.58 2.38 1.3730 8.0000
Bridge Au(111) �0.27 3.23 2.0000 9.0000
Hollow Au(111) �0.26 3.41 3.0000 9.0000
Hollow Au(100) �0.27 3.58 3.9255 8.0000
Top ad-atom Au(111) �1.21 2.23 1.0000 3.0000
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very good agreement with experimental results on flat surfaces
and Au clusters, respectively. Nevertheless, none of these were
parameterized for NH2–Au bonds.

In summary, the potential energy of the complete system
was obtained according to:

Etot = EAu–Au + ES–Au + ENH2–Au + Estrech + Ebend + Etors + ELJ (3)

where the first term refers to metallic interactions (SMTB
potential), the second and third to headgroup–metal interactions
(developed Morse-like potential), and the rest to inter- and
intramolecular interactions (UFF).

The simulated annealing technique was used to find local
minima configurations of single-molecules on perfect flat
surfaces. In this procedure, the temperature was linearly
increased from 250 to 550 K with a rate of 10 K ns�1, and then
exponentially decreased to 0.5 K. The (111) perfect flat surface
was simulated as a four layer (15.0 Å � 17.3 Å) slab periodically
replicated in the x and y (parallel) directions to simulate an
ideal infinite substrate and with enough vacuum in the z
(perpendicular) direction to avoid interactions between periodical
images.

Results and discussion
Structural order – LD simulations

In order to test the parameterization and scope of the amine–
gold potential, first of all we calculated the adsorption energy of
dodecylamine onto perfect flat gold surfaces under low coverage
conditions (no interaction with other molecules).

With our semi-empirical calculations we have found that
when a unique molecule is adsorbed onto the surface, the most
stable adsorption site is the mono-coordinated on-top position,
as is predicted by DFT calculations. We would like to remark
that simple pairwise potentials are not capable of reproducing this
low-coordinated site. Moreover, they tend to overcoordinate the
NH2 group. We emphasize that this is an important goal of our
interatomic potential and confirms its transferability to other similar
molecule–metal systems without altering the functional form.

We have also determined the maximum coverage degree (y)
of dodecylamine onto a flat unreconstructed Au(111) surface.
This quantity has been defined as the ratio between adsorbed

molecules (Nads
mol) and surface gold atoms (Nsurf

Au ), y ¼ Nads
mol

Nsurf
Au

. To

achieve this, an increasing number of molecules were added to
the simulation cell, always working under periodic boundary
conditions. For each coverage, the adsorption energy per mole-
cule was obtained. The most stable monolayer found was the
one corresponding to a coverage degree of y = 0.33, which is theffiffiffi

3
p
�

ffiffiffi
3
p� �

R30� superlattice (see Fig. S1, ESI†). This is the same
superlattice found for SAMs of alkanethiolates onto unrecon-
structed perfect gold surfaces.12 The main difference between
surfaces protected with these two passivants is that, in the case
of amines on gold, all molecules are adsorbed onto mono-
coordinated sites, whereas thiolates are adsorbed onto a hybrid
site between bi- and three-coordinated ones, the well-known

bridge-fcc site reported for alkyl-thiolates on unreconstructed
Au(111) surfaces or the ‘‘staple motif’’ structure depending on
the coverage degree and alkyl chains used (see ref. 12, for the
state-of-the-art on the topic). For the case of flat Au(100)

surfaces the potential reproduces the squared
ffiffiffi
2
p
�

ffiffiffi
2
p� �

R45�

superlattice which corresponds to a coverage degree of y = 0.50
(see Fig. S1, ESI†).

In order to compare the effect of the strength of the ligands
on the structure of icosahedral NPs(AuIco

N ) of different sizes
(1.3–3.3 nm) the metal substrates were brought in contact with
an excess of molecules of each type: dodecanethiolates, strong
passivants, and dodecylamines, soft passivants, in a similar
procedure to that used in ref. 22. In Fig. 1 the atomic structures
before and after passivation are shown for AuIco

55 , AuIco
147, AuIco

309

and AuIco
561 NPs. At first sight, the atomic structure of amine

protected Au NPs seems to be unaffected by the ligands,
whereas in the case of thiolate-protected NPs, a strong deformation
of the bare geometry occurs, in particular for the smallest NPs, where
the crystalline structure practically vanished. The same tendency was
obtained when thiols or amines adsorb on single-crystal fcc Au
nanoparticles, some selected snapshots of the obtained structures
are shown in Fig. S2 (see ESI†). It is noteworthy to mention that
the AuIco

55 structure exhibits a structural transition from a fcc to
icosahedra even with the adsorbed amine molecules (see Fig. S3,
ESI†). As is very well known, small size naked cuboctahedral
structures exhibit this kind of transition,33 and the effect of
amines appears insensitive to this process. This phenomenon
has been observed previously for Pt55 clusters.34

It was previously reported, by means of aberration corrected
STEM-HAADF images,13 that gold nanoparticles passivated
with dodecanethiolates are strongly distorted when the NP
diameter is smaller than 1 nm. For larger NPs (the diameter
between 1 and 4 nm), closer inspection of the aberration
corrected STEM analysis revealed the existence of ad-atoms
on the NP surface. This effect can be understood in terms of the
strong covalent bond formed between the thiolate groups and
surface gold atoms. Very recently it has been confirmed by
means of ab initio MD that Au38 and Au147 clusters protected by
nCH3SR present an amorphous-like structure.35,36

As expected from previous energetic considerations, when
the passivating agent is weaker, as is the case of alkylamines,
we did not find significant distortions in the crystalline struc-
ture of the gold nanoparticles after molecular adsorption, not
even in the smallest ones (Au55). We quantified this fact using
the pair distribution function gr(r) defined as:

grðrÞ ¼
V

N2

XN
i

XN
jai

d r� rij
� �* +

(4)

where N is the total number of atoms, V is the volume, rij denotes
the distance between atoms i and j, and the brackets represent a
time average. The gr(r) function gives the probability of finding
two atoms of any type separated by a distance r, and it allows the
characterization of the lattice structure before and after passiva-
tion and to compare them. In Fig. 2 the gr(r) calculated for Au–Au
atom pairs of bare and passivated AuIco

N is shown. As can be seen,
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in the case of bare NPs (black lines), an ordered structure is
observed, where peaks corresponding to the first, second, third
and fourth neighbors are very well defined. When adding
thiolates to the system, the structural disorder is evident. The
smaller the NP diameter, the stronger the effect. In contrast,
addition of alkylamines does not modify noticeably the shape of
the pair distribution function, which indicates that the metal
substrate remains with its original arrangement of atoms, i.e.
with the same structure of bare Au NPs. In Fig. S3 (ESI†) the gr(r)
is shown for AuIco

N NPs.
In order to gain information about the structural and

chemical composition of the NPs around its center of mass
(com), we define the radial distribution function37 as follows:

RDFðrÞ ¼ 1

dr

Xn
k¼1

d kdr� rið Þ (5)

where k is the number of increments (dr) in the distance r
measured from the com of the Au NP, and ri is the distance from
the ith-atom to the com of the NPs. Fig. 3 shows the RDF for the
same atomic configurations shown in Fig. 1. In the case of amine-
protected NPs the RDF shows three well-defined regions (gold NP,
head-groups and alkyl chains). The amino groups are placed on
the surface of the Au NPs, acting as a protective layer. The internal
structure shows very well-resolved peaks, confirming the existence
of high-ordered structures. The case of thiol-protected Au NPs is
somewhat different. For instance the RDF of Au55 shows an inter-
diffusion of S and Au atoms in the interfacial region; in addition
the Au structure (dashed line) does not show well-defined peaks,
contrary to the case of amine-protected NPs. As the size of the Au
NPs increases, a more defined S–Au interface is observed; however
in all cases, a portion of Au atoms (ad-atoms) is detected at the
thiolate layer.

Fig. 1 Atomic configuration taken from the LD simulations. (Left) bare AuIco
N NPs containing N = 55, 147, 309, and 561 atoms, (middle) amine-protected

Au NPs, (right) thiolate-protected Au NPs. (Pink spheres: Au, green: NH2, yellow: S, cian: alkyl chains.)
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HRTEM and diffraction pattern simulations

To explore the possibility of detecting experimentally our findings,
we have simulated HRTEM images using the atomic configurations
obtained after passivation and relaxation of the whole systems. The
image simulations were done using the multislice method of Cowley
and Moodie38 as implemented in the SimulaTEM code39 for arbitrary
objects. All images presented in this work were obtained with an
operation voltage of 300 keV, a spherical aberration of 0.5 mm and a
defocus spread of 3.8 nm. In Fig. 4, simulated HRTEM images are
shown for three different NP sizes, for bare (a–d–g), amine-protected
(b–e–h) and thiol-protected (c–f–i) NPs.

The simulated HRTEM images of the amine-protected Au
NPs are practically indistinguishable from that of uncapped Au
NPs. The diffraction patterns of both are analogous, confirming
the existence of the fivefold symmetry. In contrast, the smallest
thiolate-protected Au cluster (Au55) simulated shows a typical
amorphous-like structure. The largest Au NPs simulated (i.e.
561 Au atoms) show an icosahedron core surrounded by an
amorphous-like shell. As observed for most of the thiolate-
protected Au NPs a cloudy diffraction pattern is generated due
to the absence of any symmetry in the crystal. It should be
noted that the present simulated HRTEM considers no thiolate
desorption, which in the case of real HRTEM imaging may
possibly occur due to the strong interaction with the electron
beam, an effect which merits further investigation.

Coverage degree analysis

Experimentally, using a spherical model for the nanoparticle
and a footprint for a thiolate ligand of B0.214 nm2, the surface
coverage of thiolate-protected Au NPs has been reported to vary
between 0.78 and 1.08.40

Recently, a relationship between the number of ligands
molecules per Au atoms in thiolated gold NPs has been
reported.41 In their work A. Dass shows that thiolated gold
clusters display a power correlation between the number of
gold atoms and the thiolate ligands with a 2/3 scaling, which of
course is related to the number of surface atoms considering
the spherical cluster approximation.42 Mathematically, the
nano-scaling law can be written as follows:

NL = c�N2/3 (6)

where NL is the total number of ligands and N is the total
number of gold atoms. The constant c was found by linear least-
squares regression to be equal to 1.82 � 0.33 for a selected set
of thiolated gold NPs. In order to compare our results with the
nano-scaling law reported by Dass we have plotted NL as a
function of N2/3 for thiol and amine protected Au NPs in Fig. 5.
As the clusters are put in contact with an excess of passivating
molecules, some of them are not adsorbed. The remaining is
considered as the maximum number of ligands NL for this size.
The experimental results reported by Dass,41 and those obtained

Fig. 2 Pair distribution function obtained for Au–Au atom pairs. Black curves: bare Au NPs, green: amine-protected NPs, orange: thiolate-protected
NPs. The numbers inside each graph correspond to the number of gold atoms in the AuIco

N NP.
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recently by Negishi et al.43 for Au130(SR)50 and Au187(SR)68 and by
Qian et al.44 for Au333(SR)79 are also plotted for comparison.

The constant c was calculated by linear least-squares regres-
sion, and the obtained values are: 1.68 for RS–Au NPs, 1.77 for

NH2–Au NPs and 1.72 considering all experimental results
plotted in the figure. Note that the difference in the c value of
our fitting of the experimental data with respect to that
obtained by Dass is due to the number of points introduced,

Fig. 3 Radial distribution functions for amine- (left) and thiol- (right) protected Au NPs of (upper to lower) 55, 147, 309 and 561 Au atoms respectively-
dashed (olive) lines: Au, full (blue) lines: NH2, full (red) lines: S and dotted (grey) lines: alkyl chains.
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i.e. we have included the new results reported in ref. 43 and 44.
It should be noted that our c constant, is in line with the
experimental results (within the experimental error).

It should be noted that the coverage degree in quasi-
spherical nanoparticles depends on the radius and curvature,
as previously reported.10,45 The limit will be planar surfaces in

which lateral interactions between chains and head-groups are
maximized.

We have also considered the effect of the coverage degree on
the crystalline structure of gold NPs in order to determine how
the number of ligand molecules affects the initial structure. In
Fig. 6, several snapshots taken at different coverage degrees
during the LD simulation are shown. As can be observed, when
the number of ligands NL is small with respect to the number of
Au surface atoms, i.e. there is a poor interaction between
thiolate molecules, surface disorder is not observed. However,
when two or more thiolate molecules attach close together, in a
cooperative adsorption mechanism, a strong disruption of the
surface crystalline structure is observed, (see Fig. 6b and c). It
can be thought as a competition between forces: lateral Au–Au
interactions against S–Au perpendicular pulling. The strength
of both forces is similar (especially when thiols are adsorbed on
surface defects or undercoordinated sites). When the number
of ligands is increased, those perpendicular metal–headgroup
interactions start to be of higher relevance, and Au–Au inter-
actions are not able to keep the crystalline order and spherical
geometry characteristics of bare nanoparticles. When the pull-
ing is strong enough, more defects are created, which induce
adsorption on these favorable sites, leading to the appearance
of more ad-atoms and so on. The result is that, at high coverage
very strong distortions are observed, but not necessarily when a
few molecules are attached.

Fig. 4 Simulated HRTEM images for bare Au NPs (left), amine-protected Au NPs (middle) and thiolate-protected Au NPs (right). Insets: simulated
diffraction patterns of each image. The length of the reference red bar is 1 nm.

Fig. 5 Number of ligand molecules (black: thiolates, blue: amines) as
a function of the number of surface atoms N2/3 using the spherical
cluster approximation. Experimental results (red) are also shown for
comparison.
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Conclusions

In the present work we have performed atomistic classical simula-
tions to study the influence of ligand molecules on the final
structure of gold nanoparticles. Although it is true that in the case
of the smallest systems quantum effects could play an important
role in the description of electronic levels and molecular bonding,
we would like to remark that the sizes of the considered systems
(about 100–1000 atoms) are practically untreatable (dynamically)
using a higher level approach, at least using actual computational
resources. We believe that the information that can be acquired
with these semi-empirical approximations is highly valuable and
can give first answers when studying these kinds of systems. In all
cases, we employed nanoparticles with sizes and shapes that can be
directly compared with experimental ones.

We have found that the semi-empirical potential developed
previously by Olmos-Asar et al.22 is able to reproduce low-
coordinated adsorption sites, a situation that is not possible
to obtain with normal pair-wise potentials.

We have found that ligands strongly bonded to Au produce a
distortion in the crystalline structure of NPs. On the other
hand, soft ligands, as it is the case of amines, conserve the
morphology and crystallinity of Au NPs after passivation.

We believe that managing the strength of the passivant,
different applications of capped NPs can be exploited. For instance,
when protecting the metal core, simpler synthesis methods are
required, or larger coverage degrees are desired, strong passivants
can be the best option. On the other hand, if the crystalline
structure of the metallic core is desired, or facile removal of ligands
is necessary, softer passivants may be preferred.

Finally, the possibility of tuning the ratio of different ligand
molecules, for instance thiolate and amines, will open the
opportunity to control in a more precise way the properties of
small gold nanoparticles, as was recently reported for palladium
NPs.46 In this sense, low-voltage operated STEM47,48 and HR-STM49

appear to be promising characterization techniques to study
monolayer protected Au nanoparticles of small size.
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