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ABSTRACT: The question of whether a solid—liquid phase transition occurs in small S0

clusters poses a fundamental challenge. In this study, we attempt to elucidate this
phenomenon through a thorough examination of the thermal behavior and structural stability
of Pdy clusters employing ab initio simulations. Initially, a systematic global search is carried
out to identify the various isomers of the Pdy cluster. This is accomplished by employing an ab
initio basin-hopping algorithm and using the PBE/SDD scheme integrated in the Gaussian
code. The resulting isomers are further refined through reoptimization using the deMon2k
package. To ensure the structural firmness of the lowest-energy isomer, we calculated normal
modes. The structural stability as a function of temperature is analyzed through the Born—
Oppenheimer molecular dynamics (BOMD) approach. Multiple BOMD trajectories at -
distinct simulated temperatures are examined with data clustering analysis to determine cluster
isomers. This analysis establishes a connection between the potential energy landscape and
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the simulated temperature. To address the question of cluster melting, canonical parallel-

tempering BOMD runs are performed and analyzed with the multiple-histogram method. A broad maximum in the heat capacity
curve indicates a melting transition between 500 and 600 K. To further examine this transition, the mean-squared displacement and
the pair-distance distribution function are calculated. The results of these calculations confirm the existence of a solid—liquid phase

transition, as indicated by the heat capacity curve.

1. INTRODUCTION

The physical and chemical properties of nanoparticles are
radically different from those of crystalline bulk solids, varying as
a function of size, shape, chemical ordering, and composition.l
The scientific interest generated by these entities is due to their
current and potential technological applications, such as
industrial catalysis for refinement of petroleum, control of
pollution, drug synthesis, etc.,” as to the bridge they represent for
the study and understanding of materials at the nanoscale level.”
In general, when dealing with nanoscale materials, catalysis
presents a number of complex scenarios; the simplest one
considers free clusters interacting with specific molecules. At this
size scale, experimental studies require theoretical support to
gain an atomistic understanding of the observed cluster response
to external stimuli. In this regard, different theoretical
approaches have been implemented to attain the chemical and
physical properties of clusters and nanoparticles at T = 0 K. In
the past few years, several investigations have also explored the
structural properties at higher temperatures from an ab initio
viewpoint, thus improving the accuracy of results regarding
similar studies carried out using empirical potentials.” In many
cases, the initial structures required for the implementation of
high-temperature studies are obtained from global optimization
approaches employing electronic structure methods.

Overall, a potential energy surface (PES) exploration is
necessary as a starting point to obtain a set of stable structures of
clusters, the isomers, which are identified by both geometry and
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energy, thus obtaining the corresponding energetical ordering.
However, the complexity of the PES of metal clusters and the
associated high computational cost of performing ab initio
global explorations pose a remarkable obstacle. Despite these
challenges, research on the design and use of global optimization
algorithms dedicated to the PES exploration of clusters has seen
notable advances over the past years. For instance, the works by
Schén et al.® Doye and Wales,® Heiles and Johnston,” and
Lourengo et al.® are inspiring examples that have employed
empirical and ab initio schemes to perform extensive global
optimization searches to locate the different minima of a PES.
Most interestingly, recent experimental and theoretical studies
have shed some light on the structural stability of the located
minimum-energy structures through the analysis of the energy
barriers among the different isomer structures.””"" Foster et al.”
determined the energy difference between isomers of gold
nanoparticles at low (20—125 °C) and high (125—500 °C)
temperatures, in both cases observing cluster structural
rearrangements between different symmetries. Maneri et al.'’
performed BOMD simulations at finite temperatures to analyze
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Figure 1. Caloric curve for the Pdy cluster obtained from the BOMD trajectory data. The lowest-energy cluster geometry corresponds to a trigonal
(Siamese) dodecahedron. Cartesian coordinates are provided in Supporting Information.

the thermal stability of small Si—B clusters, while Fisicaro et al."’
have discussed the principles underlying the structural stability
of metal clusters, identifying that these clusters find their ground
state by crossing low energy barriers.

A second issue appears in realistic studies, which must take
into account the temperature, a major determinant of the
structural changes and with significant influence on the
properties of metal clusters. In this case, the problem requires
dealing with computer simulation schemes suitable to work out
the thermodynamics of small systems, such as empirical
potential (EP) and ab initio molecular dynamics (MD)
simulations. In EP MD, several examples contextualizing this
method are found in the literature.'”~"* The structural response
of clusters to temperature has been revealed by Garzon et al.'” in
the Auy, cluster, and by Cabrera-Trujillo et al.,"* who analyzed
the structural fluctuations in Au clusters. They provided
evidence of the appearance of different isomers as the
temperature rises. Sanders-Gutierrez et al.'* carried out
molecular dynamics simulation on 38-atom coinage metal
clusters, determining, among other properties, the melting
temperature of the corresponding lowest-energy configuration.
More recently, the heat transfer mechanisms of Ag—Au and Ag—
Pd nanoparticles were thoroughly studied through MD
simulations," finding a nonmonotonous behavior of thermal
conductivity as a function of Au and Pd content, and a significant
phonon and diffusion contribution at high temperature.

Unlike EP methods, the computational demands inherent to
quantum mechanical methodologies, such as ab initio molecular
dynamics (AIMD), impose limitations on their applicability for
the investigation of nanoparticles or larger systems.'®'”
However, this is not a drawback in the study of metal clusters.
This is mainly because the physicochemical properties relevant
to practical applications, such as the promotion of chemical
reactions by modification of the rate of reaction,'® have their
origin in this subnanometer-size regime, where quantum
phenomena are dominant. Furthermore, at this size, EPs fail
to predict the correct structure because the decisive quantum
variables needed are not explicit in the analytical form of the EP.
In this regard, considerable advances in the AIMD methods have
been achieved with the aim of studying transition and noble

10,12,13,19,21-23 .
metal clusters 77 employing the more advanced

AIMD methods. Successful applications of the BOMD method
are described by Calaminici et al."”’ employing the auxiliary
density functional theory (ADFT) scheme implemented in the
deMon2k package.”® The finite temperature behavior of Na and
Au clusters has been exhaustively analyzed using this
approach.”’ 7> Of these, the works carried out to determine
the melting point of Au clusters”' and the specific heat of Na
clusters”*° stand out. The strategies used there are now routine
work to perform similar analyses, as can be seen in the referred
works. A different approach using the AIMD method has been
implemented by Sun and Cheng”” and Fan et al.*® to study the
temperature dependence of Au and Cu cluster catalysts. Other
density functional theory (DFT) methods, such as finite
temperature (FT-DFT)*” or thermally assisted-occupation
(TAO—-DFT)™ approaches, are not considered in this research.

Previous studies have demonstrated that the melting behavior
of subnanometric clusters differs from those of their bulk
counterparts. Furthermore, determining phase transitions in
such small structures can be a complex and ambiguous task.”’
Nevertheless, there is a consensus about using the average total
energy as a function of the temperature, known as the caloric
curve, as an effective method to estimate and identify phase
transitions. In this approach, the caloric curve exhibits three
well-defined regions as temperature increases, and the following
interpretation has been given. For low and high temperatures, a
linear behavior of total energy vs temperature is observed, and at
an intermediate region, where clusters in different phases
coexist, a jump in total energy is perceptible in a range of
temperatures.

From the molecular dynamics simulation viewpoint, the initial
geometric structure is well defined, which at low temperatures
undergoes only small distortions, and the solid-like phase
persists. At high temperatures, the structural correlation
between the initial and any of the instantaneous structures (in
thermal equilibrium) has been lost such that the cluster structure
in this thermal region is disordered and shows a high atomic
mobility, i.e., a liquid-like behavior. However, between low and
high temperatures, the structural diversity of the potential
energy surface emerges as a set of different isomeric structures.
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These isomers exhibit solid-like behavior, maintaining atomic
bonds and oscillating around the equilibrium position. However,
their geometrical structures differ, and the atoms experience
more energetic vibrations while remaining bounded. During this
temperature range, the atomic cluster interacts with the external
thermal environment, absorbing enough energy to induce
intense atomic vibrations beyond the harmonic approximation.
This permits the cluster to explore multiple minima of the
corresponding PES. Consequently, as the MD simulation
progresses, we can observe the occurrences of isomer hopping
at different time intervals. The preceding description offers
insight into how the energy landscape is explored in the course of
a molecular dynamics simulation.*”

Free or supported Pd clusters are important in the chemical
industry mainly because of their catalytic activity for several
chemical reactions, most notably, the methanol oxidation
reaction (MOR). This chemical reaction holds a pivotal role
in hydrogen production. Surprisingly, the size effect on the
catalytic activity for Pd catalysts is in this reaction less significant
than that of other metal nanocatalysts such as Pt, while methanol
conversion and selectivity rise in response to the increase of
reaction temperature.”> Pd-based catalysts also show a low
degree of catalyst poisoning in alkaline media.”* Due to the
relevance of the effect of temperature on the catalytic properties
of Pd nanoparticles and the linear behavior found on the
calculated caloric curve (see Figure 1), in this work, we analyze
the thermal behavior of Pdg cluster performing BOMD
computer simulations. This particular cluster size exhibits an
exceptional degree of catalytic activity in CO oxidation, thus
making this nanomaterial highly relevant for operation at room
temperatures or higher. Theoretically, subnanometric clusters
represent a challenge for describing phase transitions, using the
thermodynamic principles typically applied to macroscopic
systems. In this work, we also aim to show that computer
simulation results align with the characteristics of melting
observed in bulk materials.

In particular, we have explored the cluster’s behavior across
diverse thermal scenarios, which is essential to distinguish the
potential manifestation of a solid—liquid phase transition in
subnanometric metal clusters. Through this investigation, we
aim to shed light on the interplay among temperature, structural
stability, and potential energy landscape of the Pdg cluster,
thereby unveiling significant implications for its application in
catalytic processes. The methodology of this work is presented
in Methodology, and results are given and discussed in Results
and Discussion.

2. METHODOLOGY

The level of theory used for all DFT calculations using deMon2k
was the PBE**° functional in combination with a quasi-
relativistic effective core-potential to describe the Pd atoms with
18 valence electrons (QECP18/SDD basis set). For the
variational density fitting, the GEN-A2%3° auxiliary function
set was used. In addition, for the frequency analysis, the
analytical Hessian was calculated to obtain normal-mode
frequencies. In this respect, deMon2k makes use of the analytic
second derivatives from auxiliary density perturbation theory
(ADPT), which removes the timings bottleneck due to its
efficient parallelization scheme.”” In terms of computational
hardware, all calculations were carried out using 40 Intel(R)
Xeon(R) Gold 6230 cores at 2.10 GHz available in our
laboratory at the Universidad de Sonora.

A noteworthy detail about the structures used in this
investigation is the comprehensive exploration of the Pdg
cluster’s low-energy geometrical configurations. This exhaustive
search was performed using a locally developed code based on
the basin-hopping (BH) method.*® In this search, the cluster’s
PES was explored by the integration of the BH method in
conjunction with the DFT scheme, as implemented in the
Gaussian code.”” The PBE functional in combination with the
Stuttgart—Dresden (SDD) pseudopotentials and valence basis
set’” were employed for computations. Subsequently, the
obtained structures were reoptimized in the framework of
ADFT using the deMon2k code to obtain starting structures for
BOMD simulations. The reoptimized structures were charac-
terized by frequency analysis to validate the stability of the
identified isomers, thus, ensuring the reliability of the obtained
isomer configurations.

To study the temperature effect on the Pdg cluster, we used
the BOMD scheme on top of the reoptimized structures in
combination with the NVT canonical ensemble and a 3 chains
Nosé—Hoover thermostat*' with a frequency of 1500 cm™". The
BOMD simulations were carried out from an initial temperature
of 100 until 2000 K. To assess the thermodynamic behavior of
the Pdg cluster, the average internal energy was plotted as a
function of the different temperatures to build the caloric curve.
The atomic mean-square displacement (MSD) and the pair-
distance distribution function (PDDF) were also calculated for
the different temperatures in order to estimate the solid—liquid
phase transition, i.e., the melting temperature. The distribution
of distances between pairs of atoms is graphically illustrated by
the PDDF, and the peaks in the function give important
information about the degree of structural order in the material
in any of its phases. It is important to note that changes in
temperature can affect the peak position, height, and width in
PDDF. For example, in crystalline solids, the first peak
corresponds to the nearest-neighbor distance and is, therefore,
sharp and well defined. In contrast, in liquids, this peak is
broader and less well defined due to the lack of long-range order.
A similar interpretation is applied to atomic clusters and
nanoparticles to gain a deeper understanding of their structural
changes as a function of temperature. From molecular dynamics
simulations, the PDDF is obtained by calculating the distance
between all atom pairs and binning them into a histogram. The
selection of bin width in the histogram is a crucial consideration
for obtaining informative distributions.

The peaks in the PDDF have been recognized as indicators of
the coordination environment and local order in diverse
nanomaterials. In particular, the vanishing of the second peak
in the PDDF has been associated with a quasi-first-order phase
transition in metal nanoparticles.*” Additionally, to compre-
hensively identify all visited minima throughout the molecular
dynamics simulations, a data clustering technique was applied to
each BOMD trajectory using the OPTICS algorithm as
implemented in scikit-learn."’ The ordering points to identify
the clustering structure (OPTICS) algorithm produces a
hierarchical organization of the data based on density, and has
the ability to identify clusters within data that display different
densities.** At the beginning of the algorithm, a point is chosen
at random, and its reachability distance is updated. The
reachability distance is a measure of the minimum distance
required for a given data point to be directly reachable from
another data point. This metric quantifies the density of the data
points within the neighborhood. Specifically, the reachability
distance of a data point is determined by the larger value of two
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factors: (1) the distance between the data point and its nearest
neighbor and (2) a predetermined distance threshold known as
the € value. This represents the maximum distance at which a
data point can still be considered to be part of the same cluster.
In the OPTICS algorithm, the reachability distance is used to
arrange the data points in a reachability plot, which visualizes the
clustering structure of the data. Points with smaller reachability
distances are considered core points, while those with larger
reachability distances are classified as outliers or noise points.
The algorithm proceeds by selecting the next point with the
highest reachability distance and updating the distances of its
neighboring points. This process is repeated until all points had
been processed. By leveraging the reachability distance metric,
we arranged the data points to enable spatially proximal points
to be neighbors in the ordering. Points that are part of a cluster
exhibit a low reachability distance to their nearest neighbor. As a
result, data clusters are represented as valleys in the reachability
plot. In molecular dynamics simulations, regions of the PES that
experience a higher visitation frequency result in areas with
denser data. These high-density regions correspond to distinct
energy basins. By leveraging the clustering of the trajectory data,
it becomes feasible to pinpoint these high-density areas and
subsequently identify the isomers explored during each
simulation.

Another indicative measure of a melting transition is the
mean-square displacement (MSD), which quantifies the
mobility of cluster atoms. The displacement (Ar,(t)) of each
particle i over a given time f is tracked throughout the entire
simulation time (K), and subsequently, the average square of
these displacements is plotted against time

(Ar(e) = 2 X Ar()’ o
i=1 1

In this equation, Ar(t) is the distance one of the atoms in the
cluster travels at in time t. For the low-energy states, the atomic
mobility occurs primarily around equilibrium positions
(vibrations), resulting in MSD constant values over time. As
the energy increases, atoms undergo more extensive movement,
causing atomic vibrations to extend beyond the harmonic
approximation. This can lead to complex phenomena such as
isomer hopping and surface melting in clusters, and around a
characteristic temperature, bulk atoms initiate diffusion,
marking the transition to a fluid-like state. Within this high-
energy regime, the MSD increases linearly with time. This is due
to the tendency of the MD method to approximate the Brownian
motion in the high-temperature limit. Under this condition, the
atoms have higher kinetic energies and the frequency of
collisions among them is increased. As a result, their motion
becomes more random and, from this perspective, diffusion can
be perceived as a process resembling a random walk, wherein
each atom undergoes a random displacement during each time
step. This behavior contributes to the linear increase of the MSD
with respect to time.

Once the temperature for the possible melting of Pdg was
determined, a parallel-tempering BOMD*® with 32 replicas
between 300 and 800 K was performed. The setup was identical
to the single trajectory BOMDs, with a time step of 1 fs and a
simulation length of 200 ps. Replica exchange was attempted
every 100 time steps.

3. RESULTS AND DISCUSSION

Table 1 reports relative energies for the optimized putative
global minimum structure of Pdg, a trigonal dodecahedron, with

Table 1. Relative Energies, AE, Lowest Frequencies, @, and
Zero-Point Energies, ZPE, for Singlet, Triplet, Quintet, and
Septet Optimized Trigonal Dodecahedron Putative
Minimum Structures of Pdg

multiplicity AE [kcal/mol] , [cm™] ZPE [kcal/mol]
1 14 63.4 3.5
3 0.9 61.3 3.3
S 0.0 69.0 3.4
7 10.6 68.8 3.4

different multiplicities. As this table shows, the quintet trigonal
dodecahedron is lowest in energy. Quasi-degenerated to this
structure are the corresponding triplet and singlet structures.
Topologically, all of these structures are almost identical. On the
other hand, the septet structure is energetically well separated
from the three low-lying multiplicities.

Figure 2 illustrates the computed PDDF of the lowest-energy
Pdg cluster over a range of temperatures. Notably, there is a
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Figure 2. PDDF calculated from BOMD trajectories in the temperature
ranges (a) 300—800 K and (b) 900—1300 K. The second peak vanishes
at 400 K, and the liquid-like behavior appears above 600 K.
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Figure 3. MSD behavior showing the Pdg cluster dynamical behavior in the temperature range 300—1000 K.
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Figure 4. (a) Heat capacity curve obtained from parallel-tempering MD and (b) Lindemann parameter calculated from BOMD simulations. In (b), the
arrows show approximately the competition zone between the melting and isomerization processes.

pronounced reduction in the intensity of the first peak as the The Pdy cluster exhibits isomer hopping within the transition
temperature is raised. zone (ca. 400—S00 K), which is characterized by distinctive
At 300 K, we can observe a peak emerging at around 3.3 A, plateau-like regions in the MSD plots. At the same time from
signifying a specific atomic arrangement for this small cluster. around 500 K, a shift toward liquid-like behavior might appear.
However, this distinctive peak apparently vanishes as the Thus, cluster melting is in competition with isomerization. To
temperature rises to 400 K. This change strongly suggests a gain further insight into this competition, we recorded 32 200 ps
structural rearrangement, solid—solid- or solid—liquid-like, trajectories from parallel-tempering BOMD. To ease computa-
occurring within the temperature range of 300—400 K. During tional demand, we used the singlet multiplicity in this study.
this structural change, the atoms’ mobility increases due to an Using the multiple-histogram method,*” we obtained the heat
increase in the internal energy. However, the characteristic capacity curve depicted in the left graph of Figure 4. It shows a
profile of PDDF resembling the liquid behavior in macroscopic broad maximum between 400 and 600 K. This indicates a finite
systems is observed above 600 K (red line). This result implies system melting transition which is further supported by the
that relying solely on the disappearance of the second peak of corresponding Lindemann parameter*® plot shown in the right

PDDF may not be sufficient for detecting phase transitions in graph of Figure 4.
clusters of this small size. Nonetheless, it does offer utility in The dynamical behavior of the Pdg cluster clearly reveals the
identifying the transition zone where isomerization remains solid behavior within the lower temperature range from 100 to
viable. To elucidate whether these new atomic arrangements are 400 K, while showcasing a shift toward liquid-like behavior at
liquid-like or, alternatively, higher-energy isomers, we computed temperatures above. Interestingly, the plateau-like shape in
the MSD at different temperatures. These results are depicted in MSD appears at 600 K (red curve in Figure 3) after a short
Figure 3. simulation time that exhibits liquid-like behavior, i.e., a linear
E https://doi.org/10.1021/acs.jpca.3c06173
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increase of MSD. There is an interesting transition region, where
a variety of isomer structures appear to coexist. In this transition
region, thermal oscillations and atomic mobility facilitate
interchanges between potential energy minima. This behavior
is intricately linked to temperature, which provides sufficient
energy to surmount energy barriers, enabling transitions
between different minima, i.e., isomer hopping. Our approach
to localizing isomers is based on BOMD simulations, as
previously stated. Nevertheless, different methodologies may
be utilized to distinguish the various isomers of the metal
clusters at finite temperature.*”*°

The existence of different isomers at finite temperatures was
confirmed by a constant-energy BOMD simulation using the
PBE/SDD level of theory in the NVT scheme. Figure S
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Figure S. Scatter plot of the data clustering analysis determining the
high-density zones where different isomers can be found. The axes
represent the principal moments of inertia (in atomic units) of the
clusters. Different colors represent the energy regions in which the
isomers are located.

illustrates the outcomes of our data clustering analysis,
strategically identifying high-density zones within which differ-
ent isomers are situated. Each data point on the plot corresponds
to a specific isomer of the Pdg cluster. Importantly, it should be
noted that while the isomers shown are not optimized
configurations, they are in reasonable agreement with those
obtained by Luna-Valenzuela et al.”' using the PBE and PBEO
functionals to explore the potential energy surface through an ab
initio basin-hopping global search algorithm.

The data clustering analysis applied to the combined BOMD
trajectories at different temperatures revealed the existence of
five distinct Pdg isomers, as depicted in Figure S. This
observation suggests that these clusters undergo significant
structural changes, leading from one low-energy isomer to the
subsequent higher-energy isomer as the temperature increases.
This graphical depiction offers valuable insights into the
energetic distribution of the isomers, found in the BOMD
trajectories at a given temperature, facilitating a comprehensive
understanding of their prevalence and occurrence within the
scrutinized data set.

A more detailed illustration of the interplay between
temperature, Pdg cluster structure, and isomerization is given
in Figure 6. Here, a detailed perspective on the evolving
distribution of isomers in response to temperature changes is
apparent. At lower temperatures (<200 K), the structure exhibits
oscillations predominantly around the global minimum. As the
temperature rises, diverse isomers emerge, each with their own
distinctive features. It is worth noting that once the temperature
surpasses the 800 K threshold (illustrated by the red line), these
structures cease to visit their respective energy basins, i.e., the
depth valleys in the plots decrease. Moreover, by 1300 K
(represented by the brown line), the structure assumes an
essentially disordered configuration.

At temperatures of 600 and 800 K, it is observed that isomeric
structures including the trigonal dodecahedron, capped
pentagonal bipyramid, and a distorted elongated structure
emerge throughout the simulations. However, their prevalence,
indicated by the extent of high-density zones, is notably higher at
600 K, as depicted in the corresponding graphs in Figure 6. On
the other hand, at 800 K, the incidence of the trigonal
dodecahedron structure (first valley) remains significant. We
believe that there exists a correlation between isomer prevalence
and the behavior of the MSD curve, but further studies are
needed to validate this connection. Nonetheless, this figure
clearly illustrates that the competition between isomer hopping
and melting occurring at high temperatures decreases as the
temperature rises.

For the Pdg cluster, the process of isomerization initiates at
approximately 300 K. At this temperature, the cluster attains
sufficient energy to surmount the energy barriers separating
different isomers, thus fluctuating between the lowest-energy
isomer and the subsequent higher-energy isomer. As the
temperature further increases, this cluster undergoes various
structural transformations among different configurations
(isomers), and at significantly elevated temperatures, though
still below the bulk melting point, the cluster’s atoms display
unhindered diffusion across the structure, resulting in a
disordered appearance akin to liquid behavior.”> The broad
maximum in the heat capacity curve indicates a competition
between cluster melting and isomerization. This is also
highlighted by the fact that multiple energy minima are visited
during a BOMD simulation at a finite temperature, thus
establishing a rational connection between temperature and the
complex potential energy landscape.

4. CONCLUSIONS

To gain insight into the effect of temperature on the Pdg cluster’s
structure, BOMD simulations were performed at different
temperatures. Employing PDDF, we discerned its suitability as
an indicator of the structural change occurring in the studied
temperature range for a small metal cluster. The existence of a
structural change was determined through the vanishing of the
second peak of this function. This observation was comple-
mented by analyzing the MSD computed at various temper-
atures. This analysis aided in determining that the melting
features of the Pdg cluster emerge at approximately 500 K, which
manifests itself by a broad maximum in the heat capacity curve
starting at this temperature. To investigate isomerization in Pdg
as the temperature increases, we analyzed the total energy of the
cluster at various thermal regimes. Our results revealed that at
low temperatures, the cluster primarily exhibits vibrational
motion around its lowest-energy minimum, ie., the initial
configuration. However, structural transformations occur within
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Note that the reachability distance grows with increasing temperature.

an intermediate temperature range, leading to the identification
of distinct isomeric structures. Through meticulous clustering of
the BOMD trajectories, we have successfully delineated regions
of high data point concentration, indicating the presence of
distinct isomeric arrangements within the transition zone and
prior to the melting transition. Overall, this approach reveals the
complex melting patterns that occur in small metal clusters.
Thus, cluster isomerization competes with the cluster melting in
Pdg. As a result, a rather broad maximum in the heat capacity
curve is found.

In conclusion, a comprehensive methodology encompassing
both static and dynamic data obtained from BOMD simulations
is essential for discerning the transition between solid-like and
liquid-like phases. This methodology, coupled with a meticulous
analysis of the molecular dynamics trajectory at different
temperatures, such as that provided by the data clustering
approach employed in this work, is essential when subnano-
metric clusters are investigated.
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