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Abstract
Density functional theory (DFT) is currently one of the most utilized theoretical approaches to analyze physical and chemical 
properties of metal clusters, which are of interest in economically important applications such as catalysis. In this respect, 
the important role of temperature has been scarcely considered mainly because this variable is not part of the DFT model 
and other theoretical ab initio schemes. In this work, we present an ab initio molecular dynamics study of  Pd8 and  Pd7Au1 
clusters to understand, to a degree, the effect of doping on the structural stability of palladium clusters as a function of 
temperature. A combined strategy using both empirical potential and DFT calculations is employed to obtain lowest-energy 
configurations for  Pd8 and  Pd7Au1 clusters, which are later subject to Born–Oppenheimer molecular dynamics simulations at 
finite temperatures. The structural stability as a function of temperature is evaluated through an analysis of the total energy 
dispersion with respect to the average energy of clusters at different thermodynamic states. Results show that the effect of 
doping Pd cluster with one Au atom gives rise to a decreasing of the structural stability. In the range of temperatures studied, 
atomic diffusion is not observed for  Pd8 cluster, while  Pd7Au1 cluster shows Pd-Au dimer diffusion at 300 K toward different 
faces of the 6-atom Pd octahedron structural motif. Preliminary data suggest that melting transition is about 250 K for this 
bimetallic cluster.
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1 Introduction

Mono- and bimetallic nanoparticles exhibit important cata-
lytic activity for a number of relevant technological applica-
tions, from catalysis to hydrogen storage devices [1]. This 
enhanced catalytic activity is basically due to size-related 
phenomena, such as the confinement quantum effects. In 
this way, metal nanoparticle properties depend on their 
size as well as on their shape and composition. Thus, these 

properties can be accordingly tuned through the manipula-
tion of the number and type of constituent atoms. Several 
synthesis methods have been developed to prepare nanoma-
terials with specific response properties, including chemical, 
physical, and biological methods [2–4]. This has encouraged 
the realization of a vast number of investigations focused in 
the study of small metal nanoparticles or clusters. For exam-
ple, Heck and Suzuki reactions are catalyzed by palladium 
clusters [5–10], in which palladium is employed as a catalyst 
coupling aryl halides with alkenes. Recently, ethylene oxi-
dation studies were conducted utilizing a Cu-Au core–shell 
nanocatalyst, in which the Langmuir–Hinshelwood mecha-
nism was illustrated through first principles computations 
[11]. In this work, it is demonstrated that bimetallic clusters 
display enhanced catalytic properties for ethylene oxide 
formation. Conversion rate and selectivity have also been 
analyzed as a function of Pd particle size and morphology. 
It was found a strong correlation between loading and mor-
phology of the deposited Pd nanoparticles with surfactant 
type and concentration employed in this work [12].
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The properties of several molecules attached to metal 
clusters have also been recently investigated [13–15], due 
to their relevant role in chemical processes to obtain fuels 
as an alternative to hydrocarbons. Various methods have 
been implemented in order to obtain methane from biomass, 
which constitutes a previous step in the process of methanol 
production through methane oxidation [16]. Several tran-
sition metal-based catalysts have been utilized to promote 
methane oxidation, and recently, a very promising palla-
dium-based catalyst was synthesized, utilizing a zeolite for 
constraining Pd nanoparticles [17]. This as-prepared catalyst 
remains active and results to be highly stable and resistant to 
sintering at realistic temperatures. This is relevant because, 
besides catalyst poisoning by other atoms or reaction prod-
ucts, temperature modifies the performance of catalysts’ 
activity and selectivity, which is actually a consequence of 
the change in the respective electronic structure. The effect 
of other environmental attributes has also been studied, indi-
cating the possible existence of significant effects on the 
thermodynamic equilibrium state of Au–Pd clusters [18].

Overall, the catalytic properties of nanoparticles are 
strongly influenced by a number of variables in the prepara-
tion method [19], beside those inherent to their elemental 
composition. From these, temperature remains as one of the 
most important variables acting upon the catalysts perfor-
mance, participating in the mechanisms of deactivation and 
regeneration of catalysts [20]. Despite its fundamental role, 
this variable is ignored in most of the theoretical approaches 
utilized to characterize the physical and chemical attributes 
of metal nanoparticles. Particularly, the density functional 
theory (DFT) model assumes that temperature is zero, so that 
the properties at finite temperature remain neglected under 
this approach. This inability has been replaced by pragmatic 
exploratory studies of the potential energy surface (PES) 
employing advanced energy functionals, which are capable 
of determining several of the different equilibrium configu-
rations, i.e., low-energy isomers [21]. Under this explora-
tory approach, higher energy isomers are assumed, ad hoc, 
to possess the structural characteristics of the respective 
clusters at finite temperature. However, this scheme can be 
controversial because the analysis of the structural response 
of metal clusters to temperature should consider thermal 
effects such as conformational distortions and anharmonic 
vibrations. In this way, the ideal equilibrium configurations 
located through theoretical global optimization methods are 
actually modified by the temperature toward distorted struc-
tures, some of which eventually may resemble one of the 
isomers located in a basin of the PES, but necessarily with 
consequences on its physico-chemical properties.

In this work, we analyze the structural changes produced 
by the temperature on the structure and properties of metal 
clusters utilizing first principles molecular dynamics. We 
thus compare structures at simulated temperatures with 

the ideal structures obtained through global and local PES 
explorations. DFT reoptimized structures are used as initial 
configurations in Born–Oppenheimer molecular dynamics 
(BOMD) canonical (NVT) simulations to examine, under 
this scheme, the thermal behavior of clusters. The thermo-
dynamical behavior of  Pd8 and  Pd7Au1 clusters is analyzed 
with the simulation data available. The singled-out geometry 
of the investigated structures corresponds to a bicapped octa-
hedron (bidisphenoid) configuration for both  Pd8 and  Pd7Au1 
clusters. This cluster size was chosen because it provides a 
good description of the dynamical behavior of metal clus-
ters at an accurate theoretical representation. Additionally, 
the lowest-energy configurations of both, the neutral single 
Au-doped Pd cluster and the pure Pd cluster, are similar 
irrespective of the theoretical level, as will be shown below. 
We carried out computations at two theory levels, first uti-
lizing our developed code to perform the empirical global 
search, and then the deMon2k density functional program 
[22] for both local optimizations and first principles molecu-
lar dynamics simulations.

2  Methodology

2.1  Theoretical Approaches

An extensive global search of the lowest-energy configura-
tions at the empirical level of theory for  Pd8 and  Pd7Au1 
clusters was carried out employing our locally developed 
Basin-Hopping University of Sonora (BHUoS) code [23]. In 
this program, the basin-hopping method [24] is implemented 
to explore the Gupta potential hypersurface for mono- and 
bimetallic clusters. The semiempirical many-body Gupta 
potential is derived for metal systems within the tight-
binding second-moment approximation and has been suc-
cessfully used to model diverse condensed phase systems 
[25–27]. For further details, the reader is referred to the 
work by Cleri and Rosato [28]. The average Gupta potential 
parameters describing homogeneous (Pd–Pd and Au–Au) 
and heterogeneous (Pd-Au) interactions were taken from 
[29]. The dynamical study in this work employs the (auxil-
iary) ADFT scheme, which is expected to provide additional 
isomers [30] different to those located by our semiempirical 
approach. This has been confirmed for  Pd8 cluster, which 
despite exhibiting identical lowest-energy configuration 
with both approaches, the energetical ordering for the rest 
of the low-lying isomers is overall distinct [31]. Likewise, 
additional isomer configurations are obtained through the 
DFT approach.

The dynamical process was studied through computer 
simulations based on the Born–Oppenheimer molecular 
dynamics (BOMD), employing ADFT energies and gra-
dients within the NVT ensemble at T = 100 K to 400 K, 
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applying a Nosé-Hoover thermostat with a frequency of 
1500  cm−1 and a chain length of 3. The BOMD strategy has 
recently been utilized to obtain initial structures in ab initio 
global exploration of potential energy surfaces [32], as well 
as to understand the process of formation of ammonia, and 
is expected to be a valuable tool for providing microscopic 
insights in a number of potential chemical reactions [33]. 
The followed computational approach uses the linear com-
bination of Gaussian-type orbital Kohn–Sham auxiliary den-
sity functional theory (LCGTO-KS-ADFT) as implemented 
in the deMon2k program [22]. The Perdew–Burke–Ernzer-
hof (PBE) functional [34] was utilized in combination with 
the Stuttgart-Dresden (SDD) basis set [35]. A quasi-relativ-
istic effective core potential (QECP) was used to describe 
both Pd and Au atoms, which includes 18 and 19 valence 
electrons for Pd and Au atoms, respectively. The employed 
auxiliary basis set was GEN-A2* in all calculations [36], and 
the total simulation time was at least 20 ps, with a time-step 
of 1 fs for each of the temperatures considered in this study.

To assess the effect of temperature on cluster structures, 
total energy dispersion profiles are examined at each tem-
perature for both  Pd8 and  Pd7Au1 clusters, and several repre-
sentative structural motifs are collected from the simulation 
trajectories. This inspection of the structural evolution of 
clusters along the BOMD trajectory provides evidence on 
the structural changes underwent at each temperature and 
allows observing the existence of atomic diffusion. A care-
ful examination of the recorded snapshots was carried out 
in this work. For the studied clusters, the caloric curves are 
presented as a criterion to perform a preliminary analysis of 
the corresponding thermodynamical behavior.

3  Results and discussion

Thermal stability is of paramount relevance in catalytic 
applications of metal clusters, and current theoretical stud-
ies disregard the importance of this thermodynamic vari-
able on their structural properties. As a consequence, the 
physico-chemical predictions are performed on ideal equi-
librium configuration clusters obtained from global explora-
tion, empirical, or ab initio approaches. This is the current 
paradigm in cluster theoretical studies.

Figure 1 shows the total energy dispersion behavior of 
 Pd8 cluster at temperatures 100 K to 400 K. As noted, the 
energy deviations oscillate around the average value of the 
total energy. Throughout all the BOMD trajectories, dis-
persion below and above the average energy is distributed 
equally, without depletion in partial time intervals for all 
the temperatures.

It is evident from this figure that as the temperature is 
raised, a steady increase in the energy dispersion occurs 
along the whole BOMD trajectory for temperatures 100 K 

to 300 K. At 400 K, a dramatic change is presented by the 
energy dispersion from the average, thus manifesting the 
structural changes the cluster is undergoing. Analyzing the 
atomic configuration dynamical evolution of  Pd8 atoms it is 
observed, in general, that the atomic configuration under-
goes structural changes among a set of low-lying isomers, 
shown in Fig. 2. At 100 K, the cluster shows structural dis-
tortions but basically remains with the initial geometry. Two 
isomer configurations distinct to the initial are observed at 
300 K. One of the predominant configurations at 300 K cor-
responds to a capped pentagonal bipyramid (see Panel 3).

Despite the drastic change in the energy dispersion pro-
file, the atomic configuration analysis shows no evidence 
of atomic diffusion or bond-breaking at 400 K. Since in 
this work, the bond order has not been calculated, it has 
been assumed the existence of a bond when the distance 
between atoms is shorter than a cutoff distance. This 
is chosen to be about 10% longer than the Pd bulk bond 
distance, < d >  = 2.750 Å [37]. The  Pd8 cluster structure 
is severely distorted at this temperature, prevailing in the 
recorded BOMD trajectory that resembling the first isomer 
above the lowest-energy configuration for this cluster.

In Fig. 3, we show some configurations for  Pd7Au1 clus-
ter, selected from the BOMD simulations carried out at vari-
ous simulated temperatures. In all cases, the initial equilib-
rium configuration exhibits a bicapped octahedron geometry 
with  D2d symmetry. The gold and palladium capping atoms 
are initially located above and below the octahedron waist, 
formed by four Pd atoms. The selected snapshots shown for 
each temperature correspond to global and local minima in 
the cluster’s PES, except that in panel 3 in which the AuPd 
dimer dissociates from the cluster at T = 400 K. Some of the 
 Pd7Au1 configurations shown in this figure are reminiscent 
of structures present in different isomerization pathways pre-
viously described in anionic  Au20 cluster by Cuny et al. [38].

In the first few time-steps of the BOMD simulation, a 
minimum energy configuration is reached at the PBE theory 
level. This low energy structure is located into a basin of 
the PES defined by the PBE functional for the  Pd7Au1 clus-
ter. The PES of metal clusters is a multi-dimensional func-
tion of the atomic coordinates and spin variables, which is 
determined by the theoretical approach employed in the first 
principles calculations [39].

The analyzed 8-atom Pd-Au nanoalloy has one Au atom 
on the surface and, irrespective of the temperature, soon 
exhibits the tendency of this atom type to occupy low-
coordinated sites. The geometry adopted in the equilibra-
tion period is caused by the maximization of the number 
Pd–Pd bonds, which is a consequence of the higher cohesive 
energy of palladium (3.89 eV/atom) compared to that of 
gold (3.81 eV/atom) [29]. Interestingly,  Pd7Au1 cluster frag-
mentation is observed at 400 K. The two fragments are one 
 Pd6 octahedron and one Pd-Au dimer. At this temperature 
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(400 K), strong atomic oscillations, beyond the harmonic 
approximation, and a major contribution of the vibrational 
entropy are likely occurring. The latter plays a leading 
role in the phase transition phenomena. It is worth men-
tioning that high Au atom mobility is already observed in 
our simulations at 300 K, which might be an indication of 
liquid-like behavior around this temperature. At the Gupta 
level, the melting temperature of  Pd55 has been estimated to 
be ~ 610 K [40]. Clusters’ melting point changes with both 
size and composition, thus making necessary further studies 
to determine the melting point at the DFT level, in particular 
for 8-atom Pd-based nanoalloys.

There are several molecular dynamics schemes that can 
be implemented to analyze the thermal stability of mono- 
and bimetallic clusters. The method employed in this study 
allows to obtain the total energy fluctuations at a given 
(fixed) finite temperature, while the number of atoms and 
cluster’s volume are kept constant [41]. Computer simula-
tions at a constant temperature result in the time evolution 
of the Cartesian coordinates of each of the atoms compris-
ing the cluster. Thus, at each time-step, the structural and 

energetic properties of clusters are fully determined, irre-
spective whether the simulation is based on classical or 
ab initio methods. The BOMD method utilized in this work 
has been successfully implemented for a number of systems 
[42–45].

Figure  4 shows the total energy deviation profiles 
obtained from the BOMD simulations for  Pd7Au1 cluster, 
at temperatures 100–400 K. The average total energy (red 
line) has been shifted to zero in order to better visualize the 
energy deviations from the average total energy value.

As the temperature increases, the magnitude of the total 
energy dispersion also increases. At 100 K, the energy 
dispersion oscillates below and above the average energy 
in two time periods. The first one proceeds during ~ 7 ps, 
and thereafter, the second period occurs slightly above the 
average energy value. During the simulation, three different 
configurations are observed along the BOMD trajectory, the 
initial in which the Au atom coordination is maximum, and 
two others each detected on the above-mentioned periods. 
In the first time period, Au atom is displaced to a bridge site 
between two edge Pd atoms on the 7-Pd atom cluster (Panel 

Fig. 1  Plot of the total energy dispersion with respect to its average value for  Pd8 cluster. The energy dispersion increases as the temperature is 
raised, observing a drastic change in energy dispersion at 400 K
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2 in Fig. 3 at 100 K), which is a (second isomer) capped 
octahedron according to both a thermal quenching study 
[46] and DFT minima search [47] performed to determine 
isomers of  Pd7 cluster. In the second time period, the Au 
atom is located on top of the capping Pd atom (Panel 3 in 
Fig. 3 at 100 K). This configuration has the lowest structural 
stability. In summary, the coordination of the Au atom is 
reduced at 100 K, with only three possible configuration to 
be detected. The lowest gold coordination configuration is 
observed longer in the BOMD trajectory.

The simulation at 200  K shows a slightly different 
behavior. The initial geometry soon disappears, as well as 
the configuration where the Au atom is located on a bridge 
position. Thus, the most likely configuration to be observed 
corresponds to that of the Au atom located on top of the Pd 
capping atom of the  Pd7 isomer. However, the dynamical 
behavior of the  Pd7Au1 cluster shows remarkable changes 
observed through the examination of the structural evolution 
of  Pd7Au1 cluster along the BOMD recorded trajectory. In 
Fig. 5, we show the structures illustrating an apparent Pd-Au 
dimer diffusion process.

In this figure, it is shown that the capping Pd atom 
together with the bonded Au atom move to hollow sites 

of different triangular faces of the octahedron. This occurs 
by eventually crossing through the octahedron’s edge. Our 
simulation shows that the Pd-Au dimer diffusion apparently 
begins to occur at this temperature, which can be interpreted 
as a premelting stage. The calculated activation energy bar-
rier for the dimer passage from one triangular face to the 
neighbor face is about 0.011 Ha (~ 0.3 eV). A more detailed 
dynamical study is necessary in order to analyze whether 
this energy barrier corresponds to a self-diffusion energy 
barrier. Also, between 18 and 21 ps, the energy deviation 
describes an extreme. Kinetic energy in this time interval 
exhibits strong oscillations around a straight line, whereas 
the potential energy of cluster decreases. Thus, a basin of 
the PES is likely reached at this time interval. Similarly, at 
300 K, it is more evident the presence of strong oscillations 
of the energy dispersion, as well as the existence of energy 
dispersion declinings below the average energy. Finally, at 
400 K, the energy dispersion graph apparently shows, at 
the end of the simulation time, the cluster breakup through 
fragmentation in a 7-atom Pd cluster and the Pd-Au dimer, 
see Fig. 1 in Panel 3 at 400 K. Further studies are necessary 
to fully understand the kinetics of  Pd7Au1 cluster fragmen-
tation at the DFT level. This is crucial to obtain reliable 

Fig. 2  Pd8 cluster configura-
tions sampled from the BOMD 
trajectory obtained at the PBE 
theory level. Panel 1 shows the 
initial equilibrium configuration 
obtained from the empirical 
global optimization. Cluster 
configurations were sampled 
from ~ 20 ps or greater simula-
tion time
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fragmentation predictions for this cluster, as well as for other 
sizes and compositions [14, 48].

With the aim of exploring the thermodynamical behavior 
of both  Pd8 and  Pd7Au1 clusters, the caloric curves are con-
structed utilizing the avalaible information obtained from 
the BOMD simulation runs extracting from this the average 
total energy and temperature data. This criterion is used to 
estimate the temperature at which clusters undergo a phase 
transition. This criterion has been extensively used in several 
types of clusters, including metal clusters [49, 50]. As shown 
in Fig. 6 (a)–(b), the melting point of the Au-doped cluster 
is apparently reached between 200 and 300 K, while for  Pd8, 
the phase transition is beyond the higher temperature utilized 
in this work simulations.

The linear behavior observed in (a) indicates that this 
cluster has not reached the melted state. In (b), the aver-
age total energy exhibits a discontinuity between 200 and 

300 K. This behavior has been related to a sharp peak in the 
heat capacity indicating a phase transition. In this case, the 
caloric curve criterion suggests that the estimated melting 
temperature is about 250 K. Thus, this preliminary study 
shows that the effect of Au-doping on the palladium cluster 
is a declining in the melting temperature.

We must point out that more detailed studies are neces-
sary to accurately estimate the melting temperature of  Pd8 
cluster as well as additional schemes to confirm the melting 
transition. We must first confirm that the ergodic hypoth-
esis holds in our simulations in order to determine reliable 
melting temperatures [51]. After this, the determination of 
the melting point can be implemented utilizing several of 
the common thermodynamical criteria. Additionally, longer 
simulation times are also necessary to obtain reliable pre-
dictions in both  Pd8 and  Pd7Au1 clusters, as well as a larger 
temperature range [52] and shorter temperature step around 

Fig. 3  Pd7Au1 cluster con-
figurations singled out from the 
BOMD trajectory obtained at 
the PBE theory level. Panel 1 
shows the initial equilibrium 
configuration obtained from 
the empirical global optimiza-
tion. In panel 2 and 3, we show 
typical configurations chosen 
from the BOMD trajectories, 
sampled from ~ 20 ps or greater 
simulation time
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Fig. 4  Plot of the total energy deviation with respect to its average 
value for  Pd7Au1 cluster. The energy dispersion increases as the tem-
perature is raised and strong oscillations are observed above 300 K. 

Positive (negative) deviations are related to lower (higher) relative 
stability regarding to average energy configurations

Fig. 5  Pd-Au dimer dynami-
cal process observed at 200 K 
between 18 and 21 ps. Pd atoms 
are numbered for better visual-
ize the dimer passage from one 
triangular face to the neighbor 
one in the octahedron. Cluster 
total energy is given below each 
structure (in Ha). It is important 
to note that the energy differ-
ence shown in the structure of 
the cluster, left and right in this 
figure, is less than the typical 
experimental error (1 kcal/mol 
or 0.0016 Ha)
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the phase transition temperature. These studies are feasible 
with the ADFT BOMD methodology utilized in this work.

4  Conclusions

In this work, we have utilized a combined strategy to study 
the thermal effects on the structure of  Pd8 and  Pd7Au1 clus-
ters. This combined approach, based on semiempirical 
global explorations and DFT BOMD simulations as imple-
mented in deMon2k, speeds up both the static and dynamic 
calculations and facilitates the identification of the different 
regions of the BO potential energy surface at low tempera-
tures. Likewise, it allows analyzing the effect of single-atom 
doping on the structure of pure clusters at different ther-
modynamic states relatively quickly. Our simulation results 
have shown the higher thermal stability of pure  Pd8 cluster 
compared to that of the  Pd7Au1. Irrespective of the tempera-
ture, the single Au atom prefers low coordination sites on the 
palladium cluster structure. Our computer simulations also 
demonstrated that bimetallic cluster fragmentation occurs 
through the dissociation of the Pd-Au dimer and the octahe-
dra  Pd6 cluster. A rough estimation of the melting tempera-
ture has been obtained for  Pd7Au1 cluster of ~ 250 K. How-
ever, additional studies to accurately determine the melting 
point of both  Pd7Au1 and  Pd8 clusters are still necessary. 
These studies are feasible using the present ADFT BOMD 
methodology to perform longer MD runs, on the order of 
nanoseconds, and utilizing smaller temperature intervals to 
explore the phase transition region adequately.
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