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Fluxionality of gold nanoparticles investigated by Born-Oppenheimer molecular dynamics
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The structure and electronic properties of gold nanoparticles (Au 12, Au 13, Au 14, Au 15, Au 20, Au 34,
and Au 55) have been investigated using Born-Oppenheimer ab initio molecular dynamic simulations of 50 to
80 ps in order to have an insight in the recently proposed fluxional character of nanosized gold. The dynamic
changes in shape, symmetry, and atomic coordination of atoms within clusters, occurring in the time scale of
picoseconds, which are characteristic of fluxionality, have been investigated for all the above systems at 300 K.
Except for Au 20, all systems have been found to have fluxional properties. The extent and the type of fluxional
behavior changed according to the number of atoms constituting the particle. At 300 K Au 12 and Au 13
rapidly generate several different topologies which cyclically interconvert. Au 14 shows a rotation of 8 external
gold atoms around a core of six atoms. Au 15 is more rigid, but interestingly shows the interconversion
between enantiomeric structures within the time scale of the simulation. Au 20 shows a high stability of the
pyramidal topology and is the only one of the investigated systems not to show fluxionality within the assigned
temperature and time scale. Au 34 and Au 55 show fluxionality of the outer shell and within the sampled time
scale are able to change coordination of the outer shell atoms and thus open and close surface holes. For all the
particles in study the structures forming the local minima were isolated and separately optimized, and the
electronic properties of the thus obtained structures were analyzed.
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I. INTRODUCTION

There has been a great interest for the chemistry and
physics of metal nanoparticles in recent years.'=3 In particu-
lar the chemistry of small gold particles has attracted
much attention and its theoretical properties have been ex-
tensively reviewed.*’ Such interest originates from several
reasons: the special catalytic activity of small clusters as
compared to larger ones,® ' possible application in the
building of nanoscale devices,!'~!? the special properties as
semiconductors,'*!> biosensors,'® electrodes,!” and their op-
tical properties.'®!®!° In general when the dimensions of
metal particles are reduced to a size comparable to that of the
constituent atoms, their electronic structure deviates dramati-
cally from that of the bulk metal. This phenomenon has very
relevant effects on both physical and chemical properties of
the metal.'#?02! In the field of catalysis one particularly
striking phenomenon underlying the special properties of
size and shape dependence of materials is the ability of finely
dispersed gold to catalyze oxidation reactions.?>?* Bulk gold
is in fact extremely inert and has been known and used as
such throughout the history of materials. The inertness of
bulk gold is the origin of the so-called “nobility,” or resis-
tance to oxidation, of this metal. An interesting theoretical
basis for the nobility of gold has been given by Hammer and
Ngrskov based on electronic structure calculations,* while
other theoretical and experimental studies have investigated
the origin of the decrease in nobility of gold.>>?¢ Several
studies have been published that aim at understanding the
origin of the special reactivity of nanosized gold particles
toward oxygen,?!>>27-34 but one of the keys to the under-
standing of the peculiar reactivity of small gold clusters lies
in its fluxional character, since structural isomers are in prin-
ciple able to adapt their structures toward the most favorable
free-energy path.>>3 Nonetheless only few contributions are
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present in the literature concerning the fluxionality of gold
particles. 3% In general, a detailed understanding of the re-
lation between structure and properties of gold nanoparticles
could lead to the tailoring of electronic properties such as
optical, redox, and chemical behavior.

Born-Oppenheimer molecular dynamics (BOMD) is a
very refined tool for the theoretical investigation of dynami-
cal phenomena in metal cluster.?>*-*? In the present inves-
tigation we have studied the dynamics of interconversion, the
structural and electronic properties of gold nanoparticles in
the size range of 0.5-1.0 nm (Au 12, Au 13, Au 14, Au 15,
Au 20, Au 34, and Au 55) using BOMD. Nanosized gold
particles have been shown to possess a range of structures
lying in a close energy range and to be fluxional at
room temperature in the time scale of a few tens of picosec-
onds. The remarkable property of fluxionality for gold
nanoclusters®®38 is consistent with the structural instability of
ultrafine metal particles observed by Iijima and Ichihashi and
by Ajayan and Marks.*** In our study fluxionality in the
picoseconds regime, corresponding to the time scale of
chemical reactivity, has been described for all the investi-
gated systems, and local minima associated with specific
numbers of atoms have been isolated and their geometrical
and electronic properties have been analyzed and discussed.

II. COMPUTATIONAL METHODS

Gaussian and plane wave (GPW) formalism*># as imple-

mented in the CP2K code*’ has been used for the BOMD
simulations and for geometry optimizations within the same
level of theory in terms of Hamiltonian, basis sets and
pseudopotentials. In addition zero-order regular approxima-
tion (ZORA) relativistic Hamiltonian*®*° has been used as
implemented in the Amsterdam density functional (ADF)
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code for geometry optimizations and the study of relativis-
tic effects on cohesion.

A. Gaussian and plane-wave calculations

We use the latest implementation of the GPW formalism
in the quickstep module of the CP2K program package, a
suite of programs aimed at performing efficient electronic
structure calculations and molecular dynamics at different
levels of theory.”! The Kohn-Sham orbitals are expanded in
terms of contracted Gaussian type orbitals (GTO),

Yi(r) = 2 Copa(r), (1)

where ¢; is the molecular orbital corresponding to the i-th
Kohn-Sham state, {¢,} are the basis set functions, and {C,;}
the expansion coefficients. The auxiliary PW basis set is,
instead, used only to expand the electronic charge density for
the calculation of the Hartree potential. In order to limit the
number of PW functions, the interaction of the valence elec-
trons with frozen atomic cores is described via the use of
norm-conserving, dual-space-type pseudopotentials.> In par-
ticular, we used a pseudopotential (PP) including all the elec-
trons up to the 5p levels in the core, thus treating the 11
electrons, corresponding to the 5d and 6s levels, explicitly in
the valence. The GTO basis set has been optimized for the
specific Au-PP. We found that the double-{ valence basis set,
based on the Mol-Opt method>? is apt for the description of
gold. For the auxiliary PW expansion of the charge density,
the energy cutoff has been set at 180 Ry. The exchange and
correlation term was modeled using the Perdew-Burke-
Ernzerhof (PBE) functional.>* For the solution of the self-
consistent field (SCF) equations, we used an optimizer based
on orbital transformations, which scales linearly in the num-
ber of basis functions.’® It has been already demonstrated
that this optimization algorithm, in combination with the
GPW linear scaling calculation of the Kohn-Sham matrix,
can be used for applications with several thousands of basis
functions.”® Geometry optimizations have been carried out
using the Broyden-Fletcher-Goldfarb-Shanno minimization
algorithm,-°! and the structures have been optimized until
the atomic displacements were lower than 3 X 10~ Bohr and
the forces lower than 4.5 X 10™* Ha/Bohr. The clusters were
modeled by means of perfect polyhedra of increasing size
from 13 to 55 Au atoms, with icosahedral shapes. The initial
Cartesian coordinates were set according to the Au-Au dis-
tance of the bulk (2.977 A) and all the atoms were set free to
relax to their equilibrium positions. The clusters were in-
cluded into cubic cells of different sizes in order to leave
approximately 5 A of free space in the three directions of
space for each molecule, and no periodic boundary condi-
tions were applied during the molecular dynamics and mo-
lecular optimizations. Each molecular dynamics simulations
have been run for 60-80 ps. A time step of 1 fs, a wave
function convergence of 10~ guarantee energy conservation
during the dynamics. The sampling of the canonical en-
semble at 300 K is obtained by coupling to a thermostat
using the canonical sampling through velocity rescaling
scheme®? with a time constant of 1000 fs. On 16 processors
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(Sun Blade 6048 Modular Systems, each blade containing
four quadcore AMD Opteron 2380 processors, “Shanghai”
core 2.5GHz, 6 MB L3-cache, 32 GB of shared memory) 1
ps of dynamics simulation of the Au 13 nanoparticle takes
approximately 5.2 h. For Au 55 1 ps of dynamics simulation
takes approximately 39 h.

B. ZORA calculations

ZORA calculations were performed using the ADF pro-
gram package.’® The local part of the exchange and correla-
tion functional was modeled using the VWN (Vosko, Wilk,
Nusair) parameterization of the electron gas.%® For the non-
local part of the functional the PBE functional was used.>*

Relativistic effects were taken into account using a ZORA
Hamiltonian as implemented by van Lenthe et al.*®* Fur-
thermore atoms were modeled using a frozen core approxi-
mation (core electrons were frozen up to 4f for Au) where
the core was modeled using a relativistically corrected core
potential. This was calculated within an X-a approximation
(without gradient corrections) but with the fully relativistic
Hamiltonian, including spin-orbit coupling. The ZORA for-
malism requires a special basis set, including much steeper
basis functions.®* Within this basis set, a triple-{ plus polar-
ization functions basis set was used for gold.

C. Grimme correction

The effect of dispersion forces in the calculation of the
cohesive energies of gold nanoparticles was investigated us-
ing the B97-D density functional proposed by Grimme®
based on the Becke 97 power series. It was shown that the
performance of this functional for noncovalently bound sys-
tems, including many pure van der Waals complexes, reaches
the average CCSD(T) accuracy.®

D. Post processing
1. Cohesive energy

The cohesive energies (Cg,) have been calculated as the
difference between the total energy per atom and the energy
of the single atom, that is:

CEn = ECluster/NA - EAtom’

where Ec, ., 1S the total energy of the particle, N, is the
number of atoms in the particle and E,,,,, is the energy of the
isolated atom.

2. Root-mean-square displacement

The root-mean-square displacement (RMSD) was calcu-
lated using the following formula:

2= x)?
RMSD=\/ —,
Ny

where x; are the coordinates of atom i, N, is the number of
atoms in the particle, and xf are the coordinates of the refer-
ence frame.
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FIG. 1. (Color online) Three-dimensional minimum energy
structures of Au 13 that are formed during 80 ps of MD simulation
at 300 K.

3. Coordination number

The coordination number was calculated using the follow-
.66-68

ing formula:
ro\P
A 1 - <_ZL>

R
CA,B=E E — AR 7 |
i=1 | j=1 1_( "ig)
j#i
! Ryp

q>p,

where N, and Ny are the numbers of atoms involved, r;; is
the interatomic distance, and R, is the cutoff distance that
measures the bond length. p and ¢ determine the decay of the
function. The cutoff value R, was set to 3.4 A while p and
q have been set to 10 and 16, respectively.

III. RESULTS AND DISCUSSION
A.Au 13

Number 13 is the first term of the Mackay series of icosa-
hedra. Members of this series (13, 55, 147, etc.) are found by
adding a layer to the icosahedron, and the resulting numbers
of atoms are often referred to as “magic numbers,” indicating
special values that correspond to possible stable structures.
Icosahedra of this series are commonly taken as reference
structures for nanoparticles since they posses a high symme-
try, and they are the closest tradeoff between a spherical
arrangement of the atoms and the fcc structure of the bulk
solid. A molecular dynamics (MD) simulation has been run
starting from an optimized icosahedral structure of an Au 13
nanoparticle (Fig. 1(A)). The trajectory of the simulation was
studied and those structures were identified that were stable
for at least a few picoseconds or possessed a special symme-
try. These were separately optimized and actually corre-
sponded to local minima (Fig. 1, Cartesian coordinates avail-
able as auxiliary material).®® Some technical details of the
computational times involved in the dynamic simulation
have been added in the section dedicated to the “computa-
tional methods” section, in order to give an idea of their
feasibility. Figure 1 shows the five three-dimensional struc-
tures (B-F) that were found within 80 ps of molecular dy-
namics at 300 K and Fig. 2 shows the evolution of those
structures at the same temperature on a graphic of the total
energy vs time (ps) during 80 ps of molecular dynamics. The
most relevant features of the dynamics simulation are illus-
trated in the following sections.
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FIG. 2. (Color online) Evolution of the Au 13 structures during
80 ps of MD simulation at 300 K, above a plot of relative energy.
Letters A, B, C, D, E, and F refer to the structures in Fig. 1.

1. Evolution of the structures during the MD

A molecular dynamic run at 300 K caused a rapid collapse
of the symmetric structure of the icosahedron (A), and the
successive formation of five three-dimensional structures
(B-F, in Fig. 1). Approximately the first 10 ps of MD can be
considered as the equilibration time of the simulation. Dur-
ing this time the initial icosahedral structure evolves to the
equilibrated geometries. Such structures are characterized by
having a core-free or cage-like structure. The preference of
gold for cage-like structures has been noted by several
researchers. 7072

2. Fluxionality

Au 13 has a fluxional structure.>-3¥ Many local minima,
very close in energy and interconvertible through low lying
energy barriers, coexist at 300 K. The substantially flat en-
ergy observed after the first 10 ps (Fig. 2) indicates that the
structures are very close in energy, while the facile intercon-
version at room temperature shows that energy barriers be-
tween them are below KzT. This kind of behavior is charac-
teristic of fluxionality. Figure 3 shows the same scheme of
interconversion between structures, over a graphic of the
RMSD of the coordinates. It must be noted that when ana-
lyzing the RMSD we should focus on the local changes in
the graph while different heights do not necessarily represent
different structures. In fact RMSD is an average distance
from a reference conformation, the atoms of which must be
labeled. Due to fluxional behavior, the position of the labeled
atoms changes, and as a consequence the RMSD values can-
not be correlated with a particular topology, but only to a
local change in topology. It can, and indeed does occur, that
identical topologies have different RMSD value. It was thus
chosen to take structure D as reference topology because the
resulting changes in this descriptor well reproduce the pas-
sages from one structure to the other. Thus RMSD allows
following the structural evolution of Au 13 although the en-
ergy of all structures is very close.
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FIG. 3. (Color online) Evolution of the Au 13 structures during
80 ps of MD simulation at 300 K, above a graph of RMS displace-
ment. The reference structure is the one at 15 ps. Letters A, B, C, D,
E, and F refer to the structures in Fig. 1.

3. Local minima

The topologies identified in the explored conformational
basin [Figs. 1(B)-1(F)] are consistent with the minimum en-
ergy structures identified by Xiao et al.,”! who based their
investigation on a trial-and-optimization approach extended
to many guess structures. In other words starting the simula-
tion from an icosahedral geometry leads the system to the
correct set of three-dimensional (3D) minimum energy struc-
tures. This does not in principle guarantee that all the pos-
sible 3D structures are identified, but it is observed that the
ones that belong to the sampled basin [Figs. 1(B)-1(F)] have
the lowest energy (among 3D structures) within the ones
described in literature. It should also be noted that some of
the topologies within this basin are not present in the existing
literature, and that therefore our approach has allowed the
identification of some low-energy conformations for Au 13.
Nonetheless the MD simulations show that a static analysis
of the single minima is incomplete, while a dynamic descrip-
tion in terms of the coexistence of minima within a (local)
basin in a free-energy landscape provides a more accurate
picture of the cluster behavior. In fact at room temperature
Au 13 is in a liquid phase characterized by the coexistence
and continuous interconversion between all of the identified
shapes.

4. Instability of the icosahedral structure

It is striking that the icosahedral structure for Au 13 is not
a stable topology. In fact the icosahedron is a very bad guess
for Au 13, and its structure is surpassed in stability by all
others found. This can be clearly seen by the sharp drop in
the energy (Fig. 2) and by the sharp change in RMSD (Fig.
3) within the first ps of the dynamic simulation. This is in
contrast to the findings of Doye and Wales’”® using Sutton-
Chen potentials’ coupled with either Li and Scheregas’s
Monte Carlo minimizations’ or basin-hopping algorithm.
According to their investigations Au 13 icosahedron is a glo-
bal minimum, which could have been expected due to the
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fact that Sutton-Chen potentials are embedded atom model
(EAM) type potentials. DFT calculations’!7 on the other
hand are in full agreement with our findings showing that the
use of empirical potentials is still problematic for the confor-
mational study of clusters of heavy elements.

5. 3D/2D transition

A dynamic simulation of 80 picoseconds at 300 K was
able to identify several three-dimensional structures of Au
13, while bidimensional flat structures were nonaccessible
within this time scale. The conversion between two-
dimensional (2D) and 3D structures of a gold cluster requires
a high activation energy. In fact Koskinen et al.,” based on a
density-functional tight-binding model’” have calculated an
activation barrier between 2D and 3D fluxional structures of
approximately 0.8 eV at 0 K. Although lying at lower energy,
the flat conformations have low probability to be accessed
starting from three-dimensional structures. This transition
would require the sampling of a much longer time at 300 K.
We are currently investigating methods of enhanced sam-
pling to address the problem of the 2D/3D phase transition.

6. Phase-space diagrams

The structures found by molecular dynamics appear cycli-
cally. They are transformed and reformed within a time scale
of tens of picoseconds. Atoms in clusters are continuously
shuffled and change position within an even shorter typical
time. Figure 4(A) shows a diagram of a phase space defined
by a structural descriptor d, sum of the distances of the
neighboring atoms in each structure (2, ,d;;), and the energy
of each structure. It shows that not all structures are able to
interconvert. The passages, E—C and F—E are mediated
by other structures. In particular it should be noted that F,
though very close in energy to E, is never directly accessed
from E but needs to pass through structure D. And also E and
C are close in energy but do not directly interconvert. Figure
4(B) shows a diagram where the position of the structural
labels B, C, D, E, and F are arbitrarily posed on a pentagon.
The dynamic simulation starts from A (icosahedron) and
evolves irreversibly to the network of interconnections in the
graph. The dashed lines represent passages which are not
allowed. As descriptor of dynamic transformations each par-
ticle should have a unique graph of interconnections at a
given temperature.

7. Electronic properties

Table I summarizes the properties of the isolated minima
found during the dynamic simulation. Note that the second
column in the Table I gives the energy differences between
the structure and the most stable structure of the examined
series, so that increasing values reflect larger instabilities.
Thus the values of AEn provide an order to structures in
terms of their relative total energy. Icosahedral Au 13 is ca
2.6 eV less stable than the other structures and is associated
to the lowest highest occupied molecular orbital (HOMO)-
lowest unoccupied molecular orbital (LUMO) (H-L) gap and
the lowest cohesive energy while structure D has the lowest
energy. It is striking that such particles do have an H-L gap,
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indicating a strong deviation from the metallicity of the bulk.
With the exception of the icosahedral geometry the H-L gap
is virtually insensitive to the structural changes. In fact H-L
gaps are very close in energy (to less than 0.02 eV) for all the
equilibrium structures. Cohesive energies have been investi-
gated for all the minimized structures. Since it has been pro-
posed that structure and bonding in gold particles have a
large relativistic component,’®” each structure was sepa-
rately reoptimized using ZORA relativistic Hamiltonian (see
computational methods). Indeed the ZORA formalism re-
vealed higher cohesive energies, meaning that addition of
spin-orbit interaction, mass-velocity, and Darwin terms to the
Hamiltonian does add some energy to the cohesion. None-
theless also the nonrelativistic Hamiltonian associated with
the CP2K geometry optimizations and molecular dynamics
runs are in very good agreement with the ZORA results,
giving the same minimum energy structures and following
the same order in energy.

It seems that most of the energy is recovered also with the
nonrelativistic Hamiltonian. ZORA calculations regularly
give about 5% increase in the value of C.En. This is likely
due to the inclusion of the relativistic effects at the level of
the description of the pseudopotential in the CP2K calcula-
tions. Cohesive energies have also been calculated using the
B97-D density functional proposed by Grimme,% which
showed that the contribution from dispersion forces amounts
to about 2% of the total cohesive energy.

B. Au 12

The dynamic simulation of Au 13 shown in the previous
paragraph showed that the icosahedral structure is not stable,
while cage-like structures interconvert with low-energy bar-
riers. We removed one atom from the Au 13 C structure in
Fig. 1 and generated, after geometry optimization, structure
A in Fig. 5. Starting from this geometry we let the dynamic

simulation run for 80 ps, thus generating structures B to F in
Fig. 5 (Cartesian coordinates available as auxiliary
material).% Most relevant features of the particle dynamics
were: (i) As for Au 13, the conformational basin sampled
includes the most stable geometries for Au 12 according to
literature,”"%° and adds more low-energy structures to the
ones described until now. (i) As for Au 13 the particle was
fluxional and five different geometries could be generated at
room temperature within the picoseconds time scale. We
have mentioned above that the basin is the correct one (com-
prising the lowest energy 3D Au 12 structures). We should
note that according to literature structure E in Fig. 5 is the
most stable, while the MD simulation shows that at room
temperature this is simply one of the coexisting structures
which rapidly interconvert. In fact as before it would be
more correct to state that at room-temperature Au 12 does
not have a fixed topology but is in a liquid phase and its
structure oscillates between topologies that are local minima
in the reference potential-energy surfaces. (iii) Closed (B and
D) or open (C, E, and F) cages were generated. (iv) The
structural patterns found, i.e., four Au atoms displayed at the
vertices of a regular tetrahedron, were similar to those al-
ready found for Au 13, showing that there are regular pat-
terns for Au assemblies. (v) The phase-space diagram [Fig.
6(A)] has a simpler structure, with less interconnection. Also
for Au 12 lower energy structures (e.g., F) are not directly
accessible from all other but require the passage from other
transition structures. For the static properties it should be
noted that all isolated particles deviate from the metallicity
of the bulk by showing an HOMO-LUMO gap. Interestingly
the H-L gaps are larger than the ones found for Au 13. The
most stable structure (E, Fig. 5) has the smallest H-L gap but
there is no clear correlation between total energy and this
electronic indicator. The details of the electronic structures
seem dependent on the shape rather than on the total energy,
which indicates that the electronic properties are influenced
by the shape.
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TABLE 1. Electronic properties of the minimum energy structures of Au particles. The letters in the first
column refer to structures in Figs. 1, 5, 7, 10, 11, 13, and 15. The second column lists the differences of total
energies (AEn.) relative to the most stable structure (zero energy in the table); the third column lists the point
groups (PG); the fourth column lists the HOMO-LUMO gap (H-L gap); the fifth, sixth, and seventh columns
list the cohesive energy (CEn) calculated with the PBE functional, calculated with the PBE functional plus
zero order regular approximation to account for relativistic corrections (see computational methods) (Refs. 48
and 49), and calculated with the PBE functional plus the Grimme correction for dispersion forces (Ref. 65),
respectively. All energy values are in eV.

CEn CEn CEn
AEn. P. G. H-L gap (PBE) (ZORA) (Grimme)
Au 12
A 0.357 Cop 1.12 1.95 2.06 2.01
B 0.358 Coyp 1.13 1.95 2.06 2.01
C 0.190 C 1.21 1.97 2.08 2.02
D 0.102 Cy 1.13 1.97 2.09 2.03
E 0.000 Cyp 0.97 1.98 2.10 2.04
F 0.112 C, 1.33 1.97 2.09 2.03
Au 13
A 2.626 Iy 0.12 1.79 1.90 1.85
B 0.027 C, 0.20 1.99 2.10 2.04
C 0.072 Coyp 0.18 1.98 2.10 2.04
D 0.000 Cy 0.20 1.99 2.10 2.05
E 0.059 Cy 0.18 1.98 2.10 2.04
F 0.054 Cy 0.18 1.98 2.10 2.04
Au 14
A 0.000 Cop 1.55 2.05 2.18 2.11
A’ 0.596 C 0.56 2.01 2.13 2.07
B’ 0.740 C 0.90 2.00 2.12 2.06
Au 15
A 0.229 (& 0.18 2.03 2.15 2.09
B 0.020 C, 0.16 2.05 2.17 2.11
C 0.020 C, 0.16 2.05 2.17 2.11
B’ 0.000 C 0.16 2.05 2.17 2.11
c’ 0.004 C 0.16 2.05 2.17 2.11
Au 20
Ty 1.81 2.21 2.34 2.27
Au 34
A 0.165 C, 0.95 2.32 2.46 2.39
B 0.000 C 1.13 2.32 2.46 2.40
C 0.022 C 1.08 2.32 2.46 2.39
D 0.142 C 1.15 2.32 2.46 2.39
Au 55
A 0.929 Cy 0.05 2.39 2.47
0.000 C 0.05 2.40 2.48
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FIG. 5. (Color online) Three dimensional minimum energy
structures of Au 12 that are formed during 80 ps of MD at 300 K.

C. Au 14

The starting structure of an Au 14 nanoparticle was built
from structure F of Au 13 (Fig. 1) by addition of a single
atom. The obtained structure was optimized previous to run-
ning the dynamic simulation. Figure 7(A) shows the obtained
particle shape (Cartesian coordinates available as auxiliary
material).®” It should be noted that this particles shape corre-
sponds to the lowest-energy Au 14 particle found’!®! and
that therefore the MD is sampling the lowest energy basin for
3D Au 14 structures. Figure 8 shows the evolution in time of
such structure against the potential energy. The basic topol-
ogy remains constant during the 60 ps MD. Nonetheless dur-
ing the simulation the atoms constituting the particle change
their position, in particular the eight atoms surrounding the
central core rotate around the six central atoms as shown in
Fig. 9. A complete rotation occurs in about 5 ps. The images
in Fig. 9 are less symmetric than structure A in Fig. 7 be-
cause they are snapshots from the dynamic simulation and
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are not geometrically optimized as structure A. During the
MD the potential energy remains almost constant. Interest-
ingly the fluxionality of this nanoparticle does not lead to
different particle shapes but simply leads to a constant rota-
tion of the external atoms within the same shape. This par-
ticle has a distorted C,, symmetry and a cage-like structure
as seen for Au 12 and Au 13. In order to test another confor-
mational basin and verify whether other topologies were ac-
cessible by MD, another trial structure for Au 14 was built
by addition of two atoms to structure B of Au 12 (Fig. 5).
The structure was optimized leading to A’ (Fig. 7). The dy-
namic simulation shows that A’ is quite stable and only at 38
ps it is transformed to B’ to rapidly evolve back (after 6 ps)
to A’. Note that this simulation run samples a basin at higher
energy than the previous one (Fig. 8, Table I). Also this to-
pology is cage-like as the previous one, but it loses symme-
try and drops to point group C; being therefore chiral. Chiral-
ity seems a frequently occurring phenomenon for gold
clusters and has been observed by several researchers.®?-°
Within the sampling time and at 300 K at which the dy-
namic simulations were run the conformational spaces of A
and A’-B’ do not mix, meaning that the barrier to overcome
to switch from one to the other structures is higher that K, T.
As stated above they seem to belong to different basins in the
conformational space of Au 14 nanoparticles. Structures A’
and B’ are more open than A, and it would be tempting to
ascribe their lower stability to such feature since open struc-
tures have a larger proportion of lower coordinated metal
atoms. But if we observe the energies of the various shapes
of Au 12 and Au 13 it can be seen that for those particles
more open structures are also more stable. It seems that for
gold openness and closeness, level of saturation of metal
atoms and coordination number cannot be valid structural
criteria to be correlated with the total energy. As for Au 12

®
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FIG. 6. Network of the dynamic of interconversion between three-dimensional Au 12 nanoparticles: (A) diagram in the phase space
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indicating possible interconversions and dotted lines indicating interconversions between structures that do not occur at room temperature

within the sampled time.
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FIG. 7. (Color online) Three dimensional minimum energy
structures of Au 14 that are formed during 60 ps of MD at 300 K.

and Au 13, also Au 14 particles largely deviate from the
metallicity of the bulk since they are characterized by a H-L
gap (Table I). In this particular case the lowest energy struc-
ture [Fig. 7(A)] has the highest H-L gap. Also in this case the
absolute values of H-L gap are larger than those found for Au
13. Cohesion energies follow the trend of the total energy as
expected. Interestingly the values of H-L gap and cohesive
energies of structure A are especially high as compared to
those found for Au 12 and Au 13.

D. Au 15

The starting point of the dynamic simulation of an Au 15
particle was structure A of Au 14 (Fig. 7), with the addition
of one atom. This generated at first structure A for Au 15
[Fig. 10(A)]. This, as well as the other topologies which
were formed during the MD (Fig. 10, Cartesian coordinates
available as auxiliary material),®® present the basic structure
of Au 14 A with an additional gold atom (that we here call
“peripheral”) that does not disrupt the basic structure. B, C,
B’, and C’ are lower-energy structures than A, and the latter
exists only for 3 ps during the first part of the simulation. For
the rest of the sampling time B, C, B’, and C’ interconvert.
The rotation of the external atoms of the cluster is not ob-
served for Au 15 during the simulation time, but it is inter-
esting to note that B and C (or B’ and C’) are enantiomeric
structures. B possesses the same topological connections as
B’, differing from B’ for a slight relative rotation of the
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FIG. 8. (Color online) Evolution of two Au 14 structures starting
from different initial geometries during two MD simulations of 60
ps each, at 300 K. The two basins at lower (below in the graphic)
and higher (above in the graphic) energies do not mix.
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FIG. 9. (Color online) Rotation of the outer crown of gold atoms
in an Au 14 particle. The central core of six gold atoms is fixed
while the outer eight rotate around them in the time scale of about
5 ps.

triangles forming the core. The same observation is valid for
C and C'. Interestingly, the distorted B’ and C’ geometries
are more stable than B and C. Although B and B’ are differ-
ent minima they interconvert within the picosecond time
scale, showing that the energy barrier to overcome is lower
than K, 7. The interconversion between enantiomeric struc-
tures B and C (or B’ and C’) occurs in the time scale of tens
of ps. These geometries are characterized by the presence of
a peripheral atom not belonging to the external crown of the
structure. The enantiomeric conversion takes place when the
peripheral atom enters the structure and at the same time an
atom from the external crown takes its place. This shows that
the fluxionality indeed still exists, but in a different form as
observed for Au 14. The peripheral atom thus enters and
exits the external crown, this process seemingly having a
lower activation barrier than the rotation of the crown itself.
It is of relevance to observe that a similar concerted effect
has been reported by Akola and Manninen for Al 14, al-
though at higher temperature.’’ Note that the enantiomeric
structures have slightly different energies, which is attributed
to the computational accuracy which is in the range of the
5X 107 eV.

The electronic properties of Au 15 are collected in Table 1.
The H-L gaps of Au 15 clusters are almost independent of
the particle’s shape. The values of 0.16-0.18 eV are typical
of nonmetallic nanoparticles, but are constantly lower than
the gaps found for the previously described clusters. The
cohesive energy is increased compared to the smaller clus-
ters.

E. Au 20

Pyramidal 7, Au 20 (Fig. 11) has been described as a
highly stable structure and has been also observed

B’ Cc

FIG. 10. (Color online) Three dimensional minimum energy
structures of Au 15 that are formed during 60 ps of MD at 300 K.
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FIG. 11. (Color online) Minimum energy structure of pyramidal
Au 20 particle.

experimentally.”®7>9293 We have run a dynamic simulation
on this structure in the same time frame as for the previous
systems (80 ps) and indeed at 300 K the particle activated
only its vibrational modes without changing the relative po-
sitions of its constituent atoms. Fluxional movements that
were observed for the particles studied in the previous para-
graphs were not observed. Table I gives the electronic prop-
erties of pyramidal Au 20: the H-L gap (1.8 V) is in agree-
ment with the values reported in literature [1.77 eV (Ref. 92)
and 1.9 eV (Ref. 72)], and indicates the great stability of the
cluster. The larger cohesive energies within the investigated
series is also consistent with a higher stability of this geom-
etry.

F. Au 34

Photoelectron spectra of Au 34~ display a large energy
gap between ground state and higher binding energies®® con-
sistent with the shell closing of neutral Au 34 cluster.”* This
observation is consistent with a particular stability of this
cluster. Nonetheless a first principles Car-Parrinello dynam-
ics calculation on gold particles performed for Au 34~ (Ref.
38) revealed a fluxional behavior of the outer shell. The
structure was described as a fluxional core-shell cluster with
three or four core atoms and a soft shell. The hereby cited
contribution did not specify the details of the dynamic simu-
lation, in particular the temperature and the sampled time
were not specified. We therefore investigated the neutral Au
34 particle in order to compare this larger system to the
smaller ones shown in the previous paragraph and verify its
fluxionality. We started the MD from the C; Au 34 structure
proposed by Wales et al.> and let the structure evolve. The
basin found is represented in Fig. 12 (Cartesian coordinates
available as auxiliary material)®® and is consistent with the
minimum energy structures already described for the anion
Au 3473882 Our results show that the core of 4 Au atoms
remains constant during the simulation. No passage to a
3-atom-core was found. This is consistent with the previous
results indicating that three and five core structures (found by
basin-hopping) lie at higher energies.® The mere visual ob-
servation of the trajectory for this particle was too complex
to simply determine changes in relative atomic positions,

PHYSICAL REVIEW B 80, 195421 (2009)

FIG. 12. (Color online) Three-dimensional minimum energy
structures of Au 34 that are formed during 60 ps of MD at 300 K. In
the color figure (online only) core-shell structures have been evi-
denced by coloring the core atoms in orange and the shell atoms in
yellow.

therefore structural descriptors were used to identify topo-
logical features of the particle. The average coordination
number between interacting core atoms (Cc ), between
shell atoms (Cgg) and between interacting core and shell
atoms (C¢5) was determined using the formula given in the
Computational Methods section, with a cutoff of 3.4 A,
and the resulting values were as follows: (i)
Cee is 2.66+0.04 A, (i) Css is 5.80+0.04 A, and
(ili) Ccg is 1.25%0.02 A (auxiliary material, Fig. 1).%
These numbers reveal that while core and shell are well self-
coordinated, core, and shell behave more independently with
respect to one another. C¢ ¢ of 2.7 A is consistent with the
tetrahedral nature of the core, while on the shell the atoms
are almost coordinated to saturation, but poorly coordinated
to the core atoms. On the other hand, the low value of the
standard deviations of the Cy g are an indication of the topo-
logical stability of the cluster. These observations are con-
firmed by the analysis of the average distances between in-
teracting core atoms (dcc), shell atoms (dgg), and
interacting core and shell atoms (dcg). dec value is
2.82+0.04 A, dgg is 2.88+0.01 A while dcg is
3.04+0.03 A, also suggesting that core and shell are sepa-
rate entities. Interestingly fluctuations of the average dis-
tances within the shell are smaller than in the core and than
between core and shell. This indicates that major structural
mobility occurs in the core rather than in the outer shell. This
can be attributed to a rather large space available to the core
within the shell, which exerts also an influence on the core.
Core atoms feel an external potential due to the surface shell
that elongates core atomic distances. A plot of the average
distances between interacting core atoms and between inter-
acting core and shell atoms during the dynamic simulation
Au 34 at 300 K is given in the auxiliary material (Fig. 2).9°
The division between core and shell also appears in recent
theoretical and experimental studies on thiolate protected Au
nanoparticles.”®°® Furthermore, the experimental x-ray
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FIG. 13. RMSD of core and shell atoms of Au 34 at 300 K.
Changes in the RMSD reflect topological variations within the dy-
namic simulation thus allowing conformational analysis.

structure of p-mercaptbenzoic acid protected Au 102 dis-
plays chirality of the Au core.”

Identification of local minimum energy structures is also a
difficult task by simple visual analysis of the trajectory. We
used RMSD to identify structural changes within the trajec-
tory. Figure 13 shows the RMSD of core and shell during the
simulation, all calculated with respect to the first frame. The
lines behave consistently showing that changes in the core
and in the shell occur at the same time. The frames corre-
sponding to local minima and maxima of the curve were
isolated and geometry optimization was run on the corre-
sponding structures. This criterion was used to localize the
four different local minima shown in Fig. 12(A)-12(D).
These four structures are all characterized by a 4 atoms core
and a 30 atoms shell, and they are all very close in energy
(within KT, Table I). The shell shows fluxionality in the
change in coordination of the Au atoms (from 5 to 6 and
from 6 to 5 with continuity). The shell surface is character-
ized by triangular and square patterns, characteristic of coor-
dination number 6 and 5, respectively. Such patterns are
present in different proportions in each of the structures in
Fig. 12. A is characterized by three squares, B is character-
ized by one square, C is characterized by four squares, and D
by two squares. Interestingly the squares are always in cor-
respondence to one of the atoms of the inner tetrahedron and
in structure C all four atoms of the core point toward one of
the four squares. This can be attributed to the lower coordi-
nation present in the square patterns. Table I shows the de-
creasing of the H-L gap compared to the smaller Au 12 and
Au 14 clusters. The electronic structure still deviated from
the metallicity of the bulk, but the decrease in H-L gap indi-
cates a trend in the direction of a metallic character. The
cohesive energy is linearly increasing compared to the
smaller particles.

The relative movement between core and shell has been
monitored by following the distance between core and shell
atoms. Within a time scale of several picoseconds some
bonds are lost and some others are formed, while the rest are
kept constant. Examples of the variation in the distances are
shown in Fig. 14. It can be thus observed that after 20 ps one
atom moves from approximately 3 to approximately 5 A

PHYSICAL REVIEW B 80, 195421 (2009)
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FIG. 14. Formation and breaking of bonds on the shell of the Au
34 particle. The plots show the evolution in time of the distances
between three couples of bound Au atoms taken from the outer shell
of the particle. The three couples have been chosen to show ex-
amples of bond breaking (top), bond formation (middle), and bond
retention (bottom) during the dynamic simulation at 300 K.

from the reference atom (Fig. 14, top) while another passes
from ca 4.5 A toca3 A in the same time (Fig. 14, middle).
Another atom (Fig. 14, bottom) remains in the original posi-
tion. It should be noted that interactions between core and
shell in core-shell nanoparticles have been shown to be of
relevance for the steadiness of photon emission in semicon-
ducting nanoparticles.!® A simulation at 400 K was per-
formed showing a consistent sampling of the conformational
space compared to the MD simulation at 300 K.
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D E F

FIG. 15. (Color online) (A) Au 55 after geometry optimization
of the icosahedral structure. B and C are, respectively, the shell and
the core of structure A. (D) Au 55 after dynamic equilibration and
successive geometry optimization. E and F are, respectively, the
shell and core of structure D.

G. Au 55

Dynamic simulations on Au 55 particle have also been
performed starting from the regular icosahedron. As the
regular icosahedron was geometrically optimized it immedi-
ately lost its symmetry, reaching a C; symmetry as shown in
Fig. 15(A) (Cartesian Coordinates of all structures in Fig. 15
are available as auxiliary material).®® The structure is char-
acterized by the opening of two holes in symmetric positions
on the surface. Figures 15(B) and 15(C) show the shell and
the core, respectively. As the simulation is run at 300 K after
a first equilibration time the C; symmetry is lost and a geo-
metric optimization leads to the structure in Fig. 15(D). Fig-
ures 15(E) and 15(F) show the shell and the core respectively
of the equilibrated structure. The dynamic simulation shows
that a similar fluxionality as that observed for Au 34 exists in
the outer shell of the equilibrated Au 55 particle. During
equilibration (first 10 ps, auxiliary material, Fig. 3)% the ini-
tial icosahedral core [Fig. 15(C)] loses three atoms and be-
comes an asymmetric 10 atoms core [Fig. 15(C)] and re-
mains in this form throughout the simulation. Three core
atoms therefore become part of the outer shell that passes
from 42 to 45 atoms.

The potential-energy profile of the dynamic simulation
(Fig. 3 in the auxiliary material)®® shows that after the first
10 ps the icosahedral structure loses it symmetry and equili-
brates to a C; (chiral) structure. RMSD analysis of core and
shell atoms during the dynamic simulation (auxiliary mate-
rial, Fig. 4)%° shows that after a first equilibration period of
about 10 ps the structure undergoes only more subtle
changes than Au 34, and that as for Au 34 core and shell
atoms have different RMSD values. This is the same behav-
ior shown by the Au 13 icosahedral structure which rapidly
loses its symmetry. As already noted for Au 34 also the
equilibrated Au 55 structure shows a separation between core
and shell, which is also well represented by the graphic of
the average distances between atoms of the core, atoms of
the shell and between interacting core and shell atoms (aux-
iliary material, Fig. 5).% The core atoms, as well as the shell
atoms are closer to each other (mean distances are
2.92+0.02 and 2.90+0.01 A, respectively) than core to
surface atoms (3.02+0.02 A) thus indicating that core and
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shell also in this case are decoupled to a certain extent.

An interesting feature of the structure in Fig. 15(D) is its
chirality. Of course there should be no reason for there being
an excess of one enantiomer with respect to the other, but the
potential interest of this observation lays in the fact that flux-
ional gold passes through asymmetric minimum energy
structures, which are easily converted one into the other. In
principle an external bias (e.g., a chiral ligand), could cause
the formation of an excess of one of the enantiomeric forms.
This has indeed been experimentally observed by Gautier
and Biirgi who were able to detect a vibrational circular di-
chroism (VCD) adsorption in the region of the gold metal
vibrations, when they bound chiral ligands to gold
nanoparticles.3¥-" The chiral ligand seemed to be able to
preferentially stabilize one of the enantiomeric forms. The
formation of chirally enriched nanoparticles is of great po-
tential interest in enantioselective catalysis, since in principle
the reaction of prochiral reactants could be performed asym-
metrically. Gold nanoclusters with 50-100 atoms are at the
interface between metallic and nonmetallic properties and
therefore are interesting candidates for further reactivity
studies.

H. General overview

A general look at Table I shows that cohesion energies
calculated with the relativistic Hamiltonian give throughout
the table an increase in about 10% as compared to nonrela-
tivistically corrected ones (fourth column in the table), while
the Grimme correction for the dispersion interactions regu-
larly gives an increase in cohesive energy of about 5%. The
HOMO-LUMO patterns shown in the table are consistent
with the interpretation of the electronic structure of metal
clusters given within the jellium spherical shell model and its
extensions to shape deformations.'!~19 H-L gaps result
larger for closed shells (Au 20 and Au 34) and for even
numbers of electrons (Au 12 and Au 14). Furthermore within
three-dimensional structures the systems display prolate/
oblate deformations to facilitate H-L gap. This is for example
the case for Au 13 where all lower symmetry conformations
(B, C, D, E, and F, Fig. 1) display larger H-L gaps than the
icosahedral structure. In general this effect is smaller than
that obtained by spherical shell closing by about one order of
magnitude. Shell closing generates H-L of the order of 1 eV,
while prolate/oblate deformations give increase in H-L gaps
of the order of 0.1 eV.

IV. CONCLUSIONS

The present investigation aims at shedding some light on
the fluxional behavior of gold nanoparticles in the picosec-
onds time scale by means of Born-Oppenheimer molecular
dynamics simulations. The dynamic behavior at 300 K of
Au,, clusters is complex and for small values of n seems to
show peculiar features for each value. Au 12, Au 13, Au 14,
and Au 15 clusters have a marked fluxional behavior and
oscillate between equilibrium structures according to defined
trajectories in phase space. In particular Au 12 and Au 13
rapidly change shape and symmetry, while in Au 14 the eight
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outer atoms in the lowest energy structure rotate around the
six core atoms. In Au 15 a peripheral atom enters the core
structure, and during this process the core structure releases
one atom that takes the place of the peripheral. In this way
the peripheral atom is continuously exchanged within and
without the central part of the particle. Au 20 is especially
stable and exhibits no fluxional behavior in the time scale of
the simulation. Au 34 and Au 55 have interesting core-shell
structures, where core and surface behave to a certain extent
as separate elements, with different mobility and different
self-coordination. The core has a higher mobility than the
surface since it feels the potential of the surface (acting as a
cage) while the shell atoms change coordination from 5 to 6
and from 6 to 5 with continuity during the sampled times.
The shells of these two larger particles show triangular and

PHYSICAL REVIEW B 80, 195421 (2009)

square patterns that dynamically change in number and po-
sition. The special fluxional behavior of gold nanoparticles
investigated by Born-Oppenheimer molecular dynamics
showed some of the peculiar features of small gold aggre-
gates which are most likely linked to the reactivity of finely
dispersed gold, since fluxionality implies a change in coor-
dination of the metal in the same time scale as that of chemi-
cal reactivity, and should in principle allow structural adap-
tation toward the most favorable free-energy path.
Furthermore first principles molecular dynamics is shown to
be an elegant method for exploring the conformational three-
dimensional complexity of metal nanoparticles, enriching
previous structural information with dynamic trajectories
that link the different possible topologies.
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